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ABSTRACT
Unrepaired DNA alkylation damage can be both cytotoxic and mutagenic to cells
leading to the activation of apoptotic pathways and the development of cancer. The
cytotoxic effects of DNA alkylating agents have been the focus of research and
utilization of these compounds as chemotherapeutics for the treatment of cancers. To
evade the effects of DNA alkylation damage, prokaryotes and eukaryotes activate DNA
damage repair pathways that lead to the expression of various DNA damage repair
enzymes.
AlkB is a direct repair 2-oxoglutarate iron-II dependent dioxygenase that oxidizes
alkyl lesions occurring on the N1 position of purines and the N3 position of pyrimidines
in both DNA and RNA.

AlkB preferentially repairs 1-methyladenine and 3-

methylcytosine lesions, but it is capable of repairing 1-methylguanine, 3-methylthymine,
and 1-N6ethenoadenine lesions albeit at a less efficient rate. The dioxygenase activities
of AlkB have been conserved throughout prokaryotes and eukaryotes where there are up
to nine homologs found in human cells. Structures of AlkB and AlkB homologue DNA
complexes have validated many of the biochemical properties observed by these unique
enzymes.

However, there are many questions that remain regarding the substrate

specificity and DNA binding properties of these enzymes.
In order to understand structurally the mechanisms underlying substrate
specificity and DNA binding, the crystal structure of a D135A mutant enzyme was
determined to 2.2 Å in complex with a 17-mer oligonucleotide with a 1-methylguanine
lesion bound to the active site. Also, an unliganded wild type AlkB structure was also
determined to 2.9 Å. Comparisons of the nucleotide bound structure with the unliganded
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structure demonstrated that Y76 participates in a “gating action” that opens the substrate
binding pocket for the methylated base to enter and upon binding it seals the substrate in
the catalytic complex. Additionally, the DNA binding loop expands ~2.5 Å once DNA
binds to allow the phosphodiester backbone to rest in the DNA binding groove.
Structural comparison of the 1-methylguanine structure with 1-methyladenine structures
demonstrate that AlkB binds both lesions identically, and it supports the biochemical data
that the lower efficiency of AlkB for 1-methylguanine substrates is due to the selectivity
that D135 imposes on DNA bases when they enter the binding pocket.
Analysis of the current AlkB crystal structures permitted the development of
mutagenesis strategies to investigate amino acid residues that may be involved in
substrate binding and catalysis.

In vitro activity and DNA binding assays were

performed on each mutant. Data obtained from these experiments demonstrated that the
substrate binding pocket in AlkB created by W69 and D135 is critical for maintaining the
catalytic complex through stabilization of the base for catalysis to occur. Additionally, it
was discovered that D135 holds the key to the specificity of this enzyme for DNA
methylation damage on adenine and cytosine due to an exocyclic nitrogen present on
these bases as opposed to guanine and thymine. In vitro activity assays with this mutant
displayed no detectable activity on 1-methyladenine substrates, but its activity on 1methylguanine substrates increased ~40-fold in comparison to the wild type enzyme.
Also, equilibrium binding data using methylated and undamaged oligonucleotides
provided evidence for AlkB searching each base for DNA damage in ssDNA substrates.
Significant reduction in activity and DNA binding using a Y76A and T51A mutation
suggested these residues also participate in substrate stabilization
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and DNA base

searching through Y76 hydrogen bonding to the phosphate of the methylated base and
T51 stabilizing the DNA binding loop which forms extensive contacts to the
phosphodiester backbone.
Recent studies have linked two human AlkB homologues, hABH8 and FTO, to
human bladder cancer, growth and development, and obesity. Preliminary experiments
have been performed on an AlkB homologue from Drosophila melanogaster (DmAlkB)
that has 60% sequence identity to hABH8. This enzyme is unique in that it contains an
AlkB domain and a methyltransferase domain. It is hypothesized that this enzyme may
be involved in protein translation and regulation through modification of specific tRNAs.
Nucleic acid precipitation assays suggest that DmAlkB primarily interacts with RNA.
Additionally, the human FTO protein has been cloned and purified in the laboratory.
Structural studies and biochemical studies are currently being carried out on these two
enzymes. The data presented in this dissertation have provided valuable insight into the
mechanisms of substrate specificity and DNA binding of the AlkB enzyme that can be
applied to other studies on AlkB homologues and may assist in the development of
inhibitors of these proteins to increase the efficacy of current chemotherapeutics.
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Chapter I
INTRODUCTION: DNA ALKYLATION DAMAGE AND REPAIR AND THE
DIRECT REPAIR ENZYME ALKB

1

DNA 1 alkylation damage and repair. DNA alkylation occurs throughout the
environment

either

from

exogenous

or

endogenous

sources

such

as

methylmethanesulphonate (MMS), dimethylsulphonate (DMS), methyl iodide (MeI), and
S-adenosyl methionine (SAM) (1-4). DNA alkylating agents are typically electrophiles
and comprise a major constituent of DNA damaging compounds (1, 2),

These

compounds can react with twelve different sites on nucleotide bases, including all
exocyclic oxygens and most ring nitrogens (Figure 1) (2, 3). Alkylation can occur on the
oxygen atoms of the phosphates on the sugar-phosphate backbone as well generating
methylphosphotriesters (2). Specificity of DNA alkylating sites is dependent on the
reaction mechanism of the alkylating agent. Alkyl lesions can be generated on DNA via
either a SN1 or SN2 nucleophilic substitution reaction where the base serves as the
nucleophile (1-3).

Figure 1: DNA alkylation damage occurs in multiple locations. The black arrows
indicate the major sites on DNA bases that are susceptible to DNA alkylation damage.
DNA alkylation has adverse effects on replication, transcription, and activation of
cell cycle checkpoints leading to apoptosis. For example, there are alkylating sites on
DNA that disrupt the normal hydrogen bonding network between base pairs such as 11

Abbreviations: see page v
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methyladenine (1-meA) and 3-methylcytosine (3-meC) (Figure 1) (1).

Other alkyl

lesions, such as 3-methyladenine (3-meA) and 3-methylguanine (3-meG), halt replication
and are cytotoxic (Figure 1) (2). O6-methylguanine and O4-methylthymine lesions cause
DNA mismatches during DNA replication, making these adducts mutagenic (2). The
cytotoxicity and mutagenecity of DNA alkylating agents have made them the focus of
research into the development of chemotherapeutic agents (1-4). In fact, alkylating
agents have been used extensively for the treatment of various cancers such as
temozolomide (methylates guanine and used to treat glioblastoma multiforme) and
melphalan (interstrand DNA crosslinker used to treat multiple myeloma) (4, 5).
To prevent the cytotoxic and mutagenic effects of DNA damage, many cells have
evolved pathways to repair damaged DNA (1-4). Many of these pathways are highly
conserved from bacteria to mammals, underscoring the vitality of these mechanisms in
maintaining the integrity of the cellular genome (2). The two major pathways involved
in the repair of DNA alkylation damage are base excision repair (BER) and direct repair
(1-4). Base excision repair is the most common pathway for the removal of alkyl lesions.
This is a multi-step process in which the alkylated base is excised by a DNA glycosylase
followed by replacement of the excised base by DNA exonucleases, polymerases, and
ligases (1-4). In contrast, the direct repair pathway removes the alkyl damage without
excision of the base or nucleoside. This form of repair is less common and is expensive
energetically, often requiring the input of adenosine triphosphate (ATP). Direct repair
enzymes include the Escherichia coli proteins photolyase, O6-alkylguanine DNA
alkyltransferase, and recently characterized AlkB protein (1-4).

3

E. coli Ada reponse pathway.

E. coli have evolved a signaling pathway to

enhance cellular resistance to DNA alkylating agents through a process known as the
adaptive (Ada) response.

The repair activities of the adaptive response have been

conserved from prokaryotes to higher eukaryotes (1, 6).

This response pathway is

activated following DNA alkylation, and it signals expression of four gene products ada,
alkB, alkA, and aidB (Figure 2) (1-3). The first gene product of this pathway, the ada
gene encodes the Ada suicide protein, O6-methylguanine methyltransferase, which is able
to transfer methyl groups from O6-methylguanine or O4-methylthymine to C321 within
the protein as well as methyl groups from methylphosphotriesters to C38 (1). The
transfer of methyl groups from methylphosphotriesters to C38 converts the Ada protein
into a transcriptional activator of the other three gene products (Figure 2) (1-3). AlkA is
a DNA glycosylase that primarily repairs 3-meA lesions resulting from both SN1 and SN2
alkylating agents (1). The AidB component has recently been identified as a flavincontaining, dsDNA binding protein with weak isovaleryl-CoA dehydrogenase activity (1,
7).

Very little information is known about this protein, but it does decrease the

mutagenic effect of the DNA alkylating agent N-methyl-N'-nitro-N-nitrosoguanidine
(MNNG) (8). A recent crystal structure of this protein proposes that the FAD cofactor is
responsible for the removal of alkylating agents from the cell to protect DNA from
damage (9). AlkB is a direct repair enzyme that removes alkyl lesions resulting from SN2
alkylating agents, and its mechanism of repair has only recently been described (1).
Studies on the Ada response over twenty years ago revealed that the alkB gene
product displayed sensitivity to the treatment of E. coli with alkylating agents. Katoaka
et al. demonstrated that E. coli alkB mutants were susceptible to the SN2 alkylating agent

4

Figure 2: Schematic of the E. coli Ada response pathway. Methylation of C38 through
the repair of methylphosphotriesters by the Ada protein activates it as a positive regulator
of transcription of four gene products, that in turn leads to increased DNA repair and
removal of DNA alkylating agents (2).
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MMS but not SN1 alkylating agents (10). It was known that this gene was activated
following DNA alkylation damage as part of the adaptive response pathway in E. coli;
however, the precise mechanism remained elusive for many years (1, 10). Biochemical
tests of AlkB exhibited no detectable methyltransferase, glycosylase, or nuclease
activities, which are typical of DNA repair proteins (10). Aravind and Koonin identified
the function of the AlkB protein by utilizing a rigorous computational fold analysis of the
AlkB amino acid sequence to define this protein as a member of the large family of
proteins, the 2-oxoglutarate (2-OG) iron(II) (Fe(II)) dependent dioxygenase superfamily
(11). AlkB is the only known member of this family that interacts with DNA (3, 11).
Comparative sequence analysis of AlkB with other members of this family revealed a
putative conserved histidine/aspartate dyad (HisXAsp) and conserved C-terminal
histidine (His) that chelate Fe(II), a key characteristic of the 2-OG Fe(II) dependent
dioxygenase family (11).
The 2-OG Fe(II) dependent dioxygenase superfamily. The 2-OG Fe(II) dependent
dioxygenase superfamily of enzymes is widespread throughout prokaryotes and
eukaryotes and catalyzes reactions initiated by the binding of dioxygen to the Fe(II)
center, generating a ferryl intermediate. Kinetic analysis and spectroscopic studies on
these enzymes suggest that dioxygen binding to Fe(II) is triggered by substrate binding
(12). Binding of dioxygen is followed by the oxidation of an organic substrate and
decarboxylation of 2-OG to succinate (11-18). Unlike cytochrome P450s that use a
heme-bound iron to oxidize organic substrates, 2-OG Fe(II) dependent dioxygenases bind
Fe(II) directly through invariant amino acid side chains, and both oxygen atoms are
incorporated into the products (succinate and oxidized substrate) (18, 19).

6

The biological role of these enzymes is diverse, and includes the hydroxylation of
amino acid side chains in collagen as well as the biosynthesis of the antibiotics penicillin
(13, 14) and cephalosporin (16). The X-ray crystal structures of enzymes in this family,
deacetoxycephalosporin synthase (DAOCS) (16), clavaminate synthase (CAS) (15, 20),
alkylsulfatase (AtsK) (21) and isopenicillin-N-synthase (ISPNS) (13, 14), contain a
conserved double stranded beta-helix (DSBH) structural fold or “jelly-roll motif”
surrounding the active site of the enzyme (Figure 3a) (13-16, 20, 21). Furthermore, each
enzyme displays a conserved catalytic core consisting of a HisXAsp/Glu dyad as well as
a C-terminal His that together chelate the Fe(II) in the active site in a non-heme fashion
(Figure 3b) (11, 13, 14, 16, 17). The Fe(II) is stabilized further through the bidentate
coordination of the C1 carboxylate and the C2 keto oxygen of 2-OG to the Fe(II) metal,
and the C5 carboxylate of 2-OG binds to an invariant arginine residue (Figure 3b) (22).
2-OG Fe(II) dependent enzymes utilize an octahedral coordination geometry
around the Fe(II) metal, where the chelating atoms consist of three amino acids, 2-OG
atoms, and a single water molecule (Figure 4) (15-17).

Substrate binding to the

dioxygenase triggers dioxygen to displace the coordinating water molecule (Figure 4).
The binding of dioxygen is followed by the formation of a cyclic intermediate that is lost
once CO2 is given off (Figure 4). This reaction results in a ferryl intermediate that is able
to carry out the oxidation reaction of the substrate and form the succinate product (Figure
4) (19, 22, 23). There is evidence that these enzymes undergo decoupled turnover of 2OG in the absence of any substrate, and it is hypothesized that this decoupled turnover is
the reason ascorbate is needed in in vitro studies (19, 22).

7

Figure 3: Structure of a representative 2-OG Fe(II) dependent dioxygenase, clavaminate
synthase (CAS), in complex with Fe(II) and 2-OG (PDB ID: 1drt) (20). (A) Overview
of structure displays the conserved DSBH fold around the active site of the enzyme. (B)
Close up of CAS active site showing the conserved metal chelating residues (HisXGlu
and C-terminal His) and the invariant Arg residue that forms a salt bridge to the C5
carboxylate of 2-OG.

8

Figure 4: Proposed reaction cycle for 2-OG Fe(II) dependent dioxygenases (18). R-H =
substrate, R-OH = product. The charged enzyme (2-OG and Fe(II) bound) binds the
substrate and dioxygen binds to the final coordination site of Fe(II). Dioxygen binding
forms a cyclic intermediate that collapses to give off CO2 to generate the ferryl
intermediate that oxidizes the primary substrate and releases succinate.

9

AlkB biochemistry. Following the computational fold analysis of E. coli AlkB,
two independent groups, Seeburg and Sedgwick, demonstrated biochemically that E. coli
AlkB is a direct repair enzyme that couples decarboxylation of 2-OG to oxidation of an
alkyl lesion on DNA through a reactive iron-oxygen center and release of the oxidized
lesions as formaldehyde (Figure 5) (24, 25). Through HPLC analysis, treatment of

Figure 5: Oxidation of 1-meA and 3-meC (red) mediated by AlkB. Upon binding of
dioxygen to the Fe(II) metal, AlkB is able to couple decarboxylation of 2-OG to
succinate to oxidation of methyl lesions on adenine and cytosine to generate the normal
base.
DNA with 14C labeled alkylating agents (MMS), and liquid scintillation counting, it was
confirmed that AlkB can remove these lesions in a reaction dependent on 2-OG, Fe(II),
dioxygen, and ascorbate. Furthermore, the reaction was inhibited by the addition of the
metal chelator EDTA, signifying the requirement for the Fe metal. HPLC analysis
further verified that the primary lesions generated from treatment with MMS were 1-meA
and 3-meC, and these nucleotides were enzymatically demethylated in the presence of
AlkB (Figure 5), confirming its role as a direct repair enzyme. Mass spectrometry of
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derivatized reaction products identified formaldehyde as the primary chemical species
formed from the oxidation of 1-meA and 3-meC by AlkB (24). Further studies on the
dioxygenase activites of AlkB revealed that in order for catalysis to occur the substrate
must contain a 5'-phosphate (26).
Recent studies have extended the substrate range of E. coli AlkB to include 1methylguanine (1-meG) and 3-methylthymine (3-meT) (Figure 6), structural analogs of
1-meA and 3-meC, respectively (27-29). These two lesions are less common than 1-meA
and 3-meC, but they both are mutagenic if left unrepaired in vitro and in vivo (27, 28).
Koivisto et al. have shown that AlkB can also protect against hydroxyalkyl adducts
generated from ethylating, propylating, and epoxide generating compounds (26).
Essigmann et al. have further demonstrated that AlkB can recognize alkyl lesions
generated from in vivo lipid oxidation (30). Breakdown products of oxidatively damaged
unsaturated lipids can react with DNA to form etheno lesions on adenine and cytosine
(Figure 6) (30). These lesions are typically repaired in vitro and in vivo in duplex DNA
by DNA glycosylases (31-34); however, AlkB is capable of reverting these lesions to
adenine and cytosine in ssDNA substrates in vitro and in vivo (30). AlkB mediated repair
of these various types of methyl lesions is not exclusive to DNA; methyl groups can be
removed from RNA as well (35, 36). The interaction of AlkB with RNA is intriguing
because 1-meA and 3-meC are naturally occurring bases involved in maintaining the
structural fold of tRNA molecules (37-39).
AlkB homologues. AlkB homologues have been identified in most prokaryotes
and eukaryotes.

Although a single gene for AlkB exists in bacteria, nine AlkB

homologues have been identified in humans and mice. The presence of nine homologues
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Figure 6: AlkB substrates. AlkB preferentially repairs 1-meA and 3-meC lesions (red).
It will also remove DNA alkylation damage in the form of 1-meG, 3-meT, and εA (red),
with lower efficiency.
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of AlkB in mammalian cells implies that these enzymes may have evolved to become
specific for different substrates or functions within cells.
Human AlkB homologue 1 (hABH1) is primarily a mitochondrial protein
recently classified as a 2-OG Fe(II) dependent enzyme that repairs 3-meC lesions in both
DNA and RNA (40).

Two human homologues, hABH2 and hABH3, have been

extensively studied. Both of these enzymes oxidatively repair 1-meA and 3-meC lesions;
however, their DNA binding properties differ (35, 41).

Human ABH2 displays a

preference for 1-meA damage in dsDNA substrates (41). Additionally, hABH2 has been
implicated in being the primary enzyme involved in endogenous repair of 1-meA lesions
because mouse knockouts of this enzyme displayed an increased level of 1-meA lesions
in vivo (42).

Furthermore, hABH2 is the primary oxygenase in mammalian cells

responsible for repairing εA lesions (43). The activity of hABH3 resembles the E. coli
AlkB protein in that it favors repair of 1-meA lesions in ssDNA and RNA as opposed to
dsDNA like hABH2 (41).
Another human AlkB homologue, the obesity associated FTO (fat and obesity
associated) protein, also utilizes oxidative repair of DNA (44). This protein is capable of
demethylating 1-meA and 3-meC lesions in DNA, but it exhibits a stronger preference for
3-meT lesions (44). Very little information is known about the other hABHs, hABH4-8;
however, sub-cellular localization studies of these proteins have demonstrated that
hABH4-7 are present in both the nucleus and cytoplasm, but hABH8 is found exclusively
in the cytoplasm (45). Human ABH8 differs from AlkB and other AlkB homologues in
that it is a multidomain and multifunctional protein. In addition to the AlkB domain, the
hABH8 protein contains a 73 amino acid N-terminal putative RNA binding domain and a
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90 amino acid C-terminal S-adenosyl methionine (SAM) dependent methyltransferase
domain (45). SAM dependent methyltransferases are typically involved in the regulation
of RNA transcription and protein translation through the methylation of DNA and RNA
bases (46, 47). The methyltransferase domain of hABH8 shares ~50% sequence identity
with the tRNA methyltransferase, Trm-9, a protein translation regulator enzyme that has
been implicated in augmenting the DNA damage response (48, 49). The high similarity
of these two proteins suggests that the hABH8 methyltransferase activity may have a role
in methylation and demethylation of RNA as a regulator of protein translation. This
regulation may occur by hABH8 using its methyltransferase domain to methylate tRNAs
to initiate translation of proteins involved in DNA damage repair and using the oxidative
properties of its AlkB domain to demethylate tRNAs to shut off the protein translation.
AlkB structure. The X-ray crystal structure of a N-terminal truncation mutant of
E. coli AlkB (AlkB-Δ11) has been solved in complex with Fe(II), 2-OG, and a
trinucleotide substrate, dT-(1-me-dA)-dT (Figure 7) (50). The structure confirms the
placement of the AlkB enzyme in the 2-OG Fe(II) dependent dioxygenase superfamily.
The active site of this enzyme is surrounded by the conserved DSBH fold (“jelly roll
motif”) that is characteristic of this family of enzymes (Figure 7a) (12). The catalytic
core of the enzyme consists of the conserved H131, D133, and H187 that chelate the
Fe(II) metal (Figure 7b) (12, 50). An invariant arginine, R204, forms a salt bridge to the
C5 carboxylate of 2-OG stabilizing binding of the co-substrate (Figure 7b). There are
some differences in the structure of AlkB and other dioxygenases. For example, the Nterminal domain of AlkB forms a β-sheet lid domain that creates most of the contacts
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Figure 7: Crystal structure of E. coli AlkBΔN11 in complex with Fe(II), 2-OG, and a
trinucleotide substrate (dT-(1-me-dA)-dT (PDB ID: 2FD8) (50). (A) Ribbon depiction
of the AlkB complex displays the typical core DSBH fold. The “nucleotide recognition
lid”(red) is on top of the active site forming extensive contacts to the substrate. (B)
Close up of the active site showing the conserved HXD dyad and C-terminal H that
chelate Fe(II). R204 forms a salt bridge to the C5 carboxylate of 2-OG like other 2-OG
Fe(II) dependent dioxygenase.
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with the trinucleotide substrate and covers the active site of the enzyme (50). This
domain has been termed the “nucleotide recognition lid” and is believed to be flexible
until DNA binds to the enzyme (Figure 7a) (50).
Crystal structures of AlkB in complex with dsDNA, hABH2 in complex with
dsDNA, and hABH3 have also been determined (Figure 8) (51, 52).

The dsDNA

structures of AlkB and hABH2 were determined by convalently cross-linking the protein
to the DNA by mutating a surface residue to Cys and using a modified base containing an
exocyclic thiol to generate a disulfide crosslink in crystallization (51). Both AlkB and
hABH2 structures contain a 1-meA lesion bound in the substrate binding pocket. Human
ABH3 was solved in the absence of any nucleic acids (52).
Comparisons of the AlkB and hABH2 structures help explain their substrate
preference for each enzyme.

In the AlkB:dsDNA structure, the protein makes the

majority of its contacts with the lesion containing strand (Figure 8a) (51). Furthermore,
the protein utilizes a novel mechanism of flipping the 1-meA base into the active site, and
stabilizing the flipped out conformation by squeezing the DNA backbone to force the
lesion flanking bases to stack upon each other (Figure 8a) (51). The base opposite the 1meA lesion then intercalates between the two bases 5' from the lesion to form a base pair
wide base stack (Figure 8a) (51). The energetic requirements of this conformation partly
explains the preference of AlkB for ssDNA (51). Human ABH2 on the other hand uses a
familiar mechanism of base flipping from duplex DNA similar to that seen with DNA
glycosylases. The flipped out conformation of 1-meA in hABH2 is maintained by F102
inserting in between the base stack forming a hydrophobic π-stacking interaction
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Figure 8: AlkB, hABH2, and hABH3 structures with dsDNA or no substrate,
respectively (PDB ID: 3BIE, 3BTY, 2IUW) (51, 52). (A) AlkB covalently cross-linked
to 1-meA containing dsDNA. The protein interacts mainly with the lesion containing
strand, and stabilizes the flipped out base by imposing a strain on the DNA backbone that
causes the bases flanking the lesion to stack upon each other, and the base opposite the
lesion to intercalate in between two bases 5' of the lesion. (B) Human ABH2 covalently
cross-linked to 1-meA containing dsDNA utilizes F102 to maintaining the flipped out
base by wedging in between the base stack to form a pi-stacking interaction with bases to
stabilize the duplex. In addition, there is an extended loop that forms contacts with the
complementary strand of the DNA. (C) Human ABH3 structure in the absence of DNA
substrates show a β-hairpin motif similar to hABH2, which suggests it may be involved
in DNA binding.
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to stabilize the duplex (Figure 8b) (51). Glycosylases typically use a “wedge” residue to
insert in the DNA duplex to stabilize the flipped base (53, 54). In addition to F102,
hABH2 also contains an extended loop that is absent in AlkB that forms contacts to the
complementary DNA strand, which explains hABH2 preference for dsDNA (Figure 8b)
(51). Comparisons of these structures to the unbound hABH3 structure reveal that
hABH3 has an extended loop like hABH2, but it is disordered in the structure (52).
Human ABH3 also contains a β-hairpin motif like hABH2, but it lacks the Phe
intercalating residue for stabilizing the duplex (Figure 8c) (52). This aspect may explain
the preference of hABH3 for ssDNA and RNA like AlkB; however, this question must
await future structures of hABH3:DNA complexes.
AlkB’s involvement in cancer, growth, and development. The discovery of new
AlkB homologues and the study of their biochemistry in vitro and in vivo have led to the
connection of the human AlkB homologues to disease states. For example, prostate
cancer cells exhibit high levels of hABH3 (45). Human ABH8 has recently been shown
to be a signaling target for the NADPH oxidase (NOX) enzyme, which leads to increased
levels of reactive oxygen species (ROS) within cells (55).

This signaling cascade

involving NOX and hABH8 contributes to human bladder cancer progression, and siRNA
knockdown of hABH8 expression in bladder cancer cell lines leads to apoptosis making
it an ideal target for the development of chemotherapeutics (55).
The FTO protein is involved in the growth and development of the central
nervous system and cardiovascular system (56). A mutation in the invariant Arg residue
that coordinates the C5 carboxylate of 2-OG in 2-OG Fe(II) dependent enzymes results in
a loss of enzyme function within patients. Patients with this genotype exhibit severe
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growth retardation and developmental abnormalities, and they often do not live past three
years of age (56).
Statement of purpose. The oxidative demethylation of alkyl lesions on DNA by
AlkB is an efficient mechanism of DNA repair because the reactive iron-oxygen center is
able to oxidize a normally stable adduct releasing it from DNA bases without the input of
energy from ATP (1-3). This process is also a single step without multiple intermediates,
as in BER, and is likely less error prone than other repair pathways. Existing X-ray
crystal structures provide some initial insight into many of the biochemical observations
of AlkB activity (50, 51); however, many questions remain unanswered as to the
mechanisms underlying substrate specificity, DNA binding, and locating DNA damage
in flexible ssDNA by AlkB. Furthermore, very little information is known about the
activity and interaction with nucleic acids of other AlkB homologues. The experimental
data presented in this thesis provide valuable insight into understanding substrate
specificity and DNA binding. Structural and biochemical studies establish a model for
location of DNA damage in flexible ssDNA and provide further explanation for the
preference of AlkB for ssDNA substrates. Preliminary studies on a eukaryotic AlkB
homologue containing a putative C-terminal methyltransferase domain present evidence
for an AlkB homologue that may be involved in controlling protein translation. The data
presented here will assist in the study of other AlkB homologues to elucidate their
biochemistry and function. The conclusions drawn from these studies afford information
that will assist in the design of AlkB inhibitors that will enhance the efficacy of DNA
alkylating agents used as chemotherapeutic agents for the treatment of cancer.
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In Chapter II, the X-ray crystal structure of an D135A mutant in complex with 1meG containing ssDNA is described. The structural data obtained in this study provide a
molecular picture of the architectural features in the active site involved in substrate
recognition and specificity. In addition, structural comparisons with an unliganded wt
AlkB structure permitted the formation of a model for AlkB DNA damage base searching
in DNA. AlkB and hABH3 share many similarities in their DNA binding preferences
(i.e. ssDNA affinity > dsDNA affinity); however, these two enzymes vary in their
structures. Through structural comparisons of these two proteins, a model was proposed
for the interaction of hABH3 with ssDNA.
Analysis of E. coli AlkB structures reveal amino acid residues that appear to be
involved in substrate recognition and DNA binding (50, 51). In the substrate binding
pocket, W69 forms an aromatic stacking interaction with 1-meA, and D135 is involved in
hydrogen bonding with the exocyclic nitrogen of 1-meA, which may explain the
preference of AlkB for this substrate since guanine and thymine bases contain an oxygen
in this position instead of a nitrogen (50). The hydrophobic interaction between W69 and
the 1-meA base is structurally conserved in hABH2 (F124), but it is not conserved in
hABH3 (50, 51).

Analysis of other AlkB homologue sequences suggests that this

interaction is widely conserved throughout prokaryotic, eukaryotic, and viral AlkB
homologues (57).

Additionally, the electrostatic interaction of D135 with 1-meA is

structurally conserved by E127 in hABH2 (50, 51). Also three residues, R161, Y76, and
T51, appear to interact with the phosphodiester backbone of the DNA substrate either
directly via the salt bridge of R161 and/or by hydrogen bonding of Y76 and T51 to the
phosphodiester backbone of DNA (50, 51).
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In Chapter III, the catalytic mechanism is investigated through amino acid
mutagenesis to determine the role of active site residues hypothesized to be involved in
catalysis, substrate recognition, and DNA binding. AlkB enzymatic activity is measured
on 1-meA substrates using matrix-assisted laser desorption ionization time of flight mass
spectrometry (MALDI-TOF MS) to determine the rate of repair of wild type (wt) and
mutant enzymes. Additionally, DNA binding of wt and mutant enzymes is examined
through fluorescence anisotropy. The results of these studies demonstrate that AlkB
utilizes a searching mode and repair mode in removing DNA methylation damage, and
the mutagenesis studies permitted the correlation of individual residues involved in these
two steps. Furthermore, the mechanisms underlying substrate specificity are established
and validate many of the structural observations described in Chapter II.
Recent studies of human AlkB homologues have shown that hABH8 is a
contributing factor in human bladder cancer progression (55). Initial attempts to clone
and express hABH8 and mABH8 in our laboratory have yielded insoluble protein;
however, through sequence BLAST searching, a homologue in Drosophila melanogaster
was identified that contains ~60% identity to hABH8 containing both an RNA binding
motif and putative C-terminal methyltransferase domain in addition to the AlkB domain..
This protein was chosen for biochemical and structural studies to serve as a model for
hABH8 function. Chapter IV of this thesis chronicles additional preliminary data for
Drosophila melanogaster AlkB (DmAlkB) including expression and purification,
crystallization experiments, nucleic acid interaction analysis, and activity studies.
Although this aspect of the project is in the beginning stages, initial studies have
suggested that DmAlkB is an RNA binding protein and does not share similar substrate
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preferences as AlkB. This data proposes that this protein may be involved in methylating
and demethylating RNA either as a repair mechanism or as a protein translational control
mechanism.
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SINGLE-STRANDED DNA BINDING AND SUBSTRATE RECOGNITION BY
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ABSTRACT
Cytotoxic DNA methyl lesions on the N1 position of purines and N3 position of
pyrimidines are primarily repaired by the 2-oxoglutarate (2-OG) iron(II) dependent
dioxygenase, AlkB. AlkB repairs 1-methyladenine (1-meA) and 3-methylcytosine (3meC) lesions, but it also repairs 1-methylguanine (1-meG) and 3-methylthymine (3-meT)
at a less efficient rate. We have determined the crystal structure of the Escherichia coli
AlkB protein holoenzyme and AlkB-ssDNA complex containing a 1-methylguanine
lesion. A comparison of these structures has revealed conformational changes of residues
within the active site that appear to be important for binding of damaged DNA bases.
Additionally, analysis of the structure has provided further insight into the substrate
specificity and selectivity of AlkB for different DNA alkyl lesions.
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INTRODUCTION
DNA 2 is constantly exposed to alkylating agents from both the external
environment and cellular metabolic processes.

These alkylating compounds react

primarily with oxygen and nitrogen atoms on DNA bases (1, 2) generating lesions that if
left unrepaired can be cytotoxic and mutagenic (3).

To circumvent the effects of

methylation damage, cells have evolved DNA repair pathways that include nucleotide
excision repair, base excision repair, and direct repair pathways that specifically
recognize alkylation lesions and efficiently remove them (1, 3).
The DNA direct repair protein, Escherichia coli AlkB, repairs DNA alkylation
damage that occurs from SN2 alkylating agents (4, 5). AlkB is a member of the iron(II)
dependent

2-oxoglutarate

(2-OG)

dioxygenase

superfamily

(6)

that

couples

decarboxylation of 2-OG to oxidation of methylation damage primarily in the form of 1methyladenine (1-meA) and 3-methylcytosine (3-meC) upon binding of dioxygen to the
iron(II) cofactor (7-9). The AlkB enzyme recognizes and repairs other alkylated DNA
lesions such as 3-methylthymine (3-meT) (10), 1-methylguanine (1-meG) (11, 12), and
1,N6-ethenoadenine (εA) (13), albeit with lower efficiency. AlkB specificity is limited to
the N1 position of purines and N3 of pyrimidines (14), which is in contrast to DNA
glycosylases that remove lesions on the N3 position of purines and less frequently the O2
position of pyrimidines (2).
The demethylase activity of AlkB is conserved throughout prokaryotes and
eukaryotes. There are at least nine alkB genes identified in human cells, underscoring the
importance of this mechanism in the maintenance of the genome. Four of these enzymes
2

Abbreviations: see page v.
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have been shown to share a similar oxidation mechanism with the E. coli AlkB enzyme.
The human AlkB homolog 1 (hABH1) is a mitochondrial protein that demethylates 3meC in both RNA and DNA (15). The hABH2 protein is specific for 1-meA damage in
dsDNA (16), and hABH3 recognizes and repairs methylation damage in ssDNA as well
as RNA (7). A fourth homolog, the obesity related FTO (fat mass and obesity associated)
protein, primarily recognizes 3-meT lesions (17), and is critical for central nervous
system and cardiovascular system development (18).
Recent crystal structures of E. coli AlkB:DNA complexes (19, 20), ABH2:DNA
complexes (20), and hABH3 (21) have provided some initial insight into mechanisms
responsible for substrate specificity and catalytic mechanism of AlkB proteins. Despite
the existing information regarding AlkB:DNA recognition and activity, there are still
open questions regarding the substrate specificity for the AlkB protein as well as its
recognition strategies for single-stranded (ssDNA) versus double-stranded DNA
(dsDNA). AlkB repairs methylated DNA damage in ssDNA much more efficiently than
in duplex DNA (7) and displays significantly different activity on structurally similar
methylated bases. In order to further define the nucleic acid interactions, as well as
understand the active site architecture that defines substrate specificity, we determined
the crystal structure of E. coli AlkB in complex with a 17 nucleotide stretch of ssDNA
containing a 1-meG lesion.

The structure reveals new insight into the substrate

specificity of AlkB and new structural dynamics that estabilish a model for how AlkB
and hABH3 search for DNA methylation damage in ssDNA.
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RESULTS AND DISCUSSION

Structure of the E. coli AlkB/1-meG complex
We determined the structure of the full length E. coli AlkB protein in complex
with a 17-mer ssDNA oligonucleotide containing a 1-meG lesion to 2.2 Å resolution and
the structure of the AlkB holoenzyme in the absence of nucleotide substrate to 2.9 Å
resolution (Table 1 and Figure 1). The structure of the ssDNA complex was determined
using a D135A mutation of AlkB that our data shows to be responsible for the selectivity
of AlkB for 1-meA and 3-meC substrates due to an exocyclic nitrogen on these bases as
opposed to an oxygen on guanine and thymine (Figure 1). This mutation allowed us to
crystallize the DNA complex without the need for cross-linking as was done for the
dsDNA complex (20). The protein was crystallized under aerobic conditions in complex
with 2-OG and cobalt(II) as the metal ion. The use of cobalt supports DNA binding but
prevents catalytic activity (22). Although less prevalent than 1-meA, 1-meG has been
shown to be present in vitro and in vivo and if left unrepaired contributes to the
mutagenecity of DNA within cells (11, 12). We determined the structure in complex
with ssDNA containing a 1-meG base to understand the preference of AlkB for ssDNA
substrates over dsDNA and elucidate structural features responsible for substrate
specificity.

The structures were solved by molecular replacement using the AlkB

structure as a search model (PDB ID: 2fd8) (19). Interestingly in the crystals of the
AlkB:ssDNA complex, two monomers crystallized in the asymmetric unit, but only one
monomer was bound to DNA. Thus, a second nucleotide-free form of this mutant was
also determined. Of the 17 nucleotides present in the ssDNA oligonucleotide, only 12
could be modeled into the electron density of this structure (Figure 1).
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Table 1: Crystallographic Data and Statistics
Crystal

Asp135Ala AlkB:1-meG DNA
(Co/2-OG

Wt AlkB unliganded
(Co/2-OG)

Spacegroup

C2

C2

Unit Cell Parameters (a, b,
c)(Å)
(α, β, γ)(o)

147.81 x 41.44 x 85.62
90, 120.98, 90

148.55 x 42.90 x 86.53
90.00, 121.78, 90.00

Resolution range (Å)

42.69-2.15
(2.23-2.15)

43.17 - 2.90
(2.98 - 2.90)

Unique Reflections

22840

9374

Redundancy

6.94 (6.27)

4.21 (4.43)

Completeness (%)

99.7 (99.9)

93.6 (76.74)

Rmergea

0.104 (0.396)

0.113 (0.422)

Mean I/σ

9.4 (3.4)

6.8 (2.9)

Rwork (%)b

21.1

23.0

Rfree (%)b

27.3

30.7

RMSD Bond Lengths (Å)

0.009

0.006

RMSD Bond Angles (o)

1.619

1.062

Rmerge= Σ|Ι−<Ι>|/ΣΙ, where I is the observed intensity and <I> is the average intensity.
Rfactor=Σ||Fo|-|Fc||/Σ|Fo|. Rfree is the same as R, but calculated with 5% of the reflections that were never
used in crystallographic refinement.
Values in parentheses are for highest resolution shells.

a
b
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Figure 1: AlkB in complex with 1-methylguanine (1-meG) containing oligonucleotide.
(A) Ribbon structure of D135A E. coli AlkB with ssDNA containing 1-meG and
cofactors Co(II) and 2-oxoglutarate (2-OG) exhibit the core DSBH fold around the active
site. (B) Structure of the full length unliganded wt AlkB in complex with Co(II) and 2OG. (C) Schematic of 1-methyladenine and 1-methylguanine bases with the lesion in
red. (D) Schematic of the oligonucleotide used for crystallization and those residues
forming direct hydrophobic or hydrogen bonding interactions with the DNA. The dark
orange boxes represent the bases that were disordered and not modeled into this structure.
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In order to determine whether this D135A mutation affected the global-fold of the
protein, we superimposed the unliganded D135A structure on the wt holoenzyme (Figure
2). From the superposition, it is apparent this mutation does not drastically change the
secondary structure of this enzyme.
The AlkB protein utilizes both hydrophobic interactions and hydrogen bonding
interactions that stretch across five nucleotides to maintain the protein:DNA complex
(Figure 1). The phosphodiester backbone of the ssDNA binds in an electropositive DNA
binding groove that is created by a T51-Y55 DNA binding loop, Y76, S129, and K127
(Figure 1 & 3). The interactions of the binding groove provide the stability to maintain
the flipped conformation of 1-meG in the substrate binding pocket. The substrate base is
bound in the active site pocket formed by hydrophobic stacking interaction of W69 and
H131. The methyl group of the 1-meG is adjacent to the bound metal ion and properly
positioned for repair. The hydroxyl group of T51 and backbone amide of G53 form
direct hydrogen bonding interactions to the phosphate of the nucleotide 5′-adjacent the 1meG base (Figure 3). Amino acids Y76, K127 and S129 provide additional contacts with
the phosphodiester backbone, while the sidechain of Y55 forms a hydrophobic packing
interaction with the ribose sugar.
A least-squares superposition of the AlkB:ssDNA structure onto the AlkB:dsDNA
structure (PDB ID: 3BIE)(20) reveals the two complexes are very similar (core r.m.s.d. =
0.912 Å) (Figure 4). Binding of ss- and dsDNA to the AlkB protein appears to occur
through the same interactions (Figure 4).

The structural similarities of these two

complexes further supports the idea that the lower efficiency of AlkB in repair of
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Figure 2: Superposition of wt holoenzyme (cyan) and D135A holoenzyme (orange)
demonstrates that mutating D135 to alanine does not affect the global fold of the enzyme.
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Figure 3: Analysis of AlkB DNA binding groove. Stereo representation of AlkB DNA
binding groove shows Y76 bridges the phosphate of 1-meG with the flanking 5'phosphate of A10. This interaction is further stabilized through hydrogen bonding of T51
to the phosphate of A10 and the backbone amide of Y55 as well as the backbone amide
of G53 hydrogen bonds to the phosphate of A10. Y55 forms a pi stacking interaction to
the ribose sugar of T12. K127 and S129 form a salt-bridge and hydrogen bond to C13
and T12, respectively. The 1-meG lesion is sandwiched in the substrate binding pocket
by π-stacking interactions between W69 and the metal chelating residue H131.
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Figure 4: Structural comparisons of AlkB:DNA complexes. (A) Least-squares
superposition (residues 14-214) of D135A AlkB:ssDNA (green & yellow) with wt
AlkB:dsDNA (blue & red) (PDB ID: 3BIE). Core r. m. s. d. = 0.912 Å. (B) Stereo
representation of the DNA binding loop and Y76 using the D135:ssDNA complex and
wt:1-meA dsDNA complex (PDB ID: 3BIE) shows similar interactions with the DNA
backbone by the T51-Y55 loop and Y76.
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damaged bases in double-stranded DNA substrates is due largely to the higher energetic
cost of base-flipping from a DNA duplex.
DNA binding and substrate base recognition
The 90 amino acid N-terminal region of AlkB has been termed the “nucleotide
recognition lid” subdomain.

Backbone hydrogen/deuterium exchange studies have

suggested that this domain is flexible in the absence of DNA (19). Superposition of the
AlkB-ssDNA complex with the unliganded wt holoenzyme (core r.m.s.d = 0.772 Å)
reveals little difference structurally in the global conformation of the protein (Figure 5).
Alternatively, our data indicate that AlkB is a fairly rigid molecule, and the flexibility and
dynamics of the nucleotide recognition lid is more localized to residues Y76 and the T51Y55 loop and not the whole domain, although we cannot rule out movement of this
domain during intermediate DNA binding steps. A similar observation is noted with
other DNA alkylation repair proteins, such as the E. coli 3-methyladenine glycosylase,
AlkA, where the protein exhibits very little conformational changes between the bound
and unbound states of the enzyme (23).
Greater insight into DNA binding and substrate base recognition comes from a
comparison of the AlkB-ssDNA complex with the AlkB holoenzyme structure. In the
absence of bound substrate, residue Y76 in the active site adopts a conformation that is
flipped away from the active site providing open access for an incoming base (Figure 5).
The hydroxyl side chain of T51 is positioned to make hydrogen bonding interactions with
the backbone amide nitrogen of residue Y55 to stabilize the conformation of the T51-Y55
loop. The presence of oligonucleotide in the structures of the ss- and dsDNA complexes
has forced the widening of the binding groove through a shift of the T51-Y55 loop away
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Figure 5: AlkB:DNA binding dynamics. (A) Stereo ribbon trace of the superposition
between D135A AlkB:ssDNA (green) and unliganded wt AlkB (cyan) demonstrates very
little conformational changes in the structure of the enzyme between the bound and
unbound states. (B) Stereo representation of a least-squares superposition of active site
residues from D135A AlkB:ssDNA (green & yellow) and unliganded wt AlkB (cyan).
The unliganded wt structure (cyan) reveals a conformation of Y76 oriented away from
the active site. Upon binding to DNA, there is a 2.5 Å shift in the DNA binding loop
T51-Y55 (cyan and green), and Y76 rotates towards the active site to close off the
binding pocket.
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from the active site by 2.5 Å. Additionally, with DNA bound and a substrate base in the
active site, the Y76 side chain rotates to close the active site pocket. The result of this
gating action seems to have several effects. In the closed conformation, the side chain of
Y76 provides a hydrophobic interaction with the substrate base and essentially clamps it
into position for catalysis. Additionally, the hydroxyl group of the tyrosine side chain
interacts with the phosphodiester backbone adjacent to the flipped nucleotide to further
stabilize the catalytic complex. Previous analysis of the AlkB structure also suggested
that the interaction of residue R161 with the phosphate was necessary for the recognition
of a methylated single nucleotide, which is the minimal substrate (19, 22). Consistent
with this observation, our structure of AlkB in complex with ssDNA containing 1-meG
positions R161 near the phosphate oxygen of the substrate nucleotide flipped into the
active site (Figure 2).
AlkB substrate specificity
The structure of the ssDNA complex shows the 1-meG base bound in the active
site and stacked against W69 and H131 (Figure 6). The O6 oxygen of the methylated
guanine is pointed towards the space created by the absence of a carboxylate side chain in
the D135A mutation supporting the idea that residue D135 provides selectivity for
binding adenine and cytosine bases in the active site (11, 22).

A least-squares

superposition of this structure with AlkB:dsDNA (PDB ID: 3BIE) shows that the 1-meG
and 1-meA lesions are bound in very similar conformations (Figure 5) (19, 20). Both
lesions are flipped out from the DNA backbone into the substrate binding pocket where
the metal binding residues (H131, D133, H187) and substrate binding residues (W69,
mutant A135, wt D135) superimpose very well.
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Figure 6: AlkB binding to 1-meG. (A) Close up of AlkB active site and catalytic
residues with 1-meG. A 2Fo-Fc map contoured at 1σ for 1-meG. The rest of the
oligonucleotide is removed for clarity. (B) Binding site close-up comparison of
Asp135Ala AlkB (green) and wt AlkB (blue) binding to 1-meG (yellow) and 1-meA
(red), respectively.
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The data presented here has led us to propose that residue D135 functions to
discriminate and select for adenine and cytosine bases.

Likewise, other AlkB

homologues display specificity for other types of DNA lesions. Sequence alignments of
AlkB proteins reveal that the hFTO protein contains an asparagine residue that
corresponds to D135 in AlkB (17), and this protein displays stronger preference for 3meT lesions. This suggests that human AlkB homologues may have evolved to become
more specific for different types of DNA alkylation damage.
Human ABH3 prefers ssDNA substrates like the AlkB protein (7). The hABH3
structure contains an extended β-hairpin loop similar to the loop in the hABH2 structure
that contains a finger residue (F102)(Chapter I); however, hABH3 lacks this residue.
This loop on hABH3 also corresponds to Y76 and the T51-Y55 binding loop in AlkB.
When hABH3 is superimposed with the AlkB:ssDNA structure and the holoenzyme, it is
apparent that this β-hairpin loop forms severe steric clashes with the DNA backbone
much like the T51-Y55 loop does in the holoenzyme (Figure 7). This loop may have
similar dynamics to those observed in the AlkB structures where the β-hairpin loop may
widen in hABH3 to allow DNA to bind. These hypotheses will require further studies
both biochemically and structurally to answer.
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Figure 7: AlkB comparison to hABH3. (A) Superposition of D135A AlkB:ssDNA
(green), unliganded wt AlkB (cyan), and unliganded hABH3 (purple)(PDB ID: 2iuw)
shows the β-hairpin loop of hABH3 corresponding to the DNA binding loop in AlkB
sterically clashing with the DNA backbone of 1-meG DNA (circled area). (B) This loop
may be flexible that upon binding to DNA shifts up as in AlkB and form a lid that
stabilizes the flipped out base conformation.
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CONCLUSIONS
AlkB and AlkB homologues utilize an oxidative dealkylation mechanism of
removal of DNA damage and have diverged in higher eukaryotic homologues to prefer
ssDNA, dsDNA, or RNA as well as different alkyl lesions.

Here we present the

structures of full length E. coli D135A AlkB in complex with ssDNA containing a 1-meG
lesion, an unliganded D135A AlkB, and an unliganded wt AlkB.

We demonstrate

structurally that mutating this residue to alanine removes the electrostatic clash of D135
with the O6 of guanine and allows the capture of a 1-meG base into the substrate binding
pocket in a similar position as 1-meA. Additionally, the alternate conformations of Y76
suggests it is involved in DNA base searching by opening the active site for a base to
enter and sealing it closed once the base is bound for catalysis to take place. The
structural data presented here provide insight into the substrate specificity of AlkB that
can be utilized for studies on other AlkB homologues to determine their function and
range of substrate specificities. Additionally, it has provided further information into its
mechanism of locating DNA damage in ssDNA that provide a framework for studying
AlkB like proteins that prefer ssDNA to dsDNA.
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MATERIALS AND METHODS

Cloning, expression, purification of wt and D135A AlkB.
The E. coli alkb gene was PCR amplified from genomic DNA and inserted into a
modified pET-19b expression (Novagen) that contained sequence coding for the
Rhinovirus 3C protease sequence (PreScission Protease, GE Healthcare) to permit
removal of the N-terminal poly-histidine tag.

The pET-19b-AlkB vector was then

transformed into C41(DE3) cells for expression. One liter of LB-broth (Luria-Bertani)
supplemented with 50 μg/mL of ampicillin was inoculated with C41(DE3) pET-19bAlkB cells, grown to OD600=0.5, and induced with 30 μM FeCl2 and 500 μM IPTG
(isopropyl b-D-1-thiogalactopyranoside) for 4 hours at 25oC.

Harvested cells were

resuspended in lysis buffer (50 mM Tris 7.5, 500 mM NaCl, 15% glycerol). Cells were
lysed using an EmulsiFlex C-5 cell homogenizer (Avestin) and pelleting cell debris at
30000 x g.

The supernatant was then passed over a Ni-NTA (QIAGEN) column

equilibrated with lysis buffer. The column was then washed with 400 mL of lysis buffer
containing 50 mM imidazole. AlkB protein was eluted in lysis buffer containing 500
mM imidazole. Fractions containing AlkB were then pooled and treated with PreScission
Protease (GE Healthcare) according to the manufacturer’s protocol and dialyzed against
30 mM MES 6.5, 150 mM NaCl, 2 mM dithiothreitol (DTT), and 15% glycerol for 12
hours at 4oC. Cleaved AlkB protein was then passed over a Superdex-200 gel filtration
column (GE Healthcare) equilibrated with dialysis buffer. Peak fractions containing
AlkB were pooled and analyzed for purity by SDS-PAGE electrophoresis (See
APPENDIX A). Purified protein was concentrated to 5-20 mg/mL using the molar
extinction coefficient 32430 M-1cm-1 at λ = 280 nm. Concentrated AlkB was aliquoted
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and flash frozen in liquid nitrogen and stored at -80oC. D135A AlkB was PCR amplified
from pET-19b-AlkB vector using appropriate primers. The protein was expressed and
purified following the protocol for the wt enzyme.
Crystallization of wt and D135A AlkB
D135A AlkB protein was buffer exchanged into 20 mM Bis-Tris 6.0, 100 mM
NaCl2, 100 mM CaCl2 and concentrated to 5-15 mg/mL. The cofactors CoCl2 and 2oxoglutarate (2-OG) were added to a final concentration of 1-3 mM and 5-20 mM,
respectively.
oligonucleotide

The protein was then mixed at a 1:1 ratio with a 17-mer ssDNA
containing

a

single

1-methylguanine

lesion

(1-meG)

(5'-

TGCATCCATAXTGCCTG-3’, where X is 1-meG) (ChemGene, Inc.). The complex
was crystallized by the sitting drop diffusion method at 15oC at a 1:1 ratio with a well
solution containing 10-20% w/v PEG-4K, 100 mM MES 6.0, and 100 mM MgCl2. Wt
unliganded protein was buffer exchanged into 20 mM Bis-Tris 6.0 and 100 mM NaCl and
concentrated to 5-20 mg/mL. Cofactors were added to a final concentration indicated
above.

The protein crystallized as described above in 10-20% w/v PEG-8K, 100 mM

MES 6.0, 100 mM NaCl, and 100 mM MgCl2. Crystals grew within 1-2 weeks and were
soaked into a cryo-protectant solution containing the well solution plus 20% ethylene
glycol, and frozen in liquid nitrogen for data collection. (see APPENDIX B)
Structure determination and refinement
D135A AlkB X-ray diffraction data were collected at 100oK on a Rigaku
MicroMax-007 rotating Cu anode generator with a Saturn-92 CCD detector. Wt AlkB Xray diffraction data were collected on beamline x29 at the National Synchrotron Light
Source (NSLS) in Brookhaven, NY. All data were integrated and scaled using the
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d*TREK program suite (24). All structures were phased by molecular replacement using
Phaser (25) with the AlkB structure (PDB ID: 2FD8) as the search model. The models
were built using Coot (26), and refinement was carried out using the program REFMAC5
(27, 28) and CNS (29). All data collection and refinement statistics are found in Table 1.
All

molecular

graphics

figures

were
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prepared

using

PyMOL

(30).
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Chapter III
MUTATIONAL ANALYSIS OF ESCHERICHIA COLI ALKB PROVIDES
INSIGHT INTO PROTEIN/DNA INTERACTIONS AND REPAIR

Paul J. Holland and Thomas Hollis
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ABSTRACT
The Escherichia coli AlkB protein and AlkB homologues are members of the 2oxoglutarate (2-OG) iron-II dependent dioxygenase superfamily that primarily remove
alkyl DNA damage occurring on the N1 position of adenine and the N3 position of
cytosine. Site directed mutagenesis experiments of residues in and around the active site
of the AlkB protein followed by DNA binding and activity assays have provided new
insight into the roles for these residues in DNA damage recognition and repair. Our
biochemical results support a model in which AlkB utilizes at least two distinct
conformations in searching and binding methylated bases within DNA. Furthermore, our
mutagenesis experiments show amino acid D135 participates in both substrate specificity
and catalysis.
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INTRODUCTION
DNA 3 damage resulting from alkylating agents occurs from both exogenous and
endogenous sources. If left unrepaired, DNA alkylation can have adverse effects on
replication, transcription, and activation of cell cycle checkpoints leading to apoptosis (14). Escherichia coli have evolved a system to enhance cellular resistance to alkylating
agents through the adaptive response pathway, that includes AlkA, a DNA glycosylase,
and AlkB, a DNA direct repair enzyme that removes alkylation damage resulting from
SN2 alkylating agents (5). These repair activities have been conserved from bacteria to
humans, which emphasizes their importance in genome stability (1, 6).
The AlkB enzyme is classified as a 2-oxoglutarate (2-OG) iron-II (Fe-II)
dependent dioxygenase that primarily removes alkylation damage from the N1 position
of adenine and the N3 position of cytosine through an oxidative decarboxylation
mechanism (7-10). Members of this family catalyze a variety of reactions initiated by the
binding of oxygen to the Fe(II) center chelated by a conserved HisXAsp dyad and Cterminal His followed by the oxidation of an organic substrate and decarboxylation of 2OG, but AlkB is the only known member known to interact with DNA (7, 11-16). Protein
homologues of AlkB are found in higher eukaryotes such as humans and mice (10, 1719). The human AlkB homologue 2 (hABH2), human AlkB homologue 3 (hABH3), and
the recently characterized human AlkB homologue 1 (hABH1) share a similar oxidative
dealkylation mechanism of DNA activity with the E. coli AlkB enzyme (10, 17-20).
Although AlkB preferentially repairs 1-methyladenine (1-meA) and 3-methylcytosine (3meC) in DNA substrates, it also exhibits activity on other substrates including 13

Abbreviations: see page v.
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methylguanine (1-meG) and 3-methylthymine (3-meT) (21-23), hydroxyalkyl adducts
generated from ethylating, propylating, and epoxide generating compounds (24), and
1,N6-ethenoadenine (εA) resulting from the breakdown of oxidatively damaged
unsaturated lipids (25). AlkB demethylase activity on these substrates is less efficient in
comparison to 1-meA and 3-meC.
Crystal structures of the E. coli AlkB protein by us and others have provided
information into the mechanism of base recognition and repair and have presented an
opportunity to decipher the amino acid residues that may be involved in DNA binding
and activity in addition to the conserved H131, D133, and H187 (26, 27).

Furthermore,

the structures allow us to answer questions about the mechanism in which AlkB is able to
bind and repair DNA alkylation damage. We have probed the role of five active site
residues that appear to be involved in DNA binding, substrate recognition, and activity.
These residues are T51, W69, Y76, D135, and R161. Here we investigate through sitedirected mutagenesis the effect these residues have on enzymatic activity and DNA
binding.
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EXPERIMENTAL PROCEDURES
Molecular cloning, expression, and purification of E. coli AlkB. The E. coli alkb
gene was PCR amplified from genomic DNA and inserted into a modified pET-19b
expression vector (Novagen) that contained sequence coding for the Rhinovirus 3C
protease sequence (PreScission Protease, GE Healthcare) to permit removal of the Nterminal poly-histidine tag.

The pET-19b-AlkB vector was then transformed into

C41(DE3) cells for expression. One liter of LB-broth (Luria-Bertani) supplemented with
50 μg/mL of ampicillin was inoculated with C41(DE3) pET-19b-AlkB cells, grown to an
OD600=0.5, and induced with 30 μM FeCl2 and 500 μM IPTG (isopropyl β-D-1thiogalactopyranoside) for 4 hours at 25o C. Harvested cells were resuspended in lysis
buffer (50 mM Tris 7.5, 500 mM NaCl, 15% glycerol). Cells were lysed using an
EmusiFlex C-5 cell homogenizer (Avestin) and pelleting cell debris at 30000 x g. The
supernatant was then passed over a Ni-NTA (QIAGEN) column equilibrated with lysis
buffer. The column was then washed with 400 mL of lysis buffer containing 50 mM
imidazole.

AlkB protein was eluted in lysis buffer containing 500 mM imidazole.

Fractions containing AlkB were then pooled and treated with PreScission Protease (GE
Healthcare) according to the manufacturer’s protocol and dialyzed against 30 mM MES
6.5, 150 mM NaCl, 2 mM dithiothreitol (DTT), and 15% glycerol for 12 hours at 4oC.
Cleaved AlkB protein was then passed over a Superdex-200 gel filtration column (GE
Healthcare) equilibrated with dialysis buffer.

Peak fractions containing AlkB were

pooled and analyzed for purity by SDS-PAGE electrophoresis (see APPENDIX A).
Purified protein was concentrated to 100 μM using the molar extinction coefficient 32430
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M-1cm-1 at λ = 280 nm. Concentrated AlkB was aliquoted and flash frozen in liquid
nitrogen and stored at -80o C.
Cloning, expression, and purification of E. coli AlkB mutants. AlkB mutants
(T51A, W69A, Y76A, D135A, and R161A) were created by PCR using appropriate
mutant primers to generate two halves of the mutant gene followed by annealing and
PCR amplification of the two products using the primers described previously for the wt
AlkB construct.

Mutant constructs were ligated, cloned, expressed, and purified

following the procedure outlined for the wild type enzyme.
Activity of AlkB wild type and mutant enzymes. AlkB activity was assayed using a
15-mer oligonucleotide containing a single 1-methyladenine (1-meA) base. Reactions
contained 20 mM Tris 8.0, 6 mM Fe(NH4)2(SO4)2, 1 mM 2-OG, 10 mM ascorbate, 10
μM DNA (ChemGene) substrate, and 500 nM AlkB wild type or mutant enzymes.
Reactions (10 μl) were carried out at 37o C for 10 minutes and quenched with 50 mM
EDTA at 2.5 minute time points.

Samples were prepared for matrix assisted laser

desorption ionization time of flight mass spectrometry (MALDI-TOF MS) analysis using
a C18 Zip-tip (Millipore) according to the manufacturer’s protocols. Samples were mixed
at a 1:1 ratio with a 3-hydroxypicolinic acid matrix (10:1 ratio of 3-hydroxypicolinic acid
50 mg/ml to 0.1 M diammonium hydrogen citrate) and spotted on a Bruker Daltonics
MALDI-TOF MS MTP target frame III. Samples were analyzed in the negative ion
mode on a Bruker Daltonics instrument. Peaks corresponding to the damaged substrate
(4527 Da) and undamaged substrate (4512 Da) for the 1-methyladenine oligonucleotide
were integrated using the area below the curve algorithm in SigmaPlot (see APPENDIX
C) to determine the percent of the substrate repaired. 1-methylguanine (1-meG) activity
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assays were carried out under the same conditions outlined above with a 17-nucleotide 1meG (ChemGene). Protein concentration was increased to 1 μM and reactions were
carried out for 25 minutes. Peaks corresponding to the damaged substrate (5176 Da) and
undamaged substrate (5162 Da) were integrated in the same manner as the 1-meA
experiments. Percent of repaired substrate was converted to μM by multiplying by the
total substrate in the reaction and plotted as μM vs. time to obtain a rate in the form
μM/min. All experiments were carried out in triplicate and the data averaged.
AlkB DNA affinity measurements. Equilibrium DNA binding reactions of wild
type and mutant AlkB proteins contained 45 mM Tris pH 8.0, 1 mM CoCl2, 1 mM 2oxoglutarate (2-OG), and 1 nM

30-mer 5'- fluorescein (FAM)-labeled DNA

oligonucleotide (Operon) containing either a 1-methyladenine lesion (1-meA), 1, N6ethenoadenine (εA), or undamaged with increasing concentrations of AlkB wt and mutant
enzymes. DNA concentrations were kept at 1nM (<<Kd) to insure equilibrium binding
constants were being measured.

CoCl2 was included to inhibit the enzyme from

repairing the etheno lesion as shown previously (25, 28). Anisotropy measurements to
quantitate AlkB binding to the 30-mer FAM-oligo was carried out at 25o C (25 μl) in a
microtiter plate on a Tecan Safire2 instrument. Polarization measurements were obtained
using an excitation wavelength of 470 nm and emission wavelength of 525 nm. Data was
normalized using the equation:
Aobs = ( A − A0 ) / Amax
where A equals the anisotropy at a particular titration, Ao equals the anisotropy of DNA
alone, and Amax equals the maximum anisotropy observed. Data was fit to the one state
binding model as follows:
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Aobs = Amax [ E ] /( K d + [ E ])
Where [E] is the total concentration of protein and Aobs is the measured anisotropy at a
given concentration of enzyme [E]. Results are the averages of triplicate experiments.
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RESULTS

Site-directed mutagenesis of amino acids in E. coli AlkB active site.
Analysis of our AlkB structures reveals several amino acids that we hypothesize
to be important in DNA binding and activity (Chapter II). W69 and D135 appear to form
a substrate binding pocket that position the methylated adenine base for oxidation by the
reactive oxygen center (Figure 1) (26, 27).

The non-specific π-stacking interaction

between W69 (Figure 1) and the methylated base is consistend with the promiscuity of
AlkB for multiple base lesions; however, D135 (Figure 1) may impart specificity for
adenine and cytosine substrates through the potential to form a hydrogen bond with the
exocyclic nitrogen of these bases. Guanine and thymine contain an oxygen atom in the
equivalent position that would create an electrostatic clash with the carboxylate oxygen
of D135. Amino acid residue R161 also forms a salt bridge to the 5'-phosphate of the
substrate nucleotide (Figure 1). Although the AlkB protein will recognize a single
methylated nucleotide substrate, it will not repair the equivalent unphosphorylated
nucleoside. It is proposed that the R161:phosphate interaction is required for substrate
binding, although it is not conserved throughout other AlkB homologues (26, 29).
The structures of AlkB in complex with substrates reveal a loop region consisting
of T51- Y55 that forms extensive contacts to the DNA backbone (Figure 1) (27). In
addition, T51 may also stabilize the loop region via hydrogen bonding to the amino acid
backbone of AlkB to promote DNA binding (Chapter II & Figure 1). In order to
interrogate these protein:DNA interactions, T51, W69, Y76, D135, and R161 were
mutated to alanine and their effects on activity and DNA binding were measured.
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Figure 1: AlkB active site and DNA binding residues (PDB ID: 2FD8, 3BIE) (26). All
structure images were generated using PyMol (30). Dashed lines indicate hydrogen
bonding and electrostatic interactions. (A) AlkB structure in complex with a
trinucleotide substrate containing 1-meA shows the H-bonding and π-stacking interaction
in the substrate binding formed by D135 and W69. Y76 and R161 form direct contacts to
the 5'-phosphate of 1-meA. (B) AlkB structure covalently crosslinked to dsDNA
containing 1-meA shows identical interactions of D135, W69, and Y76 seen in the
trinucleotide structure, but there is a more pronounced interaction of the T51-Y55 loop
with the DNA backbone probably due to the longer DNA strand being present. R161 is
pointed away from the DNA backbone. (C) AlkB D135A mutant structure in complex
with ssDNA containing 1-meG demonstrates identical interactions of these 5 amino acid
residues as seen in the other two structures suggesting their importance in DNA binding
affinity and activity.
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The catalytic activity of wild type and mutant AlkB proteins was measured with
MALDI-TOF MS using a similar approach as Delaney et al. (25). Wild type and mutant
proteins were incubated at 37o C for 10 minutes with a 15-mer 1-methyladenine (1-meA)
oligonucleotide and analyzed on the MALDI-TOF MS to monitor AlkB mediated repair
of 1-meA. The data from these experiments were used to determine the rates of repair for
wild type and each mutant enzyme (Figure 2 and Table 1). Wild type AlkB exhibited a
rate of 0.32 μM/min + 0.05 under these assay conditions.
AlkB is able to repair other alkyl lesions such as 1-meG, 3-meT, and εA at a
much lower rate than 1-meA and 3-meC (21, 22, 24, 25).

In order to understand the

interaction of AlkB with DNA and to determine the effect these amino acid residues have
on DNA binding, fluorescence anisotropy experiments were carried out on wild type and
mutants of AlkB. A 5'-flourescein (5'-FAM) labeled 30-mer ssDNA containing either a
single 1-meA lesion, a single εA lesion, or no damage was incubated with increasing
concentrations of AlkB enzyme to determine binding affinity of AlkB to both damaged
(Figure 3 & 4) and undamaged DNA substrates (Figure 5). Dissociation constants (Kd)
were calculated from the averages of three experiments and are outlined in Table 2.
Damaged base searching and binding.
In order to understand the roles of residues T51, R161, and Y76 in substrate
recognition and DNA binding, we mutated each of these amino acids to alanine and
compared the DNA binding of the mutant proteins on damaged and undamaged DNA as
well as catalytic activity to wild type AlkB. Our results reveal the AlkB protein has at
least two different DNA binding modes that we have termed the ‘searching’ and ‘repair’
conformations. Furthermore, these modes can be functionally separated by mutations
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Figure 2: In vitro activity measurements of wild type and mutant AlkB proteins. 500
nM AlkB wild type and mutant enzymes were incubated with 10 μM of a 15-mer 1methyladenine oligonucleotide for 10 minutes. Results are from triplicate experiments
(A) Representative MALDI-TOF MS spectrum of control (no protein; red) and wild type
activity (blue) after 10 min incubation at 37o C. (B) Rates of AlkB mediated repair of 1methyladenine by wild type and mutant enzymes. (wild type = closed circles; R161A =
open circles; W69A = open triangle; D135A = closed triangle; Y76A = closed squares;
T51A = open squares)
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TABLE 1:
Rates and percentage wild type of mutant AlkB enzymes on a
15-mer 1-methyladenine

wt

Rate
(μM/min)
0.32 + 0.05

Percent Wild Type
(%)
100

R161A

0.37 + 0.03

100

W69A

N.D.

-

D135A

N.D.

-

Y76A

0.06 + 0.01

19

T51A

0.13 + 0.02

41

71

Figure 3: Fluorescence anisotropy of ssDNA containing a 1-meA lesion with wild type
and mutant AlkB enzymes.
A 30-mer 5'-FAM labeled oligonucleotide (1 nM)
containing a single 1-meA nucleotide was incubated with increasing concentrations of wt
and mutant AlkB proteins in order to determine the affinity of AlkB for alkylated DNA.
Results are averages and standard deviations of triplicate experiments. (A) wt. (B)
Y76A. (C) T51A. (D) R161A. (E) W69A. (F) D135A.
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Figure 4: Fluorescence anisotropy binding curves for wt and mutant AlkB enzymes with
an 30-mer 5'-FAM labeled 30-mer ssDNA oligonucleotide containing an εA lesion. Data
is representative of three independent experiments. (A) wt. (B) Y76A. (C) T51A. (D)
R161A. (E) W69A. (F) D135A.
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Figure 5: Fluorescence anisotropy binding curves for wt and mutant AlkB enzymes with
an undamaged 30-mer 5'-FAM labeled ssDNA oligonucleotide. Data is representative of
three independent experiments. (A) wt. (B) Y76A. (C) T51A. (D) R161A. (E) W69A.
(F) D135A.
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TABLE 2:
Equilibrium binding constants of AlkB wt and mutant enzymes with 1-meA, εA, and
undamaged ssDNA oligonucleotides

εA

wt

1-meA
(Kd)
2.0 μM + 0.3

(Kd)
1.2 μM + 0.1

Undamaged
(Kd)
16 μM + 3.2

R161A

9.6 μM + 0.7

8.0 μM + 1.2

20 μM + 1.3

W69A

5.2 μM + 0.7

7.8 μM + 2.2

35 μM + 6

D135A

0.316 μM + 0.03

0.127 μM + 0.04

4.9 μM + 1.3

Y76A

11 μM + 1

22 μM + 5

38 μM + 1.6

T51A

1.5 μM + 0.07

2.7 μM + 0.5

51 μM + 4
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that have greater effects on either ‘searching’ for damage or binding a damaged base in
the active site for ‘repair.’ DNA binding of the wild type protein has about a 10-fold
higher affinity for DNA containing an alkylated base compared to undamaged DNA
(Table 2).
The T51A mutation of the AlkB protein results in no change in affinity for
damaged DNA relative to the wild type protein (both ~2 μM) but lowered the affinity for
undamaged DNA from 16 μM to 51 μM creating the largest difference in binding
affinities between damaged and undamaged DNA of any of the mutants we studied. This
loss of affinity for the undamaged DNA suggests the T51-Y55 loop participates in the
initial binding of the protein to DNA in the damage searching conformation of the
protein. The fact that the T51A mutation has little effect on the binding of the protein to
damaged DNA implies that once the methylated lesion is located, other elements within
the protein are able to effectively interact with the DNA and restore affinity.
Interestingly, the rate of the T51A mutant in repairing a 1-meA lesion was also reduced
to 41% of the wild type activity (Table 1). This decrease in activity is consistent with a
decreased ability of the mutant AlkB protein to search for damaged bases, and if so it
would further imply that locating damaged bases in DNA is the rate limiting step. Due to
the constraints of our activity assay, however, we were not able to measure kinetic
parameters of the enzyme; therefore, we cannot dissect effects in binding from catalysis.
The sensitivity of the MALDI-TOF MS did not allow for detection of repair of varying
substrate concentrations below 10 μM, which prevents the measuring of catalytic
parameters (i.e. Km and kcat).
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In contrast, the R161A mutation of the AlkB protein retains nearly wild-type
affinity for undamaged DNA (20 μM), but it shows close to a 5-fold decrease in affinity
for damaged DNA (~10 μM), indicating this residue has a larger role in the binding of the
damaged base in the repair conformation than in the searching conformation (Table 2).
Additionally, the rate of protein catalyzed repair of a 1-meA lesion using the R161A
mutant is the same as wild type protein (Table 1).

This equivalent repair rate is

consistent with the idea that lesion searching is the rate limiting step in the reaction and
once the lesion is located, oxidative repair is relatively fast.
Mutation of residue Y76 to alanine (Y76A) shows a 2.2-fold decrease in affinity
for undamaged DNA (35 μM), and a 5.5-fold decrease in affinity for damaged DNA (11
μM) (Table 2). The Y76A mutation also exhibits a rate of methylation repair of about
20% of wild type protein (Table 1). Our observations in the structures indicate that
amino acid Y76 rotates to close the active site after binding a methylated base (Chapter
II), which led us to predict that this residue plays a role in both damage base searching
and catalysis. Removal of the tyrosine side chain would preclude the closing of the
active site after a damaged base is bound. The reduction in affinity for damaged DNA is
consistent with the idea that the conformational change of this tyrosine from an open to
closed configuration is important for both binding of damaged bases and catalysis.
Furthermore, the reduction in binding affinity for undamaged DNA suggests that Y76
may also play a role in interrogating DNA for damage.
D135 and W69 are critical for enzyme catalysis and substrate specificity.
Mutation of D135 to alanine (D135A) in AlkB results in a ~10-fold increase in
affinity for DNA containing a methylated base and a 4-fold increase in affinity for
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undamaged DNA (Table 2). Most interestingly, the rate of repair for this mutant protein
on a 1-meA lesion decreased to less than 5% of wild type activity (Table 1). We
hypothesized that this residue is responsible for the specificity of AlkB for adenine and
cytosine substrates, so we also measured efficiency of repair of this mutant using a 1meG substrate (Figure 6). The repair of 1-meG lesions increased from undetectable
levels to a rate of about 30% of wild type activity on 1-meA (Table 1 and 3). These data
combined with the structure of 1-meG bound to the D135A mutant (Chapter II) lead us to
propose multiple roles for residue D135 in substrate specificity and catalysis. First, the
structure and activity assays support the idea that the carboxylate side chain of this
residue interact with the exocyclic amines of methylated adenine and cytosine bases to
provide preferential binding of these bases in the active site. Removal of the carboxylate
side chain of D135 not only relieves potential electrostatic clashes with guanine and
thymine bases but provides additional space in the active site for tighter binding of even
larger alkylated bases such as εA (Table 2). The fact that the D135A mutant protein
displays an increased affinity for undamaged DNA to nearly that of wild type protein
with damaged DNA leads us to propose that this residue is involved in both searching
and repair steps of the AlkB mechanism and that undamaged bases are transiently
sampled in the active site during searching of ssDNA.
A second role for the D135 residue seems to be in facilitating catalysis. The rate
of repair activity on 1-meA decreased by about 95% with the D135A mutant protein
despite an increase in affinity for a methylated base. Additionally, the repair of 1-meG
with this mutant was 30% of wild type activity in spite of the fact the structure
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Figure 6: Activity measurements of 1 μM AlkB wild type (open circle) and D135A
mutant (closed circle) with 10 μM of a 17-mer 1-methylguanine oligonucleotide for 25
minutes. Assay contained 1 μM wt or D135A AlkB enzyme with 10 μM substrate.
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TABLE 3:
AlkB wt and Asp135 rates and specific activities
on a 1-meG ssDNA oligonucleotide substrate
Rate
(μM/min)
0.005 μM/min +
0.0006

wt

0.22 μM/min + 0.03

D135A

80

shows the methylated base is correctly positioned in the active site for oxidative
demethylation by the enzyme (Chapter II). It is possible that the D135 residue not only
provides an interaction with the exocyclic amine of adenine and cytosine for substrate
specificity, but this interaction contributes to catalysis, possibly through partial
stabilization of the transition state.
The AlkB protein containing the W69A mutation did not display any detectable
levels of repair of methylated bases (Table 1). It also exhibited only a 2 to 3-fold
reduction in DNA binding affinity for both damaged and undamaged ssDNA in
comparison to the wild type enzyme (Table 2).

The complete loss of activity and

relatively small loss in binding affinity in this mutant suggests that the primary role for
residue W69 is to provide a π-stacking interaction for proper positioning of the substrate
in the active site for catalysis (Figure 1). The small change in binding affinity for both
damaged and undamaged DNA further suggests that W69 is also involved in searching
for damaged bases, and again, that AlkB interrogates each base in searching for
alkylation damage in ssDNA.
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DISCUSSION
Recent crystal structures of AlkB and hABH2 DNA complexes as well as hABH3
have provided valuable information into the mechanism of substrate recognition and
repair through amino acid residues appearing to form contacts with the damaged substrate
and DNA backbone (Chapter II)(26, 27, 29). We have data that is consistent with a
model for at least two binding modes for AlkB. In addition, the mechanisms underlying
substrate specificity were determined.
AlkB repairs 1-meA in ssDNA with a rate of 0.32 μM/min, and its efficiency in
repairing 1-meG is greatly reduced confirming previously published data (21-23).
Furthermore, our DNA binding experiments demonstrated a 10-fold difference in binding
affinity between damaged and undamaged DNA for the wild type protein.

This data is

indicative of two binding modes of AlkB, ‘searching’ and ‘repair’ (Figure 7). Site
directed mutagenesis of amino acids in and around the active site of AlkB enabled the
identification of those residues that have an impact on one mode or both. The DNA
binding loop consisting of T51-Y55 is responsible for the initial binding of DNA and
initiates the searching mode for DNA damage. Mutation of T51 to alanine resulted in a
loss in affinity for undamaged DNA and 60% loss in activity, which indicates that this
residue has an effect on searching for DNA damage. The loss in activity of this mutant is
indicative of DNA damage location being the rate limiting step in repair.
Structural studies demonstrated that Y76 adopts two conformations that open and
close the AlkB active site in the absence and presence of DNA (Chapter II). Mutating
this residue demonstrated that this residue participates in both the ‘searching’ and ‘repair’
modes of AlkB:DNA interactions. A mutant Y76A enzyme exhibited a loss in DNA
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Figure 7: Searching and repair conformations of E. coli AlkB. Site-directed
mutagenesis studies coupled with DNA binding and activity assays permitted the
identification of these binding modes as well as amino acid residues that have an effect
on one conformation or both. It was determined that the searching mode is the rate
limiting step in AlkB repair of DNA methylation damage.
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binding affinity to undamaged DNA and damaged DNA, as well as a significant loss in
activity on methylated substrates.
Finally, the activity data presented here support the necessity of the π-stacking
interaction and hydrogen bonding interaction of W69 and D135, respectively, are
essential for enzymatic activity on 1-meA. W69 is critical for maintaining the base in the
active site, and the carboxylate moiety of D135 imposes the selectivity for 1-meA over 1meG. Removal of D135 switches preference to 1-meG and likely to larger alkyl lesions
due to the increased space available in the binding pocket.
DNA binding data support a base searching mechanism for identification of AlkB
substrates in ssDNA. Removal of W69 affects AlkB binding to damaged ssDNA by 2-3fold, and this effect is carried over for undamaged ssDNA. In addition, mutating D135 to
alanine increased ssDNA binding affinity ~10-fold for 1-meA and εA and ~3-4 fold for
undamaged ssDNA. Therefore, we propose that AlkB interrogates each base in ssDNA
in search of a damaged base, and W69 stabilizes the substrate in the binding pocket for
catalysis. We further propose residue D135 is involved in the interrogation of DNA
bases as well, and its preference is for adenine and cytosine because of its exocyclic
nitrogen. Removing D135 results in a loss of specificity for adenine and cytosine and the
substrate binding pocket permits all bases to enter. This feature is consistent with the
increase in binding affinity for the D135A mutant. In addition, D135 is likely involved in
stabilizing the transition state of catalysis because our crystal structure with 1-meG bound
(Chapter II) shows that the D135A mutant enzyme positions 1-meG for oxidation, yet
this mutant was only 30% efficient at repairing 1-meG.

This stabilization of the

transition state could be made possible due to the electronegative charge of the
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carboxylate having strong affinity for the delocalized positive charge on the methylated
base. The hABH2 structure identifies a E127 residue that interacts with 1-meA (27) in
the same fashion as D135 does in E. coli, and it has been shown that hABH2 is primarily
responsible for the removal of endogenous 1-meA in cells (31). This suggests that this
glutamic acid residue may also be responsible for the specificity of hABH2 for these
lesions. This hypothesis, however, must await biochemical analysis to confirm it.
The π-stacking and hydrogen bonding properties of W69 and Y76 are both
conserved residues through viral, prokaryotic, and eukaryotic AlkB homologues (32).
The conservation of these interactions supports these residues being vital for DNA
binding and catalytic activity of AlkB proteins.

The data presented here provides

biochemical evidence to support the observations seen in the crystal structures of
AlkB:DNA complexes. The results provide valuable information into the mechanism of
substrate recognition and repair by AlkB that can be applied to future studies on other
AlkB homologues. Identification of residues involved in base searching, repair, and
substrate specificity will enable future studies in designing inhibitors of these enzymes
that specifically target different steps in the oxidative repair of DNA methylation.
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Chapter IV
PRELIMINARY STUDIES OF THE ALKB HOMOLOGUE: DROSOPHILA
MELANOGASTER ALKB

Paul J. Holland and Thomas Hollis
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ABSTRACT
AlkB catalyzes the oxidative demthylation of 1-methyladenine and 3methylcytosine in both DNA and RNA via a 2-oxoglutarate iron(II) dependent reaction
mechanism.

The oxidative activities of AlkB have been conserved throughout all

organisms where there are up to nine homologues in humans. Four of these homologues,
human AlkB homologues (hABHs) 1, 2, 3, and FTO display a similar oxidative
dealkylation of DNA; however little is known about the function and role that other
human AlkB homologues play in DNA damage repair pathways. The human ABH8
protein has been identified as an upstream signal target of NADPH oxidase (NOX)
promoting human bladder cancer progression. In addition to an AlkB domain, this
protein contains high sequence homology to a N-terminal RNA binding motif and Cterminal S-adenosyl methionine (SAM) dependent methyltransferase suggesting this
protein may have a dual role in methylating and demethylating nucleic acids. The data
presented in this chapter involves the study of an AlkB homologue from Drosophila
melanogaster call DmAlkB. This protein contains ~60% identity to the hABH8 protein
and was chosen for studies because of its greater solubility for in vitro studies as opposed
to recombinant hABH8. It is shown in this study that the C-terminal methyltransferase
domain of DmAlkB is unstable when subjected to proteases. Also, it is demonstrated that
DmAlkB co-purifies with a tRNA methionyl formyltransferase suggesting it may play a
role in translational regulation. Finally, nucleic acid precipitation assays reveal that
DmAlkB primarily interacts with RNA as opposed to DNA, and it prefers different
substrates than other known AlkB homologues.

91

INTRODUCTION
Genomic stability and integrity is preserved by a variety of DNA 4 repair enzymes
that include DNA alkylation repair proteins (1-3). The repair activities of these enzymes
prevent the cytotoxic and mutagenic effects of DNA alkylating agents (3).

The

Escherichia coli AlkB enzyme is a member of the adaptive response pathway that is
activated in response to the presence of DNA alkylating agents (4, 5). This protein
contains a 2-oxoglutarate (2-OG) iron (Fe)(II) dependent domain that catalyzes the
oxidative demethylation of primarily 1-methyladenine (1-meA) and 3-methylcytosine (68), but this protein is also capable of removing methyl damage in the form of 3methylthymine (3-meT), 1-methylguanine (1-meG), and 1, N6-ethenoadenine (εA) less
efficiently (9-12).

In addition, it has been demonstrated that AlkB is capable of

demethylating RNA (13).
AlkB activity is conserved throughout prokaryotes and eukaryotes where there are
up to nine homologues identified in humans and in mice (14). Human AlkB homologues
1, 2, and 3 (hABH1, 2, 3) catalyze a similar oxidative demethylation of 1-meA and 3meC to the E. coli protein (13, 15, 16). Human ABH1 is a mitochondrial protein that
preferentially repairs 3-meC lesions in DNA and RNA (16). Although hABH2 and
hABH3 share similar catalytic properties, there DNA binding preferences differ.
Structural and biochemical analysis of hABH2 reveal that this protein preferentially binds
dsDNA substrates, and mouse (mABH) knockouts of this enzyme display an
accumulation of 1-meA lesions in vivo, which supports this enzyme as being primarily
responsible for endogenous 1-meA repair (15, 17, 18). Human ABH3 is defined as a
4

Abbreviations: see page v.
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ssDNA binding protein that primarily removes 1-meA lesions in both DNA and RNA
(15, 19). Its interaction with RNA is still poorly understood. A novel AlkB homologue,
the obesity associated FTO protein, primarily removes 3-meT lesions occurring in DNA
(20). Recent studies on AlkB homologues have linked them to certain disease states. For
example, hABH3 has been revealed to be a highly expressed gene in human prostate
cancer (21). FTO is a key participant in the proper growth and development of the
central nervous system and cardiovascular system, and a key Arg mutation in this protein
results in severe growth anomalies in patients (22).
Despite these new insights into the human AlkB homologues, the substrate
specificities of hABH4-8 remain poorly understood. Sub-cellular localization studies
examining the expression of these homologues demonstrate that hABH4-7 are found in
both the nuclei and cytoplasm; however, hABH8 is localized in the cytoplasm
exclusively (21). This protein is also an upstream target of the NADPH oxidase (NOX)
signaling cascade, which leads to an increase in intracellular reactive oxygen species
(ROS) generation (23). The hABH8/NOX signal association appears to be involved in
the progression of human bladder cancer (23); however, hABH8’s function
biochemically remains to be determined.
Analysis of the hABH8 gene sequence reveals it encodes for a 664 amino acid
protein that is 2-3 times larger than other AlkB homologues. What is intriguing about
this enzyme is that not only does it contain sequence homology to other AlkB
dioxygenases, but it also contains a RNA binding motif on the N-terminus and a Cterminal methyltransferase domain that is homologous to the S-adenosyl methionine
(SAM) dependent methyltransferases (23).
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SAM dependent methyltransferases are

typically involved in the transfer of methyl groups onto various bases of DNA and RNA
substrates (24, 25).

In particular, hABH8 shares similarities with the tRNA

methyltransferase 9 (Trm-9) (~50% identity), which methylate tRNAs to regulate protein
translation (26, 27). These observations of hABH8 suggest that this enzyme may have a
dual function in cells to methylate and demethylate RNA to regulate protein expression.
A similar homologue (~60% identity) of hABH8 exists in Drosophila melanogaster
(DmAlkB), of which this homologue is the only known AlkB homologue in Drosophila.
In this chapter, the expression, purification, substrate interaction, and activity of
DmAlkB is examined in order to establish a function biochemically and structurally for
this enzyme. This protein was chosen for these studies because it was more soluble
during recombinant expression than hABH8 and mABH8. Although preliminary, these
studies establish DmAlkB as a RNA binding protein that does not exhibit similar
substrate preferences as other AlkB homologues that have been identified in the
literature. Additionally limited proteolysis assays for crystallization studies suggest that
the C-terminal methyltransferase domain of DmAlkB is unstable in comparison to the
AlkB domain.
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EXPERIMENTAL PROCEDURES

Molecular cloning, expression, and purification of Drosophila melanogaster AlkB
(DmAlkB). The DmAlkB gene was PCR amplified from

cDNA using appropriate

primers and inserted into the pET-19b expression vector (Novagen) that encodes for an
N-terminal poly-histidine tag that aids in the purification of the enzyme. The pET-19bDmAlkB vector construct was then transformed into C41(DE3) cells for protein
expression.

One liter of LB-broth (Luria-Bertani) supplemented with 50 μg/mL of

ampicillin was inoculated with C41(DE3) pET-19b-DmAlkB cells. Cells were allowed
to reach log phase (OD600=0.5) where they were induced for protein expression with 50
μM FeCl2 and 500 μM IPTG (isopropyl β-D-1-thiogalactopyranoside) for 5 hours at
25oC. Harvested cells were resuspended in lysis buffer (50 mM Tris 7.5, 500 mM NaCl,
15% glycerol) and lysed using an EmulsiFlex C-5 cell homogenizer (Avestin). Cell
debris was pelleted at 30000 x g, and the supernatant was passed over a Ni-NTA
(QIAGEN) column that had been equilibrated with lysis buffer. The column was then
washed to remove nonspecific proteins with 400 mL of lysis buffer supplemented with 50
mM imidazole. DmAlkB was eluted from the Ni-NTA column in lysis buffer containing
500 mM imidazole. Fractions corresponding to DmAlkB were pooled and dialyzed
against 30 mM Tris 8.5, 50 mM NaCl, and 15% glycerol for 12 hours at 4oC. Dialyzed
protein was then passed over an anion exchange Mono-Q column (GE Healthcare)
equilibrated with dialysis buffer. Protein was separated from impurities by increasing
NaCl concentration from 50-350 mM. DmAlkB elutes from the Mono-Q column at ~250
mM NaCl concentration. Eluted protein was pooled and passed over a Superdex-200 gel
filtration column (GE Healthcare) equilibrated with 20 mM Tris 8.1, 250 mM NaCl, and
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15% glycerol. DmAlkB was analyzed for purity by 15% SDS-PAGE electrophoresis.
Purified protein was concentrated to 15 μM using the molar extinction coefficient 70820
M-1cm-1 at λ = 280 nm. Concentrated DmAlkB was aliquoted, flash frozen in liquid
nitrogen, and stored at -80oC.
Limited proteolysis of DmAlkB. Limited proteolysis of full length DmAlkB was
carried out in a 10 μL reaction containing 3 μM DmAlkB, 20 mM Tris 7.5, and 50 mM
NaCl. To each reaction, 10 ng of protease (trypsin, elastase, proteinase K, papain, Glu-C,
and peptidase) was added and incubated for 30 min at 25oC. Reactions were analyzed by
SDS-PAGE electrophoresis to identify stable fragments.

Proteinase-K digests were

performed as outlined above at 4oC, 25oC, and 37oC using 10 ng, 20ng, and 40 ng of
protease with 8 μM DmAlkB.
Western Blot analysis of proteolytic fragments.

Proteolytic fragments were

separated on a 15% SDS-PAGE gel and transferred to a polyvinylidene fluoride (PVDF)
immunoblot membrane (BioRad) presoaked in electroblot buffer (25 mM Tris, 192 mM
glycine, 20% methanol) on a semi-dry transfer cell (BioRad) at 20 volts for 40 minutes.
Following transfer, the membrane was soaked for 15 min in 30 mLs of a 5% blocking
solution (5% w/v milk powder with 1x PBS), and the primary antibody (anti-His)
(QIAGEN) was added.

The membrane was allowed to incubate with the primary

antibody for 1 hour at 25oC, and then it was rinsed 3 times with 1 x PBS in 10 min
intervals. Fresh blocking solution was added to the membrane along with the secondary
antibody horseradish peroxidase (Sigma). The secondary antibody incubated with the
membrane for 1 hour at 25oC and was washed 3 times with 1 x PBS as outlined above.
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Blot was developed in 1 x PBS containing 2.5 μM CoCl2, 50 μg diaminobenzene (DAB),
1% hydrogen peroxide (H2O2).
Polyethyleneimine precipitation. C41(DE3) cells were grown, expressed, and
lysed as outlined above. Supernatants of lysed cells were split into three 20 mL fractions
labeled whole cell extract, DNase, and RNase. Samples labeled DNase and RNase were
treated with the respective nucleases (10 μg/mL) for 30 min at 25oC. All three fractions
were then treated with a 5% solution of polyethyleneimine (PEI) to a final concentration
of 2 mg/mL to precipitate the nucleic acids.

The precipitate was then pelleted by

centrifugation at 30000 x g. Pellets were resuspended in 10 mL of 50 mM Tris 7.5 and
150 mM NaCl and analyzed by SDS-PAGE electrophoresis.
Measurement of DmAlkB Activity. DmAlkB activity was assayed using a 13-mer
oligonucleotide containing a single ethenoadenine (εA) lesion. Reactions contained 45
mM Tris 8.0, 67 μM FeCl2, 0.9 mM 2-oxoglutarate (2-OG), 1.8 mM ascorbate, 20 μM
DNA (Operon), and 10 μM enzyme. Reaction was carried out at 37oC for 30 minutes
and quenched with 50 mM EDTA. Samples were prepared for matrix assisted laser
desorption ionization time of flight mass spectrometry (MALDI-TOF MS) analysis using
a C18 Zip-tip (Millipore) according to the manufacturer’s protocol. Samples were mixed
at a 1:1 ratio with DNA matrix (20 mg anthranilic acid, 8 mg nicotinic acid, 33 μM
ammonium citrate dibasic, 33% acetonitrile) and spotted on a Bruker Daltonics MALDITOF MS MTP target frame III. Samples were analyzed in the negative ion mode on a
Bruker Daltonics instrument to verify peaks corresponding to the substrate (3981.4 Da)
and product (3956.5 Da).
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RESULTS AND DISCUSSION
DmAlkB homology. Initial attempts to clone, express, and purify hABH8 and
mABH8 have resulted in insoluble protein (data not shown).

Sequence BLAST

searching of these sequences in the nucleotide database revealed a similar homologue in
Drosophila melanogaster (DmAlkB). A BLAST of the DmAlkB sequence against the
conserved domain database reveals that this protein, like hABH8, contains sequence
homology to other AlkB enzymes, as well as the SAM-dependent methyltransferases
(Figure 1) (28). Alignment of the DmAlkB protein sequence with hABH8 demonstrates
that these two proteins are ~60% identical, which suggests that they share a similar
function (Figure 2). In addition to the two domains, DmAlkB also contains a putative
RNA binding motif on the N-terminus like hABH8 (Figure 2). The high similarity of
sequences between these two proteins suggested that in the absence of soluble hABH8
protein for in vitro studies, DmAlkB would be an ideal candidate for studying the
structure and function of this enzyme.
DmAlkB purification.

In order to study DmAlkB activity and structure, the

DmAlkB was cloned into C41(DE3) cells for expression and purified (Figure 3) using
various forms of column chromatography (see EXPERIMENTAL PROCEDURES).
Interestingly, following the first step of purification on a Ni-NTA column, SDS-PAGE
analysis revealed an intense band at ~1:1 ratio with the DmAlkB separated by ~2 kDa
(Figure 3). It was hypothesized that this band may be a truncated form of the DmAlkB
protein; however, the protein was able to be separated from DmAlkB by passage of the
Ni-NTA sample over an anion exchange Mono-Q column. The fractions containing the
unknown protein were pooled together and submitted for N-terminal sequencing at the
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Figure 1: Sequence BLAST search (28) of Drosophila melanogaster AlkB (DmAlkB)
reveals strong similarity with AlkB proteins, but more interestingly it is revealed that its
C-terminal domain is homologous to the S-adenosyl methionine (SAM)-dependent
methyltransferases.
Figure was generated using protein sequence BLAST
http://blast.ncbi.nlm.nih.gov.
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Figure 2:
Sequence alignment of human AlkB8 (hABH8) with Drosophila
melanogaster AlkB (DmAlkB). DmAlkB is 40.5% identical to hABH8 (red boxes), and
16.5 % conservative identity (blue open box). Highlighted is the RNA binding motif
(yellow), AlkB domain (cyan), and methyltransferase domain (green). Alignment was
generated in ClustalX v. 2.0.9 (29), and the output was written by ESPript (30).
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Figure 3: Purification of DmAlkB from C41(DE3) cells. DmAlkB co-purifies with an
unknown protein band at a ~1:1 ratio from a Ni-NTA column. This unknown protein can
be removed by an anion-exchange Mono-Q column, and any residual impurities are
removed by an S-200 gel-filtration column. The unknown protein band was submitted
for N-terminal sequencing for identification. (MW): molecular weight markers; (U):
uninduced sample; (I): induced sample; (Ni): Nickel-NTA column; (Q): Mono-Q
column; (S200): gel filtration column.
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Wake Forest University School of Medicine Mass Spectrometry Core Facility. The
results of the N-terminal sequencing data and conserved domain search using NCBI
identified this protein as an E. coli methionyl-tRNA formyltransferase (FMT) protein.
FMT is a critical enzyme in protein translation. It utilizes N10-formyltetrahydrofolate to
formylate the methionyl moiety of the initiator methionine tRNA (31). This formylation
targets the initiator tRNA to the translation start machinery. It is interesting that this
protein is expressed at a high level along with the DmAlkB protein, and suggests that
these two proteins may interact with each other. BLAST search for FMT in Drosophila
melanogaster yielded several hypothetical proteins that are similar in sequence to the E.
coli FMT protein identified by N-terminal sequencing, but these proteins have not been
tested to verify their function as an FMT enzyme.
Recently, a tRNA methyltransferase 9 (Trm-9) SAM-dependent methyltransferase
in Sachromyces cerevisiae has been reported to modify tRNAs (specifically arginine and
glutamine tRNAs) to increase translation of primary DNA damage response proteins by
methylating

the

wobble

uridine

methylcarbonylmethyluridine
(mcm5s2U), respectively

of

(mcm5U)

(27).

tRNAArg
and

and

tRNAGlu

to

generate

5-

5-methylcarbonylmethyl-2-thiouridine

This methyltransferase is 50% identical to the

methyltransferase domain of DmAlkB. It is therefore possible that DmAlkB may not
only be involved in DNA alkylation repair, but also critical in the regulation of
translation of other DNA damage response proteins. This aspect could explain the high
levels of E. coli FMT protein present in the expression of DmAlkB. In essence, DmAlkB
may be a regulatory protein that is activated in response to DNA alkylation damage and
utilizes its methyltransferase domain to increase translation of DNA damage response
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proteins through methylation of specific tRNAs. Its AlkB domain may be used for DNA
damage repair, but it may also be used to demethylate tRNAs to decrease the DNA
damage response signal. These intriguing questions must await future experiments for
verification.
Limited proteolysis of DmAlkB to identify stable domains.

Upon obtaining

purified DmAlkB protein, protein crystallization experiments were performed using
sparse matrix screens, varying concentrations of the full length DmAlkB protein, and
varying concentrations of known AlkB and methyltransferase cofactors. Over time, it
became apparent that these crystallization experiments were proving to be unsuccessful
with no positive results in any conditions that were screened.

These unsuccessful

attempts suggested that there may be a protein stability problem and/or flexible surface
loops on the protein that were preventing proper crystal packing for crystals to form. For
these reasons, limited proteolysis experiments were performed to determine if a stable
fragment(s) could be generated for identification and subsequently cloned for more
crystallization experiments.
Full length DmAlkB was subjected to proteolysis by five proteases (trypsin,
elastase, papain, peptidase, proteinase-K, Glu-C).

The results of these experiments

demonstrated that DmAlkB is quite stable to proteolysis with the exception of the
cysteine protease, papain, and endolytic serine protease, proteinase-K (Figure 4).
Proteinase-K was chosen as the protease to use to determine stable domains of DmAlkB.
Full length DmAlkB was then treated with varying concentrations of Proteinase-K to
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Figure 4: Limited proteolysis of DmAlkB to identify a stable domain that may assist in
crystallization of the protein. Full length DmAlkB was treated with 10 ng of each
protease at 25oC overnight and digested samples were separated on a 15% SDS_PAGE
gel. The results of this experiment reveal that the protein was susceptible to proteolysis
by the proteases papain and proteinase-K.
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Figure 5: Proteolysis of DmAlkB with varying concentrations of proteinase-K and at
varying temperatures. (A) This study demonstrates that 10 ng of protease and all three
temperatures are sufficient to cleave the full length protein. Each condition generates two
prominent fragment bands at ~ 45 kDa (cyan) and ~27 kDa (red). (B) Western-blot
analysis of proteolytic digest probing for the N-terminal poly-His tag suggests that the
two major proteolytic fragments seen in (A) are cleaved from the C-terminal region.

105

optimize conditions to determine which gave the best results (Figure 5A).

It was

established that 10 ng of proteinase-K at 4oC, 25oC, and 37oC was more than efficient in
cleaving full length DmAlkB (Figure 5A).

Cleavage of DmAlkB by proteinase-K

generates two prominent fragments at ~45 kDa and 27 kDa respectively (Figure 5A).
In order to determine whether the cleavage was occurring on the N or C-terminal
side of the protein, the cleaved fragments were probed with the anti-His antibody through
Western blot analysis (Figure 5B). The results demonstrated that both of these fragments
still contained the N-terminal His-tag and suggested that the proteinase-K cleavage was
occurring from the C-terminal region, most likely removing the methyltransferase
domain from DmAlkB. Additionally, the Western-blot analysis demonstrated that the
full length protein itself is susceptible to similar degradation without proteinase-K
because the control sample contains these two prominent bands with the N-terminal Histag as well (Figure 5B). This data supports the hypothesis that the full length protein is
unstable and supports that the stability of the protein may be affecting crystallization.
Attempts have been made to clone the single AlkB domain that would correspond to the
fragment at 45 kDa on the SDS-PAGE gel, but initial expression trials of this construct
have generated insoluble protein. In addition, cloning of the methyltransferase domain
alone has been attempted unsuccessfully. More analysis will have to be performed such
as MALDI-TOF MS of these proteolytic fragments to identify the exact molecular weight
of the fragments to better plan future cloning and expression of this protein.
DmAlkB nucleic acid interaction and activity. In order to test the hypothesis that
DmAlkB is a RNA binding protein, polyethyleneimine (PEI) precipitation of nucleic
acids in whole cell extracts (WCE) containing expressed DmAlkB were performed.
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WCE were treated with either DNase, RNase, or no nuclease to establish a pool of RNA,
DNA, or both nucleic acids. Following nuclease treatment, the nucleic acids and any
proteins interacting with those nucleic acids were precipitated by the addition of PEI.
The results of this experiment demonstrated that the majority of expressed DmAlkB was
found in the WCE treated with DNase than that treated with RNase suggesting that
DmAlkB is a RNA binding protein (Figure 6). Furthermore, FMT was predominantly in
the RNA extract as well, which is expected since this protein is a tRNA
formyltransferase. These results support DmAlkB as a RNA binding protein and support
the hypothesis that this protein may be involved in translational control and regulation.
Additionally, DmAlkB and FMT both appear at an approximate 1:1 ratio in the RNA
extract (Figure 6), which is consistent with the purification of DmAlkB following elution
from a Ni-NTA column that proposes that these two proteins may interact with each
other.
In vitro activity of DmAlkB was measured using a 13 nucleotide ssDNA substrate
containing a single εA lesion and measured by MALDI-TOF MS.

After 30 min

incubation of DmAlkB with εA DNA, very little substrate was converted to product. The
data from this experiment demonstrated that εA is a weak substrate for DmAlkB (Figure
7) . It also implies that DmAlkB is not as active on similar substrates as other AlkB
homologues (7, 8, 11). Further activity assays will need to be performed on other AlkB
substrates such as 1-meA, 3-meC, 1-meG, and 3-meT. The low activity on εA by
DmAlkB supports the results of the precipitation assay that demonstrate DmAlkB
preferentially interacts with RNA as opposed to DNA.
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Figure 6: Polyethyleneimine (PEI) precipitation of induced cells to determine
DmAlkB/FMT interaction with DNA/RNA. Induced cells were either treated with
DNase or RNase for 30 min to remove the respective nucleic acids. Lysates were then
treated with 2 mg/mL of polyethyleneimine solution. Precipitated extracts were then
pelleted and resuspended for analysis by 15% SDS-PAGE. Results of this experiment
show a larger amount of DmAlkB/FMT in the DNase treated sample suggesting a
stronger interaction of these proteins with RNA.
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Figure 7: In vitro activity measurement of AlkB on an etheno-adenine (εΑ) substrate.
A. Spectrum showing E. coli AlkB mediated repair of εA. B. Representative MALDITOF MS spectrum of DmAlkB incubated with a 13-mer ssDNA oligonucleotide
containing a single etheno-adenine lesion. This data indicates that DmAlkB is not as
active on this substrate as AlkB and other AlkB homologues are (11, 32).
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The data presented in this chapter represent preliminary experiments studying
DmAlkB, an AlkB homologue that shares 60% sequence identity to its human
counterpart, hABH8. Both proteins exhibit a RNA binding motif, AlkB domain, and
methyltransferase domain suggesting a dual function in methylation and demethylation
activities (21). DmAlkB was chosen for these studies because previous attempts to clone
and express hABH8 and the mouse ABH8 have yielded insoluble protein. Here it is
demonstrated that DmAlkB purifies at a 1:1 ratio with a tRNA formyltransferase protein
and preferentially interacts with RNA as opposed to DNA. Future experiments will need
to be performed to determine the reason for the high levels of FMT expression in order to
identify the relationship between these two proteins.

Furthermore, experiments to

identify DmAlkB substrates will provide insight into its role in alkylation repair and/or
translational regulation. Future studies using SAM analogs will assist in identifying the
RNA substrate the DmAlkB preferentially interacts with. These studies will provide a
model for future studies on the hABH8 protein, which has been demonstrated to be an
upstream signal target of the NADPH oxidase (NOX) pathway as well as a contributing
factor in human bladder cancer progression (23).
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Chapter V
CONCLUSIONS AND FUTURE DIRECTIONS
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The electrophilic attack of DNA 5 bases by alkylating compounds generates alkyl
lesions on DNA (1). This alkylation damage can have serious effects on replication,
transcription, and cell cycle regulation making these lesions both mutagenic and
cytotoxic to cells if left unrepaired (2, 3). The potency and effects of DNA alkylating
agents have made them the target of research and development of chemotherapeutic
compounds for the treatment of certain cancers (1, 4).
Prokaryotes and eukaryotes activate various DNA repair mechanisms to combat
DNA alkylation damage, which includes but is not limited to nucleotide excision repair,
base excision repair, and direct repair (4, 5).

These repair mechanisms are often

regulated by a signaling pathway that is activated when increased levels of alkylation
damage is present. The Ada response pathway in Escherichia coli is activated following
increased levels of DNA alkylation (2).

This process is regulated by the Ada

transcriptional activator, which signals expression of four gene products, ada, alkB, alkA,
and aidB (3). The alkB gene encodes for the DNA direct repair enzyme, AlkB, a 2oxoglutarate (2-OG) iron (Fe)(II) dependent dioxygenase that removes alkyl lesions from
the N1 position of purines and N3 position of pyrimidines in DNA as well as RNA (612).
The repair activities of AlkB have been conserved throughout all prokaryotes,
eukaryotes, and even viruses (9, 13). Humans contain up to nine homologues, but the
biochemical properties are only understood in four of them, hABH1, 2, 3, and FTO (9,
14, 15).

Structures of AlkB and AlkB homologues have provided support for the

biochemical properties of AlkB activity (16-18); however, the method of substrate
5

Abbreviations: see page v.
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specificity, DNA/RNA binding, and locating DNA damage by the AlkB enzyme is poorly
understood. Additionally, little is known about other AlkB homologue’s biochemistry
and functional role in DNA/RNA repair. The data presented in this dissertation provide
further knowledge into the mechanisms underlying substrate specificity of AlkB for DNA
methylation damage, preferences for ssDNA by the E. coli protein, and DNA damage
searching of nucleotide bases in ssDNA.
AlkB:ssDNA structure. The crystal structure of the full length AlkB enzyme was
determined to 2.2 Å in complex with ssDNA containing a 1-meG lesion, and an
unliganded structure was determined to 2.9 Å. The protein:ssDNA complex was solved
using a D135A mutant enzyme that exhibited a stronger preference for 1-meG containing
substrates.

Superposition of the ssDNA structure with the AlkB:dsDNA structure

supports the previous structural data that AlkB prefers ssDNA substrates due to the
energetic requirements for flipping an alkylated nucleotide out of a DNA duplex as
opposed to flexible ssDNA (17).
Comparison of the ssDNA complex with the unliganded structure provided
greater insight into DNA binding and substrate recognition by this enzyme. It revealed
that upon binding to DNA the T51-Y55 loop expands by 2.5 Å to allow the DNA
backbone to fit into the DNA binding groove. Furthermore, in the absence of DNA, Y76
is flipped in an alternate conformation that opens the substrate binding for a base to enter.
When DNA binds, Y76 rotates in sealing the substrate binding pocket and stabilizing the
flipped nucleotide by hydrophobically packing against the base and bridging the
phosphates of the lesion base and the flanking base 5' to the lesion.

Also, it proposes

that Y76 flips open and close to allow bases to enter and leave the substrate binding
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pocket as AlkB searches for DNA damage. The localized movements of Y76 and the
T51-Y55 DNA binding loop in the “nucleotide recognition lid” domain of AlkB suggest
that the flexibility of this domain lies within these regions and not the domain as a whole.
Structural comparisons of AlkB with hABH3 suggests that the β-hairpin loop in hABH3
may have similar function as Y76 and the DNA binding loop in AlkB, which explains its
preference for ssDNA over dsDNA.
Additionally, analysis of the active site containing the 1-meG lesion shows it
binds to AlkB in a similar orientation to 1-meA. The removal of the carboxylate of D135
by mutation to alanine eliminates the electrostatic clash that would occur with the O6 of
1-meG, and the O6 occupies the same space as the N6 of 1-meA. Furthermore, it
suggests that this residue is responsible for the selectivity of AlkB for lesions on adenine
and cytosine bases. The interactions of D135 with the N6 of 1-meA are structurally
conserved in hABH2, which uses E127 to form a hydrogen bond to the N6 of 1-meA
(17). The structural data presented in Chapter II provided a snapshot of the features of
AlkB that are involved in substrate specificity and DNA binding.
Insight into AlkB protein/DNA interactions and substrate specificity. In Chapter
III of this thesis, biochemical studies using site-directed mutagenesis of amino acid
residues in the active site demonstrate that the π-stacking interaction between W69 and
the methylated base and hydrogen bonding interaction between D135 and the methylated
adenine base are critical for enzyme catalysis through stabilization of the methylated base
in the substrate binding pocket. Equilibrium binding studies of the W69A mutant with
ssDNA containing 1-meA, εA, or no damage support this observation due to the 2-3 fold
reduction in binding to all three substrates. Although no detectable activity was observed
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for the D135A mutant for 1-meA, a 10-fold tighter binding affinity for damaged DNA
and a ~4-fold tighter for undamaged DNA were measured for this mutant. Additionally,
it was established that D135 imparts the substrate specificity of AlkB for 1-meA and 3meC lesions because removal of this residue translated into a 40-fold increase in activity
for 1-meG lesions. This data also suggested that AlkB checks each base for DNA
damage in ssDNA.
It was further demonstrated through mutational analysis that Y76 and T51 play a
critical role in stabilizing the catalytic complex with 80% and 50% loss in activity for
both of these mutants, respectively. The loss in activity by Y76 is most likely due to its
greatly reduced binding affinity for damaged DNA (wt > 10 fold), which also suggests
that this residue is responsible for the phosphate requirement of the lesion base for
catalytic activity to occur (19). The 50% reduction in activity by T51A appears to be a
result of destabilizing the T51-Y55 loop that forms contacts to the DNA backbone, and it
suggests it is involved in DNA damage searching since this mutant enzyme exhibited a
decrease in affinity for undamaged DNA. The mutagenesis data outlined above highlight
the mechanisms of substrate specificity and DNA binding by the AlkB protein. In
addition, it revealed that AlkB utilizes two binding modes in DNA damage repair, a
‘search’ mode and ‘repair’ mode.
Future directions. The linkage of human AlkB homologues (hABH8 and FTO) to
human bladder cancer and central nervous system (CNS) and cardiovascular system
development has shifted the focus of future experiments to understanding the
biochemistry of these two homologues both enzymatically and structurally. Furthermore,
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it has been revealed through mouse knockout studies that the FTO gene is involved in
obesity (20).
In Chapter IV of this thesis, preliminary data was presented on the Drosophila
melanogaster AlkB homologue (DmAlkB) that is 60% identical to the hABH8 protein
where both enzymes contain an N-terminal RNA binding motif, AlkB domain, and Cterminal SAM-dependent methyltransferase domain.

Sequence homology analysis

suggests that the methyltransferase domain of this protein is homologous to a Trm-9
methyltransferase in Sacchromyces ceriviseae, which is a tRNA methyltransferase
involved in regulating the translation of proteins involved in DNA damage response
pathways (21).

The nucleic acid precipitation studies in Chapter IV suggest that

DmAlkB prefers RNA substrates to DNA substrates. Future experiments on this enzyme
will involve identifying substrates for catalytic activity and determining the crystal
structure of the DmAlkB protein in complex with its substrates. The laboratory is
currently developing a collaboration with Lindsay R. Comstock, Ph.D. (Assistant
Professor of Chemistry at Wake Forest University) to utilize SAM analogs to covalently
crosslink the DmAlkB protein to its substrate. These analogs will be used for pull down
assays by tethering DmAlkB to an affinity column and passing whole cell extracts from
Drosophila cells over the column. Substrates can be identified using tandem mass
spectrometry (MS/MS) and answer the hypothesis that DmAlkB is a tRNA modifying
enzyme. This cross-linking strategy could also be employed for co-crystallizing the
protein with its substrate.
The human FTO protein has been identified as a ~59 kDa 2-OG Fe(II)
dioxygenase enzyme capable of removing DNA methylation from the N3 position of
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thymine and uracil in RNA (15). FTO also plays a crucial role in the growth and
development of the human CNS and cardiovascular system as well as a contributing
factor to obesity (22). This protein is ~2x (500 aa) the size of other AlkB homologues
and very little information is known biochemically in regards to DNA/RNA binding and
substrate specificity. Employing similar strategies described in Chapter II and III, I have
begun cloning and expressing this protein in order to carry out in vitro activity assays,
DNA binding assays, and structural studies. The FTO gene has been PCR amplified from
cDNA (Invitrogen) and cloned into the NdeI and XhoI restriction sites of a pET-17b
expression vector (Novagen) (Figure 1a).

An N-terminal poly-histidine tag was

engineered into the expression vector to allow affinity purification of the expressed
protein over a Ni-NTA column.
The pET-17b-FTO plasmid was transformed into C41(DE3) cells for expression.
One liter of LB-broth (Luria-Bertani) supplemented with 50 μg/mL of ampicillin was
inoculated with C41(DE3) pET-17b-FTO cells, grown to an OD600=0.5 at 37oC, and
induced with 30 μM FeCl2 and 500 μM IPTG for 4 hours at 25oC. Harvested cells were
resuspended in lysis buffer (50 mM Tris 7.5, 500 mM NaCl, 15% glycerol). Cells were
lysed using an Emulsiflex C-5 cell homogenizer (Avestin) and pelleting cell debris at
30000 x g.

The supernatant was then passed over a Ni-NTA (QIAGEN) column

equilibrated with lysis buffer. The column was then washed with 400 mL of lysis buffer
containing 25 mM imidazole. FTO protein was eluted in lysis buffer containing 500 mM
imidazole. Eluted FTO protein was dialyzed for 16 hours at 16oC against 30 mM Tris
7.5, 100 mM NaCl, 2 mM DTT, 0.5 mM EDTA, 15% glycerol. Dialyzed protein was
then passed over a Hi-Trap Mono-Q column (GE Healthcare) equilibrated with dialysis
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Figure 1: PCR amplification and expression and purification of human FTO. (A)
Human FTO was PCR amplified from cDNA (Invitrogen) using appropriate primers and
varying amounts of MgSO4. (B) Purification of human FTO. (MW): molecular weight
markers; (U): uninduced sample; (I): induced sample; (Ni): nickel column; (Q): Hitrap Mono-Q column; (S200): gel filtration column.
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buffer, and the protein was eluted by a linear salt gradient from 100 mM to 500 mM
NaCl. FTO elutes at ~200 mM NaCl off the Mono-Q column. The protein was then
passed over a Superdex-200 gel filtration column equilibrated with dialysis buffer.
Purified FTO protein was analyzed for purity by SDS-PAGE electrophoresis (Figure 1b),
and it was concentrated to 5 mg/mL (84 μM) using the molar extinction coefficient
95340 M-1cm-1 at λ = 280 nm. This concentration of protein was used to set up initial
crystallization screens of FTO. With purified enzyme, future experiments will involve
identifying substrates and nucleic acid binding studies using similar approaches described
in this dissertation.
Overall Conclusions. The studies described in this dissertation have provided
valuable insight into the catalytic activity and specificity of the AlkB enzyme. The
conclusions obtained from these experiments further our understanding of the complexity
of DNA damage repair pathways and lay the foundation for the study of other AlkB
homologues. These results will assist in designing inhibitors of these unique repair
enzymes that will enhance the efficacy of DNA alkylating chemotherapeutic agents.
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APPENDIX A: E. COLI ALKB EXPRESSION AND PURIFICATION

A-1: SDS-PAGE of E. coli AlkB expression and purification. (MW), Molecular weight
markers. (U), Uninduced sample. (I), Induced sample. (Ni), Nickel affinity purification.
(C), Precission Protease cleavage. (S-200), Gel filtration purification.
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APPENDIX B: X-RAY DIFFRACTION DATA

B-1: Wt AlkB X-ray diffraction data were collected on beamline x29 at the National
Synchrotron Light Source (NSLS) in Brookhaven, New York.
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B-2: D135A AlkB:ssDNA complex X-ray diffraction data were collected at 100oK on a
Rigaku MicoMax-007 rotating Cu anode generator with a Saturn-92 CCD detector.
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APPENDIX C: PERL SCRIPT FOR CALCULATING AREA UNDER THE CURVES
FROM MALDI-TOF MS DATA (AUTHOR: EDWARD PRYOR JR.)
######
#BEGIN DESCRIPTION
######
#Filename:
#
# massSpec.pl
#
#Modification Dates:
#
# October 1, 2007:
#
Main program written, tested, and debugged
#
# October 2, 2007:
#
Added intermediate curve calculations
#
#Summary:
#
# This program will take a mass and intensity list from the MALDI-TOF and
# calculate the areas under damaged, intermediate, and undamaged peaks
# using the trapezoidal algorithm.
#
#To Run This Program:
#
# First, edit this file and change the ranges for each of the peaks. These
# changes only need to be made ONCE to the constant variables. These changes
# are as follows:
#
# To set the low and high range of the damaged peak, change the values to the
# variables $DAMAG_L and $DAMAG_H, where $DAMAG_L is the low value for the
# range, and $DAMAG_H is the high value
#
# To set the low and high range of the undamaged peak, change the values to the
# variables $UNDAM_L and $UNDAM_H, where $UNDAM_L is the low value for the range,
# and $UNDAM_H isthe high value
#
# To set the low and high range of the intermediate peak, change the values to
# the variables $INTER_L and $INTER_H, where $INTER_L is the low value for the
# range, and $INTER_H isthe high value
#
# From the terminal, type perl massSpec.pl FILE
#
# where FILE is the name of a file of masses and intensities generated
# by the MALDI. The format of this file is:
#
3919.968 -17
#
3920.022 -14
#
3920.076 -12
#
3920.129 -11
#
etc...
#
#Output:
#
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# The output from this program will be the areas under the curves for each of
# the peaks, in addition, the percentage of each peak is also given. An example
# of output generated from this program is shown here:
#
#
Damaged Area = 502.7215 0.114895205175845
#
Undamaged Area = 3002.85300000002
0.686291339335803
#
Intermediate Area = 869.903999999994 0.198813455488352
#
Int + Und Area = 3872.75700000001
0.885104794824155
#
######
#END DESCRIPTION
######
use warnings;
use strict;
use Carp;
#Constant variables to set the low and high range of damaged peak
my $DAMAG_L = 3978.028;
my $DAMAG_H = 3989.48;
#Constant variables to set the low and high range of the undamaged peak
my $UNDAM_L = 3955.324;
my $UNDAM_H = 3967.343;
#Constant variables to set the low and high range of the intermediate peak
my $INTER_L = 3994.573;
my $INTER_H = 4004.103;
###
#Open filehandle, named FILE, filename is second arguement to input
open (FILE, "$ARGV[0]") or die "Cannot open file $ARGV[0]\n";
#Put each line of the file into an array, (lines)
my @lines = <FILE>;
#initialize parallel arrays for masses (dam_x) and intensities (dam_y) of
#damaged peak
my @dam_x;
my @dam_y;
#initialize parallel arrays for masses (und_x) and intensities (und_y) of
#undamaged peak
my @und_x;
my @und_y;
#initialize parallel arrays for masses (int_x) and intensities (int_y) of
#intermediate peak
my @int_x;
my @int_y;
#go through each line of the file, separate the mass from the intensity, and
#put into the array, (values).
for (my $i = 0; $i<scalar(@lines);$i++){
chomp $lines[$i];

132

my @values = split(' ',$lines[$i]);
#look to see if current mass is in the damaged range, if it is, save it
if (($values[0] >= $DAMAG_L) && ($values[0] <= $DAMAG_H)){
push (@dam_x,$values[0]);
push (@dam_y,$values[1]);
}
#look to see if current mass is in the undamaged range, if it is, save it
if (($values[0] >= $UNDAM_L) && ($values[0] <= $UNDAM_H)){
push (@und_x,$values[0]);
push (@und_y,$values[1]);
}
#look to see if current mass is in the intermediate range, if it is, save it
if (($values[0] >= $INTER_L) && ($values[0] <= $INTER_H)){
push (@int_x,$values[0]);
push (@int_y,$values[1]);
}
}
#initialize variables for each of the three areas
my $dam_area = 0;
my $und_area = 0;
my $int_area = 0;
#calculate areas under the curves using the trapezoidal rule.
#The algorithm is:
#sigma i from 0 To n-1 (n is number of points in each curve)
#
#{yi(xi+1 - xi) + (1/2)(yi+1 - yi)(xi+1 - xi)}
#
#calculate damaged area
for (my $i = 0;$i<scalar(@dam_x)-1;$i++){
$dam_area+=($dam_y[$i]*($dam_x[$i+1]
$dam_y[$i])*($dam_x[$i+1] - $dam_x[$i]));
}
#calculate undamaged area
for (my $i = 0;$i<scalar(@und_x)-1;$i++){
$und_area+=($und_y[$i]*($und_x[$i+1]
$und_y[$i])*($und_x[$i+1] - $und_x[$i]));
}

-

-

$dam_x[$i])

+

(.5)*($dam_y[$i+1]

-

$und_x[$i])

+

(.5)*($und_y[$i+1]

-

#calculate intermediate area
for (my $i = 0;$i<scalar(@int_x)-1;$i++){
$int_area+=($int_y[$i]*($int_x[$i+1] - $int_x[$i]) + (.5)*($int_y[$i+1] - $int_y[$i])*($int_x[$i+1] $int_x[$i]));
}
#calculate total area for percantage calculations
my $total_area = $dam_area + $und_area + $int_area;
#print areas and percentages
print "Damaged Area = $dam_area\t".($dam_area/$total_area)."\n";
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print "Undamaged Area = $und_area\t".($und_area/$total_area)."\n";
print "Intermediate Area = $int_area\t".($int_area/$total_area)."\n";
print "Int + Und Area = ".($und_area+$int_area)."\t".(($int_area+$und_area)/$total_area)."\n";
#end program
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