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ABSTRACT

The E. coli AIkB protein was implicated in the repair or tolerance of DNA
methylation damage. However, despite the early isolation of an E. coli alkB mutant, the
function of the AIkB protein had not been resolved (Kataoka et al., 1983). The E. coli
alkB mutant is defective in processing methylated single stranded DNA, therefore, it was
suggested that the AlkB protein either repairs or tolerates lesions generated in single
stranded DNA, such as 1-methyladenine (1-meA) or 3-methylcytosine (3-meC), or that
AlkB only acts on single stranded DNA (Dinglay et al., 2000). However, despite
extensive testing, no enzymatic activity could be assigned to the AlkB protein. Recently,
theoretical protein fold recognition suggested that the AlkB protein resembles members of
the a-ketoglutarate-Fe(II) dependent dioxygenase superfamily (Aravind and Koonin,
2001). Here, the biochemical function of the enigmatic E. coli AIkB protein and its two
human homologs ABH2 and ABH3 are elucidated. An in vitro assay was developed for
the AlkB, ABH2 and ABH3 proteins and it was demonstrated that the activities of these
proteins are dependent on a-ketoglutarate and Fe(II) and are stimulated by ascorbic acid.
The requirement of AlkB, ABH2 and ABH3 for these distinctive co-factors strongly
supports the proposal that these proteins are members of the o-ketoglutarate-Fe(II)
dependent dioxygenase superfamily, which employ iron-oxo intermediates to oxidise
chemically inert compounds. The AlkB, ABH2 and ABH3 proteins are shown to act
specifically on 1-meA and 3-meC in both double and single stranded DNA. It was
demonstrated that these proteins convert 1-meA and 3-meC to their unsubstituted parent
residues in DNA and therefore act by a direct reversal mechanism. It is proposed that the
E. coli AIKB protein and its human homologs directly revert DNA damage by oxidative
demethylation, an unprecedented mechanism of DNA repair. This discovery may have
implications for the treatment of cancer because antagonists of the human ABH2 and
ABH3 proteins could be useful adjuncts to cancer chemotherapy that uses simple

alkylating agents.
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CHAPTER 1. INTRODUCTION

1.1 Preface

Fifty years ago, this year, the structure of the deoxyribonucleic acid (DNA)
molecule was published. Initially, it was assumed that in order to accomplish the
high fidelity required to accurately maintain the genetic information, DNA would
be an extremely stable molecule. However, we now know that our DNA is in a
dynamic state. Several of DNA's chemical bonds are unstable under physiological
conditions, allowing spontaneous alterations to occur in the DNA structure. Our
DNA is constantly under siege from endogenous and environmental agents such as
ionising radiation, ultraviolet (UV) light and alkylating agents that chemically
modify the DNA. Also, errors are introduced into the DNA sequence during
replication, recombination and repair. Collectively these modifications to the
DNA structure are known as DNA damage. DNA damage can be toxic to the cell
as it can block the biological activity of DNA, or it can corrupt the information
encoded by DNA leading to mutations, which are heritable changes in the DNA

sequence.

The perpetual onslaught of DNA damage has exerted a strong selective
pressure for cells to evolve systems that safeguard their genetic information. All
known free living organisms and many viruses have devised a myriad of
mechanisms for tolerating and repairing DNA damage. As the principle threats to
the genome have been present since the origin of life, many DNA repair enzymes
appeared early in evolution and show strong conservation from microbes to man.

Therefore, investigation of the DNA repair mechanisms of the bacteria

14



Escherichia coli has yielded substantial insights into the DNA repair processes of
human cells.

DNA repair is of considerable clinical interest because the inactivation of
certain DNA repair genes can be an important event in carcinogenesis. Loss of
DNA repair efficiency can lead to genomic instability, which accelerates the rate
of genetic change and allows the accumulation of mutations in tumour suppressor
genes and proto-oncogenes, leading to uncontrolled cell growth. This is well
illustrated by the identification of several cancer prone syndromes that are caused
by heritable mutations in DNA repair genes. For example, individuals with
hereditary non-polyposis colon cancer (HNPCC) have an 80 % lifetime risk of
developing colorectal cancer, compared to 6 % in the general population. Patients
with xeroderma pigmentosum (XP) have a 10,000-fold increased risk of skin
cancer associated with sunlight exposure. However, DNA damaging agents are
also important in the treatment of cancer because radiotherapy and some forms of
cancer chemotherapy employ DNA damage to kill rapidly dividing cells. The
ability of cancer cells to repair DNA damage is often an important factor in

determining the susceptibility or resistance of tumours to these cancer treatments.

Alkylating agents cause DNA damage by the addition of alkyl groups such
as methyl or ethyl groups to the DNA structure. These agents are present in the
environment, are generated endogenously by cellular metabolism and are used as
cancer chemotheraputic agents. As DNA alkylation damage can be cytotoxic and /
or mutagenic, cells have developed several efficient strategies to repair or tolerate
unrepaired DNA alkylation damage. The E. coli AlkB protein has been implicated
in the repair or tolerance of alkylation damage, but the function of the AlkB
protein has remained an enigma for over twenty years. The aim of this work is to

develop an in vitro assay for the E. coli AlkB protein and determine its

15



biochemical function. As alkylating agents are used in cancer chemotherapy, it

was also of interest to investigate human homologs of the AlkB protein.

1.2 DNA alkylating agents

Environmental, endogenous and chemotheraputic agents

The ubiquitous presence of DNA alkylation repair activities in pro- and eu-
karyotes indicates that cells are universally exposed to alkylating agents. The
precise origins of these alkylating agents are not clear, however, the increased
spbntaneous mutation frequency of cells unable to repair DNA alkylation damage
suggests that DNA alkylation damage can be produced endogenously, as a
consequence of normal cellular metabolism (Rebeck and Samson, 1991; Xiao and
Samson, 1993). S-Adenosylmethionine (SAM), a ubiquitous intracellular methyl
donor, can act as a weak alkylating agent (Barrows and Magee, 1982; Rydberg and
Lindahl, 1982). However, variation of SAM levels over 100-fold range had no
significant effect on spontaneous mutagenesis in E. coli (Posnick and Samson,
1999a). The most likely candidates for endogenous alkylators are nitrosated
amino compounds, formed by nitrosation of the amino groups of peptides and
amino acids by endogenously generated nitric oxide (Taverna and Sedgwick,
1996; Sedgwick, 1997; Shuker and Margison, 1997; Garcia-Santos Mdel et al.,
2001). Also, several alkylating agents have been identified in the environment, for
example, nitrosamines are found in cigarette smoke (Hecht ef al., 1988) and at low
levels in some foods (Lai and Arcos, 1980). Methylchloride is synthesised by
certain fungi and algae and is released into the environment by biomass burning
(Wuosmaa and Hager, 1990; Vaughan ez al., 1991). Since the 1950s a number of

alkylating agents, such as the nitrogen mustards, have been used in cancer
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chemotherapy treatment. The ability of these alkylating agents to kill rapidly

dividing cells was first identified after they were used as chemical weapons.

The chemistry of alkylating agents

Alkylating agents are a diverse group of chemicals. Directly or via
metabolically activated intermediates, alkylating agents transfer alkyl groups, such
as methyl or ethyl groups, to electron-rich nucleophilic sites (for example S: O: or
N:) in biological molecules including DNA, RNA, lipids, carbohydrates and

proteins.

Alkylating agents can attack and alkylate virtually all of the oxygen atoms
and nitrogen atoms in DNA (Singer, 1975; Singer and Grunberger, 1983; Lawley,
1984). The major sites of alkylation of the DNA bases are shown in Figure 1. In
general, the sites alkylated by an agent depend upon the electrophilicity of the
alkylating agent, the nucleophilicity of the DNA site and the secondary structure
of the DNA.

Traditionally, alkylating agents are designated as either Sy1 or Sy2 agents,
the term referring to the reaction kinetics of the alkylation reaction. The general
reaction mechanisms of Sy1 and S\2 alkylating agents are shown in Figure 2. Sy1
alkylating agents, such as, N-methylnitrosourea (MNU) and N-methyl-N"-nitro-N-
nitrosoguanidine (MNNG) are strong electrophiles and react with DNA in a first
order reaction. The rate-limiting step of the reaction is the formation of a reactive
electrophilic carbocation intermediate, for example, MNU and MNNG hydrolyse
to form the methyl diazonium ion, which is attacked by nucleophilic centres in
DNA. S\2 alkylating agents, such as methyl methanesulphonate (MMS),
dimethylsulphate (DMS) and methyl iodide (Mel), are weaker electrophiles and

react with nucleophilic centres in biological molecules in a one-step mechanism
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S, 1 alkylation reaction

- Nu:
+
RX Slow R + X Fast R'NU + X
Alkylating Carbocation DNA
Agent Intermediate

S,2 alkylation reaction

RX + NU: -_— [Nau____lg____?(] W R'NU
Alkylating DNA Transition State
Agent

Figure 2. Reaction mechanisms of S,1 and Sy1 alkylating agents.
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that obeys second order kinetics (Figure 2). Although the Syl and Sy2
classification of alkylating agents is useful, the mechanisms of most alkylating
agents fall somewhere in-between these two extremes (Swain and Scott, 1953).

There is a large variation in the nucleophilicity and therefore reactivity of
the potential alkylation sites in DNA, in general the nitrogen atoms in the purine
and pyrimidine rings are more nucleophilic than the exocyclic base oxygens. The
S\2 alkylating agents are weak electrophiles and therefore react almost exclusively
with the strongly nucleophilic ring nitrogen atoms of the purine and pyrimidines.
For example, in double stranded DNA the Sy2 agents primarily modify the 7
position of guanine and the 3 position of adenine (Table 1). However, the strongly
electrophilic Sy1 alkylating agents act at a broad range of DNA sites (Table 1)
(Lawley, 1984), including ring nitrogens, such as the 7 position of guanine, the
exocyclic oxygens such as the O° position of guanine, as well as oxygen atoms in
the sugar-phosphate backbone producing diastereoisomers in the R and S
configuration.

There are slight differences in the relative abundance of the methylated
lesions produced in single and double stranded DNA (Table 1). The 1 position of
adenine and the 3 position of cytosine are much less reactive in double stranded
DNA. This is because in base-paired DNA, the nitrogen atoms at position 1 of
adenine and position 3 of cytosine use their lone pair of electrons as hydrogen
bond acceptors. Some alkylation is observed at these positions in double stranded
DNA as, even at 37 °C, there is some thermal denaturation of the DNA (Bodell
and Singer, 1979; Singer and Grunberger, 1983; Lawley, 1984). In contrast to
base-paired nitrogen atoms, the extent of reaction of base-paired oxygen atoms is
not a function of strandedness, since the oxygen at position O° of guanine, O* of

thymine and O of cytosine all possess an unreacted lone pair of electrons even
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1T

% of Total Alkyation

Double Stranded DNA

Single Stranded DNA

Modification Repair MNU (Sn1) MMS (Sn2) MNU (Sn1) MMS (Sn2)
Adenine
N1 1.3 3.8 2.8 18
N3 Tag AlKA 9 10.4 2.6 14
N7 AlkA 1.7 (1.8) 1.8 3.8
Guanine
N3 (Tag) AlkA 0.8 (0.6) 0.4 ~1
06 Ogt Ada 6.3 (0.3) 3 nd
N7 AlkA 67 83 69 68
Uracil / Thymine
02 AlkA 0.11 - - -
N3 0.3 - - -
04 Ogt (Ada) 0.4 - - -
Cytosine
02 AlKA 0.1 nd - -
N3 0.6 (<1) 2.3 10
Diester Ada 17 0.8 ~10 2

Table 1. DNA base lesions induced by an Sy1 (MNU) and an Sy2 (MMS) alkylating agent.
nd = lesion not detected; ( ) = estimated value [Adapted from: Singer and Grunberger, 1983]




while base-paired. The N3 position of adenine, which is not involved in base-
pairing, is alkylated more efficiently in double rather than single stranded DNA.
Bifunctional alkylating agents such as mitomycin C (MMC), bis-
chloroethylnitrosourea (BCNU) and nitrogen mustards generally contain two
reactive groups and therefore can form DNA intrastrand and DNA interstrand
crosslinks and also DNA-protein crosslinks (Singer and Grunberger, 1983). DNA
can also be methylated by methyl radicals generated by agents such as 1,2-
dimethylhydrazine, diazoquinones and tert-butylhydroperoxide, which reacts with

several sites in DNA including the 8 position of guanine (Hix et al., 1995).

1.3 DNA alkylation damage

DNA alkylation damage can be innocuous, mutagenic and / or cytotoxic to
the cell. Promutagenic lesions can mispair during DNA replication for example,
O°-methylguanine (O°-meG) can mispair with thymine and O*-methylthymine (O*-
meT) can mispair with guanine, resulting in G:C to A:T and A:T to G:C transition
mutations respectively (Loechler et al., 1984; Saffhill and Hall, 1985). O*
methylthymine (O*meT) and O?-methylcytosine (O*meC) exhibit weaker
miscoding properties than O%-meG or O*-meT (Singer et al., 1979; Singer and
Grunberger, 1983). 3-methylcytosine (3-meC) is a cytotoxic lesion because its
methyl group blocks the formation of DNA base-pairs, which stalls the replicative
DNA polymerase (Saffhill, 1984). The methyl groups of 3-methyladenine (3-
meA) and 3-methylguanine (3-meG) physically block the interaction of the
replicative polymerase with DNA and are therefore cytotoxic lesions (Beard ef al.,
1996; Eom et al., 1996). Interstrand crosslinks (ICLs) are cytotoxic lesions as they
prevent DNA strand separation during replication and transcription (Dronkert and

Kanaar, 2001). However, some DNA alkylation damage is relatively innocuous,
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for example, 7-methylguanine (7-meG) as well as methylation of the DNA
phosphodiester backbone.

Alkylation of DNA can lead to the formation of secondary lesions, for
example, methylation at the 7 position of guanine destabilises the imidazole ring
of the purine, making it prone to alkali catalysed ring opening, to produce the
cytotoxic lesion formamidopyrimidine (FaPy) (O'Connor et al., 1988). Also,
alkylation weakens the N-glycosidic linkage of several DNA bases, particularly 7-
meG which is six orders of magnitude more likely to depurinate than unmodified
guanine, producing an abasic site (Lindahl, 1993). Abasic sites can react to form
DNA-DNA and DNA-protein crosslinks as well as single strand breaks (Goffin

and Verly, 1983).

1.4 Repair of DNA alkylation damage

To counteract the potential adverse biological effects of this diverse array
of DNA alkylation damage, cells have evolved several genetically and functionally
distinct activities for repairing DNA alkylation damage. Several alkylated DNA
lesions are repaired by O°methylguanine-DNA methyltransferases (MTases),
which act by a direct reversal mechanism. Other alkylated lesions are repaired by
DNA excision repair mechanisms, in which the alkylated base or an
oligonucleotide containing the alkylated base is cut from the DNA and the gap is
refilled using the undamaged DNA strand as a template. The base excision repair
(BER) pathway acts on small alkylated lesions, whereas, the nucleotide excision

repair (NER) pathway works on large or bulky alkylation damage.

23



O°-methylguanine-DNA methyltransferases

The MTases repair DNA alkylation damage by direct reversal, that is, they
restore the DNA to its undamaged state in a single-step reaction. MTases transfer
alkyl groups from DNA lesions onto an active site cysteine residue. As alkyl
cysteine is very stable, the MTase is inactivated. Because each molecule of
MTase is consumed during the reaction, MTases are not true catalysts and thus are
not true enzymes (Lindahl et al., 1982). MTases are found almost universally in
both prokaryotes and eukaryotes. E. coli has a constitutively expressed MTase,
Ogt, that repairs low levels of damage (Margison et al., 1990). The expression of
a second MTase, Ada (Sedgwick, 1982) is induced in response to DNA alkylation
damage. Human cells have only one MTase, MGMT.

The E. coli MTases, Ada and Ogt, as well as the human MGMT protein
repair the mutagenic lesion O%>-meG. Ogt also repairs O*-meT, whereas Ada and
MGMT are inefficient at repair of O*-meT. Attempts by MGMT to repair O*-meT
may shield the lesion from repair by NER (Samson et al., 1997). MTases are able
to repair longer chain alkyl groups and benzyl adducts, however, there is
considerable species variation in the efficiency of these reactions (Goodtzova et
al., 1997). In addition to averting the production of G-C to A-T transition
mutations caused by endogenous and environmental alkylating agents, MTases
also repair the O°-meG generated by anticancer chemotherapy drugs that methylate
DNA, such as dacarbazine, procarbazine and temozolomide, or that chloroethylate
DNA, for example, bis-chloroethylnitrosourea, clomesone and fotemustine. As
O°-meG forms the cytotoxic basis of such chemotherapy, increased MGMT
expression is a common mechanism of resistance in human tumours to these anti-

neoplastic agents (Margison and Santibanez-Koref, 2002).

24



Crystallographic studies of MTases from the three kingdoms of life reveal
that despite low sequence homology, the two domain o/f fold has been
remarkably conserved. The human MGMT protein contains an atom of Zn(II)
that acts structurally to stabilise the interface between the two domains. The
current model for MGMT action (Daniels and Tainer, 2000) indicates that MGMT
uses a carboxyl-terminal helix-turn helix (HTH) motif to bind DNA (Vora et al.,
1998), an arginine finger is used to flip the damaged base into the active site. The
active site cysteine that participates in an extensive hydrogen-bond network, drives
the dealkylation reaction (Daniels and Tainer, 2000). The alkyl group is
transferred onto the active site cysteine in an irreversible and stoichiometric
reaction. This causes a conformational change that dissociates the MTase from the
DNA and targets the MGMT for degradation (Srivenugopal et al., 1996). Due to
the stoichiometric nature of its activity the expression of human MGMT is tightly
controlled, protein kinase C and glucocorticoid hormone both regulate
transcription of the human MGMT gene (Boldogh ef al., 1998; Biswas et al.,
1999).

The amino-terminal domain of the E. coli Ada protein contains a second
methyltransferase domain that is not present in either the Ogt or MGMT proteins.
This MTase domain uses an atom of Zn(II) for correct protein folding and also to
activate the nucleophilicity of the accepting Cys-38 residue (Myers et al., 1994)
(Verdine, G.L. personal communication). The amino-terminal MTase domain of
Ada transfers alkyl groups from the Sp-diastereoisomer of DNA methyl
phosphotriesters (P(me)s) (McCarthy and Lindahl, 1985). Transfer of methyl
groups from P(me)s turns Ada into a transcriptional activator of its own gene and
also that of the alkA, alkB and aidB genes (Sedgwick and Lindahl, 2002) (see

section 1.7).
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Base excision repair

In general, the base excision repair (BER) pathway acts on damaged DNA
bases which cause only minor disturbances to the DNA helix, such as deaminated
or oxidised bases (Lindahl, 2001). Several methylated bases, including 3-meA, 3-
meG, 7-meG, O*-methylthymine (O*-meT) and O*-methylcytosine (O*meC) as
well as secondary lesions such as formamidopyrimidine and abasic sites are
repaired by BER.

The general mechanism of BER is shown in Figure 3. BER is initiated by
a battery of DNA glycosylases, which each recognise a different damaged base or
sets of damaged bases. Aberrant bases are flipped-out from the DNA helix and
inserted into the active site of the DNA glycosylase, which then cleaves the N-
glycosidic bond between the base and the deoxyribose, leaving an abasic site in the
DNA (Lindahl and Wood, 1999). In E. coli, two glycosylases excise alkylated
bases from DNA, the constitutively expressed Tag DNA glycosylase (3-meA
DNA glycosylase I) (Riazuddin and Lindahl, 1978) and the inducibly expressed
AlkA DNA glycosylase (3-meA DNA glycosylase II), whose expression is
induced in response to DNA alkylation damage (Evensen and Seeberg, 1982;
Karran et al., 1982). Structural studies have revealed that the Tag and AlIkA DNA
glycosylases as well as the Saccharomyces cerevisiae AlIkA homolog, MAG,
belong to the helix-hairpin-helix (HhH) superfamily of DNA glycosylases (Nash et
al., 1996; Drohat et al., 2002). The human 3-meA DNA glycosylase, AAG, is a
member of a separate family consisting of several highly homologous mammalian
DNA glycosylases (Lau et al., 1998).

The E. coli Tag protein has a narrow substrate range removing 3-meA and

at a lower efficiency, 3-meG from DNA (Bjelland and Seeberg, 1987; Bjelland et
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Figure 3. Base excision repair in mammalian cells, initiated by a monofunctional
DNA glycosylase. [Adapted from: Klungland and Lindahl, 1997]
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al., 1993). In contrast, both the E. coli AIKA and the human AAG glycosylases
recognise chemically varied and structurally diverse lesions including the
abundant methylated lesions 7-meG, 3-meA, 3-meG, O*-meC, O>meT and 7-
methyladenine (7-meA), as well as 1,N6-ethanoadenine and hypoxanthine
(Saparbaev and Laval, 1994; Saparbaev et al., 1995; Singer and Hang, 1997).
Whereas, AlkA but not AAG can remove 8-methylguanine (8-meG)(Gasparutto et
al., 2002). In correlation with its broad substrate range, the E. coli AlkA
glycosylase can inefficiently excise normal guanine and adenine bases from DNA
(Berdal et al., 1998; Posnick and Samson, 1999b). Therefore, E. coli cells repair
low levels of damage using the relatively specific Tag DNA glycosylase. Cellular
levels of the more promiscuous AlkA DNA glycosylase are kept low until the cells
are challenged by DNA alkylation damage.

Crystallographic studies have provided insights into the substrate
specificity of the E. coli AlkA, Tag and human AAG DNA glycosylases (Hollis et
al., 2000; Drohat et al., 2002). It has been postulated that the broad substrate
range of the E. coli AIkA DNA glycosylase can be at least partly attributed to the
shape of AlkA's active site. Unlike the highly substrate specific DNA
glycosylases which have deep, confined active sites, the active site of the AlkA
glycosylase is a shallow groove, this presumably allows AlkA to accommodate a
diverse range of substrates. As many of the substrates of AlkA are positively
charged, it has been proposed that this enzyme recognises its various substrates by
using non-specific interactions with active site electron-rich aromatic amino acid
residues (Labahn ez al., 1996). However, an alternative model suggests that the
AlkA DNA glycosylase is able to recognise and act on substrates with weakened
glycosyl bonds (Berdal et al., 1998). The substrate specificity of the constitutively

expressed E. coli Tag protein may be limited to extremely labile lesions such as 3-
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meA due to the absence of the invariant, catalytically important, aspartic acid
residue present in all other HhH glycosylases (Drohat et al., 2002).

In E. coli, formamidopyrimidine (FaPy) is excised by the
formamidopyrimidine-DNA glycosylase, Fpg, which also excises 8-oxoguanine
from DNA (Chetsanga and Lindahl, 1979; Tchou et al., 1991). In eukaryotes,
FaPy is excised by the 8-oxoguanine DNA glycosylase, Oggl (van der Kemp et
al., 1996).

Monofunctional DNA glycosylases, such as AlkA, Tag and AAG excise
damaged bases leaving an abasic site that is recognised and cleaved by an AP
endonuclease 5' to the abasic site (Lindahl, 1979). 1In E. coli the AP-
endonucleoytic step is catalysed by endonuclease IV, which is damage inducible,
or by exonuclease III, which is constitutively expressed (Doetsch and
Cunningham, 1990). The mammalian AP endonuclease, APE]1 is an exonuclease
III homologue (Ramotar, 1997). The remnant 5'-deoxyribosephosphate (dRP) is
released by the dRPase activity of the E. coli Rec] protein (Dianov et al., 1994) or
mammalian DNA polymerase § (Matsumoto and Kim, 1995). Bifunctional
glycosylases such as Fpg, not only excise damaged bases, but also have an
associated B-lyase activity that cleaves the phosphodiester bond 3' to the abasic
site, the DNA backbone is then cleaved 5' to the abasic site by an AP-
endonuclease. In both cases, the resulting gap is filled in by E. coli polymerase I
or mammalian DNA polymerase § and sealed by a ligase, generating a "repair
patch" only a single nucleotide in length.

An alternative "long patch" BER pathway that generates a repair patch of
2-13 nucleotides is sometimes employed in mammalian cells (Frosina et al., 1996).

The long patch pathway depends on enzymes normally involved in DNA
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replication, such as, DNA polymerase 0 / €, PCNA, the structure-specific nuclease

DNase IV (FEN-1) and DNA ligase I.

Nucleotide excision repair

The nucleotide excision repair (NER) pathway is the most versatile of all
the DNA repair pathways and is able to repair various structurally unrelated
lesions which distort the DNA structure and modify the chemistry of the DNA, for
example, UV induced pyrimidine dimers (Batty and Wood, 2000). The main role
of NER in the repair of alkylation damage is the removal of lesions with large
alkyl groups, including O°-ethylguanine and O*-ethylthymine and bulkier alkyl
derivatives.

The initial step in NER is recognition of the lesion. In non-transcribed
DNA strands, distorting lesions are recognised by the human XPC-hHR23B
complex (Figure 4) (Volker et al., 2001) and in E. coli by the UvrA,B complex,
which loads UvrB onto the site of the damage (Orren and Sancar, 1989). In
transcribed DNA strands, RNA polymerases stall at DNA lesions and recruit
proteins such as the E. coli Mfd protein (Selby and Sancar, 1993) or the human
CSA and CSB proteins, which are thought to displace RNA and presumably
recruit NER proteins (van den Boom et al., 2002).

In E. coli, the UvrC protein, an endonuclease with two active sites, is
recruited to the site of the damage and cuts at both sides of the lesion (Verhoeven
et al., 2000). The oligonucleotide (24-32 nucleotides long), which contains the
lesion is then displaced by the UvrD protein (DNA helicase II). In human cells,
the TFITH complex is recruited to the site of damage and two of its subunits, the
ATP-dependent helicases XPB and XPD together with XPA and RPA locally

unwind the DNA around the lesion (Svejstrup et al., 1996). The structure-specific
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DNA endonucleases XPG and XPF/ERCC1 are recruited and make single-
stranded DNA breaks 3’ and 5’ to the lesion respectively. It is not clear how
human cells remove the oligonucleotide containing the DNA damage. Finally the
E. coli DNA polymerase I, or the human DNA polymerase 0 / €, fills the gap and
the nicks are sealed by a DNA ligase (Wood, 1997).

The E. coli UvrABC or the human XPF-ERCC1 proteins also have a role
in the repair of interstrand crosslinks (ICL). These structure-specific DNA
endonucleases cut both sides of the ICL, allowing for repair of the lesion by

homologous recombination (McHugh et al., 2001).

1.5 Tolerance of DNA alkylation damage

When the DNA repair mechanisms are overwhelmed, DNA alkylation
damage can persist into S phase. Once initiated, it is imperative for cell survival
that DNA replication is fully completed, therefore, cells have evolved DNA
damage tolerance pathways that act to reinitiate DNA replication at stalled
replication forks without removing the lesion. DNA damage tolerance activities in
E. coli are encoded by the SOS regulon, which consists of over 30 unlinked genes
whose expression is upregulated in response to regions of single stranded DNA
produced at stalled replication forks (Chaudhury and Smith, 1985; Fernandez De
Henestrosa et al., 2000). The SOS response in E. coli upregulates an error-free
and an error-prone mode of damage tolerance. The error-free pathway uses DNA
recombination to synthesise past lesions. The error-prone pathway uses
specialised DNA polymerases to read through sites of DNA damage, this
translesion synthesis (TLS) prevents cell death and provides an option for
environmental adaptation. Eukaryotic damage by-pass mechanisms have been

studied most extensively in S. cerevisiae, where members of the Rad6
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complementation group of genes regulate DNA damage tolerance, directing TLS
and recombinational by-pass by ubiquitination of specific proteins in response to
DNA damage (Broomfield et al., 2001). Rad18 and Rad5 are E3 ubiquitin ligating
enzymes which bind single stranded DNA at stalled replication forks and recruit
the ubiquitin E2 conjugating enzymes, Rad6 and Mms2 / Ubc13 respectively.
Recently, PCNA was the first Rad6 / Rad18 substrate to be identified (Hoege et

al., 2002).

Recombinational repair

Recombinational bypass of replication stalling DNA damage such as 3-
meA has been proposed to occur by multiple, poorly defined, mechanisms
(Kowalczykowski, 2000; Cox, 2001; McGlynn and Lloyd, 2002). The mechanism
employed probably depends on the initial cause of the stalling and the resulting
local DNA structure formed. If a lesion such as an alkylated base stalls leading
strand DNA synthesis, lagging strand synthesis may continue beyond the lesion.
The replication fork can be regressed to form a Holliday junction and the leading
strand extended past the lesion using the lagging strand as a template.
Alternatively, the newly synthesised strand can invade and use the homologous

sister strand as a template to synthesise past the alkylated lesion.

Translesion synthesis

Translesion synthesis (TLS) is catalysed by specialised DNA polymerases,
which synthesise past lesions that block the replicative DNA polymerase. In E.
coli, TLS appears to be catalysed by the error prone DNA polymerases Pol V
(UmuD,'C), Pol IV (DinB) and Pol II (DinA) (Goodman, 2000). It is not clear

which, if any of these DNA polymerases are involved in by-pass of alkylated
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lesions but UmuD,'C (Pol V) is able to by-pass abasic sites, preferentially
incorporating adenine opposite the lesion (Reuven et al., 1999; Tang et al., 1999).
In S. cerevisiae, it is hypothesised that Revl initiates TLS of abasic sites by
inserting a single cytosine residue opposite the abasic sites, this is extended by Pol
€, which consists of two subunits Rev3 and Rev7 (Broomfield ez al., 2001).

There is evidence that the human error prone DNA polymerases Pol 1, Pol
t and Pol « are able to by-pass abasic sites. The Rad30 protein of yeast and its
human homolog Pol n are able to catalyse accurate bypass of cyclobutane

pyrimidine dimers, but show error prone bypass of O°meG (Lehmann, 2002).

Mismatch repair

Mismatch repair (MMR) is a postreplicative excision repair pathway that
corrects misincorporated bases and base insertions / deletions produced by
slippages of the replicative DNA polymerase, which have escaped the
proofreading activity of these polymerases (Hsieh, 2001). However, the MMR
repair system was found to be responsible for the cytotoxicity of O°-meG (Karran
and Bignami, 1994). It is proposed that, the MMR system acts on this mispair and
enters a futile repair loop. The newly synthesised thymine is excised and the DNA
resynthesised, potentially recreating the O°>-meG:T mismatch, which MMR again
attempts to repair. As cell death does not occur until the second round of DNA
synthesis (Tominaga et al., 1997), replication of gapped MMR intermediates may

result in the formation of lethal double strand breaks.
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1.6 Inducible responses to DNA damage in E. coli

Bacteria induce several DNA repair mechanisms in response to DNA
damage and this allows bacteria to survive in rapidly changing environments. In
response to the presence of reactive oxygen species, the soxRS and oxyR systems
of E. coli induce the expression of proteins that act to avoid or repair DNA
oxidation damage (Pomposiello and Demple, 2001). The SOS response (see
section 1.5) induces the expression of proteins involved in tolerance of DNA
damage as well as in DNA recombination and DNA excision repair (Sutton et al.,
2000). Dissection of these inducible responses in E. coli have lead to the
discovery of several DNA repair and tolerance activities, many of which have

homologs in higher eukaryotes.

1.7 The adaptive response to alkylating agents

To defend against fluctuating levels of alkylating agents in the environment
many divergent species of bacteria mount an inducible response to DNA
alkylation damage. This adaptive response to alkylating agents enhances the
resistance of the bacteria to the mutagenic and cytotoxic effects of DNA alkylating
agents. The adaptive response was first observed when E. coli exposed to non-
lethal doses of MNNG became more resistant to mutation and killing when later
challenged with a higher dose of the agent (Samson and Cairns, 1977). This
increased resistance to alkylating agents was dependent on active protein synthesis
(Jeggo et al., 1977; Samson and Cairns, 1977).

In E. coli, the adaptive response is triggered by formation of an innocuous
type of DNA methylation damage, the Sp-diastereoisomer of DNA methyl
phosphotriesters (Teo et al., 1986). The methyltransferase domain at the amino-

terminus of the Ada protein repairs this relatively innocuous form of damage. The
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Ada protein transfers the methyl group from the DNA lesion onto an active site
cysteine residue (Cys-38), converting Ada from a weak to a strong transcriptional
activator of the ada, alkA, alkB and aidB genes (Figure 5) (Sedgwick and Lindahl,
2002). The adaptive response can also be activated to some extent by certain
methylating agents such as Mel, which may act by directly methylating the active
site cysteine of the Ada protein (Takahashi et al., 1988).

The alkA and aidB genes map at 45 and 95 min on the E. coli genetic map,
respectively, whereas the ada and alkB genes form a small operon that maps at 47
min. The initiation codon (ATG) of the alkB gene overlaps the termination codon
(TAA) of the ada gene, however, as 10 fold more Ada protein is produced than
AlKkB protein, transcription may partially terminate at the end of the ada coding
region (Kataoka and Sekiguchi, 1985; Kondo et al., 1986).

The increased cellular levels of the E. coli Ada, AlkA, AlkB and AidB
proteins convey resistance to the killing and mutagenic effects of alkylating
agents. Two of these proteins, Ada and AlkA were found to be proteins that repair
DNA alkylation damage. The Ada protein, apart from being the positive regulator
of the adaptive response, also has a MTase domain at its carboxyl-terminus that
repairs mutagenic alkylation damage such as O°-meG by direct reversal (see
section 1.4). The AIKA protein is a DNA glycosylase, which excises a wide range
of alkylated DNA bases as part of the base excision repair pathway (see section
1.4). It has been proposed that AidB protein may be involved in the metabolic
detoxification of endogenous and exogenous alkylating agents, thereby protecting
cells against alkylation damage to DNA, but this hypothesis remains to be
substantiated. The aidB gene appears to encode an isovaleryl-CoA dehydrogenase

(IVD), which are required in higher eukaryotic cells for the degradation of leucine
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during starvation conditions, however, E. coli has lost the other genes required for
leucine catabolism (Landini et al., 1994). Expression of aidB is less responsive to
methylated Ada protein than the other genes of the adaptive response and requires
ten fold higher concentrations of methylated Ada than the ada gene (Landini and

Volkert, 1995).

1.8 The mystery of the AIkB protein

The E. coli AlkB protein has been implicated in the repair or tolerance of
DNA alkylation damage (Kataoka et al., 1983) and its expression was found to be
induced as part of the adaptive response to alkylating agents (Kondo ez al., 1986).
However, despite the early isolation of the E. coli alkB gene, no biochemical
activity could be found and the function of the E. coli AlkB protein remained an
enigma.

The E. coli alkB mutants are sensitive to Sy2 alkylating agents, and slightly
sensitive to Sy1 agents (Kataoka et al., 1983; Chen et al., 1994). The AlkB protein
was implicated in the repair or tolerance of DNA alkylation damage rather than the
detoxification of alkylating agents, because E. coli alkB mutants exhibited a slight
defect in the reactivation of MMS treated double stranded bacteriophage A
(Kataoka et al., 1983).

The conservation of the alkB gene from bacteria to humans suggested that
the AIkB protein plays an important cellular role. Two AlkB homologs have been
reported in the literature. The Caulobacter crescentus AIkB homolog has 42 %
identity and 78 % similarity to the E. coli AlkB protein; mutants of this C.
crescentus protein exhibit sensitivity to MMS. Interestingly, expression of the C.
crescentus AlkB homolog is cell cycle regulated with a pattern similar to activities

required for DNA replication (Colombi and Gomes, 1997). A Homo sapiens
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AlkB sequence homolog, hABH, was identified as an expressed sequence tag
(EST). It was reported that expression of the hABH protein partially
complemented the E. coli alkB mutant. The hABH gene mapped to chromosome
14(14924) and was found to be expressed in most human tissues (Wei et al.,
1996).

Database searches reveal putative homologs of the E. coli AlkB protein in
many other species of bacteria and eukaryotes including Schizosaccharomyces
pombe (30 % identity, 45 % similarity) and Arabidopsis thaliana (39 % identity,
47 % similarity) (Figure 6). However, sequence homologs are not found in
archaea or in Saccharomyces cerevisiae. Three genes, YFWI1, YFWI12 and YFW16,
were identified in a screen to identify S. cerevisiae AIkB homologs. These genes
functionally complemented the E. coli alkB mutants but not the alkA tag, recA or
uvrB mutants. However, these S. cerevisiae proteins have no sequence homology
to the E. coli AlkB protein (Wei et al., 1995). YFW16 is allelic with the STE11
gene encoding a serine / threonine-protein kinase that is involved in cell signalling
in response to pheromone signals. Sequence analysis predicts that YFWI is a
transmembrane glycoprotein, and that it shares a domain with the WSC family of
cell wall integrity and stress response genes. YFWI2 is expected to belong to the
Crisp family of cysteine-rich secretory proteins. The role of these proteins in
protecting E. coli from alkylation damage is unclear.

Despite extensive testing no DNA repair activity could be assigned to the
E. coli AIkB protein. In vivo, the E. coli alkB mutants were proficient in the repair
of 3-meA, DNA strand breaks, abasic sites and other secondary lesions which may
arise at abasic sites (Dinglay et al., 1998). The AlkB protein exhibited no DNA

glycosylase, DNA methyltransferase, AP endonuclease or DNA-dependent

39



1

1

-( (4 /13 T/ ( <K<K LCLCLCLCLCLCLKCLC<LC<LKCLK<LKCLK L
<
<
Lot # $
<<<<<<<<ICI<CILKICI<CLKLICI<CLCLILCIL<CLKL<CLIL<CLKLKLILKLK LKL LK < TELA KKK NQYUIBE A D(< U/ QI< < FF (4§ 4 U)<THRRKIKG < <K/ <<<<<<<<<

vV B, ()) 4 4 /T )
<<<<<<<<<<!<(<%:BB<tW<&4:<B<3<K2<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<gg<,<#<<<<</<<B<<<<<<<<<<<<<<<<
+!1,/((C 4 (,#T 4 2B (! 2,)B#+B<dkK<<<<I<I<I<<¢EBAIDP << <4 YUId<<KH €«
%, /I'B( ! 'T# 4 4 ] (B/,KkRK<<<<<<<<<IIIEKEKEIIIIB<KKEATRER(<<<KEB # # 1/ (
2B, * )2+- 12 T+B,+#T( B##B#/T Uu) 2(T!'B#+3T U2 +2U 1 1 -k & K

B # 4) T<<<<<<<<<<<<<<<I<<LKI<KLKLK<K<KLKLK<K<KLK<K<K<KLK<K<K<IBkZXZYURGIK < <Y< PR <<<<<<<<<<LK<I<<LKLKKLKLKLKLKL
2/ ' % &
X %#41 () ) " * $3% +$ 1 )1 $$ ())!, 1+ $ ! # +()3
cA% T +% <<<<<<<<<<HAGARRKKI(R<<#<8I)YYU< 2 2/#,, 2(2/%+!'(%BNMN)IY(B +
% & B$ <<<<<<<<<<<<<<<<<LE<<K«$LkBI<LB3LTASIAIUII<HN<K))d g # < X3/

(U#!, 1T% +4NH51 - 4N+HO E(9J;** 460D ; $B564 |

YUB ) '/%2) & 6 4N VVVV>69 ; % ¥F(; "

NMN#+) T B#(T - , . ' J19 97 -

T + T1 1#+#T24B/+<BB+/#% 4( 3+ X% - 8 /

# o+ U%T<K4(W><< (42 (w )
,<I<Iqe<<<<<<

T4 T (+) 7 E ?29 7 1J c<<<<x
)B -+ *%)# # $ NMVVVVYV VVv> 026;
+#+ 64N4 7B7+ Y L2 (I#1(# I#2<<<<&dd4<kKE<
%/ # #I+TH# % & | <K<K <K<EKHKL€«PY(<<<<<LILILIII<K<K<K<
% T /- % 4- @ 1 5 @ryB(! t/2/72(¢r $(/ (! B(!) #-B/!$#-/ 3TBS$ #U(

<$TUT(TA4 2+ +/

222 C)Y <<<<yH<<x<<<<
+ 0 # >1*~k*******~k~k***~k*

(1M, B( % T 41v(/V,1 I+) ,#%/24% ( T #/B+) ), ! #

o" - 1 > ' 1 1 "+ 4 . /| %- 35353/
Y #$ $% & ENX ("%" [s



ATPase activity in vitro (Kataoka and Sekiguchi, 1985; Kondo et al., 1986). The
failure to identify an in vitro activity for the AlkB protein would be explained if
AJkB was to act as part of a multi-protein complex or if AlkB acted by regulating
transcription of another DNA repair gene. However, as expression of E. coli alkB
gene confers alkylation resistance to human cells (Chen et al., 1994) and
conversely, a human homolog was reported to convey MMS resistance to the E.
coli mutant (Wei et al., 1996), it was suggested that the AIkB protein works
independently. The function of the AlkB protein did not appear to overlap with
that of the E. coli AIkA, Tag, Ada, MutS, UmuC and UvrA proteins, thus the AlkB
protein functions in a pathway independent of these activities. However, a slight
functional backup by the RecA protein was observed (Volkert and Hajec, 1991;
Dinglay et al., 2000).

In E. coli alkB mutants, the modest defect in the reactivation of MMS-
treated double stranded phage could be turned into a dramatic defect by using
MMS-treated single stranded phage (Dinglay et al., 2000). This suggests that
either the AlkB protein is only able to act on single stranded DNA, or that the E.
coli AIkB protein is able to repair or tolerate DNA alkylation damage that is
produced specifically in single stranded DNA. Two lesions 1-methyladenine (1-
meA) and 3-meC, are produced at higher levels in single stranded than double
stranded DNA and are generated in greater amounts by Sy2 alkylating agents
(Singer and Grunberger, 1983). However, in vitro the purified AlkB protein
showed no activity against the lesions 1-meA or 3-meC in DNA (Dinglay et al.,
2000). Recombinant E. coli AIkB protein was found to bind approximately 10
fold more efficiently to single stranded DNA than double stranded DNA (Dinglay
et al., 2000).

E. coli alkB mutants are weakly sensitive to MMS-induced mutagenesis,

showing small increases in the frequencies of G:C to A:T, G:C to T:A and A:T to
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T:A base substitutions compared with wild-type strains (Dinglay et al., 2000).
The low frequency of mutations in the E. coli alkB mutants suggests that AlkB
repairs or tolerates lesions that have a low capacity for mispairing during DNA
synthesis. As the wild-type E. coli exhibit a lower MMS induced mutation
frequency than the alkB mutant it is suggested that AlkB either repairs DNA
damage accurately or is involved in the accurate bypass of replication stalling
lesions.

Sequence analysis of the E. coli alkB gene had suggested a low level of
homology to short regions of the oxidoreductase superfamily (Kondo et al., 1986)
or a novel predicted hydrolase domain (Aravind et al., 1999). Neither of these
predictions has been substantiated and the biochemical function of the AlkB

protein remained a mystery

1.9 Aim

My aim was to develop an in vitro assay for the E. coli AlkB protein and to
determine the biochemical function of the AlkB protein. As several alkylating
agents are commonly used as cancer chemotherapy drugs it was also of interest to

investigate human AlkB homologs.
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CHAPTER 2. MATERIALS AND METHODS

2.1 Materials

Suppliers

Amersham Biosciences, BDH, Bio-Rad, Fermentas, Fisher Scientific
International, Millipore, National Diagnositics, New England Biolabs (NEB),
Novagen, PerkinElmer Life Sciences, Pierce, Qiagen, Roche, Sigma-Aldrich,

Stratagene, TaKaRa Biosciences, Whatman.

Escherichia coli strains and plasmids

The Escherichia coli strains and plasmid used are listed in Table 2.

DNA oligonucleotides

The DNA oligonucleotides used are presented in Table 3.

Media

Luria - Bertani (LB) broth contained 10 g tryptone, 5 g yeast extract and 10
g of NaCl per litre adjusted to pH 7.0 using NaOH. LB agar contained the same
ingredients as LB broth but also contained 15 g of agar per litre. NZY broth
contained 5 g NaCl, 2 g MgCl,, 5 g yeast extract and 10 g of NZ amine (casein
hydrolysate) per litre adjusted to pH 7.5 with NaOH. SOC medium contained 20 g
tryptone, 5 g yeast extract, 0.6 g NaCl, 0.2 g KCl, 2 g MgCl,, 2.5 g MgSO, and 3.6
g of D-glucose per litre. 10 x M9 salts contained 60 g Na,HPO,, 30 g KH,PO,,5 g

NaCl and 10 g of NH,Cl per litre adjusted to pH 7.4 with NaOH.

44



Genotype

Source

E. coli Strain

leuB6 proA2 thi-1 hisG4 argE3 lacY1

AB1157 galK?2 ara-14 mtl-1 xyl-5 thr-1 tsx-33 Lat;i)(;;t(ory
rpsL31 supE44
BS127 As BL21.DE3 but A(ada-alkB)::cm’ B.Sedgwick
BS132 As AB1157 but gyrA.(DE3) B.Sedgwick
BS133 As AB1157 but gryA alkB22.(DE3) B.Sedgwick
As AB1157 but lac AU169/F'proA™B™ _
BS150 lacl"ZAM15: Tn10(Tc") B.Sedgwick
endA1 hsdR17(rk12 Mkq2 ) SUPDE44 thi-1
NovaBlue recA1 gyrA96 reiA1 lac F'proA’B* Novagen
lacl’ZAM15::Tn10(TcF)
BL21 DE3 E coliBF omp7(' g;%f(re mg’) gal dem Novogen
BL21- E. coliBF ompT hsdS(rs mg) dcm® Tet' Stratagene
CodonPlus(DE3)-RP gal A(DE3) endA Hte [argU proL. cam] 9
Plasmids
pBARG67 ABH1 gene inserted into pET15b B. Sedgwick
pBAR54 alkB* gene inserted into pET15b B. Sedgwick
FLAG-tag inserted and His-tag removed .
pSCT1 from pBARG7 This study
pSCT2 FLAG-tag inserted and His-tag removed This study

from pBAR54

Table 2. Escherichia coli strains and plasmids.
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2.2 Handling of hazardous materials

Handling of radioactive materials

Disposable gloves, protective glasses and a laboratory coat were worn
when handling radioactive materials. Plexiglas shielding was used when handling
strong beta emitting radioisotopes such as [**P]. All tubes containing radioactive
material were labelled and stored appropriately. Liquid, solid and scintillation
waste was disposed of in the containers provided. The laboratory was regularly
monitored for radioactive contamination. All radioactivity was used, stored and

disposed of in accordance with Cancer Research UK local rules.

Handling of methylating agents

Disposable gloves, protective glasses and a laboratory coat were worn
when handling methylating agents. Methylating agents were stored and used in
the designated area. All methylating agents were used in the fume hood and were

disposed of in 1 M NaOH.

2.3 Sub-cloning to produce FLAG-tagged AIkB and ABH1

Production of plasmid DNA and annealing of DNA oligonucleotides
Small-scale preparations of the pBARS54 and pBARG67 plasmids were made
using the QIAprep Spin Miniprep Kit (Qiagen) according to the manufacturer's
instructions.
Two complementary DNA oligonucleotides (116 and 117) were designed,
which encoded a FLAG-tag (DYKDDDDK) flanked by Ndel and Ncol restriction

sites. The complementary DNA oligonucleotides were annealed by mixing 50 pg
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of each of oligonucleotides 116 and 117 in 10 mM Tris.HCI pH 7.5, 1 mM EDTA
and 100 mM NaCl in a total volume of 20 pl. The oligonucleotides were heated to

95 °C for 5 min and then allowed to cool slowly to room temperature.

Restriction enzyme digestions

The annealed oligonucleotides and the pBARS54 and pBAR67 plasmids
were digested with Ndel and Ncol by incubating 2.5 ug of DNA with 40 units of
each of the two restriction endonucleases (NEB) in NEBuffer4 (50 mM potassium
acetate, 20 mM Tris-acetate, 10 mM magnesium acetate, 1 mM dithiothreitol
(DTT), pH 7.9) at 37 °C overnight. Vector digestion was monitored by gel

electrophoresis using 0.6 % agarose gel and visualised by UV.

Digested plasmids and oligonucleotides were purified by addition of an
equal volume of saturated phenol / chloroform / isoamyl alcohol (25:24:1). The
mixture was vortexed for 30 seconds and the phases were separated by a brief
centrifugation at room temperature. The upper phase was recovered and the linear
DNA was isolated by the addition of a tenth of the volume of sodium acetate pH
5.2, and three volumes of 100 % ice cold ethanol. After twenty minutes at -80 °C,
the DNA was centrifuged at 15,000 g and the DNA pellets were washed twice

with 80 % ice cold ethanol, before being dissolved in 10mM Tris.HCI pH 8.0.

Ligation reactions

The 5' phosphate residues were removed from 2.0 ug of linearised plasmid
DNA by the addition of 10 units of calf intestinal alkaline phosphatase (CIP)
(NEB) in 100 pl of NEBuffer 3 (100 mM NaCl, 50 mM Tris.HCI pH 7.9, 10 mM
MgCl,, 1 mM DTT) and incubated at 37 °C for 1 hour. The CIP was inactivated

by heating to 75 °C for 15 minutes and the DNA was purified by phenol /
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chloroform / isoamyl extraction followed by ethanol precipitation as above. The
DNA was dissolved in 10 mM Tris.HCI pH 8.0.

The digested oligonucleotides encoding the FLLAG-tag were then ligated
into the pBARS54 and pPBARG67 plasmids. Ligation reactions, with ratios of 1 : 3
and 1 : 200 of linearised vector to annealed oligonucleotide, were carried out using

the Takara (version 2) ligation kit according to the manufacturer's instructions.

E. coli transformations

The ligation reactions were transformed into competent recA” NovaBlue E.
coli (Novagen) according to the manufacturer's instructions and the bacteria were
plated onto agar plates containing 50 pg/ml carbenicillin and incubated overnight
at 37 °C. Plasmid DNA was isolated from individual colonies grown up overnight
in LB broth supplemented with 50 pg/ml carbenicillin. Plasmids were screened by
restriction enzyme digestion and DNA sequencing. The plasmid encoding the
FLAG-tagged E. coli alkB gene was named pSCT1; the plasmid encoding the

FLAG-tagged human ABH1 gene was named pSCT2

The pSCT1 plasmid was transformed into the expression strain ~ E. coli
BL21.DE3 (Novagen) according to the manufacturer's instructions, bacteria
containing the pSCT1 plasmid were selected for by plating on agar containing 50
ug/ml carbenicillin. The pSCT2 plasmid containing the FLAG-tagged human
ABH1 gene was transformed into BL21-CodonPlus(DE3)-RP (Stratagene)
according to the manufacture's instructions, bacteria containing the pSCT2
plasmid and the plasmid encoding the rare tRNAs were selected for by plating

onto LB agar containing 50 pg/ml carbenicillin and 50 pg/ml chloramphenicol.
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Complementation of E. coli alkB mutant with FLAG-tagged AlkB

The single stranded ¢K phage was used in the complementation assays to
avoid the requirement of the M13 phage for F’ strains. Phage ¢K lysate was
diluted to 5 x 10* pfu/ml in M9 minimal salts. MMS was added to a final
concentrations of 0 mM, 7.5 mM and 15 mM in a total volume of 300 pul. After

incubation at 30 °C for 30 min the reactions were diluted into 3 ml of M9 salts.

The BS132 wild type E. coli or the BS133 alkB mutant strains were
transformed with expression vectors encoding the proteins of interest. These
strains were grown in LB broth with 50 pg/ml carbenicillin until they reached an
Agyp of 2.0. The phage were added at various dilutions to 0.4 ml of bacteria in 3
ml of melted soft LB agar supplemented with S mM CaCl,. The bacteria were
then plated onto LB agar plates containing 50 pug/ml carbenicillin and 5 mM CaCl,
and incubated at 37 °C for 3 hours. Phage survival was monitored by counting the

plaques formed in the bacterial lawn.

2.4 Protein purification

Purification of E. coli His-tagged AlkB protein

The E. coli His-tagged AlkB protein was purified by a protocol modified
from that previously described (Dinglay et al., 2000). E. coli BL21.DE3/pBAR54
were grown up overnight in a 25 ml of LB broth containing 50 pg/ml carbenicillin.
The starter culture was used to inoculate 750 ml of NZY media plus 20 % casein
amino acids with 50 pug/ml carbenicillin and incubated at 37 °C with shaking.
When the bacterial culture reached an Ay, of 0.5, expression of the recombinant
protein was induﬁed by the addition of 1 mM isopropyl B-D-thiogalactoside

(IPTG). After three hours of induction, the cells were harvested by centrifuging at
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6000 g for 30 min at 4 °C. The cells were resuspended in 32 ml of ice cold
resuspension buffer (50 mM Hepes.KOH pH 8.0, 300 mM NaCl, 5 % glycerol, 2
mM B mercaptoethanol and 2 mM EDTA) supplemented with CompleteTM
protease inhibitors (Roche). The cells were lysed by sonication on ice (4 x 30 sec
with 30 sec intervals). The cellular debris was removed by centrifugation (14 000
g, 20 min, 4 °C) and by filtering through a 0.45 um filter (Millipore). The EDTA
was removed from the lysate by dialysis against 1.5 litres of resuspension buffer
minus EDTA (50 mM Hepes.KOH pH 8.0, 300 mM NaCl, 5 % glycerol and 2 mM
B-mercaptoethanol) for approximately 3 hours at 4 °C. A 1 ml Ni-NTA
(nitrilotriacetic acid) agarose column (Qiagen) was prepared by equilibration in the
wash buffer (50 mM Hepes.KOH pH 8.0, 300 mM NaCl, 5 % glycerol, 2 mM §-
mercaptoethanol and 1 mM imidazole). The dialysed extract was supplemented
with 1 mM imidazole and loaded onto the Ni-agarose column. The column was
washed with 20 ml of wash buffer and then 30 ml of wash buffer containing 40
mM imidazole followed by 5 ml of wash buffer containing 60 mM imidazole. The
AlkB protein was eluted in wash buffer containing 250 mM imidazole; 1 ml
fractions were collected. The fractions containing the purified His-tagged AlkB
protein were identified by A, readings and by using SDS-polyacrylamide gel
electrophoresis. The purified His-tagged AlkB protein was dialysed into 30 mM
potassium phosphate pH 7.5, 2 mM B-mercaptoethanol, 50 % glycerol, 300 mM

NaCl, aliquots were stored at -80 °C.

Purification of E. coli FLAG-tagged AlkB protein
E. coli BL21.DE3/pSCT1 were grown up overnight in 25 ml of LB broth
containing 50 pg/ml carbenicillin. 750 ml of LB with 50 pg/ml carbenicillin was

inoculated and incubated at 37 °C with shaking. Expression of the recombinant
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protein was induced by the addition of 0.5 mM IPTG to the cell culture at Ay, 0.5.
After three hours of induction, the cells were harvested by centrifugation at 6000 g
for 30 min at 4 °C. The cells were resuspended in TBS (50 mM Tris.HCI pH 7.4,
150 mM NaCl) supplemented with 2 mM EDTA and CompleteTM protease
inhibitors (Roche). The cells were lysed by sonication on ice (4 x 30 seconds,
with 30 second intervals) and cellular debris was removed by centrifugation
(14,000 g, 20 min, 4 °C) and filtration through a 0.45 pum filter (Millipore). The
supernatant was dialysed against 1.5 litres of TBS for 3 hours and then applied to a
1 ml column of anti-FLAG M2 affinity gel (Sigma-Aldrich) pre-equilibrated with
TBS. The column was washed with 32 column volumes (4 x 8 ml) of TBS (50
mM Tris.HC1 pH 7.5, 150 mM NaCl). The protein was eluted with 5 column
volumes (5 x 1 ml) of FLAG peptide (Sigma-Aldrich) at a concentration of 100
ug/ml suspended in TBS. 0.5 ml fractions were collected and the fractions
containing the purified FLAG-tagged AlkB protein were identified by SDS-
polyacrylamide gel electrophoresis. Centricon YM-10 concentrators (Millipore)
pre-blocked with 1 % dried milk were used to concentrate the purified protein,
remove the FLAG peptide and to exchange the buffer to 30 mM potassium
phosphate pH 7.0, 2 mM B-mercaptoethanol, 50 % glycerol and 300 mM NaCl.

The purified FLAG-tagged AlkB was stored in aliquots at -80 °C.

Purification of human FLAG-tagged ABH1 protein

E. coli BL21.DE3CodonPlus/pSCT2 were grown up overnight in 25 ml of
LB broth containing 50 pg/ml carbenicillin and 50 pg/ml chloramphenicol. The
overnight culture was used to inoculate 750 ml of LB containing 50 pg/ml
carbenicillin and 50 pg/ml chloramphenicol, which was incubated at 37 °C with

shaking. Expression of the recombinant protein was induced when the culture
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reached an A, 0.6 by the addition of 100 uM IPTG and incubation for 3 hours at
25°C. FLAG-tagged ABH1 was purified by affinity chromatography as described

above for the FLAG tagged E. coli AIKB protein.

SDS-polyacrylamide gel electrophoresis

Protein samples were mixed with an equal volume of SDS sample buffer (4
% SDS, 125 mM Tris.HCI pH 6.8, 10 % B-mercaptoethanol, 20 % glycerol and
0.05 % bromophenol blue), heated to 90-100 °C for 10 min and loaded onto 12 %
SDS-polyacrylamide gels. Pre-stained broad range SDS-standard markers (NEB)
were also loaded and gels were run using the Mini-Protean II gel apparatus
(BioRad). Gels were stained either by Coomassie blue or by using the Silver Stain

Plus Kit (BioRad) according to the manufacturer's instructions.

Measurement of protein concentrations
The protein concentrations were determined by the method of Bradford

(Bradford, 1976), using bovine serum albumin (BSA) as a standard.

2.5 In vitro assays of AlkB, ABH2 and ABH3

Preparation of oligonucleotides and M13 DNA

DNA oligonucleotide 116 was synthesised by the Cancer Research UK
DNA synthesis facility on a commercial DNA synthesiser using cyanoethyl
chemistry. To remove unincorporated precursors, the DNA oligonucleotide was
dissolved in 0.3 M sodium acetate pH 5.2, 10 mM MgCl, and precipitated with
three volumes of 100 % ice cold ethanol, before being dissolved in 10 mM
Tris.HC] pH 8.0. After twenty minutes at -80 °C, the DNA oligonucleotide were

centrifuged at 15,000 g and washed twice with 80 % ice cold ethanol. Poly(dA),
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average length 310 residues and poly(dC), average length 370 residues, were
purchased from Amersham Biosciences. The M13mpl8 single stranded DNA
was prepared as described (Sambrook et al., 1989). Briefly, 5 ml of LB broth was
inoculated with the E. coli strain BS150 and grown to an Agy, of 0.5. The E. coli
were infected with M13 phage (10" pfu) and left to stand at room temperature for
5 minutes. 250 ml of pre-warmed LB broth was added and the bacteria were
incubated at 37 °C for 5 hours with shaking. The bacteria were removed by
centrifugation at 4000 g for 15 min at 4 °C. The supernatant was collected and the
M13 phage particles were precipitated by the slow addition of 10 g of PEG 8000
and 7.5 g of NaCl over 1 hour with stirring. The phage were pelleted by
centrifugation (10,000 g, 20 min, 4 °C) and resuspended in 10 mM Tris. HCI pH
8.0. The phage DNA was isolated by phenol / chloroform extraction and ethanol
precipitation.

The DNA oligonucleotides and M13 DNA were each dissolved in 10 mM
Tris.HCI1 pH 8.0. The concentration of the DNA was estimated from A, readings
using a spectrophotometer (Ultrospec II, LKB, Biochrom). An Ay, of 1.0

corresponds to a single stranded DNA concentration of approximately 37 pg/ml.

[**C]- and [*H]- methylated DNA substrates

PHIDMS was obtained by custom order from PerkinElmer Life Sciences.
The hexane was evaporated from 1 mCi of [PHJDMS (1.74 Ci/mmole) by blowing
nitrogen gas over the surface. The [PH]DMS was added to 1.2 mg of poly(dA),
poly(dC) or M13 DNA suspended in 10 mM sodium cacodylate pH 7.0. The
reactions were incubated at 30 °C for 1 hour. The DNA was recovered by ethanol
precipitation with the addition of 0.3 M sodium acetate pH 7.0, 10 mM MgCl, and

three volumes of 100 % ice cold ethanol, incubtion at -80 °C followed by
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centrifugation at 15,000 g for 20 minutes at 4 °C. The DNA pellets were washed
twice with ice cold 80 % ethanol and dissolved in 10 mM Tris.HCI pH 8.0.
["*C]Mel was obtained from Amersham Biosciences. 1 mCi of [“C]Mel
(58mCi/mmol) was condensed on dry ice for 2 hours. 2 mg of DNA
oligonucleotide 116 or 0.6 mg of poly(dA) were dissolved in 0.8 ml of 10 mM
sodium cacodylate pH 7.0 and 1.2 mg of poly(dC) was dissolved in 1.3 ml 50 mM
Hepes.KOH pH 8.0. The DNA oligonucleotides were added to the ["“C]Mel and
incubated at 30 °C for 6 hours. The DNA was recovered by ethanol precipitation

and the DNA pellets were washed three times with 80 % ice cold ethanol.

The [°H]- and ['*C]- methylated poly(dA) were concentrated by
centrifugation at 5000 g in a Centricon YM-10 concentrator (Millipore) and
washed with 10 mM Tris.HCl pH 8.0 to remove any unincorporated radioactivity.
Due to the relative insolubility of poly(dC), the [*H]- and ['*C]- methylated
poly(dC) was instead dialysed against 2 litres of 10 mM Tris.HCI pH 8.0 for 5
hours. The specific activities of the [’H]- and ['*C]- methylated DNA

oligonucleotides were determined by scintillation counting.

Double stranded [**C]-methylated DNA oligonucleotide

The ['*C]-methylated DNA oligonucleotide 116 was added to a 1.2 fold
excess of the unmethylated complementary DNA oligonucleotide 117. These
oligonucleotides were annealed by incubation at 60 °C for 2 min in the presence of
25 mM KClI followed by a slow cooling to room temperature. The DNA was
confirmed to be double stranded by exonuclease III digestion. 100 U of
exonuclease III (NEB) was added to 7 ug of the annealed oligonucleotides and
incubated at 37 °C in the presence of NEBuffer 1 (10 mM Bis Tris Propane.HCI

pH 7.0, 10 mM MgCl,, 1 mM DTT) for 1 hour. The reactions were stopped by the
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addition of 20 mM EDTA, the DNA was ethanol precipitated and the supernatant
was recovered.  Scintillation counting monitored the release of radioactive

material from the DNA.

Methylated DNA substrates used to monitor direct reversal of DNA damage
A single stranded substrate containing [*H]-cytosine residues interspersed
between thymine residues was synthesised by the polymerase chain reaction
(PCR) using a single primer. The DNA template, oligonucleotide 133, was
replicated using Pfu polymerase and a 10 fold excess of a single primer (DNA
oligonucleotide 134), in the presence of 150 uM dNTPs and 2.5 uM [*H]-dCTP
(16 Ci/mmol) (Amersham Biosciences). The PCR reactions were performed in a
DNA thermal cycler 480 (Perkin Elmer) using 60 PCR cycles of 96 °C for 30 sec,
50 °C for 15 sec and 72 °C for 2 min. The DNA was recovered either by using the
Qiaquick PCR purification kit (Qiagen) according to the manufacturer's
instructions, or if pooling several PCR reactions, by phenol / chloroform extraction
followed by ethanol precipitation. To obtain a high level of methylation, the [*H]-
PCR product was treated eight times with 50 mM DMS in 75 mM sodium
cacodylate pH 7.4 at 30 °C for 2 hours. Between each treatment the DMS was
removed by centrifugation of the DNA through a G-25 Sephadex mini-column
(Amersham Biosciences) equilibrated in 75 mM sodium cacodylate pH 7.4, except
for the final treatment for which the mini column was equilibrated in 10 mM

Tris.HCI pH 8.0.

DNA oligonucleotide 124, which contains mostly thymine residues
interspersed with adenine residues, was treated with 50 mM DMS in 75 mM
sodium cacodylate, pH 7.4 at 30 °C, 2 times for 2 hours and then 4 times for 1

hour. Between each treatment the DMS was removed by centrifugation through a
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G-25 Sephadex mini-column (Amersham Biosciences) equilibrated in 75 mM
sodium cacodylate pH 7.4, except for the final treatment for which the mini

column was equilibrated in 10 mM Tris.HCI pH 8.0.

AlkB, ABH2 and ABH3 in vitro assay conditions

The purified E. coli AlkB protein and the human ABH2 and ABH3
proteins were incubated with the methylated DNA substrates in a variety of
conditions. The optimal conditions for the E. coli AIkB protein were determined
to be 50 mM Hepes.KOH pH 8.0, 75 uM Fe(NH,),(SO,),.6H,0, 1 mM -
ketoglutarate, 2 mM ascorbic acid and 50 pg/ml BSA for 15 min at 37 °C. Unless
otherwise stated the purified human ABH2 protein was incubated with the DNA
substrates in 50 mM Hepes.KOH pH 7.5, 25 uM Fe(NH,),(SO,),.6H,0, 1 mM a.-
ketoglutarate, 2 mM ascorbic acid and 50 pg/ml BSA and the purified human
ABH3 protein was incubated with DNA in 50mM Hepes.KOH pH 8§, 75 uM
Fe(NH,),(S0,),.6H,0, 1 mM a-ketoglutarate, 2 mM ascorbic acid and 50 pg/ml

BSA.

The AlkB, ABH2 and ABH3 reactions were stopped by the addition of
EDTA to 11 mM and the DNA was ethanol precipitated by the addition of 0.3 M
sodium acetate pH 7.0 and three volumes of ice cold ethanol in the presence of
carrier calf thymus DNA. After incubation at -80 °C for 20 minutes, the DNA was
pelleted by centrifugation at 15,000 g for 20 minutes at 4 °C. Approximately two
thirds of the volume of the supernatants were transferred into scintillation vials and
5 ml of EcoScintA (National Diagnostics) was added. The radioactivity present
was monitored using a Beckman LS60000IC scintillation counter. The data is

expressed as the average of at least two replicates and each experiment was
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repeated twice. The DNA pellets were washed twice with ice cold 80% ethanol,
vacuum dried and stored at -20 °C for further analysis.

As approximately 62 % of the volume of the supernatants were removed
for scintillation counting, when the AlkB, ABH2 or ABH3 reactions went to
completion; approximately 620 cpm were recovered from 1000 cpm of poly(dC)
substrate. From 1000 cpm of the poly(dA) substrate, when the reaction went to

completion, approximately 400 cpm were recovered.

2.6 High Performance Liquid Chromatography (HPLC)

DNA hydrolysis

Purine bases were released from DNA by weak acid hydrolysis. The DNA
pellets were resuspended in 10 pl of 0.1 M HCI and heated to 95 °C for 1 hour.
Purine and pyrimidine bases were released from DNA substrates by strong acid
hydrolysis using 90 % formic acid. 90 ul of 100% formic acid was added to 10 ul
of DNA, the mixture was sealed in a glass vial and heated to 180 °C for 20 min.
After cooling for 15 minutes at room temperature the acid mix was evaporated to

dryness then resuspended in 10 ul of 0.1 M HCI.

HPLC

Methylated bases were analysed by HPLC on a Beckman system Gold -
Programmable Solvent Module 126 and using the Beckman System Gold -
Programmable Detector Module 166 for UV detection.

After weak acid hydrolysis of the DNA substrates the purines released
were separated by HPLC. The purine bases were injected onto a Whatman partisil
10 cation exchange column pre- equilibrated in 0.1 M ammonium formate pH 3.6

and 20 % methanol, a gradient of methanol from 20 to 40 % was applied.

58



After the strong acid hydrolysis of DNA substrates, 3-meC was separated
from other methylated bases including N*-methylcytosine (N*-meC) and 5-
methylcytosine (5-meC) on a Whatman Partisil 10 cation exchange column pre-
equilibrated in 0.1 M ammonium formate pH 3.6 and 5 % methanol, a gradient of

methanol from 5 to 40 % was applied.

An HPLC separation was developed to obtain baseline resolution between
3-meC, cytosine, thymine and uracil bases. The bases released from strong acid
hydrolysis of the DNA substrates were separated using an isocratic separation of
100 mM ammonium formate pH 3.6 and 2.5 % methanol on a Whatman partisil 10

cation exchange column

Quantification of bases

The identification of DNA bases eluted from the HPLC separations was
achieved by co-migration with known standards. Bases released from non-
radioactive DNA substrates were quantified by UV absorption, for example, the
absorption of 1-meA and adenine bases was measured at A,, The relative
absorption of adenine to 1-meA at this wavelength was determined to be 1.04 by
monitoring known amounts of these purines in the same conditions, this ratio was
taken into account in the quantification. DNA bases hydrolysed from radioactive
DNA substrates were quantified by scintillation counting. The HPLC column
eluate was collected in fractions every 0.31 min (18.6 seconds), 5 ml of EcoScintA
(National Diagnostics) was added to each fraction and the radioactivity present in

the samples was monitored using a Beckman LS60000IC scintillation counter.
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2.7 Primer extension assay

5' terminal [*’P]-labelling of primer

15 pmoles of primerl were incubated with 150 uCi of adenosine 5'-[y-**P]-
triphosphate (ATP)(Amersham Biosciences) and 60 units of T4 polynucleotide
kinase (PNK) (NEB) which catalyses the transfer and exchange of phosphate from
the y position of ATP to the 5" hydroxyl terminus of polynucleotides. The reaction
was carried out in T4 PNK reaction buffer (70 mM Tris.HCI pH 7.6, 10 mM
MgCl,, 5 mM DTT) and was incubated at 37 °C for 40 minutes. The PNK was
inactivated by incubation at 65 °C for 5 minutes. The unreacted radiolabelled ATP
was removed by centrifugation through a G-50 Sephadex mini-column

(Amersham Biosciences) equilibrated in 10 mM Tris.HCI pH 8.0.

DMS treatment of template DNA oligonucleotides

The DNA oligonucleotides, StA and StC, were suspended in 50 mM
sodium cacodylate pH 7.0, 1 mM EDTA and various amounts of DMS were
added. The methylation reactions were incubated at 30 °C for 30 minutes, the
DMS was removed by centrifugation through G-50 Sephadex mini-columns

(Amersham Biosciences) equilibrated in 10 mM Tris.HCI pH 8.0.

Pre-incubation of template DNA with AIkB in the optimised assay conditions
Methylated or unmethylated StA and StC DNA oligonucleotides were
incubated with or without purified His-tagged AlkB in the optimised assay
conditions (50 mM Hepes.KOH pH 8.0, 75 uM Fe(NH,),(SO,),.6H,0, 1 mM a-
ketoglutarate, 2 mM ascorbic acid and 50 ug/ml BSA) for 15 min at 37 °C. The

low molecular weight co-factors were removed by centrifugation through a G-25
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Sephadex mini-column (Amersham Biosciences) equilibrated in 10 mM Tris.HCI

pH 8.0.

Primer extension reactions

200 fmoles of [**P] labelled primerl was incubated with 200 fmoles of the
methylated, unmethylated or AlkB pre-incubated oligonucleotide StA and StC in
the presence of 100 uM dNTPs and 1 x buffer (50 mM Tris.HCI pH 7.5, 5 mM
MgCl,, 1 mM DTT, 50 mM NaCl) in a total volume of 9 ul. To allow annealing
of the DNA oligonucleotides, the reaction mixture was incubated for 5 min at
room temperature before addition of 2 Units of the Klenow exo" DNA polymerase
(NEB). The primer extension reactions were incubated at 37 °C for 15 minutes
before being stopped by the addition of 10 ul of gel loading buffer (98 %
deionised formamide, 20 mM EDTA, 0.025 % xylene cyanol and 0.025%
bromophenol blue). The DNA was denatured by boiling at 95 °C for 10 minutes,
reannealing was prevented by placing the samples immediately on ice. 2 ul of the

reaction was loaded onto a DNA sequencing gel.

DNA sequencing gels

The reaction products were separated on a 0.4 mm, 12 % sequencing
gel (SequaGel, National Diagnosis) run for 2 hours at 1400 volts on a Life
Technologies model SA-32 gel apparatus using 90 mM Tris-borate pH 8.3, 2 mM
EDTA as a running buffer. The gels were dried onto 3MM paper by heating to 80
°C for one hour on a gel dryer (Model 583, Bio-Rad) and exposed overnight to a
molecular dynamics phosphor screen, then scanned and quantitated using the

Molecular Dynamics Storm 860 Phosphoimager machine.
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2.8 Binding of His-tagged AlkB to DNA

A 40mer oligonucleotide (Table 3, Binding I) was 5' phosphorylated using
[y-*P]ATP and T4 PNK (see section 2.7) The oligonucleotide was then treated
with 300 mM MMS or 100 mM MNU at 30 °C for 30 min. The methylating agent
was removed by centrifugation through a Sephadex G50 column equilibrated in 10
mM Tris. HCI and 1 mM EDTA, pH 8.0. Varying amounts of His-tagged AlkB
protein were incubated with the [**P]-5' end labelled DNA oligomers (30,000 cpm
/ reaction) in 20 pl of 20 mM Tris.HCI pH 7.5, 100 mM KCI, 0.1 mM DTT, 10 %
glycerol, at 30 °C for 30 min. After the addition of 1 ml of ice-cold buffer, the
reaction was immediately filtered through nitrocellulose disc filters (HAW P02500
Scheibenfilter, Millipore) using a vacuum filter apparatus (Millipore). The filters
were then washed with 10 ml of buffer and dried. The DNA bound to AlkB

protein was quantitated by scintillation counting.

2.9 Sequence analysis

Nucleotide sequences and alignments were derived from standard BLAST
searches of the nucleotide / protein database at the National Centre for
Biotechnology Information (NCBI). Multiple alignments were performed using
ClustalX and residues that are similar or identical to the consensus in the multiple

alignment were identified using BOXSHADE software.
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CHAPTER 3. ASSAY FOR DNA REPLICATION BY-
PASS OF DNA METHYLATION DAMAGE

The function of the E. coli AIkB protein has been a longstanding mystery.
In vivo, E. coli alkB mutants are sensitive to S2 methylating agents (Kataoka et
al., 1983) and are defective in the reactivation of MMS-treated single stranded
DNA phage. Therefore, it was proposed that AIkB may either repair or tolerate
DNA alkylation damage by acting on single stranded DNA, or by processing
lesions generated in single stranded DNA by S2 agents, such as 1-meA or 3-meC
(Dinglay et al., 2000). Recombinant E. coli AlIkB protein was found to bind
approximately 10 fold more efficiently to single stranded DNA than double
stranded DNA. Methylation of single stranded and double stranded DNA
substrates with high doses of the Sy2 agent MMS (300 mM) increased the AlkB
binding affinity by approximately twofold in both cases (Dinglay et al., 2000).
However, a larger increase in binding affinity was observed on pretreatment of
single stranded DNA with 100 mM of the Syl agent MNU (Appendix A).
Therefore, the stimulation of binding observed by high doses of methylation may
reflect altered structural properties of the heavily alkylated DNA rather than a

binding to a specific lesion processed by AlkB.

3.1 Potential role for AIkB in the tolerance of DNA methylation

damage

Attempts to pinpoint the biochemical function of the AlkB protein have
been unsuccessful. In vitro, the AlkB protein has been assayed for several

enzymatic activities including DNA glycosylase, DNA methyltransferase, AP
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endonuclease or DNA-dependent ATPase activities (Kondo et al., 1986). There
are several possible explanations for this apparent lack of in vitro enzymatic
activity. For, example, the purified AlkB protein used in these assays may not
have been active. The AlkB protein may have been inactivated during the protein
purification process; it may lack an important cofactor or need to interact with
another protein for activity. However, the ability of the E. coli AlkB protein to
confer alkylation resistance to human cells implies that AlkB protein can act
independently of other proteins (Chen et al., 1994). It is possible that the AlkB
protein was active in these in vitro assays but that the wrong substrates were used.
However, either in vitro or by analysis of the E. coli alkB mutant, AlkB was tested
for activity against all of the major DNA lesions generated by Sy2 methylating
agents, including 3-meA, 7-meG, 1-meA and 3-meC, as well as FaPy and abasic
sites, but no activity was observed (Kondo et al., 1986; Dinglay et al., 1998;
Dinglay et al., 2000). It is possible that the AlkB protein may not have an
enzymatic activity, for example, AlkB may bind to and modify the structure of
DNA.

In vitro assays for AIkB activity have almost exclusively tested the ability
of the AlkB protein to repair DNA damage. However, the AlkB protein may be
involved in the tolerance of alkylation damage. As E. coli alkB mutants have a
low mutation frequency (Dinglay et al., 2000) the AlkB protein could allow
accurate bypass of lesions that stall DNA replication rather than mutagenic lesions.
S\2 methylating agents produce two lesions at significant levels that are known to
stall DNA replication, 3-meA and 3-meC. 1-meA may also be a DNA replication
stalling lesion as it may be unable to form stable base-pairs (Abbott and Safthill,
1977; Boiteux and Laval, 1982; Saffhill, 1984; Beard et al., 1996; Eom et al.,
1996). An in vitro assay was developed to determine whether AlkB could relieve

stalling of DNA replication at 3-meA, 3-meC or 1-meA.
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3.2 Development of an in vitro DNA replication stalling assay

To assay DNA replication stalling at 3-meC, 1-meA and 3-meA, DNA
templates were required that contained these lesions at defined positions. Two
oligonucleotides, StC and StA, were designed which contained mainly thymine
residues interspersed with guanine residues, a single cytosine or adenine residue
was located 45 nucleotides from their 5' end respectively (see Table 3). These
oligonucleotides were methylated with an Sy2 methylating agent. The thymine
and guanine residues should not be methylated to form any lesions that
substantially stall DNA replication. It is expected that methylation of the cytosine
residues at position 45 of the StC DNA oligonucleotide will produce 3-meC
lesions. Whereas, methylation of the adenine residues at position 45 of the StA
DNA oligonucleotide should generate a mix of methylated lesions. Two thirds of
the lesions generated should be 1-meA and a sixth should be 3-meA, a small
amount of the innocuous lesion 7-meA is also produced (Singer and Grunberger,
1983). The dose of DMS with which the template DNA was methylated was
optimised to 5 mM for 30 minutes. At this dose of methylating agent a significant
number of the adenines or cytosine residues in the template DNA oligonucleotides
were methylated, but the integrity of the DNA was maintained.

A [’P]-labelled DNA oligonucleotide (Primer 1), 21 nucleotides in length,
was annealed to the methylated template DNA. This labelled primer was extended
by E. coli Klenow exo’, an E. coli DNA polymerase I derivative with no
exonuclease activity. Ideally, the E. coli replicative polymerase, DNA polymerase
III would have been used, however this was not commercially available. The

reaction products were separated on a DNA sequencing gel. Maximal stalling was
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observed at the methylated lesions when the polymerase extension reactions were
carried out with 5 mM MgCl, for 15 minutes at 37 °C.

Figure 7 shows that in the replication bypass assay the 3-meC residues and
the mix of 1-meA and 3-meA residues stall DNA replication. Under the
conditions used, approximately half of the stalling is at the base before the lesions

and approximately half of the stalling is opposite the lesions.

3.3 AIkB does not relieve stalling of DNA replication

10 pmole and 100 pmole of AlkB protein were added to primer extension
reactions. The His-tagged AlkB protein did not appear to relieve stalling at the 3-
meC or 1-meA / 3-meA residues (Figure 8). When 100 pmoles of AIkB were
added to the assay, the polymerase became unable to incorporate a nucleotide
opposite the lesions, this is possibly due to the high salt concentration of the AlkB
storage buffer. Under the conditions tested, His-tagged AlkB, did not relieve
stalling of DNA replication at 3-meC, 1-meA or 3-meA. Therefore, AIkB did not
appear to repair or allow DNA replication bypass of the main replication stalling

lesions produced by Sy2 methylating agents under the assay conditions used.
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CHAPTER 4. THE E. coli ALKB PROTEIN REPAIRS
DNA DAMAGE BY A DIRECT REVERSAL

MECHANISM

Soon after the discovery of the alkB gene, it was suggested that the AlkB
protein had weak sequence homology to oxidoreductases (Kondo et al., 1986). In
1999 it was proposed that the AlkB protein was a member of a novel family of
hydrolases (Aravind et al., 1999). However, no evidence was forthcoming to
support either of these proposals and it appeared that more powerful sequence
analysis would be required to identify any true homology between AIkB and
proteins of known function.

Many functionally and evolutionarily important protein similarities are
recognisable only through comparison of three-dimensional protein structures. As
the number of protein folds is finite and representative structures exist for the most
widespread folds, structural and functional information can be obtained if a
reliable alignment can be established between the protein of interest and the amino
acid sequence of a domain of known structure. However, this task is not trivial as
when new protein families evolve from old ones, although the structures tend to
remain basically conserved, the sequence rapidly diverges. The recent
development of highly sensitive sequence comparison tools, such as PSI (Position
Specific Iterating)-BLAST, significantly increases the ability to detect subtle
sequence similarities and to make non-trivial structural predictions. PSI-BLAST
is very effective as it constructs a multiple alignment from BLAST hits, then
creates a position-specific weight matrix and uses it to iterate the search (Altschul

and Koonin, 1998).
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In 2001, Aravind and Koonin used sequence profile searches to suggest
that AlkB had similarity to members of the «-ketoglutarate-Fe(II)-dependent
dioxygenase superfamiliy (Aravind and Koonin, 2001). All members of this
superfamily have a double-stranded B-helix (DSBH) region that includes seven
conserved strands arranged into two sheets in a jelly-roll topology (Roach et al.,
1997; Valegard et al., 1998; Zhang et al., 2000). Secondary structure prediction
suggested that AlkB may contain this fold (Aravind and Koonin, 2001). Different
members of the superfamily have specific inserts between the conserved strands of
the DSBH fold, this accounts for the difficulty of identifying members of this

superfamily by sequence based methods.

4.1 The o-ketoglutarate-Fe(II)-dependent dioxygenase superfamily

The o -ketoglutarate-Fe(II)-dependent dioxygenase superfamily is the
largest subgroup of the mononuclear nonheme-Fe(II)-dependent oxygenases.
Members of this superfamily use iron-oxo intermediates to catalyse a large variety
of two electron oxidations. The general mechanism for reactions catalysed by this
superfamily is shown in Figure 9. Members of this superfamily are distinguished
by their requirement for Fe(Il) and an a-keto acid co-substrate, typically -
ketoglutarate, for activity (Que and Ho, 1996). An atom of Fe(Il) is co-ordinated
in the enzyme's active site, a-ketoglutarate binds in a bidentate fashion to the
Fe(II) ion, this triggers binding of the substrate and primes the active site for the
activation of a molecule of dioxygen (Holme, 1975; Kivirikko and Pihlajaniemi,

1998). During the reaction, o-ketoglutarate is oxidatively decarboxylated to
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produce succinate and CO, and a highly reactive ferryl (Fe(IV)=0) species is
formed, which oxidises the prime substrate (Rohde et al., 2003). The reactions
catalysed by this superfamily do not require an external reducing agent for
turnover, however ascorbic acid has been observed to stimulate activity of several
superfamily members in vitro. It is not clear how this stimulation is achieved,
however, it has been proposed that ascorbic acid may reduce inactive Fe(III) to
Fe(II) and protect the enzyme from oxidative self-inactivation (Que and Ho,
1996).

AlkB appears to contain two motifs characteristic of members of this
superfamily, an HXDXH motif that is important for Fe(II) co-ordination and an
arginine further downstream which may be involved in interactions with o-

ketoglutarate (Figure 10).

The HXDXH amino acid sequence, which is highly conserved amongst
the o-ketoglutarate-Fe(Il)-dependent dioxygenases forms a 2-His-1-carboxylate
facial triad of Fe(II) co-ordinating residues. The 2-His-1-carboxylate facial triad is
present in all mononuclear non-heme Fe(II) enzymes (Que, 2000), it anchors the
iron in the active site and occupies one face of the Fe(II) co-ordination sphere,
leaving the opposite face available to bind up to three ligands, such as other
endogenous amino acid groups or exogenous ligands. This arrangement provides
great variability in iron co-ordination environment and allows the mononuclear
non-heme Fe(II) enzymes to use diverse mechanistic strategies to perform a
variety of chemical transformations (Que, 2000). Different members of «-
ketoglutarate-Fe(II)-dependent dioxygenase superfamily catalyse various two
electron oxidations, including hydroxylations, desaturation of carbon-carbon
bonds and ring expansion (Figure 11). For example, deacetoxycephalosporin C

synthase (DAOCS) catalyses the ring expansion of isopenicillin N to
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deacetoxycephalosporin (DAOC) (Baldwin et al., 1988). Prolyl-4-hydroxylase
hydroxylates specific proline and lysine residues in collagen and other animal
glycoproteins (Kivirikko et al., 1989). Clavaminate synthase (CAS), a key
enzyme in the synthesis of the P-lactamase inhibitor, clavulanic acid, catalyses
three separate reactions, the first is hydroxylation, after a step catalysed by an
amidinohydrolase, CAS then catalyses an oxidative ring closure followed by a
desaturation reaction; Figure 11; (Salowe et al., 1990).

If AlkB were a member of this superfamily it may explain why no in vitro
activity has been found for the AlkB protein, as o-ketoglutarate and iron have
never been added to any of the AlkB in vitro assays. However as the o-
ketoglutarate-Fe(II)-dependent dioxygenase superfamily catalyse a wide range of
different reactions, including hydroxylations, desaturations and oxidative ring
closures, if the AlkB protein were a member of this superfamily it is not clear what
reaction the AlkB protein would catalyse. Although no members of this
superfamily are presently known to act on DNA, an in vitro assay was devised
which could detect removal of methyl groups from DNA lesions as well as any

modification of the methyl groups.

4.2 Assay development and optimisation

To test whether AlkB is a member of this superfamily and whether AlkB
was able to modify or remove methylated bases from DNA a new in vitro assay
was developed. DNA substrates were methylated with ['“C]-labelled methyl
iodide (Mel) or [*H]-labelled dimethyl sulphate (DMS) and incubated with
purified His-tagged AIkB protein in the presence of the cofactors typically
required by members of the o-ketoglutarate-Fe(Il)-dependent dioxygenase

superfamily. After incubation with the AlkB protein, the DNA substrates were
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ethanol precipitated and the supernatant examined for release of ethanol soluble
radioactive material. The methylated lesions remaining in the precipitated DNA
were analysed by HPLC.

Initially, although the AIkB protein was incubated with the co-factors
required by the a-ketoglutarate-Fe(IT)-dependent dioxygenase superfamily, under
the conditions used, AlkB did not remove or modify 1-meA, 3-meC, 3-meA, 7-
meA or 7-meG in DNA (data not shown). However, after several variations in the
assay conditions, a weak AlkB activity was identified and the conditions were

optimised to maximise this activity.

Many of the o-ketoglutarate-Fe(II)-dependent dioxygenases have a narrow
pH optimum. The optimal pH for AlkB activity was determined by assaying AlkB
activity across the overlapping buffering ranges of Hepes (pH 6.8 to pH 8.2) and
Bicine (pH 7.75 to pH 9.0). Phosphate buffers were avoided as they form
insoluble salts with iron, resulting in low concentration of free Fe(IlI). The AlkB
activity exhibited a relatively narrow pH optimum of between pH 8.0 and 8.5
depending on the buffer used, this variation is likely to be caused by differences in
ionic strength of the buffers (Figure 12). The optimal pH for AlkB activity was
taken to be pH 8.0 in 50 mM Hepes.KOH.

The method for purifying the His-tagged AlkB protein (Dinglay et al.,
2000) was altered to prevent the self-inactivation to which o-ketoglutarate-Fe(II)-
dependent dioxygenases are particularly prone. At the start of the purification the
weakly bound iron was removed from the active site of the AIkB protein, thus,
temporarily disabling its catalytic activity. This was achieved by lysing the AlkB

overexpressing bacteria in the presence of the metal chelator EDTA. The EDTA
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was dialysed out of the crude extract before the His-tagged AlkB apoenzyme was
purified on a nickel agarose column. AIlkB activity could be restored by
reconstituting Fe(II) back into the AlkB apoenzyme by the addition of
Fe(NH,),(SO,), to the assay mix.

The optimum iron concentration for maximal AlkB activity was
determined by the addition of various concentrations of Fe(NH,),(SO,), to the
assay. A Fe(NH,),(SO,), concentration of 75 pM was optimal (Figure 13a). It
should be noted that the histidine tag attached to the AlkB protein possibly co-
ordinates a small amount of the iron, slightly reducing the free iron concentration

in the assay.

o-ketoglutarate is a co-substrate of reactions catalysed by the o
ketoglutarate-dependent dioxygenases. The optimal a-ketoglutarate concentration
for AlkB activity was determined. Several members of the o-ketoglutarate-Fe(II)-
dependent dioxygenase superfamily suffer from substrate inhibition at high
concentrations of o-ketoglutarate. Therefore, 1 mM o-ketoglutarate was chosen
for the standard AlkB reaction conditions because at this concentration, near
maximal AlkB activity was observed and there was no risk of substrate inhibition

(Figure 13b).

The activities of many o-ketoglutarate-Fe(II)-dependent dioxygenases are
stimulated by ascorbic acid. Maximal AIkB activity was observed in the presence
of 2 mM ascorbic acid. In reactions where the amount of AIkB is limiting (such as
in Figure 14a), the AlkB activity seems to be dependent on ascorbic acid, but at
100-fold higher AlkB concentrations where AIkB is in excess the effect of ascorbic
acid was reduced (Appendix B). Thus, ascorbic acid was not essential but

stimulated AlkB activity.
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Additional stimulation of the AlkB activity was found with the addition of
bovine serum albumin (BSA) to the assay. BSA may increase AlkB activity by
interacting with the enzymes sulphydryl groups or may increase the stability of the
protein by increasing the protein concentration. The addition of 50 pg/ml of BSA
to the reaction mix gave good activity (Figure 14b).

The optimal conditions for the AlkB assay were determined to be 50 mM
Hepes.KOH pH 8.0, 75 uM Fe(NH,),(SO,),, 1 mM a-ketoglutarate, 2 mM

ascorbic acid and 50 pug/ml bovine serum albumin.

4.3 AIKB is an a-ketoglutarate-Fe(II)-dependent dioxygenase

In the optimal conditions, the purified AlkB protein released ethanol
soluble radioactive material from both ["“C]-methylated poly(dA) and poly(dC)
substrates (Figure 15) as well as [’H]-methylated substrates (Figure 16b). The
amount of radioactive material released increased in relation to the amount of
AlkB present.

To ensure that the observed activity was not being catalysed by Fe(II) co-
ordinated by the recombinant AlkB protein's histidine-tag, a vector encoding a
FLAG-tagged AIkB protein was constructed. The FLAG-tagged AlkB was shown
to be active in vivo. The vector encoding the FLAG-tagged AlkB protein
complemented the defect of E. coli alkB mutants to reactivate MMS treated 6K
phage (Figure 16a). The purified FLAG-tagged AlkB protein released ethanol
soluble radioactive material from [*H]-methylated poly(dA) (Figure 16Db).
Therefore, the observed activity is associated with the AlkB protein and not the

histidine tag.
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The activity of the AIkB protein on both the methylated poly(dA) and
poly(dC) substrates is dependent on the presence of «-ketoglutarate and is
stimulated by ascorbic acid. The AlkB activity is also dependent on the presence
of Fe(Il) as the reaction was inhibited by EDTA and this inhibition could be
overcome by adding an excess of Fe(NH,),(SO,),(Table 4a and b). The AlkB
activity could not be restored by adding an excess of several other divalent cations
including Zn(II), Mn(II), Co(II), Mg(lI) and Ni(II) (Table 4c). A slight and
variable activity was observed in the presence of Cu(II).

The requirement of AlkB for a-ketoglutarate, Fe(Il) and stimulation by
ascorbic acid is highly characteristic of the a-ketoglutarate-Fe(I1I)-dependent
dioxygenase superfamily. The use of such distinctive cofactors shows that the
observed activity is not catalysed by a contaminating exonuclease and

demonstrates that AlkB is an a-ketoglutarate-Fe(II)-dependent dioxygenase.

4.4 AIKB is active on double stranded DNA

It had been suggested that AlkB repairs lesions that are only generated in
single stranded DNA or that AlkB only acts on DNA when it is single stranded.
To test the ability of AlkB to act on double stranded DNA, oligonucleotide 116
(Table 3), which contains equal quantities of all four DNA bases was methylated
with ["*C]-Mel. The [**C]-methylated oligonucleotide was annealed to the
complementary DNA oligonucleotide 117 (Table 3) and was confirmed to be >
90% double stranded by digestion with the double strand specific exonuclease III
(Appendix C). AlkB released ethanol soluble radioactive material from the double
stranded substrate (Figure 17). Therefore, AlkB is able to act on double stranded

and single stranded DNA.
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(a)

['4C]-methylated poly(dA) % Activity
complete 100
no AlkB <0.5
no a-ketoglutarate <0.5
no ascorbic acid <0.5
+ 0.2 mM EDTA 1.1
+0.2 mM EDTA + 0.7 mM Fe(NH,),(SO,), 99
(b) -
[*4C])-methylated poly(dC) % Activity
complete 100
no AlkB <0.5
no a-ketoglutarate 0.9
no ascorbic acid <0.5
+0.2 mM EDTA <0.5
+0.2 mM EDTA + 0.7 mM Fe(NH,),(SO,), 83
(c) % Activity
complete 100
+ 0.2 mM EDTA 0
+ 0.2 mM EDTA + 0.7 mM Fe(NH,),(SO,), 100
+0.2 mM EDTA + 0.7 mM CoSO, <0.5
+0.2 mM EDTA + 0.7 mM CuSO, 4
+0.2 mM EDTA + 0.7 mM MgSO, <05
+0.2 mM EDTA + 0.7 mM MnSO, <0.5
+0.2 mM EDTA + 0.7 mM NiSO, <0.5
+0.2 mM EDTA + 0.7 mM ZnSO, <0.5

Table 4. Requirements of AlkB activity. 2 pmoles of His-tagged AlkB
were incubated with (a) and (c) 1200 cpm of ['4C]-methylated poly(dA)
or (b) 800 cpm of poly(dC), in the complete reaction mix or in the
specified conditions at 37 °C for 15 min. The release of ethanol soluble
radioactive material was monitored.
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4.5 AIKB acts on 1-meA and 3-meC

AlkB releases ethanol soluble radioactive material from both the poly(dA)
and poly(dC) [**C]-methylated substrates. To determine which methylated bases
the AlkB protein acts upon, after incubation with the AlkB protein the ['“C]-
methylated bases remaining in the DNA were released by acid hydrolysis,
separated by HPLC chromatography and quantified by scintillation counting.

Due to a weak N-glycosidic bond, adenine bases are released from DNA
using a mild acid hydrolysis (0.1 M HCI, 95 °C, 1 hour). A standard HPLC
protocol was used to separate the methylated adenines (Beranek et al., 1980).
However, to analyse the methylated cytosine bases present in the poly(dC)
substrate, new methods were developed. The N-glycosidic bond of a cytosine
residue is considerably less acid labile than that of an adenine residue, therefore,
treatment with strong acid is required to release cytosine bases from the poly(dC)
substrate. Perchloric acid hydrolysis of the DNA was considered inappropriate as
it causes deamination of 3-meC to 3-methyluracil (3-meU). Therefore, hydrolysis
of the poly(dC) substrate was carried out using 90 % formic acid at 180 °C for 20
minutes as it was shown that, providing that the length of the hydrolysis was short,
formic acid caused very little deamination of 3-meC (Appendix D). An HPLC
separation was developed which could differentiate 3-meC from other methylated
cytosine bases such as N*-methylcytosine (N*-meC) and 5-methylcytosine (5-
meC). This separation required a gradient of methanol from 5 to 40 %, applied to
a Whatman Partisil 10 cation exchange column equilibrated in 0.1 M ammonium
formate pH 3.6.

After incubation in the optimised conditions, with or without AlkB, the
methylated lesions remaining in the ["*C]-methylated DNA substrates were

analysed. The poly(dA) substrate contained three types of methylated lesions, 1-
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meA was the most abundant lesion making up 64 % of the methylated adenines, of
the remainder 31 % were 3-meA and 5 % were 7-meA. In the presence of Fe(Il)
and o-ketoglutarate, in the optimised conditions, during a 15 minute incubation
2.5 pmoles of AlkB was able to reduce the amount of 1-meA present in the
substrate DNA by more than 95%. The AlkB activity did not affect the levels of
3-meA and 7-meA present in the substrate (Figure 18).

Analysis of the ["“C]-methylated poly(dC) substrate showed that 3-meC
was the only detectable methylated base present. In the presence of Fe(II) and -
ketoglutarate in the optimised conditions, 2.5 pmoles of AlkB reduced the amount

of 3-meC in these substrates by over 85 % in 15 minutes (Figure 19).

The poly(dA) and poly(dC) AlkB substrates may not be good models for
DNA in vivo, as they are homopolymers and only 200-300 nucleotides in length.
To ensure that AIkB is active on “real” DNA, [°'H]-DMS treated single stranded
M13 DNA was used as a substrate. The ability of AlkB to repair the methylated
purines in the 7 kb bacteriophage DNA was analysed. In this "real" M13 DNA
substrate the AlkB protein was able to reduce the level of 1-meA present.
However, AlkB did not act on the innocuous but extremely prevalent lesion 7-
meG, nor was the AlkB protein active on 3-meA or 7-meA (Figure 20). After
incubation of [*H]-methylated substrates with AlkB, a small new HPLC peak is
often observed (Figure 20). This peak is not seen when ['*C]-methylated DNA
substrates are used in the AlkB reaction (Figure 18). The identity of the peak is
unclear, however, the peak appears to be a reaction product that contains hydrogen
but not carbon atoms from the methyl groups on the damaged DNA substrate.

Therefore, two substrates for the AlkB protein have been identified, 1-meA

and 3-meC in DNA. It was also demonstrated that the AIkB protein does not effect
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all the other major lesions generated in DNA by SN2 methylating agents, 3-meA,
7-meA and 7-meG. The specificity of the AlkB protein for the lesions 1-meA and

3-meC rules out any possibility that AlkB is an exonuclease.

4.6 AIKB directly reverts 1-meA to adenine in DNA

AlkB releases radioactive material from DNA substrates containing both
["“C]- and [*H]-methylated 1-meA and 3-meC, therefore, AIKB catalyses the loss
of all of the atoms in the methyl group from the DNA substrates. There are
several possible AlkB reaction mechanisms that could account for these results.
For example, AlkB could excise the methylated base from the DNA or AlkB could
remove the methyl group from the base. To further elucidate the reaction
mechanism of the AlkB protein, the fate of the DNA base residues was followed

during the AIkB reaction.

The base products of the AlkB reaction can be observed and quantified by
UV absorption. If the AlkB protein were to excise the methylated base, when
monitored by UV absorption, the 1-meA HPLC peak will simply disappear.
However, if AIkB were to revert 1-meA to adenine, the 1-meA peak will disappear
and an increase in the size of the adenine peak should be observed. Standard DNA
methylation reactions methylate only a small proportion of the adenine residues,
leaving the majority of adenines residues unmodified, therefore, any AlkB
catalysed increase in the adenine HPLC peak would be very small. To ensure that
it 1s possible to observe a large increase in the adenine peak, a method was
developed to produce a DNA oligonucleotide substrate in which the majority of

the adenine base residues were methylated.

A DNA oligonucleotide was designed that contained a small number of

adenine residues interspersed between abundant thymine residues (DNA
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oligonucleotide 124). The oligonucleotide was heavily methylated by DMS so as
to methylate the majority of the adenine residues. The thymine residues are very
inefficiently methylated and therefore act as a scaffold during4 the heavy
methylation. To methylate as many of the adenine residues as possible, a high
DMS concentration and a long exposure time were required. To prevent an
increase in pH during the methylation reaction, which can cause the Dimroth
rearrangement of 1-meA to N°-methyladenine (N®-meA) (Engel, 1975) the
treatment buffer was refreshed after each 1 or 2 hour DMS treatment. During the
treatment samples of the oligonucleotide were taken to monitor the extent to which
the adenine residues had become methylated.

The adenine bases were released from the DNA substrate by weak acid
hydrolysis, separated using the standard HPLC separation and quantified by UV
absorption. The absorbance was measured at 260 nm as it is close to the absorption
maximum of both 1-meA and adenine. To account for any intrinsic differences in
the ability of 1-meA and adenine to absorb at this wavelength, the relative
absorbance of these bases was calculated by measuring the A, of known amounts
of the purines under the HPLC separation conditions. The A, ratio of adenine to

1-meA was found to be 1.04, this was taken into account during the quantification.

The amount of 1-meA present in the DNA substrate increased during the
DMS treatment: after 2 hours approximately 24 % of adenine residues in the DNA
substrate were methylated to form 1-meA, after 8 hours 76 % of the adenines in
the DNA were 1-meA. The amount of 3-meA and 7-meA did not increase
dramatically during the incubation with DMS, possibly due to instability of the
glycosyl bond and loss of these modifications during the extensive DMS

treatments (Appendix E).
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The heavily methylated substrate was incubated with or without AIkB in
the optimised assay conditions, the DNA was hydrolysed and individual bases
quantified by HPLC and UV absorption. Approximately 76 % of the adenine
residues in the DNA substrate were methylated to form 1-meA, 4 % of the
adenines were recovered as 3-meA, 2 % were 7-meA and only 19 % of the
adenines were unmodified. After incubation with AlkB, a decrease in the amount
of 1-meA correlated with a stoichiometric increase in the amount of adenine
recovered. AlkB increased the percentage of unmodified adenine present from 19
% to 76 % (Figure 21). Therefore, AIkB acts by a direct reversal mechanism and

reverts 1-meA to adenine in DNA.

4.7 AIKB directly reverts 3-meC to cytosine in DNA

Attempts to use a similar DNA oligonucleotide substrate and UV
absorption to examine whether AlkB reverts 3-meC to cytosine in DNA were
complicated by the presence of thymine bases in the HPLC separation, which
along with the cytosine bases were released from the DNA substrate by strong acid
hydrolysis. To avoid this problem, a DNA substrate was used which contained
radiolabelled cytosine residues, therefore, only cytosine and cytosine derived bases
were detected by scintillation counting of the fractions obtained from the HPLC
separation. A single stranded oligonucleotide substrate containing [*’H]-cytosine
residues interspersed between abundant thymine residues was synthesised by PCR
using DNA oligonucleotide 133 as a template and DNA oligonucleotide 134 as a

single primer (Table 3), in the presence of 150 uM dNTPs and 2.5 uM [*H]-dCTP.
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