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Abstract

The oldest chemotherapeutic drugs still in use today are the alkylating agents. In many
cases, their effectiveness is hindered by the ability of cancerous cells to develop resistance using
the cell’s innate DNA repair enzymes, such as hABH2. Targeted inhibition of such enzymes can
potentially greatly improve chemotherapy. Aptamers are more efficient, versatile and
theoretically easier to discover than conventional small molecule inhibitors. However, Aptamer
selection is regularly unsuccessful and screening inhibitors is a lengthy process. Here we
optimize the aptamer selection process using Emulsion PCR to improve the amplification
efficiency post NECEEM separation and rapidly select high affinity aptamers to untagged
hABH?2 in 4 rounds. We then show the efficiency and robustness of the recently introduced
direct CE-based approach to rapidly measure the demethylation activity of hABH2 and hABH3
towards ssDNA 3-meC substrates and discuss its potential as method to identify aptamers able to

selectively inhibit hABH2.
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Chapter 1: Introduction

1.1 DNA Alkylation

DNA is naturally susceptible to cytotoxic, mutagenic and clastogenic modifications. These
include oxidation, deamination, and alkylation of the nucleobases. In humans, DNA damage may
occur at a daily rate of 20,000 bases per cell.?® If left unrepaired, this damage could cause
widespread mutation and apoptosis.?* The relative contribution of each aforementioned DNA
damage mechanisms is not well established. However, the ubiquitous expression and
conservation of several types of alkylation repair enzymes indicates that alkylation damage is a

significant one.?>’

DNA alkylation can be classified into two broad categories: epigenetic and mutagenic.
Epigenetic methylation, such as 5-methylcytosine and 6-methyladenine, is a key mechanism of
gene regulation which is tightly controlled by methyltransferases. Such modifications can alter
chromatin structure and control the access of transcription factors to gene promoters.? In
contrast, mutagenic alkylation, such as 1-methyladenine (1-meA) and 3-methylcytosine (3-meC),
is an uncontrolled process occurring due to the nucleophilic nature of oxygen and nitrogen atoms
in nucleobases. Such lesions were found to block cell replication and cause mutation and
apoptosis when left unrepaired.?*° For example, 3-meA has been found to cause sister
chromatid exchange, DNA breaks, S-phase arrest, accumulation of p53 and apoptosis.>! While
unwelcome in somatic cells, these cytotoxic effects make alkylation an attractive mechanism for
chemotherapeutics.*? Alkylating drugs aim to disrupt DNA replication in cancer cells, leading to

cell cycle arrest and cell death.>
1.2 Alkylating Antineoplastic Agents

The aforementioned toxic nature of alkylation is utilized by a large class of
chemotherapeutic drugs termed the alkylating antineoplastic agents.>* These drugs are the oldest
cancer chemotherapeutics, dating back to the realization that mustard gas used during the First
World War can be used to treat a variety of cancers.>>*® There are currently five major structural
classes of alkylating agents: nitrogen mustards,?” aziridines,*® alkyl sulfonates,* nitrosoureas,*’

and platinum-containing drugs.*! These drugs are both monofunctional and bifunctional agents,



forming a single or double alkyl lesion, respectively. Both monofunctional and bifunctional
lesions can block DNA replication and cause apoptosis. In general, bifunctional lesions are
considered more cytotoxic than monofunctional ones.*> Monofunctional agents can alkylate
base-pairing nitrogen or oxygen atoms in DNA. This prevents the alkylated strands from
hydrogen bonding with their compliments or may block DNA polymerase from replicating the
DNA.3%4344 Bifunctional agents are able to form interstrand or intrastand crosslinks. Interstrand
crosslinks join two complementary strands, preventing them from uncoiling and replicating,
whereas intrastrand crosslinks join two adjacent bases, blocking DNA polymerase from properly

replicating the DNA #>46

Although alkylating agents can be divided into five distinct structural classes, their
mechanisms of actions can be similar. It is important to understand the structural implications as
well as the mechanisms of action of each class as they help determine the scope of clinical
application. Detailed below are the specific mechanisms of alkylation and clinical uses of each

class of alkylating agent.
1.2.1 Nitrogen Mustards

Nitrogen mustards were the first agents tested for their chemotherapeutic potential. After
the end of the Second World War, nitrogen mustard was found to be able to kill tumor cells.
Since then, hundreds of nitrogen mustard-based alkylating agents were tested for their
chemotherapeutic potential and a small portion was found to be successful in treating cancer.
These include nitrogen mustard (mechlorethamine), and its derivatives chlorambucil, melphalan,
cyclophosphamide and ifosfamide. These drugs share a common bischloroethyl group,
CI(CH2)>0(CH>)Cl, responsible for the alkylation reaction.*’” This group mainly alkylates N7 on
guanines as well as N> and N7 on adenine.*” Mechlorethamine spontaneously loses a chloride
atom in aqueous solutions and forms a reactive ethylenimmonium ion. Due to this rapid
activation, the drug is known to cause major side-effects and is generally avoided. However, it is
still used in combination with other drugs to treat Hodgkin’s disease, lymphosarcoma, leukemia

and bronchogenic carcinoma.



Alternatively, cyclophosphamide is not reactive in aqueous solutions and requires
activation by cytochrome P450-mediated microsomal oxidation in the liver.* When metabolized,
cyclophosphamide forms 4-hydroxycyclophosphamide, a non-polar compound which can enter
cells readily. In the cell, 4-hydroxycyclophosphamide spontaneously degrades into a reactive
bischloroethyl containing phosphoramide mustard or nornitrogen mustard (Figure 1A). In order
to turn into an active alkylating agent, the bischloroethyl group of nitrogen mustards cyclizes
into an imonium ion, a highly reactive alkylating moiety, which can react with DNA and form an
alkyl monoadduct. This monoadduct can then form another imonium ion, which can react with a
second base, forming a crosslink (Figure 1B).*® This more controlled release of the drug and the
cell-permeation mechanism makes cyclophosphamide an effective chemotherapeutic. As such,
this alkylating agent is one of the most commonly used chemotherapeutics, able to treat a wide
variety of cancer. Unfortunately, a byproduct of the nitrogen mustards cyclization reaction is
acrolein, an agent responsible for hemorrhagic cystitis.’® Of the nitrogen mustards,
cyclophosphamide was found to be more potent and produce less acrolein than other mustard-

based agents.*’

The effectiveness of mustard agents is reduced, however, due to DNA repair enzymes in
cancer cells. These agents repair the DNA lesions induced by mustard agents, thus reversing
their cytotoxic effects. The overexpression of the base excision repair enzyme 3-methyladenine-
DNA glycosylase as well as the nucleotide excision repair enzyme ERCC-1 has been attributed

to nitrogen mustard resistance in Chronic Lymphocytic Leukemia cells.’! Additionally, the
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Rad51-related homologous recombination repair enzyme was found to contribute to removal of

DNA crosslinks induced by nitrogen mustards.>>
1.2.2 Aziridines

The aziridines are characterized by a three membered aziridine ring structure similar to
the reactive imonium ion ring formed by nitrogen mustards. The aziridine ring does not carry a

positive charge like the imonium ion and is therefore less reactive than nitrogen mustards.



Members of this family include triethylenemelamine, triethylenethiophosphoramide (thio-tepa)
and mitomycin C. Thio-tepa has been used since the 1950’s and is still one of the most popular
aziridines. It is most effective in treating ovarian and breast cancer as well as superficial
papillary carcinoma of the urinary bladder.>® Thio-tepa forms alkylation lesions on N! of
thymine, O? of cytosine, N!, N® and N’ of adenine, as well as N!, N” and O° of guanine.?® Similar
to nitrogen mustards, thio-tepa is a bifunctional alkylating agent able to form guanine-guanine
and adenine-guanine crosslinks.>* The drug is also able to induce monofunctional adducts that
lead to DNA strand breaks and apoptosis.*® Uniquely, the aziridine mitomycin C requires
enzymatic reduction to activate the aziridine ring, forming a positively charged imodium-like
ring.> Once reduced, the ring can interact with DNA, forming cytotoxic crosslinks. Mitomycin
C is used to treat bladder, breast, cervix, stomach and pancreatic cancers.>® The drug is not
recommended for prolonged use, however, due to permanent bone-marrow damage, lung fibrosis
and renal damage. As with nitrogen mustard, increase in DNA crosslink repair has been
attributed to cancer resistance to aziridines chemotherapeutic agents, such as mitomycin C.%’
Specifically, inhibition of the Brca2- Rad51 homologous recombination repair has been found to

significantly increase the sensitivity of cancer cells to mitomycin C.®
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1.2.3 Alkyl Sulfonates

Alkyl sulfonates are sulfonic acid esters with the general formula R-SO>-O-R'. Busulfan
is the only member of this group with clinical applications. The drug forms DNA crosslinks in a
mechanism distinct from that of nitrogen mustards and aziridines. Busulfan is able to alkylate N’
on guanine without the generation of intermediate reactive species (Figure 2).3%°° Busulfan has
been used as the drug of choice for treatment of chronic myeloid leukemia for a number of years.
Recently, however, the drug was replaced by the more effective imatinib, a tyrosine kinase
inhibitor.* Busulfan is still in moderate use due to its low cost. As with the nitrogen mustards
1

and aziridins, DNA crosslink repair has been attributed to cancer cell resistance to Busulfan.®

However, no specific enzyme has yet been identified as a mediator for this resistance.
1.2.4 Nitrosoureas

Nitrosoureas are a group of alkylating chemotherapeutic agents composed of a nitroso
(R-NO) as well as a urea group. Commonly, these drugs contain a 2-chloroethylnitrosoureas
(CENUs) active group (Figure 3). The most common nitrosourea chemotherapeutics are
carmustine, lomustine, semustine and chlorozotocin. Due to their lipophilic nature, nitrosoureas
are able to cross the blood—brain barrier and are therefore used in treating brain tumors such as
glioblastoma multiforme.®* CENUs are highly unstable and spontaneously form a number of
products of which 2-chloroethyldiazene hydroxide is the most important. 2-chloroethyldiazene
hydroxide rapidly converts to the alkylating 2-chloroethylcarbonium ion, which produces DNA
crosslinks (Figure 3).°* CENUs are among the most active chemotherapeutics, commonly
alkylating N7 and O° on guanine.®* As with other alkylating agents, the effectiveness of

nitrosoureas is reduced though the removal of alkyl lesions by DNA repair enzymes. The O°-



alkylguanine—-DNA alkyltransferase repair enzyme has been implicated in inducing nitrosoureas

drug resistance.®
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1.2.5 Platinum-Based Drugs

Platinum-based drugs are arguably the most effective, potent and well-studied
chemotherapeutics currently in clinical use. Cis-diamminedichloroplatinum(II) (Cisplatin), the
most commonly used drug of this class, is often termed the “Penicillin of Cancer” because it has
been highly effective in treating a wide variety of malignancies.*! The platinum-based drugs can
exist in bivalent or tetravalent states. Tetravalent drugs, such as ormaplatin, become biologically
active by converting into the bivalent state. Once in a bivalent state, these drugs can exist in cis-

or trans-configurations, of which only the former is effective as an alkylating agent. For



unknown reasons, other metals used in place of platinum such as gold, ruthenium, rhodium and

palladium, have not been shown to be cytotoxic to cancer cells.’

Cisplatin exists in a bivalent state and is composed of two chloro and two amine groups
in a cis-configuration. This drug is non-enzymatically activated through a displacement reaction
in solution. The chloro groups are exchanged in a stepwise manner with water molecules,
resulting in an equilibrium between a variety of species.’® Of the highly reactive charged species,
chloro-monoaquo is the most reactive with DNA at physiological pH (Figure 4A). These
reactive species interact with DNA, forming monoadducts and crosslinks (Figure 4B).
Carboplatin, an analogue of cisplatin, has a similar mechanism of action but is less nephrotoxic,
due to a slower aquation rate which allows for more controlled dosage. Similar to the previous
classes of alkylating antineoplastic agents, platinum-based drugs are rendered ineffective by
DNA repair enzymes in cancer cells. Inhibition of DNA alkylation repair enzymes, specifically

hABH2, has been shown to increase the effectiveness of cisplatin in treating lung cancer.®’
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1.3 Alkylation DNA Repair

Alkylating agents have been used to treat a variety of cancers, but their efficacy is limited
by the development of drug resistance induced by DNA repair enzymes. °*%° Such enzymes are
able to rapidly reverse the cytotoxic DNA lesions induced by the chemotherapeutic drugs.>>"" As
drug resistance develops, an increased dose of the chemotherapeutic is required to have an
adequate effect. Most chemotherapeutics are toxic to cells; as the required dose of drug
approaches the limit of the tolerable dose of the patient, the chemotherapeutic can no longer be
used.”! In order to develop more effective chemotherapeutics, it is important to identify and

characterize the repair enzymes involved in chemotherapeutic drug resistance.



Both prokaryotic and eukaryotic cells have evolved conserved mechanisms to dealkylate
cytotoxic DNA lesions.’”? Alkylation repair mechanisms include base excision repair, nucleotide
excision repair, recombination repair, and direct damage reversal.*’> Of all these techniques, the
direct damage reversal mechanism is the most efficient as it prevents apurinic/apyrimidinic (AP)

site intermediates and does not required additional enzymes to maintain DNA integrity.”?

The direct damage reversal mechanism in Escherichia coli (E. coli) has been well-studied
and resulted in the discovery of similar mechanisms in eukaryotes.” When an alkylation lesion
occurs in the E.coli genome, the adaptive response (Ada response) is activated.”” The Ada
response is initiated when the Ada methyltransferases transfers a methyl group from DNA onto
itself. This transfer activates the Ada protein, enabling it to upregulate the expression of AlkA,
AlkB and AidB DNA repair enzymes. Ada methyltransferase is upregulated in response to

cytotoxic alkylating agents and significantly increases cell survival in response to such agents.”

The mechanism of the AIkB family of alkylation repair enzymes remained elusive for
nearly two decades. Unlike the other enzymes controlled by the Ada response, AlkB does not
have apparent DNA methyltransferase, DNA glycosylase, nuclease, or DNA-dependent ATPase
activity.” In 2001, bioinformatic protein fold-recognition studies and sequence analysis of the
enzyme finally revealed that AlkB, as well as its human homologues, belong to the Fe?" and 2-
Oxoglutarate dependent dioxygenases superfamily of enzymes (Fe-20G-dependent

)~74

dioxygenase).”* This has allowed for the development of enzymatic assays, uncovering the

specific function of these proteins.
1.4 Oxoglutarate and Fe?* Dependent Dioxygenases

Fe-20G-dependent dioxygenases were first identified in prolyl and lysyl hydroxylase
reactions involved in collagen biosynthesis.”’ As the name suggests, these enzymes catalyze the
addition of oxygen from a dioxygen source to a target molecule, requiring Fe** and 20G as
cofactors. The oxidation of the alkyl groups results in a C—N bond cleavage to produce an
unmodified base and a formaldehyde molecule in the case of demethylation. Fe-20G-dependent
dioxygenases all share a conserved double stranded B-helix (DSBH) core with flanking a-helices

which coordinate iron binding.® Figure 5 illustrates the proposed mechanism by which the
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human AlkB Homologue 2 (ABH2) dealkylates a methylated adenine (1-meA). Briefly, the
DSBH core coordinates iron binding through a conserved His-Asp-His motif and three water
molecules. Upon 20G binding, two water molecules are displaced, allowing for the bidentate

binding of 20G (C-1 carboxyl, C-2 keto). The binding of 20G weakens the bond to the third

water molecule, exposing the iron binding site to molecular oxygen (Oz), forming a super-oxo

radical anion (O?). This oxygen radical then forms a peroxo bridge intermediate produced by the

attack of the peroxide to the a-keto of 20G, forming a high-valent iron(IV)-oxo intermediate.
The iron-oxo intermediate then hydroxylates the methyl lesion. This hydroxymethyl group is

unstable and spontaneously detaches as formaldehyde, resulting in a demethylated base.'”

Figure 5: Proposed ABH2 mechanism. Generated using ChemSketch. Adapted from ',
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Although this direct repair processes is only known to repair a relatively small number of DNA
lesions, the simplicity and practically error-free nature makes it an attractive means for DNA

repair in a cell.”

Enzymes of the Fe-20G-dependent dioxygenase family have a wide variety of functions
in both eukaryotes and prokaryotes. The human genome has been found to contain over 60
different Fe-20G-dependent dioxygenase genes.’® In addition to DNA repair, many enzymes in
this family were found to play a role in other physiologically important process, such as
chromatin modification,” oxygen sensing,*” and fatty acid metabolism,*! making them an
attractive target for therapeutics.® This family of proteins are ubiquitous throughout prokaryotic
as well as the eukaryotic domains and is the largest oxidizing family of enzymes which does not

have a heme group catalyzing the oxidation of a wide variety of reactions.**’

The identification of AlkB as a member of the Fe-20G-dependent family of
dioxygenases has allowed for the development of AlkB enzymatic assays. AlkB has been found
to repair the most common and stable forms of cytotoxic alkylation, 7-methylguanine (7-meQ),
1-meA and 3-meC by a direct damage reversal mechanism in double-stranded DNA (dsDNA),
single-stranded DNA (ssDNA) as well as RNA.*#

Humans were found to have nine AlkB homologues termed ABH 1 through ABHS, as
well as the Fat Mass and Obesity-associated protein (FTO). Of these, only hABH2 and hABH3
were found to be functional homologues of AlkB. These two proteins have similar substrate
specificities to AlkB and were able to repair the most common alkylated targets: nitrogen atoms
of purines.® The significance of DNA repair in chemotherapeutic resistance has raised the
potential of targeting hABH2 and hABH3 to increase the effectiveness of alkylating neoplastic
agents. To this end, using the assays developed for AlkB, the function and medical significance

of these proteins has been slowly uncovered over the years.

1.5 ABH2
1.5.1 Discovery

Cancer drug resistance is the main cause the failure of many chemotherapeutics.® In the
case of alkylating neoplastic agents, the involvement of DNA repair enzymes has been well

12



established.’>7%86 As the importance of AIkB as an alkylation repair enzyme has emerged in
E.coli, the discovery of human homologues was motivated by the potential of revealing novel
repair mechanisms, possibly involved in the aforementioned chemotherapeutic resistance. AlkB
expression in humans cells has been shown to increase cell survival in response to the cytotoxic
methylating agent Methyl methanesulfonate (MMS), suggesting that humans may have a similar
repair mechanism.®” To find human AIkB homologs (hABH), Wie et al. compared the amino
acid sequence of AlkB with a human cDNA database containing ~500 000 human expressed
sequence tags, or ESTs (fragments of cDNA library sequences). Using the blastn and tblastn
algorithms, a sequence match was found in an EST derived from a human synovial sarcoma
cDNA library. The sequence has a 34% identity and 59% similarity at the amino acid level to a
region within the C-terminus of AlkB. This region is conserved in all Fe-20G-dependent
dioxygenases.!? The protein encoded by the full length cDNA sequence contained 299 amino
acid residues encoding a 34 kDa polypeptide. As with AlkB, expressing the protein in E. coli
was able to rescue AlkB-mutants from MMS-induced cell death, suggesting that the protein is a

function homologue of AlkB.%®

In attempt to further characterize the homologue, Duncan ef al. was not able to reproduce
the results obtained by Wie et al. Using a BLAST search of the NCBI human DNA sequence
databases, the team found two additional potential AIkB homologues. The original AlkB
homologue was named ABH1 and the newly discovered homologues were named, appropriately,
hABH2 and hABH3. hABH2 has a 30.8% core region identity to AlkB whereas hABH3 has a
23.1% identity to AlkB."?

Likely unaware of Duncan et al.’s work, two months after the publication of hABH2 and
hABH3, Aas et al. published the same AlkB human homologue sequences which he discovered
while characterizing a uracil-DNA glycosylase gene.*** Due to the established existence of
hABHI1, they named the homologue hABH2. Follow-up BLAST search resulted in the
identification of a second homologue which they named hABH3.%% Aas et al., like Duncan et al.,
were not able to replicate Wei ef al.’s hABH1 results, but did show that hABH2 and hABH3
have activity analogous to AlkB, providing further evidence that hABH2 and hABH3, but not
hABHI1, are functional human homologues of AlkB. To further characterize the function of

13



hABH2 in the cell, it is necessary to identify its specific substrates. The similarity of hABH?2 to

AIkB allowed for the use of existing assays to reveal its function.
1.5.2 Substrate Specificity

The potential of hABH?2 to be a true functional homologue of AlkB was extensively
tested. Radiometric assays combined with High-Performance Liquid Chromatography (HPLC)
analysis (section 1.8.2) were carried out to determine the substrate specificity of the enzyme.'>!®
Similar to AlkB, hABH2 was shown to remove both 1-meA and 3-meC, but not 3-methyladenine
(3-meA) lesions in ssDNA (Figure 6, Table 1). Additionally, using a semi-quantitative
radioactive formaldehyde release assay (Section 1.8.4), hABH2 was found to be 4 times more
active on 1-meA than 3-meC. These assays also revealed that hABH?2 is completely dependent
on 20G, stimulated by AA and inhibited by EDTA through Fe?* chelating, providing further
confirmation that hABH2 is a member of the Fe-20G-dependent superfamily.'? Similar to AlkB,

using a radioactive cytosine (as opposed to a radioactive methyl group as in previous assays),

Table 1: Known substrate specificity for ABH2 and ABH3

ABH2 ABH3
1-meA (ssDNA)'?
1-meA (dsDNA)* 3-meC (ssDNA)'?
Good
3-meC (dsDNA)* ]-meA (RNA)*
3-meC (RNA)*
3-meT (dsDNA)?°
1-meA (ssDNA)!?
Moderate 3-meC (ssDNA)!? 3-meT (ssDNA)?
eA (dsDNA) %2
A (ssDNA) 2

1-meA (dsDNA)!?
3-meC (dsDNA)'?
3-meT (dsDNA)?
I-ctA (dsDNA)'

3-meT (ssDNA)?
Weak gC (dsDNA) 22
1-etA (dsDNA)!?
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hABH2 was shown to be able to directly remove 3-meC lesions, producing an unmethylated base
without an AP intermediate.'>!® Using a radiometric assay, similar activity was observed by
hABH?2 as it successfully repaired 1-ethyladenine (1-etA), however at approximately 0.5% of the

rate of 1-meA."?

The hABH2 discovered by Aas ef al. alongside Duncan ef al., show similar
demethylation activity, confirming them to be the same proteins discovered in parallel. Using
HPLC analysis of radioactive methylated ([*H]methylated) DNA (Section 1.8.2) as well as
radioactive formaldehyde release assay, hABH2 was able to demethylate 1-meA and 3-meC. The
enzymes were also shown to be completely dependent on both Fe?" and 20G and the direct

demethlyation mechanism of a 1-meA and 1-meC was confirmed by LC-MS/MS (section 1.8.3).
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Figure 6: Repair of 1-meA and 3-meC lesions by ABH2 and hABH3. 1 nM of protein was
incubated with ['*C]Mel-treated poly(dA) or poly(dC) for 30 min under standard assay
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hABH2 has an apparent preference for dsSDNA substrates (Figure 7A). However, further
analysis revealed that hABH2 has the highest activity towards dealkylation of M 13
bacteriophage (ssDNA genome), followed by 1-meA and 3-meC lesions in dsDNA and almost
no activity towards similar lesions in ssDNA (Figure 7B). Lesions on these bases disrupt base-
pair binding and cause local unwinding of dsDNA, thus disrupting replication and triggering
cellular checkpoints.”®’! hABH2, but not hABH3, was able to fully recover M13 as well as A
bacteriophages (dsDNA genome) inactivated by MMS, similar to AlkB. However, hABH2,
unlike AlkB and hABH3, was not able to recover ssRNA bacteriophage MS2, suggesting that
hABH2 acts mainly on dsDNA.*
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Figure 7: A) Comparison of the activity of AlkB, hABH2 and hABH2 towards ssDNA (filled
circles) and dsDNA (open circles) substrates. B) Comparison of the activity of activity of
AlkB, hABH2 and hABH3 towards DNA and RNA substrates as well as M13 ssDNA (filled
squares). Enzyme was incubated with radioactive [H*Jmethylated substrate. The DNA was
precipitated by ethanol and the released radioactivity in the supernatant was measured by
scintillation counting. Experiments were carried out at least three times with similar results.
Adapted from .
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Despite Aas et al.’s findings that hABH?2 has clear preference towards dsDNA, Duncan
et al. did not observe any such differences. To resolve this discrepancy, Falnes et al. tested
hABH?2 ssDNA and dsDNA substrate specificities using different oligonucleotide sequences
under different conditions.!! hABH2 showed a moderate preference towards dsDNA substrates
with no significant difference between substrates with different melting points.!! The presence of
magnesium (Mg?") was found to affect the apparent substrate specificity of hABH2 towards
dsDNA (Figure 8). This specificity was observed exclusively when Mg>" was present in the
reaction. This is likely caused by the known influence of Mg?* on the structure of DNA as well
as its established effect on the activity and specificity of DNA repair enzymes.”> While Mg?*
containing buffers were used in some studies, it was not present in others. The results showed
that Mg?" appeared to stimulate the activity of hABH2 towards dsDNA but inhibited it towards
ssDNA substrates. It is, therefore, possible that the discrepancy seen by Duncan ef al. can be
attributed to the lack of Mg?"* in the reaction. Unlike hABH3, hABH?2 is not able to demethylate :
3-methylthymine (3-meT) lesions in ssDNA efficiently; however it is able to repair 3-meT

lesions is dsDNA.20

To investigate the importance of hABH2 in-vivo, mABH2-null mice were generated.'®
hABH2 was knocked out by mutating the Fe?*-binding motif, a highly conserved region essential
for enzymatic activity.'* mABH2-null mice were found to be completely viable. Homozygous

mutant mice were phenotypically indistinguishable from heterozygous or wild-type mice well
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Figure 8: The effect of Magnesium on the preference of hABH2 for dsDNA. [*’H]methylated
ACGT-oligo (single or double stranded) was incubated with varying concentrations of hABH2
in the absence (circles) or presence (triangles) of MgCl,. The ethanol soluble radioactivity was
measured by scintillation counting. Adapted from '!.
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into adulthood. Additionally, no abnormalities were observed in the tissues of homozygous or
heterozygous mice during histopathological studies. To determine the effect of mABH2
knockout, LC-MS/MS (section 1.8.3) was utilized to determine the degree of methylation of
DNA extracted from the liver of 1, 4, 8 and 12 month old mice (Figure 9C). Whereas no 1-meA
was detected in mABH3-null mice, a clear accumulation of 1-meA lesions was observed in
mABH2-null mice over the 12 months (Figure 9A, B).'® This finding supports the claim that
spontaneous methylation lesions arise in the genome and ABH2 acts as a housekeeping gene,

repairing such lesions in the genome as they arise.

Utilizing a restriction enzyme based activity assay (section 1.8.5), Ringvoll ef al. tested
the ability of cell extract from wild type as well as mABH2-null mice liver, testis and kidney

tissue to repair 1-meA and 3-meC lesions in dsDNA. In all tissues, mABH2 appeared to be the
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Figure 9: Accumulation of 1-meA in aging repair-deficient mice. A. Accumulation of 1-meA in
genomic DNA from liver of 1-12 month-old wild-type, mABH2-and mABH3-targeted mice.
The steady-state level of 1-meA was determined by the HPLC-MS/MS. B. Numerical values of
I-meA in genomic DNA from liver of 8- and 12—month-old mABH2-null mice. C. HPLC-
MS/MS chromatogram of 1-meA in genomic DNA from liver of 8-month-old wild-type (upper
panel) and mABH2-targeted mice (middle panel), compared with 1me(dA) standard (lower
panel). Adapted from '8,
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primary enzyme responsible for dsSDNA 1-meA and 3-meC lesions repair. mABH3-null extracts
were similar to wild type and mABH2/mABH3-null extracts were similar to that of mABH2-null
cells, confirming hABH2’s importance. Cellular extract from the kidneys, in which mABH2
expression is low, had a significantly reduced methylation repair activity as compared with the

liver, where mABH2 expression was high.!'®

In addition to methylated and ethylated DNA, hABH2 has been shown to repair etheno
lesions.?? Such adducts are formed by oxidative stress through lipid peroxidation as well as by
vinyl chloride, an organochloride used in PVC production. Etheno lesions were found
ubiquitously in genomic DNA in both humans and mice.”® Two major types of etheno lesions are
1,NS-Ethenoadenine (gA) and 3,N*-ethenocytosine (sC). €A adducts are highly mutagenic in
mammals.”* Reduced A and €C repair has been associated with lung cancer.”® Alkyl-N-adenine-
DNA glycosylases (ANPG) is currently the major DNA glycosylases able to remove €A, leaving
behind an AP site.”® However, this finding has since been disputed as ANPG knockout mice did
not show reduced €A lesions upon vinyl carbanate treatment.®’ This has inspired the search to
find the enzymes responsible for etheno lesion repair. Recently, AIkB has been demonstrated to
reverse etheno lesions, raising the possibility that hABH2, and possibly hABH3, possess a
similar activity.!> Using a restriction enzyme assay (section 1.8.5), hABH2 has been shown to
successfully remove €A lesions in both ssDNA and dsDNA, with a marginally higher activity
towards dsDNA substrates.”> mABH2 mediated €A repair was also observed in mice cellular
extracts. Additionally, hABH2 expression in E. coli has rescued etheno induced cell death
mediated by ethenolated M 13 phage infected E. coli, although not as effectively as AlkB.
Notably, whereas the above in-vitro assays were performed on dsDNA substrates, M13 phage
has ssDNA genome. AlkB’s preference of single stranded substrates may explain its increased
effectiveness over hABH2. Additionally, whereas €A lesions were used for the in-vitro assays,
chloroacetaldehyde introduces ¢C more frequently.”® No significant difference in viability was
observed between ANPG-knockout and mABH2-knockout cells treated with chloroacetaldehyde.
A time course LS MS/MS analysis of mice with hABH2”", hABH3"~ and ANPG” knockouts
over 24 months showed no accumulation of €A in wild-type, mnABH2”, or mABH3" null mice

up to 12 months of age. However, significant eA accumulation was observed in ANPG ™~ as
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early as 9 months. This suggests that hABH2 alone is not sufficient for clearing all of the

endogenously generated €A lesions.?

Once the substrates have been identified, it is important to determine the kinetic
parameters, such as Km and kcat, to accurately measure the enzyme’s efficiency and preference
towards different substrates. Determining such constants are also important as they help

determine the inhibition efficiency of potential chemotherapeutic enhancers.
1.5.3 Kinetic Parameters

To date, no kinetic parameters for the human ABH2 were determined. However, in 2005,
Lee et al. has determined the kinetics for the mouse homologues of ABH2 and ABH3. mABH?2
shares 75.1% identity with the human homologue with the differences in the sequences located
mostly in the N-terminus of the proteins, away from the active core region. Such similarity
suggests that the activity between the proteins is conserved. This was confirmed as, similar to
hABH2, mABH2 was able to rescue AlkB-deficient E. coli strains from MMS induced cell death
with similar efficiency. Additionally, both enzymes showed comparable demethylation activity

towards a variety of substrates.'*

To obtain kinetic parameters, the team used restriction enzyme assay (Section 1.8.5) to
measure mABH2 demethylation activity of both 1-meA and 3-meC lesions with both ssDNA and
dsDNA substrates (Table 2). mABH?2 appears to remove dsDNA 1-meA and 3-meC lesions
more efficiently than any other substrate-enzyme pair. hABH2 repairs dsDNA lesions three

times more efficiently than the most efficient hABH3 repair.'*

To gain further insight into the protein’s specific function, structural and comparative
studies were performed. Such studies revealed a great deal about the protein dependence on 20G
and Fe as well as its mechanism of function. Such structural analyses show potential inhibition

targets for targeted therapeutics.
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Table 2: Steady-state kinetic constants for removal of 1-meA and 3-meC by hABH2 and
hABH3. Adapted from '4.

keat (7)) Rel. keat K M)  Rel. 1/Kn  kead K (M7's™Y)  Rel. kea/ Kin

1-meA

ss-ABH2 3.30+0.27 87.3 183 £23 1.75 1.80 x 107 4.00

ds-ABH2 13.72+£2.0 363 320+ 73 1.00 4.29 x 107 9.51

ss-ABH3 2.98+0.74 78.8 182140  1.76 1.63 x 107 3.63

ds-ABH3 1.83£0.038 485  263+110  1.22 6.97 x 10° 1.55
3-meC

ss-ABH2 1.06 £ 0.12 280  822+22 3.89 1.29 x 107 2.86

ds-ABH2 8.84 +0.88 234 167 +27 1.91 5.29 x 107 11.7

ss-ABH3 2.06 +0.32 54.4 162 + 48 1.97 1.27 x 107 2.81

ds-ABH3 0.0378 £ 0.0077 1.00  840+16  38.1 4.51 % 10 1.00

Relative values (Rel.) are calculated by dividing the lowest value of k. or Kin by individual values. All values

were determined by performing the reactions in triplicates.

1.5.4 Structure

Protein domain analysis using DomainFishing” revealed that the C-terminus domain of
the hABH2 is highly similar to that of other Fe-20G-dependent dioxygenases (Figure 10A).%
Similar to other Fe-20G-dependent dioxygenases hABH2 contained a Fe?*-binding motif
(HXDXn~H), as well as a conserved arginine involved in binding C° carboxylate of 20G (Figure
10B).'? Mutational studies showed that a single mutation of the aspartic acid (D) in the iron
binding motif (HXDXnNH) abolishes the demethylation activity of the protein, likely by
preventing iron binding.!* Mutation of the last histidine in the (HXDXnH), however, reduced but
did not eliminate the function of the proteins, suggesting that this mutation weakens but does not
prevent Fe? binding. Furthermore, the secondary structure prediction of hABH2 revealed a clear
alignment between the proteins and the overall crystal structures of known Fe-20G-dependent
dioxygenases (Figure 10B). Specifically, the proteins share several B-strands which form a
structure known as ‘jellyroll’ fold. The crystal structure of hABH2 bound to dsDNA was solved
in 2008 by Yang et al.® The structure revealed the aforementioned predicted jellyroll fold. This
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fold consists of a C-terminus core double-stranded B-helix (DSBH) in which eight f-strands form

a ‘jellyroll” structure. This structure is shared by all Fe-20G-dependent dioxygenases.

3

The solved crystal structure of hABH2 also revealed differences in the way that hABH2

and AlkB interact with DNA. Whereas hABH2 contacts both complementary strands, AIkB only

contacts the lesion containing stand (Figure 11A and B). hABH2 appears to use a short

A

Ec.AlkB:21l6
ABH1:387
ABH2:261
ABH3:286
IPNS:z3
DAOCS:27
ANS:340

Ec.AlkB(77-214)
BBH1({175-345)
ABH2(120-258)
RBH3(139-279)
IPNS(134-286)
DAOCS(103-231)
ANS(161-302)

Ec.RAlkB(77-214)
ABH1(179-345)
ABHZ2(120-258)
ABH3(139-279)
TENS(134-286)
DAODCS(103-231)
ANS({161-302)

Ec.AlkB(77-214)
ABH1(179-345)
ABH2(120-258)
RBH3(139-279)
IPNS{!EQ—?&E}
DAOCS (103-231)
ANMS (161-302)

LYSPIDPOTHEFWPAMPOSFHNL ThA=—————= === AGYPDFQFDACLT

DSKRKYSADHYTFFPSDLGFL PR — === — = e GFEDFRAEAGILEYER - ————c e m e
LTYTFSGLTLSPKP-WIPVE B e GVTGQTFNEVLI R e S
LPYTYSRITMEPNPHWHPVLRTLKNRIE-———————————— ENTGHTFNSLLCHLER - ——————————————
GFQDFAEQYYWDVFGLSSAL AT GKEENFFARH--FKPDDTLASVVLIRYPYLDPYPEAATKTAAD
DFERIWTQYFDROYTASRAVARE ATGTEPDGGVEAFLD-—--CEPLLRFRYFP-c———mm e e e

DY IEATSEYAKCLRLLATHKVI

=

s |
B1

PG-AKLSL G- ~GLKRNDPL~= == ==~ KREEEE - — === = =~ HGD
LD-STLGT L,G-GLORDEAPTAMFMHSGD GF-SRLLNHAV
DGCDHIGE FROKDSRGKSPSR———m——— RV P----LAHGS
NEKDS MREKPPPEENGDYTYV-ERVE] N - 1
GTELSFE VETAAGYQDIEADDT = === HCGSYMAHLTNN
—=—LRMAP AEVGGAFTDLPYRPD————— GAIATLVTGG
——-LGVE LFYEGKWVTAKCVPD————— IGDTLEILSNG

pnvampEchfa
()

LLMMNHPTNTHHN FREIL
LLIMEGATQADN F
e " ofr el
QVK—-—-———-AB RrfsvERLrE
14 (I I TR
B7 I
B B7

Figure 10: Fe-20G-dependent dioxygenase sequence alignment. A) Similarity of the C-terminus
core region of AlkB, hABHI1, hABH2 and hABH3 and other known Fe-20G-dependent
dioxygenase: isopenicillin N synthase (IPNS), deacetoxycephalosporin C synthase (DAOCS), and
anthocyanidin synthase (ANS). B) The predicted secondary structures of AlkB, hABH2 and
hABH3 core region aligned with that of known Fe—20G-dependent dioxygenase. Green - known
secondary structures. Red - predicted secondary structures. Background colors: green-conserved
hydrophobics; red-conserved Fe? coordinate; blue-conserved substrate binding pocket; violet-
conserved substrate binding pocket of known structures only; magenta - conserved binding pocket
for predicted structures; yellow - substrate binding pocket not conserved. Adapted from '2.
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positively charged loop (RKK motif, Arg 241-Lys 243) and a flexible, longer loop which binds
the complementary DNA strand using Arg 198, Gly 204 and Lys 205 residues (Figure 11B).
Additionally, the proteins use different base flipping mechanisms to position the methylated base
in their active site. hABH2 utilizes an aromatic finger residue (Phe 102), similar to DNA
glycosylases, to intercalate into the duplex thereby flipping the base (Figure 11B, and Figure
12A). AIkB lacks such a finger residue and manipulates the DNA backbone around the base as to

stack the flanking bases over one another, resulting in base flipping (Figure 11A).

A AlkB-DNA1 B ABH2-DNA2

Figure 11: A) AIkB-DNA complex. Green - protein (the cross-linked Cys 135 is labeled);
Orange — Mg*'; blue - 20G; yellow- DNA; magenta - flipped base C8* and the two bases
flanking C8%*; red - disulphide bond. B) ABH2-DNA complex. Same colour coding as in b.
DNA-binding loop containing the RKK sequence is labeled. Adapted from .
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The protein structure containing cofactors was determined by soaking the crystals in a
solution containing 20G and Mg?* which occupies Fe?* binding site. The cofactor binding site
was found to resemble other Fe-20G-dependent dioxygenases.>*!% An octahedral structure is
formed around the metal ion by His 171, Asp 173, His 236, 20G and H>O (Figure 5, Figure
12B). Residues Phe 124 and His 171 stack on both sides of the 1-meA lesion and position it in
the active site (purple, Figure 12b).° A similar stacking was observed with AIkB.® In hABH2,
residues Tyr 122, Glu 175, Asp 174 as well as H2O form a hydrogen-bonding network that
interacts with N® and N7 of 1-meA (Figure 12b). Such an interaction was not observed in AIkB
where only Asp 135 and Glu 136 together with a H,O contact N of the methylated base. The
negatively charged glutamic acid residue (Glu 175) likely interacts with the positively charged 1-

meA base and stacks with the 7 system of Phe 124. A similar system is observed in AIkB.°

a ABH2-DNAG b

Glu 175

Tyr122
Asp 174
W | Asp 173
Phe 124 ¥ 7
» H,O
]

Yilgl
vill

7 His 236

2KG

Figure 12:hABH?2 base flipping and activity site structure. a) hABH2-DNA complex with 1-
meA in the active site. Green - protein (the cross-linked Cys 135 is labeled); Orange — Mg?*;

blue - 20G; yellow- DNA; magenta - flipped base C8* and the two bases flanking C8%*; red -
disulphide bond. b) Active site of hABH2 with Mg>" (orange), 20G (blue) and 1-meA (light

magenta). Adapted from °.
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When comparing the structures of AlkB, hABH2 and hABH3, it appears that hABH3,
which has a similar substrate specificity as that of AlkB, shares substrate binding motifs with
hABH?2 more so than with AlkB. The long loop utilized by hABH2 to bind the complementary
DNA strand is partially present in hABH3 (Figure 13). Further similarity between hABH2 and
hABHS3 is seen in the finger residue, however, the aromatic ring is absent in hABH3. hABH3
also does not contain the positively charged RKK motif which hABH2 uses to contact the
complementary strand of dsDNA (Figure 13).° In 2010, Monsen et al. attempted to identify the
source of the divergent function between hABH2 and hABH3 using motif swapping and site-
directed mutagenesis.'’! The team focused on the DNA binding finger motif, a feature present in
both hABH2 and hABH3 but not AlkB (Figure 13). In hABH2, the finger motif is hydrophobic
and composed of 20 residues. In contrast, the finger motif in hABH3 is hydrophilic and
composed of 17 residues. Deletion of this motif abolishes the demethylation function of both
ssDNA and dsDNA substrates in both proteins. Swapping the finger motif between hABH?2 and
hABH3 resulted in a loss of hABH2 dsDNA function and a greatly reduced ssDNA activity.
However, when the hABH2 finger motif is inserted into hABH3, an increase in 3-meC repair

activity towards ssDNA, comparable to that of hABH2, and a significant increase in dsSDNA

Figure 13: structures of AIkB (magenta), ABH2 (protein in green and DNA backbone in
orange) and hABH3 (blue). The crystal structure of hABH3 was obtained without a
substrate. Adapted from ©.
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demethylation activity is observed. Therefore, the finger motif seems to be essential for the

hABH2 dsDNA methylation repair activity.

Characterizing hABH2 would not be complete without expression and localization
studies. The extent of the expression of the protein in somatic and pathologic cells could reveal
the significance of the protein in cell maintenance as well as in pathology, information that may

not be available through structural and substrate specificity studies alone.
1.5.5 Expression and Localization

hABH2 mRNAs expression was found in a variety of human tissues and cell lines.
Relatively high levels of hABH2 mRNA were detected in liver and bladder tissues as well as in
HeLa (cervical cancer) cells. A later study by Lee et al. detected the highest level of hABH2
mRNA in the testis, skeletal muscle, liver, prostate, ovary, and heart as well as lower amounts in
the peripheral blood leukocytes, colon, thymus, spleen, pancreas, and kidney. No mRNA was

observed in the lung, placenta, or brain tissue.'*

The hABH2 protein was localized to cell nucleus, where it was present diffusely
throughout the nucleoplasm and accumulated in nucleoli.* hABH2 exhibits bright, dot-like
fluorescence structures in the nuclei but not in the nucleoli. This dot-like pattern might indicate
the position of methylated DNA.?® Outside S phase, hABH2 was homogeneously distributed in
the nucleoplasm but showed some accumulation in nucleoli. During synthesis (S phase), hABH2
co-localized with proliferating-cell nuclear antigen (PCNA), a protein known to accumulate in
the replication foci, suggesting a similar localization for hABH2.* PCNA is a sliding clamp
protein important in DNA replication, DNA repair, epigenetic regulation, chromatin remodeling,
cell cycle control and sister chromatid cohesion.!”? Many proteins which localize to the
replication fork commonly interact with PCNA through a conserved PCNA-interacting peptide
(PIP) box. hABH2 has no known PIP box.* Follow-up mutagenic studies revealed a novel
PCNA-interacting motif termed AlkB homologue 2 PCNA-interacting motif (APIM).!% A
database search has found over 200 proteins containing this motif, many of which are involved in

cell maintenance.
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The ubiquitous expression of hABH2 as well as its accumulation in the nucleus suggests
that the protein is important for genomic maintenance. Additionally, the high relative expression
of hABH2 in HeLa cells implies a possible contribution to cancer development. As discussed
previously, it is possible that hABH2 maintains cancer cell DNA, allowing it to replicate

indefinitely and evade DNA-damaging chemotherapeutics.
1.5.6 Pathological Role

A large portion of chemotherapeutic agents function by damaging the DNA of tumor
cells, thereby aiming to trigger cell cycle arrest and apoptosis. Increase in the DNA repair
capability of cancer cells may, therefore, significantly reduce the effectiveness of such therapies.
DNA repair enzymes are in fact often found to be over-expressed in a cancer cells.*>!1%
Therefore, inhibiting such enzymes could increasing the effectiveness of modern
chemotherapeutics.’® Alkylating agents are among the most commonly used antineoplastic
agents.3*!1% Recently, Fe-20G-dependent dioxygenases emerged as important DNA alkylation

repair enzymes and have, therefore, been suggested to contribute to chemotherapeutic resistance

in various cancers.?” Over the past decade, increasing evidence emerged to support this claim.

Non-small cell lung cancers (NSCLC) is the most common and deadly forms of lung
cancer. Platinum-based alkylating drugs, such as cisplatin, are the main chemotherapeutic used
to treat NSCLC.!% Lung cancer tumors were shown to be able to develop a resistance to these
drugs by repairing cisplatin induced lesions, eventually making the chemotherapeutic ineffective
entirely.!%® Inhibition of hABH2 using a lentivirus-mediated RNA interference (RNA1) in non-
small cell lung cancers cell line was found to increase pro-apoptotic Bax levels (member of the
Bcl-2 family) and decrease cancer cell survival in response to Cisplatin treatment.®’ Notably,
since Cisplatin is not strictly an alkylating agent as it does not add alkylating lesions (Figure
4B), it is likely that hABH2 has the ability to remove lesions beyond the established repertoire
described previously (Table 1).

Photodynamic therapy (PDT) has emerged as a promising chemotherapeutic alternative
to radiotherapy and surgery.'?” Photodynamic therapy excites photosensitizers, such as photofrin,

in cancers cells which then induce cytotoxic reactive oxygen species (ROS) production. Clinical
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trials using photofrin-mediated PDT (Ph-PDT) has shown success in treating gliomas, a
classically difficult to treat brain tumor.'®® However, Ph-PDT resistance in glioma, as well as
other cancers, has emerged.!?!!! Ph-PDT has been reported to function though DNA oxidative
damage.!'? Although many mechanisms have been proposed to causes Ph-PDT resistance, DNA
repair has been often overlooked. Both hABH2 mRNA and protein have been found to be
overexpressed in glioma cells that have developed Ph-PDT resistance. hABH2 knockout
intensified the cytotoxic effects of Ph-PDT, indicating a strong correlation between hABH2 and
Ph-PDT chemotherapeutic resistance. The pS3 tumor suppressing transcription factor has been
found to bind the hABH2 gene and was upregulated alongside hABH?2, suggesting that p53
promotes hABH2 overexpression during PDT resistance.'!'>!!* Although p53 is a known
promoter of DNA repair,!!> the correlation between p53, and enhanced DNA repair leading to

chemotherapeutic resistance requires further work.

ABH2 overexpression has also been linked to chemotherapeutic resistance in
glioblastoma multiforme (GBM), the most common primary brain tumor in adults, as well as in
pediatric brain tumors (PBT).®*!'® Drug resistance has been attributed as the main cause of
chemotherapeutics failure in GBM. Temozolomide, a novel alkylating agent not a part of the
aforementioned five families of alkylating antineoplastic agents, has shown to be successful in
increasing the lifespan of GBM patients by up to 5 years.!!” However, during the course of the
therapy, drug sensitivity commonly decreases and tumor growth reappears. In a recent study,
hABH2 mRNA levels were found to be expressed up to 4 fold higher in both human GBM tumor
tissue and GBM cell lines compared to normal human brain cells. hABH2 levels correlated with
the degree of temozolomide treatment, increasing 2-fold 24 hours post temozolomide treatment.
Additionally, induced overexpression of hABH2 in GBM cell lines have shown to increase the
survival of the cells in response to temozolomide. Follow-up knockdown of hABH2 using
siRNA restored the GBM cell line sensitivity to temozolomide.®® This provides strong evidence

that hABH2 has a central role in contributing to GBM drug resistance.

As with Cisplatin treatment of NSCLC, and Ph-PDT treatment of gliomas, hABH2 has
been shown to correlate with the apoptotic mechanism in temozolomide treatment of GBM.
Upregulation of the p53 pathway was found to downregulate hABH2 expression at both mRNA

and protein levels in GBM cell lines.®® This contradicts the aforementioned finding that p53
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promotes hABH2 overexpression during PDT resistance.'!* Possibly, regulation of hABH2 by
p53 may differ depending on cellular context, likely by the type and degree of DNA damage. A

better understanding of this relationship requires further analysis.

In addition to GBM, hABH2 overexpression has been detected in bladder cancer cells.!®
Urinary bladder cancer is known to have a high degree of recurrence and invasiveness.!'!”
hABH?2 overexpression was found to promote the expression of MUC1, a membrane-bound
oncoprotein that is often expressed at the membranes of secretory epithelial cells.'”* MUC1 is
overexpressed in a number of cancers where it was found to inhibit apoptosis, enhance invasion
and metastasis, and promotes epithelial to mesenchymal transition (EMT).!1318:121 Knockdown
of hABH2 in urothelial carcinoma cell line was shown to increase E-cadherin mRNA expression,
a protein involved in cell adhesion. The knockdown of hABH2 was also shown to reduce tumor
volume in mice. Overall, these results suggest that hABH2 contributes to urothelial carcinoma
progression through the regulation of MUC1-dependent epithial to mesenchymal transition as

well as tumor cell growth.!!8

hABH?2 has a clear association with cancer proliferation and chemotherapeutic drug
resistance. Inhibiting the enzyme is an attractive approach for improving modern
chemotherapeutics. Although several Fe-20G-dependent dioxygenase inhibitors exist, a high
affinity, hABH2-specific inhibitors are still sought after.

1.5.7 Inhibition

Apart from siRNAs used to knockout hABH?2 in cell culture, no hABH2 specific
inhibitions currently exist. As a therapeutic, siRNA suffers from a few setbacks preventing it
from becoming a successful pharmaceutical. Since siRNA inhibits at the genetic level, it does not
inhibit proteins which can be long lasting and can therefore take hours or days to take effect.
Additionally, siRNA cannot penetrate the cell membrane and degrades rapidly in the body. As a
result, despite many attempts, no siRNA drug has passed clinical trials.

Inhibitors have been previously developed for other Fe-20G-dependent dioxygenases,
some of which are likely to inhibit hABH2 as well. The first inhibitors were developed to target
collagen Prolyl 4-hydroxylases (P4Hs), aiming to prevent excessive collagen synthesis,
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potentially treating fibrotic diseases.!?? Classically, the main approach to inhibit P4H was
through chelating iron.'?* Additionally, bivalent cations, such as Zn?", Co*", Cd**, and Ni*", are
able to inhibit P4H by outcompeting iron.'?* Similarly, nitric oxide is able to inhibit P4H activity
by outcompeting oxygen.'?? Several synthetically generated 20G analogues were generated to
outcompete 20G, thereby inhibiting the enzyme. Two popular inhibitors are the 20G analogues,
N-oxalyglycine (NOG) and its cell penetrating derivative dimethyl oxalyglycine (DMOG).!**
Originally discovered to inhibit C-P4H, NOG has since been shown to inhibit many other Fe-
20G-dependent enzymes, including AlkB.!?>"1?7 Finally, succinate, a product of Fe-20G
dioxygenase activity, generated from the reduction of 20G during the enzymatic activity, can

inhibit the enzyme at high concentrations.'?®

The use of generic inhibitors as therapeutics is undesirable. As over 60 different
physiologically important Fe-20G-dependent dioxygenases exist, such inhibitors will likely
cause widespread side-effects.” Although no P4H inhibitors are currently in clinical use, some
are in clinical trials.'?>!?’ For example, a drug targeting the Fe-20G-dependent dioxygenase -
Butyrobetaine hydroxylase is in clinical trials as a cardiac protectant.'** In agriculture, Fe-20G-
dependent dioxygenases are commonly targeted by a class of compounds termed “onium”, used

as plant growth retardants.'3!

To find specific, high affinity inhibitors, a method to rapidly discover such inhibitors
should be developed. Finding inhibitors is relatively time consuming and labor intensive process.
Recently, aptamers have come out as a potential solution to this issue (Section 1.9). High affinity
aptamers can be potentially selected rapidly and, in combination with new alkylation repair
assays, rapid screening of inhibitors is possible. Finding methods to select such inhibitors to

enhance modern chemotherapeutics has motivated this research.

1.6 ABH3
1.6.1 Discovery

hABH3, a close structural and functional homologue of hABH2, was discovered
alongside hABH2 using a BLAST search of the NCBI human DNA databases by Duncan et al.
(section 1.5). It was found that hABH3 is identical to the previously known Prostate Cancer
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Antigen-1 (PCA-1) protein, a highly expressed protein in prostate cancer found to contribute to
apoptosis resistance, and has a 23.1% core region identity to AlkB.!%!32!33 Likely unaware of
Duncan et al.‘s work, hABH3 was rediscovered the following year by Aas et al., using a similar

BLAST search.*

As with hABH2, the substrate specificity of hABH3 was determined. Although the two
homologues are able to dealkylate similar substrates, they repair different subsets of lesions,

suggesting complementary rather than redundant functions.
1.6.2 Substrate Specificity

hABH3 is able to dealkylate similar lesions as hABH2, allowing for both proteins to be
analyzed together using the same methods and substrates. Using radiometric assays and HPLC
analyses (Section 1.8.2), hABH3 was shown to repair both 1-meA and 3-meC, but not 3-meA
lesions, similar to AlkB and hABH2 (Figure 6, Table 1). hABH3, however, is 2 times more
active on 3-meC than 1-meA substrates. Furthermore, hABH3 is able to remove 1-etA lesions
from ssDNA at =0.5% of the rate of 1-meA. Similar to hABH2 and AlkB, hABH3 demethylation
activity was found to be highly dependent on 20G, enhanced by AA and inhibited by EDTA,
likely by chelating Fe?".!> hABH3 exhibits higher activity towards ssDNA substrates (Figure
7A), and preferentially demethylates 3-meC, whereas hABH2 exhibits higher activity towards
dsDNA and demethylates 1-meA. (Figure 7B).* Similar to AIkB, hABH3 is able to efficiently
demethylate 1-meA and 3-meC lesions in RNA. The conservation of such mechanism across
multiple proteins suggests that RNA demethylation repair is important for genetic stability.*
RNA modifications can affect both gene expression, transcription and translation. In addition to
influencing RNA-protein interactions, RNA alkylation may affect the structural stability and
folding of functional RNAs such as tRNA and rRNA.!** 1-meA lesion in rRNA were found to
interfere with codon-anticodon binding,'*> as well as resulted in miscoding by reverse

transcriptase.*'3¢

To resolve discrepancies discussed in section 1.5.2, in which some studies, but not others,
showed hABH3 preference towards single stranded substrates, Falnes ef al. compared the ssDNA

vs dsDNA activity of hABH3 under different conditions.!! The presence of Mg?* ions, known to

31



influence the structure of DNA and DNA repair enzymes,”® was tested. Unlike hABH2, the
preference of hABH3 (as well as AlkB) towards ssDNA was unaffected by the presence or
absence of Mg?".!! As hABH3 was shown to demethylate RNA substrates, its activity towards
different form of RNA was analyzed.* hABH3 has significantly higher activity towards ssDNA
and ssRNA than DNA:RNA or dsRNA hybrid.

In order to investigate the activity of the protein in-vivo, mABH3-null mice were
generated.'® As with mABH2, mABH3-null mice were fully viable and showed no apparent
phenotypical differences as compared to wild-type mice. Furthermore, histopathological studies
failed to reveal any abnormalities on the tissue level. Using LC-MS/MS (section 1.8.3), the
accumulation of 1-meA lesions was investigated in the DNA from the liver of 1, 4, 8, and 12
month old mice. As opposed to mABH2, No accumulation of 1-meA was detected in hABH3-
null mice (Figure 9A).'® Mouse liver, testis and kidney tissue cell extracts were tested for their
ability to repair 1-meA and 3-meC lesions in dsDNA. In all tissues, repair by mABH3-null
extracts were indistinguishable from the wild-type extracts, and mABH2/mABH3 null extracts
were similar to mABH2-null extracts.'® This finding supports the role of ABH2 as the main
alkylation repair protein of 1-meA and 3-meC lesions in dsSDNA which suggests that ABH3 may

have a separate role in the cell, likely repairing lesions in ssDNA and RNA.

A restriction enzyme assay (section 1.8.5) was performed to determine whether hABH3,
like hABH2 and AIkB, is able to repair etheno lesions in ssDNA and dsDNA. Unlike its
homologues, hABH3 did not appear to repair ethano €A lesions in either ssSDNA or dsDNA
substrates.”? Additionally, unlike hABH2 and AIkB, the expression of hABH3 in E. coli cells
was not effective at rescuing etheno induced cell death. A time course LS MS/MS analysis of
mice with hABH2”", hABH3”", and ANPG”- knockouts over 24 months showed no accumulation
of €A in wild-type, mABH2"", and mABH3"" mice up to 12 months of age. However, significant
gA accumulation was observed in ANPG '~ as early as 9 months. This suggests that hABH2

alone is not sufficient at clearing all of the endogenously generated A lesions.?

The kinetic constants for mABH3 towards 1-meA and 3-meC substrates were also

determined. Although the values were determined for the mouse homologue of the enzyme, they
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provide adequate primary data for a more accurate comparison of the protein’s affinity towards

different substrates as well as comparing the enzyme to others in its family.
1.6.3 Kinetic Constants

The first kinetic parameters for the ABH3 demethylation reaction were performed on the
mouse homologue of the protein by Lee et al (Table 2). mABH3 showed a 85.7% identity with
hABH3, suggesting that the function is conserved between the enzymes. However, as opposed to
hABH2, the bases that are different between mABH3 and hABH3 are spread throughout the
proteins. Both mABH3 and hABH3 were found to demethylate 1-meA and 3-meC lesions from
ssDNA substrates at a faster rate than dsDNA substrate.!* To obtain kinetic constants, the team
used a quantitative restriction enzyme assay (Section 1.8.5). Lee’s team obtained parameters for

both 1-meA and 3-meC lesions for both ssDNA and dsDNA substrates (Table 2).'*

Further insight into the function of ABH3 in the cell can be obtained by determining the
structure of the protein. The function of the protein can be inferred by comparing the substrate

binding motif as well as the active site to its homologues as well as to other related proteins.
1.6.4 Structure

The crystal structure of hABH3 was solved in 2006 by Sundheim ef al. The structure
revealed a “jelly roll” fold (composed of the eight of B-strands - B7—14) common to all Fe-20G
dependent dioxygenases (Figure 14).!7 Similar to both hABH2 and AIKB, the active site iron is
coordinated by HDH residues (His191, Asp193, His257), as well as 20G (Figure 14).° Of these,
His191 and Asp 193 were found to be essential for the function of hABH3.!” Additionally, the
crystal structure of hABH3 revealed a hairpin loop which creates a lid-like structure over the
active site (B4 and B5, Figure 14). A similar structure is seen in AlIkB and hABH2 (long loop,
Figure 13).
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Figure 14: hABH3 structure and active site. The B-strand jelly roll coloured orange and blue.
The B4—P5 hairpin is coloured green. a-Helices are coloured yellow, and key residues as well as
the co-substrate 20G are shown as balls and sticks. The iron (violet) and the iron bound water
(red) are shown as spheres. Adapted from !’

Similar to AlkB, The C-1 carboxyl of 20G interacts with His257 and the C2 keto is
interacting with Asp193 in the active site of hABH3.!%’ Additionally, the C-5 carboxyl forms a
salt bridge with Arg269 and a hydrogen bond to Tyr181, an interaction common to all Fe-20G
dependent dioxygenases. Mutational analysis revealed that these residues were in fact essential
to the function of hABH3.!7 Despite having substrate specificity similar to AlkB, hABH3 has
substrate binding motif more similar to hABH2 (Figure 13). Where AlkB has a hydrophobic
substrate binding pocket which sandwiches the substrate (1-meA) between residues His131 and
Trp69,>'® hABH3 has a more polar binding pocket and lacks a stacking base in the AIkB Trp69
position. Because hABH3 has been crystallized without a substrate, this interaction is unclear.
The hABH3 structure suggests that Tyr143 and Argl31 hydrogen bond to N® and N° of 1-meA.
This is partially conserved with hABH2 where residues Tyr 122, Glu 175, Asp 174 interacts with
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N6 and N7 of 1-meA (Figure 12).° Additionally, the long loop hABH2 uses to interact with the
complementary strand of a dsSDNA substrate is partially present in hABH3 (Figure 13). hABH3
lacks the positively charged RKK motif which hABH2 uses to contact the complementary
strand.® However, hABH3 possess antiparallel p4-B5 residues that form a hairpin ideal for
intercalating DNA (Figure 13 and Figure 14). Mutation of a conserved Argl22 residue in this
hairpin motif, abolishes hABH3’s activity towards dsDNA substrates.

The finger motif has emerged as an important feature for the function of the protein
(Figure 13). The motif is present in both hABH2 and hABH3, however with some differences.
Where hABH2 has a hydrophobic, 20 residue finger motif, hABH3 has a hydrophilic 17 residue
motif. Deletion of the motif abolishes hABH3 function towards both ssDNA and dsDNA
substrates. Swapping the finger motif from hABH2 to hABH3 allows the protein to demethylate
3-meC in ssDNA with efficiency similar to hABH2. This swap also allows hABH3 to repair 3-
meC in dsDNA, similar to hABH2.

A unique feature of hABH3 is three negatively charged amino acid residues (Glu123,
Asp189 and Asp194) located at the entrance of the substrate binding site. Mutation of either
Glul23 or Asp189 to a neutral amino acid increases the activity of hABH3 to ssDNA by 1.5
fold, likely by increasing the accessibility of the substrate to the active site. The mutation of
Glul23 to alanine results in a 5 fold increase in activity towards dsDNA, suggesting that the
position of that amino acid is important to discriminate against dSDNA substrate. hABH2 has a
valine residue in that position, likely allowing for the relatively increased activity towards
dsDNA substrates. Additionally, where AlkB has a Val59 residue which fits the 5-methyl group
of 3-meT, hABH3 has an Argl31 residue positioned in such a way as to occupy that region. This
may explain the higher activity observed by AIkB towards 3-meT compared to hABH3.?

Structural analysis of ABH3 suggests that the protein has evolved specific functions
different than hABH2. Its ability to demethylate RNA substrates may suggest that the enzyme
may function outside the nucleus, repairing messenger as well as catalytic RNA molecules, such
as TRNA and tRNA. In fact, ABHS, a close homologue of ABH3, has been shown to be involved
in tRNA modifications.'*” To determine whether this is the case, it is important to ascertain the

localization of the protein in the cell as well as its expression patterns in different tissues.
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1.6.5 Expression and Localization

As discussed in section 1.5.5, hABH3 mRNAs was detected at different levels in all the
tissues and cell lines. Higher levels of hABH3 were detected in the spleen, prostate, bladder, and
colon tissues as well as carcinomas cells lines.'? Lee et al. detected the highest levels in the
testis, skeletal muscle, prostate, heart, pancreas, and ovary. Unlike hABH2, hABH3 was mostly
absent from the nucleoli and nucleoplasm. The little staining observed in the nucleus did not
colocalize with PCNA like hABH2. Diffuse hABH3 staining was observed in the cytoplasm of

the cell.*?

Although the substrate specificity of hABH3 suggests that it primarily repairs alkylated
RNA,!" recent finds showed that hABH3 forms a complex with the activating signal cointegrator
complex 3 (ASCC3), and relying on it to function.!*® ASCC3 has a large DNA helicase subunit
able to unwind DNA, likely providing a ssDNA substrate upon which hABH3 functions.!*® A
knockdown of either hABH3 or ASCC3 results in the build-up of 3-meC lesions in a prostate

cancer cells, but not in normal cells.

The localization of hABH3, its association with the ASCC3 helicase and its substrate
specificity suggests that the enzyme may have roles in repairing both RNA and DNA in and
outside of the nucleus. Further studies exploring this could shed light on hABH3 specific

function.

1.6.6 Physiological Role

ABH3 overexpression was detected in various cancers, specifically in prostate,''®

bladder'*” and NSCLC.!*%!40 The overexpression of hABH3 seems to be cancer specific, and is
not present in nonmalignant prostate epithelial cell line, colon adenocarcinoma, osteosarcoma or
urothelial carcinoma.!3® The alkylation resistant property of hABH3 appears to be specific to the
cancer line as well. Whereas hABH3 knockout induced MMS hypersensitivity in prostate and
lung cancer cell lines, it had no significant effect in a non-malignant prostate epithelial cancer

cell lines.!3®
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NSCLC is one of the deadliest cancers. 70% of NSCLC are adenocarcinomas (glandular
cancers of the epithelial tissue). Currently, the number of NSCLC cases are increasing, partially
attributed to drug resistance.!*! Recently, immunohistological studies showed that hABH3 is
overexpressed in 50% of adenocarcinomas and 56.5% of squamous cell tumors. Interestingly, the
inhibition of hABH3 using siRNA resulted in cell cycle arrest in a human lung adenocarcinoma
cell line without chemotherapeutic treatment. In mice models, siRNA inhibition of hABH3
resulted in a significant decrease of tumors.!’ The mechanism for this is yet to be determined;

however it is likely that this is caused due to decreased DNA repair.'*!

Prostate cancer is the most common form of cancer in men.'#? A new gene, termed PCA-
1, later discovered to be hABH3, was found to be greatly overexpressed in 90% of tested prostate
cancer tissues. The protein was found to be localized to the nucleus of the cancer cell. The
expression of hABH3, as expected, resulted in a resistance to alkylation induced cell death,
suggesting that it may induce alkylating chemotherapeutic resistance. PCA-1 has since been
suggested to contribute to apoptosis resistance.'*>!3 Inhibition of PCA-1/hABH3 using siRNA
induced apoptosis, suppressed cell proliferation as well as down-regulated VEGF expression,
thereby inhibiting angiogenesis. In contrast, overexpression of hABH3 increased anchorage-
dependent growth, invasiveness and apoptosis resistance of the prostate cancer line.'*3 Due to the
prevalent activity of hABH3 in two of the most aggressive human cancers, it would be a logical

target for new chemotherapeutic drugs.
1.6.7 Inhibition

As discussed in section 1.6.7, many generic Fe-20G-dependent dioxygenase inhibitors
exist, which are able to inhibit hABH2 and hABH3 alike. Nickel (Ni) was recently proposed to
be such an inhibitor. Ni has been correlated to lung cancer, cardiovascular disease, as well as
involved in chromosomal aberrations, DNA strand breaks, excessive ROS production, weakened
DNA repair, hypoxia-mimic stress, aberrant epigenetic changes, and signaling cascade
activation.'® Until recently, no clear molecular target responsible for Ni toxicity has been
identified. Recently, Fe-20g-dioxygenases has been proposed to be potential targets.'** Initial
evidence showed that Ni, specifically Ni?', can induce hypoxia inducible factor 1-alpha (HIF-1a)

expression, an important transcription factor involved in low oxygen adaptation. The

37



transcription factor is regulated though degradation and is stabilized upon hypoxic conditions.
The Fe-20G dioxygenase prolyl hydroxylase domain proteins 1-3 (PHD1-3) is involved in
inducing HIF-1a degradation. Ni has been found to inhibit HIF-prolyl hydroxylases by replacing
Fe?, thereby stabilizing HIF10.'* Follow-up investigations to determine whether Ni can inhibit
other Fe-20G dioxygenases revealed that it can indeed inhibit hABH3 in a dose dependent

manner.'** Ni**

has an estimated three order of magnitude higher affinity to Fe-20G
dioxygenases than Fe?".!4> Although still in its early stages, this work shows that the inhibition of
Fe-20G dioxygenases may be the cause of the broad nickel toxicity. As with hABH2, no specific
inhibitors for hABH3 exist. Such inhibitors could potentially greatly improve current

chemotherapeutics. The development of such inhibitors motivated this work.
1.7 AIkB and the other Human Homologues

Since the discovery of hABH1-3, the advent of genome sequencing allowed for the
identification of five additional AlkB human homologues, hABH4-8 as well as the previously
known FTO.4

1.7.1 AIlkB

The AlkB protein, discovered in E. coli over 30 years ago, is a Fe-20G-dependent
oxidative demethylase protein.'*” The function of AIkB became apparent during early E. coli
knockout studies which showed that lack of AIkB increased the sensitivity of E. coli cells to
MMS.'¥7 AlkB, as well as Ada and AlkA, were later found to be controlled by the Ada operon,
as discussed previously.”® In contrast to Ada and AlkA, AIkB directly counteracts the
cytotoxicity of alkylating agents, and its expression has been found to be induced by such

agents.®’5:147

AIkB repairs 1-alkylpurines and 3-alkylpyrimidines lesions. Specifically, AlkB has a
preference for 1-meA and 3-meC demethylation, however, it can also repair 1-methylguanine (1-
meG), 3-meT, 3-cthylcytidine (3-¢tC) and 1-etA lesions in ssDNA %!216:148 The preference of
AlkB towards ssDNA substrates is consistent with the finding that AlkB binds dsDNA
weakly.'* All of the aforementioned lesions were found to block DNA replication.? Cells
expressing AlkB were able to restore replication blocked by 1-meA, 3-meC, 3-etC and to a lesser
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extent 1-meG, and scarcely restored replication blocked by 3-meT.?*#” AIkB specificity towards
ssDNA as well as the observation that AlkB mutants are more susceptible to MMS while in the
growth stage suggests that the enzyme acts at the replication forks or during transcription.!>°
Uniquely, AIkB and hABH3 have been found to repair RNA.*!137-15! Specifically, AIkB was
found to repair alkylation lesions on different types of RNA in-vitro, such as mRNA, rRNA,
tRNA, and viral RNA.">! AlkB has also showed low activity in repairing alkyl groups larger than

methyl and ethyl, such as hydroxyethyl, propyl, and hydroxypropyl.!%!4®

In addition to alkylation repair, AlkB has been observed to repair DNA damaged induced
by oxidative stress. The enzyme was found to repair endogenous €A and €C lesions generated as
adenine and cytosine react with the breakdown product of oxidatively damaged unsaturated
lipids.'*132153 Such lesions are toxic to E. coli lacking AlkB. Although etheno lesions were found
to be repaired in mammal cells in-vivo by base excision mechanisms using glycosylases, it is
likely that AIkB homologues play a similar role as well.'** When repairing etheno groups,
glyoxal rather than formaldehyde is released as a by-product and can be measured in activity

assays.

Recent X-ray crystal structure of AlkB in an enzyme—substrate complex revealed three
well-defined regions: a catalytic core (HxD...H, Figure 15A, B) in the carboxy-terminal domain,
a unique nucleotide-recognition lid and an N-terminal extension.'® The catalytic core is
conserved among all Fe-20G-dependent dioxygenases. The core consists of two B-sheets
forming a jelly-roll structure (DSBH, Figure 15A, B) along with a conserved motif that
coordinates Fe?” binding (Figure 15C).> Additionally, the catalytic core has two conserved
arginine residues flanking the last B-sheet that act to stabilize salt bridges with 20G.™ AIkB, as
well as hABH2, have been found to flip the alkylated base into a deep active site pocket in the
catalytic region. Although AlkB and hABH2 use different mechanisms to flip the damaged base,
a similar distortion in the DNA strand was observed.® AIkB lacks a finger residue present in

hABH2, and facilitates base flipping by squeezing together two flanking bases so they overlap
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Figure 15: Crystal and domain structures of the Fe-20G-dependent oxygenase AlkB and its
mammalian homologues. (a) Crystal structures of AIkB and its mammalian homologues. The
conserved double-stranded B-helix (DSBH, purple) is seen in all of the dioxygenases. Enzyme
specific domains (brown or green) help with substrate recognition (FTO) or additional catalysis
(ABHS). 20G (yellow) is seen in the active site with the metal ion (green). (b) Domain
structures of the Fe-20G dependent oxygenases seein in (a). The conserved DSBH (purple) and
additional domains (brown or green) are indicated. The HxD..H motif is a part of the DSBH and
coordinates iron binding. (¢) AlkB inhibitors (i) structures of 20G, its analogue NOG (N-oxalyl
glycine, and MD316. (ii) The AlkB active site co-crystallized with the MD316 inhibitor.
Adapted from '°.

one another. Additionally, whereas AlkB makes contact with the damaged strand alone in
dsDNA substrates, hABH2 makes contact with both complementary strands, likely contributing
to AIkB preference for ssDNA.® The nucleotide-recognition lid of AIkB is composed of a
flexible B-sheet surrounding the substrate, thus locking the alkylated base over the catalytic-

site.!>1%® A fraction of the substrate-binding residues are conserved in all of the eight human

AlkB homologs, suggesting similar (but not identical) substrate specificity, however dealkylation
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activity has not been observed for ABH1 or ABH4-8.'5° Almost all of the AlkB amino acids in
contact with the substrate are in the nucleotide-recognition lid. Residues, W69 and Y76, are
conserved between eukaryotes and prokaryotes.'’*!*® Additionally, residue D135 in the catalytic
core was found to form stabilizing H-bond with the external N6 of 1-meA and 3-meC and not
with the N4 groups of 1-meG and 3-meT in DNA, explaining the increased activity towards

those lesions. '

Detailed genetic mapping of AlkB homologues in the human genome has resulted in the
discovery of nine human AlkB homologues, ABH1-8 and FTO as described in the following
section.®®14® AIkB expression in human cell lines showed the same alkylating-resistance
properties as in E. coli and, equally, the human homologues provided alkylation resistance to E.
coli AlkB mutants.®>** Additionally, AIkB and its homologues function readily in-vitro.”” The
ability to function in both prokaryotic and eukaryotic cells as well as without the presence of
other proteins suggests that AlkB and its homologues function independently, not forming

multiprotein complexes.?’8

1.7.2 ABH1

Early RNA blot analysis of ABH1 revealed that of the 16 normal adult human tissues
analyzed, ABHI mRNA was found ubiquitously in all of the tissues, including brain, kidney,
small intestine, testis, pancreas, prostate, heart, liver, lung, thymus, spleen, placenta, colon,
ovary, leukocyte and muscle. This finding suggests that hABH likely plays a fundamental
housekeeping role in human tissues.®® Unlike AlkB and the O®-meG MTase and 3-meA
glycosylase demethylation enzymes, ABH1 expression in human skin fibroblast cells was found

to be consistent regardless of treatment with an alkylating agents (MMS).®

Early experiments have failed to show any AlkB-like function for the ABH1 protein. This
was surprising since the highly conserved core residues found in AlkB, hABH2, and hABH3
(known functioning dealkylating proteins) were also found in ABH1 (Figure 15A, B).!? It is,
therefore, likely that ABH1 has a similar activity but for different substrates. Recently, ABHI
has been found to be localized to the mitochondria and low level 3-meC demethylase activity

was finally detected.!*® Unlike AlkB and hABH2, however, it does not demethylate 1-meA.

41



Like AlkB, ABH1 has been found to demethylate ssSDNA and RNA exclusively. In addition to its
demethylating activity, ABHI is able to cleave DNA at AP sites (abasic sites) on both single and
dsDNA independently of 20G and Fe?*.!>” The specific biological role of the protein remains

unclear.
1.7.3 ABH4-7

The specific function of ABH4-7 is still largely unknown as they do not show similar
demethylating activity as their ABH counterparts.'* As such, they are hypothesized to have
novel, yet undetermined DNA or RNA repair activities. Phylogenomic studies have found that
ABHs 4-8 are more closely related to hABH2 and hABH3 than AlkB and ABH1. This suggests
that ABH 2-8 have a recent common origin and likely arose from duplication events.'4¢ An
exception is the ABHS gene that has been found to be upregulated under hypoxia and has HIF
binding site in its promoter. Although chromatin immunoprecipitation has shown that HIF-1a.
upregulates ABHS expression, siRNA inhibition of ABHS5 did not affect survival after hypoxia

or reoxygenation.'*® No substrate specificity has been identified for ABHS as of yet.
1.7.4 ABHS

Although not showing similar activity as AlkB, ABHI, 2 or 3, recent studies have begun
to shed light on ABH8. ABHS possesses not only the conserved Fe-20G-dependent dioxygenase
DSBH domain , but also both an RNA-recognition motif and a C-terminus methyltransferase
domain (Figure 15A, B).>® The ABHS sequences is similar to that of AdoMet binding motifs (a
common co-substrate in methyl transfers) and to the C-terminal region of tRNA
methyltransferase 9 (trm9), suggesting a role as a tRNA methylase.'*” To our knowledge, the
exact physiological role of ABHS8 in tRNA methylation is still unclear. ABH8 knockout cell lines
showed increased sensitivity to MMS and to the bleomycin nuclease (a chemotherapeutic used to
treat lymphoma as well as other cancers), indicating a role in alkylation repair.!*” ABHS
expression in HeLa cells was localized exclusively to the cytoplasm, suggesting that the target
molecules are likely RNA. ABH8 may in fact possess both demethylation and methylation
activities depending on the substrate. Additionally, inhibition of ABHS using siRNA has been

found to reduce bladder cancer tumor growth, making it an attractive target for
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chemotherapeutics.!*? ABHS has been found to be an upstream target for NOX-1, a ROS
generating enzyme implicated in inflammation, cell growth, and angiogenesis in various human
cancers, specifically colon cancer.!*1* ABHS was found to play a role in regulating human
urothelial carcinoma cells survival and progression in both in-vitro and in-vivo. hABHS silencing
was found to upregulate the JNK, p38, and YH2AX enzymes, known inducer of cell death and
was found to strongly suppress the malignancy of bladder carcinoma cells, likely through
apoptosis.'*® This finding raises the potential of ABHS inhibition as a treatment for bladder

cancer.
1.7.5 FTO

FTO has been found to demethylate 3-meT and 3-methyluracil (3-meU) in ssDNA and
RNA.!% FTO has the highest activity towards 3-meU in RNA, suggesting that RNA is its
preferred substrate. FTO showed no activity on dsDNA..!%° Recently, FTO was found to
demethylate 6-methyladenine (6-meA) in both ssDNA and RNA, albeit weaker than 3-meU.!¢!
FTO dioxygenase has been associated with fat mass and obesity.!**'®* In addition to population
genetic studies, FTO mRNA levels were found to be regulated by feeding and fasting in the
brain.®! Although FTO knockout mice displayed no changes in calorie intake relative to normal
mice, mice expressing increased levels of FTO showed increased calorie intake. Whether this
function relates to its dealkylation activity remains unclear. In addition to the conserved DSBH,
the FTO crystal structure revealed a C-terminus a-helical domain not present in the other Fe-

20G-dependent dioxygenases (Figure 15A, B).!%

1.7.6 ABH Localization

mRNA expression of the ABH human homologues has been found in all normal human
tissues examined, suggesting a fundamental role in these cells.'>!*!82> ABHI was found to
localize to the mitochondria, hABH?2 has been found to be present diffusely in the nucleoplasm,
and accumulate in the nucleoli, hABH3-7 were detected in both the cytoplasm and nucleus of the
cell, and ABHS was found exclusively in the cytoplasm.*'> FTO mRNA was found to be

abundant in the brain, particularly in hypothalamic nuclei, likely effecting energy balance.®!
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Uniquely, whereas hABH2 expression appears to form a dot-like pattern in the nucleus, ABHS

showed a dot-like expression in the cytoplasm.?’

The increased understanding of the Fe-20G-dependent dioxygenase family of
dealkylating enzymes and the existence of established assays has opened the door to finding

selective inhibitors to the enzymes.
1.8 AIkB and ABH Assays

As a direct result of the classification of AlkB and its homologues as members of the Fe-
20G-dependent dioxygenase family of enzymes, the specific substrates of AlkB, 1-meA and 3-
meC, as well as its preference for ssDNA, was determined.”’*!> A number of activity assays
have since been developed, uncovering an increasing number of substrates for both AlkB and

many of its homologues, as well as their respective functions in the cell.”!*

The enzymatic assay conditions for Fe-20G-dependent dioxygenases are now well
established. In general, the reaction mixture contains a Fe** source, 20G, ascorbic acid (AA),
bovine serum albumin (BSA), an alkylated substrate, and a buffer at pH 7.0-8.0 depending on the
enzyme. Although AA is not essential for the reaction, it was found to increase apparent
enzymatic activity, likely by regenerating Fe*" from Fe**.!'® Additionally, catalase may be added
to protect the enzyme from hydrogen peroxide.'®® The reaction is stopped either through iron
chelation with EDTA, destroying the protein with heat or both. The duration of the assay
depends on the concentration and activity of the enzyme as well as the temperature used. The
reaction is stopped once the initial linear portion of the product vs time curve is surpassed and

the curve approaches a plateau (Figure 16A).
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Figure 16: Simulated product formation, [P], of an enzyme over time. Curves for different
substrate concentrations ([S]) are shown. B) Michaelis-Menten curve of initial rate, vo, of the
enzyme in (A). The initial rate is plotted over substrate concentration, [S], and the solid line
represents the nonlinear regression fit using the Michaelis-Menten formula. K can be obtained
from this fit (shown) as well as Vmax and keat (not shown). Adapted from ®.

In Figure 16A, the slope of the linear portion is the initial rate (vo) which is used for the
calculation of kinetic constants using the Michaelis Menten kinetics.'®” The initial rate increases
as the concentration of the substrate ([S]o) increases (Figure 16A). The substrate concentration
needs to be significantly higher than that of the enzyme to satisfy the steady-state kinetics
assumption used in Michaelis-Menten analysis. Once the initial rates have been obtained for
different concentrations of the substrate, a Michaelis-Menten graph can be plotted (Figure 16B).
By performing nonlinear regression analysis on the plot using the Michaelis-Menten equation
(Eq. 1), the maximum velocity of the enzyme, Vmax, the Michaelis-Menten constant, Km (¥2Vmax),

and the catalytic constant or turnover, kcat (Vmax % [E]) can be determined.
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Depending on the type of assay used, the reaction mixture is analyzed either in a non-

continuous (time-fixed) or a continuous (time-dependent) manner. In a non-continuous approach,
a reaction sample is obtained in intervals and analyzed after the enzymatic reaction is completed.
Less commonly, the enzymatic reaction in analyzed in a continuous manner, in which the
reaction is monitored in real time while the assay is progressing. Although a continuous
approach is preferable as initial rates can be determined in real-time, such assays are difficult to
achieve as measuring the product without partitioning is seldom possible and often requires an

elaborate apparatus. As a result, continuous assays are rare and often indirect, measuring co-
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products as opposed to the product. In most cases, in which separating the substrate from the
product is required for measurement, a discontinuous approach is utilized. Partitioning often
requires a discontinuous approach as, in most cases, it disturbs the equilibrium and alters reaction
kinetics. The following section will describe the methods most commonly used to measure Fe-

20G-dependent dioxygenase dealkylation activity.
1.8.1 Radioactivity

One of the simplest and most commonly used assays for dealkylating enzyme activity
utilizes scintillation counting of a radioactively labelled compound released during the reaction.
The methyl group is commonly labelled with '*C or *H prior to incorporation into the
polynucleotide substrate.'? Once the enzymatic reaction is stopped, the DNA sample is ethanol
precipitated and the radioactive label is quantified either in the supernatant or the DNA
pellet.!"1%168 A5 aldehydes (a product of the alkyl group after hydroxylation (Figure 5)) are
soluble in ethanol, the radioactivity of the supernatant corresponds to the demethylated DNA
product. Alternatively, the DNA pellet can be analyzed, the radioactivity reflecting the unreacted
methylated DNA substrate. As an example, such an assay was performed in 2002 by two
separate groups to first show that AlkB had a higher apparent activity towards single stranded
methylated nucleotides (Figure 17).>'® In addition, this assay revealed 1-meA and 3-meC as the

specific substrates of AIkB.°

An alternative approach to this assay was performed by Welford ef al. in 2003 to measure
the activity and inhibition of AIkB,'®” and by Aas ef al. in the same year to characterize the
substrate specificity of both AlkB and its homologues.* In this assay, a conventional activity
reaction was set up with the exception of the inclusion of a radioactive 20G (containing '*C) as
opposed to a radioactive methyl as discussed above.!”® After the reaction was completed, '*CO;
gas (generated as a byproduct of the oxidative decarboxylation of 20G (Figure 5)), was
collected and quantified by scintillation.'® Using this assay, the efficiency of AIkB in
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Figure 17: Radioactivity released from [°’H]methyl DNA by AIkB. A) AIkB activity on
different substrates: poly(dA) (filled circles), single-stranded, A-rich oligonucleotide
AAAGCAAGAAACGAAAAAGCGAAA) (open circles), double-stranded oligonucleotide
(same sequence as the previous substrate) (filled triangles), M13 ssDNA (open triangles) and
poly(dA)spoly(dT) (filled squares). Adapted from °.

methylating specific substrates, as well as the effect of a variety of inhibitions, were indirectly

quantified using 20G turnover.

Radiometric assays are sensitive and specific as they allow for the labelling of a single
atom. They can be designed to provide quick results with minimal equipment. Radioactive
assays are also flexible, allowing for the labelling and detection of different components of the
reaction. However, the use of radioactive substances is often undesirable. Additionally, ethanol
precipitation, used to separate the product from the substrate, is rarely 100% efficient and is
sensitive to assay conditions, such as temperature and duration of incubation, thus reducing the
accuracy of the assay.!”! To gain additional insight into the enzymatic reaction, radiometric

assays are often coupled to a variety of separation techniques such as HPLC as discussed below.
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1.8.2 HPLC

Reverse phase HPLC separation (hydrophobic stationary phase) is commonly coupled
with radioactivity assays for a more accurate measure of Fe-20G-dependent dioxygenase
activity. In contrast to radioactivity assays, the DNA pellet is subjected to DNA glycosylases or
acid hydrolysis to release the methylated nitrogenous bases from the substrate prior to
analysis.”!%® This step is required as HPLC analysis of the unhydrolyzed substrate was found to
result in poor separation efficiency of the methylated bases (Figure 18A).° Once the bases were
released, HPLC was able to discriminate between different bases as well as different methylated
positions on the same bases (Figure 18B).!%!*® This allows, in a single reaction, to identify the
substrate specificity of a dealkylating enzyme when a multi-methylated substrate is used.
Additionally, this approach can be used quantitatively to measure rate constants.!®!*® After acid
treatment, it is clear in that whereas 3-meA and 7-meG are unaffected by AlkB, 1-meA is

completely removed, indicating a clear specificity (Figure 18B).
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Figure 18: HPLC (Reverse phase) elution profiles of the radioactivity released from
methylated ssDNA labelled with [°H] by AlkB with and without acid treatment. A) HPLC
elution profiles of the intact ethanol soluble supernatant incubations with (open circles) or
without (filled circles) AlkB. B) HPLC elution profiles of methylated purines post the acid
hydrolysis treatment of the ethanol precipitated DNA incubations with (open circles) or without

(filled circles) AlkB. The elution time of 1-meA, 3-meA, 7-meA and 7-meG is indicated by the
arrows. Adapted from >,

HPLC detection commonly uses radioactive substrate as describe above. However,
unlabeled substrates can be used and detected by ultraviolet (UV) absorbance (A260).%!%!4% When
absorbance is utilized, ethanol precipitation is not required, but instead acid hydrolysis of the
DNA is performed. Absorbance detection allows for the visualization of both the methylated as

well as the unmethylated bases (Figure 19). Such an assay was performed to confirm AlkB as a
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Fe-20G-dependent dioxygenase,* ! to identify the substrate specificity of hABH2 and hABH3

4,12 21,148

soon after their discovery,™'~ and to measure various rate constants, such as Km and Vimax.
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Figure 19: HPLC detection of AlkB induced demethylation. a, b) HPLC separation followed
by scintillation count of ['*C]Methyl iodide-treated a) poly(dA) and b) poly(dC). HPLC
analysis was performed on the remaining unmethylated substrate after incubation of 2.5 pM
AIkB at 37°C for 30 minutes. ¢,d) Analysis of non-radioactive methylated adenine with (d) and
without (¢) AlkB. 920 pmol AlkB was incubated with the methylated substrate at 37 °C for 30

min. Adapted from °,

The ability of HPLC to discriminate between different methylated bases is beneficial,

allowing for the determination of enzyme specificity in a single reaction. HPLC can be used

quantitatively, measuring rate constants in a discontinuous manner. However, when used with

radioactive tags, the assay suffers from the same setbacks discussed for the radioactive assays

previously (section 1.8.1). Although the use of UV absorbance (A2e0) provides the benefit of

using untagged, nonradioactive substrates, it comes at the price of a lower detection limit.

Additionally, the need to release the nucleobase from the sugar phosphate backbone prior to
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analysis makes the assay less direct and may introduce systematic error, reducing the accuracy of

the assay.
1.8.3 Mass Spectrometry

Many Mass Spectrometry (MS) techniques have been utilized to futher characterize the
Fe-20G-dependent dioxygenase demethylation reactions. These include Liquid
chromatography—mass spectrometry (LC-MS), Gas Chromatography MS (GC-MS) (Figure
20A), Matrix Assisted Laser Desorption Ionisation with Time of Flight MS (MALDI-TOF MS)
(Figure 20B) as well as Electrospray Time of Flight MS (ESI-TOF MS) (Figure 20C). In early
experiments, LC-MS/MS has been utilized to estimate AlkB turnover values.* Here, the
substrate was subjected to nuclease and phosphatase digestion prior to detection.'> GC-MS,
MALDI-TOF MS and ESI-TOF have all been used to characterize and detect the ability of AlkB
to repair etheno lesions.!>?° Although MALDI-TOF MS is able to differentiate between adenine
(A), €A, and eA-epocide, an intermediate of the repair reaction, ESI-TOF MS is able to provide a
much better separation between the species (Figure 20A, B). This separation allows for a time-
course analysis of the AIkB etheno repair reaction and shows a clear conversion of €A to A as
well as the epoxide and glycol (reaction intermediates) over the 30 minutes (Figure 20B). This
method has also been shown to work for 1-meA and 6-meA, in which a complete repair of 1-
meA but not 6-meA was observed, confirming previous studies.'* GC-MS was utilized to
analyze AlkB repair of €A as well as 1-meA lesions (Figure 20C). Here, the demethylation
activity is visualized by the accumulation of the formaldehyde co-product (Figure 5), whereas
the ethanol repair activity is visualized by the accumulation of glyoxal, a co-product of the

reaction (Figure 20C).

Mass spectrometry is a very powerful tool which is able to detect and identify many of
the reaction components. This is not possible with other techniques, in which the studied
products need to be predetermined. MS can also be used quantitatively for a variety of reactions.
However, optimizing MS analysis conditions is not trivial. Finding ionization parameters may
become a labour intensive process. Additionally, MS cannot tolerate salts as they interfere with

sample ionization. Salt is often an essential component of biological reactions, especially when
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DNA is involved. This requires post reaction modifications, such as desalting, making the assay

more complex and less direct.
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Figure 20: MS analysis of 1,N%-ethenoadenine (¢A) lesion repair by AIkB in vitro. A) MALDI-
TOF MS of €A reacting with AlkB for 90 min. The -1 charged species are shown. B) ESI-TOF
MS C) GC-MS. Adapted from '°.

1.8.4 Continuous Coupled Assay

In 2006, a continuous enzymatic assay was introduced. In this assay, formaldehyde
dehydrogenase (FDH) was used to oxidize formaldehyde to formate, reducing coenzyme NAD+
to NADH in the process (Figure 21).” NADH was then monitored using UV light absorption at
340 nm in real time. As each demethylation reaction releases a single formaldehyde molecule,

the absorbance output can be related to product formation using a standard curve. Such an assay
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was again used in 2007 by Roy and Bhagwat to obtain rate constants of AIkB to a variety of

substrates.’
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Figure 21: Oxidative demethylation of 1-meA or 3-meC by AlkB coupled with FDH reduction
reaction. The AlkB demethylation reaction produces a single molecule of formaldehyde which
can be used as a substrate for FDH. FDH oxidizes formaldehyde to formate, converting
coenzyme NAD+ to a UV detectable NADH. Adapted from ’.

To my knowledge, this assay is the only continuous quantitative assay utilized for Fe-
20G-dependent dioxygenase dealkylation reactions. The assay is highly beneficial as it allows
for the rapid determination of initial rates in a single reaction and in real time. The method
allowed the authors to monitor four reactions, and obtain rate constant, at the same time.’
However, the indirect nature of the assay is a great disadvantage. The assay relies on the activity
of'a second enzyme (FDH) to convert a coproduct of the reaction to a detectable compound. This

introduces a great deal of error to the method. Additionally, As4o absorbance has a lower limit of

detection than both radiometric and fluorescence detection based assays.
1.8.5 Restriction Endonuclease

Restriction endonucleases were utilized to measure enzymatic activity based on the
finding that methylation blocks the enzyme’s activity when added to the restriction site. Such an
assay was used in 2005 by Lee ef al. to quantitatively measure the activity of hABH2 and
hABH3,' as well as investigate the structural features responsible for ssDNA vs dsDNA
preference in 2010.!7? In this assay, the oligos themselves were labeled with 3?P at the 5” end. A

methylated base was selected on the restriction enzyme cleavage site as to interfere with the
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nuclease activity. The methylated substrate was then allowed to react with the Fe-20G-
dependent dioxygenase after which the DNA substrate and product were phenol/chloroform
extracted and ethanol precipitated. The DNA was then subjected to restriction enzyme cleavage.
Since methylation blocks restriction enzyme activity, cleavage only occurred at those sites where
the DNA was demethylated, corresponding to product formation. The cleaved DNA product is
then partitioned from the uncleaved substrate using a denaturing PAGE gel and quantified by

scintillation counting.'*

Although used quantitatively, this assay is indirect and error prone. The number of
compatible combinations of the methylated bases and restriction enzymes is very limited. For
example, whereas 3-meC was shown to block HindIII activity, 1-meA had no effect; However,
I-meA was able to block EcoR1 activity. The enzymes Kpnl and Hhal only showed partial
cleavage.'* As such, great care needs to be taken when choosing an appropriate restriction site
and enzyme. Additionally, the use of a second enzymatic processing suffers from the same
setbacks discussed for the continuous coupled assay (section 1.8.4). Additionally, as discussed in
section 1.8.1, ethanol precipitation is seldom 100% efficient. As such, a direct approach is highly
desirable. Such a method eliminates many sources of error associated with indirect methods,

likely resulting in more accurate quantitative assays.
1.8.6 Direct Approach using CE

In 2009, the first direct method to quantitatively study demethylating Fe-20G-dependent
dioxygenases has emerged."> This method uses a commercial capillary electrophoresis (CE)
instrument to directly quantify both ssDNA substrate and product differing by a single methyl
group (Figure 22). The method does not require ethanol precipitation, additional enzymatic
modifications and does not rely on detecting co-products. This method uses laser induced
florescence (LIF) detection and, therefore, does not require the use of radioactive substances.
Additionally, the use of CE has the advantage of high speed and resolution as well as
automation, and low sample consumption. Originally, the method has been used to accurately

quantitate the activity of AlkB and measure the inhibition of a number of small molecule
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inhibitors.!*> The method was later used to probe the inhibition potential of high-affinity aptamers

capable of binding AIkB protein. The results proved that aptamers are potent AlkB inhibitions.'?’
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Figure 22: Capillary Electorphoresis with LIF separation of a fluorescently labeled ssDNA
substrate (S) from synthetic demethylated DNA product (P) differing by a single methyl. Product
is formed from the methylated substrate after 0, 30, and 120 s of the AlkB-catalyzed reaction.

Adapted from '°,

The direct quantification of both the substrate and product of Fe-20G dioxygenase
demethylation activity using CE is the first of its kind. The method eliminates many of the
disadvantages of indirect methods discussed previously. The use of LIF detection is sensitive and
does not require the use of radioactive substances. As opposed to HPLC, the method does not
require the hydroxylation of nucleobases and is sensitive enough to separate DNA strands

differing by a single methyl group.
1.9 Aptamers

Aptamers are short sequences of ssDNA or RNA strands, usually between 20-100
nucleotides in length, able to form a wide variety of secondary structures. These secondary
structures allow aptamers to bind with high specificity and affinity to a variety of targets,

including polysaccharides, small molecules, whole cells, and most notably in this case,

54



proteins.'” Unlike antibodies, aptamers are synthesized in-vitro with ease, high purity and
minimal cost. In addition, due to their nucleic acid nature, aptamers can be chemically modified
to be tailored for various applications. For example, aptamers can be fluorescently tagged,'”*
modified to resist nuclease activity,'”® or altered to increase their binding affinity.!”® The
equilibrium dissociation constants (Kq) of aptamers were found to be very similar to that of
antibodies.!””"!”® In contrast to antibodies, aptamers are produced in-vitro and can be selected
towards protein targets that do not elicit an immune response. As such, the repertoire of protein
targets available to aptamers is larger than that of antibodies. Aptamers are stable in a wide range
of temperatures and can be stored for long periods of time without compromising their
function.!” Due to their robustness and versatility, the possible applications of aptamers are

almost limitless. Among other applications, aptamers have been used as biosensors in

180,181 1 182 183-185
2

conjunction with electrochemical, optical, ** and mass-sensitive detection modes.
Aptamers which are selected to internalizable cell surface receptors can be attached to
pharmaceuticals and used to improve the efficiency of intercellular drug delivery. This has been
previously achieved using a dual aptamer probe to deliver the anticancer drug doxorubicin to

186

prostate cancer cells,'®¢ and has been suggested as a delivery vehicle for siRNA inhibitors.'*’

Most importantly, aptamers can be used as new class of drugs. This takes advantage of
the fact that aptamers can bind to a protein and inhibit its activity, either by causing a change in
conformation or by sterically blocking the protein’s active site.'®*!* The first therapeutic aptamer,
Pegaptanib, discovered in 2000 and approved by the FDA in 2004, is currently being used to
treat age-related macular degeneration (AMD), a debilitating disorder which often leads to
partial blindness.!® This aptamer works by specifically targeting and inhibiting the VEGF 65
isoform, a protein which initiates angiogenesis and increases permeability of blood vessels in the
retina which leads to AMD.!"! Currently, there are a number of other aptamers undergoing
clinical trials and many more in development.'*? Recently, inhibitory aptamers were selected to

AIKB, uncovering their potential as modulators of alkylating chemotherapeutic resistance.'?’
1.9.1 AIlkB Aptamer Inhibitors

Due to their potential as inhibitors, aptamers were selected to the AlkB enzyme in

2011.'° The aptamers were selected using a Systematic Evolution of Ligands by EXponential
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enrichment (SELEX) method which utilizes repetitive rounds of Nonequilibrium Capillary
Electrophoresis of Equilibrium Mixtures (NECEEM) separation, followed by symmetric and
asymmetric amplification. NECEEM is a homogeneous separation method that has the great
advantage of using unmodified proteins in solution as the target. Using this method, aptamers
with Ky values ranging from 20 — 160 nM were obtained. Aptamers selected to unmodified
proteins typically have an increased chance of acting as inhibitors in-vivo. When aptamers are
selected using heterogeneous partitioning techniques, the protein is immobilized on a surface, a
process which may alter the protein structure. Aptamers selected to such a protein may therefore
be unable to bind the protein in its native form. These aptamers were indeed found to be able to
inhibit the AIkB enzyme with unmatched efficiency.'?’ This finding has motivated this research
to find similar inhibitors to hABH2 and hABH3.

1.10 Research Objective

Selecting inhibitors towards human dealkylating enzymes is an essential step towards
improving the efficiency of chemotherapeutics. The goal of this research, therefore, is to select
an aptamer which could potentially inhibit hABH2, an AlkB human homologue. Firstly, to
accomplish this goal, the current aptamer selection protocol was optimized for efficient selection
towards complex targets, such as sensitive, charged proteins which may pose a challenge for
NECEEM. After optimization, the new protocol was used to select a panel of high affinity
hABH2 aptamers. Lastly, a method to determine the DNA repair activity of demethylating
enzymes was developed and tested for hABH2 and hABH3 and proved to be a viable approach
to test the inhibition ability of the aptamers.
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Chapter 2: Aptamer Selection Optimization

This material is based on a published article: Yufa, R. Krylova, S.M., Bruce, C. Bagg, E.A.
Schofield, C.J. Krylov, S.N. Emulsion PCR significantly improves NECEEM-based aptamer
selection, allowing for efficient and rapid selection of aptamer to unmodified ABH2 protein.

Analytical Chemistry 2015, 87, 1411-1419.

Contributions: performed all selection and binding experiments, analyzed all data and prepared

figures, participated in majority of manuscript writing.
2.1 Introduction

As discussed above, inhibiting DNA repair enzymes has the potential to greatly improve
chemotherapeutics. Recently, aptamers have emerged as promising affinity probes able to inhibit
enzymes better than any other known small molecule inhibitor.'?” Although aptamers are
theoretically easily selected, recent attempts to select aptamers for the hABH2 repair protein
have failed. As such, exploring the possible factors attributing to this failure may potentially

result in more successful selection of aptamers to a wide variety of protein targets.
2.1.1 SELEX

Aptamers are typically obtained by a theoretically straightforward process termed
SELEX. SELEX involves repetitive rounds of two alternating processes: 1) partitioning of
protein-bound DNA from free DNA, and 2) PCR amplification of the collected target-bound
DNA (Figure 23A). Despite the theoretical simplicity of SELEX and promise of aptamers,
useful aptamers have been obtained for a much smaller number of protein targets than
antibodies, in spite of the significant efforts over twenty five years.!** Here we explore a possible

reason and apply a solution to this issue.
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Figure 23: The concept of aptamer selection: major steps (A) and (B) major approaches for
partitioning and PCR amplification.

One possible cause for the failure of conventional SELEX may arise from the classical
partitioning methods used (Figure 23B). Partitioning has been typically done by surface based
heterogeneous methods: either filter-based separation, in which filters retain protein-DNA
complexes better than free DNA, or affinity chromatography, in which the protein is
immobilized on a surface and retains protein-bound DNA.!®> These surface-based techniques
suffer from non-specific adsorption of free DNA to the surface of the filters or stationary phase.
The non-specific binding reduces the efficiency of partitioning and leads to the necessity of
multiple rounds of partitioning/amplification as well as negative selection steps, typically
requiring between 10 and 30 rounds of SELEX.!”51%® A homogeneous environment, in contrast,

is performed in solution without the need of target immobilization.
2.1.2 Homogeneous Partitioning

Homogeneous partitioning methods are performed in solution, thus avoiding non-specific
binding and the adverse effects associated with it. Ideally, SELEX partitioning is done under
such conditions. Homogeneous methods are highly desirable for the selection of aptamers to
protein targets in cases where the aptamers are to be used in-vivo, such as for therapeutic
applications. The immobilization process used in heterogeneous partitioning techniques can
affect protein structure; potentially reducing biological relevance. Aptamers selected to a protein
modified by immobilization may be unable to bind the protein in its native form. Therefore,

additional confirmation of their affinity to the native structure of the protein using solution-based
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approaches is required. In contrast, aptamers selected to unmodified proteins in-vitro using
homogeneous techniques are more likely to maintain their function and binding affinity in-vivo

and do not require extra confirmation steps.
2.1.3 Kinetic Capillary Electrophoresis

Methods employing Kinetic Capillary Electrophoresis (KCE) have been suggested as an
alternative to the surface-based methods.!”® KCE methods employ CE separation of species
which interact during the electrophoresis process. These methods are homogeneous and,
therefore, do not suffer from non-specific binding in the way surface-based methods do. KCE
methods can drastically increase the efficiency of partitioning and facilitate selection of aptamers
with desirable binding parameters.??® Additionally, KCE methods do not assume equilibrium and
can therefore facilitate measurements of equilibrium and rate constants of aptamer-protein

binding, allowing for easy assessment of selection progress from round to round.'”
2.1.4 NECEEM

NECEEM is the most widely used KCE method for the highly-efficient selection of
aptamers to unmodified protein targets.!%2°!-% NECEEM partitioning in SELEX involves
preparing an equilibrium mixture of a ssDNA library and a protein target, and injecting a small
plug of this mixture into a capillary followed by separation of the target, ligand and complex by
applying a current.'® In most cases, the DNA is fluorescently tagged and LIF detection is utilized
to visualize the species. The resulting electropherogram produces three regions: A DNA peak
(A1,Figure 24), a DNA-protein complex peak (A2, Figure 24) and DNA dissociated from the
complex (A3, Figure 24). By integrating these peaks, kinetic constants can be derived (Figure
24). The efficiency of partitioning by NECEEM was found to be at least two orders of magnitude
higher than those of conventional surface-based selection techniques.®®! As a result, library
enrichment can be completed in as few as 2-4 rounds of NECEEM-based SELEX, in contrast to

the 10-30 rounds required in SELEX based on heterogeneous partitioning, !76-198-201
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Figure 24: A NECEEM electropherogram, where DNA is fluorescently tagged, shows three
regions corresponding to the DNA peak (red), complex peak (blue) and DNA dissociation region
(green). Kinetic constants can be derived by integrating these peaks. Adapted from '°.

2.1.4.1 Issues

As PCR follows partitioning (Figure 23A), inefficient amplification can drastically affect
the overall performance of SELEX. Despite this, relatively little attention has been paid to
improving PCR in SELEX. Commonly, a classical PCR amplification protocol is used during
SELEX, one that is optimized for homogeneous DNA templates. Such conventional PCR
amplification, when used with heterogeneous DNA pools, such as the one used in SELEX, was
found to quickly degrade the products, rapidly form byproducts through the formation of product
heterodimers, and is susceptible to amplification bias.?’’2% Additionally, DNA amplification by
conventional PCR is susceptible to nonspecific primer hybridization, primer dimers, and

potential aptamer loss due to their adhesion to walls of PCR tubes.?%’

PCR bias when amplifying aptamers is a potentially significant issue that is often
overlooked. This bias arises from the tight secondary structures of aptamers as compared to the

non-binding oligonucleotides or weakly binding aptamers. Tight secondary structure has been
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previously shown to reduce amplification efficiency, either by interfering with primer binding or

preventing polymerase extension.?!*-2!

PCR issues are particularly detrimental to NECEEM-based aptamer selection. An
important intrinsic property of NECEEM is that the number of collected aptamers is very small
(due to the small injection volume and stringency) which creates a significant challenge for the
amplification step. To successfully amplify a small number of aptamers, the PCR step must be
highly-efficient and specific, i.e. a high yield of a single amplicon product has be generated per
corresponding intended template sequence, as opposed to byproducts generated due to non-
specific primer binding and amplification of template heterodimers or preferential amplification
of non-binders. These issues are most significant during the initial cycles of SELEX where
aptamers may appear in single numbers. Inefficient amplification can therefore counteract all the
benefits of NECEEM and is detrimental to any partitioning method, homogeneous or otherwise.

For successful SELEX, these PCR issues must be addressed.
2.1.4.2 Solutions

A number of approaches have been attempted over the years to mend the aforementioned
inefficiencies of PCR amplification in SELEX. To this end, quantitative real-time PCR (qRT-
PCR) was used to determine the optimal number of PCR cycles by gauging the cycle at which
50% of maximal yield is reached (usually 11-13 cycles), thus reducing byproduct formation by
preventing over-amplification. Once the cycle number was determined, symmetrical PCR (same
concentrations of forward and reverse primers) was combined with asymmetric PCR (excess of
forward primer) to decrease byproduct formation and increase product yield.2'> Although
effective in its goal to reduce byproduct formation, this method does not address amplification
bias, byproduct formation due to primer-dimers, nonspecific primer binding in early
amplification cycles, or DNA loss due to adsorption. More recently, Nested-PCR, a method
which uses a series of two or more sets of flanking primers to amplify an increasingly shorter
sequence in a master template, was introduced to increase amplification specificity.?!® This
approach, however, would exacerbate the bias and product-heterodimer-induced byproducts due
to the increased size of the intermediate amplicon and the increased number of required PCR

reactions. For instance, a 64-bp sequence was required to amplify a 16-bp random aptamer
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sequence using six separate PCR reactions per selection round.?!® The bias issue was tackled
specifically in SELEX-T.2!7-*!8 This method first generates cDNA from RNA aptamers, followed
by T7 RNA polymerase transcription to linearly amplify the RNA aptamers. Using excessive
primers and low number of PCR cycles, bias due to heteroduplex formation is prevented by
amplifying the cDNA template solely and avoiding the RNA product. This approach, however,
only applies to RNA aptamers and introduces additional purification and bias-prone enzymatic

reaction to the selection process.
2.1.5 Emulsion PCR

Here we suggest a possible solution to the PCR issue by combining NECEEM
partitioning with a highly-efficient single molecule amplification procedure termed Emulsion
PCR (ePCR). ePCR is a method to compartmentalize and miniaturize the PCR reaction in-
vitro.?!%?* Micro-reactors enclosing PCR components and (ideally) a single template are created
by vigorously mixing mineral oil and surfactants with a conventional PCR mix (Figure 25).2!° In
effect, a local homogeneous-like PCR amplification environment is created.??! These conditions
prevent the formation of the highly detrimental product-product hybrids (the main source of
byproducts).?’” Additionally, an increased effective local concentration of the template DNA is
created in each micelle thus reducing primer-dimer formation and non-specific primer
hybridization (the major cause of PCR inefficiencies in early amplification cycles).?!
Importantly, the presence of a single template in each micelle reduces amplification bias, a
theoretically important factor which hinders the success of aptamer selection.?!*??° Furthermore,
the hydrophobic properties of the oil does not allow for the DNA template to adsorb to the

reactor tube wall, 2%’ a significant issue in alternative single molecule amplification methods.?"”

Emulsion PCR

o - -®
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Figure 25: Emulsion PCR involves vigorously mixing a conventional PCR mix (with the
addition of BSA) with emulsion oil. The resulting emulsion is composed of micelles which
contain (ideally) a single template and all necessary PCR components, thus creating a
homogencous-like amplification conditions.

62



The efficient amplification of aptamers through their isolation in micelles, as provided by ePCR,
could potentially significantly reduce aptamer loss due to stresses introduces by NECEEM,
allowing it to function as an efficient homogenous partitioning method in the context of aptamer

selection.

The utility of ePCR was previously suggested for the amplification of aptamers.??° A
recent semi-automated aptamer selection method, dubbed “just in time-selection”, uses magnetic
beads and emulsion PCR to amplify aptamers.??* The method, however, relies on a
heterogencous separation approach and requires elaborate washing and negative selection steps.
This results in the need for 15 rounds of SELEX. In addition, this approach requires a separate
method (e.g. surface plasmon resonance) for affinity measurements after aptamer synthesis. To
our knowledge, ePCR has never been used in conjunction with homogeneous separation

techniques to select aptamers to difficult protein targets.
2.1.6 ABH2 as a Target

To test our approach, we selected aptamers to hABH2, a DNA damage repair enzyme.
This human protein is a challenging target for aptamer selection as it is relatively unstable and,
therefore, requires very careful handling and sensitive partitioning conditions. Additionally,
hABH?2 is a difficult target for CE as the protein is positively charged at neutral pH and, thus,
can potentially adhere to negatively charged capillary walls during separation. This adsorption
can further reduce the amount of collected aptamers and, therefore, applies additional stress on

PCR.

Normally, hABH2 acts as one of the main alkylation housekeeping enzymes, repairing
alkylation that can result in the disruption of replication and transcription, triggering of the cell-
cycle checkpoints, induction of apoptosis or, in some cases, cancerous growth.?” Such cytotoxic
alkylation has been taken advantage of by chemotherapeutics to disrupt the replication of cancer
cells. Many cancers, however, develop a resistance to chemotherapeutic alkylating agents by
taking advantage of the cell’s innate natural DNA damage defenses, such as hABH2 and related
enzymes. Using these DNA repair enzymes, cancer cells rapidly dealkylate the DNA, thus

requiring higher doses of the drug to inhibit their growth and, as a result, increase the chance for

63



lethal side effects, or rendering the drug ineffective altogether.?>*>>> hABH2 expression has been
directly implicated in a variety of cancers as well as neurological and developmental
disorders.!1%22¢ Aptamers able to specifically bind to hABH2 can potentially be used to detect
tumors, deliver drugs to the therapeutic target (thus lowering the chance for potentially lethal

side effect), or act as drugs through binding hABH2 and inhibiting its enzymatic activity.!

A number of attempts to select aptamers for the hABH2 protein by NECEEM
partitioning with conventional PCR (combination of symmetric and asymmetric PCR) were
unsuccessful; they showed no detectable library enrichment in 5 rounds of SELEX. The very
first attempt of aptamer selection using the combination of NECEEM and ePCR was successful,
thus suggesting that ePCR is a viable approach to improve NECEEM-based aptamer selection

for challenging protein targets.
2.2 Results
2.2.1 Unsuccessful aptamers selection for hABH2 by NECEEM with conventional PCR

Aptamers able to inhibit hABH2 enzymatic activity can be potentially used to improve
the effect of chemotherapies. Maintaining the hABH2 protein unmodified during the selection
procedure should help in finding such inhibitors binding to the protein in its native structure in-
vivo. Thus, NECEEM, a homogeneous partitioning approach, is desirable. In a previous study,
aptamers for a bacterial homologue of hABH2, AlkB, were selected using a SELEX protocol
based on NECEEM partitioning and amplification using a combination of symmetric and
asymmetric PCR (sPCR and aPCR).!?* AIkB aptamers were able to inhibit DNA demethylation
by AIkB 1000 times more efficiently than the best reported small-molecule inhibitors.'?” This
success was the major motivation for the present attempt to select aptamers for human hABH2

using the same selection approach.

The hABH2 aptamer selection was performed using an 80-nt long ssDNA library
containing 20-nt long primer regions and 40-nt random-sequence region (the library was
identical to the one used in aptamer selection for AlkB). DNA has the advantage of being more
stable and easier to processes than RNA as it does not require a transcription step. Additionally,
DNA aptamers, in general, were found to have similar binding affinities to their RNA
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counterparts.??’ Three attempts with five rounds of SELEX in each were conducted with
monitoring library enrichment after every round. No detectable enrichment was observed
indicating that SELEX was failing despite the known high efficiency of NECEEM partitioning
and the previous success with AlkB. Analysis of hABH2 crystal structures reveals that it is a
larger, more complex protein than its bacterial homologue, and thus, it may behave differently in
selection.’”® hABH2 contains a short loop of positively charged arginine and lysine residues, and
an additional relatively long, flexible dSDNA-binding loop containing arginine, glycine, and
lysine residues.® The positive charge imposed by these residues likely increases the propensity of
hABH2 to interact with the negatively charged capillary walls, thus, potentially retarding the
aptamer-ABH2 complexes. Additionally, the activity of hABH2 has been found to decrease
within hours of thawing. As such, the protein may be partially degraded by the time it is used for
selection, thus further decreasing the amount of the aptamer-protein complex. All these factors
could contribute to the potential reduction of the number of DNA templates bound to the protein
target during NECEEM, thus challenging the efficiency of PCR and resulting in the observed
failure of SELEX. This failure motivated us to study these issues in detail and search for a

solution that could rescue the failing SELEX for hABH2 as well as other similar proteins.
2.2.2 Options for improving efficiency of PCR

NECEEM, although an advantageous partitioning technique, comes at a cost by imposing
challenges on the amplification portion of the selection process. First, whereas conventional
partitioning techniques use the entire aptamer pool, NECEEM uses nanoliter volumes for
analysis and separation. Although this has the benefit of conserving reagents and costly protein
targets, it also means that during the first round of selection only a small fraction of the available
sequences in the initial library are used in partitioning. In subsequent rounds, if the desired
aptamers are not present in sufficient quantity (e.g. due to biased amplification), they may not be
present in the following partitioning rounds due to the small injection volume. Additionally, the
unmatched stringency of NECEEM, although enabling isolation of high affinity aptamers,
greatly reduces the number of aptamers which are present in the final fractioned pool. NECEEM
therefore requires highly efficient amplification that will preserve, and sufficiently amplify, the

relatively small number of aptamers between the partitioning rounds.
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The major problem of PCR amplification is rapid conversion of products into byproducts
and potential bias towards the amplification of non-binders. Many methods attempting to solve
this issue only address one of the problems, while ignoring or, in some cases, aggravating the
other. As mentioned previously, qRT-PCR-controlled amplification reduces over-amplification
of byproducts, but does not address the primer dimerisation or bias issue.?!* Nested-PCR
increases amplification specificity,?'® but worsens the bias due to the increased size of the
intermediate amplicon. Other methods, such as SELEX-T,?!” reduce bias and byproduct
formation but only apply to RNA aptamers. Emulsion PCR, which isolates PCR reactions in
microdroplets can help alleviate both product conversion to byproducts and PCR bias. For these
reasons, emulsion PCR is commonly used in next-generation sequencing, including the 454, the

Polonator, and SOLiD platforms.??’
2.2.3 Emulsion versus Conventional PCR

As compared to ePCR, conventional symmetric amplification of a heterogeneous ssDNA
library was found to produce a significant number of byproducts by the 10" cycle of
amplification and, more importantly, the rate of product loss due to the conversion to byproducts
surpassed product generation by as early as the 15% cycle (Figure 26A, C-D). By the 30™ cycle,
practically all the products have been converted to byproducts. These byproducts have been
previously found to arise from formation of primer dimers and non-specific primer binding in
early PCR cycles when primer concentration is high, and, more significantly, from the formation
of product-product hybrids later in the PCR process when the template concentration is high.?%’
In contrast, ePCR produced virtually no byproducts in comparison to sSPCR and, as a result, no
clear product loss was observed (Figure 26B, C). Conventional PCR product yield peaked at
cycle 15 whereas an exponential increase in product was observed in ePCR well into the
completion of the procedure. By the 40" cycle, over 10 times greater amount of products and
two orders of magnitude lower amount of byproducts have been observed in ePCR as compared

to conventional symmetric PCR (Figure 26C). This is consistent with a previous study that
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Figure 26: Comparison of product loss due to byproduct formation in conventional PCR and
emulsion PCR.

found that conventional PCR produced byproducts as early as the 15" cycle and significant

product loss by the 20" round.?"’

PCR product loss, such as that occurring due to their conversion to byproducts, is highly

detrimental to the aptamer selection process, particularly when using NECEEM for partitioning.

During the first round of selection, high affinity aptamers are present in single copies in the

partitioned aptamer pool. The stringency and low volumes used by NECEEM reduce the quantity

of aptamers further. Any loss of these sequences permanently removes them from the pool and

may introduce a significant bottleneck to the aptamer selection process.

ePCR has been found to follow a Poisson distribution of templates with most micelles

containing a single template. A small fraction of micro-reactors may have a larger number of

templates or no templates at all.!” In these cases, primer dimers, non-specific primer binding,
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and product-product hybrids may form. Nevertheless, ePCR prevents any such byproducts, or
other contaminations, from propagating throughout the PCR reaction thus limiting the
amplification of byproducts to negligible amounts. In contrast, byproducts formed during
conventional PCR are able to propagate throughout the entire process, increase in numbers
exponentially, and, in addition to converting products to byproducts, limit the resources available
for aptamer amplification. This allows the byproducts to outnumber the aptamers rapidly,
significantly decreasing the chance of aptamers to be injected into the capillary in the following

NECEEM partitioning round.

The remaining aptamers, which were not converted to byproducts in conventional PCR,
are subjected to amplification bias. The variety of aptamer sequences present have different
amplification efficiencies owing to factors including steric hindrance imposed by the secondary
structure and polymerase sequence preference.?%213:214230 Non-binding DNA (possessing weak
secondary structure) and aptamer sequences that are amplified more efficiently are
overrepresented in the final pool as opposed to the desired high-affinity aptamers. This bias is
potentially bypassed in ePCR as the polymerase is exposed to a single template and the template
concentration is effectively increased in their respective micelles, thus eliminating competition.
To summarize, our results showed that ePCR leads to a greater amount of desired products and

100-times lower amount of byproducts formed.
2.2.4 Aptamer selection for hABH2 based on NECEEM-ePCR

The experimental evidence showing significantly reduced product loss (see the previous
section) prompted us to test the combination of NECEEM and ePCR as applied to hABH2 as a
challenging target for aptamer selection. The selection process proceeded as follows: first, the
library is allowed to equilibrate with the target hABH?2 protein and the mixture is injected into a
capillary (time # in Figure 27). High affinity oligonucleotides (aptamers) bound to the target are
partitioned from the unbound or weakly bound and dissociated sequences using an electric field
of 400 V/cm (time £, in Figure 27). This causes the mixture components to separate into distinct
regions, or zones, determined by charge to friction-coefficient ratios of the analytes.?*!
Fluorescent tagging of the DNA enables visualization of the unbound DNA peak as well as the
complex of DNA with hABH2 and the so-called dissociation region (Figure 24). A fraction-

68



collection window is determined to include the complex as well as a portion of the DNA pool
that dissociated from the protein-DNA complex (Figure 27). Essentially, the closer the right
boundary of the window to the ligand peak, the weaker ligands (higher rate constants of complex
dissociation, kofr) will be collected.!® The boundary is generally chosen towards the middle of
the dissociation region with a bias towards the complex peak. This allows for sufficient distance
as to not contaminate the high affinity aptamers with non-binders or low affinity aptamers and
ensures that the entire complex peak is collected. This classic NECEEM experiment allows for
the estimation of ECso (analog of K4 used for a pool of different aptamers, ECso is defined as the
concentration of target at which 50% of aptamers in the pool are bound) and kofr constants during

the fraction-collection stage for future reference and monitoring of the selection progression.2%
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Figure 27: Determination of aptamer-collection window in NECEEM for ABB?2 as a target. In
NECEEM, an equilibrium mixture containing the protein and DNA aptamer library is injected (1)
into the capillary and an electric field is applied to separate the complex from the protein and
ligand (#2). The electropherogram contains peaks of the complex and ligand due to the fluorescent
tag on the DNA. A window is chosen to capture the intact complex and a part of the dissociation
region.

Once obtained, the enriched DNA aptamer pool is amplified using ePCR followed by the
generation of an enriched single stranded pool using asymmetric PCR,?*? completing the

selection round. The next round is then initiated by incubating the enriched pool with hABH2

and subjecting the mixture to NECEEM partitioning. This classical NECEEM experiment allows
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for the determination of the binding constants of the new enriched pool of DNA and for the
selection of a new fraction at the same time. The rounds of alternating partitioning and

amplification rounds are then repeated until no further enrichment is observed.

After amplification, the ePCR emulsion can be easily broken using organic solvents.
Originally, the highly volatile and flammable organic solvent diethyl ether was used followed by
a precipitation of the amplified DNA. Here, we follow Schiitze’s work to simplify the process
and replace diethyl ether with isobutanol. We also replace the emulsification method with
vortexing as opposed to the original contamination prone magnetic stirring method.?*! To
regenerate the ssDNA library, aPCR was utilized at a 20:1 forward to biotinylated reverse primer
ratio.?*? The residual dsDNA remaining after aPCR amplification was removed using
streptavidin magnetic beads and biotinylated reverse primers. The resulting amplified DNA was
purified from other components of the solution (primers, nucleotides, and enzymes) by using the
MinElute purification method (QIAGEN, Mississauga, ON, Canada). This combination of ePCR

and aPCR is a very simple, rapid, and efficient way to regenerate an enriched aptamer pool.

The affinity of the enriched pools, as assessed through ECso values was measured using
NECEEM immediately following aPCR purification and a new fractions was collected at the
same time.?°® Obtaining binding constants prior to sequencing is of substantial benefit for
aptamer selection. By following the progression of enrichment, one can halt selection as soon as
no further enrichment is observed so as to avoid extra selection steps and labour intensive
affinity measurements as required in other selection methods. An ECso value of 600 nM was
reached by the fourth round of SELEX (Figure 28). The fifth and sixth selection rounds showed
no further improvement and the selection procedure was stopped. A common trend for ECso
enrichment, particularly in CE selection techniques, is for affinity to reach a maximum, followed
by a worsening in £ECso following each successive round.?***** Although the reason for this
phenomenon is not well understood, we believe that it occurs, at least partly, due to the
limitations imposed by PCR. It is likely that at the point of loss of enrichment, the rate of PCR-
related aptamer loss surpasses the rate of enrichment. Here, we did not observe this pattern.

Although enrichment was not observed past the fourth round, no loss in enrichment was
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Figure 28: Progress of library enrichment with number of SELEX rounds. NECEEM-based
aptamer selection combined with ePCR was used to select aptamers for ABH2 from an unbiased
ssDNA library.

observed. It is likely that this occurs due to the improvements provided by ePCR which curbs

PCR related aptamer loss.
2.2.5 Aptamer Synthesis and Binding

Pools displaying the lowest £Cso values were cloned and eight aptamers with the lowest
Kq values were sequenced and synthesized. Although 20G was not present during the selection
process, binding measurements of the synthetic C2 aptamer without 20G had a K4 of 1.8 pM
whereas the addition of 20G increased the strength of binding almost 10 folds, decreasing the K4
value to 190 nM (Figure 29).

This is explained by the ordered sequential mechanism of Fe-20G-dependent
dioxygenases, including hABH2, in which 20G binding precedes that of substrate; 20G
coordinates to the active site Fe*" and which induces substantial structural changes in hABH2
that reorganize the active site for substrate binding.?*>?3¢ Selecting aptamers in the presence of

co-factors will be the subject of future work. The synthetic aptamers obtained from the fourth
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round of selection were found to be characterized by K4 values ranging from 38 nM to 1 uM

(Figure 30, Table 3).
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Figure 29: ABH2 Aptamer binding improves with the addition of OG. 100nM of synthetic
aptamer was incubated with 400nM ABH2. Low binding was observed when the selecting
conditions were replicated. Addition of 20G restored the binding.
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Figure 30: Aptamer binding studied by NECEEM. Two hundred nM aptamer was mixed with
200 nM of ABH2 in the presence of 160 uM 20G.

Table 3: Binding constants and sequences of synthesized hABH2 aptamers.

ID Ki(M)* k(M 'sh kot (s71) Core Sequence (5°=23)

1 215 1.0E+04 2.2E-03 AAGCTATTACCCGCGTTCATAGCTTTGCGTCAGAGCCTCA

2 154 3.3E+03 5.1E-04 CTGGAAGGGTTCAGAGGTAAGACTACGATCTTGGCGGGCC
10 178 1.3E+03 2.2E-04 GGTTCGGAGGAATCCATGTTGCGAACGACCGCTGCTAGCA
13 238 8.0E+03 1.9E-03 AAGTGATGGGGCCAGGTTCAGAATGAGGACATACGGGAGG
15 391 4.7E+03 1.8E-03 ATACCAGGGCTCAGAGGATCTGGGGGCCGATGCGTTGGAT
17 631 1.5E+03 9.3E-04 AGCGGGGTTGCGGAGTTCTGAGGTCGGCCACTCATGGTGC
18 35 7.0E+03 2.4E-04 GCATTACTGGTTCTGAGGAAAGTGCGACTCAGCCGTACGC
20 86 1.1E+04 9.3E-04 TGACCGGTTCAGATGGATGGGTCCTTCGCATAGACCTACA

Primers: forward, CTCCTCTGACTGTAACCACG; reverse: GCATAGGTAGTCCAGAAGCC

*Experiments were done in duplicates and the results of a single set of experiments are shown.
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2.2.6 Cross Reactivity

The identified hABH2 aptamers were tested for cross-reactivity with the homologous Fe-
20G-dependent dioxygenases, AlIkB and hABH3, as well as BSA and the MutS mismatch repair
protein. The aptamers were found to successfully discriminate between the human and bacterial
homologues as well as MutS and BSA (Figure 31). The aptamers’ specificity to hABH2 suggest
that they interact with the protein’s unique DNA binding site, instead of other non-specific
regions. The binding site of hABH2 is different from its homologues as it involves a finger
residue and a positively charged loop involved in double stranded DNA binding that is not

present in ABH3 or AlkB. To determine the specific binding region requires further mutagenic

analysis.
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Figure 31: Cross reactivity of the C2 and C10 aptamers with related and unrelated proteins. The
synthetic ABH2 C2 and C10 aptamers do not significantly bind to any of the proteins tested.
Dissociation is observed with MutS and to a lesser extent with the rest of the proteins. 100nM
aptamer was incubated with 400nM protein and incubated for 15 minutes prior to NECEEM
analysis.

2.3 Conclusion

In conclusion, the procedure for efficient and rapid aptamer selection by NECEEM has
been significantly improved by the addition of ePCR (Figure 32). By creating a homogeneous-

like amplification environment using ePCR, aptamers with Ky values ranging from 38 nM to 1
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uM were selected in as few as four rounds whereas the same method using conventional PCR

failed to show any detectable enrichment.

The work leading to the selection of ABH2 aptamers reported here will serve as the basis
in the development of efficient hABH2 and other DNA repair enzyme inhibitors for their
potential use in combination with current alkylating drugs.*>#¢ This approach could greatly
reduce the chemotherapy resistance developed by many neoplastic cells. Such aptamers also
have the potential to be used as delivery vehicles for cytotoxic drugs to cancer cells.*” Due to
their high affinity and relatively small size, aptamers exhibit durable target tissue retention as
well as rapid blood clearance, essential features for their use in in-vivo imaging and drug
delivery.?*” The newly developed method can be employed for the rapid discovery of aptamers

with potential therapeutic use for other unstable proteins.
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Figure 32: NECEEM-based Aptamer Selection with Emuls10n PCR. In this version of the
protocol Emulsion PCR is used to amplify an aptamer pool selected using NECEEM. Once
amplified, single stranded DNA is generated using asymmetric PCR and purified using
streptavidin magnetic beads. The purified pool is then incubated with the protein again and the
process is repeated.
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2.4 Materials and Methods

2.4.1 Materials

Fused silica capillary, 75 um inner diameter, 365 um outer diameter, was purchased from
Polymicro Technologies (Phoenix, AZ). hABH2 was expressed and purified as described
elsewhere,'® and stored in 50 mM Tris-HCI, 500 mM NaCl, 1 mM DTT pH 7.5 buffer at —80°C.
A ssDNA library, labeled at the 5° end with fluorescein (F488) for detection, 80 bp in length,
including two 20-bp primer regions, was synthesized and HPLC-purified by Integrated DNA
Technologies (IDT, Mississauga, ON, Canada) and stored at —20 °C. F488-labeled as well as
unlabeled ssDNA forward primers, as well as 3’ biotinylated and un-biotinylated reverse
primers, 20 bp in length, were synthesized and purified with HPLC by IDT (Mississauga, ON,
Canada) and stored at —20°C. Single stranded, 5° F488-labeled DNA aptamers (80 bp in length,
containing 20-bp primer regions) were synthesized by IDT (Mississauga, ON, Canada).
Streptavidin-labeled magnetic beads as well as all other chemical reagents and buffers were
obtained from Sigma-Aldrich (Toronto, ON, Canada). Solutions were prepared using double

distilled deionized water and filtered through a 0.22 pm filter (Millipore, Nepean, ON, Canada).
2.4.2 Instrumentation

CE experiments were performed using a P/ACE MDQ instrument from Beckman Coulter
(Fullerton, CA, U.S.) utilizing LIF detection with excitation at 488 nm and emission at 520 nm.
Uncoated fused silica capillaries were used with total lengths of 50 cm for K4 and ECso
measurements and 80 cm for aptamer partitioning; the distances to the detection window were 40

and 70 cm, respectively.

Brand new capillaries were preconditioned using a wash with 2 capillary volumes of
methanol, followed by 5 capillary volumes of sequential washes with 100 mM HCI, 100 mM
NaOH, deionized water, and, finally, equilibrated with the running buffer for 10 min. The sample
(either the equilibrium mixture of aptamers and protein or aptamers alone) was introduced into
the capillary by pressure at 1 psi for 28 s, and was propagated past the uncooled region of the

capillary when the protein was present (see section 2.5). The capillary temperature was kept at
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15°C. Electrophoresis was carried out at electric field of 400 V/cm. PCR amplification was

performed with a Bio-Rad iCycler (Mississauga, ON, Canada).
2.4.3 Determination of the aptamer-collection window

To determine bulk affinity (ECso) prior to the first selection round, a plug of 200 nM
DNA library incubated with 1.6 pM hABH2 for 15 min was injected into a 80-cm-long capillary
by a 10 s x 0.5 psi pressure pulse followed by buffer propagation by 0.3 psi pressure for 135 s. In
the first selection round, a plug of 25 uM DNA library incubated with 500 nM hABH2 for 15
min was used for injection. In all subsequent rounds, 100 nM aptamer pool and 400 nM hABH2
were used. The components were separated by electrophoresis at 400 V/cm. Once the protein-
aptamer complex was observed, an aptamer-collection window was determined to include the
complex as well as a part of the region corresponding to aptamers dissociated from the complex
during separation. Care was taken to maintain a 0.5-1 min gap between the collection window
boundary and the beginning of the peak of unbound DNA. The following formula was used to
calculate elution time (Zcution) Of the selected fraction based on the observed time of travel to
detector (Zdetector), the total length of the capillary (L) and distance from the inlet to the detector
(Ldetector):

L

total
detector 2
I (2

detecotor

4 =t

elution

Aptamer collection was repeated 3 separate times per pool with slightly adjusted right
boundaries. qRT-PCR was used to confirm a successful collection by comparing the collected

fraction to a negative collection (without the presence of the protein target).
2.4.4 Aptamer selection

For the first round of selection, 25 uM ssDNA library was mixed with 500 nM hABH?2 in
50 mM HEPES buffer at pH 7.5. The binding reaction was allowed for 15 min to approach
equilibrium and the DNA-ABH2 complex was separated from the unbound DNA by using
NECEEM in an electric field of 400 V/cm. 50 mM Tris-acetate pH 8.2 was used as a separation

buffer. The complex was collected by using a method described in in section 2.3, and the amount
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of DNA was quantified by qRT-PCR using iQ™ SYBR® Green Supermix Bio-Rad iCycler
(Mississauga, ON, Canada).

2.4.5 Propagation past uncooled region

238 of the capillary the pressure-

In order to move the sample past the uncooled region
injected plug was further pressure propagated 5 cm into the cooled region of the capillary. The
required pressure pulses were 0.3 psi x 2.25 min for an 80-cm long capillary and 0.3 psi x 1 min

for a 50-cm long capillary.
2.4.6 Emulsion PCR

Emulsion PCR oil was prepared by combining three emulsion oil components provided
by the Micellula DNA Emulsion and Purification Kit (EURx, Poland) in a 73:7:20 ratio as
recommended by the manufacturer. A conventional 50 uL PCR mixture with the addition of
BSA was added to 300 pL of the oil phase and contained the following: 10x PCR buffer (New
England BioLabs, Toronto, ON, Canada) , 400 nM forward and reverse primers, 200 nM dNTP
mix (each, IDT, Mississauga, Canada), SU/uL Taq (New England BioLabs, Toronto, ON,
Canada), 0.75 mg/mL BSA (New England BioLabs, Toronto, ON, Canada) , nuclease free H.O
(IDT, Mississagua, Canada) as well as 10-20 pM of the collected aptamers. Once combined, an
emulsion was formed by vortexing the mixture at a maximum speed for 5 min on ice. After
amplification (15 cycles), the contents of PCR tubes were pooled and the emulsion was broken
through the addition of 1 mL of isobutanol. The PCR mixture was then purified using the
Micellula DNA Emulsion and Purification Kit (EURx, Poland) as per manufacturer’s
instructions. The purified amplified PCR reaction was eluted with 20 pL of provided elution
buffer (EURx, Poland) incubated for 2 min followed by a 1-min centrifugation at 1.3 x 10* rpm

into a collection tube.
2.4.7 Regeneration of enriched pool

The purified emulsion PCR product was amplified asymmetrically in triplicates with a
20:1 ratio of F488-labeled forward primer to biotinylated reverse primer to generate ssDNA

product. Twenty pL of streptavidin magnetic beads (Sigma Aldrich, Oakville, ON, Canada) was
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magnetized and re-suspended in 10 mM Tris-HCI buffer containing 10 mM NaCl and 1 mM
EDTA at pH 8.0. Once amplified, the triplicate PCR reactions were combined and incubated
with the streptavidin magnetic beads for 30 min at room temperature. The beads were
magnetized, discarded and the PCR product was purified using a MinElute purification kit
(QIAGEN, Mississauga, ON, Canada) as per manufacturer’s recommendation. DNA was then

eluted using 10 uL of 50 mM HEPES pH 7.5.
2.4.8 Affinity analysis

K4 and kofr values were determined from NECEEM electropherograms as described
elsewhere;'%?* kon values were calculated as kor/Kq. The NECEEM experiments were performed
as follows: A 50-nL plug of the equilibrium mixture containing 100 nM aptamer and 400 nM
protein in 50 mM Tris-HCI pH 7.5 was injected into a 50-cm-long capillary by a 0.5 psi x 10's
pressure pulse. An electric field of 400 V/em was applied to the capillary with a positive
electrode at the inlet. The electrophoresis run buffer was 50 mM Tris-acetate, pH 8.2. The

sample was detected by LIF detection with excitation at 488 nm and emission at 520 nm.
2.49 Cloning

Aptamer pools were amplified using symmetric PCR and unlabeled primers. The
formation of dSDNA was assessed using a 4% agarose gel and the appropriate band was
extracted and purified using the QIAquick Gel Extraction Kit (QIAGEN, Mississauga, ON,
Canada). The concentration of the DNA was quantified using qRT-PCR. Cloning was performed
using the pT7 Blue-3 Perfectly Blunt cloning kit (VWR, Mississauga, ON, Canada) as follows.
The eluted DNA was ensured to have blunt ends by using an End-Conversion Mix (provided
with the cloning kit). The mix is then ligated into a Blunt vector using T4 DNA Ligase (VWR,
Mississauga, ON, Canada). Finally, NovaBlue Singles Competent Cells (VWR, Mississauga,
ON, Canada) were transfected with the ligation mixture prepared above. SOC medium (VWR,
Mississauga, ON, Canada) was added to the cells and the mixture was plated on ampicillin agar
plates. The cultures were allowed to grow in an incubator at 37°C overnight. Twenty four
colonies were picked and resuspended in 200 pL of H>O. The resuspended colonies were then

placed in a boiling water-bath for 5 min followed by centrifugation at 1.3 x 10* rpm for 10 min
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to pellet the bacterial debris. The supernatant containing the DNA was then amplified in 30
cycles of symmetric PCR as described above using F488-labeled forward primers followed by 15
cycles of asymmetric PCR as described in section 2.7. The Kq value was measured for each clone
prior to sequencing. Plasmids for sequencing were extracted using the GenElute Plasmid
Miniprep Kit (Sigma-Aldrich, Toronto, ON, Canada). Once extracted, the plasmids were sent to
TCAG DNA Sequencing facilities (The Hospital for Sick Children, Toronto, ON, Canada)
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CHAPTER 3: Direct Measurement of the Demethylation Activity of hABH2
and hABH3

3.1 Introduction

3.1.1 DNA Alkylation and Repair

Alkylation is a ubiquitous form of DNA damage, resulting in cytotoxic, mutagenic, and
carcinogenic effects.'??’ The Fe-20G-dependent dioxygenase family of repair enzymes catalyze
the removal of N-alkyl groups from damaged DNA.**° This cellular defense mechanism of
dealkylation involves the hydroxylation of alkyl groups, followed by the release of succinate,
formaldehyde and a dealkylated nucleic acid product.'**1**? Fe-20G-dependent dioxygenase
repair proteins were found to be highly conserved and ubiquitously expressed in normal human
tissue, suggesting a critical role in DNA repair.> The enzymatic activity of human Fe-20G-
dependent dioxygenases has also been suggested to be linked to various types of

cancers,67’1 18,140,243

neurological discases,”** and obesity in humans.?' 3-meC is among the most
abundant and cytotoxic form of alkylation.**** Such N-methylation adducts comprise more than
80% of methylated bases.’® These lesions can block DNA replication and are commonly repaired
via direct oxidative reversal, mediated by the Fe-20G-dependent dioxygenases: AlkB in
prokaryotes and ABH2 and 3 in humans.*!>!*!® hABH2 has been found to preferentially

dealkylate dSDNA, whereas hABH3 prefers ssDNA as well as RNA.*12
3.1.2 Chemotherapeutics

The cytotoxic nature of alkylation is taken advantage of by a specific class of anti-cancer
drugs, termed alkylating antineoplastic agents.>* These agents aim to damage DNA in tumors as
to prevent the DNA strands from uncoiling and replicating, or trigger cellular checkpoint to
induce cell cycle arrest, p53 response, and apoptosis, thus halting cancerous growth.> These
alkylating drugs are susceptible to the cell’s dealkylating repair systems, such as the
aforementioned Fe-20G-dependent dioxygenases hABH2 and hABH3.7¢%45 Such enzymes were
indeed found to reduce the success of alkylating chemotherapeutics.>>7%>4¢ Detection and
inhibition of Fe-20G-dependent dioxygenases, therefore, has a significant therapeutic
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3.1.3 Alkylation Activity Studies

A detailed understanding of the dealkylation repair mechanism is essential for finding
new drug candidates. Both the in-vitro study of the enzymatic activity of Fe-20G-dependent
dioxygenases and search for inhibitors require a simple and accurate method for a quantitative
analysis of their enzymatic activity. Such a method should ultimately utilize biologically-relevant
substrates, oligonucleotides rather than single nucleosides or other co-products. A classical
approach for such an analysis is indirect; involving the detection of co-products formed, such as
CO7 and formaldehyde, or coupled reactions.'® For example, NADH production is detected
using absorption when the reaction is coupled with formaldehyde dehydrogenase. Such
techniques are undesirable as they are prone to systematic errors.”!*!*247 A common assay for
analyzing the substrate directly utilizes a methylated radioactively labeled substrate and HPLC
analysis. After the enzymatic reaction, the DNA is precipitated and the radioactive methylated
nitrogenous bases are released from the substrate using an enzymatic reaction or acid hydrolysis.
The bases are then analyzed by HLPC and the amount of methyl groups remaining on the
substrate is compared to the amount before the reaction.!>!%® Although superior to indirect
methods, this approach requires error-prone post enzymatic modifications and radioactive

labeling which introduces complexity to the reaction.

A direct enzymatic assay utilizing separation of a 15-nt single-site methylated ssDNA
substrate from its demethylated product by capillary electrophoresis without the need of post
reaction manipulations was recently introduced.! This method allows for quantitative analysis
for both product formation as well as substrate consumption. It avoids the use of radioactive
compounds, does not require a calibration curve or sample manipulation, and uses small
(nanoliter) sample volumes. It is also rapid, cost-effective, and accurate. The proof of principle
and demonstration of application to inhibitor screening was previously done with AlkB, a
bacterial Fe-20G-dependent dioxygenase, but was never applied to human proteins.!>!** The
method was used to demonstrate that DNA aptamers can inhibit the demethylation activity of

AlkB more effectively than previously reported inhibitors.'?’
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3.1.4 Objective

As discussed in chapter 2, aptamers specific to the human Fe-20G-dependent
dioxygenase hABH2 have been selected.”*® The goal of this work was to determine whether the
direct CE enzyme activity assay could be utilized for the human Fe-20G-dependent
dioxygenases, hABH2 and hABH3. This work would allow for the future analysis of aptamers as
inhibitors of human Fe-20G-dependent dioxygenase DNA alkylation repair protein.

Here I demonstrate that the reported method is indeed directly transferrable to human
enzymes, allowing for the fast and accurate measurement of hABH2 and hABH3 enzymatic
activities. The technique can potentially be used as a universal approach for discovering and
analyzing inhibitors for this family of enzymes, allowing for screening of large libraries of

potential drug candidates.
3.2 Results and Discussion

To study the demethylation activity of hABH2 and hABH3, a synthetic substrate with a
single methylated cytosine group labeled with fluorescein at the 5° end is used to directly
monitor both substrate consumption and product formation. The enzyme assay is based on the
CE separation of 3-meC in fluorescently labelled ssDNA substrate from the demethylated
fluorescently labelled product. The speed, automation and sensitivity of CE allow for fast and
accurate measurements of initial reaction rates at different substrate concentrations without any

post enzymatic manipulation.

Michaelis-Menten plots were obtained for product formation in reactions catalyzed by 50
nM enzyme for varying concentrations of the substrate. The plots are shown in Figure 33. Using
nonlinear regression, Km values of 430 £ 27 nM and 1.0 + 0.2 uM, and Vmax values of 34 £ 1 and
103 + 5 nM/min for hABH2 and hABH3, respectively, were determined (Table 4). These values
imply that whereas hABH?2 has a higher affinity for the substrate, hABH3 is able to achieve
higher maximum velocities and, therefore, has a higher turnover (k). This is consistent with
previous published results in which hABH3 had a higher activity towards single stranded
substrates.*!? A vast majority of previously published papers comparing the enzymatic activity
of human hABH2 and hABH3 did not carry out kinetic analyses. For example, Duncan et al.
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Figure 33: Michaelis Menten plots for demethylation of the TTCm substrate catalyzed by 50 nM
hABH2 (left) and 50 nM hABH3 (right). Initial reactions rates were determined though CE
separation of the demethylated product from the substrate. Curve fitting was performed with
GraphPad Prism 5 software. Kinetic constants (Km and Vmax) were determined for the best fitting.

mentioned that both GST- and His-tagged hABH2 and hABH3 are capable of demethylation;
however, they did not carry out any kinetic measurements.'? Lee ef al., conversely, published Km
values for mouse hABH2 and hABH3 for ssDNA 3-meC substrate and report K values of

82 + 22 nM and 162 + 48 nM for mABH2 and mABH3, respectively (Table 4).1* Although the
Km values reported by Lee et al. for the mouse enzymes were 5 fold lower than the values we
obtained for the human enzymes, the difference in K between the enzymes is similar in both
assays; hABH2 has a 2-fold lower K, than hABH3 (Table 4). Similarly, Lee has found a
comparable difference in the maximum velocity (Vmax) and turnover (kcat) between the enzymes.
Whereas Lee found hABH3 to have a twofold higher Vimax and kcat than hABH2, we found a 3
fold difference (Table 4). The variance between the values becomes marginal when accounting
for standard error. The difference between the results obtained here and the values reported by
Lee et al. could be partially explained by the use of mouse protein as opposed to human as well
as by differences in the assay conditions. Lee has used longer (24 nt), radioactively labelled
substrates and performed the essay at 37°C for 30 min with lower concentrations of iron, AA,
and BSA as well as higher pH and higher concentration of 20G. In contract to our approach,
Lee’s method relied on phenol/chloroform extraction, ethanol precipitation and restriction
enzyme cleavage of the product. Such post-processing steps, in addition to being time and

resource consuming, could contribute to error and, therefore, cause the differences observed.
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The results of the kinetic study of demethylation activity of human hABH2 and hABH3
enzymes were compared with constants obtained for the E. coli AlkB enzyme. As demonstrated
in Table 4, AlkB has a similar turnover (kcat) to hABH3 and a 4-fold higher turnover than
hABH2. This is consistent with the known similarity in activity between AlkB and hABH3
towards single stranded substrates, and the preference of hABH2 towards dsDNA substrates.*!?
AIlkB also has a significantly higher efficiency (kca/Km) than both hABH2 and hABH3 (30-50
folds) when a similar-size substrate was used.!® This finding is consistent with the previously
published results.!*® The significant variation between the constants obtained by different assays,
as exemplified in Table 4, is indicative of the sensitivity of enzymatic assays to different assay
conditions. Notably, different assays utilized substrates of different lengths, suggesting that not
only do the enzymes have different activities towards different types of alkylation, but also
towards different oligonucleotide lengths and sequence as previously shown.?! Such variation

could be a subject of future studies.
The consistency of this method with previous works confirms that this method can be

applied to human demethylation enzymes. Ultimately, this approach can be used to determine the

Table 4: Kinetic constants for AlkB and AlkB mammalian homologues for demethylating 3-meC
on ssDNA substrates.

. . . kea/ Knt .
-1
Protein  Kn (nM) Vmax (nM/min) kcat (Min~") (nM-'min™) Substrate  Protein (nM) Ref
430 + 27 34+1 (67+0.1)x 107" 1.5x10°  15Smer 50 vTv};‘ri
hABH2
82+22 (9+1)x10* (1.8£02)x 102 22x10%  24mer  0.05 4@
1,000 + 160 103 £5 2.1%0.1 2.1x107%  15mer 50 This
work
hABH3
162 + 48 (1.7£03)x 103 (3.4+0.5)x102 2.1 x10*  24mer 0.05 14s)
353+ 6.6 13+£1.5 26+03 74 %1072 15mer 5 15
3,400 + 600 30.8+ 1.4 22+0.1 6.4x10*  19mer 14 7
AIkB
24,000 + 5,000 2,100 + 400 21+4 8.8 x 104  3mer 100 21
290 + 30 2,300 + 1,000 23+ 10 7.9x 102  Smer 100 21

Initial rates were analyzed using nonlinear regression curve fitting with GraphPad Prism 5.
@ Values were measured for the mouse variant of the protein.
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inhibition of drug candidates, such as the aptamers selected in the previous chapter. This

approach would allow for accurate measurement of inhibition constants such as Kj and /Cso.
3.3 Conclusion

In this work, the method to measure the activity of bacterial demethylation enzymes was
adapted to human dealkylation repair enzymes involved in cancer chemotherapeutic resistance.
Kinetic analysis of fluorescently labelled demethylated substrates is simple, fast, cost effective,
and uses readily available, non-radioactive substances. Such a technique has great potential to
become a universal approach to both measure the activity and potentially discovering and
analyzing inhibitors for this family of enzymes. This method allows for the screening of large

libraries of potential drug candidates in a search for potent modulators.

3.4 Materials and Methods

3.4.1 Materials

Synthetic fluorescently labelled DNA substrate (5’-TTCmTTTTTTTTTTTT-3’-
fluorescein) was synthesized by ATDbio (University of Southampton, UK). hABH2 and hABH3
were expressed and purified as described elsewhere,'® and stored in 50 mM Tris-HCI, 500 mM
NaCl, 1 mM DTT pH 7.5 buffer at -80°C. An uncoated fused-silica capillary was purchased
from Polymicro (Phoenix, AZ, USA). DNA aptamers used in inhibition assay were synthesized
and HPLC-purified by Integrated DNA Technologies (IDT, Mississauga, ON, Canada). All other
chemicals were obtained from Sigma-Aldrich (Toronto, ON, Canada). All solutions were made

using deionized water filtered through a 0.22 um filter (Millipore, Nepean, ON).
3.4.2 Instrumentation

An uncoated fused silica capillary with a length of 80 cm (70 cm to the detection
window) and inner and outer diameters of 75 and 365 um, respectively, was used in all
experiments. The capillary was mounted on a CE instrument (P/ACE MDQ, Beckman Coulter,

Fullerton, CA) utilizing LIF detection with excitation at 488 nm and emission at 520 nm.
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Brand new capillaries were preconditioned using a wash with 2 capillary volumes of
methanol, followed by 5 capillary volumes of sequential washes with 100 mM HCI, 100 mM
NaOH, deionized water, and, finally, equilibrated with the run buffer for 10 min.

A sample was introduced into the capillary by a pressure pulse of 1 psi (~7 kPa) for 28 s.
The demethylated product and methylated substrate were separated by CE using a 20 mM Borax,
60 mM SDS run buffer at pH 8.6 and quantitated with LIF detection.

3.4.3 Measuring Enzyme Kinetics

The demethylation reaction was initiated by the addition of enzyme (50 nM hABH2 or
hABH3) to a mixture containing 50 mM Tris-HCI at pH 7.5, 4 mM L-ascorbic acid, 160 uM 2-
oxoglutarate, 80 uM FeSO4-7H,0, 2740 units of catalase, 100 pg/mL BSA and 125 nM —2 uM
or 750 nM - 6 uM 5’-TTCmTTTTTTTTTTTT-3’-fluorescein substrate for hABH2 and hABH3

respectively, as final concentrations. The final volume of the reaction mixture was 100 pL.

Fifteen pL of the reaction mixture was taken at different time points, added to pre-chilled
EDTA at a final concentration of 5 mM, followed by heating at 75°C for 10 min, to stop the
reaction. The samples were then stored at —20°C until their analysis by CE. The initial reaction
rate (nM/min) for Michaelis-Menten analysis was measured as a slope of the linear part of the
“product versus reaction time” curve. K and Vimax values were calculated from the Michaelis-
Menten plot utilizing nonlinear regression curve fitting using GraphPad Prism 5. The value of

keat was calculated as Vimax/[E] where [E] is the enzyme concentration.
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Limitations

Although NECEEM-based aptamer selection has unmatched partitioning efficiency, it
has inherit limitations. A major limitation is the nature of the instrumentation. The silica
capillary in which the separation occurs is composed of silanol groups (SiOH). Ionization of the
silanol groups (SiO") at pH values above 3 is the fundamental property for the electroosmotic
flow (EOF) formation. The negative charge poses problems, however, for the type of protein
targets that can be used. Positively charged proteins can easily stick to the negatively charged
capillary wall and hinder separation and therefore aptamer selection. This limits the possible
protein target repertoire. Although a wide variety of coatings exist to reduce protein sticking by
masking the charge, the obvious consequence is diminished EOF and therefore hindered

separation ability.

Measuring enzyme kinetics and inhibition using our method, although effective, can be a
lengthy and labour intensive process. If a substrate or exact assay conditions are unknown,
testing different substrates and assay components, in addition to testing inhibitors, lengthens the
process even further. Additionally, due to the speed of the reaction, measurement of initial rates
is prone to human error. There is a need, therefore, for a more rapid approach, either a

continuous assay or automated non-continuous method.
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Concluding Remarks

The utility and potential of aptamers continues to grow year by year. However, in spite of
their benefits over antibodies, aptamers have yet to gain widespread recognition and utilization.
In fact, other than a select few, many researchers are not even aware of their existence and
potential. This is likely due to two main issues: First, for laboratories, particularly clinical
laboratories that have used antibodies for many years, have established protocols and training for
handling antibodies are naturally resistant to change. Secondly, aptamers suffer from the
“Thrombin problem”. The thrombin aptamer is the most well-known and most widely used
aptamer. Hundreds of labs study this aptamer rather than develop aptamers and assays for more
clinically relevant targets. For aptamers to penetrate more labs and the clinical field, they have to
not only have a substantial advantage over antibodies, but their utility has to be proven for a

variety of targets and techniques.

To combat these issues, a universal approach to select aptamers to clinically relevant
targets is essential. As such, SELEX development has to go in the direction of homogeneous
partitioning and automation. Such techniques will pave the way for more in-vivo clinically
relevant applications. Once established, such aptamers can start making a more significant

penetration in the medical and research field.
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Future Direction

In this work, we focused on improving the efficiency of PCR following NECEEM
amplification by isolating the templates in separate micro-reactors. Although effective, there are
many areas that could be optimized further. Among them, combining asymmetric PCR with
emulsion could be attempted using the BEAMing (beads, emulsions, amplification and
magnetics) method. Here, the reverse primer is attached to magnetic beads which allows for the
isolation of the forward strands under denaturating conditions after amplification and purification
of the strands by removing the magnetic beads. This will further automate the method and reduce
possible contamination arising from sample manipulation. Additionally, the polymerase used for
amplification can be optimized. A higher quality polymerase used in early rounds will increase
efficiency (thus preserving the aptamers). Conversely, an error-prone polymerase used in later
rounds could be introduced to induce mutations to already enriched aptamers in hopes of

improving binding affinity.

An immediate next step to continue this work is to use the direct CE activity assay
approach to measure the inhibition potential of the selected hABH2 aptamers. Measuring the
activity in the presence of varying concentrations of aptamers will allow one to measure the
inhibition constant of the aptamers. These aptamer inhibitors can then be used for in-vivo studies.
An important factor to consider before doing so is nuclease resistance. Nuclease digestion is a
major factor for the short half-life of aptamers in-vivo. For example, unmodified thrombin
aptamer only lasts 108 seconds in-vivo.?*° If not addressed, aptamers are likely to be degraded
prior to performing their intended function. The solution to this issue lies in modified
nucleotides. Either a fluorine (F) or an amino group (NH2) can be used to substitute the 2'OH of
the ribose moiety of pyrimidines. Such modification was found to increase the nuclease
resistance by several orders of magnitude.?*® This modification has in fact been used with the
Pegaptanib therapeutic aptamer for this purpose.?*! Although this modification can be done to
existing aptamers>>> Such nucleotide modification were successfully used in CE-SELEX and
would be a useful addition to the aptamer selection process.?*> An additional possible

modification is the substitution of 2'-O-methyl (2'-OMe) at the 2'-OH position of purines.?*>
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As mentioned previously, our activity and inhibition assay approach, although successful,
is lengthy and labour intensive. To increase accuracy, reproducibility and efficiency, an
automated or continuous approach should be integrated with our method. Possible approaches
include mixing reagents in the capillary?>* or starting the reaction in a tube and repeatedly
injecting reactions at specific time points.?>® Such improvements are essential for future research

to characterize and find inhibitors for other enzymes of this family.
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