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Abstract

DNA can be damaged by various intracellular and environmental alkylating agents to produce alkylation base lesions. These base dam-
ages, if not repaired promptly, may cause genetic changes that lead to diseases such as cancer. Recently, it was discovered that some of the
alkylation DNA base damage can be directly removed by a family of proteins called the AlkB proteins that utilize a mononuclear non-heme
iron(II) and a-ketoglutarate as cofactor and cosubstrate. These proteins activate dioxygen and perform an unprecedented oxidative deal-
kylation of the alkyl adducts on DNA heteroatoms. This review summarizes the discovery of this activity and the recent research advances
in studying this unique DNA repair pathway. The focus is placed on the chemical mechanism and function of these proteins.
� 2006 Elsevier Inc. All rights reserved.
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1. Direct repair of alkylation DNA damage

Cellular DNA is subject to nonenzymatic alkylation
(methylation) by environmental or chemical mutagens,
resulting in adducts that are toxic and mutagenic [1–6].
Organisms have evolved a variety of mechanisms to repair
these mutagenic damages. Escherichia coli (E. coli)
responds to this threat by activating an adaptive responsive
pathway, mediated by the E. coli Ada protein [7]. Upon
receiving a methyl group from the damaged DNA, Ada
turns into a transcriptional activator and activates its
own expression and that of the alkB gene and two other
genes, alkA and aidB (Fig. 1(a)) [4,7,8]. The upregulated
Ada is a bifunctional protein, which uses a N-terminal
Cys38 residue to remove a methyl group fromSp-methyl-
phosphotriester and a C-terminal Cys321 residue to
remove a methyl adduct from O6-methylguanaine
(Fig. 1(b)) [9–11]. Both repair functions are irreversible
and represent rare examples of direct repair of DNA dam-
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age. AlkA is a glycosylase that cleaves methylated bases
from DNA and performs the first step of the well-known
base excision repair of base lesions [12–14]. The precise
function of AidB is still unknown. The function of the last
member of this adaptive response, AlkB, also remained
unknown until recently despite extensive research efforts.
2. E. coli AlkB

Since the first genetic study in 1983 isolating the E. coli

mutant with specific sensitivity to the alkylating agent
methylmethane sulfonate, MMS [15], the activity of AlkB
was undisclosed for almost 20 years. The research during
this time included the finding of the resistance of AlkB to
the treatment of the SN2 type alkylating agents [15,16],
which suggested its involvement in protecting bacteria
from the lethal effects of alkylation damage [15–18].
Results from a sequence alignment study of protein fold
and sequence homology on AlkB [19] placed AlkB into
the a-ketoglutarate (aKG)- and FeII-dependent dioxygen-
ase family, a group of proteins that utilize FeII to activate
dioxygen and perform oxidation of various substrates.
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Fig. 1. Schematic representations of the direct repair of methylation DNA damage in E. coli by proteins in the ada operon. (a) E. coli Ada is a
transcriptional activator that senses methylation challenge and activates its own expression and three other genes, alkB, alkA and aidB. AlkA is a
glycosylase that cleaves methylated bases from DNA. The function of AidB is still unknown. Both Ada and AlkB perform direct repair of methylation
(alkylation) DNA damage. (b) Ada uses Cys residues to nucleophilically remove methyl groups from DNA backbone and bases. (c) AlkB catalyzes an
oxidative dealkylation repair of DNA base lesions.
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The FeII/aKG-dependent dioxygenase superfamily is
widespread from bacteria to humans [19] and is the largest
known non-heme iron protein family [20–23]. It represents
a wide diversity of enzymes that catalyze the hydroxylation
of unactivated C–H groups of a variety of substrates by
coupling reductive activation of dioxygen with a decarbox-
ylation of aKG, the co-substrate, to succinate. In the event
of oxidation one of the oxygen atoms from O2 is incorpo-
rated into the succinate and the other as a hydroxyl in the
product [24]. This group of enzymes is known for their
importance in many environmental, pharmacological, and
medical fields, and many of these reactions have not been
successfully performed in the laboratory, especially ones
involving the functionalization of inert C–H bonds. The
reaction utilizes the mononuclear non-heme iron center,
which is coordinated by a conserved His2/Asp or the less
abundant His2/Glu motif to which dioxygen and aKG
can also bind. Besides this rather simple, yet important
motif, the members of this family have little sequence
homology.

How can a DNA repair protein belong to an iron-con-
taining dioxygenase family? DNA alkylation occurs due
to reactions involving both SN1 and SN2 alkylating agents
[25], and the susceptibility of each potential alkylation site
on the bases or backbone varies on these reagents
[2,6,25,26]. AlkB is responsible for repairing the damage
caused by the SN2 type methylating agents such as MMS
and methyl halides. These can react with single-stranded
DNA (ssDNA) to generate large portions of N1-methylad-
enine (1-meA) and N3-methylcytosine (3-meC) [2,6,25,26]
and they are the main methylation lesions formed [27–
29]. These methyl adducts could be removed by two chem-
ical mechanisms: (i) a direct displacement of the methyl
group by a nucleophilic Cys residue or an activated water,
which is similar to the mechanism used by the Ada pro-
teins; or (ii) oxidation of the methyl group to give a hydro-
xyl intermediate, which decomposes in water to afford the
repaired base and formaldehyde. In 2002, two groups
simultaneously confirmed the second mechanism. They
detected the formation of formaldehyde and showed that
the AlkB protein utilizes a previously unknown oxidative
demethylation pathway to repair 1-meA and 3-meC
DNA damage (Fig. 1(c)) [30,31]. Thus, in the ada operon
both Ada and AlkB use the direct repair pathways to
remove methylation DNA damage. However, completely
different mechanisms are adopted by the two proteins;
Ada only performs stoichiometric repair, whereas AlkB
catalyzes the oxidative removal of the methyl adducts
(Fig. 1).

The N1-adenine and N3-cytosine positions are normally
involved in hydrogen bonding and inaccessible in dsDNA.
However, they are quite nucleophilic and vulnerable to
attack by alkylating agents when exposed in ssDNA. Once
alkylation has occurred on either of these two sites, the
damaged bases can no longer form Watson–Crick base
pairs. These non-coding lesions probably arise in vivo at
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DNA replication forks and transcription bubbles where
they block the progression of DNA and RNA polymerases
[32]. Thus, repair of these lesions is critical, as failure to
repair these lesions in DNA leads to cell death in both
E. coli and human cells [16].

3. AlkB homologs

Homologs of AlkB have been discovered based on
sequence and fold similarity, and it is now known that
the alkB gene is conserved from bacteria to human
[19,33–35]. The homologs are not expressed equally in all
human tissue types and may account for the discrepancies
in function [36]. The first human homolog, now called
ABH1, is 52% similar and 23% identical to the E. coli

AlkB, but ABH1 along with ABH4, ABH6, and ABH7
did not show any activity on any of the known substrates
for AlkB. Two other human homologs, ABH2 and
Fig. 2. Sequence alignment of the AlkB family of proteins. ABH1-7 are human
mAbh3 are mouse homologs. The conserved residues are highlighted in yellow
RXXXXXR region is a characteristic of the AlkB sequence. The first Arg res
residue is unclear.
ABH3 could complement the E. coli alkB mutant pheno-
type [37,38] and they, as well as two mouse homologs
mAbh2 and mAbh3, were shown to function like AlkB
[36]. The activities of ABH5 and ABH8 have not been eval-
uated so far. All homologs share the essential motifs and
residues for enzymatic activity, consisting of a HXD motif,
a single H, as well as a RXXXXXR motif where the X’s
within the two arginines are alternating hydrophobic and
polar residues (Fig. 2) [19,33–35]. The two histidines and
the aspartic acid are proposed ligands to the active site
FeII, whereas the first arginine is predicted to be involved
in binding to the aKG [19,37] and these residues are highly
conserved in the aKG-dependent oxygenases. This motif
occurs as H131XD133� � �H187 for AlkB. These three ligands
at the active site of AlkB were confirmed through chemical
cross-linking studies, where each of these residues in AlkB,
His131, Asp133, and His187, were mutated to a cysteine, and
the mutant proteins were able to cross-link with DNA con-
homologs; ABH8* is the sequence from M. fascicularis; and mAbh2 and
(ligands for the active site iron) and blue (two conserved Arg residues). The
idue is thought to recognize a-ketoglutarate. The role of the second Arg
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taining a modified thiol-tethered cytosine [39,40]. The
cross-linking was inhibited by the addition of metal, as
the cross-linking site was the FeII binding site [40].

4. The mononuclear iron center

The mononuclear FeII center of AlkB with bound aKG
has been confirmed both with the overexpression and isola-
tion of the native protein directly from E. coli [41] and by
the addition of excess FeII and aKG to apo-AlkB [30–
32,38,42–46]. Studies of the metal center has lead to an
observation of an UV-vis band at 560 nm for the native
protein [41]. This chromophore was assigned as the FeII

to aKG charge transfer (MLCT) band, and is a spectro-
scopic characteristic of the FeII/aKG-dependent dioxygen-
ases [47].

A slight change of the MLCT band was observed when
an excess amount of DNA was added to the native AlkB.
Further study of the protein and its DNA mixture by X-
ray absorption spectroscopy provides evidence that the
native AlkB binds DNA [41]. AlkB appears to have a
five-coordinate FeII center in the absence of DNA, which
becomes six-coordinate with the addition of ssDNA, sug-
gesting a DNA-binding-induced geometry change of the
mononuclear FeII center. Continued spectroscopic charac-
terization of this iron center would be important to reveal
properties of the Fe center in this family of novel proteins.

5. Repair mechanism

Addition of O2 saturated H2O to iron-loaded AlkB led
to the development of a visible chromophore centered at
595 nm (e590 960 M�1 cm�1) [45]. This peak was attributed
to the LMCT transition of OH-Trp coordinated to FeIII.
The hydroxylation of the Trp side chain of AlkB, identified
Fig. 3. A proposed oxidative repair mechanism of E. coli AlkB. A putative Fe
intermediate that decomposes in water to afford the repaired base and formal
to be Trp178, suggests formation of an oxidative intermedi-
ate in AlkB [45]. This behavior is consistent with other
members of the non-heme FeII/aKG-dependent family
[48–50]. The mechanism for the reactions for these
enzymes, including AlkB, is proposed to use an FeIV@O
intermediate as the reactive oxidant. The proposed first
step involves a reaction between the active site FeII and
O2 to give a superoxo anion (O�2 ) bound to FeIII. Subse-
quently, the nucleophilic superoxide attacks at the a-keto
carbon of an iron-bound aKG to give a bridged peroxo-
type intermediate. This bridged intermediate then under-
goes a concerted decarboxylation of aKG and a heterolytic
cleavage of the O–O bond to form the high-valent FeIV@O
intermediate [20–22]. This key active species is speculated
to be used by enzymes in this family to hydroxylate C–H
bonds of various substrates depending on the function of
each protein. In AlkB this species hydroxylates the methyl
adduct to give an unstable intermediate that decomposes in
water to afford the final repaired product (Fig. 3). It should
be noted that there have only been suggestions, as in the
case of AlkB, and no concrete verification of the intermedi-
ates in the proposed mechanism, including the FeIV@O
species, for most members of this family of enzymes.

The presence of the FeIV@O species has been revealed
very recently for the enzyme Taurine/aKG dioxygenase,
TauD. TauD catalyzes the hydroxylation of taurine to
form sulfite, allowing the acquisition of sulfur from organic
sulfonates for bacteria. TauD has been a preferred enzyme
for study in this family due to its simplicity of substrate and
its ease with which it can be prepared in large quantity, as
well as the characterization of its crystal structure. The
high spin FeIV complex of TauD was attained and charac-
terized with kinetic and spectroscopic techniques, including
absorption spectrum, Mossbauer, EXAFS and EPR exper-
iments [51–53]. Model compounds also provide strong
IV@O intermediate may form and hydroxylate the methyl lesion to give an
dehyde.
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evidence for the existence of FeIV@O in proteins. Discrete
mononuclear FeIV@O species have been synthesized and
characterized recently [54–57]. These complexes serve as
models for the intermediate species that may be generated
in mononuclear non-heme iron-containing enzymes. In
addition, ab initio calculations of non-heme intermediates
support the likeliness of high spin FeIV@O species [58].

Enzymes in the FeII/aKG-dependent dioxygenase fam-
ily can catalyze the reaction in which the substrate oxida-
tion can be uncoupled from aKG decarboxylation, both
with or without substrates [21,59]. This uncoupled turnover
of aKG results in the decomposition of aKG into succinate
and CO2 and usually leads to enzyme deactivation. Fur-
thermore, this decomposition of aKG may account for
the oxidation of the FeII center to form the inactive FeIII.
This oxidation process can be reversed with addition of
ascorbate [31,44] as it is considered to act as an electron
source in the uncoupled reaction [21]. These uncoupled
conversions possibly occur due to incorrect orientation of
substrate in the active site, such that the substrates are
never appropriately oxidized [59].

The uncoupled reaction, leading to irreversible modifi-
cations of AlkB [45], was demonstrated as aKG decompo-
sition was found to be partially uncoupled from DNA
repair, accounting for the observed stimulation of AlkB
activity in the presence of ascorbate [31,44]. The uncoupled
aKG turnover was also stimulated by binding of the small
molecules 1-meA, 1-methyldeoxyadenosine (1-me(dA)), 3-
meC and 3-methyldeoxycytidine (3-me(dC)), but they were
not repaired by AlkB [44]. Unmethylated nucleosides did
not stimulate aKG turnover, indicating that the presence
of a modification in the substrate is important in initiating
oxidation of aKG [44].

6. Substrates

AlkB repairs various modifications as shown by the sur-
vival of alkylated bacteriophage in an E. coli alkB mutant
[32,37,46,60,61]. Mainly, AlkB is known for the repair of 1-
meA and 3-meC. ABH2, ABH3, mAbh2, and mAbh3
repair these substrates, as well [36]. Ethyl and propyl
DNA adducts at the N1-adenine and N3-cytosine also acti-
vate the repair function of AlkB [32,37,46,60,61]. The
release of formaldehyde in the repair of methylated bases
supports the mechanism of repair shown in Fig. 3, and
studies have confirmed that 1-ethyladenine is repaired by
AlkB to form adenine [37]. The C-1 C–H group rather than
the C-2 C–H group of the ethyl adduct is oxidized, forming
acetaldehyde as the released product along with the
repaired base [37].

SN2 alkylating epoxides can cause hydroxyalkylated
DNA lesions. For instance, ethylene oxide and propylene
oxide can form 1-hydroxyalkyladenine and 3-hydrox-
yalkylcytosine. To create such lesions on DNA, iodoetha-
nol, a reagent forming the same product as ethylene
oxide, and propylene oxide was used to form hydroxyethyl
and hydroxypropyl adducts at the N1-position of adenine.
These lesions, too, were found to be repaired by AlkB [46].
Furthermore, methylations on the N3-position of thymine
(3-meT) as well as the N1-position of guanine (1-meG)
are also repaired by AlkB [32,42,61]. Human homologs
ABH2 and ABH3 are able to demethylate 3-meT and 1-
meG lesions in DNA oligonucleotides. A study on the
mutagenicity, cytotoxicity and repair of 3-meT and 1-
meG in wild type and alkB mutant strains of E. coli further
indicates that these two lesions are indeed AlkB substrates
[61].

3-meT is a minor product when ssDNA or dsDNA is
treated with both SN2 (MMS and dimethylsulfate, DMS)
and SN1 (methylnitrosourea, MNU) agents at neutral
pH, constituting up to 0.8% of the total alkylated products.
The yield of 3-meT is increased when DNA is treated with
the SN1 agent under alkaline conditions or when free thy-
midine is exposed to DMS at high pH [32]. 3me-T has good
chemical stability, and the 3-position is normally involved
in base pairing, thus, like 1-meA and 3-meC, is thought
to be a non-coding lesion. Both 3-meT and 3-ethylthymine
in synthetic polymers completely block DNA synthesis by
E. coli DNA polymerase I or the Klenow fragment of this
enzyme [32]. The physiological importance of these lesions
and their repair remains to be unveiled.

Some conclusions may be drawn about the critical fea-
tures of efficient repair by comparison of 3-meT and 1-
meG with 1-meA and 3-meC. Repair of 3-meT by both
AlkB and ABH3 was optimal at pH 6 (range of 5.5–6.5
for ABH3) but inefficient [32]. At physiological pH, 3-
meT is more slowly repaired than the major lesion found
in ssDNA, 3-meC. 1-meG is a major lesion generated when
tRNA is treated with MeI but is also repaired slowly com-
pared to 1-meA or 3-meC [42]. The 3-meC and 1-meA are
drawn as positively charged in solution; however, they
could also exist as the neutral 6-imino (for 1-meA) or 4-
imino (for 3-meC) forms, respectively, after isomerization
and release of one proton from the exocyclic amino groups
[62,63]. The imino nitrogen could serve as a hydrogen bond
acceptor or a ligand to the active site metal, which may
facilitate recognition of these two substrates. The presence
of either a positive charge or an imino group may be crit-
ical features for efficient recognition or repair by AlkB.
These may also account for the differences in the optimal
pH values for repair of these lesions (7.5–8 for 1-meA
and 3-meC). Nonetheless, damage of 1-meA and 3-meC,
in particular, are thought to be the physiological substrates
of AlkB. The base lesions 3-meT and 1-meG, may be rec-
ognized differently by the enzymes [42] as they did not stim-
ulate the uncoupled AlkB-mediated decarboxylation of
aKG.

7. Oxidative repair of exocyclic DNA adducts

If a high valent iron-oxo species is generated in AlkB
upon exposure to dioxygen, this species may oxidize other
DNA adducts that block Watson–Crick base pairing. Exo-
cyclic DNA adducts such as 1,N6-ethenoadenine (eA),
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3,N4-ethenocytosine (eC), and 1,N2-ethenoguanine (eG)
are produced when electrophilic vinyl chloride (VC) metab-
olites, chloroethylene oxide (CEO) or chloroacetaldehyde
(CAA) react with adenine, cytosine, and guanine residues
in DNA [28], respectively. The etheno bridges completely
block normal Watson–Crick base pairing and are cytotoxic
and potentially mutagenic [27]. These DNA adducts can
arise endogeneously under oxidative stress in human cells,
in particular when DNA is exposed to side products of
lipid peroxidation [64–66]. The accumulation of these
DNA lesions has been linked to aging and various diseases.
It is known that the adaptive response pathway in E. coli

renders the microbe resistant to induction of mutation by
CAA [67,68], a hint that exocyclic DNA adducts are pro-
cessed by the induced proteins.

Indeed two recent reports demonstrated that E. coli

AlkB can repair eA and perhaps eC lesions in DNA
[69,70]. Direct repair of eA in DNA by AlkB seems to be
efficient both in vitro and in vivo. An epoxide intermediate
was trapped and identified by MALDI-TOF mass spec-
trometry when a single-stranded 16 mer DNA containing
a damaged base eA was used as the substrate [70]. This
result supports a repair mechanism proposed in Fig. 4:
the putative FeIV@O species can epoxidize the exocyclic
double bond of the damaged base to give the epoxide,
which is further hydrolyzed in water to afford the repaired
base and glyoxal. Production of glyoxal was detected after
the repair process in both reports [69,70]. Although turn-
overs could be observed within minutes for the repair of
eA by E. coli AlkB [69], this protein is more active in
repairing N1-methyladenine than eA [70]. The repair effi-
ciency of eC is quite low [70], and its physiological rele-
vance is unclear. ABH3, a human homolog of AlkB,
exhibits the similar repair activity towards eA in DNA as
E. coli AlkB [69]; however, the low reaction efficiency
observed in vitro requires careful evaluation of this func-
tion in the future.
Fig. 4. The AlkB proteins can directly repair exocyclic DNA adducts such a
course of the repair, suggesting an oxidative repair mechanism.
The exocyclic DNA adducts were known to be repaired
through base excision pathways in the past [71–76]. Why
does E. coli or perhaps other organisms possess an addi-
tional mechanism to remove these lesions? One possibility
is that the AlkB proteins are used mostly for fixing damage
occurred on ssDNA and RNA. Systematic comparison of
the repair activity of AlkB with glycosylases would help
provide further insight and reveal biological significance
of this discovery in the future.

8. Repair of RNA damage

DNA damage is not the only damaged substrate
repaired by AlkB. The N1-position of adenine and N3-posi-
tion of cytosine in most RNAs are exposed in a similar way
as they are in ssDNA. In fact, 1-meA and 3-meC occur nat-
urally in transfer RNA in both prokaryotes and eukaryotes
[25,77]. Repair of these lesions in RNA is required for cor-
rect RNA folding to allow efficient and accurate transla-
tion. AlkB and its human homolog ABH3 were found to
effectively repair 1-meA and 3-meC lesions on RNA, a
potentially important defense function for cells against
alkylation damage [38,77]. AlkB, ABH2 and ABH3 are
all able to demethylate 3meT and 1-meG lesions intro-
duced by chemical methylation on tRNA as well
[32,42,61]. This unique feature of the AlkB proteins sug-
gests that these proteins may also play important roles in
viruses, where RNA encodes genetic information. It will
be very interesting to study the AlkB homologs in different
viruses.

9. A new paradigm?

The discovery of the unique oxidative dealkylation
repair of DNA/RNA alkylation damage by the AlkB pro-
teins opens a new paradigm in DNA repair research and
bioinorganic chemistry. It adds an important new function
s 1,N6-ethenoadenine. An epoxide intermediate was observed during the



Fig. 5. DNA/RNA alkylation damages that are known or could be repaired by the AlkB type proteins.
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to those of the non-heme mononuclear iron proteins that
activate dioxygen and perform oxidation catalysis. Further
studies to reveal spectroscopic properties and the mecha-
nisms of the AlkB proteins would greatly facilitate our
understanding of these enzymes. More importantly, the
discovery has also identified a new DNA repair function
in human cells that may have biological significance.

At least eight homologs of AlkB exist in the human gen-
ome based on sequence alignment [34]. The functions of
two of them, ABH2 and ABH3, as well as two mouse
homologs mAbh2 and mAbh3 have been characterized,
although the physiological roles of these proteins and other
homologs are unclear. These AlkB proteins can also medi-
ate repair of RNA damage, which is quite unique. Despite
the similarities of the metal binding residues and motifs, the
characterized homologs do show different properties.
Although the first human homolog ABH1 was initially
thought to behave similarly to AlkB, the purified gene
product showed no activity [37–39]. ABH2 and ABH3,
together with the mouse homologs mAbh2 and mAbh3,
all show repair activities for both 1-meA and 3-meC with
the same cofactors as AlkB [36]. ABH2 and ABH3 require
longer polynucleotides compared to AlkB as they have low
or no activity with trimer substrates, whereas AlkB shows
activity on trimers that is competitive with that of longer
DNA [46]. ABH2 and ABH3, although optimized for pH
and cofactor requirements, had only 0.7% and 2%, respec-
tively, of AlkB’s activity when assayed with 1-meA in
poly(dA) [46]. Furthermore, ABH2 prefers 1-meA while
ABH3 prefers 3-meC [37,38]. ABH2 and mAbh2 prefer
dsDNA while ABH3 and mAbh3 are more like AlkB; they
prefer ssDNA and even RNA [32,36,38,39,43]. These dif-
ferences in the homologs could certainly be due to their dif-
ferent sub-cellular localizations in human cells, or these
proteins may have unique cellular roles that await to be
elucidated. A future focus will certainly be to elucidate
the functions and physiological roles of these human
homologs.

Alkylation chemotherapies are widely used in clinics to
treat various tumors [2,78–83]. The presence of DNA deal-
kylation repair activity of the human homolog of C-Ada
has been shown to confer resistance to some of these ther-
apies. Whether the AlkB homologs play similar roles in the
resistance is still unclear and will surely be scrutinized in
the future. Perhaps inhibitors for the human homologs of
AlkB could be developed to enhance the therapeutic effects
of the alkylation anticancer reagents.

The function of AlkB also reveals a novel mechanism
for dealkylation of DNA damage. In principle, the same
mechanism can be utilized to repair other alkylation dam-
age on heteroatoms of DNA as those shown in Fig. 5. The
AlkB homologs in viruses or in human cells may use the
oxidative dealkylation mechanism to remove these other
alkylation adducts. It is also possible that alkylated/meth-
ylated protein residues can be dealkylated through the sim-
ilar pathway catalyzed by non-heme iron proteins. The
discovery of the function of AlkB may only be a beginning
of uncovering a new type of dealkylation/demethylation
pathway in biology.
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