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Roles of Oxygenases in Nucleic Acid Modification
2-Oxoglutarate (2OG) and Fe(II) dependent oxygenases have a broad range of
substrates, extending from histones to fatty acids. Several 2OG oxygenases have nucleic
acid substrates, with members of the AlkB subfamily being responsible for nucleic acid
modification and repair. The AlkB protein itself is part of the Escherichia coli adaptive
response, protecting the DNA from methylation damage. Methyl lesions are repaired by
a direct removal mechanism via a hydroxylated intermediate, with release of
formaldehyde. Homologues of AlkB have been identified throughout the vertebrates,
with nine known human homologues: AlkB homologue 1-8 (ABH1-8) and Fat, mass
and obesity associated protein (FTO). ABH2, ABH3 and FTO catalyse similar reactions
to AlkB, whereas ABH8 methylates then hydroxylates modified wobble-position
uridines in tRNA. The remaining homologues are of unknown function.
The FTO gene is associated with obesity in humans, a link confirmed by mouse models;
mice lacking FTO are thinner than wildtype individuals, whereas overexpression of
FTO leads to increased mass. Investigation of recombinant FTO identified a novel
C-terminal helical domain which appears to mediate protein dimerisation in vitro. A
loss of function mutation in this C-terminal domain produces a lean phenotype in mice,
emphasising the importance of this domain for the protein’s function in vivo. The FTO
protein was further studied in cells, and localisation of several protein variant constructs
were studied by immunofluorescence. Cell lysis and immunoprecipitation techniques
were developed that enable proteomic analyses of proteins with which FTO may
interact in cells. No protein interactors were confidently identified, suggesting that FTO
may not interact with specific proteins in cells, and instead may preferentially interact
with nucleic acids.
Studies were initiated on two further members of the ABH family, ABH1 and ABH7.
Recombinant proteins were prepared and characterised as 2OG oxygenases, however
initial attempts to identify potential histone or nucleic acid substrates were not
successful. Both proteins were found to be localised in the mitochondria, however
proteomic analysis was unable to identify proteins interacting with either protein in
cells.
Selective inhibitors are required for in vivo inhibition of the ABH proteins. AlkB and
ABH2 proteins were purified and characterised, and a formaldehyde dehydrogenasecoupled assay was developed to follow activity of these DNA demethylases. A dynamic
combinatorial mass spectrometry method was employed to identify novel inhibitor
scaffolds for AlkB, leading to the successful discovery of the first series of potent and
selective inhibitors for this class of enzymes. Crystal structures of AlkB in complex
with the most potent compounds were obtained, rationalising the inhibition observed.
This work therefore suggests that therapeutic inhibition of this family of 2OG
oxygenases is likely to be tractable.
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Introduction

Chapter 1 – Introduction
1.1 Fe(II)/2OG dependent oxygenases
1.1.1 General features and mechanism of 2OG-dependent oxygenases
Members of the 2-oxoglutarate (2OG) and non-haem Fe(II) dependent oxygenase
family catalyse a broad spectrum of synthetically challenging reactions, including
hydroxylation, demethylation, desaturation, and oxidative ring closure1. In humans,
2OG oxygenases have roles in the regulation of gene expression at the DNA, RNA,
transcription factor and protein levels2. In fact, 2OG oxygenases possibly catalyse the
most diverse range of reactions of any enzyme family3.
2OG oxygenase family members contain a typical double-stranded beta-helix (DSBH),
or “jelly roll” fold (Figure 1-1), initially revealed by the crystal structure of
isopenicillin-N synthase (IPNS)4. The DSBH core is surrounded by additional α-helices,
β-strands, and loops, with the insertions and extensions differing for each protein. These
help to define unique substrate binding sites and establish protein-protein contact
surfaces5. The proteins have a common Fe(II) binding motif, in which the metal is
coordinated by a 2-His-1-carboxylate facial triad, with the HXD/E residues normally
found at the end of β2, and the second His on β76.
C

N

1

2

8

7

3

4

6

5

Figure 1-1: Schematic diagram of the typical double stranded β-helix (DSBH) fold. N- and
C-termini are indicated, and the strands are labeled with their position in the sequence.

The required co-substrates for the reactions catalysed by the vast majority of the family
members are the Krebs cycle intermediate 2OG, and molecular oxygen, with the
byproducts of the reaction being succinate and carbon dioxide2. Typically these
enzymes hydroxylate the primary substrate, during which one oxygen atom from the
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dioxygen co-substrate is incorporated into the alcohol product7, with the other oxygen
atom incorporated into the succinate co-product8. Initially 2OG binds to the metal
centre, followed by the substrate, then dioxygen. 2OG is stoichiometrically consumed in
the formation of the Fe(IV) oxo species, which oxidises the substrate by insertion of an
oxygen atom into a C-H bond. A general mechanism for the reactions of 2OG
oxygenases is outlined in Figure 1-2, using the reaction of the DNA demethylase AlkB
as an example.

Figure 1-2: Consensus mechanism for the catalytic cycle of the 2OG oxygenase AlkB, showing
demethylation of 1meA to yield A. 2OG binds to the metal centre, followed by binding of the 1meA
substrate, then dioxygen. Reaction of dioxygen with the bound 2OG, then release of CO 2, produces
a Fe(IV) oxo species. The oxo species can abstract a hydrogen from the 1meA methyl group, leading
to a radical mechanism in which oxygen is inserted into a C-H bond of the 1meA species, producing
the hydroxylated intermediate. This is concomitant with reduction of the Fe(IV) centre to Fe(II),
and is followed by release of succinate from the Fe centre. The hydroxymethyl group collapses,
recovering the demethylated base, and formaldehyde.

1.1.2 Post translational protein modifications
The first 2OG oxygenases identified were those involved in the biosynthesis of
collagen, the major protein component of connective tissue. The three oxygenases
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involved catalyse hydroxylation of Pro9-10 and Lys11 residues, thus stabilising the
secondary structure of collagen fibrils and fibres12.

1.1.3 Oxygen sensing
Hypoxia Inducible Factor (HIF) is a heterodimeric transcription factor, comprising αand β-subunits. Upon dimerisation, the complex binds to hypoxia response elements
(HREs) enabling transcription of many genes, including erythropoietin and vascular
endothelial growth factor13. HIF levels are tightly regulated under normoxic conditions
through post-translational hydroxylation by four oxygen-dependent oxygenases14-16.
Factor Inhibiting HIF (FIH) is a HIF-α asparaginyl hydroxylase catalysing
hydroxylation of N803 in the C-terminal transcription activation domain of human
HIF-1α17. This hydroxylation blocks the interaction between HIF and its transcriptional
coactivator p300, inhibiting the hypoxic response18. A family of three trans-4-prolyl
hydroxylases (PHDs) hydroxylate HIF-1α at P40219 or P56420 in two oxygen-dependent
degradation domains21. Hydroxylation at either site targets HIF-1α for ubiquitinylation
through capture by pVHL and subsequent proteasomal degradation22-23. Under hypoxic
conditions the PHDs are inhibited by limiting oxygen concentrations. Non-hydroxylated
HIF-1α can therefore complex with HIF-1β and p300, enabling binding to DNA and
activation of the hypoxic response cascade. This pathway is summarised in Figure 1-3.
ubiquitin
ligase
pVHL
OH

PHDs

OH

OH

HIFα

proteasomal
degradation
OH

OH

OH

HIFα

HIFα

normoxia + O2
HIFα

HO

no
transcription

HIFα

p300

FIH

hypoxia
transcription
p300 HIFα HIFβ
gene

HRE

Figure 1-3: Schematic representation of the HIF (hypoxia inducible factor) hypoxic response
pathway. In normoxic conditions HIF is hydroxylated leading to either proteasomal degradation or
blocking of the interaction with p300. Under hypoxic conditions hydroxylation is prevented, leading
to formation of the p300-HIFα-HIFβ complex, which initiates transcription from hypoxia response
elements (HREs).
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1.1.4 Histone modifications
Histones are required for the packaging of DNA into chromatin. 2OG oxygenases have
important roles in epigenetic modifications to the N-terminal tails of histones, which are
subject to many post-translational modifications including methylation, phosphorylation
and acetylation24.
Methylation of lysine or arginine residues in histones has a complex effect, and may
regulate transcription sterically, possibly blocking recruitment of other histone binding
or modifying proteins24. However, these modifications are not static and several histone
demethylases have been identified, many of which are members of the 2OG oxygenase
family25-26. These demethylases have differing specificities for the spectrum of lysine
methylation states, the structural rationalisation for which is currently under
investigation27. The demethylation of lysines occurs in a similar manner to the
demethylation of DNA, with an initial hydroxylation producing an unstable
intermediate, which collapses to release formaldehyde, and reveal the unmodified
lysine25.

1.1.5 RNA splicing
JMJD6 catalyses C5 lysyl hydroxylation in arginine-serine rich domains of RNA
splicing-related proteins and histones28, with recent crystal structures rationalising the
preference of JMJD6 for C5-hydroxylation rather than lysyl Nε-demethylation29, and
displaying possible binding of ssRNA30. The requirement of JMJD6 for molecular
oxygen suggests that oxygen availability may regulate RNA splicing28.

1.1.6 Fatty acid metabolism
Carnitine is a carrier molecule that transports long chain dietary fatty acids from the
cytosol to the mitochondria for β-oxidation. The biosynthesis of carnitine requires two
2OG oxygenases, Nε-trimethyllysine hydroxylase and γ-butyrobetaine hydroxylase
(BBOX)31. A recent structural and mechanistic study of BBOX has revealed the
mechanism of its inhibition by trimethylhydrazine-propionate32, a compound that has
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been used clinically to treat cardiac and cerebral ischaemia by preventing accumulation
of cytotoxic fatty acid oxidation intermediates33.
Phytanoyl-CoA hydroxylase (PAHX) also has a role in fatty acid metabolism. Phytanic
acid is an intermediate in the digestion of chlorophyll and cannot be processed by the
normal β-oxidation mechanism, as this is blocked by the presence of a β-methyl group.
Instead, PHYH converts phytanic acid-CoA to hydroxy-phytanoyl-CoA34, allowing
subsequent removal of the α-carbon atom to form pristanic acid, which may be
metabolised by the β-oxidation mechanism. Refsum’s disease is characterised by an
accumulation of phytanic acid35, often caused by mutations in the pahx gene, many of
which have been structurally rationalised36.

Figure 1-4: Reaction schemes highlighting the roles of 2OG oxygenases involved in fatty acid
biosynthesis. TMLD: Nε-Trimethyllysine hydroxylase; BBOX: γ-Butyrobetaine hydroxylase;
PHYH: Phytanoyl-CoA hydroxylase.

1.1.7 Nucleic acid modifications
In addition to the reactions catalysed on protein and small molecule substrates, several
2OG oxygenases from a range of organisms have nucleic acid-based substrates, both
acting on individual bases, or on oligonucleotide sequences.
Thymine 7-hydroxylase (T7H) is found in several species of fungi, including
Neurospora crassa and Rhodotorula glutinis37, as well as in bacteria (Pseudomonas),
and kinetoplastids such as Trypanosoma brucei. N. crassa and R. glutinis can grow
using thymine as their sole nitrogen source, via a thymine salvage pathway. The
primary reaction of T7H is the three consecutive oxidations of the thymine methyl
group, ultimately forming the carboxylic acid (Figure 1-5A)38. T7H also catalyses a
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range of further reactions with thymine and its analogues, including demethylation,
epoxidation and sulphur oxidation39.
Fungi may also oxidise purines using xanthine hydroxylase, which oxidises xanthine to
uric acid (Figure 1-5B)40. Discovery of this activity identified that fungi such as
Aspergillus nidulans have two mechanisms for xanthine metabolism40.

Figure 1-5: Summary of selected nucleic acid base modifications catalysed by 2OG oxygenases. (A)
Oxidation of thymine to uracil carboxylic acid by thymine 7-hydroxylase; (B) Oxidation of xanthine
to uric acid by xanthine hydroxylase; (C) Base J biosynthesis, involving the key hydroxylation step
catalysed by J binding protein 1/2.

β-D-Glucopyranosyloxymethyluracil (base J) was the first hypermodified base
identified in eukaryotic DNA, and is found in the bloodstream form of kinetoplastids
such as T. brucei41. The biosynthesis of base J occurs via hydroxylation of thymidine by
the 2OG oxygenases J binding protein 1 and 2 (JBP1 and 2) to give hydroxymethyl
uracil42, followed by glucosylation to yield base J (Figure 1-5C). T. brucei causes
African Sleeping Sickness in humans43, and is able to evade the host’s immune system
by expression of a variable surface glycoprotein (VSG) coat, encoded by subtelomeric
sequences44. During infection of a mammalian host, trypanosomes are able to
simultaneously switch off one VSG site and turn on another, a process known as
antigenic variation45. Base J is usually telomeric, and it is thought that its presence may
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induce compaction of chromatin, either leading to gene silencing46, or stabilisation of
chromosomes with respect to rearrangements of the subtelomeric VSG sequences47.

Figure 1-6: Hydroxylation of wybutosine by the human 2OG oxygenase TYW5, yielding
hydroxywybutosine.

Human 2OG oxygenases modifying nucleic acids have also been identified. As
predicted bioinformatically48 TYW5 catalyses a hydroxylation in the biosynthesis of
hydroxywybutosine (OHyW) at position 37 of tRNAPhe (Figure 1-6), although the
function of this modification is currently unknown49.

Figure 1-7: Reaction scheme for the oxidation of 5-methylcytosine by the TET 2OG oxygenases.

The most recently identified family of human 2OG oxygenases comprises the TenEleven-Translocation proteins, TET1-3. Interest in the TET proteins was initially
stimulated by discovery of a link between mutations in TET2 and myelodysplastic
syndromes50. The TETs have greatest homology to the JBPs, and were found to catalyse
a similar hydroxylation, that of the epigenetic marker 5meC to 5hmeC (Figure 1-7)51-52.
Subsequently, it was found that the TETs are also able to further oxidise 5meC to 5formylcytosine (5fC) and 5-carboxylcytosine (5caC), raising the exciting possibility that
the reactions of the TETs may be involved in the demethylation of 5meC53.
Additionally, reduced hydroxylation of 5meC has been observed for myeloid cancers
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which carry mutant TET2, suggesting a possible rationalisation of the TET2 cancer
link54.
The final major class of nucleic acid modifying 2OG oxygenases includes the E.coli
enzyme AlkB and its human homologues ABH1-8 and FTO. AlkB is a DNA
demethylase, which repairs methylation damage to bases in oligonucleotide sequences
via a direct reversal mechanism. Members of this 2OG oxygenase subgroup have been
studied in this work, and these proteins will be discussed in more detail below.

1.1.8 2OG oxygenases in E. coli
In addition to AlkB, bioinformatic studies have identified the existence of the 2OG
oxygenases YcfD, YbiX, YbiU, CsiD, and TauD in E. coli, although this list may not be
exhausive. TauD is known to be required for utilisation of taurine as a sulphur source
under conditions of sulphate starvation55, converting taurine to sulphite and
aminoacetaldehyde56. Many mechanistic studies have been carried out on the TauD
protein, which has led to much of the current understanding of the reaction mechanism
of the 2OG oxygenases. Little is currently known about the functions of the remaining
2OG oxygenases, although the production of CsiD has been observed to be induced by
carbon starvation57, and YcfD has been recently assigned as an arginine hydroxylase
(Dr Chia-Hua Ho, CJS laboratory, unpublished results).

1.2 Nucleic acid structure and modifications
Nucleic acids are essential for life; deoxyribonucleic acid (DNA) acts as a long-term
store of genetic information, and ribonucleic acid (RNA) has central roles in gene
expression and protein synthesis. Maintenance of the integrity of nucleic acids is
therefore vital. As early as the 1930s, before the chemical structure of double stranded
DNA (dsDNA) was elucidated in 195358, scientists were aware that ionising and UV
radiations were damaging to the genetic material of cells, but that recovery from this
damage was possible59.
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Figure 1-8: The structure of double-stranded B-DNA (dsDNA). (A) View down the 5'-3' axis
highlighting a TA base pair and its 5' phosphates. (B) The double helix viewed perpendicular to the
5'-3' axis; (C) Alternate view down the 5'-3' axis highlighting a CG base pair and its 5' phosphates.
Figure prepared from X-ray crystal structure Protein Data Bank (PDB) ID: 1BNA60.

The most common B-type structure of dsDNA is outlined in Figure 1-8, highlighting
complementary base pairing and formation of the double helix. DNA is proposed to
encode for the “genome” of most organisms, and is more stable than RNA due to the
presence of deoxyribose in the sugar-phosphate backbone, which is less susceptible to
hydrolysis than the ribose sugar of RNA.
A

B

Figure 1-9: Structure of human tRNASec represented as (A) Cloverleaf model, with numbering of
residues. Acceptor arm: red, AD linker: purple; D arm: blue; anticodon arm: green; extra arm:
yellow; and T arm: orange. (B) X-ray crystal structure, PDB ID: 3A3A61.

Although RNA is usually singly stranded, the complex three dimensional structures it
adopts are more varied than those of DNA, reflecting its functional diversity. Whereas
messenger RNA (mRNA) encodes the transcribed DNA sequence, and transfer RNA
(tRNA, representative structure in Figure 1-9) carries amino acids to the ribosome
facilitating protein transcription62, ribosomal RNA (rRNA) has a catalytic role in
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protein synthesis as a peptidyl transferase63. Short RNA sequences have regulatory
roles, with micro RNA (miRNA) and small interfering RNA (siRNA) regulating gene
expression64. In vivo, tRNA is very stable, whereas mRNAs can have very different
half-lives. Furthermore mRNA half-lives can vary significantly between kingdoms,
typically ~15 min in Escherichia coli65, but several days in humans66.
Modifications to the chemical structure of nucleic acid bases are common, either
through intentional structural modifications or damage from endogenous or exogenous
sources.

1.2.1 Controlled DNA modifications
Controlled DNA methylation is widespread in prokaryotes and eukaryotes as a
regulatory mechanism. Methylation commonly occurs through methyl transfer from
S-adenosyl-L-methionine (SAM) by specific methyl transferases67.
Prokaryotic DNA is subject to several methylations, forming the modified bases 5meC,
N4meC, and N6meA (Figure 1-10, see Appendix A for explanation of structure
nomenclature). These methylations may have evolved to protect bacterial DNA from
endonuclease digestion by viruses, however they also fulfil several other roles68.
Establishment of a specific methylation pattern allows host-pathogen recognition, with
incorrectly methylated DNA subject to endonuclease degradation. This appears to be the
major role of both 5meC and N4meC modifications in prokaryotes, whereas N6meA has
multiple additional functions69. N6meA methylation occurs shortly after DNA synthesis,
ensuring that immediately after replication only the parent strand will be methylated.
This enables distinction from the daughter strand allowing any replication repairs to be
corrected using the appropriate strand as a template. The N6meA base is also present in
fungi and protists, and is important for signalling sites of protein-DNA interactions, and
for the control of genome replication70.
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Figure 1-10: Structures of modified bases used as regulatory signals. All three modified bases are
used by prokaryotes, whereas 5meC is additionally found in eukaryotes.

The only identified regulatory DNA methylation observed in higher eukaryotes is
5meC. In plants the 5meC modification occurs in a range of sequence contexts71, but in
vertebrates 5meC methylation is specific to CpG sites72. CpG dinucleotides are present
throughout the genome, but also cluster at “CpG islands” which are common near
transcriptional start sites73.
Methyl-DNA binding proteins recognise 5meC and bind to the methylated DNA leading
to recruitment of histone modifiers, and transcriptional silencing74. Furthermore, the
presence of the 5meC methyl groups can prevent binding of transcription factors to
DNA, further preventing transcription75. Away from CpG islands 5meC appears to be
involved in maintenance of the pluripotent state in embryonic stem cells76. DNA
methylation is a long-term form of repression, and is used for silencing of imprinted
genes, the inactive X chromosome, and transposons77. However, aberrant cytosine
methylation has been linked to many human diseases, including cancer and psychiatric
disorders78.
Hydroxylated 5meC (5hmeC) was first detected in rat DNA in the 1970s79, but was only
recently detected in human DNA80, and has since been identified in many tissues81.
Currently the role of 5hmeC is unclear, however it could be an intermediate in the
demethylation of 5meC, or may be associated with regulation of gene expression,
possibly by alteration of local chromatin structure77.

1.2.2 Controlled RNA modifications
RNA modifications are widespread; to date over 100 modified RNA nucleotides have
been described in prokaryotes and eukaryotes82. The creation of mature mRNA capable
of translation requires the addition of a 5' “cap” following transcription (Figure 1-11).
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This involves addition of a guanosine via an unusual 5' to 5' triphosphate linkage,
followed by methylation to yield 7meG. This cap is also the substrate for further
methylations, including N6meA, 2O'meG, and 2O' methylation of the penultimate base.
These modifications provide significant resistance against 5' exonucleases, and allow
regulation of nuclear export, and intron excision83. 2O' methylation also appears
important in distinguishing self from non-self RNA84.

Figure 1-11: Structure of the 5' mRNA cap required for mature mRNA. A terminal guanosine is
added via a 5'-5' triphosphate link, and methylated to form 7meG. The penultimate guanosine is
commonly also methylated on the ribose ring, giving 2O'meG.

The broadest range of modifications is found in tRNA, and modifications to tRNA are
crucial for three dimensional structure formation and the prevention of translational
defects, which have been implicated in human disease85.

Figure 1-12: Structures of RNA bases commonly modified in tRNA.

Wybutosine (Figure 1-12) is a hypermodified guanosine required for stabilisation of
codon-anticodon pairing maintaining the reading frame during translation86. The
modified adenosyl residue 1meA (Figure 1-12) is formed by the post-translational
methylation of adenine in RNA by methyl-1-adenosine transferase87, and is involved in
directing tRNA cloverleaf folding88 (see Figure 1-9), most likely due to the prevention
of standard Watson-Crick base pairing89. 1meA also alters the structure of dsDNA90.
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~25% of tRNAs have 1meA at position 58 in the T loop, and 1meA is also commonly
found at position 14 in the D loop91.

1.2.3 DNA damage
1.2.3.1 Endogenous DNA damage
DNA damage occurs continuously in cells, and may be caused by endogenous agents.
The methyl group donor SAM is a weak methylating agent and can non-enzymatically
methylate DNA. In the presence of 40 μM SAM ~600 cytotoxic 3meA lesions (Figure
1-13) are formed per day92, a level similar to that expected from continuous exposure of
cells to 20 nM methyl methanesulfonate (MMS), a potent methylating agent. In
comparison to this a significantly greater quantity of purine bases (2000-10000 per day)
are turned over due to depurination and subsequent repair93. A very low rate (about 10
per day) of glucose addition to the amino groups of bases has also been observed94.
Products of lipid peroxidation commonly react with DNA forming exocyclic adducts,
such as 1,N6-ethenoadenine (εA) and 3,N4-ethenocytidine (εC), shown in Figure 1-1395.
These bulky lesions block base pairing, and are highly mutagenic96.

Figure 1-13: Structures of modified bases commonly formed by endogenous alkylation damage.

1.2.3.2 Methylation
Methylation of DNA is also caused by exogenous reagents, which are classified
according to the regiochemical outcome of the methylation97. SN1 alkylating reagents
include N-methyl nitrosourea, the anti-cancer drug Temozolomide, and chemicals such
as the potent carcinogen 4-(methylnitrosoamino)-1-(3-pyridyl)-1-butanone (NNK)
found in tobacco smoke98 (Figure 1-14). These methylate DNA at nitrogen and oxygen
atoms (including those in the phosphate backbone), as shown in Figure 1-15. In
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contrast, SN2 alkylating reagents include methyl halides, methyl methanesulfonate
(MMS) and SAM (Figure 1-14); these methylate more commonly on nitrogen atoms97.

Figure 1-14: Common nucleic acid methylating agents, classified by mechanism. SN1 class reagents
preferentially react at oxygen atoms, but also react at nitrogen, whereas SN2 reagents tend to react
at nitrogen atoms.

Figure 1-15: Regiochemistry of SN2 and SN1 methylating reagents. Arrows indicate positions of
methylation by different reagents. Watson-Crick hydrogen bonds are indicated as dashes. Figure
adapted from99, with effect of methylation from97.

The major adduct formed in dsDNA is 7meG (Figure 1-16). This does not block
replication or cause miscoding100, but addition of the methyl group at position 7 makes
the N-glycosidic bond more susceptible to cleavage as the methylated 7meG base is a
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better leaving group than G alone, leading to depurination101. O6meG (Figure 1-16) is
formed to a lesser extent, but is highly mutagenic and genotoxic as it readily mispairs
with T, inducing mutations102, and is considered to be the most carcinogenic methylated
base formed100. As this lesion is formed predominantly by SN1-type reagents, this
explains the higher toxicity of this class of reagents, and their exploitation in cancer
therapies103. Other lesions have a lower incidence of formation, therefore have been
studied in less detail. However, O4meT (Figure 1-16) has a similar effect to O6meG 104,
and 3meA (Figure 1-13) slows replication105.

Figure 1-16: Structures of modified bases commonly formed by exogenous methylating agents.

Significantly different methylation patterns are observed on methylation of ds compared
to ssDNA, due to the relative availability of different reaction sites in the absence of
hydrogen-bonding between bases (Figure 1-15)97. 1meA and the analogous
methylations (Figure 1-17) are formed much more commonly in ssDNA than dsDNA.
The nucleophilicity of the N1-A and N3-C atoms is higher than that of N1-G and N3-T,
due to the adjacent amino (rather than carbonyl) groups, therefore these are more
reactive to methylating agents. In E. coli, 3meC was found to be the most mutagenic of
this family of lesions, although all of them block replication106. Methylation of RNA
apparently follows a similar pattern to that observed in ssDNA107.

Figure 1-17: Structures of modified bases commonly formed by exogenous methylating agents in
single stranded nucleic acids.
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1.2.3.3 DNA strand breaks
Breaks in the DNA sequence can occur in one or both strands of the DNA helix, with
dsDNA breaks being most harmful as no template is present for their repair. The broken
strands may freely diffuse away from each other, leading to broken chromosomes,
genomic rearrangements, or cell death108. dsDNA breaks are necessary intermediates in
certain cellular processes, such as V(D)J recombination, which occurs in developing Band T-lymphocyctes109. However they may also be formed when replication is blocked,
which can be caused by oxidative lesions or the presence of ss breaks. Additionally
breaks may be caused by ionising and UV radiations, or mechanical stress108. DNA
strand breaks are also caused by methylation, with both MMS and MNNG shown to
induce sister chromatid exchanges110. These may be initiated by otherwise relatively
innocuous lesions such as 3meA, due to stalled replication forks or repair
intermediates111.
1.2.3.4 Further modifications
Oxidation of bases by reactive oxygen species (ROS) is common, particularly in the
mitochondria where concentrations of these species are highest. Spontaneous hydrolytic
deamination of bases occurs in vivo, particularly converting C to U, and 5meC to T94.
On treatment of DNA with bisulfite in vitro the C to U conversion occurs preferentially,
a reaction which is exploited in the bisulfite DNA sequencing protocol112.

Figure 1-18: Reaction scheme for formation of crosslinks between G and C bases, initiated by
reaction with Carmustine.

DNA cross links are also commonly formed, and may be caused by UV light or the
chemotherapy agents cisplatin and nitrogen mustards. Cross links are also formed by
bifunctional chloroethylating agents such as 1, 3-bis(2-chloroethyl)-1-nitrosourea
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(Carmustine). These initially form O6-chloroethylG, which dechlorinates then crosslinks
C1-G to C3-C (Figure 1-18)113.

1.3 Repair pathways
1.3.1 Base excision repair
The base excision repair (BER) pathway (Figure 1-19) responds to relatively minor
disturbances to the overall DNA helical structure caused by small modifications to
individual bases including oxidation, methylation, deamination, and depurination114.
The process is initiated by one of a number of specific DNA glycosylases that recognise
the altered base and cleave the glycosylic bond via a ring-flipping mechanism, leaving
an abasic (AP) site. This is processed by an AP endonuclease followed by a diesterase
creating a free 3'-OH terminus, to which polymerase β may add a new base, then the
nick is sealed by a DNA ligase115. This mechanism is commonly employed in the repair
of 3meA, either by AlkA in E. coli116, or by 3meA-DNA-glycosylase (AAG) in
humans117. 8-oxoG, formed by ROS, is also repaired by this mechanism, by the OGG1
glycosylase118.

1.3.2 Nucleotide excision repair
Nucleotide excision repair (NER, Figure 1-19) removes a broad spectrum of DNA
lesions that cause structural deformation of the DNA helix, including large hydrocarbon
adducts, and pyrimidine dimers caused by UV irradiation. This mechanism is the
primary defence against exogenous DNA mutagens119 and in mammals involves over 25
proteins120. The deformation of the helix is recognised by a protein complex, which
causes excision of a single-stranded portion of the DNA sequence (usually 25-32
nucleotides), followed by replacement of the missing sequence by DNA polymerases
and DNA ligases120.
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Figure 1-19: Schematic representations of three major classes of DNA repair mechanism. BER
(base excision repair) of a base with a small chemical lesion, e.g. 3meA; NER (nucleotide excision
repair) of a larger DNA modification e.g. thymine dimer; and homologous recombination repair of
a double strand DNA break.

1.3.3 Mismatch repair
Mismatch repair (MMR) occurs post-replication, with repair proteins binding directly to
single base mismatches and insertion/deletion loops in the DNA sequence121. The repair
process is similar to that of BER, with DNA nicked, the lesion excised, repaired, then
the incision closed by a ligase121.
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1.3.4 Translesion synthesis
Translesion synthesis (TLS) was recently identified as a distinct repair mechanism
carried out by novel polymerases that are capable of synthesising DNA without the
normal requirement for hydrogen bonding to a template122. Lesions normally recognised
by BER or NER may be repaired, including thymine dimers and 8-oxoG, therefore TLS
is a useful rapid alternative to classical repair methods, and may be particularly useful in
S-phase to prevent ds-break formation, but is low-fidelity123.

1.3.5 Recombinational repair
Repair of disruptive dsDNA breaks occurs via recombination, in either a homologous or
non-homologous manner. Homologous recombination uses homologous sequences (e.g.
from a sister chromatid) as a template for synthesis (Figure 1-19)124. Non-homologous
end-joining is more rapid, but is error-prone, as the broken ends are held together
without the guidance of a template sequence125.

1.3.6 Direct reversal
Direct reversal (DR) repair mechanisms are somewhat different from the other
processes discussed, as they do not involve removal of the damaged nucleotide. Instead,
repair proteins act directly on the damaged base, removing the lesion and restoring the
native base. Enzymes acting by this mechanism include photolyases126 (repairing UV
induced pyrimidine dimers), Ada and MGMT (repairing O6MeG), and members of the
AlkB family (removing small alkylation lesions)127.

1.3.7 Sanitation of the dNTP pool
Damage may also occur to the unprotected dNTP precursors required for DNA
synthesis by DNA polymerases, and mechanisms are required to prevent incorporation
of incorrect and potentially mutagenic dNTPs into DNA. These damaged dNTPs are
hydrolysed to the monophosphates, which are unable to be incorporated into DNA. In
particular 8-oxo dGTP and 2-OH-dATP (Figure 1-20) are generated by oxidation of
DNA

precursors

in

the

nucleotide

pool.
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pyrophosphohydrolase MTH1128, which is found in both the cytosol and
mitochondria129.

Figure 1-20: Structures of oxidised dNTPs generated in the nucleotide pool, and repaired by
MTH1.

1.4 Comparison of nuclear and mitochondrial DNA repair
Mitochondria contain a separate autonomously replicating DNA genome (mtDNA).
This has high organisational economy with no introns, and very few non-coding bases
between coding sequences130. The mitochondrial genome appears essential, as cells
lacking mtDNA do not respire131, and high levels of mtDNA mutations promote
apoptosis and premature aging132. Maintenance of the sequence integrity of this separate
genome through damage repair is therefore important, and it is likely that mtDNA repair
takes place in a complex associated with the mitochondrial inner membrane, possibly as
a component of the mitochondrial nucleoid133. In general, it appears that similar repair
mechanisms exist in mitochondria to those utilised in the nucleus, but that the
mitochondrial mechanisms are simpler, using fewer proteins.
Of the mechanisms discussed above, some classes of DR and BER have been
definitively identified in mitochondria. A splice variant of MGMT carries out DR of
O6meG and a limited range of related lesions134, however no photolyases or homologues
of the AlkB family have been identified. The BER mechanism is particularly important
in mitochondria due to the presence of high levels of ROS including superoxide, which
is produced as a byproduct of respiration at ~0.1 % of the respiratory rate135. The most
common oxidised lesion is 8-oxoG (Figure 1-20), repaired by a mitochondrial-directed
transcript of OGG1136.
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The NER pathway has not yet been observed in mitochondria, which may suggest that a
subset of larger lesions are not repaired, but as many copies of mtDNA are present in
cells (~3650 per cell in skeletal muscle137) this may not be as problematic as for nuclear
DNA. An additional mechanism existing in mitochondria involves binding of the
mitochondrial transcription factor A (TFAM) to damaged mtDNA forming a physical
shield138, possibly protecting the DNA from further damage139.

1.5 E. coli adaptive response
Bacteria use an inducible “adaptive response” to enhance resistance to fluctuating levels
of methylating agents in the environment. This response has been studied in greatest
detail for E. coli, where the adaptive response involves increased expression of four
genes: ada, alkA, alkB and aidB140.
The Ada protein is multifunctional, and is both a positive regulator of the adaptive
response and a DNA demethylase. Ada and AlkB are expressed from the same operon,
with the first adenine of the alkB ATG initiation codon overlapping with the final
adenine of the ada TAA termination codon141. -10 and -35 promoter sequences appear
to be present upstream of the alkB gene, but these are separated from the gene by a
greater distance than is normal in E. coli, so activity, if any, from this promoter would
be likely to be very low. Further studies using an alkB/β-galactosidase fusion showed
high β-galactosidase activity due to the action of the ada promoter, suggesting that ada
and alkB are cotranscribed141 Under normal circumstances both proteins are present at
the same low expression level of about 2-4 molecules per cell142. The C-terminal
domain of Ada demethylates toxic and mutagenic O6meG and O4meT lesions (Figure
1-16) by rapid, but suicidal, transfer of the methyl group to a buried cysteine residue143.
Alongside

this

reaction,

the

N-terminal

domain

of

Ada

demethylates

methylphosphotriesters, which have no other known repair mechanism in E.coli, with
the methyl group transferred to a cysteine residue in the protein active site. HUMAN
Methylation of this domain acts as a sensor for DNA damage converting Ada to a
transcriptional coactivator, increasing its binding to the promoters of the ada-alkB
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operon, and the alkA and aidA genes144. Following repair of all methylphosphotriesters,
non-methylated Ada accumulates in the cell, inhibiting ada gene activation, and turning
off the adaptive response145.
AlkA is a DNA glycosylase with a broad substrate range, repairing bases with alkyl
(most commonly 3meA116) and other more complex lesions146. Damaged bases are
recognised by their altered charge distribution147. However, slow cleavage of the
glycosyl bond of the undamaged A and G bases is also observed when AlkA is
overexpressed, showing the importance of inducing AlkA expression only when
necessary148.
AidB is the least well understood component of the adaptive response, and its function
is currently unclear. AidB binds DNA149 and RNA150, although a crystal structure has
shown that the nucleic acid binding pocket is distantly located from the likely active
site151. Limited dehydrogenase activity is observed152 and the crystal structure shows a
distinctive FAD binding site151. Based on the small size of the active site it has been
postulated that AidB may play a protective role by detoxification of alkylating
reagents151, although initial investigations did not identify turnover of MNNG153. In
addition to its regulation by Ada, AidB also has an autoregulatory function, and
represses its own synthesis under conditions of normal cell growth149. AidB also shows
tight binding to flavodoxin and acyl carrier protein, with possible electron transfer
between these species153. Most recently, AidB has been found to bind to UP elements,
transcription enhancer sequences upstream of many highly expressed genes. It appears
that through this action the AidB nucleic acid binding domain may target the protein to
specific genes, preferentially protecting them from alkylation damage150.
The final enzyme in the adaptive response is AlkB, a Fe(II) and 2OG dependent
oxygenase that removes lesions from bases via a novel DR mechanism. This process
will be described in more detail below.
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1.6 AlkB
1.6.1 AlkB is a nucleic acid demethylase
The alkB gene was first identified through control of the sensitivity of E. coli to MMS,
with alkB mutants formed by MNNG treatment unable to reactivate MMS treated λ
phage154. Mapping of the gene on the E. coli genome showed that it encodes a protein of
approximately 24 kDa155. The AlkB protein was purified, but no activity was observed
in the standard activity assays carried out, testing for ATPase, glycosylase and
methyltransferase activities, Ada proteolysis and Ada promoter binding141.
The enzymatic basis for the survival advantage conferred by AlkB, and therefore the
protein’s function, was a mystery for many years, although many pieces of evidence
were gathered suggesting the likely enzymatic activity. Recombinant AlkB binds more
strongly to ssDNA than dsDNA, and preferentially binds DNA treated with methylating
agents156. Furthermore, AlkB repairs damage to ss phage introduced by SN2 agents, but
not by SN1 agents or γ rays, and AlkB mutants are less sensitive to MMS in stationary
phase, when less ssDNA is present. As 1meA and 3meC lesions are induced by MMS
more readily in ssDNA these were therefore posed as possible candidates for AlkB
activity, but no observation of active removal of radiolabelled 1meA or 3meC was
observed using traditional assay methods156.
The final piece of evidence required came from bioinformatic studies carried out using a
protein fold-recognition method. These suggested that AlkB characterises a novel
family of Fe(II) and 2OG dependent oxygenases, and is likely to function through
catalysis of oxidative detoxification of alkylated DNA bases, and possibly also by
action on ssRNA157. This work therefore revealed the unexpected cofactor requirements,
and AlkB was found to reverse 1meA and 3meC DNA lesions through an
unprecedented oxidative demethylation mechanism (Figure 1-21), with the methyl
lesion released as formaldehyde158-159.
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Figure 1-21: Reaction scheme for the demethylation of 1meA nucleic acid lesions in DNA by AlkB.
The methyl group is initially hydroxylated by AlkB, then the unstable hydroxylated intermediate
fragments to release formaldehyde and the repaired native base.

AlkB homologues have also been identified in plant viruses, despite their limited
genome size157. Representative viral AlkB proteins from members of the Flexiviridae
family have highest activity on 1meA lesions, but also repair 3meC160. Interestingly
these proteins have a marked preference for repair of ssRNA, the first proteins of this
family with such a preference, although as the plant viral genome is composed of
ssRNA it is perhaps unsurprising. No AlkB homologues have been identified in
Archaea, instead the representative family member Archaeoglobus fulgidus repairs
1meA and 3meC lesions by an AlkA homologue via the BER mechanism161.

1.7 Human AlkB homologues
The first homologue of AlkB in H. sapiens (ABH) was identified in 1996162. Following
determination of the enzymatic function of AlkB, further bioinformatic searches led to
the identification of two further homologues, ABH2 and ABH3163. The remaining
members of the family were found using a complementary “phylogenomic” analysis,
whereby large scale searches were carried out in an attempt to make functional
predictions via phylogenetic analysis. This approach classified a further five
homologous proteins, present throughout the vertebrates (ABH4-8)164, and allowed
analysis of the phylogenetic, and therefore possibly functional, relationship between the
family members (Figure 1-22).

- 24 -

Chapter 1

Introduction

Figure 1-22: Maximum likelihood phylogenetic tree of the AlkB/ABH family, adapted from 164.
ABH2 and 3, ABH5 and 7, and ABH4, 6 and 8 are likely to be in-paralogous.

The final member of the family was not initially determined as a related 2OG oxygenase
due to its significantly different sequence and therefore is still referred to by its original
name of Fat Mass and Obesity associated protein (FTO)165-166, although it has been
termed by some as “ABH9” due to its sequence homology, and related function. Each
of the family members retain the conserved iron, 2OG and substrate binding residues,
although sequence analysis suggests that ABH8 and FTO contain additional protein
domains (Figure 1-23).

E.coli AlkB

Iron binding residues: HXDXnH

ABH1

Substrate/2OG interaction: RXXXXXR

ABH2

RNA recognition domain

ABH3

Methyltransferase domain

ABH4
Novel helical domain

ABH5

ABH6
ABH7
ABH8

FTO

Figure 1-23: Cartoon alignment of ABH family showing the conserved and unique features.
Adapted from127.

1.7.1 ABH2 and ABH3
Studies of ABH2 and ABH3 revealed that both proteins have a similar function to
AlkB, catalysing oxidative demethylation of 1meA and 3meC lesions163,167. ABH2 and
ABH3 have been identified in many human tissues, with highest expression of ABH2 in
the liver and bladder, and good expression levels in cultured HeLa cells. ABH3 has
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highest expression in the spleen, prostate, bladder and colon, but is expressed at a very
low level in cultured HeLa cells163. ABH3 is usually localised in the nucleoplasm, but is
sometimes found as distinct spots in the nucleoli, or dispersed throughout the
cytoplasm, whereas ABH2 is a nuclear protein, localising to replication foci in S phase,
and dispersing throughout the nucleoplasm outside of S phase167. At replication foci
ABH2 colocalises with PCNA, in an interaction mediated by a novel binding motif
found in residues 1-7 of the ABH2 protein sequence168.
Unsurprisingly, due to their roles in the repair of mutagenic and toxic DNA lesions,
both ABH2 and ABH3 have been tentatively linked to cancer. Point mutations of either
ABH2 or ABH3 have been identified in paediatric brain tumours (glioma,
ependymomas and medulloblastomas)169, although this study was too small to
determine whether these mutations had any effect on the progression of the disease or
the survival prognosis. However, both proteins were upregulated (ABH2 to a higher
extent) in tumour tissues. The elevation of ABH2 may explain the resistance of some
gliomas to photodynamic therapy treatment (photosensitisers injected into tumours are
excited by light to produce ROS and thus cell death), through induction of ABH2
mRNA, which mediates repair of the DNA damage caused170. ABH2 induction appears
to be mediated by the transcription factor tumour protein 53 (TP53), which is induced
by photosensitiser treatment, and binds -190 bp to the ABH2 transcription start site170.
Cell growth and viability in non-small cell lung cancer cell lines was unaffected by
ABH2 knockdown, but when knocked down in tandem with cis-platin treatment, cell
viability and proliferation rate was affected to a greater extent than cis-platin treatment
alone, suggesting that combination therapies may be effective in lung cancer
treatment171. Elevation of ABH3 protein levels has been observed in human prostate
carcinomas172, to an extent which the authors believe may enable its use as a novel
prostate cancer-specific marker.
The murine homologues of ABH2 and 3 (mABH2 and 3) have been studied, and their
reactions are similar to those of their human counterparts173. Mice in which Abh2, Abh3
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or both of the Abh2 and Abh3 genes have been deleted appear to be healthy, with no
obvious phenotype174. However, analysis of liver genomic DNA revealed that ABH2
deletion mice accumulate a detectable quantity of 1meA by 4 months of age, with about
150-500 1meA present in the genome at 8 months. In contrast, 8 month old ABH3
deletion mice have less than 120 1meA per genome174. Furthermore, the repair of
MMS-induced 1meA lesions only occurred for nuclear extracts containing ABH2, but
not if only ABH3 was present. It thus appears that ABH2 is the primary enzyme for the
in vivo repair of 1meA. The accumulation of 1meA in the mouse genome also shows
that a substantial degree of aberrant methylation occurs under normal physiological
conditions.

1.7.2 Comparison of AlkB to ABH2 and ABH3
AlkB has a broader substrate range than ABH2 and 3, which is unsurprising as AlkB is
the only homologue found in E. coli. The three proteins preferentially repair 1meA and
3meA lesions in DNA. AlkB and ABH3 also repair 1meA and 3meC in RNA167, with
very slow repair by ABH2; although this is more efficient when the ssRNA is annealed
to a complementary DNA strand175. To date AlkB has been reported to also repair the
DNA lesions 3meT176-177, 1meG177, 1ethylA163, εA178-179, εC179 and EA180, summarised
in Figure 1-24. ABH2 and ABH3 both repair 1ethylA163 and 3meT176, and εA181 is
repaired by mABH2. As discussed in Section 1.8.2 FTO is a further 3meT demethylase,
possibly acting in a repair manner. The human BER enzyme AAG (see section 1.3.1)
has also been found to repair εA182, EA183, and 1meG184. These are all substrates of
AlkB, and εA is a weak substrate of mABH2, therefore it appears that in humans some
redundancy in reactivity may be observed. AlkB159 and ABH3 both show a preference
for ssDNA, whereas ABH2 prefers dsDNA substrates167, although this preference is
only seen either in the presence of magnesium175 or at high NaCl concentrations173.
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Figure 1-24: Summary of DNA lesions reported to be repaired by AlkB, ABH2 and ABH3.

Replacement of Fe in the active site of AlkB by either Co(II) or Cu(II) does not cause
structural alterations, although it inhibits demethylation185. Ni(II) inhibits demethylation
by ABH2 and ABH3. Replacement of Fe with Ni(II) does not prevent the binding of
2OG at the ABH2 metal centre186-187, but it appears that on binding of 2OG and
substrate no open coordination site remains to allow oxygen binding and activation188.
Several studies have followed the activities of AlkB, ABH2 and ABH3 via in vivo
assays, in several cases following the demethylation of MMS treated phage or plasmids,
demonstrating that the demethylation reaction occurs on “real” sequences156,163. More
sophisticated studies have also been developed, showing in vitro reactivation of
methylated mRNA and tRNA by AlkB and ABH3189, and the repair by E. coli of
specific lesions in synthesised single stranded vectors, which additionally allowed
assessment of the relative mutagenicity of the lesions106,179.
A chemical crosslinking methodology has been developed to facilitate investigation of
transient DNA-protein interactions, utilising DNA strands incorporating a modified
cysteine residue, which forms a disulfide bond with an active site cysteine 190. This was
successfully employed with ABH2 and ABH3, confirming the preference of ABH2 for
binding dsDNA191.
Several crystal structures of the proteins have been published, revealing much about
their observed specificities. AlkB192 and ABH3193 were initially crystallised without
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DNA, but crosslinking of proteins to DNA has enabled structures of AlkB and ABH2 in
the presence of bound DNA194. These structures do not show any obvious structural
features discriminating between DNA or RNA substrates. However crystallisation of
AlkB bound to a bulky caged DNA lesion shows that larger lesions may be
accommodated in the active site by reorganisation of the flexible hairpin and substrate
recognition loops195. Mutational analysis of the AlkB structure shows that the protein
exists in two states: “search” and “repair”. Individual residues have different roles, with
Y76 acting as a gating residue, which is initially open to allow access of the DNA, then
closes to lock the DNA in place to react196. The method used for locating the damaged
bases requiring repair is currently unclear. The most likely method is that the proteins
scan along DNA strands to detect any unusual or unstable bases or base pairs, and
where these are observed the damaged base is “flipped out” from the base-stacked,
hydrogen bound, intrahelical position to a solvent exposed, extrahelical position to
enable repair197.

B

A

Figure 1-25: Cartoon representations of (A) AlkB (PDB ID: 3BIE194) and (B) ABH2 (PDB ID:
3BUC194) bound to double stranded DNA, highlighting the flipping of the damaged 1meA base into
the protein active site.

AlkB and ABH2 appear to have very different base flipping mechanisms (Figure 1-25).
AlkB makes contact mainly with the damaged base and the directly flanking sequence.
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It then appears to kink the DNA backbone to invert the damaged base by 180°,
simultaneously squeezing together the flanking bases to maintain base-stacking between
these non-adjacent bases (Figure 1-25A)194. In contrast, ABH2 maintains contact with
both strands of the dsDNA substrate, and on flipping of the base the vacant area in the
DNA base-stack is occupied by the hydrophobic F102 residue from the β2-β3-hairpin,
without causing significant distortion of the DNA double helix (Figure 1-25B)194.
This β2-β3-hairpin is also responsible for the preference of ABH2 and ABH3 for double
or single stranded DNA sequences respectively. In ABH2 this hairpin is composed of
hydrophobic residues, whereas the hairpin of ABH3 contains charged or polar residues.
Two independent studies have shown that exchanging either the full β-hairpin region, or
just selected residues, is sufficient to switch the specificity of the proteins to that of the
donor protein198-199.
Comparison of AlkB crystal structures obtained to date shows the existence of two
conformational states altering the relative accessibility of the oxygen diffusion tunnel,
possibly to reduce ROS generation200. An NMR structure also showed conformational
variation, with the structure of AlkB with succinate appearing more dynamic than that
with 2OG. This may suggest that on decarboxylation of 2OG, a transition to an open
dynamic state occurs, allowing release of succinate (and its replacement with fresh
2OG), and weakening the affinity for the DNA product201.
EPR studies on AlkB-Cu(II) complexes showed that the metal coordination site is
tetragonal with an elongated axial axis, with two equivalent histidine residues bound. In
the presence of succinate one free binding site can be observed, as succinate binds in a
monodentate manner202. Mechanistic studies of AlkB using density functional theory
are in general agreement with the consensus reaction mechanism (Figure 1-2). The rate
limiting step is predicted to be abstraction of a hydrogen atom from the methyl group,
as the subsequent steps are very exoergic203-204.
Some experimental characterisation of the oxidation intermediates of AlkB has been
undertaken, using AlkB/substrate complexes crystallised anaerobically with Fe(II) and
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2OG, followed by exposure to air to initiate reactions205. Structures were obtained for
each of the major classes of AlkB substrates; neutral 3meT, positively charged 3meC
and bulky εA. With the neutral 3meT base, the relatively stable hemiaminal
intermediate may be observed in the crystal structure205. The electron density in the
crystal structure with 3meC is not sufficient to definitively observe a reaction
intermediate, but use of a carbon analogue for which the intermediate species is stable
enough for detection reveals a zwitterionic intermediate. It is therefore likely that a
zwitterionic species is also formed in the reaction with 1meA205. As has been previously
predicted, a glycol intermediate is observed in the reaction with εA, likely formed from
a rapidly opened epoxide species.

1.7.3 ABH1
Within the ABH family ABH1 has the greatest homology to AlkB (52 % similar, 23 %
identical)162 but the function of ABH1 has been elusive, and to date publications
discussing the likely activity of ABH1 are not conclusive. Initial ABH1 studies were
unable to observe in vitro activity related to that of AlkB163,167, and attempts to crosslink
dsDNA to ABH1, under the same conditions used for crosslinking to ABH2 and ABH3,
were unsuccessful191, suggesting that DNA may not be a substrate. Additionally, ABH1
was not observed to be induced in skin fibroblasts on MMS treatment162, or to reactivate
MMS treated ssDNA phage in alkB deficient E. coli163, although its expression slightly
increased the survival rate of MMS treated E. coli alkB mutants162. Furthermore,
identification in mice of an interaction of ABH1 with Mrj, a protein which also interacts
specifically with histone deacetylases, suggested a possible role for ABH1 in epigenetic
regulation of gene expression, possibly through histone modification206.
Two mouse ABH1 gene deletion studies have yielded contrasting results. The first study
found the highest expression of ABH1 mRNA in the developing placenta, and ABH1-/mice have interuterine growth retardation and placental defects. In a subsequent
larger-scale mouse ABH1 knockout study it was found that mice lacking one or both
copies of ABH1 are born at a lower frequency than wildtypes, with a sex-ratio skewed
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spermatogenesis, during which expression of ABH1 is elevated 10-fold207. Interestingly,
many ABH1 null mice in this study had small or absent eyes, particularly on the
right-hand side, a phenotypic similarity to a knockout mouse model of the 2OG
oxygenase JMJD6208.
Subcellular localisation data for ABH1 are also inconsistent, although this may reflect
the use of ABH1 constructs tagged with different fusion proteins, which may interfere
with subcellular targeting. An ABH1 N-terminal EGFP fusion showed distribution of
the transfected protein throughout the cell209, and N-terminally Myc-tagged ABH1 is
localised in the nuclear euchromatin, the site of localisation of transcribed genes206.
However, a subsequent study found that an ABH1 C-terminal EYFP fusion, and
endogenous ABH1, are localised in the mitochondria of HeLa cells210. Therefore it is
likely that mitochondrial targeting may occur via the ABH1 N-terminal region. This
study used recombinant ABH1 protein truncated by three amino acids at the N-terminus,
which was observed to slowly repair 3meC lesions on ssDNA210, similarly to the
previously identified activity of ABH3.
ABH1 has also been observed to have DNA lyase activity on unmodified dsDNA,
causing double-strand DNA breaks211. Unusually, this activity requires no co-substrates,
therefore is postulated to use a novel active site located away from the iron binding
DSBH core. Despite the high sequence similarity of the core region of ABH1 to AlkB,
ABH1 has additional sequence at both the N- (~70 residues) and C-termini (~40
residues), therefore one of these regions may facilitate this activity. It is unclear how the
formation of damaging dsDNA breaks from undamaged DNA is beneficial to cells, but
it may be that this is a weak residual activity, and that the true substrate for the lyase
activity is an as yet unidentified damaged base. However, the collection of conflicting
data published to date suggests that the true role of ABH1 is still unclear.
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1.7.4 ABH8
The structure of ABH8 is unique within the ABH family, with the protein architecture
containing an N-terminal RNA recognition motif, and a C-terminal SAM dependent
methyltransferase (MT) domain in addition to the 2OG oxygenase core.
Modified nucleosides in the tRNA anticodon loop can maintain the correct reading
frame, or stabilise codon-anticodon pairing212. Specifically, modification of uridines in
the wobble position of tRNAs can regulate translation of codons enriched in mRNAs
encoding DNA-damage response proteins213. The function of ABH8 was identified
through homology of the ABH8 MT domain to that of Saccharomyces cerevisiae Trm9,
a MT catalysing the final step in formation of 5-methylcarboxymethyl uridine (mcm5U)
at the wobble position of tRNAs214.

Figure 1-26: Reactions catalysed by ABH8. The methyltransferase domain of ABH8 initially
methylates cm5U to give mcm5U, which may then be stereospecifically hydroxylated by the 2OG
oxygenase domain of ABH8, yielding S-mcmh5U.

The MT domain of ABH8 was found to also catalyse the methylation of
5-carboxymethyl uridine (cm5U) to mcm5U 215-216 (Figure 1-26). This reaction appears
to take place specifically in certain tRNAs containing wobble uridines, namely
tRNALys(UUU) and tRNASec(UGA) 216. ABH8 interacts in vivo with a small accessory
protein, TRM112, an interaction which is required for its in vivo MT activity215. This
methylation step is required for downstream production of further modified bases,
including mcm5s2U and mcm5Um.
Further to this, the 2OG oxygenase domain of ABH8 hydroxylates mcm5U at the α
position, forming (S)-mchm5U 217 (Figure 1-26), a hypermodified nucleoside previously
identified in the silkworm Bombyx mori218. Further investigations determined that both
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the R- and S- diastereomers of mchm5U are found in mammalian tRNA, but ABH8 is
responsible for the stereoselective synthesis of only the S- diastereomer219. The
biosynthetic route leading to formation of the R- diastereomer is as yet unknown, and
epimerisation appears unlikely, therefore it is postulated that another member of the
ABH family may be responsible for the final hydroxylation reaction. The MT and
oxygenase domains were found to function independently on individual expression of
domain-deleted proteins in ABH8 knockout mice219. Full length tagged ABH8 and
various truncated mutants are all located in the cytoplasm209,216, consistent with the
observed RNA modification activity.
ABH8-/- mice do not contain mcm5U, mcm5s2U or mcm5Um, but have elevated levels of
cm5U 215. Despite this, the mice have no obvious phenotype to 20 months of age.
However, the lack of ABH8 means that tRNASec(UGA), important for the recoding of the
UGA stop codon to code for selenocysteine (Sec), is not correctly modified. As a result,
a slight decrease in recoding was observed as compared to wildtype mice. In contrast,
overexpression of ABH8 protein has been observed in many cancer cell lines, with
siRNA knockdown in bladder cancer cell lines leading to apoptosis220, suggesting that
tRNA modification may be essential for the survival of cancer cells.

1.7.5 Other ABH family members
Little is currently known about the remainder of the ABH family members (ABHs 4, 5,
6 and 7). In HeLa cells N-terminally GFP tagged ABHs 4, 6 and 7 were found to be
dispersed throughout the cells, and GFP-ABH5 was present throughout the cell,
however some cells contained bright foci in the cytoplasm, although these did not
correspond to colocalisation with any specific organelles209. However, as observed for
ABH1, these localisation results may not correspond to the true subcellular localisations
as the large GFP fusion present at the N-terminus of the protein may mask any
localisation signals present at this terminus of the protein sequence.
The metal binding characteristics of ABH4 have been studied spectroscopically and by
EPR221. The conserved 2OG oxygenase HXD….H motif was found to bind iron, and
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although bioinformatic analysis identified a cluster of cysteine residues in the
N-terminal domain unique to ABH4, this was found not to bind iron221.
Uniquely amongst the ABH family, ABH5 is directly upregulated by HIF-1α in
hypoxia, via a HRE 5' to the ABH5 gene initiation site222. In this study direct detection
of ABH5 using an antibody specific to the ABH5 protein showed localisation
predominantly in the nucleus, which was depleted on ABH5 siRNA knockdown. Only
sparse staining was observed through the cytoplasm, in contrast to previous
observations209. No 2OG turnover was observed for recombinant ABH5 incubated with
methylated oligonucleotides turned over by ABH2 and ABH3222. Severe hypoxia
induces a DNA damage response and significant ROS damage occurs on reoxygenation,
but this damage was not affected by overexpression of ABH5 in cells. This therefore
suggests that ABH5 is unlikely to play a role in DNA damage response or repair.

1.8 Fat, mass and obesity associated protein
1.8.1 FTO and obesity
The Fto gene was first identified from a mouse mutant arising from a deletion of a
1.6 Mb cluster from chromosome 8223, with a phenotype characterised by fused toes,
loss of left-right asymmetry and premature death (but not elevated weight), which was
initially postulated to arise due to dysfunctional programmed cell death 224. This deletion
involves removal of the Iroquis B gene cluster, coding for three homeodomain
containing transcription factors225, and three additional genes termed Fused toes 1, m
and o (Ft1, Ftm and Fto)223. When the Fto gene itself was cloned it was found to have
extremely long intron sequences, with a gene of 250 kb coding for a 502 amino acid
protein226, earning the gene the initial name “Fatso”.
The human FTO gene initially attracted attention when a large scale (> 30,000
candidates) genome-wide association study227 searching for common single nucleotide
polymorphisms (SNPs) in type II diabetes (T2D) patients found that an identified
association with a cluster of SNPs in the first intron of the FTO gene was mediated by
elevated BMI228. The representative SNP studied, rs9939609, was found to be either
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adenine or thymine. The A allele, present in 39 % of cases, was found to be linked to
increased BMI. The SNP was not associated with birth weight, but a difference became
apparent in children from 7 years of age. On average, an individual homozygous for the
A risk allele is likely to be 3 kg heavier than a T homozygote. This was therefore the
first evidence for a specific genetic link to increased body mass, and has since been
verified by a number of studies, carried out for a range of ethnicities229,230. As a result of
this work the gene was renamed as “fat, mass and obesity associated”. More recent
studies suggest that in some ethnic groups FTO may increase T2D susceptibility
independent of the effect on weight231, possibly suggesting the influence of
environmental or other genetic factors. The FTO risk alleles are also associated with
structural brain atrophy in the healthy elderly, independent of elevated BMI232.
In humans, cohort studies suggest that the link to increased weight may be due to
increased energy intake, as individuals with the risk allele report impared satiety
responsiveness and increased calorific consumption233-234, particularly of fatty, energy
dense foods235. In the mouse brain FTO colocalises with the satiety mediator oxytocin,
and appears to cause oxytocin upregulation236.
GWAs can be very powerful as the studies are hypothesis free, thus allowing
identification of unexpected pathways and connections227. However many common
complex disorders, including obesity, have polygenic associations. To date GWAs for
obesity have identified associations with variants in the FTO, INSIG2 and MC4R genes,
although it appears that the at-risk variants only lead to obesity in an obesity-promoting
environment237. Therefore direct comparison between studies analysing the effect of
variants of a single gene in polygenic disorders, and in vitro functional investigations of
the proteins involved may be difficult to interpret. To more fully understand the
cumulative effect of the identified variants on obesity, combined functional studies
would be required.
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1.8.2 FTO is a nucleic acid demethylase
diatoms and brown algae
Thalassiosira pseudonana

Micromonas pusilla

Ectocarpus siliculosus

chlorophytes

Ostreococcus tauri
Global Ocean Sampling

Phaeodactylum tricomutum

Ostreococcus lucimarinus

Homo sapiens

Danio rerio

Macaca mulatta
Mus musculus

Tetraodon nigroviridis
Xenopus tropicalis

Monodelphis domestica
vertebrates

Figure 1-27: Maximum likelihood phylogenetic tree showing the distribution of the FTO gene. FTO
is identified in three major clades: vertebrates, diatoms and brown algae, and chlorophytes. Figure
adapted from238.

Studies on recombinant murine Fto (mFTO) demonstrated DNA demethylation, with a
preference for 3meT lesions165. Further studies on human FTO protein (hFTO) showed
a slow turnover of 3meT and 3meU lesions in DNA and RNA respectively239. The FTO
protein is localised in the cell nucleus165 and is expressed throughout mice, with highest
expression in the hypothalamus, supporting a role in energy homoeostasis165,240. The
FTO gene is predicted to be present in vertebrates, and also in evolutionarily diverse
marine eukaryotic algae including diatoms, brown algae and Prasinophyceae, but has
not yet been identified in plants, fungi, invertebrates (Figure 1-27)238.

1.8.3 In vivo FTO studies
Several mouse models have been generated to attempt to dissect the role of FTO in vivo,
and support the findings of the obesity association studies.
Global loss of FTO produced a lean phenotype, albeit alongside a high mortality rate
and growth retardation241, whereas a mouse with a missense mutation in the FTO
sequence (I367F) showed a less substantial weight reduction, via reduced fat mass, but
without the more detrimental effects of the full knockout (Figure 1-28)242. In both cases,
in contrast to the human studies, calorific consumption was unaltered between wildtype
and mutant mice, with the mass difference attributed to an increased metabolic rate in
mice lacking FTO. Mice expressing either one or two additional copies of FTO were
found to have increased body mass, which was exacerbated when mouse were fed a
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high fat diet243. Additionally, mice expressing two additional copies of FTO were found
to have reduced glucose tolerance, a precursor of T2D.

Figure 1-28: A point mutation in the sequence coding for the FTO protein gives rise to a mouse
with reduced body weight, reduced fat mass, increased energy expenditure, and unchanged
physical activity. Left: control wildtype mouse (average fat mass 16.64 g; represented by lard);
Right: homozygous I367F FTO mouse (average fat mass 11.05 g).

Targeted knockdown of FTO in the arcuate nucleus of rats showed an increase in food
consumption, with the reverse effect observed for the corresponding overexpression244,
in contrast to the mass differences observed for whole-body cases. The effect of FTO on
energy balance was further investigated by fasting studies, with FTO mRNA expression
reduced in the arcuate nucleus of 48 h fasted mice165, but increased in the hypothalamus
of 48 h fasted rats245. However, this difference may be due to the increased sensitivity of
mice to starvation. Despite these variations in mRNA level, FTO protein levels appear
unaffected by feeding or fasting in mouse and rat brains246. Conditional knockout of
FTO in the neural system resulted in a similar phenotype to that observed for the full
body knockout, supporting the importance of FTO in the central nervous system247.
Limited data for the effects of alterations to FTO in humans are available. A mutation
causing replacement of the conserved 2OG binding arginine 316 with glutamine has
been found in a large Palestinian Arab consanguineous family, causing postnatal growth
retardation and early lethality as observed for knockout mice, but individuals
additionally display brain deficits and facial dysmorphism248. In vitro, 2OG turnover is
ablated in both hFTO R316Q248 and mFTO R313A165 (the equivalent 2OG binding
residue in the mouse sequence) modified proteins. Therefore this interaction appears
vital for the function of the FTO protein, and suggests that in vivo the R316Q protein
may have toxic gain of function or dominant negative effects.
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Various other mutations to FTO have been identified in humans, with only those either
directly binding 2OG or in the substrate recognition lid having an effect on the catalytic
activity249. Interestingly, mutations were found at a 3-fold higher frequency in the
C-terminal portion of FTO, compared to the DSBH-containing N-terminal region, and
individuals with C-terminal mutations are more likely to be obese. A patient has been
described with partial trisomy of 16q, including the region coding for FTO, showing
many symptoms including mental retardation, anatomical facial abnormalities and
obesity250. However, no elevation of FTO mRNA was observed, making it unclear
whether FTO is involved in the patient’s obesity.

1.8.4 Cellular studies of FTO
The FTO gene shares a CpG island with the adjacent gene RPGRIP1L (Ftm in mice),
which is transcribed in the opposite direction to FTO, therefore it is possible that the
obesity association may instead be with RPGRIP1L/Ftm251. Ftm is located at the ciliary
basal body and has been found to be necessary for establishment of left-right
asymmetry, and patterning of the neural tube and limbs252. In mice, Fto is expressed at a
higher level than Ftm, with the transcriptional activity of Fto and Ftm induced by the
transcription factor CUTL1, via a regulatory site in the first intron of Fto251. Different
cleavage forms of CUTL1 have different preferences for the SNP alleles present, with
the predominant form in cells (p200) having a higher affinity for the risk allele,
stimulating its expression. In human cell lines it appears that the obesity associated
SNPs in the first intron of FTO affect the primary transcript levels of FTO only, with
increased copies of FTO in the presence of the risk alleles253. However, a higher level of
FTO CpG methylation has been observed for sequences containing the risk alleles254.
The mRNA expression of FTO is greater in the subcutaneous adipose tissue of obese
individuals255, and appears to correlate with the expression of the transcription factor
HIF-1α, suggesting a possible link to hypoxia256. FTO mRNA expression is also
increased in the skeletal muscle of T2D patients, and overexpression of FTO in cultured
myotubes increases the rate of lipogenesis in cells, and thus the production of ROS.
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Subsequent microarray analysis of genes regulated by FTO overexpression found a
reduction for several mitochondrial proteins, leading to a reduction in oxidative
metabolism and induction of a shift from lipid oxidation to accumulation of lipid in
myotubes257. This lipid accumulation may contribute to the obesity phenotype, but it is
currently unclear how this effect may caused by a DNA repair enzyme. Additionally,
the observed association between FTO variants and poorly controlled satiety
responsiveness233 has yet to be explained functionally.

1.9 Objectives
The work described in this thesis investigates the roles of members of the 2OG
oxygenase superfamily in the modification of nucleic acids.


The unique sequence of FTO, with a novel C-terminal domain



Interaction of FTO with other species in cells



Initial work towards understanding the roles of ABH1 and ABH7 in cells



The activity and inhibition of AlkB.
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Chapter 2 - FTO C-Terminal Domain
2.1 Introduction
2.1.1 Link of FTO to obesity
Obesity is a growing problem for society. Recent figures suggest 1.5 billion people
globally are overweight (Body Mass Index (BMI) ≥ 25 kg m-2), of which nearly
500 million are obese (BMI ≥ 30 kg m-2)258. Obesity reduces life expectancy259, and
increases the risk of suffering from conditions including Type II Diabetes (T2D)260.
Obesity and T2D are complex, heritable261-263 conditions caused by environmental and
genetic factors. A genome-wide association study by Frayling et al. identified a strong
association between SNPs in the first intron of FTO and T2D, mediated by increased
BMI228. This was the first evidence for a specific genetic link to increased body mass,
which has been replicated in several population studies229-230.

2.1.2 Previous in vitro studies of FTO

I

II

VII

IV

III

V

VI

VIII

Figure 2-1: Sequence alignment of FTO sequences from Mus musculus (mFTO) and Homo sapiens
(hFTO). Residues highlighted in red: Fe(II) binding, residues highlighted in blue: 2OG binding,
Red cylinders: α-helices, Blue arrows: β-strands. Light blue Roman numerals identify strands
forming the DSBH core of the 2OG oxygenase domain. Figure prepared using TCoffee and
GeneDoc. Structural assignment from hFTO crystal structure (PDB ID: 3LFM)264.

Recombinant FTO from Mus musculus (mFTO) has been identified as a nucleic acid
demethylase, with preference for 3-methyl thymidine (3meT) in DNA165, and 3-methyl
uridine (3meU) in RNA. Beyond this initial result, little was known about the properties
of recombinant FTO. Understanding more about the properties of the recombinant
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protein may aid studies of the in vivo role of FTO. There is a high parity between FTO
sequences from Mus musculus and Homo sapiens (85 % amino acid identity, Figure
2-1), therefore it is likely that the proteins from the two species will carry out similar
roles in the cell.

2.1.3 A missense mutation in the C-terminal domain of mFTO
In order to understand more about the in vivo role of FTO, studies in mice were carried
out by a collaborating group at MRC Harwell. A major resource at MRC Harwell is a
1-ethyl-1-nitrosourea (ENU) induced mutagenesis archive265, which consists of a large
library of DNA from mutagenised mice. ENU is an ethylating agent, and a highly potent
mutagen266, most commonly causing A → T transitions267. Chemical mutagenesis using
ENU produces many functional changes, including hypomorphs or gain-of-function.
This complements and expands upon traditional gene inactivation by homologous
recombination (knockouts), which usually result in non-functional/null alleles, therefore
can be very useful in revealing previously unknown aspects of gene function268.

Figure 2-2: An ENU-induced missense mutation I367F in exon 6 of mFTO. (A) Sequencing reveals
an A to T mutation in exon 6 of mFTO that leads to conversion of the isoleucine at residue 367 to
phenylalanine. (B) Sequence alignment showing isoleucine 367 (asterisk) and surrounding residues
are highly conserved in vertebrates. Colour code for amino acids indicates a consensus residue
derived from a block of similar residues (black), a completely conserved residue (red), a residue
weakly similar to a consensus residue (orange), a consensus residue derived from the occurrence of
greater than 50% of a single residue (blue) and non-similar residues (dark-red). Figure prepared
by Dr Chris Church (MRC Harwell).
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A screen of DNA from 6,624 mice from the Harwell ENU-induced mutagenesis archive
identified an adenosine-to-thymidine mutation in exon 6 of murine FTO (mFTO),
leading to substitution of a phenylalanine for isoleucine-367 (I367F) in the C-terminal
region of mFTO (Figure 2-2A). Although this substitution lies outside the doublestranded β-helix (DSBH) and associated elements that form the conserved “catalytic
core” of 2OG oxygenases269, the block of ~20 amino acids surrounding I367 is
conserved in FTO throughout vertebrate evolution (Figure 2-2B) suggesting this region
may have a physiological role. Mouse lines heterozygous and homozygous for the
I367F mutation were developed by MRC Harwell researchers, led by Prof. Roger Cox.

2.1.4 Objectives
This chapter describes studies on recombinant mouse and human FTO aiming to
ascertain the function of FTO. A number of new constructs were developed, and
proteins were purified and characterised. The C-terminus of FTO was studied in more
detail, and was found to comprise a novel discrete domain, likely causing dimerisation
of the purified protein. Further work was carried out on recombinantly prepared FTO
I367 variants, to correlate in vitro findings with studies in the mutant mouse model.

2.2 Protein construct production
2.2.1 Full length FTO constructs
Initial cloning of the mouse FTO sequence was carried out by Dr Thomas Gerken. The
coding sequence of murine FTO (mFTO) was amplified from I.M.A.G.E. clone
#4237261, and cloned into the NheI and EcoRI sites of pET-28a(+), with addition of a
C-terminal TAG stop codon. This construct expresses a fusion protein facilitating
protein purification, with addition of a poly-histidine tag (His-tag) at the N-terminus,
separated from the protein by a thrombin cleavage peptide sequence (construct referred
to as mFTOa). A purification protocol for the mFTOa protein was developed by Dr
Thomas Gerken. BL21 (DE3) E. coli was used to express protein from this construct,
but unfortunately problems were encountered during initial purifications. Attempted
cleavage of the His-tag from the protein using thrombin led to a further internal protein
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cleavage due to the presence of an additional, internal, thrombin site in the protein
sequence.
Despite attempts to optimise the purification of uncleaved mFTO, uncleaved His-tagged
protein could only be obtained at a maximum of 80 % purity, as judged by SDS-PAGE.
The likely reason for the difficulty in further purification was the presence of E. coli
chaperone proteins270. These may bind to the thrombin cleavage site-containing fusion
peptide linking the His-tag to the FTO sequence (Dr Thomas Gerken, unpublished
observations). Additionally, as thrombin cleavage of the His-tag while retaining intact
FTO had been observed to be unfeasible, this fusion peptide was deleted from the
original pET-28a(+) protein construct, producing a new construct with the His-tag
linked directly to the protein sequence. This directly-fused construct therefore has a
non-cleavable N-terminal His-tag, and is the construct which is used throughout the
work described here (referred to as mFTO).

Figure 2-3: SDS-PAGE gels depicting a typical mFTO purification. (A) SDS-PAGE gel showing
nickel affinity purification of mFTO. Input: cell lysate applied to column; Flow: protein flowing
through column; 1-11: Fractions eluted from column (fractions 8-11 selected). (B) SDS-PAGE gel
showing gel filtration purification of mFTO. Input: protein from nickel affinity column applied to
column; 1-6: Fractions eluted from column (fractions 3-6 selected).

Optimal expression of soluble mFTO protein was determined (by Dr Thomas Gerken)
to occur from E. coli grown for 4 hours at 18 °C post induction (addition of 0.5 mM
IPTG). Purification of the His-tagged mFTO construct was achieved through nickel
affinity chromatography. Proteins were eluted with an imidazole gradient, and SDSPAGE analysis revealed appropriate fractions to be pooled and concentrated (Figure
2-3A). Further purification by gel filtration chromatography allowed buffer exchange
and removal of proteins of different mass from the protein of interest271. Further
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analysis by UV/vis spectroscopy and SDS PAGE allowed identification of the fractions
containing the highest purity protein (Figure 2-3B), which was then concentrated and
exchanged into a buffer of 50 mM Tris, 50 mM NaCl, 1 mM DTT pH 7.5 for storage at
-80 °C. A typical yield of mFTO was 2.7 mg per litre of bacterial culture, at a purity of
~90 % judged by SDS-PAGE (Figure 2-4).
A summary of all FTO constructs produced for the work described in this chapter, with
the expression conditions used, is included in Appendix C.

Figure 2-4: SDS-PAGE gel of purified mFTO, quantities as indicated.

In a complementary line of investigation, a construct encoding the human FTO protein
was also prepared. At the time of preparation no I.M.A.G.E. clone was available for the
sequence of human FTO. Therefore a synthetic gene encoding the human FTO protein,
sequence-optimised for expression in E. coli, was commercially synthesised by
GeneArt. Cloning of this gene into pET-28a(+) via the NdeI and BamHI sites was
performed by Dr Celia Webby, with the construct produced referred to as hFTOa.
However, similar problems were observed during purification as with the original
murine FTO construct. Therefore the corresponding fusion peptide was deleted using
site directed mutagenesis (process outlined in Figure 2-5), carried out using the
Stratagene Quikchange® site-directed mutagenesis kit. In order to increase the yield of
colonies containing the mutated insert the DpnI digestion was allowed to proceed at
37 °C for 2 h rather than the recommended 1 h. Primers used to effect the deletion are
detailed in Appendix B. The sequence integrity of the resulting deletion was verified by
DNA sequencing, and the produced construct is referred to here as hFTO.
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Deletion
primer

PCR: primer
extension

Annealing

Template vector

Primer anneals to
regions flanking
loop to be deleted

Deletion vector

Figure 2-5: Scheme depicting deletion of DNA sequences from plasmid DNA using site-directed
mutagenesis. For simplicity, only one DNA strand of the plasmid is shown. Figure adapted from 272.

Small scale bacterial growths carried out under a range of incubation conditions
identified the greatest soluble protein expression after 15°C incubation for 16 hours
following induction with 0.5 mM IPTG. Recombinant protein was purified by nickel
affinity chromatography and gel filtration as for mFTO. Typically 6.9 mg hFTO protein
was obtained per litre of bacterial culture, at a purity of ~90 %, judged by SDS-PAGE
(Figure 2-6).

Figure 2-6: SDS-PAGE gel depicting purified hFTO, quantity as indicated.

2.2.2 C-Terminal truncations
The N-terminal domain of FTO, comprising the catalytic DSBH domain, has significant
homology to the corresponding domains of AlkB and the ABHs. By contrast, the
C-terminal region of the FTOs is not homologous with that of AlkB or the ABHs.
Additionally, BLAST searches yield no homologues for this sequence in non-FTO
sequences. Secondary structure predictions for the C-terminus suggest this region
comprises a discrete helical domain. To investigate the importance of the C-terminal
region of mFTO, a series of C-terminally truncated constructs were produced, to
attempt to determine whether this region of the protein is required for activity. Although
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not homologous, the C-terminus of FIH is necessary for hydroxylation activity, with
C-terminally truncated constructs unable to oligomerise, and having significantly
reduced activity273. Substitution of a single residue in the hydrophobic C-terminal
region of FIH for a hydrophilic residue is sufficient to block dimerisation273. However
the C-terminal region is less important for PHD2, as C-terminally truncated PHD2
constructs retain their activity and substrate preference274.
VIII

VII
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1-D329
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1-K387
380

1-E408
400

420

IHNEVEFEWLRQFWFQGSRYKLCTDWWCEPMTHLEGLWKKMESVTNAVLREVKREGLPVEQRSEILSAI

440

480

460

500

LVPLTVRQNLRKEWHARCQSRVVRTLPAQQKPDCRPYWEKDDPSMPLPFDLTDVVSELRGQLLEARS

Figure 2-7: Identification of truncation sites in the C-terminal sequence of FTO. Secondary
structure prediction obtained using PredictProtein275. Dark red cylinders: α-helices, Blue arrows:
β-strands. Light blue Roman numerals identify strands forming the DSBH core of the 2OG
oxygenase domain. Green rectangle: loop; Red markings/text identify sites of C-terminal
truncations.

At this point no crystal structure of FTO was published, therefore the structure
prediction programme PredictProtein275 was used to identify likely secondary structure
in the C-terminal domain of FTO, shown in Figure 2-7. This identified similar general
features to those observed in the later published hFTO crystal structure264 (identification
of secondary structure present in crystal structure shown in Figure 2-1). From this
information, possible sites for truncation of the FTO sequence were identified, as
detailed in Figure 2-7 and Table 2-1. Two constructs were designed to remove the
whole C-terminal domain, cleaving either immediately after the predicted end of the
final β-strand comprising the DSBH (1-A321 mFTO), or immediately prior to the first
predicted secondary structure in the C-terminal region (1-D329 mFTO). Two further
constructs (1-K387 mFTO and 1-E408 mFTO) were designed to remove the most
C-terminal portion of the protein, while retaining the initial helices predicted to be
present following the DSBH, as these may be required for correct protein folding.
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Truncations at these positions through the C-terminal domain were attempted, to create
mFTO 1-E408, mFTO 1-K387, mFTO 1-D329 and mFTO 1-A321. These constructs
were cloned from the wildtype pET-28a(+) mFTO template by mutation of the codon
following the new C-terminal residue to a stop codon, by site directed mutagenesis,
carried out following the Agilent Technologies QuikChange Site-Directed Mutagenesis
protocol (Figure 2-8), again employing a 2 h digestion with DpnI.
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Me

Me

Me
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specifically digested

Figure 2-8: Scheme outlining steps in site-directed mutagenesis. Figure adapted from272.

Although wildtype mFTO could be efficiently produced in a soluble form, expression
trials showed poor expression levels for C-terminally truncated forms of wildtype
mFTO, with only low amounts of largely insoluble protein (summarised in Table 2-1)
produced in the presence of other highly expressed species, most likely protein
chaperones270.
C -terminal
Insoluble protein Soluble protein
Mass /kDa
Explanation
truncation
expression
expression
mFTO
Middle of second major
48144.2
Low
Very low
1‑E408
helix in C -terminus
mFTO
Following first major helix
45525.2
Low
Low
1‑K387
in C- terminus
mFTO
Likely break between two
38637.5
Low
Very low
1‑D329
mFTO domains
mFTO
37830.7 Predicted end of DSBH core
Low
None
1‑A321
Table 2-1: Summary of mFTO C-terminal truncation constructs and their expression levels.
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As a further expression test for mFTO 1-D329, a small-scale purification was attempted
using HisBind™ resin (Novagen). Cells expressing the construct were lysed as in a
typical protein purification protocol, then the lysate was mixed with precharged resin.
Following incubation to allow His-tagged proteins to chelate the Ni(II) present the resin
was washed and mixed with SDS-PAGE loading buffer, eluting protein that remained
specifically bound to the beads. Insoluble, soluble and bound protein fractions were
analysed by SDS-PAGE (Figure 2-9). A control protein (CmFTO, see Section 2.2.3)
bound preferentially to the resin, observed as a significant band at ~ 20 kDa in the
eluted protein lane. However, no bands were observed in the eluted protein fraction
from cells expressing mFTO 1-D329 (~39 kDa), suggesting that, as no binding to the
resin had occurred, soluble His-tagged protein had not been significantly expressed. As
had been observed during attempted expression of each of the C-terminally truncated
proteins, significant bands were observed at 40-45 kDa in the insoluble protein
fractions, most likely being due to highly expressed chaperone proteins, such as DnaJ
(which has a molecular mass of ~41 kDa)270,276, labelled X in Figure 2-9.
The difficulties encountered here in expressing the truncated proteins may suggest that
the C-terminal domain is important for the correct folding of the expressed protein, and
therefore potentially important for the effective activity of FTO.

Figure 2-9: SDS-PAGE gel showing expression and His binding test for 1-D329 mFTO and
CmFTO. I: Insoluble protein; S: Soluble protein; B: Protein bound to HisBind resin; X: Highly
expressed protein (chaperone).

2.2.3 C-Terminal domain
Due to difficulties encountered with C-terminal truncations, an alternative approach was
employed, producing the C-terminal portion separately to allow studies on this discrete
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domain. Residues 1-328 from the mFTO construct (with non-cleavable His-tag) were
deleted by site-directed mutagenesis, to create the construct D329-S502 mFTO, referred
to throughout as CmFTO. Expression trials identified 16 hour growth of BL21 (DE3)
E. coli at 15°C following induction with 0.5 mM IPTG as optimal for soluble CmFTO
expression (Figure 2-10).

Figure 2-10: Expression trials of CmFTO in BL21 DE3 E. coli. (A) Soluble protein, (B) Insoluble
protein. Expression induced with 0.5 mM IPTG, then cells grown under the temperature and time
conditions indicated.

Recombinant protein was purified by nickel affinity chromatography and gel filtration
(Figure 2-11). Approximately 9.44 mg CmFTO at >95% purity, judged by SDS-PAGE
(Figure 2-12A), was obtained per litre of culture.

Figure 2-11: (A) SDS-PAGE gel showing Nickel affinity purification of CmFTO. Input: cell lysate
applied to column; Flow: protein flowing through column; 1-12: Fractions eluted from column
(fractions 8-10 selected). (B) SDS-PAGE gel showing gel filtration purification of CmFTO. Input:
protein from nickel affinity column applied to column; 1-12: Fractions eluted from column
(fractions 3-12 selected).

The corresponding C-terminal domain of human FTO was prepared by the same
method. Expression of ChFTO was optimal under conditions of growth for 3 hours at
15 °C following induction with 0.2 mM IPTG, with an approximate yield of 0.81 mg
protein per litre of bacterial culture, at a purity of ~90 % (Figure 2-12B).
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Figure 2-12: SDS-PAGE gels of purified (A) CmFTO and (B) ChFTO, quantities as indicated.

2.2.4 I367 point mutants
Given the value of the development of modified FTO mouse models by collaborators at
MRC Harwell, in vitro analyses of the mouse I367F FTO sequence was a priority.
Therefore the corresponding point mutation was made in both full length and
C-terminal mFTO by site directed mutagenesis. Unfortunately, expression of both
I367F mFTO and I367F CmFTO was poor and largely insoluble, meaning that effective
purification of the proteins was not possible using the methods previously used for
wildtype FTO constructs. This poor soluble expression suggests that the variant protein
may not fold correctly. Therefore this residue, despite being away from the DSBH core
of the 2OG oxygenase, may play an important role in the folding of FTO. Although
both isoleucine and phenylalanine are hydrophobic residues, the significant difference
in size (Figure 2-13), and the aromaticity of the benzyl ring present in phenylalanine
may mean that the difference is too significant for maintenance of the 3D structure of
the domain.

Figure 2-13: Comparison of the side chains of isoleucine (I), phenylalanine (F) and alanine (A).

Instead, the decision was taken to attempt replacement of the I367 residue with alanine,
a substitution commonly used to ablate metal binding, and prevent activity165,173,217. It
was hoped that replacement of isoleucine with the smaller alanine (Figure 2-13) would
allow normal folding to occur, allowing soluble protein expression. However, any
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specific features of the wildtype isoleucine residue would hopefully be removed,
through substitution with the more innocuous alanine, allowing understanding of the
role of the isoleucine residue in this protein domain.

Figure 2-14: SDS-PAGE gels of purified (A) mFTO I367A and (B) CmFTO I367A, quantities as
indicated.

The I367A mutation was again formed by site directed mutagenesis, in both mFTO and
CmFTO. These constructs yielded soluble I367A mFTO and I367A CmFTO proteins.
Expression was found to be optimal when cells were grown at 15°C for 16 hours (I367A
mFTO) or 4 hours (I367A CmFTO), after induction of protein expression with 0.2 mM
IPTG. Proteins were purified following the protocol previously described for mFTO,
with 0.56 mg I367A mFTO (Figure 2-14A) and 0.63 mg I367A CmFTO (Figure 2-14B)
produced per litre of bacterial culture. Purity of these proteins was slightly decreased
compared to the corresponding wildtype sequences, possibly due to the reduced
expression of the mutant proteins, or changes produced in the protein’s structures due to
the presence of the variant residue.

2.2.5 Alternate mouse amino acid sequences
When initially sourcing the M. musculus FTO gene for construct production it was
observed that two different sequences exist. The nucleotide sequence of the
commercially available I.M.A.G.E. clone differs in several positions from the sequence
published by the National Center for Biotechnology Information (NCBI). This produces
three coding differences (referred to as X, Y, Z) in the resultant amino acid sequence
(Figure 2-15, Table 2-2), with each of the mutations falling within the C-terminal
portion of the protein sequence. These differences are due to population variations
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between multiple inbred mouse strains277-278, with the I.M.A.G.E. sequence originating
from one mouse strain (FVB/Balbc/DBA) and the published online NCBI sequence
from an alternate strain (C57BL/6J). Mouse studies at MRC Harwell were carried out
using C57BL/6J x C3H/HrH crosses.

Figure 2-15: Sequence alignment between sequences of human and mouse CFTO, with residues
differing between the I.M.A.G.E. (mFTO_IMG) and NCBI (mFTO_NCBI) sequences highlighted
in red (prepared using TCoffee and GeneDoc). Residue 1 in the figure corresponds to residue 332 in
hFTO and 329 in mFTO.
Source

X (383)

Y (409)

Z (462)

H. sapiens

Asn

Val

Ala

M. musculus I.M.A.G.E.

Ser

Val

Ala

M. musculus NCBI

Asn

Met

Val

P. trogloytes

Asn

Val

Ala

C. lupus familiaris

Asn

Val

Val

B. taurus

Ser

Leu

Ala

R. norvegicus

Asn

Val

Ala

Table 2-2: Comparison of residues present in different FTO sequence constructs. Numbering
corresponds to residue position in mouse sequence.

Alignment with known FTO sequences from other species showed that residues at the
three variable positions are not highly conserved (Figure 2-15, Table 2-2). At two of the
variable sites (Y and Z) the residue present in the mouse I.M.A.G.E. sequence is the
same as in the human FTO sequence, whereas at position X the mouse NCBI sequence
is identical to the human sequence. At positions Y and Z most sequences listed
(including the mouse I.M.A.G.E. sequence) have small hydrophobic residues (alanine,
valine and leucine), however at position Y the mouse NCBI sequence has a rather
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different methionine residue. Although at position X the I.M.A.G.E. mFTO sequence is
different from the majority of the other FTO sequences, the serine found here is also
present in the B. taurus sequence.
Due to the overall greater similarity of the I.M.A.G.E. mFTO sequence to the other
published sequences, particularly to the H. sapiens sequence, the I.M.A.G.E. clone has
been used throughout the work described here, unless specifically mentioned otherwise.
However, to understand more about the role of the different residues in the C-terminal
domain, and whether the differences between sequences from different species affects
the properties of the proteins, the appropriate mutations (S383N, V409M and A462V)
were introduced into the previously prepared I.M.A.G.E. mFTO construct, to produce
the NCBI mFTO sequence. This was carried out using the Quikchange Multi
site-directed mutagenesis kit (Agilent Technologies), as depicted in Figure 2-16.





Point mutation
primers

*
*



PCR: primer
extension

Annealing

Template vector

Vector incorporating
point mutations

Figure 2-16: Scheme depicting simultaneous incorporation of two point mutations in plasmid DNA
using Multi site-directed mutagenesis. Figure adapted from279.

Following successful cloning of the NCBI constructs, through introduction of the three
point mutations, expression trials were attempted for each of the proteins: mFTO NCBI,
CmFTO NCBI, I367A mFTO NCBI and I367A CmFTO NCBI.
The only protein for which obvious expression was observed was CmFTO NCBI
(Figure 2-17), with optimal soluble protein expression in E. coli grown at 15 °C for 16 h
following induction with 0.5 mM IPTG.
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Figure 2-17: Expression trials for CmFTO NCBI in BL21 (DE3) E. coli. (A) Soluble protein; (B)
Insoluble protein. Induction of expression with 0.5 mM IPTG, then cells grown under the time and
temperature conditions indicated. Positive control for comparison of expression: CmFTO
I.M.A.G.E. (CmFTO IMG) grown for 16 h at 15 °C, after induction with 0.5 mM IPTG.

Purification of CmFTO NCBI by affinity and size exclusion chromatography was
successful, although at much lower yield (3.7 mg/litre culture), and at lower purity
(~80 % by SDS-PAGE analysis, Figure 2-18) than for the corresponding I.M.A.G.E.
sequence (Figure 2-12).

Figure 2-18: SDS-PAGE gel of purified CmFTO NCBI, quantities as indicated.

Due to the low levels of protein expressed, and the difficulty in determining whether
FTO constructs were present amongst the many proteins in the E. coli cell lysate,
western blots were attempted to investigate whether the NCBI constructs were
expressed, and which conditions were optimal for growth. Bands at the expected protein
masses were observed for each of the proteins expressed (shown for I367A mFTO
NCBI and I367A CmFTO NCBI in Figure 2-19) with optimal, although still low,
expression conditions identified in Table 2-3. Bands at reduced molecular mass are
likely due to protein degradation.
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Figure 2-19: Western blot detecting expression of His-tagged FTO NCBI constructs in E. coli cell
lysate. Expression conditions indicated above lanes. 5 μl loaded (0.05 % total culture). Detected
with mouse α-His (1 in 1000) and α-mouse-HRP (1 in 1000) antibodies. Exposure 1 min.

Expression and purification of the further NCBI constructs was therefore attempted
based on the very low levels of expression seen by western blot, but successful
purification of sufficiently pure protein was not possible. Due to the significantly
elevated expression of the mFTO I.M.A.G.E. sequences compared to the NCBI
constructs, and the sequence-based arguments presented previously, further work on the
NCBI sequences was not pursued.
Construct

IPTG /mM

Time /h

Temperature /°C

mFTO NCBI

0.5

3

15

I367A mFTO
NCBI

0.5

16

20

CmFTO NCBI

0.5

16

15

I367A CmFTO
NCBI

0.5

3

20

Table 2-3: Summary of mFTO NCBI protein expression conditions.

2.3 Dimerisation state
During initial purification of the mFTO and CmFTO proteins it was observed that
protein elution from the gel filtration column occurred over a broad volume range. As
this method causes separation due to molecular mass, this suggested the presence of
species of different molecular masses, possibly due to the existence of more than one
oligomerisation state. A number of techniques were therefore employed to investigate
this possibility.
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2.3.1 Native PAGE
In denaturing SDS-PAGE the electrophoretic mobility of a protein is governed
primarily by its molecular mass. However for PAGE run in a non-denaturing, or
“native”, environment the mobility is dependent on its hydrodynamic size, and the
protein’s intrinsic charge. Therefore any protein-protein interactions occurring in the
native protein state, for example oligomerisation, may be investigated280.
To give an indication of molecular mass, a standard of analytical grade BSA was run
alongside samples. This runs as multiple bands under non-denaturing conditions,
forming a molecular mass scale of 67 kDa (monomer), 133 kDa (dimer) and 200 kDa
(trimer)281. As the 200 kDa band can be weak, a further molecular weight standard of
β-amylase (from Ipomoea batatas, sweet potato) was run (Figure 2-20B), which runs
with a molecular mass of approximately 206 kDa282.

Figure 2-20: Native PAGE gels. (A) 4 μg proteins. CmFTO + 3meT with 8 μg 3meT oligonucleotide.
(B) 5 μg BSA and β-amylase, 4 μg FTO. Molecular weight guides based on protein standards.

Initial native PAGE (Figure 2-20A) of CmFTO suggested that the protein exists as more
than one species in the native state. The species with the higher mobility (marked Y)
may be a monomer, and the species with lower mobility (marked X) a dimer.
Comparison to the BSA standard suggests these species have approximate masses of
~50 and ~80 kDa. However, as previously discussed, the migration distance of species
in native gels is not always easily relatable to the molecular mass of the protein,
therefore the motion of CmFTO through the gel may be retarded relative to that of BSA.
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Addition of 3meT 18mer oligonucleotide to CmFTO was attempted to identify whether
the proportion of the two species present was altered in the presence of an identified
FTO substrate. However there did not appear to be a resolvable difference between the
protein oligomerisation states in this case (Figure 2-20A, Lane 2 c.f. Lane 3).
Comparison of the different mFTO constructs prepared (Figure 2-20B) gives unclear
results. The full length mFTO appears to migrate more rapidly through the gel than the
C-terminal constructs. There also appears to be little difference between the migration
pattern of wildtype and I367A proteins. A more sensitive and quantitative technique is
therefore required for investigation of possible oligomerisation.

2.3.2 Western blot
For use in mouse studies an α-FTO antibody was commercially prepared by Eurogentec,
overseen by Dr Chris Church (MRC Harwell). The polyclonal antibody was raised in
rabbits to recombinant (His-tagged) mFTO, then affinity purified using further
recombinant mFTO. At MRC Harwell this antibody was used primarily for western blot
detection of full length murine FTO in cell lysates. However, to determine the range and
extent of recognition of the antibody, a western blot was carried out using a range of
murine and human recombinantly prepared proteins. Following optimisation of
antibody concentrations used to probe the membrane, the western blot in Figure 2-21
shows that each of the constructs are recognised by the custom antibody. Therefore this
antibody is able to recognise not only the recombinant murine FTO, but also the closely
related human protein, and the FTO C-terminal domain of both of these proteins.
Detection of I367A mFTO mutants is also successful.
However, multiple FTO bands are observed in this western blot (which are also
observed when probing with an anti-His antibody – data not shown), despite Coomassie
staining of SDS-PAGE gels of purified proteins revealing essentially only single bands
(e.g. Figure 2-12A), or a few less intense additional bands at lower mass (e.g. Figure
2-6). This more sensitive technique has therefore been able to detect the much lower
levels of protein present across the molecular mass range. The multiple bands at
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molecular masses lower than that of the full length purified proteins are likely due to
protein degradation, for example by contaminating proteases. However, bands are also
observed at increased mass compared to that of the wildtype protein, for example at
~200 kDa for full length FTO constructs, and ~50 kDa for C-terminal FTO constructs,
although not in the case of ChFTO. These bands at increased mass are present to similar
extents in each of the lanes, and for both wildtype and I367A sequences. It is likely that
these bands at increased mass may be due to self-interaction or oligomerisation of the
proteins.

Figure 2-21: Western blot detection of recombinant FTO proteins expressed in E. coli. 0.5 μg
protein loaded per lane. Detection using rabbit polyclonal anti-FTO (1 in 2000); anti rabbit HRP
conjugate (1 in 1000). 1 minute exposure.

Formation of multimers is usually prevented in the reducing conditions employed for
SDS-PAGE, (which involve addition of the detergent SDS, and the reducing agent
β-mercaptoethanol, and denaturation by heating to 100 °C), although very strong
interactions could result in the appearance of bands at higher mass, and protein-protein
disulfide bonds may not be fully ablated by the addition of β-mercaptoethanol. As
western blotting is a sensitive technique it is able to detect the low levels of higher FTO
mass species present.

2.3.3 Analytical gel filtration
Analytical gel filtration is a chromatography technique that enables separation of
molecules on the basis of size, and is based on the same technique used previously for
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protein purification271. The use of a column with a reduced volume (30 ml) and a high
specification sepharose resin allows analytical measurements to be made. This therefore
allows analysis of the molecular masses of the proteins studied, and so the potential
oligomerisation state in solution. Different sepharose matrices with different extents of
crosslinking may be used for the study of proteins of different molecular masses. For
these studies columns containing the GE Healthcare Superdex™ S75 (optimum
separation range of 3-70 kDa, used to study C-FTO constructs) and S200 (separation
range of 10-600 kDa, used for full length FTO constructs) media were used283.
Elution of protein from the column is typically monitored as a chromatogram showing
absorbance at 280 nm (A280), which allows determination of the elution volume
corresponding to peak maxima for different species. From this an estimation of the
protein’s molecular weight may be obtained through comparison to calibration curves
prepared for each separation media, which are created by analysis of protein standards.
Protein standards selected from across the molecular mass ranges to be studied (Chapter
7, Table 8-7) were mixed and run on columns to create calibration curves (Figure 2-22)
based on the elution data obtained for the S75 and S200 columns.
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Figure 2-22: Calibration curve of molecular mass vs. elution volume for molecular mass protein
standards eluted from an (A) S75 30 ml, (B) S200 30 ml analytical gel filtration column.

Analytical gel filtration analysis was carried out for FTO constructs, and confirmed the
previous observations from protein purification that multiple peaks are present for
wildtype proteins (Figure 2-23). The two resolved peaks visible on the observed elution
profile suggest that CmFTO exists as two distinct species in solution, possibly through
oligomerisation (Figure 2-23B). To verify that these two species are in fact both
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CmFTO, and not due to contaminating species of different molecular masses, samples
of eluted protein were precipitated using a trichloroacetic acid protocol and run on an
SDS PAGE gel (Figure 2-24), which showed the presence of CmFTO protein in both
peaks.

A

B
CmFTO
I367A CmFTO

mFTO
I367A mFTO

Figure 2-23: Analytical gel filtration chromatograms showing the presence of two FTO species in
solution. (A) S200 30 ml: Full length mFTO (red) and I367A mFTO (blue), (B) S75 30 ml: CmFTO
(red) and I367A CmFTO (blue).

Figure 2-24: SDS-PAGE gel showing protein content of fractions from analytical gel filtration.
Input: Protein loaded onto column; 1-6: Fractions of eluted protein.

Use of the previously derived calibration curves (Figure 2-22) allowed calculation of the
molecular masses of the protein species corresponding to each of the observed peaks,
with data shown in Table 2-4. The calculated values for molecular masses of the
CmFTO species appear to correlate well with the known molecular mass of the CmFTO
monomer. However the calculated mass is not particularly accurate for the full length
mFTO constructs, which were run on the S200 column, with higher masses observed
than were expected. This may be because the full length FTO runs more rapidly through
the column than expected. Comparison of wildtype proteins to the I367A variants
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revealed that whereas wildtype mFTO and CmFTO exist in both monomeric and
dimeric forms, both I367A variants exist, at least predominantly, as monomers. These
results therefore suggest that I367 is involved in dimerisation of mFTO, and alteration
of this residue to alanine ablates dimerisation. Additionally, as CmFTO dimerises, and
the I367A mutants are unable to dimerise, it can be concluded that the dimerisation of
FTO appears to be partially, if not wholly, mediated by the C-terminal domain.
Shoulder
Peak 1
Molecular Possible Molecular
Possible
mass /kDa identity mass /kDa
identity
CmFTO
47.49
impurity
36.62
dimer
S75 30 ml I367A CmFTO
51.31
impurity
ChFTO
64.19
impurity
40.39
dimer
mFTO
304.42 impurity
229.40
tetramer
S200 30 ml I367A mFTO
331.97 impurity
hFTO
316.88 impurity
251.71
tetramer

Peak 2
Molecular
Possible
mass /kDa
identity
22.92
monomer
29.50
monomer
24.47
monomer
175.37
trimer
160.82
trimer
199.94
trimer

Table 2-4: Summary of analytical gel filtration data for FTO proteins.

As explained in Section 2.2.5, two different mouse FTO sequences are published
(I.M.A.G.E. and NCBI), with three amino acid differences. As the alteration in amino
acid sequence at the single I367 position appears to be sufficient to prevent, or at least
significantly reduce dimerisation in the I.M.A.G.E. sequences, the impact of these three
amino acid differences in the NCBI construct was investigated. CmFTO NCBI
analytical gel filtration shows multiple species as for the I.M.A.G.E. sequence (Figure
2-25), although with a slightly different mass profile (Table 2-5). Therefore it is likely
that these three residue differences do not affect the oligomerisation status of FTO.
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CmFTO I.M.A.G.E.
I367A CmFTO I.M.A.G.E.
CmFTO NCBI

Figure 2-25: Analytical gel filtration chromatogram from S75 30 ml column showing NCBI vs
I.M.A.G.E. CmFTO sequences CmFTO NCBI (green), CmFTO I.M.A.G.E. (red), CmFTO
I.M.A.G.E. I367A (blue).

Protein
CmFTO NCBI
CmFTO IMAGE
I367A CmFTO IMAGE

Molecular mass /kDa
Peak 1
Peak 2
Peak 3
52.11
38.56
22.40
47.49
36.62
22.92
51.31
29.50

Table 2-5: Summary of analytical gel filtration data for CmFTO I.M.A.G.E. and NCBI proteins.

Analytical gel filtration was also attempted for hFTO constructs, with data included in
Table 2-4. However these species did not run well on the columns, with unclear elution
profiles containing multiple peaks at higher mass (Figure 2-26), complicating peak
assignment.
B

A

Figure 2-26: Analytical gel filtration chromatograms for (A) hFTO (S200 30 ml) and (B) ChFTO
(S75 30 ml).
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2.3.4 Mass Spectrometry
Soft ionisation nano-electrospray ionisation (ESI) mass spectrometry (MS) allows
investigation of binding of substrates and inhibitors to proteins in a desolvated state, or
investigation of protein oligomerisation. Proteins are sprayed into the spectrometer from
a neutral, non denaturing buffer, typically ammonium acetate. Here they are protonated
to different extents creating a range of multiple positively charged ions, so peaks for a
given species occur at several m/z values in a spectrum. To combine these data the
spectra may be transformed, allowing calculation of molecular masses.

Figure 2-27: Soft Ionisation Mass Spectrometry of CmFTO. A: Unmodified CmFTO; B: +178 Da,
CmFTO + N-gluconoyl. Cone voltage 80 V.

To further characterise the CmFTO protein construct, non-denaturing ESI-MS of
CmFTO was carried out with Dr. Jasmin Mecinović (Figure 2-27). The calculated mass
of CmFTO (excluding initiating methionine residue) is 21522.3 Da, which is present as
peak “A” in Figure 2-27. However the transformed mass spectrum shows two major
peaks corresponding to two protein species, one at a mass of +178 Da relative to the
expected peak (labelled “B”). This additional peak exists even at high cone voltage
(200 V, data not shown), therefore is probably a covalent modification.
It is likely that this species corresponds to phosphoglycosylation (which would give a
peak at +258 Da), then subsequent dephosphorylation of this group (+178 Da), a
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well-documented modification of N-terminally His-tagged proteins284-285. This protein
modification has also been previously observed for proteins purified in this laboratory,
including synthetic ankyrin repeat domains286.

Figure 2-28: Outline of chemical route to N-terminal His-tag modification. Adapted from284.

Unfortunately this glycosylation adds unwanted complication to mass spectra and can
only be removed by cleavage of the His-tag, which was not possible in this construct.
An attempt was made to produce a construct containing a thrombin cleavable His-tag
which it was hoped would be less susceptible to thrombin cleavage, but unfortunately
fragmented protein was obtained, as previously for the full length mFTOa.
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Figure 2-29: Non-denaturing electrospray ionisation mass spectrometry analyses carried out on a
Waters Synapt™ HDMS™, showing the oligomeric composition of (A) I367A mFTO, (B) mFTO
and (C) hFTO. Predominant peaks for the monomer correspond to +17, +16, +15 and +15 charge
states; predominant peaks for the dimer correspond to +24, +23, +22 and +21 charge states.

- 65 -

Chapter 2

FTO C-Terminal Domain

The soft ionisation technique may also be used to study the oligomerisation state of
proteins, by identifying different species present in mass spectra. This work was again
carried out with Dr. Jasmin Mecinović. The spectrum of full length mFTO (Figure
2-29B) shows two sets of peaks, corresponding to monomer and dimer as labelled, with
the clusters of peaks observed due to the formation of different charge states in the mass
spectrometer.
Comparison of this to spectra obtained for I367A mFTO and hFTO (Figure 2-29A and
C) show that each of the proteins exist as a mixture of monomeric and dimeric forms.
However, the proportion of dimeric I367A mFTO is significantly reduced relative to
that in the wildtype mFTO, providing a further piece of evidence to suggest that the
I367 residue plays an important role in FTO dimerisation. Unfortunately, obtained
spectra were less clean for C-FTO proteins, due to the N-terminal glycosylation
previously described, but CmFTO also exhibited clear monomer and dimer peaks
(Figure 2-30).
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Monomer: 21515 ± 1 Da
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Figure 2-30: Non-denaturing electrospray ionisation mass spectrometry analyses carried out on a
Waters Synapt™ HDMS™, showing the oligomeric composition of CmFTO. The three
predominant peaks for the monomer correspond to +10, +9 and +8 charge states; predominant
peaks for the dimer correspond to +14, +13 and +12 charge states.

Some reports suggest that data obtained using ESI mass spectrometry may not fully
correlate with data from other techniques, as in the mass spectrometer the protein is
present in a “non-solvated” gas-like state287. Additionally, although the detection of
higher order species using mass spectrometry is clearly apparent here, there is some
concern that low levels of dimeric species can be common low level contributions in
ESI mass spectra288, and observation of multimers may be dependent on the ESI
sampling conditions used289-290.
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2.4 2OG Turnover
2.4.1 2OG turnover assay method
Activity of Fe(II) and 2OG-dependent oxygenases can be determined by an assay
measuring turnover of 2OG, one of the required co-substrates. A [1-14C]-labelled 2OG
substrate is used in addition to unlabelled 2OG, and as these are turned over by the
enzyme a corresponding proportion of

14

CO2 gas is released (Figure 2-31). This is

captured by basic hyamine hydroxide (present in a small tube contained within the
reaction vessel), as a hydrogen carbonate adduct. To allow time for the CO2 to be fully
captured the enzymatic reaction is quenched by addition of excess methanol (denaturing
the protein present) and incubated on ice for 20 min. The β-emission of the 14C labelled
ionic adduct is measured by liquid scintillation counting291.

β emission

Figure 2-31: Demethylation of 3meT by FTO coupled to turnover of [1-14C]-2OG, with release of
14
CO2, captured as a hydrogen carbonate adduct by hyamine hydroxide, then detected by
β-emission.

A complication of this assay is that most 2OG dependent oxygenases are able to turn
over 2OG even in the absence of substrate, a reaction which is uncoupled to substrate
hydroxylation13. In this situation it is believed that the postulated Fe(IV) ferryl
intermediate may become “trapped” in this oxidation state, so deactivating the enzyme
from catalysing further hydroxylations. Therefore ascorbate is added to reactions to
potentially reduce any Fe(IV) back to the catalytically active Fe(II) state, through its
own oxidation to dehydroascorbic acid292-293.
2OG turnover of mFTO had been previously studied by Dr Kirsty Hewitson. This assay
was used for initial identification of the FTO substrate, through observation of elevated
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2OG turnover in the presence of methylated oligonucleotides. Subsequent studies
identified inhibition of mFTO by common generic 2OG inhibitors, such as NOG, Co(II)
and 2,4-PDCA165.

2OG turnover /nmol

8

mFTO
I367A mFTO
CmFTO
I367A CmFTO

6

4

2

0
3meT

No substrate

Figure 2-32: I367A mFTO (blue) shows reduced catalytic activity in a 2OG turnover assay with a
3meT-containing 18mer oligonucleotide substrate, compared to full length mFTO (red). Neither
CmFTO (green) nor I367A CmFTO (orange) show significant 2OG turnover. Reaction incubation
time 10 min. Data points represent the mean of triplicate experiments, with error bars showing the
standard error of the mean.

To investigate the effect of the I367A substitution on the activity of mFTO the 2OG
turnover capacity was investigated. In the presence of a 3-methylthymine containing
18mer oligonucleotide substrate the catalytic activity of mFTO I367A was only ~40%
that of wildtype mFTO (Figure 2-32). The turnover of the C-terminal domain proteins
was also investigated and, as anticipated because they lack the DSBH core, neither
CmFTO nor CmFTO I367A were capable of 2OG turnover (Figure 2-32).
As introduction of the I367A substitution prevents FTO dimerisation, and the full length
I367A protein has reduced activity, FTO dimerisation may be required for effective
catalytic activity and 2OG turnover. Addition of C-terminal domain proteins to the full
length mFTO protein may therefore affect 2OG turnover or activity of the full length
protein, perhaps by preferentially binding to the C-terminal domain of the full length
protein and therefore blocking dimerisation of pairs of full length proteins. To
determine this, the 2OG turnover efficiency of mFTO in the presence of purified
CmFTO proteins was investigated. mFTO was mixed with either CmFTO, I367A
CmFTO or buffer in a 1:1 ratio and the mixtures preincubated on ice for 30 minutes
prior to initiation of the assay by addition of the other assay components. The assay was
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then incubated at 37 °C for 10 min and quenched on ice for 20 min. As the 2OG
turnover capability of the CmFTO proteins was previously determined to be almost
insignificant, the turnover detected may be assumed to be entirely attributable to the full
length protein. However, no significant difference was observed in the 2OG turnover by
mFTO on addition of CmFTO proteins either in the presence or absence of
oligonucleotide substrate (Figure 2-33), therefore suggesting that interaction with the
C-terminal proteins does not significantly alter the activity.

2OG turnover /nmol

10

3meT
No substrate

8
6
4
2
0
mFTO

+ CmFTO + I367A CmFTO

Figure 2-33: The 2OG turnover of mFTO either in the presence or absence of oligonucleotide
substrate is not affected by addition of CmFTO proteins. Preincubation at 4 °C, 30 min; reaction
incubation at 37 °C, 10 min. Data points represent the mean of triplicate experiments, with error
bars showing the standard error of the mean.

2.4.2 hFTO
Despite the high sequence identity between the human and murine FTO homologues,
when these studies were initiated no significant activity of hFTO above background had
been observed in this laboratory, using a LC-MS based assay. Therefore initial activity
studies on the purified hFTO were initiated.
2OG turnover assays were carried out to compare the turnover of 2OG by the two full
length hFTO constructs (hFTOa protein was provided by Dr Celia Webby). Deletion of
the fusion peptide from hFTOa to form hFTO may affect activity, as in the hFTO
construct the His-tag is fused directly to the N-terminus of FTO, without an
intermediate linker region. However results for the two protein constructs (Figure 2-34)
showed that both have similar 2OG turnover with 18mer oligonucleotide substrates
containing a single methylated base. Uncoupled turnover observed in the absence of
prime substrate (common to most 2OG-dependent oxygenases) is also high (~40 % of
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that observed in the presence of the likely oligonucleotide substrate) relative to that
observed in our lab for other 2OG-dependent oxygenases. This is the first time that
elevated activity in the presence of oligonucleotides has been observed with human
FTO in this laboratory. It was also subsequently shown by others that hFTO is capable
of demethylating 3meT and 3meU lesions in DNA and RNA respectively239.

2OG turnover /nmol
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1meA
3meC
3meT
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1

0
hFTOa
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Figure 2-34: 2OG turnover activity of hFTO constructs in the presence or absence of 18mer
oligonucleotides containing a single methylated base at position 3. Reaction incubation time 10 min.
Data points represent the mean of triplicate experiments, with error bars showing the standard
error of the mean.

2.5 Circular Dichroism
The secondary structure of the purified mFTO proteins was investigated using Circular
Dichroism (CD) spectroscopy. The spectra obtained (Figure 2-35) suggest that the
proteins all have well folded structures. Any minor differences observed in curve
amplitudes are likely to be due to concentration effects.
100

mFTO
I367A mFTO
CmFTO

CD /mdeg

50

I367A CmFTO
0

-50

-100
200

220

240

260

Wavelength /nm

Figure 2-35: Circular dichroism spectra showing the secondary structures of 0.25 mg/ml mFTO
(red), I367A mFTO (blue), CmFTO (green) and I367A CmFTO (black), at 4 °C. Data points
represent the mean of triplicate experiments.
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Figure 2-36: Fasman standard circular dichroism curves of polylysine in different structural forms.
Taken from294.

By comparison to standard curves (Figure 2-36) and deconvolution of the spectra
obtained it is possible to determine the proportion of each structural element (i.e.
α-helix/β-strand) present in the proteins294-295. In contrast to the full-length proteins,
which contain the DSBH “core” domain of the 2OG-dependent oxygenases (comprising
8 β-strands with surrounding loops and α-helices), the C-terminal domain proteins are
predominantly α-helical, as implied by previous structural predictions.

mFTO

CmFTO

α helix
antiparallel β sheet

parallel β sheet
β turn
random coil

Figure 2-37: Secondary structure predictions showing relative proportions of secondary structure
elements present in CmFTO (left) and mFTO (right), obtained through spectral fitting and
deconvolution of circular dichroism spectra (Figure 2-35) using the program CDNN (Chirascan). A
greater proportion of α-helix is identified in the C-terminus of mFTO (CmFTO) than for the full
length mFTO. Proportions obtained for the analogous proteins for the I367A variants are very
similar (data not shown).

Deconvolution of the spectra obtained assigns 91% of the secondary structure of
CmFTO as helical, compared to 69 % for the full length mFTO (Figure 2-37), with a
very similar breakdown of secondary structure elements for the I367A proteins, due to
their highly similar spectra. A similar spectral difference was observed for hFTO and
ChFTO (Figure 2-38). This difference in CD may be observed more clearly in CD
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difference spectra (Figure 2-39), which show the residual CD between two spectra. This
shows the clear difference in CD between C-terminal and full length constructs, but the
high similarity between WT and I367A proteins.
The I367A substitution does not appear to alter the overall secondary structure fold of
mFTO proteins (Figure 2-35), despite preventing dimerisation. This suggests that the
I367A proteins are correctly folded, therefore the reduced activity and lack of
dimerisation is not due to grossly altered or incorrect folding, but that isoleucine 367 is
involved in dimer formation.
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Figure 2-38: Circular dichroism spectra showing the secondary structures of hFTO (red), and
ChFTO (blue) at 0.25 mg/ml, 4 °C. Data points represent the mean of triplicate experiments.
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Figure 2-39: Difference circular dichroism spectra, identifying the increased proportion of α-helical
content in the C-terminal domain relative to the wildtype FTO proteins, and indicating overall
structural similarity between the wildtype and I367A variants: mFTO - CmFTO (blue), I367A
mFTO – I367A CmFTO (red), hFTO – ChFTO (green), mFTO – I367A mFTO (purple), CmFTO –
I367A CmFTO (black).
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2.6 Oligonucleotide binding by Mass Spectrometry
To investigate whether oligonucleotides were capable of binding to the C-terminal
domain of mFTO, non-denaturing MS was carried out on a Waters Synapt™ HDMS™,
by Dr Frank Sobott. This technique also uses ESI and may provide additional
information compared to standard mass spectrometers, due to the possibility of
differentiation between species of different sizes and shapes as well as mass. Protein
was mixed in a 1:1 ratio with oligonucleotides, and incubated for 30 min at room
temperature, before spraying in the mass spectrometer.
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Figure 2-40: Soft ionisation mass spectrum for CmFTO binding to (A) 1meA, (B) 3meC, (C) 3meT,
(D) non-methylated T [T] 18mer oligonucleotides.

Surprisingly, no binding of 1meA and 3meC to CmFTO was observed, however a
control oligonucleotide without a methylated base showed a small degree of binding
(~20%) Binding of the 3meT oligonucleotide was clearly visible (~30%), suggesting a
preference for a sequence containing this modified base (Figure 2-40). Differentiation
between size and shape as well as mass was attempted using SYNAPT mass
spectrometry, which suggests that in the presence of the oligonucleotide containing
3meT the CmFTO/3meT complex structure may become more compact than the protein
alone (data not shown), although no definitive conclusions could be drawn from this.
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2.7 Differential Scanning Fluorimetry
2.7.1 Differential Scanning Fluorimetry method
Differential Scanning Fluorimetry (DSF) may be used to obtain protein melting curves
(Figure 2-41), to determine the melting temperature (Tm) of the proteins investigated.
Prior to investigation, proteins were buffer exchanged into 50 mM HEPES pH 7.5,
50 mM NaCl. Tris buffer is not favourable for use in this method due to its relatively
high temperature coefficient of -0.026 pH units per °C296 which may produce artificial
data. In contrast, the temperature coefficient of HEPES is -0.014 pH units per °C297.
Therefore the reduction in pH that will be experienced by the protein as the temperature
is raised from 25 °C to 95 °C will be reduced (pH 7.5 to pH 5.7 for tris, or to pH 6.5 for
HEPES).
0.4
0.4

Unfolded protein

UL

RFU
RFU

0.3
0.3

midpoint
0.2
0.2

Aggregated
protein

LL

0.1
0.1
0.0
0.0 20
20

Folded
protein
40
40

Tm

60
60

Temperature /°C
Temperature /°C

80
80

100
100

Figure 2-41: Typical recording of fluorescence intensity versus temperature for protein unfolding
in the presence of SYPRO orange (represented as orange dots). As the temperature of the system is
increased the proteins begin to denature through unfolding of their well defined tertiary structure.
This exposes the previously buried internal hydrophobic residues to the aqueous solvent, and
promotes binding of the SYPRO orange fluorophore added to the solution, with a concomitant
ncrease in fluorescence. The fluorescence reaches a peak with maximal protein unfolding, but
fluorescence is subsequently reduced with further temperature increase, as the unfolded protein
chains aggregate in solution, masking the hydrophobic residues and preventing binding of SYPRO
orange. Boltzmann curves can be fitted to the obtained sigmoidal curves with the midpoint
representing the melting temperature (Tm) of the protein. LL: Lower limit/minimum intensity, UL:
Upper limit/maximum intensity (Equation 8-1).
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This technique may be extended to determine buffer, pH, metal and small molecule
conditions which stabilise a given protein. Additives to the protein may alter the
protein’s Tm, causing a “Tm shift”. Positive Tm shifts suggest protein stabilisation in the
presence of the additive, whereas negative Tm values indicate protein destabilisation.
The resulting information may be used to improve protein storage conditions and
enhance crystallisation attempts298.

2.7.2 DSF optimisation
Initially, the suitability of the proteins in this technique was assessed. A range of protein
concentrations was tested to ensure that the proteins underwent a standard two-state
transition, and to determine an appropriate concentration for addition of compounds.
Due to protein availability, the full length protein investigated was hFTO (Figure 2-42),
whereas CmFTO was used for studies on the C-terminal domain (Figure 2-43). Samples
were run in triplicate, with Tm values determined for each replicate. Both proteins
exhibited normal two state transition curves across the concentration range tested
however curves for CmFTO at lower concentrations (1 and 2 μM) were of low intensity,
making accurate Tm determination difficult. The importance of maintaining a constant
enzyme concentration is apparent from the range of Tms determined for CmFTO, with a
range of ~2 °C observed. To minimise protein used, while obtaining well shaped and
reproducible curves, a 4 μM protein concentration will be used for future experiments.
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Figure 2-42: Differential scanning fluorimetry of hFTO at a range of concentrations; represented
as melting curves and derived Tm values. Data points represent the mean of triplicate experiments,
with error bars showing the standard error of the mean.
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Figure 2-43: Differential scanning fluorimetry of CmFTO at a range of concentrations; represented
as melting curves and derived Tm values. Data points represent the mean of triplicate experiments,
with error bars showing the standard error of the mean.

The Tm shifts observed on addition of metal (II) ions was then investigated. The greatest
Tm for hFTO is observed with Ni(II), which is the metal used in the crystallisation of
hFTO264. Co(II) appears to also give an increased Tm with hFTO, but due to the low
magnitude of the observed peak it is difficult to fit a Boltzmann curve, giving a large
variation. Addition of Co(II) to CmFTO produced an anomalous melting curve, so no
Tm could be obtained, suggesting that significant protein destabilisation may occur.
Interestingly, although Ni(II) stabilises the full length FTO, it gives a significantly
reduced Tm with CmFTO, suggesting that the stabilisation produced by addition of the
metal is mediated by binding at the metal centre in the N-terminal domain. Zn(II) causes
a slight increase in Tm for both hFTO and CmFTO, suggesting that this may cause
stabilisation. As no large Tm shifts were observed for CmFTO it suggests that there is no
metal binding site within this domain, in agreement with structural predictions.
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Figure 2-44: Differential scanning fluorimetry of hFTO, with addition of 50 μM metal (II) as
indicated. Data are represented as melting curves and derived T m values. Data points represent the
mean of triplicate experiments, with error bars showing the standard error of the mean.
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Figure 2-45: Differential scanning fluorimetry of CmFTO, with addition of 50 μM metal (II) as
indicated. Data are represented as melting curves and derived T m values. Data points represent the
mean of triplicate experiments, with error bars showing the standard error of the mean.

2.7.3 CmFTO compound screening
In addition to this preliminary characterisation, a further DSF screen to study the
C-terminal domain of FTO was carried out at the Structural Genomics Consortium
(SGC) Oxford, with the help of Chitra Bhatia. As the CmFTO construct does not
contain the 2OG oxygenase DSBH core, and has little known homology to other
proteins, a wide range of compounds were tested with this protein, to identify any
binding partners that may reveal more about the role of the domain. As crystallisation
studies of the protein were planned, an initial screen was carried out to identify buffer,
salt and pH conditions for optimal protein stability. The standard buffer used for the
initial assay (used as the reference condition for Tm calculation) was 50 mM HEPES
pH 7.5, 150 mM NaCl, as this is routinely used in SGC screens298.
Results shown in Figure 2-46A suggest that CmFTO is most stable in the pH range
6.5-8.3. Variation of the NaCl concentration revealed that the previously used protein
storage conditions (50 mM NaCl) were found to be optimal, with destabilisation relative
to this at different NaCl concentrations.
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Figure 2-46: DSF screen of CmFTO: (A) Variation of pH and buffer conditions; all buffers at
50 mM, with addition of 150 mM NaCl; (B) 50 mM HEPES pH 7.5, with addition of NaCl to
concentration indicated. Tm shift results referenced to 50 mM HEPES pH 7.5, 150 mM NaCl 298.

In total CmFTO was screened against >300 further compounds and conditions from the
SGC collection, including sugars, nucleotides, amino acids, 2OG analogues, DNA
oligonucleotides and peptides, and other common protein cofactors (e.g. NADH).
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Figure 2-47: DSF screen of CmFTO, with addition of small molecules at 5 mM, except sucrose
(500 mM) and L-ascorbate (100 mM). Referenced to 50 mM HEPES, pH 7.5, 150 mM NaCl.

The presence of individual nucleosides (e.g. guanosine) led to abnormal transitions (not
shown), which could not be fitted to the standard two state model in order to obtain Tm
values. No significant effects were observed on addition of nucleotide phosphates, or
other compounds containing base structures, having homology to the substrate of FTO
(Figure 2-47). Addition of individual amino acids created minor Tm differences.
Stabilisation was observed on addition of sugars, exemplified by sucrose (Figure 2-47),
although this is common to most proteins screened (Chitra Bhatia, personal
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communication), possibly because the standard screens used contain sugars present at a
much higher concentration (two orders of magnitude greater, 500 mM vs. 5 mM) than
the other compounds in the screen. The relationship between increased compound
concentration and Tm is logarithmic298-299, therefore this significantly higher compound
concentration could cause the large observed Tm shift.
A further compound tested was ascorbate, which is added to assays to reduce Fe(IV)
that may be formed during assay cycles uncoupled to prime substrate292. As observed in
Figure 2-47, addition of 1 mM L-ascorbate causes a Tm shift of ~+1 °C.
Other screens containing peptides and 2OG mimics showed no significant effects on
protein stability (Tm within 1°C of control), therefore identification of compounds that
could significantly stabilise the protein for crystallisation was not possible. A selection
of short (6-30mer) unmodified oligonucleotides was also investigated to determine
whether any binding may be observed. However, the sequences investigated yielded a
Tm shift of -1 – 0 °C, suggesting slight protein destabilisation.

2.7.4 hFTO oligonucleotide binding
Initial studies of binding of oligonucleotides to hFTO (Figure 2-48) showed that a large
Tm shift was obtained when a non-methylated oligonucleotide was incubated with 2OG
and Fe(II), suggesting that oligonucleotides are bound most successfully in the presence
of the two co-substrates.
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Figure 2-48: DSF of hFTO with 18mer oligonucleotides containing 3meT: (3meT residue) or T
(unmodified T residue). Data points represent the mean of triplicate experiments, with error bars
showing the standard error of the mean.
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2.8 CmFTO crystallisation attempts
Given the possibility of the CmFTO construct comprising a discrete protein domain,
crystallisation trials of the protein were attempted. Prior to this, dynamic light scattering
was carried out to confirm protein monodispersity. CmFTO crystallisation was
attempted at the Crystallisation Facility, Department of Biochemistry. Protein was
buffer exchanged into 50 mM tris pH 7.5 as the presence of relatively high salt
concentrations can lead to salt crystallisation rather than protein crystallisation. A wide
range of conditions were probed using several commercially available sparse matrix
screens, with trays stored both at 4°C and 20°C and monitored periodically for signs of
crystal development. Unfortunately no conditions were found to enable protein
crystallisation therefore alternate biophysical investigations of CmFTO were pursued.

2.9 FTO crystal structure
While these studies were underway, a crystal structure of hFTO was published264
(Figure 2-49), providing a useful complement to the findings presented here. A
catalytically active ΔN31 hFTO construct was used for crystallisation; removal of the
N-terminal residues has also been employed in crystallisation of other ABH family
members192-194. The crystal structure was obtained in complex with a 3meT
mononucleotide and NOG, a 2OG mimic used as a generic inhibitor of 2OG
oxygenases.
hFTO forms a crystallographic trimer, mediated by W278. The structure also identified
separate N- (residues 32-326; mFTO residues 32-323) and C-terminal (residues 327498; mFTO residues 324-495) domains, as discussed in this work. The structure of the
N-terminal domain of hFTO has the greatest similarity to AlkB. The C-terminal domain
of hFTO is helical, as predicted, with formation of a three-helix bundle, one end of
which forms extensive interactions with the N-terminal domain. Alteration of residues
involved in this interaction surface led to decreased demethylation activity, suggesting
that the presence of the C-terminus stabilises the DSBH domain.
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The authors were able to prepare the N- and C-terminal domains of FTO as separate
constructs, but both of these separately expressed domains were catalytically inactive.
When the two domain constructs were coexpressed in E. coli a stable complex was
obtained, and partial rescue of demethylation activity was observed.

I370

Figure 2-49: Two views of crystal structure of ΔN31 FTO. (A) Positioned to view N-terminal DSBH
(bottom), and separate C-terminal domain (top). (B) Rotated to show I370 residue (highlighted in
black). PDB ID 3LFM264.

However, the work presented in this paper also raises several questions when
considered with the work presented here. Gel filtration analyses suggested that
dimerisation was not observed. However the ΔN31 hFTO construct was prepared in this
laboratory by Wei Shen Aik, and the gel filtration purification step gave a UV trace
extending across a wide elution volume range, as seen for the other FTO constructs
investigated, suggesting that oligomerisation again occurs. Unfortunately crystallisation
attempts for the ΔN31 hFTO protein have not yet yielded crystals.
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V412

A465

N386

Figure 2-50: C-Terminus of hFTO with residues different between I.M.A.G.E. and NCBI mouse
sequences highlighted in black. PDB ID 3LFM264.

The I370 residue, which is the equivalent of the murine I367 residue, is buried in the
helical C-terminal domain (labelled in Figure 2-49), therefore the authors suggest that
alteration of this residue may not have a major effect on potential protein dimerisation.
However, replacement of I367 with a different residue may alter the structure of the
C-terminal domain, and therefore destabilise the catalytic N-terminal domain.
Additionally, this crystal structure allows analysis of the position of the three residues
different between the I.M.A.G.E. and NCBI mFTO sequences (Figure 2-50). Two of the
residues (A465 and N386) are found near the interface between the two domains of the
protein, but appear to project out into the solvent. The third residue, V412, is found in
one of the helices forming the helix bundle, but here projects out towards a loop region,
rather than being significantly involved in formation of the helix bundle. This therefore
suggests that substitutions of these residues with relatively similar species is unlikely to
have a large structural effect.
Following publication of this crystal structure, the PDB coordinates of the C-terminal
domain were submitted in a DALI search, which allows comparison of protein
structures in three dimensions. The structural search mode may reveal biologically
interesting similarities that are not detectable by comparing sequences alone300. This
- 82 -

Chapter 2

FTO C-Terminal Domain

identified that the C-terminal domain of FTO has a significant structural similarity to
the PHAT domain of the Drosophila melanogaster protein SMAUG. This protein plays
a role in translational regulation in early Drosophila embryogenesis by repression of
maternal nanos mRNA translation, by recognition of translation control element
hairpins301-302. The structure of this multidomain protein was solved in 2003, and the
region with similarity to the C-terminal domain of FTO forms a cylindrical 5 helix
bundle303. This domain allows RNA recognition via an interaction surface formed from
many basic residues, forming a not previously observed motif. This therefore suggests
by structural similarity that the C-terminal domain, as postulated, may be responsible
for nucleic acid binding.

2.10 In vivo studies of I367F mFTO
In parallel to the work described here, in vivo studies of the I367F mFTO mutation were
carried out by researchers at MRC Harwell, and the Department of Physiology,
Anatomy and Genetics, Oxford.

Figure 2-51: Body weights of male heterozygous (I/F; n = 21) and homozygous (F/F; n = 28) I367F
FTO mice, and wildtype littermates (I/I; n = 15). Statistical analysis was performed using Student’s
t-test. * P<0.05; ** P<0.01 for differences between I367F FTO heterozygous or homozygous mice
and wildtype littermates. Figure prepared by Dr Chris Church242.

Mice heterozygous and homozygous for I367F mFTO were developed and studied by
Dr Chris Church. In general, the same phenotype was observed for mice either
homozygous or heterozygous for the I367F mutation. A maturity onset reduction in
weight was observed from 12 weeks for both I367F mFTO heterozygotes and
homozygotes (Figure 2-51), but with no difference in food intake, or physical activity.
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Dual Energy X-ray absorptiometry (DEXA) analysis of 24 week old I367F mFTO mice
showed reduced total fat mass per mouse compared to wildtype counterparts.
18 week I367F mFTO mice showed increased O2 consumption and CO2 production,
causing an increased respiratory exchange ratio (RER), suggesting that the mutation
causes an increase in whole body metabolism and a switch to greater carbohydrate
metabolism. There was no difference in a glucose tolerance test at either 12 or
16 weeks. However, markers of carbohydrate metabolism, including serum levels of
glucagon, glucose and lipids, were increased at 24 weeks.

A

B

Figure 2-52: (A) Cos7 cells expressing HA-mFTO or HA-mFTO I367F lysed with RIPA buffer and
separated by SDS-PAGE. Immunoblotted with an anti-HA antibody and anti-TATA-binding
protein (TBP) antibody as a loading control for nuclear proteins. (B) Protein from liver and brain
of wildtype (I/I), heterozygous (I/F) and homozygous (F/F) animals were separated by SDS PAGE,
followed by an immunoblot against a polyclonal rabbit anti FTO antibody with an anti actin
antibody as a loading control. Figure prepared by James McTaggart 242.

To further investigate this, microarray based gene expression profiling was carried out
by Dr Sheena Lee, to identify genes with altered expression in homozygous I367F mice,
as compared to wildtype mice. This did not identify any changes in metabolic genes, but
some genes involved in carbohydrate catabolism were slightly upregulated in the
skeletal muscle of I367F mice. Additionally, inflammation genes were down-regulated
in abdominal white adipose tissue of I367F mice, consistent with their decreased mass,
but genes involved in fat synthesis were upregulated, maybe as a secondary adaptation
to compensate for the decreased fat levels.
Immunoblotting of cell lysates by James McTaggart showed that the I367F substitution
results in reduced mFTO protein levels, both for transient transfection of HA-tagged
I367F mFTO in Cos7 cells, and in the brain and liver of heterozygous and homozygous
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I367F mFTO mice (Figure 2-52). This reduced expression is likely to impair mFTO
function in I367F animals, but as some I367F mFTO protein appears to be expressed
and correctly targeted to the nucleus a total knockout is not observed.

2.11 Conclusions
These studies have demonstrated identification and purification of CmFTO, a novel
domain at the C-terminus of FTO, which was shown to have predominantly helical
secondary structure by circular dichroism. In vitro wildtype mFTO dimerises, possibly
via its novel helical C-terminal domain, and can exist in both monomeric and dimeric
forms, as observed by analytical gel filtration and mass spectrometry. It is likely that the
C-terminus of hFTO enables dimerisation in a similar manner. Attempts to purify a
series of C-terminally truncated constructs were unsuccessful, reinforcing the important
role of this protein domain. A difference in FTO sequences between inbred mouse
strains was identified, and the corresponding sequences were cloned, but in vitro
expression of proteins was poor. Differential scanning fluorimetry of CmFTO was
performed in an attempt to identify any potential stabilising additives, thereby giving an
indication of the role of the protein domain, or aid crystallisation attempts.
Unfortunately no significant alterations to the Tm of CmFTO were observed, but hFTO
was seen to be stabilised on incubation with Fe(II), 2OG and an unmodified
oligonucleotide, suggesting that oligonucleotides are bound most strongly in the
presence of the co-substrates.
Substitution of the I367 residue in the C-terminus of FTO for phenylalanine resulted in
insoluble protein when expressed in E. coli and a substantially reduced level of
expression in mammalian cells. However alanine substitution at residue 367 resulted in
soluble protein. I367A mFTO has a similar secondary structure to mFTO, although the
fraction of dimeric protein was significantly reduced and its catalytic activity was
decreased. Therefore it is possible the I367A (and presumably I367F) substitution
disrupts dimerisation and results in a reduction of catalytic activity. However it could
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also be possible that, in addition to the presumed lower activity of I367F mFTO,
reduced stability of I367F mFTO in vivo may lead to aggregation and/or proteolytic
degradation, contributing to the mouse phenotype.
The I367F point mutation in the mFTO gene increases energy expenditure leading to
thinner mice, without changing physical activity. This substitution occurs in a
structurally novel domain and modifies FTO function probably by altering its
dimerisation state242. This may involve a dominant negative effect from the I367F
protein, or a hypomorphic allele, where the altered gene product has a reduced level of
activity. Heterozygous FTO knockout mice resemble wildtype mice, suggesting that the
presumed

reduction

in

mFTO

is

not

sufficient

to

elicit

a

phenotype

(haploinsufficiency)241. However, because heterozygous and homozygous I367F FTO
mice exhibited a similar phenotype, the I367F mFTO protein appears to exert a
dominant negative effect on mFTO function, possibly by disrupting the wildtype mFTO
subunit by formation of a heterodimeric protein complex (i.e. an antimorphic allele).
Gene expression profiling revealed increased expression of some fat and carbohydrate
metabolism genes, and an improved inflammatory profile, in white adipose tissue of
mutant mice.
These data provide direct functional evidence that FTO is a causal gene underlying
obesity. This mouse model suggests that a search for human coding mutations in FTO
may be informative and that inhibition of FTO activity, either directly at the metal
centre in the N-terminal DSBH or through disruption of the helical C-terminal domain
identified here, may be possible for the treatment of morbid obesity.
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Chapter 3 - Cellular Studies of FTO
3.1 Previous FTO cell-based studies
Despite significant interest in the link between FTO and obesity, little definitive data
have been published describing the role of FTO in the cell. FTO appears to be regulated
by the transcription factor CUTL1 via a sequence in the first intron of FTO 251, however
FTO may also act as a transcriptional coactivator, facilitating expression from both
methylated and non-methylated genes304. A role for FTO has been suggested in the
control of insulin secretion in pancreatic β-cells, possibly related to the obesity T2D
phenotype link305. Gene expression analysis has suggested that genes involved in fatty
acid catabolism and synthesis are upregulated in mice with a loss-of -function mutation
in the FTO sequence, whereas inflammation genes are downregulated242.

Figure 3-1: Subcellular localisation of YFP-mFTO in COS-7 cells. Confocal fluorescence images
of COS-7 cells expressing YFP-mFTO or YFP show YFP-mFTO localising to the nucleus. Nuclei
were visualised by DAPI staining and mitochondria with MitoTracker (Invitrogen). Colocalisation
of YFP (yellow) and DAPI (blue) in the merged images produces a white signal. Figure adapted
from165.

To aid understanding of FTO function, studies of the subcellular localisation of FTO in
mammalian cells were carried out in the Department of Physiology, Anatomy and
Genetics, Oxford by Dr Christophe Girard and James McTaggart. mFTO N-terminally
tagged with yellow fluorescent protein (YFP) was transfected into COS-7 (African
green monkey kidney) cells. Confocal microscopy revealed colocalisation of the yellow
YFP signal with

4',6-diamidino-2-phenylindole (DAPI), a DNA intercalating dye,
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suggesting nuclear localisation of FTO (Figure 3-1)165. A similar study using YFPI367F mFTO transiently transfected in COS-7 cells showed that the I367F mFTO was
stable in mammalian cells, and localises to the nucleus (Figure 3-2)242.

Figure 3-2: Confocal fluorescence images of COS-7 cells expressing YFP, YFP-mFTO or YFPI367F mFTO, as indicated. Figure adapted from242.

As a complementary line of investigation to previous in vitro analyses and whole animal
mouse studies, a number of human FTO (hFTO) constructs appropriate for mammalian
protein expression were developed, and expressed in human cell culture lines by
transient transfection. In order to understand more about the in vivo role of the hFTO
protein, cell lysis and immunoprecipitation methods were developed and used for
investigation of interacting proteins by immunoprecipitation and mass spectrometry
based methods.

3.2 Construct production
3.2.1 Cloning of FTO into mammalian expression vectors
To enable a range of experimental approaches, the hFTO sequence was cloned into
several vectors for protein expression in mammalian cell lines. In each of these vectors
expression is under the control of the cytomegalovirus (CMV) promoter, therefore
overexpression of the gene of interest is induced. The vectors produce an untagged
protein construct (pcDNA3), a construct with an N-terminal 3xFLAG tag (p3xFLAG-
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CMV10) or constructs with either an N-terminal or C-terminal enhanced green
fluorescent protein (EGFP) fusion (pEGFP-C1 and pEGFP-N1 respectively). All
primers used for cloning are detailed in Appendix B, and sequences were fully verified
by DNA sequencing.
The DNA sequence of hFTO was amplified by PCR from the pET-28a(+) hFTO
bacterial expression vector. Three sets of primers were designed in order to allow
ligation of the resulting sequence into the different vectors. In each case the primers
contained flanking KpnI and BamHI restriction sites, introduced as overhangs. Cloning
into both pcDNA3 and pEGFP-C1 was possible using the same pair of primers (hFTO
FwdA + RevA). However, appropriate in-frame cloning of hFTO into p3xFLAGCMV10 required addition of one base into the primer sequence, to ensure that the hFTO
sequence was in frame with the N-terminal FLAG tag sequence (primers hFTO FwdB +
RevA). No stop codon was included in the primers used for cloning into pEGFP-N1
(primers hFTO FwdA + RevB) to allow read through from hFTO into the C-terminal
EGFP tag. PCR amplification products were run on a 1 % agarose gel, which in each
case showed products at the expected size of ~1.5 kbp (Figure 3-3).

Figure 3-3: 1 % agarose gel showing hFTO PCR amplification products.

The PCR products were digested with the restriction enzymes KpnI and BamHI, and
ligated with the four vectors, which had previously been treated with KpnI and BamHI
and calf intestinal phosphatase. Test restriction digests of the extracted plasmids
visualised by agarose gel electrophoresis identified clones containing an insert of the
desired size (Figure 3-4). Correct plasmid constructs were purified on a large scale
using a Qiagen Maxiprep kit to produce transfection grade DNA.
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Figure 3-4: 1 % agarose gels of digested hFTO ligation products for verification of the presence of
the hFTO insert.

3.2.2 N-Terminal domain
As FTO is known to comprise two separate domains, constructs were designed to
investigate these individually. The N-terminal fragments encompass residues 1-331,
containing the full DSBH region, and are referred to as NhFTO. Site directed
mutagenesis was used to simultaneously insert a stop codon into the full length
sequence at the 332 position, and delete the FTO sequence corresponding to residues
333-505 via a loop deletion reaction (as previously described in Section 2.2.3). This
deletion approach prevented accidental readthrough of the stop codon and expression of
the remaining FTO protein sequence, ensuring that only the NhFTO domain was
expressed.

3.2.3 C-Terminal domain
To form the complementary constructs, the C-terminal domain was also cloned from the
full length sequence using a site directed mutagenesis deletion strategy. Initially the full
N-terminal region was deleted by this method, with a loop deletion removing residues
1-331, giving a protein composed of residues 332-505. This construct is analogous to
the ChFTO construct prepared in vitro by recombinant expression.
The assigned nuclear localisation signal (NLS) for FTO is found in residues 2-18 of the
hFTO sequence166, so deletion of this sequence is likely to affect the localisation of the
truncated protein. To attempt to localise the C-terminal domain protein in the nucleus,
where it would likely be able to interact with its native partners, an alternate construct
was produced from the full length sequence by deletion of residues 21-331. This
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construct contains the hFTO-NLS in addition to the C-terminal domain, and was
produced by site-directed loop deletion mutagenesis. Figure 3-5 gives a summary of the
constructs produced.
1

21

332

Full length
hFTO

NLS

NhFTO

NhFTO

NLS

NhFTO

505

ChFTO

ChFTO

ChFTO

NLS-ChFTO

NLS

ChFTO

Figure 3-5: Summary of truncated hFTO constructs produced.

3.2.4 hFTO point mutants
For further investigation of the role of FTO, point mutants were also investigated. To
study the effect of the I367F point mutation previously studied in mice242, (discussed in
Chapter 2), the corresponding I370F mutation was made in each of the constructs
containing residue 370 (i.e. not NhFTO constructs), using site-directed mutagenesis.
Previous in vitro studies have identified that the conserved 2OG and Fe(II) binding
residues are important for FTO catalytic activity. Substitution of the second iron binding
histidine with alanine (mFTO H304A) significantly reduces 2OG turnover activity165. In
contrast, substitution of the 2OG binding mFTO R313 residue for alanine completely
ablates 2OG turnover165. In humans a mutation coding for substitution of this residue by
glutamine (R316Q) leads to postnatal growth retardation and early lethality248. Protein
with this alteration is still localised to the nucleus, but has no 2OG turnover in vitro248.
To investigate the effect of overexpression of these inactive or reduced activity mutants
in cells, the corresponding point mutations H307A and R316A were produced in the C1
EGFP, N1 EGFP and 3xFLAG hFTO constructs, using site-directed mutagenesis.

3.2.5 Cell lines
In vivo investigations of hFTO were carried out using the HeLa and HEK 293T
H. sapiens epithelial cell lines. The HEK 293T cell line is derived from human
embryonic kidney cells and additionally contains the SV40 Large T-antigen306, allowing
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episomal replication of plasmids containing the SV40 origin of replication. Therefore
transfected plasmids can be amplified allowing extended protein expression. The
immortal HeLa cell line is derived from a rapidly proliferating cervical cancer307. Both
cell lines were used here for cell imaging and protein overexpression.

3.3 hFTO localisation studies
To identify the subcellular localisations of the constructs, and to verify that variant
constructs are found in the appropriate region of the cell to allow native interactions of
FTO with other species, cells expressing the constructs were studied by microscopy.
Cells were grown on glass coverslips, then transfected if required and grown for 24 h
post-transfection, to allow a complete cell cycle during which protein expression could
occur.

3.3.1 Subcellular localisation of EGFP constructs
GFP fusion proteins present in cells can be visualised directly through the fluorescence
of the GFP tag. However, the large size of the GFP protein may cause interference with
the endogenous localisation of the protein of interest, either by altering its folding, or
blocking of localisation target signals. To account for this it was considered important
to use both the N- and C-terminally GFP tagged constructs.
Cells were stained with DAPI, to show the location of the nucleus. As DAPI (which
appears blue in the images obtained) has fluorescent properties orthogonal to those of
GPF the two species can be viewed in different channels without interference.
As control samples, HeLa cells were transiently transfected with either the empty
C1-EGFP vector, or with a C1-EGFP NLS vector, which targets EGFP to the nucleus
via addition of a nuclear localisation sequence (NLS) to the N-terminus of the EGFP
sequence (C1-EGFP NLS kindly provided by the Heinrich Leonhardt laboratory, LMU
Munich). Imaging of these cells (Figure 3-6) reveals that untargeted EGFP is found
diffusely throughout the cells, whereas NLS-EGFP is fully targeted to the nucleus.
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Figure 3-6: Localisation of EGFP constructs in HeLa cells, detected by direct fluorescence of GFP.

Samples were prepared in the same manner to investigate HeLa cells transfected with
full length hFTO tagged with GFP at either the N- or C-termini. Localisation images
show that the GFP-tagged proteins are both correctly localised in the nucleus (Figure
3-7), as has been observed in previous studies for tagged and endogenous FTO
constructs165,246,305.

Figure 3-7: Localisation of N1 and C1 EGFP-tagged hFTO constructs in HeLa cells, detected by
direct fluorescence of GFP.

Similarly to the observation for the mouse I367F protein242, the I370F hFTO constructs
seem to be transfected with a lower efficiency than for the corresponding wildtype
constructs (summary of transfection efficiencies in Table 3-2), although nuclear
localisation is still observed (Figure 3-8). The EGFP-C1 I370F hFTO construct is found
partially in the cytoplasm in addition to the nucleus.
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Figure 3-8: Localisation of EGFP-tagged hFTO I370F point mutant constructs in 293T cells.

3.3.2 Subcellular localisation of 3xFLAG hFTO constructs
To view the subcellular location of transfected FLAG-tagged constructs, antibody
staining is required using mouse anti-FLAG antibodies. Following formaldehyde
fixation, cells are permeabilised by treatment with detergent (Triton X100) to facilitate
entry of large antibody molecules into the cells. The anti-mouse secondary antibody is
conjugated to Cy3, a fluorescent cyanine dye. The fluorescence characteristics of Cy3
are orthogonal to those of both GFP and DAPI, and Cy3 appears red in microscopy
images. Any background staining, and therefore the specificity of the secondary
antibody for the primary antibody, can be determined by staining cells with only the
secondary antibody. No signal was observed in the Cy3 channel for cells stained using
only secondary antibody showing that, under the exposure conditions used, no
background staining by the anti-mouse antibody was observed, and that there is no
cross-channel overlap (Figure 3-9, row 3).
FLAG-hFTO showed complete localisation in the nucleus (Figure 3-9), as previously
observed for the GFP constructs. This therefore suggests that the addition of the tags has
not affected folding or subcellular targeting of the wildtype proteins, so native
interactions and reactions are likely to be maintained under the overexpression
conditions. As was observed with C1-EGFP constructs, the FLAG I370F hFTO
construct is found in both the nucleus and the cytoplasm, suggesting that the presence of
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an N-terminal tag adjacent to the hFTO NLS in addition to the introduction of the I370F
substitution in the protein sequence reduces the specificity of the nuclear localisation.

Figure 3-9: Localisation of 3xFLAG-tagged hFTO constructs in 293T cells detected using antiFLAG antibody. Control probed using only secondary anti-mouse Cy3 antibody.

3.3.3 Localisation of active site FTO mutants

Figure 3-10: Localisation of H307A hFTO constructs in HeLa cells detected either by direct
visualisation of GFP or by anti-FLAG antibody staining.

GFP tagged H307A hFTO was found only in the cell nucleus (Figure 3-10). Although
most cells transfected with 3xFLAG H307A hFTO have signal confined to the nucleus,
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in a few cells (~ 25 %) FLAG-tagged material is also found through the cytoplasm,
although this may be an artefact of the induced protein overexpression. In common with
the previously reported R316Q mutant248, the R316A constructs were all found in the
nucleus (Figure 3-11). This therefore suggests that despite these substitutions the
proteins are correctly targeted to the correct location within the cell, suggesting that the
reduced activity is likely mediated by prevention of co-substrate binding.

Figure 3-11: Localisation of R316A hFTO constructs in HeLa cells detected either by direct
visualisation of GFP or by anti-FLAG antibody staining.

3.3.4 Detection of endogenous FTO
Direct detection of the endogenous FTO protein is also possible using a primary
antibody specific to the protein of interest. Here a Eurogentec FTO antibody raised to
recombinant mFTO protein was used. As for the detection of FLAG hFTO described
previously, a secondary (anti-rabbit) antibody conjugated to Cy3 was used for
visualisation by fluorescence microscopy. A control sample of cells stained with only
the α-rabbit Cy3 coupled secondary antibody revealed no background staining (Figure
3-12, row 2). Staining 293T cells using the Eurogentec FTO antibody at a dilution of 1
in 1000 was successful, and the recognised protein (hFTO) can be seen to be expressed
in all cells, localised entirely in the nucleus (Figure 3-12).
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Figure 3-12: Localisation of endogenous hFTO in 293T cells detected using anti-FTO antibody
staining. Control samples (row 2) probed only with anti-rabbit secondary antibody.

Probing cells using an anti-FTO antibody also allows detection of protein overexpressed
from the pcDNA3 vector, proteins expressed from which are untagged. Again, all cells
were observed to express hFTO, although due to the overexpression of protein caused
by transfection a wide range of intensities were observed. This allows comparison
between the levels of protein produced endogenously and on overexpression.

Figure 3-13: Localisation of pcDNA3 hFTO in HeLa cells detected using anti-FTO antibody
staining.

3.3.5 C-NLS and N-terminal FTO constructs
To enable analysis of the different domains of FTO, the localisation of the different
constructs was investigated. As these constructs involve large deletions of protein
sequence it is possible that they may be incorrectly folded in the cell, possibly causing
aggregation or a loss of nuclear targeting.
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Figure 3-14: Localisation of NhFTO constructs in HeLa cells detected either using anti-FLAG
antibody staining, or by direct visualisation of GFP.

Figure 3-15: Localisation of N1 and C1 EGFP-tagged ChFTO constructs in HeLa cells, detected by
direct visualisation of GFP fluorescence.
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Figure 3-16: Localisation of FLAG-tagged I370F ChFTO constructs in HeLa cells, detected by antiFLAG antibody staining.

Expression of tagged constructs encoding the separate N-terminal domain (NhFTO) in
HeLa cells showed that in each case the protein is present both in the nuclei and, to a
lesser extent, dispersed throughout the cytoplasm (Figure 3-14).
Transfection of the corresponding tagged ChFTO constructs showed the presence of
GFP throughout the cell (Figure 3-15), therefore not all of the protein has been correctly
targeted to the nucleus, likely due to deletion of the N-terminal NLS. Both I370F
N1-EGFP hFTO, and particularly ChFTO, may aggregate on overexpression, as seen by
very bright signals throughout the cytoplasm, suggesting protein accumulation.
FLAG-tagged ChFTO constructs (Figure 3-16) are also found throughout the cells, but
in this case relatively little FLAG staining is visible in the nuclei, suggesting that these
constructs are either excluded from the nuclei, or are not correctly targeted. Therefore it
was hoped that inclusion of the NLS sequence at the N-terminus of the ChFTO
sequence (NLS-ChFTO constructs) would allow correct subcellular targeting, as is seen
for the full length protein.
Transfection of each of the NLS-ChFTO constructs in HeLa cells (Figure 3-17) showed
nuclear targeting. However, additional disperse expression is also apparent through the
cytoplasm, although generally at a lower level than is observed in the nucleus. It appears
that the inclusion of the NLS in these constructs is an improvement on the initially
designed constructs, but it has not produced complete targeting to the nucleus, as is seen
with the full length constructs. This suggests that there may be additional factors
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involved in the nuclear targeting. It is possible that the addition of the NLS to the
N-terminus of ChFTO prevents correct folding of either, or both, of the portions of the
fused proteins, thereby preventing correct localisation.

Figure 3-17: Localisation of NLS-ChFTO constructs in HeLa cells detected either using anti-FTO
or anti-FLAG antibody staining as indicated, or by direct visualisation of GFP.

Transfection of NLS-ChFTO I370F constructs in HeLa cells showed similar results,
with protein observed dispersed throughout the cell (Figure 3-18), however transfection
and expression of pcDNA3 I370F NLS-ChFTO was very low (Table 3-2), and led to
nuclear aggregation of the hFTO protein.
Based on the current literature understanding of the cellular localisation of FTO, it
would be assumed that all constructs containing residues 2-18, the putative NLS166, will
localise solely in the nucleus. However it appears here that some of the constructs
containing this NLS sequence are not fully confined in the nucleus. Therefore the NLS
appears to be insufficient in directing the protein to the nucleus, suggesting that this
region may not be the only factor in causing localisation. The constructs with the
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greatest expression away from the nucleus are highly mutated, for example I370F
ChFTO, which contains both a point mutation and a truncation. In particular, fusion of
the NLS to the C-terminal domain of FTO may produce an unstable protein not capable
of correct folding. These alterations may therefore cause too much of an change to the
three-dimensional structure of the proteins, meaning that correct processing to the
nucleus may not be successful in all cases.
As a summary, Table 3-1 details the localisation pattern for each of the hFTO constructs
studied here, and Table 3-2 shows transfection efficiencies for each protein construct,
obtained by counting the proportion of cells transfected (~5 images in each case).

Figure 3-18: Localisation of NLS-ChFTO I370F constructs in HeLa cells detected either using antiFTO or anti-FLAG antibody staining as indicated, or by direct visualisation of GFP.
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Construct
hFTO

C1 EGFP
Nuclear only

N1 EGFP
Nuclear only

FLAG (Cy3)
Nuclear only

pcDNA3
Nuclear only

I370F
hFTO

Mainly nuclear but
some cytoplasmic

Nuclear only

Mainly nuclear but
some cytoplasmic

-

H307A
hFTO

Nuclear only

Nuclear only

Mainly nuclear but
some cytoplasmic

-

R316A
hFTO

Nuclear only

Nuclear only

Nuclear only

-

NhFTO

Nuclear and
cytoplasmic

Nuclear and
cytoplasmic

-

ChFTO

Nuclear and
cytoplasmic

Nuclear and
cytoplasmic
Nuclear and
cytoplasmic but
aggregation

Cytoplasmic only

-

Nuclear and
cytoplasmic

Nuclear and
cytoplasmic

Cytoplasmic only

-

Nuclear and
cytoplasmic

Nuclear aggregates

NLSChFTO
I370F
ChFTO
I370F NLSChFTO

Mainly nuclear but Mainly nuclear but
some cytoplasmic some cytoplasmic
Nuclear and
cytoplasmic
Nuclear and
cytoplasmic

Cytoplasmic only
but aggregation
Mainly nuclear but
some cytoplasmic

Table 3-1: Summary of subcellular localisation of hFTO constructs. Cell line used: Green: HeLa;
Red: 293T; Blue: both HeLa and 293T.
Construct

% cells transfected
C1 EGFP

N1 EGFP FLAG (Cy3)

pcDNA3

hFTO

60/34

73

56

14

I370F hFTO

39

49

32

-

H307A hFTO

60

69

48

-

R316A hFTO

56

53

44

-

NhFTO

31

40

29

-

ChFTO

65

73

31

-

NLS-ChFTO

43

38

23

30

I370F ChFTO

22

38

18

I370F NLS-ChFTO

26

32

13

5

Table 3-2: Summary of approximate transfection efficiencies of hFTO constructs. Cell line used:
Green: HeLa; Red 293T.

3.4 Cell lysis optimisation
The first step in investigating cellular interacting partners for FTO is to lyse the cells.
As hFTO is a nuclear protein, it is important to optimise protein extraction from cells to
enrich for nuclear proteins. In proteomic analyses the identification of proteins which
are true FTO interactors would be simplified if the proteins present in the cell lysate
were derived predominantly from the nucleus. As each protein has unique interactions
with other cellular components, lysis conditions need to be optimised for individual
proteins.
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Cell lysis conditions can be optimised through variation of salt, detergent and buffer.
Furthermore, addition of nucleases or sonication of samples may be employed to shear
nucleic acids and aid soluble protein extraction, particularly for proteins interacting with
DNA. In other cases, mechanical cell lysis may be employed, utilising dounce
homogenisers or glass beads. Generally, lysis and subcellular fractionation methods
involve initial lysis of the cell membrane through resuspension of cells in a lysis buffer
followed by incubation on ice. Intact nuclei obtained by gentle pelleting may be lysed
by addition of further buffer, and pelleting at high speed. The initial supernatant
contains the cytoplasmic protein fraction, with the final supernatant containing the
nuclear component. Any material in the pellet is classed as insoluble under the lysis
conditions employed.

3.4.1 Initial lysis attempts
A selection of cell lysis methods was tested here to investigate optimal release of hFTO
from nuclei, in a “nuclear” fraction. Lysis buffers of different stringencies were selected
for the general lysis method described above, using two salt and detergent
concentrations (Method A: 300 mM NaCl, 0.5 % NP40; Method B: 500 mM NaCl, 1 %
NP40). A paper by Gilljam et al. reporting the interaction of ABH2 with PCNA used a
variation of this method but with a lower salt concentration and the inclusion of
glycerol, DNase and RNase168, therefore this was tested (referred to as the “Gilljam”
method), as it had been successfully used for a related nuclear protein. An alternate
nuclear extraction protocol (developed by the Klose laboratory, Biochemistry
Department, University of Oxford) was also tested, which involved manual cell lysis
using a dounce homogeniser. This method additionally involved an initial “cell
swelling” step, with the pellet initially resuspended in hypotonic buffer. To test these
lysis methods, 293T cells transfected with hFTO constructs were harvested 24 h
post-transfection. Following cell lysis and subcellular fractionation, the hFTO present in
each fraction was detected by western blot (Figure 3-19).
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Figure 3-19: (A) 9.5 x 105 293T cells transfected with N1-EGFP hFTO. Cells were harvested, frozen
at -80 °C then lysed using three different methods, as indicated. C: cytoplasmic fraction; N: nuclear
fraction; I: insoluble fraction. 30 s exposure. (B) 9.5 x 105 293T cells transfected with 3xFLAG
hFTO. Harvested cells were lysed using a dounce homogenisation method. S: cell swelling; C:
cytoplasmic fraction; N: nuclear fraction; I: insoluble fraction. 1 min exposure.

Western blot detection with either the anti-GFP (Figure 3-19A) or anti-FLAG (Figure
3-19B) antibodies was successful, with distinct bands observed at the expected masses
of the fusion proteins. Protein degradation is observed for each of the samples, with
many bands visible at reduced masses, and particularly at the expected mass of the
discrete GFP protein (~30 kDa, Figure 3-19A). Degradation of the purified recombinant
FTO proteins has also been observed previously (Chapter 2), and has also been
observed by collaborators working on both mouse and human FTO (personal
communication, Dr Chris Church, James McTaggart). Degradation bands are therefore
likely to be a feature of western blots detecting FTO proteins.
Although immunofluorescence imaging of full length hFTO constructs indicates that all
observed hFTO is present in the nuclei (Figure 3-6, Figure 3-9), a large proportion of
the protein extracted was found in the first protein fraction (constituting either the
“cytoplasmic” or “cell swelling” fractions), irrespective of the method or buffer
conditions used. Typically the transfected cells were harvested then the cell pellets
immediately frozen at -80 °C. These cell pellets were then lysed immediately after
defrosting of the pellet. However, it is possible that the early release of FTO from the
cells may be due to the process of freezing and thawing the cells, possibly
compromising the integrity of the cell membranes. Furthermore, the mechanical
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scraping method used to economically harvest cells from the surface of the plate could
cause damage to the cell membrane, causing lysis, therefore a potentially gentler pipette
resuspension method was attempted. Two batches of 293T cells were freshly grown and
harvested either using the standard mechanical scraping method, or using a pipette to
gently resuspend the cells in phosphate buffered saline (PBS). Following pelleting of
the cells, the dounce homogenisation lysis method was immediately attempted (Figure
3-20). In both of these cases a similar pattern of protein extraction was observed to that
from the previously frozen cell pellets, suggesting that the freeze-thaw cycle does not
have a detrimental effect on cell lysis. An increased proportion of FTO protein was
present in the “cell swelling” fraction of the pipette resuspension method, suggesting
this is less successful as a gentle cell harvesting method.
Comparing the proportions of protein present in each fraction for the lysis conditions
tested, the greatest proportion of protein present in the nuclear fraction appears to occur
using the lysis conditions previously reported for ABH2 immunoprecipitation (Figure
3-19, lanes 6-9).

Figure 3-20: 9.5 x 105 293T cells transfected with N1-GFP hFTO and lysed using a dounce
homogenisation method immediately following cell harvesting. Harvesting was carried out either
using a rubber scraper or by pipette resuspension. S: Cell swelling; C: cytoplasmic fraction; N:
nuclear fraction; I: insoluble fraction. 30 min exposure.

3.4.2 HeLa cell lysis attempts
To further test the lysis conditions, additional cell lysis attempts were carried out for
HeLa cells transfected with 3xFLAG hFTO. Similar methods were attempted in this
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test, but rather than using the most stringent buffer condition tested previously (500 mM
NaCl, 1 % NP40) a lower stringency method was used to attempt to prevent immediate
release of FTO from the cells.
Samples obtained were probed using three different primary antibodies. Probing with
anti-FLAG (Figure 3-21A), allowed detection of hFTO in the lysates. β-actin was also
detected, as this is highly abundant in the cytoplasm308, therefore enables tracking of
“cytoplasmic” proteins (Figure 3-21B). Finally, detection of Histone H3 was attempted
(Figure 3-21C). Due to their basic nature, successful and efficient extraction of soluble
histones generally requires treatment with acid or high salt309. However, the detection of
histones as a nuclear marker is still commonly used, and can be a useful indication of
the effectiveness of the nuclear extraction method.
A

300 mM NaCl
0.5 % NP40

C

N

100 mM KCl
0.25 % NP40 300 mM NaCl
10 % glycerol 0.1 % NP40

I C

N

I

C N

130
100
70
55
45

I
3xFLAG-hFTO

35
25
15

Figure 3-21: Test of HeLa cell lysis 5.5 x 105 HeLa cells transfected with 3xFLAG-hFTO. Cells
were harvested and lysed using three different methods, as indicated. Western blot detection
carried out by probing with either α-FLAG, α-actin or α-Histone H3 antibodies. C: cytoplasmic
fraction; N: nuclear fraction; I: insoluble fraction. 30 min exposures.

No significant differences are observed between lysis of 293T and HeLa cells and, as
observed previously (Section 3.4.1), the majority of the hFTO produced by HeLa cells
is present in the initial “cytoplasmic” lysate fraction (Figure 3-21A), with the greatest

- 106 -

Chapter 3

Cellular Studies of FTO

proportion of hFTO in the “nuclear” fraction observed with the Gilljam method (Figure
3-21, lanes 4-6). In each case β-actin is present in all fractions (Figure 3-21B), although
predominantly in the insoluble fraction rather than the expected “cytoplasmic” fraction.
As anticipated, Histone H3 is predominantly found in the insoluble fractions for each of
the extraction conditions tested, although a small amount of H3 is found in the
cytoplasmic and nuclear fractions for the mildest lysis condition tested. Unfortunately it
appears that the methods tested here have not been efficient in either fractionating
subcellular components, as observed by blotting with anti-β-actin and anti-H3
antibodies, or able to produce fractions enriched for FTO.

3.5 Optimisation of immunoprecipitation conditions
Immunoprecipitation (IP) involves precipitation of an analyte out of solution using an
antibody specifically binding the analyte. For successful precipitation of the antibodyanalyte complex a solid support is normally used, typically agarose beads (which may
be separated from the mixture by centrifugation), or magnetic beads, separated by
application of a magnetic field to the solution. These beads may be either prebound to
antibodies, or may be conjugated to protein A/G to which the antibody used can bind
during the course of the IP reaction.
Successful IP requires a strong, robust antibody-analyte interaction which can survive
the IP reaction conditions. Commercially available antibodies to well characterised
fusion tags (such as GFP and FLAG) have been developed to withstand such conditions,
but problems may arise with non-standard antibodies, so it is necessary to carry out tests
to determine whether the interaction is sufficient. Additionally, successful IP requires
specific recognition of the protein in its native, folded environment. Although detection
of proteins may be successful in western blots where the proteins are denatured and
unfolded, the detection of folded proteins, which have conformational epitopes, may not
be possible310.
In these studies the aim of IP reactions was the co-immunoprecipitation of FTO with
any interaction partners. Although FTO is a nucleic acid demethylase, interactions with
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other proteins in vivo may assist this role. FTO may exist as part of a complex, for
example enabling location of the sites of 3meT or 3meU modifications. However, the
FTO gene228 and protein243 have well established links to obesity, therefore it is possible
that the protein may play additional roles within the cell. Identification of interaction
partners would assist identification of the involvement of FTO in other cellular
processes, which may explain the role of FTO in obesity. Previous microarray gene
expression analysis showed upregulation of some carbohydrate catabolism and fat
synthesis genes, and downregulation of inflammation genes in homozygous I367F
mice242. The mechanism through which this is achieved on alteration of the FTO
sequence is currently unknown, but analysis of species interacting with FTO may shed
light on how this occurs. A related application of IP is Chromatin Immunoprecipitation
(ChIP), in which the protein of interest is crosslinked to interacting nucleic acids. The
sequence of the interacting DNA/RNA may be determined, allowing identification of
motifs with which the protein may interact or, for the case of transcription factors,
particular promoters in the genome, altering gene expression.

3.5.1 Anti-GFP immunoprecipitation test
Initially, immunoprecipitation was attempted using GFP-tagged proteins. As GFP is a
large protein, the presence of the additional domain attached to the terminus of the
protein of interest may prevent correct folding, or may shield interactions with normal
interaction partners at a particular region of the protein surface. It is therefore important
to study constructs which code for GFP at either end of the protein sequence, to
maximise the possibility that binding sites for all interaction partners are available.
To determine whether the optimal cell lysis conditions determined previously are
compatible with the protein-antibody interaction, and whether hFTO is efficiently
immunoprecipitated, a small scale test was carried out. 293T cells transiently tranfected
with N1-EGFP hFTO were lysed using the previously described Gilljam protocol,
because this method appeared to yield the greatest proportion of hFTO in the nuclear
fraction. The nuclear fraction obtained from this method was used as the IP input, and
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was added to GFP-Trap beads (Chromotek). Following incubation of the bead-lysate
mixture, the beads were washed extensively, then bound proteins were eluted by boiling
the beads in SDS-PAGE loading buffer. The IP reaction is followed throughout by
removal of protein samples at each stage, which are analysed by western blotting
(Figure 3-22A). The advantage of using the commercial GFP-Trap beads is that they are
based on camel antibody technology311 therefore bands corresponding to the heavy or
light chain antibody protein do not appear on blots, thereby simplifying analysis.

Figure 3-22: Small scale test of cell lysis and immunoprecipitation conditions. 9.5 x 10 5 293T cells
transfected with N1-GFP hFTO C: cytoplasmic fraction; I: Insoluble fraction; N: Nuclear fraction;
F: Bead flow through; B: Beads; L: Whole cell lysate. (A) Gilljam lysis method; Nuclear fraction
loaded onto beads. (B) Cell lysis buffer 300 mM NaCl, 0.5 % NP40, 10 mM Tris pH 7.5; Whole cell
lysate loaded onto beads. 30 min exposures.

Unfortunately, this immunoprecipitation reaction was not very successful. Although a
good amount of hFTO protein can be seen to be produced by the cells (Figure 3-22), the
proportion of hFTO present in the cytoplasmic and insoluble fractions is significantly
greater than that in the nuclear fraction obtained from the cell lysis. Therefore, only a
small amount of GFP tagged protein was available in the nuclear fraction for
immunoprecipitation, and this does not appear to have been successfully
immunoprecipitated as there is no protein at the mass expected for hFTO-GFP in the
“bead” lane of Figure 3-22A. The faint band at ~80 kDa in this lane may be due to
degradation of immunoprecipitated hFTO-GFP.
To attempt to improve the pull down efficiency, another immunoprecipitation reaction
was carried out, using a whole cell lysate. In this situation more protein should be
available to be bound by the beads in the immunoprecipitation reaction. Figure 3-22B
shows that under these conditions, although there is still a significant proportion of
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protein in the insoluble fraction, the anti-GFP immunoprecipitation has been successful
with a good amount of GFP-tagged protein bound to the beads. Therefore this whole
cell lysate method can be used for further immunoprecipitation studies, to ensure that
plenty of protein is obtained for subsequent analyses.

3.5.2 Anti-FLAG immunoprecipitation test
For complementary experiments, FLAG-tagged hFTO protein was immunoprecipitated
using anti-FLAG beads. The 3xFLAG peptide (~2.5 kDa) is significantly smaller than
the GFP protein (~27 kDa), so the smaller tag may interact with fewer proteins in
solution, simplifying proteomic analysis, and is less likely to obscure interactions of
FTO with other proteins.

Figure 3-23: Test of immunoprecipitation of hFTO using anti-FLAG beads. 1.5 x 107 293T cells
transfected with 3xFLAG-hFTO. Inp: IP input; Ins: Insoluble fraction; F: bead flow through; P:
protein eluted from beads; B: anti-FLAG beads. 1 min exposure.

To test the anti-FLAG immunoprecipitation reaction 293T cells transiently transfected
with 3xFLAG-hFTO were lysed, and the whole cell lysate incubated with anti-FLAG
beads. The commercial anti-FLAG beads (Sigma-Aldrich, A2220) used for this IP
reaction have a conjugated mouse monoclonal antibody, and in western blots of bead
samples bands at ~25 kDa are visible, corresponding to the light chain of the
antibody312, although the heavy chain of the anti-FLAG antibody does not appear to be
visible on blots, as no additional bands are observed at the expected mass (~50 kDa).
In this attempt elution of the protein from the beads was tested, by incubation with 1 %
SDS (v/v), 100 mM NaHCO3 for 1 h at 65 °C. Treatment with detergent denatures the
immobilised anti-FLAG antibody, destroying the interaction with the bound 3xFLAG
fusion peptide. As previously, protein samples were analysed by western blot (Figure
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3-23). This IP reaction is very efficient, with no FLAG-tagged protein visible in the
flow through lane of the western blot. It appears that approximately half of the FLAGhFTO present has been eluted from the beads, while proportionally less of the antibody
light chain has been eluted. However incubation at an elevated temperature may have
caused some degradation of the FLAG-tagged hFTO, as the bands at ~40 kDa have
increased intensity.

3.5.3 Formaldehyde crosslinking anti-FLAG immunoprecipitation
A further area of interest for immunoprecipitation studies, particularly for a protein
known to interact with DNA, is chromatin immunoprecipitation (ChIP). These
experiments involve crosslinking of the protein of interest to interacting DNA by
addition of formaldehyde to cells prior to harvesting. The covalent bridging
formaldehyde links formed allow immunoprecipitation of any bound species along with
the targeted protein. Subsequent reversal of the cross links releases the interaction
partners for analysis. In addition to the interest in the possible nucleic acid sequences
with which FTO may interact it is also possible that the interactions of FTO with other
proteins may be mediated by a common interaction with a nucleic acid species. There is
precedent for such an interaction in the family of zinc finger proteins313, which can bind
both DNA and protein. Additionally, it has been postulated that the adaptive response
protein AidB, the specific function of which is currently unknown, may have indirect
interactions with other protein species, through simultaneous binding to RNA150.

Figure 3-24: Test of anti-FLAG immunoprecipitation. 1.5x107 293T cells transfected with 3xFLAGhFTO. (A) Cells crosslinked with 1 % (v/v) HCHO before cell harvesting; (B) cells crosslinked with
1 % (v/v) HCHO before cell harvesting then crosslinks reversed following IP reaction. Inp: IP
input; Ins: Insoluble fraction; F: Bead flow through; P: Protein eluted from beads; B: anti-FLAG
beads. 1 min exposures.
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Prior to harvesting cells, crosslinking was initiated by addition of concentrated
formaldehyde, then was quenched by addition of 125 mM glycine, and the IP reaction
carried out as previously (Figure 3-24). Following elution of protein from the beads, the
supernatant from one of the IP reactions was incubated overnight at 65 °C to reverse the
formaldehyde crosslinks (Figure 3-24B). Despite the likely modification of the antiFLAG epitopes by reaction with formaldehyde the immunoprecipitation is still
successful, suggesting that the anti-FLAG antibody is robust and capable of recognising
the FLAG peptide even when modified. Compared to the previous FLAG IP test (Figure
3-23), more FLAG-hFTO is present in the insoluble protein fraction after treatment with
formaldehyde, probably due to protein aggregation on crosslinking, so less protein
remains for binding to the beads. Following the overnight reversal of crosslinking, less
protein eluted from the beads is visible on the blot (Figure 3-24B), possibly due to
degradation or aggregation of some of the protein during the extended incubation at
65 °C, therefore this was not pursued further.
In addition to western blot analysis, small aliquots of eluted protein from the IP
reactions were run on an agarose gel for analysis of any nucleic acid present, which may
have been immunoprecipitated alongside hFTO, but no distinct DNA signal was
apparent. However, an important step in ChIP experiments is shearing of DNA, usually
achieved by sonication, into short fragments appropriate for further analysis. If hFTO is
crosslinked to large fragments of genomic DNA, or other high molecular weight
species, the resulting complex may be insoluble, and unavailable for involvement in the
immunoprecipitation reaction. Sonication should shear the DNA and potentially reduce
the proportion of insoluble protein present.
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Figure 3-25: Test of anti-FLAG immunoprecipitation. 1.5x107 293T cells transfected with 3xFLAGhFTO. (A) Cell lysis including sonication, standard IP conditions; (B) cells crosslinked with HCHO
before harvesting. Inp: IP input; Ins: Insoluble fraction; F: Bead flow through; P: Protein eluted
from beads B: Beads. 1 min exposures.

Further batches of 293T cells lysed by sonication on ice were then analysed as
previously. The anti-FLAG IP reaction was again successful, with large quantities of
FLAG-hFTO bound to the beads (Figure 3-25). Interestingly, species at increased mass
are present in the eluted protein and bead lanes for the cells crosslinked with
formaldehyde, whereas these are not seen when not treated with formaldehyde (Figure
3-25B). Additionally, the proportion of insoluble protein in the crosslinked samples is
decreased. This may therefore suggest that the higher mass bands present correspond to
FLAG-hFTO crosslinked to other species, and that sonication has reduced the
proportion of these species in the insoluble fraction.

3.6 FTO antibody investigation
Although many robust and well-characterised commercial antibodies to common
protein and peptide tags exist, there are many advantages to using high quality IP grade
antibodies that recognise the native untagged protein, therefore antibodies to FTO were
investigated. Antibodies recognising FTO would allow IP reactions to be carried out on
the native protein without the need for a tag, simplifying interpretation of results as the
species detected are likely to interact directly with the protein of interest rather than the
tag. Tagging of proteins can cause localisation in different cellular locations, and may
obscure native interactions or introduce new and unnatural interactions, complicating
analysis, and requiring the use of many controls to discount false positives. If tags are
not required, analysis of endogenous protein is possible. Analysis of tagged proteins at
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endogenous levels requires establishment of a cell line stably expressing the protein of
interest fused to an appropriate tag, although in some cases this may not be possible as
the protein insertion may be toxic to cells.

3.6.1 Initial antibody testing
Initially, commercially available anti-FTO antibodies were tested for their FTO
immunoreactivity alongside a rabbit anti-recombinant mFTO antibody prepared by
Eurogentec (described in Section 2.3.2, referred to as “Eurogentec”). Anti-FTO
antibodies from Abcam (mouse monoclonal) and Novus Biologicals (rabbit polyclonal),
referred to as “Abcam” and “Novus” respectively, were also studied (full antibody
details in Chapter 7, Table 8-9).

Figure 3-26: Detection of FTO from cell lyate of 9.5 x 10 5 293T cells transiently transfected with
N1-EGFP hFTO using antibodies and dilutions indicated. 30 min exposure.

Initially, detection of N1-EGFP hFTO in a 293T cell lysate by western blot was carried
out, using the antibody dilutions recommended by suppliers (Figure 3-26). One blot
sample was probed using a commercial α-GFP antibody, allowing verification of the
presence of hFTO-GFP in the lysate. Overexpressed GFP-tagged hFTO (~90 kDa) and
endogenous hFTO (59 kDa) appears to be detected by the anti-FTO antibodies.
Interestingly, both the Novus and Abcam antibodies appear to detect endogenous hFTO
more effectively than GFP-hFTO, with more intense bands at ~60 kDa than ~90 kDa.
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Detection of the tagged N1-EGFP hFTO species may be affected by the presence of a
large tag at the C-terminus, reducing access to the recognised epitopes.

3.6.2 Abcam anti-FTO
The Abcam antibody produces a band at a lower mass than was observed for detection
by the Eurogentec and Novus antibodies (~55 kDa rather than ~60 kDa). To further
investigate recognition by the Abcam antibody, the detection of different tagged FTO
constructs was attempted; either N- or C-terminal GFP, or N-terminal 3xFLAG. In each
case, bands were identified at the same mass (Figure 3-27), with no significant bands at
higher masses.

Figure 3-27: FTO constructs overexpressed in 293T cells by transient transfection, with detection
using Abcam α-FTO, 1 in 1000. 30 min exposure.

As both of these further species are tagged at the N-terminus, the tags may prevent
effective protein detection by the antibody. However as the epitope of the monoclonal
antibody is in the C-terminus of the protein it would seem unlikely, although not
impossible, that this region is shielded by an N-terminal GFP/FLAG fusion. The
western blot of the FLAG-hFTO lysate has an additional band at ~18 kDa, suggesting
either the detection of a specific degradation fraction, or cross-reactivity with a different
species in the cell lysate.
Recombinant FTO proteins are successfully detected by the Eurogentec antibody
(Section 2.3.2), but unfortunately no signal was observed on attempted detection of
recombinant proteins (hFTO, ChFTO, mFTO and CmFTO) with the Abcam antibody. It
therefore seems unlikely that the band recognised by the Abcam antibody at ~55 kDa in
cell lysates is FTO, suggesting that the antibody may be cross-reactive, detecting a
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different component of the cell lysate. Therefore the Abcam antibody does not appear
suitable for hFTO detection, and was not used further.

3.6.3 Novus anti-FTO

Figure 3-28: (A) Detection of recombinant FTO proteins (1 μg loaded per lane) using Novus α-FTO
(1 in 1000), 10 s exposure. (B) Test IP of hFTO using 20 μg Novus α-FTO. 1.5x107 293T cells. I:
soluble cell lysate, IP input; A: IP input + Novus α-FTO; Ins: insoluble cell lysate; F: IP
flowthrough; B: beads. Blot detected using Eurogentec α-FTO. 30 min exposure.

The Novus anti-FTO antibody was also investigated further, with a blot of recombinant
proteins (Figure 3-28A) showing good detection of the full length proteins.
Immunoprecipitation of FTO by the Novus antibody was also attempted, using whole
cell lysates of 293T cells transfected with pcDNA3 hFTO. The antibody-lysate mixture
was incubated for 1 hour at 4 °C, then protein G beads were added for a further 1 hour
incubation. Using this method, the antibody may bind to the protein before the antibody
binds to the beads, enabling separation from the remaining unbound lysate. Although
hFTO is well expressed, very little hFTO is present in the bead fraction, as most protein
appears to be present in the flow through fraction having not bound to the beads (Figure
3-28B). It is possible that this is due to the small amount of antibody used for the IP
reaction, but as the IP by the Novus antibody does not appear to be particularly efficient
very large quantities of the antibody would be required for IP, which would be
prohibitively expensive, therefore this approach was not pursued.

3.6.4 Eurogentec anti-FTO
The most promising antibody for testing in immunoprecipitation experiments was the
Eurogentec rabbit polyclonal antibody raised to recombinant FTO protein, therefore a
large scale IP reaction was attempted. Three batches of 293T cells were prepared, one
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set of which was not transfected, one set was treated with tranfection reagents without
addition of plasmid (mock transfected), and the final set was transfected with pcDNA3
hFTO. The IP was carried out similarly to the reaction for the Novus antibody described
previously, but due to the greater availability of the Eurogentec antibody and to try to
bind the maximum quantity of hFTO, 1 mg antibody was added to the IP reactions. The
mouse anti-rabbit antibody was then bound to protein G beads. As a control, the lysate
from mock transfected cells was used in a negative IP reaction, where no antibody was
added to the IP mixture. This reaction would give a good indication of any false positive
samples which could be present in proteomic data, due to non-specific binding to the
agarose beads.

Figure 3-29: 2 x 108 293T cells (A) mock transfected control, with transfected pcDNA3 hFTO, or
(B) non transfected (endogenous levels of hFTO). Western blot testing protein expression and IP
efficiency. Antibody stain control – secondary anti rabbit HRP conjugate antibody probe only. Inp:
IP input, Ins: insoluble, F: Bead flow through, B: Beads. 1 min exposures.

Only a very small quantity of endogenous protein was observed by western blot (very
faint bands in Figure 3-29A and B lanes 1-3, more visible on longer exposure of films).
Although a good amount of hFTO has been produced from the pcDNA3 construct very
little, if any, hFTO appears to be present in the bead lane of the positive IP reaction, as
the band observed is at a lower mass than the predominant bands in the previous three
lanes. This band corresponds to the rabbit anti-FTO antibody heavy chain, and can be
visualised by staining with only the secondary anti-rabbit HRP-coupled antibody
(Figure 3-29B). This suggests that the IP reaction has not been very efficient, but due to
the proximity of the bands corresponding to hFTO (~60 kDa) and the heavy chain of the

- 117 -

Chapter 3

Cellular Studies of FTO

anti-FTO antibody (~55 kDa) it is difficult to determine whether any hFTO has been
pulled down.
To investigate the products of the IP reaction further, approximately one third of the
protein eluted from the beads in the IP reaction was analysed on a 4-12 % gradient
NuPAGE gel, allowing better resolution of the proteins at higher mass. The lane
corresponding to overexpression of hFTO in Figure 3-30 shows the presence of a small
additional band at ~60 kDa, compared to lane 4, which shows staining of the blot with
only the secondary antibody. Although this shows that hFTO was pulled down, the
quantity is extremely low, given that this comprises one third of a reaction in which
overexpression of hFTO was achieved, and a large quantity of anti-hFTO antibody was
used. As the IP efficiency was very low, the samples could not be analysed by mass
spectrometry to determine interacting species.

Figure 3-30: 2 x 108 293T cells either transfected with pcDNA3 hFTO, or not transfected
(producing endogenous levels of hFTO). Western blot testing presence of hFTO in IP bead samples.
Lane 4 Antibody stain control – secondary anti rabbit HRP conjugate antibody probe only. 1 min
exposure.

Due to the poor IP reactivity of the antibodies tested, it was not considered possible to
use these for successful ChIP assays. Instead, tagged protein would need to be used, so
the tag could be exploited to ‘pull-down’ FTO and its interacting partners. However,
ChIP experiments should be carried out using endogenous, rather than grossly
overexpressed, levels of protein. If these studies were to be carried out in the future it
would be necessary to establish and maintain cell lines stably expressing tagged hFTO
species at a level close to that for endogenous expression, a line of investigation which
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would require several months of work, and was not pursued here, as the identification of
potential protein interactors was prioritised.

3.7 Expression of N- and C-terminal FTO constructs
As FTO is known to have two distinct domains264 it is likely that different species
interact with the two domains, due to their dissimilar three dimensional structures, and
likely different roles. Investigation of the domains was therefore carried out in intial IP
experiments. GFP-tagged constructs producing each of these domains were separately
transfected into 293T cells, and small scale IP reactions were carried out using anti-GFP
beads. Western blot analysis (Figure 3-31) showed poor production of both constructs
(particularly in the case of NhFTO) when compared to production of full length
wildtype proteins carried out under the same conditions (Figure 3-22B). Poor
expression of the N-terminal domain of FTO is not unprecedented, as a similar
observation was made previously for in vitro expression of recombinant mFTO proteins
truncated at the C-terminus (Section 2.2.2), with very low levels of insoluble truncated
protein produced. Additionally, significant degradation to GFP is observed for these
proteins, as the bands corresponding to GFP are much more intense on blots than those
corresponding to the full length proteins.

Figure 3-31: Small scale test of cell lysis and IP conditions for (A) NhFTO and (B) NLS-ChFTO
constructs. 9.5 x 105 293T cells were transfected with the constructs indicated. Inp: IP input; Ins:
insoluble fraction; F: Bead flow through; B: Beads. 30 min exposure.

As the subcellular localisation of these proteins is not distinct (Section 3.3.5) and their
production levels are poor, it does not seem that progression to large scale production
and analysis of these proteins would be worthwhile. However, these constructs should
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be valuable for later determination of the domain of FTO with which any protein or
nucleic acid partners may interact.

3.8 hFTO dimerisation in cells
Dimerisation of mFTO and hFTO was previously identified in vitro for purified
recombinant proteins (see Section 2.3). However, this may be an artefact due to use of
highly concentrated proteins, and may only occur in the absence of other factors present
in cells. Therefore, a dual immunoprecipitation approach was taken to determine
whether dimerisation may be observed in cell lysate samples. 293T cells were cotransfected with equal quantities of 3xFLAG-hFTO and empty/hFTO EGFP constructs.
By use of two orthogonal affinity tags, hFTO can be immunoprecipitated using one tag,
followed by probing of the immunoprecipitated proteins for the presence of hFTO
tagged with the alternate affinity tag. If hFTO with both of the tags used is detected in
the immunoprecipitated samples, it can be assumed that hFTO units interacts with other
hFTO units in the cell, therefore oligomerisation may be occurring. Samples were
analysed for hFTO tagged with the GFP protein at either the N- or C-termini to try to
prevent potential blocking of any binding or interaction between the hFTO species by
the large GFP protein. Lysates of cells transfected with non-fused GFP protein were
studied to rule out a possible interaction of the GFP protein itself with the FLAG-hFTO
protein. The immunoprecipitation reactions were carried out using either anti-GFP or
anti-FLAG beads. Samples from both IP reactions were analysed by western blot and
probed with GFP and FLAG antibodies.
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Figure 3-32: 5.5 x 106 293T cells co-transfected with 3xFLAG hFTO, with either N1-EGFP hFTO,
C1-EGFP hFTO or empty EGFP. Cells lysed, then α-GFP immunoprecipitation using GFPTrap
beads. Western blots probed using either (A) α-GFP, or (B) α-FLAG antibodies. I: Soluble cell
lysate, used as IP input; F: Bead flow through; B: Beads. 1 min exposures.

Figure 3-33: 5.5 x 106 293T cells cotransfected with 3xFLAG hFTO, with either N1-EGFP hFTO,
C1-EGFP hFTO or empty EGFP. Cells lysed, then α-FLAG immunoprecipitation using α-FLAG
beads. Western blots probed using either (A) α-FLAG, or (B) α-GFP antibodies. I: Soluble cell
lysate, used as IP input; F: Bead flow through; B: Beads. 1 min exposures.

In each case, both the FLAG and GFP constructs have been well produced (lanes
labelled “I” in Figure 3-32 and Figure 3-33), and the appropriately tagged proteins have
bound to the beads used for the IP reaction. However, no bands are visible at the
expected mass of the hFTO species with the alternate tag to that used for the IP reaction
(lanes labelled “B” in Figure 3-32B and Figure 3-33B). In some cases it appears that
“bleeding” from lanes containing large quantities of protein into the neighbouring lane
may have occurred, for example in lane 6 of Figure 3-32B, where it appears that a band
may be present at ~60 kDa. This therefore makes it difficult to determine whether a true
band exists. However, no bands were visible when increased quantities of bead samples
were run on fresh blots (blots not shown). This therefore suggests that, under the
conditions tested, no interaction occurs between overexpressed FLAG-hFTO and GFP-
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hFTO, and potentially that FTO does not dimerise in cells. To verify this more
completely untagged or endogenous proteins would need to be investigated.

3.9 Large scale immunoprecipitation of hFTO and proteomic analysis
3.9.1 Anti-GFP immunoprecipitation
Following the described establishment of lysis and IP conditions (Sections 3.4 and 3.5),
proteins coimmunoprecipitating with hFTO may be identified by mass spectrometry.
Initially, sufficient bait protein must be produced in cells. Therefore, large scale cell
growths were transfected with EGFP-NLS, C1 EGFP-hFTO or N1 hFTO-EGFP, and an
IP reaction was carried out using whole cell lysates. To determine the level of
expression of the protein constructs, and the IP efficiency, western blots were run using
1 % of the total samples obtained (Figure 3-34). These showed that high levels of each
of the proteins were synthesised by the cells, with a good proportion of the protein
bound to the beads in each case.

Figure 3-34: Western blots testing expression and immunoprecipitation of large scale GFP and
hFTO constructs. 2 x 108 cells transfected with either (A) EGFP-NLS, or (B) C1-GFP hFTO or N1GFP hFTO, and immunoprecipitated using GFPTrap beads. 1 μl each sample I: IP input; F: Bead
flow through; B: Beads; Ins: Insoluble fraction. 30 min exposures.

As the IP reaction was successful, the immunoprecipitated “bead” samples were
separated by electrophoresis, using a precast NuPAGE gradient gel, which allows
greater resolution of protein bands across the whole mass spectrum (Figure 3-35A).
Staining of the gel was carried out using a Colloidal Coomassie stain (Invitrogen), due
to the higher sensitivity of this detection method, which means that proteins at low
concentrations may be visualised.
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Figure 3-35: (A) 4-12 % gradient NuPAGE gel stained with Colloidal Coomassie. 2 x 108 cells
transfected with either EGFP-NLS, C1-GFP hFTO, or N1-GFP hFTO, and immunoprecipitated
using GFPTrap beads. Proteins eluted from beads using SDS-PAGE loading buffer, 35 μl each
sample loaded per lane. (B) Western blot transferred from 4-12 % NuPAGE gel. 2 x 108 cells
transfected with either EGFP-NLS, C1-GFP hFTO, or N1-GFP hFTO, and immunoprecipitated
using GFP-Trap beads. Proteins eluted from beads using SDS-PAGE loading buffer, 1 μl each
sample loaded per lane. Probed using mouse anti-GFP and anti-mouse HRP conjugate. 1 min
exposure.

As anticipated from western blot analysis, significant bands were observed at the
expected masses of the hFTO-EGFP species (~90 kDa) and EGFP-NLS (~35 kDa),
suggesting that large quantities of the overexpressed target proteins had been produced.
In addition to these bands, many bands at lower mass were visible. An initial indication
of possible protein interacting species may be given by the observation of significant
bands visible in the “experimental” lane(s), but not in the control sample. Comparison
of lanes 1 and 2 (EGFP-hFTO and hFTO-EGFP) with lane 3 (EGFP-NLS) in Figure
3-35A reveals that the majority of bands in the hFTO sample lanes are not observed in
the GFP control lane. However, as has been observed in all western blots of hFTO,
multiple bands corresponding to hFTO or tagged species are identified, suggesting that
a significant amount of degradation of hFTO occurs. Protease inhibitors were added
upon cell lysis, although not at subsequent stages through the IP process, but their
addition would not preclude protein degradation by other mechanisms, such as
hydrolysis and oxidation. Furthermore oxidative self-cleavage of the protein backbone
in the presence of iron and ascorbate may occur, and has been observed for several other
2OG oxygenases314-315. Additionally, FTO is known to be rapidly turned over in cells,
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because it is degraded via the ubiquitin/proteasome pathway305. To attempt to determine
which, if any, of the bands in the gel can be attributed to the degradation of FTO, the
same samples were run on a further NuPAGE gel using the same conditions as
previously, to allow direct comparison of the bands present. Figure 3-35B shows that
bands across the mass range studied are identified by the anti-GFP antibody, therefore it
is likely that the majority of the stained bands in the FTO sample lanes correspond to
protein degradation rather than interacting species.

Figure 3-36: 4-12 % gradient NuPAGE gel stained with Colloidal Coomassie; samples as in Figure
3-35. Grid and numerical labelling demarcates dissection of gel pieces for trypsin digestion.

To try to identify bands on the gel, the gel lanes were excised, cut into 17 equivalent
portions, (outlined in Figure 3-36) then subjected to in-gel trypsinolysis prior to mass
spectrometry316. LC/MS/MS analysis of the tryptic peptides was carried out by Dr
Holger Kramer (Department of Physiology, Anatomy and Genetics, University of
Oxford). The mass profiles obtained for each lane were merged, then searched using the
MASCOT search engine, which uses mass spectrometry peptide data to identify protein
matches from human genome primary sequence databases. Common contaminant
proteins such as trypsin, keratin, heat shock proteins and immunoglobulins were
excluded from the data obtained, and comparison of results to those obtained from the
control GFP-NLS IP allowed deletion of false positive proteins also present in the GFP
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control. The remaining proteins (Tables 3-4 and 3-5) are those that are likely to interact
with FTO.

Acces s i on
number
Q9C0B1
P10759
Q9ULA0
Q8NBS9
Q3SZ18
P70670
Q9EQG6
P31943
Q52KB6
Q4ZG55
A3KMX7
Q3ZCF3
Q5RBA5
O43150
Q6B4U9
P62258
Q9D2G2
Q99714
Q4R6F8
P70378
Q5RAP1
O95980
Q5JTC6
B3VSB7
P39689
Q9Z351
Q9H2L5
Q9BXT5
P97820
Q6Q899
P51572
A7MB11
Q5TJG6
Q95132
P32362
Q6P8K8
Q5FVM4
Q63035
Q13232
P79457
Q9H013
Q9C0D5
Q570Y9
P36542
Q8BMG7

Protei n
Al pha -ketogl uta ra te-dependent di oxygena s e FTO
AMP dea mi na s e 1
As pa rtyl a mi nopepti da s e
Thi oredoxi n doma i n-conta i ni ng protei n 5
Hypoxa nthi ne-gua ni ne phos phori bos yl tra ns fera s e
Na s cent pol ypepti de-a s s oci a ted compl ex s ubuni t a l pha , mus cl e-s peci fi c form
Ki na s e D-i ntera cti ng s ubs tra te of 220 kDa
Heterogeneous nucl ea r ri bonucl eoprotei n H
C2 doma i n-conta i ni ng protei n 3
GREB1
Puta ti ve ma l a te dehydrogena s e 1B
S-pha s e ki na s e-a s s oci a ted protei n 1
Seques tos ome-1
Arf-GAP wi th SH3 doma i n, ANK repea t a nd PH doma i n-conta i ni ng protei n 2
Peroxi redoxi n-1
14-3-3 protei n eps i l on
Di hydrol i poyl l ys i ne-res i due s ucci nyl tra ns fera s e component of 2OG dehydrogena s e compl ex,
3-hydroxya cyl -CoA dehydrogena s e type-2
T-compl ex protei n 1 s ubuni t beta
Fi brobl a s t growth fa ctor 11
T-compl ex protei n 1 s ubuni t theta
Revers i on-i nduci ng cys tei ne-ri ch protei n wi th Ka za l moti fs
Protei n FAM123B
Hi ppoca l ci n-l i ke protei n 1
Cycl i n-dependent ki na s e i nhi bi tor 1
Pota s s i um vol ta ge-ga ted cha nnel s ubfa mi l y KQT member 2
Ra s a s s oci a ti on doma i n-conta i ni ng protei n 4
Tes ti s -expres s ed s equence 15 protei n
Mi togen-a cti va ted protei n ki na s e 4
Proba bl e ATP-dependent RNA hel i ca s e DDX58
B-cel l receptor-a s s oci a ted protei n 31
Tra ns formi ng growth fa ctor-beta receptor-a s s oci a ted protei n 1
Bromodoma i n-conta i ni ng protei n 2
Intercel l ul a r a dhes i on mol ecul e 1
Uroporphyri nogen deca rboxyl a s e
Ca rboxypepti da s e A4
Non-POU doma i n-conta i ni ng octa mer-bi ndi ng protei n
NACHT, LRR a nd PYD doma i ns -conta i ni ng protei n 6
Nucl eos i de di phos pha te ki na s e 3
Hi s tone demethyl a s e UTY
Di s i ntegri n a nd meta l l oprotei na s e doma i n-conta i ni ng protei n 19
TANC1
DEP doma i n-conta i ni ng mTOR-i ntera cti ng protei n
ATP s yntha s e s ubuni t ga mma , mi tochondri a l
Ra b3 GTPa s e-a cti va ti ng protei n non-ca ta l yti c s ubuni t
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14645
105
86
82
75
66
56
55
53
53
50
47
46
45
44
44
42
40
36
36
36
35
34
34
34
34
33
33
33
32
32
32
32
32
32
32
30
30
30
30
30
29
29
28
28
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number
Q5M7W4
Q9R0Q2
Q8CG80
O02789
Q86W25
P51828
Q8QZV7
Q13112
Q9R0I8
Q9Z0T0
Q52LR7
A5D7U0
Q6PAL8
Q9Y543
Q9D338
P32766
A5D7M3
Q05920
Q99490
O18737
Q6AYP4
P08680
P09871
Q8BWS5
Q5RB23
Q91ZN5
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Protei n
Tra ns membra ne cha nnel -l i ke protei n 5
Leukotri ene B4 receptor 1
SH2 doma i n-contai ni ng a da pter protei n F
DNA nucl eotidyl exotra ns fera s e
NACHT, LRR a nd PYD doma i ns -contai ni ng protei n 13
Adenyl a te cycl a s e type 7
Cel l cycl e regul a tor Ma t89Bb homol og
Chroma tin a s s embl y fa ctor 1 s ubuni t B
Phos pha tidyl i nos i tol -5-phos pha te 4-ki na s e type-2 a l pha
Thi opuri ne S-methyl tra ns fera s e
Enha ncer of pol ycomb homol og 2
Cytos kel eton-a s s oci a ted protei n 2
DENN doma i n-contai ni ng protei n 5A
Tra ns cri ption fa ctor HES-2
39S ri bos oma l protei n L19
Cys tatin-8
Growth a rres t-s peci fi c protei n 8
Pyruva te ca rboxyl a s e, mi tochondri a l
Arf-GAP wi th GTPa s e, ANK repea t a nd PH doma i n-contai ni ng protei n 2
Ca l ci um-bi ndi ng a nd coi l ed-coi l doma i n-contai ni ng protei n 2
FAM164C
5-a mi nol evul i na te s yntha s e, erythroi d-s peci fi c, mi tochondri a l
Compl ement C1s s ubcomponent
G protei n-regul a ted i nducer of neuri te outgrowth 3
Tyros i ne-protei n ki na s e JAK2
Adenos i ne 3'-phos pho 5'-phos phos ul fa te tra ns porter 1

Score
28
28
27
27
27
26
26
25
25
25
25
25
25
24
24
24
23
23
23
22
22
21
21
21
21
20

Table 3-3: IP proteins from GFP-hFTO (C1 EGFP) overexpression and anti-GFP pulldown. Blue
shading: FTO; Green shading: proteins identified in several IP reactions; Red text, nuclear/nucleic
acid associated proteins; Yellow shading: ATP related proteins.
Acces s i on
number
Q9C0B1
Q8SQH5
P02722
Q3SZ18
Q6S8J3
P10759
Q5VTE0
P36957
Q6B4U9
P0C274
P32007
P14136
P07814
Q3ZCF3
Q9UBN7
Q99497
P49327
Q8NBS9
Q3V132
Q5RBA5
Q99714
Q4ZG55
Q2TA29
Q9D883
P27708
P02786
Q4R924
Q5R8R5

Protei n

Score

Al pha -ketogl utara te-dependent di oxygena s e FTO
ADP/ATP tra ns l oca s e 2
ADP/ATP tra ns l oca s e 1
Hypoxa nthi ne-gua ni ne phos phori bos yl tra ns fera s e
POTE a nkyri n doma i n fa mi l y member F
AMP dea mi na s e 1
Putative el onga tion fa ctor 1-a l pha -l i ke 3
Di hydrol i poyl l ys i ne-res i due s ucci nyl tra ns fera s e component of 2OG dehydrogena s e compl ex
Peroxi redoxi n-1
Ubi qui tin
ADP/ATP tra ns l oca s e 3
Gl i a l fi bri l l a ry a ci di c protei n
Bi functiona l a mi noa cyl -tRNA s ynthetas e
S-pha s e ki na s e-a s s oci a ted protei n 1
Hi s tone dea cetyl a s e 6
Protei n DJ-1
Fa tty a ci d s yntha s e
Thi oredoxi n doma i n-contai ni ng protei n 5
ADP/ATP tra ns l oca s e 4
Seques tos ome-1
3-hydroxya cyl -CoA dehydrogena s e type-2
GREB1
Ra s -rel a ted protei n Ra b-11A
Spl i ci ng fa ctor U2AF 35 kDa s ubuni t
CAD protei n
Tra ns ferri n receptor protei n 1
S-a denos yl methi oni ne s yntha s e i s oform type-2
Gl utathi one S-tra ns fera s e P

13708
114
112
102
101
94
82
81
77
75
70
68
64
63
63
61
59
57
57
56
55
55
55
53
53
53
50
48
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Acces s i on
number
Q5THK1
Q9BGI2
Q3T0D7
Q5E9A3
P70670
A1A5D9
P56524
P22102
Q8TER0
P04574
Q9BSJ1
B3VSB7
Q5R7H5
Q5E9Z8
Q5EAD2
P15246
Q6Q899
Q14410
P31662
Q9D0F6
Q80T14
Q9D2L9
Q63624
Q5VZ89
Q6P8K8
Q9P2N4
Q96K78
P16125
Q96GE4
O35298
Q06194
Q9H8Y5
Q8VIK3
Q5E983
P26378
Q8TEM1
Q9D9J8
P48500
Q08DP3
Q8VEG4
P07522
Q05921
P97372
A2AAE1
Q14692
Q008S8
Q5E971
Q5RCF3
P43116
Q9NYB0
Q866F4
A2A9I7
P10166
Q61001
Q3T0J3
P47863
P25119

Cellular Studies of FTO
Protei n
Peroxi redoxi n-4
GTP-bi ndi ng protei n SAR1a
Pol y(rC)-bi ndi ng protei n 1
Na s cent pol ypepti de-a s s oci a ted compl ex s ubuni t a l pha , mus cl e-s peci fi c form
GAP wi th SH3 doma i n, ANK repea t a nd PH doma i n-conta i ni ng protei n 2
Bi ca uda l D-rel a ted protei n 2
Hi s tone dea cetyl a s e 4
Tri functi ona l puri ne bi os yntheti c protei n a denos i ne-3
Sus hi , ni dogen a nd EGF-l i ke doma i n-conta i ni ng protei n 1
Ca l pa i n s ma l l s ubuni t 1
SPRY doma i n-conta i ni ng protei n 5
Hi ppoca l ci n-l i ke protei n 1
DDB1- a nd CUL4-a s s oci a ted fa ctor 11
U6 s nRNA-a s s oci a ted Sm-l i ke protei n LSm1
D-3-phos phogl ycera te dehydrogena s e
Protei n-L-i s oa s pa rta te(D-a s pa rta te) O-methyl tra ns fera s e
Proba bl e ATP-dependent RNA hel i ca s e DDX58
Gl ycerol ki na s e 2
Orpha n s odi um- a nd chl ori de-dependent neurotra ns mi tter tra ns porter NTT4
Repl i ca ti on fa ctor C s ubuni t 5
Extra cel l ul a r ma tri x protei n FRAS1
Protei n FAM111A
Spl i ci ng fa ctor, a rgi ni ne/s eri ne-ri ch 19
DENN doma i n-conta i ni ng protei n 4C
Ca rboxypepti da s e A4
Di s i ntegri n a nd meta l l oprotei na s e wi th thrombos pondi n moti fs 9
Proba bl e G-protei n coupl ed receptor 128
L-l a cta te dehydrogena s e B cha i n
Coi l ed-coi l doma i n-conta i ni ng protei n 45
Acyl oxya cyl hydrol a s e
Coa gul a ti on fa ctor VIII
Ankyri n repea t a nd zi nc fi nger doma i n-conta i ni ng protei n 1
Hi s tone H1oo
El onga ti on fa ctor 1-beta ; Short=EF-1-beta
ELAV-l i ke protei n 4
Nucl ea r pore membra ne gl ycoprotei n 210
Short pa l a te, l ung a nd na s a l epi thel i um ca rci noma -a s s oci a ted protei n 3 homol ogue
Tri os ephos pha te i s omera s e
RELT-l i ke protei n 1
Exonucl ea s e 3'-5' doma i n-conta i ni ng protei n 2
Pro-epi derma l growth fa ctor
2-5A-dependent ri bonucl ea s e
Protea s ome a cti va tor compl ex s ubuni t 2
Fra gi l e s i te-a s s oci a ted protei n homol ogue
Ri bos ome bi ogenes i s protei n BMS1 homol ogue
Epi thel i a l cel l -tra ns formi ng s equence 2 oncogene-l i ke
Tra ns membra ne emp24 doma i n-conta i ni ng protei n 10
Cul l i n-2
Pros ta gl a ndi n E2 receptor EP2 s ubtype
Tel omeri c repea t-bi ndi ng fa ctor 2-i ntera cti ng protei n 1
Adenyl a te cycl a s e type 10
Doubl es ex- a nd ma b-3-rel a ted tra ns cri pti on fa ctor B1
Protei n L-Myc-1
La mi ni n s ubuni t a l pha -5
39S ri bos oma l protei n L16, mi tochondri a l
Aqua pori n-4
Tumor necros i s fa ctor receptor s uperfa mi l y member 1B

Score
48
45
43
42
42
41
38
37
36
35
35
35
34
34
33
33
33
32
32
32
32
32
32
32
31
31
31
30
29
29
29
29
29
28
28
28
27
27
27
27
26
26
26
25
25
25
25
25
24
24
24
24
23
23
23
22
21

Table 3-4: IP proteins from hFTO-GFP (N1 EGFP) overexpression and anti-GFP pulldown. Blue
shading: FTO; Green shading: proteins identified in several IP reactions; Red text, nuclear/nucleic
acid associated proteins; Yellow shading: ATP related proteins.
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Some of the proteins identified from the MASCOT search of the UniProt database are
likely false positives. To attempt to estimate the proportion of the proteins identified
that are likely falsely present, a further MASCOT search can be run using the same
search parameters as for the original search, but this time searching against a “decoy”
database. This database contains randomised protein sequences, in which it is expected
that no true matches will be identified. Any matches identified from the decoy database
are therefore false positives, giving a good estimate of the false positives also identified
in the target database. This methodology has been applied previously as a method for
increasing the stringency of reported database searches317. Decoy searches for the GFP
IP samples (Table 3-5) suggest that, using the identity threshold, ~3 % of the protein
hits identified by the MASCOT search are in fact false positives, although this
proportion is increased when using the more broad criteria of homology.
Peptide match %

EGFP-hFTO hFTO-EGFP GFP-NLS

Above identity
threshold

2.83%

2.36%

3.31%

Above identity or
homology threshold

7.69%

7.27%

9.73%

Table 3-5: Percentage identification rate for MASCOT decoy search analysis of IP samples for
hFTO-GFP.

Tables 3-4 and 3-5 show that in both anti-GFP reactions FTO has the highest protein
score, therefore the IP reactions have been successful in immunoprecipitating FTO from
the cell lysates. Although a number of potentially interacting proteins were found by
this analysis method, to confirm that these results are true it is beneficial to verify the
identification of these immunoprecipitated proteins using a complementary IP approach
with a different tag. If the same interacting proteins are identified with both tags, it is
more likely that a true interaction has been identified.

3.9.2 Anti-FLAG immunoprecipitation
Complementary IP reactions were carried out with 3xFLAG-hFTO. As a control, cells
were transfected with the empty 3xFLAG-CMV10 vector. FLAG-hFTO is well
produced, with a good quantity binding to the beads (Figure 3-37). Other than the band
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corresponding to the light chain of the anti-FLAG antibody, no further bands were
visible on a western blot of protein samples from these cells (Figure 3-37) likely
because the 3xFLAG peptide is too small (23 residues, ~3 kDa) to be properly produced
by the cells, or visualised on the SDS-PAGE gel used.

Figure 3-37: Western blot testing expression and immunoprecipitation of 3xFLAG and 3xFLAGhFTO constructs. 2 x 108 cells transfected with either empty 3xFLAG vector or 3xFLAG-hFTO,
and immunoprecipitated using anti-FLAG beads. 1 μl each sample loaded. Inp: IP input; Ins:
Insoluble fraction; F: Bead flow through; B: Beads. 1 min exposure.

The IP samples were analysed on a NuPAGE gel (Figure 3-38), with a large band at the
expected mass of FLAG-hFTO confirming that the IP was successful. The gel lanes
were excised and divided into 20 pieces, and analysed by trypsinolysis and LC/MS/MS.
The proteins likely interacting with hFTO are listed in Table 3.6.

Figure 3-38: 4-12 % NuPAGE gel stained with Colloidal Coomassie. 2 x 108 cells transfected with
either empty 3xFLAG vector or 3xFLAG-hFTO, and immunoprecipitated using anti-FLAG beads.
Proteins eluted from beads using SDS-PAGE loading buffer, 35 μl each sample loaded per lane.
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Acces s i on
number

Protei n

Score

Q9C0B1

Al pha -ketogl utara te-dependent di oxygena s e FTO

6957

P36957

Di hydrol i poyl l ys i ne-res i due s ucci nyl tra ns fera s e component of 2OG dehydrogena s e compl ex

103

P04075

Fructos e-bi s phos pha te a l dol a s e A

76

P05109

Protei n S100-A8

48

O95980

Revers i on-i nduci ng cys tei ne-ri ch protei n wi th Ka za l motifs

46

Q13501

Seques tos ome-1

42

P08195

4F2 cel l -s urfa ce a ntigen hea vy cha i n

40

P06702

Protei n S100-A9

40

Q9H2L5

Ra s a s s oci a tion doma i n-contai ni ng protei n 4

38

Q7L0J3

Syna ptic ves i cl e gl ycoprotei n 2A

37

P98160

Ba s ement membra ne-s peci fi c hepa ra n s ul fa te proteogl yca n core protei n

37

Q96R06

Sperm-a s s oci a ted a ntigen 5

36

Q9H2J7

Orpha n s odi um- a nd chl ori de-dependent neurotra ns mi tter tra ns porter NTT73

36

Q8TER0

Sus hi , ni dogen a nd EGF-l i ke doma i n-contai ni ng protei n 1

35

Q0ZLH3

Pejva ki n

34

Q8N8J0

Putative phos pha tidyl i nos i tol 4-ki na s e a l pha -l i ke protei n P1

34

Q13103

Secreted phos phoprotei n 24

34

O43909

Exos tos i n-l i ke 3

34

Q6P158

Putative ATP-dependent RNA hel i ca s e DHX57

33

Q14CB8

Rho GTPa s e-a ctiva ting protei n 19

33

Q13243

Seri ne/a rgi ni ne-ri ch s pl i ci ng fa ctor 5

33

P0C0S5

Hi s tone H2A.Z

33

P0C0S8

Hi s tone H2A type 1

33

Q96L34

MAP/mi crotubul e a ffi ni ty-regul a ting ki na s e 4

32

Q6ZP82

Coi l ed-coi l doma i n-contai ni ng protei n 141

32

P33981

Dua l s peci fi ci ty protei n ki na s e TTK

31

Q5THJ4

Va cuol a r protei n s orting-a s s oci a ted protei n 13D

31

Q9HDC9

Adi pocyte pl a s ma membra ne-a s s oci a ted protei n

31

Q8TAF3

WD repea t-contai ni ng protei n 48
La mi ni n s ubuni t beta-4

31
31

A4D0S4
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Acces s i on
number

Protei n

Score

Q9BTC0

Dea th-i nducer obl i tera tor 1

30

P35556

Fi bri l l i n-2

29

Q9NXN4

Ga ngl i os i de-i nduced di fferenti a ti on-a s s oci a ted protei n 2

29

Q8NFR7

Coi l ed-coi l doma i n-conta i ni ng protei n 148

29

Q9BXU1

Seri ne/threoni ne-protei n ki na s e 31

28

Q96MZ4

Uncha ra cteri zed protei n C4orf39

28

Q99665

Interl euki n-12 receptor s ubuni t beta -2

28

Q13470

Non-receptor tyros i ne-protei n ki na s e TNK1

27

Q8WXS8

A di s i ntegri n a nd meta l l oprotei na s e wi th thrombos pondi n moti fs 14

27

P49796

Regul a tor of G-protei n s i gna l i ng 3

27

Q5JU85

IQ moti f a nd SEC7 doma i n-conta i ni ng protei n 2

27

Q8WWQ8

Sta bi l i n-2

27

Q14690

Protei n RRP5 homol og

27

Q8NDB2

B-cel l s ca ffol d protei n wi th a nkyri n repea ts

27

Q7Z408

CUB a nd s us hi doma i n-conta i ni ng protei n 2

26

O14980

Exporti n-1

26

Q5T8P6

RNA-bi ndi ng protei n 26

26

Q7Z698

Sprouty-rel a ted, EVH1 doma i n-conta i ni ng protei n 2

26

Q7Z418

Pota s s i um cha nnel s ubfa mi l y K member 18

26

P54760

Ephri n type-B receptor 4

26

P59510

A di s i ntegri n a nd meta l l oprotei na s e wi th thrombos pondi n moti fs 20

25

Q8NCL4

Pol ypepti de N-a cetyl ga l a ctos a mi nyl tra ns fera s e 6

25

Q9NZR2

Low-dens i ty l i poprotei n receptor-rel a ted protei n 1B

25

O94903

Prol i ne s yntha s e co-tra ns cri bed ba cteri a l homol og protei n

25

P21709

Ephri n type-A receptor 1

25

Q7Z402

Tra ns membra ne cha nnel -l i ke protei n 7

25

P62979

Ubi qui ti n-40S ri bos oma l protei n S27a

25

P37059

Es tra di ol 17-beta -dehydrogena s e 2

24

Q15075

Ea rl y endos ome a nti gen 1

24

Q6IQ23

Pl ecks tri n homol ogy doma i n-conta i ni ng fa mi l y A member 7

23

P52594

Arf-GAP doma i n a nd FG repea ts -conta i ni ng protei n 1

23

Q6UWR7

Ectonucl eoti de pyrophos pha ta s e/phos phodi es tera s e fa mi l y member 6

23

Q96S15

WD repea t-conta i ni ng protei n 24

23

P52948

Nucl ea r pore compl ex protei n Nup98-Nup96

23

O00451

GDNF fa mi l y receptor a l pha -2

23

Q6P3S6

F-box onl y protei n 42

23

Q5SYB0

FERM a nd PDZ doma i n-conta i ni ng protei n 1

23

P11498

Pyruva te ca rboxyl a s e, mi tochondri a l

23

Q9BRC7

1-phos pha ti dyl i nos i tol -4,5-bi s phos pha te phos phodi es tera s e del ta -4

23

Q6T4P5

Li pi d phos pha te phos pha ta s e-rel a ted protei n type 3

23

Q9UKT7

F-box/LRR-repea t protei n 3

22

A6NDE4

RNA-bi ndi ng moti f protei n, Y chromos ome, fa mi l y 1 member B

22

Q15378

Puta ti ve RNA-bi ndi ng moti f protei n, Y chromos ome, fa mi l y 1 member H

22

Q14186

Tra ns cri pti on fa ctor Dp-11;

22

Q6ZRI8

Rho GTPa s e-a cti va ti ng protei n 36

21

Q9NTZ6

RNA-bi ndi ng protei n 12

21

Q04837

Si ngl e-s tra nded DNA-bi ndi ng protei n, mi tochondri a l
Protei n KIAA1199

20
20

Q8WUJ3

Table 3-6: IP proteins from FLAG-hFTO overexpression and anti-FLAG pulldown. Blue shading:
FTO; Green shading: proteins identified in several IP reactions; Red text, nuclear/nucleic acid
associated proteins.
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3.9.3 Comparison of immunoprecipitation results
Table 3-7 shows a comparison between proteins pulled down in both GFP and FLAG
hFTO IP reactions. Only 6 proteins were identified in both IP reactions sets, but not in
either of the control reactions. There is therefore little crossover between different IP
method results, with few common families or links between the proteins identified, and
no obvious hits. Additionally many of the identified proteins have low scores, and are
not found in the nucleus, where FTO is known to be localised.
Protein

GFP-hFTO

Dihydrolipoyllysine-residue succinyltransferase component of
2-oxoglutarate dehydrogenase complex, mitochondrial
Reversion-inducing cysteine-rich protein with Kazal motifs
Sequestosome-1
Ras association domain-containing protein 4
Ubiquitin-40S ribosomal protein S27a
Pyruvate carboxylase, mitochondrial

Score
hFTO-GFP FLAG-hFTO

42

81

103

35
46
33
n/a
23

n/a
56
n/a
75
n/a

46
42
38
24
23

Table 3-7: Proteins identified in both GFP and FLAG hFTO IP products.

The mass spectra of samples corresponding to FTO were also studied using MASCOT
to determine whether any modifications to the FTO proteins themselves are observed.
Possible phosphorylation sites were observed on tryptic peptides through the FTO
sequence. No hydroxylation or SUMOylation of sequences was observed. It is likely
that FTO is ubiquitinated, as ubiquitin is a consistent hit in the pull downs (Table 3-7),
and a further hit found in each of the FTO IP products is sequestosome (also known as
p62), which is a ubiquitin binding protein318. However using these data it is not possible
to identify any possible sites of ubiquitination as the iodoacetamide used for
methylation of cysteine residues has been found to be incompatible with this analysis319.
In support of the ubiquitin interaction a previous study has also identified that hFTO is
rapidly degraded in vivo by the ubiquitin-proteasome pathway305.
An antibody was available for the highest scoring of the potential hits from proteomic
analysis, the dihydrolipoyllysine-residue succinyltransferase component of the 2OG
dehydrogenase complex (DLST)320. The 2OG dehydrogenase complex has multiple
copies of three enzymatic components (oxoglutarate dehydrogenase (OGDH), DLST
and dihydrolipoyl dehydrogenase (DLD))321 and catalyses the overall conversion of
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2OG to succinyl-CoA and CO2, as part of the citric acid cycle322. DLST is therefore a
mitochondrial protein, but has a link to the turnover of 2OG, one of the co-substrates of
the FTO reaction.
To try to verify the presence of DLST in proteins immunoprecipitated from the hFTO or
control samples a western blot was carried out (Figure 3-39), using the suggested
antibody dilution range. The expected mass of DLST is 48.8 kDa, however on the blot
using a dilution of 1 in 500 very faint bands can be observed at ~60, 55 and 35 kDa. The
detection of multiple bands suggests that the antibody is non-specifically detecting
different species in the IP samples. Unfortunately no positive control was available
which was known to contain a significant quantity of DLST to determine whether
detection using this antibody is successful.

Figure 3-39: Attempt to detect DLST in immunoprecipitation samples. 5 μl IP samples run, and
western blots probed with indicated dilutions of α-DLST primary antibody. 1 hour exposure.

3.10 IP and proteomic attempts in mouse muscle tissue
The ultimate goal of this work is analysis of cellular interaction partners of FTO using
tissue samples from mice with different genetic backgrounds. This could give valuable
whole-organism information about the interactions, and consequently about the role of
FTO in mammalian obesity. In contrast to using the more artificial environment of
culture of cancer cell lines, which can often have significantly different gene expression
and developmental characteristics from more “normal” cells, mouse tissues would
contain proteins at their normal endogenous levels. However, these experiments are
significantly more challenging than the work previously discussed here. In addition to
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the vastly increased time and cost of looking after mice, and the ethical considerations
of using animal tissues, the quantity of tissue available particularly for the necessary
extensive optimisation is very limited when compared to cell culture. Furthermore,
interpretation of proteomic results from some tissues can also be complicated as each
cell type produces different proteins to different extents, for example muscle cells
contain large amounts of actin and myosin323, adipose tissue contains high levels of
lipids, and nervous system tissues contain significant quantities of synaptic proteins.
Despite the challenges of this approach, the decision was taken to attempt
immunoprecipitations of FTO from mouse tissues based on the previously established
conditions, to determine the feasibility of such an approach. These experiments were
carried out at MRC Harwell, with the assistance of Dr Chris Church.

3.10.1 IP from I367F mouse tissues
As discussed in Chapter 2, a mouse with an I367F substitution in the FTO sequence was
identified and studied, with mouse lines homozygous and heterozygous for the mutation
developed. In addition to the phenotypic and in vitro analyses242, initial
immunoprecipitation reactions were carried out by Dr Chris Church. Due to the ease of
protein extraction from brain tissues, these were used for IP analyses.
Whole cell lysate of brain tissue from WT and homozygous I367F mice was
immunoprecipitated using the Eurogentec anti-mFTO antibody. Despite the problems
previously encountered when attempting IP of hFTO with the Eurogentec antibody,
mFTO appears to be bound slightly more efficiently by the antibody than hFTO (Dr
Chris Church, unpublished observations). These samples were processed alongside a
control negative IP reaction, using lysate from tissue from a wildtype mouse.
Trypsinolysis and MS analysis of the samples was carried out in the same manner as
described previously, with the assistance of Dr Rosario Romero (MRC Harwell).
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Accession
Protein
Score
number
Q8BNF8 Vcp Transitional endoplasmic reticulum ATPase
243
Q04447 Ckb Creatine kinase B-type
137
Ppp2r1a Serine/threonine-protein phosphatase 2A 65 kDa regulatory subunit A
Q76MZ3
87
alpha isoform
Ppp3ca Isoform 1 of Serine/threonine-protein phosphatase 2B catalytic subunit
P63328
78
alpha isoform1
Q80TL0 Ppm1e Protein phosphatase 1E
75
Q8BGW1 Fto
74
P46460 Nsf Vesicle-fusing ATPase
52
P11984 Tcp1 T-complex protein 1 subunit alpha A
51

Table 3-8: IP proteins from brain tissue lysate of wildtype mouse. Bold text: serine-threonine
phosphatases, Yellow shading: ATP related proteins; Blue shading: FTO.
Accession
number
Q9Z1G4
Q8BGW1
P62141
P62631
P63328
Q9D6P8
Q99JX4
O88543
P06240
Q76MZ3
Q9WUA3
Q91ZX7
Q99L43
P56480
Q8K0T0
Q6P5H2
P13595
P80318
O54865
P35802
Q8BXR1
Q9JJ59
Q7TMB8

Protein

Score

Atp6v0a1 Isoform A1-II of V-type proton ATPase 116 kDa subunit a isoform 1
Fto
Ppp1cb Serine/threonine-protein phosphatase PP1-beta catalytic subunit
Eef1a2 Elongation factor 1-alpha 2
Ppp3ca Isoform 1 of Serine/threonine-protein phosphatase 2B catalytic subunit
alpha isoform
Calml3 Calmodulin-like protein 3
Eif3m Eukaryotic translation initiation factor 3
Cops3 COP9 signalosome complex subunit 3
Lck Proto-oncogene tyrosine-protein kinase
Ppp2r1a Serine/threonine-protein phosphatase 2A 65 kDa regulatory subunit A
alpha isoform
Pfkp Isoform 1 of 6-phosphofructokinase type C
Lrp1 Prolow-density lipoprotein receptor-related protein 1
Cds2 Phosphatidate cytidylyltransferase 2
Atp5b ATP synthase subunit beta, mitochondrial
Rtn1 Reticulon-1
Nes Isoform 1 of Nestin
Ncam1 Isoform 1 of Neural cell adhesion molecule 1
Cct3 T-complex protein 1 subunit gamma
Gucy1b3 Guanylate cyclase soluble subunit beta-1
Gpm6a Neuronal membrane glycoprotein M6-a
Slc7a14 Probable cationic amino acid transporter
Abcb9 Isoform 1 of ATP-binding cassette sub-family B member 9
Cyfip1 Isoform 2 of Cytoplasmic FMR1-interacting protein 1

462
128
74
74
70
68
64
62
60
57
54
51
49
48
43
43
42
41
41
41
40
40
40

Table 3-9: IP proteins from brain tissue lysate of homozygous I367F mouse. Bold text: serinethreonine phosphatases, Yellow shading: ATP related proteins; Blue shading: FTO.

Proteins identified in the negative IP reaction were deleted from the lists of proteins
considered, and for analysis a score cut off of 40 was selected to remove proteins
identified with low probability. FTO is identified in both of the positive IP samples, but
unfortunately no significant overlap is observed with results from previous IP reactions
for tagged species in cultured cells. Proteins identified in both positive IP samples
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include serine-threonine proteases, and ATPase/ATP related proteins. Significantly
more unique proteins were identified for the IP from I367F mice, however none of these
appear to be related to the metabolic profile observed for these mice (Section 2.10)242,
and low scores are obtained for many of the proteins, suggesting a low likelihood that
these are true hits.

3.10.2 FTO overexpression model
A further line of investigation at MRC Harwell was development of mouse models
overexpressing FTO, to produce mice with either one additional (three copies of mFTO
in total, FTO3) or two additional (four copies of mFTO in total, FTO4) copies of the
FTO gene. Mice with four copies of the FTO gene have increased fat mass, due to
increased food intake243. Additionally, mice overexpressing FTO have reduced glucose
tolerance and altered plasma biochemistry, with elevated levels of fatty acids, and
reduced liver function243. A mouse knockout model was also available (Dr Chris
Church, MRC Harwell, unpublished), allowing comparison to samples with no mFTO
expression.
To gain information about FTO across the spectrum of FTO production levels, a
comparison was made between mice with zero, two or four copies of the FTO gene.
Previous analysis of mFTO mRNA expression in tissues of the different mouse models
suggested that skeletal muscle showed the greatest elevation of mFTO in the FTO4
mice243, therefore this tissue was studied here, to maximise the mFTO quantity present.
A further complexity when working with tissue samples is the requirement for
optimisation of lysis conditions for each tissue type. For this work an extraction method
previously optimised by Dr Chris Church for extraction from skeletal muscle with the
CelLytic™ NuCLEAR™ Extraction Kit (Sigma Aldrich) was used. Nuclear protein
extracted from 100 mg skeletal muscle was used as the input for each IP reaction.
Anti-mFTO IP reactions were carried out using the Eurogentec antibody, in the same
manner as for previous anti-FTO IPs, but this time using magnetic Protein G
Dynabeads, which were added to the lysate/antibody mixture.
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Alongside a negative IP reaction on lysate from tissue from a wildtype mouse, the IP
reaction carried out on cell lysate from FTO knockout mice was a further control. As no
FTO is present, any interactions of the anti-FTO antibody with other proteins in solution
will be non-specific, so immunoprecipitated proteins are likely false positives.

Figure 3-40: (A) Western blot showing level of FTO expression in different mouse models, (B)
Western blot of immunoprecipitated protein samples, (C) IP products visualised by SDS-PAGE
and stained using Colloidal Coomassie. 1 min exposures. k/o: mFTO knockout.

A western blot of the nuclear lysates of muscle samples from the different mouse
models suggests that, despite the known overexpression of mFTO in mice with four
copies of the FTO gene, the level of mFTO present in the nuclear extract does not
appear to contain greatly elevated FTO (Figure 3-40A), although this could be due to
unequal gel lanes loading. Additionally, a further band at ~40 kDa is visible in each lane
of the blot, which could be due to non-specific detection of a different protein present in
the nuclear lysate. Analysis of the immunoprecipitated samples by western blot shows
that a small quantity of mFTO has been immunoprecipitated in this reaction, with an
increased quantity of mFTO present in the FTO4 overexpression IP sample.
Unfortunately however, the quantity of mFTO in the IP samples is quite low, as mFTO
is not visible on the Colloidal Coomassie stained SDS-PAGE gel (Figure 3-40C).
In addition to the intense antibody bands present on the gel at ~50 kDa and ~25 kDa
(Figure 3-40C), several additional bands are visible. Unexpectedly, significantly more
bands are present in the mFTO knockout IP lane than in the other lanes. All bands
present in the positive reaction lanes (WT mFTO and mFTO4) are also present in at
- 137 -

Chapter 3

Cellular Studies of FTO

least one of the control lanes. In particular, the band at ~200 kDa is particularly intense
in the mFTO deletion IP sample. Although proteins present at lower concentrations than
are visible on stained gels can be observed by mass spectrometry, the presence of other
proteins present at high, detectable levels when mFTO is not detectable suggests that
this IP reaction has not been particularly successful, due to the non-specific detection of
many other proteins. Therefore these samples were not further analysed by
trypsinolysis. Overall it appears that IP of FTO from mouse tissues should be
successful, but for effective IP reactions from cells a more efficient anti-FTO antibody
is necessary.

3.11 Discussion
This chapter has described the production of a range of constructs, including point
mutants and truncated constructs expressing individual protein domains, enabling cell
based analyses of FTO. The majority of the constructs containing the N-terminal NLS
sequence are predominantly targeted to the nucleus, the location of native FTO protein,
although proteins with amino acid substitutions or truncations were transfected less
efficiently than their wildtype counterparts.
Several literature methods were attempted to optimise nuclear extraction from cells
overexpressing FTO, although extracts corresponding to the nuclear portion were
difficult to obtain, and were not appropriate for successful IP reactions. IP protocols
were tested and developed to enable investigations of the protein species with which the
FTO protein interacts in cells.
Large scale IP reactions were carried out for FTO tagged with GFP at either the N- or
C- terminus, or with an N-terminal 3xFLAG tag, using antibodies directed to the fusion
tags, allowing proteomic analysis of the proteins interacting with FTO in cells.
Although a large number of proteins were identified in the samples corresponding to
binding to FTO, the scores obtained for the majority of these proteins were significantly
lower than those for the target protein, often by orders of magnitude. Although, to
enable analysis, FTO was greatly overexpressed in cells, whereas any interacting
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species would be present at the normal endogenous level, it would be expected that any
true interacting species would be enriched in the IP sample. A shortlist of proteins
identified in multiple IP reactions was compiled, as proteins identified independently
are less likely to interact non-specifically with the tag. Interaction with the top hit, the
dihydrolipoyllysine-residue succinyltransferase component of the 2OG dehydrogenase
complex was investigated, but this protein could not be identified in IP samples by
western blot. However, as the normal location of this protein in the mitochondria, it is
unclear how it may interact with FTO, an exclusively nuclear protein.
IP studies were also attempted for lysates obtained from FTO mouse model tissues, but
unfortunately these did not yield similar proteins to those for tissue culture samples, and
again difficulties were encountered with use of the FTO antibody in IP reactions.
As no clear protein hits were identified by these analyses, it is likely that FTO may not
interact with other proteins in vivo, and may interact alone with its DNA or RNA
substrates, acting via either a repair or a regulatory mechanism.
These initial studies have initiated cell based analyses of FTO to study its interactions
with other cellular species, and thus to understand more about the nature of its potential
roles in obesity, weight control, metabolism and the DNA damage response.
Unfortunately the lack of a high-quality IP grade antibody precluded more detailed
analysis of endogenous protein, or ChIP analysis. Therefore future studies should be
directed towards development of more robust anti-FTO antibodies, and generation of
mammalian cell lines stably expressing tagged FTO, work which is currently in
progress.
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Chapter 4 – In vitro and Cell-Based Studies of ABH Proteins
4.1 Introduction
Although ABH2 and ABH3 have been well studied (see Chapter 5), and the function of
ABH8 has recently been elucidated, little is known about the roles of the remaining
ABH family members. Additionally, the wider in-cell roles of the proteins are poorly
understood. Learning more about the regulation and recruitment of the ABHs, and any
other species in cells with which they may interact, is likely to assist with assigning a
function for the proteins of currently unknown function.
ABH1 was the first human analogue of AlkB to be identified162, and phylogenetic
analysis suggests that of the nine currently identified AlkB homologues this has the
highest similarity to AlkB in its catalytic domain164. Despite several groups being
unable to observe any activity for ABH1 with ABH2/3 substrates163,167, demethylation
of 3meC, and inefficient 1meA demethylation, has been reported for ABH1210, in
addition to possible DNA lyase activity211. ABH1 was determined to localise in the
mitochondria210, possibly via an N-terminal targeting motif, although ABH1 is not
identified in the “Mitocarta”, a summary of all likely human mitochondrial proteins,
determined by immunofluorescence and proteomics324. To attempt to summarise the
current understanding of ABH1 in the literature, Table 4-1 contains information from
each of the papers published to date describing the in vitro activity of ABH1 The table
includes a short summary of the results of the papers, the methodologies used, and a
brief discussion of the quality and relevance of the results obtained.
No clear-cut conclusions as to the role of ABH1 can be drawn from the two ABH1
mouse knockout studies206-207, however one of these studies found an interaction with
the histone deacetylase associating protein Mrj, suggesting a possible epigenetic role
through histone modification206. Therefore further studies are required to more fully
understand the function of ABH1.
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Construct used

Assay summary

Assay conditions

Subcellular localisation

Col oni es of Al kB defi ci ent E. coli
Tra ns fecti on of ABH1 i nto MMS-trea ted
tra ns formed wi th ABH1 counted, a fter
Al kB knockout E. coli s tra i n ca us es
growth on pl a tes conta i ni ng 0-0.05%
s l i ght i ncrea s e i n s urvi va l .
MMS.

Wei et al., 1996

Ini ti a l
N -termi na l Hi s des cri pti on of
No i nducti on of ABH1 i n MMS-trea ted
ta g (pQE-9)
ABH1 gene
huma n s ki n fi brobl a s ts (a l though
obs erved wi th Al kB) pos s i bl y
s ugges ti ng a di fferent regul a ti on
mecha ni s m for ABH1.

Duncan et al.,
2002

Identi fi ca ti on
of
demethyl a ti on N -termi na l Hi s of 1meA a nd
ta g (pET-15b)
3meC i n DNA by
Recombi na nt ABH1 does not rel ea s e
ABH2 a nd ABH3
ra di oa cti vi ty from 14C MeI trea ted
pol y(A) or pol y(C) ol i gonucl eoti des ,
a l though rel ea s e s een for Al kB, ABH2
a nd ABH3.

N -termi na l Hi s Identi fi ca ti on
ta g (pET-28a )
of
demethyl a ti on
Aas et al., 2003
Unta gged, l ow
of 1meA a nd
3meC i n RNA by copy-number
pJB658 tol ui c
Al kB a nd ABH3
a ci d i nduci bl e
vector

Mishina et al.,
2004

Tsujikawa
et al., 2007

Westbye
et al., 2008

DNA/protei n
cros s l i nki ng
s tudi es us i ng
a cti ve s i te
cytos i ne
muta nts

No rel ea s e of ra di oa cti vi ty from 3H
methyl a ted s s or ds DNA or s s RNA by
recombi na nt ABH1, a l though a cti vi ty
obs erved for Al kB, ABH2 a nd ABH3.

0.1 μg DNA/RNA, 30 mi n, 37 °C. EtOH
preci pi ta ti on, moni tored by
s ci nti l l a ti on counti ng.

Expres s i on of ABH1 i n Al kB defi ci ent
E.coli does not rea cti va te methyl a ted
DNA or RNA pha ges .

pJB658-ABH1 tra ns formed i nto Al kB
defi ci ent E. coli , a nd expres s i on
i nduced for 3 h a t 37 °C. Trea ted wi th
MMS-methyl a ted pha ge a nd col oni es
counted.

RT-PCR us i ng s peci fi c pri mers .

μM 2OG, 4 mM a s corba te/DTT. 20-60
mi n,
37 °C. Subs tra tes di ges ted to
nucl eos i des a nd moni tored by
LC/MS/MS.

n/a

Tra ns fecti on us i ng FuGENE 6, then
fi xa ti on, mounti ng a nd di rect
vi s ua l i s a ti on of YFP fl uores cence.
n/a

Puri fi ed ABH1 bi nds unmodi fi ed a nd
methyl a ted DNA a nd RNA.

Muller et al.,
2009

i ncorpora ti ng O4-tri a zol yl -dU. 10 μM
H231C ABH1 i n 10 mM Tri s HCl pH 7.34,
100 mM Na Cl , i ncuba ted wi th
ol i gonucl eoti de a t 4 °C. Moni tored by
gel el ectrophores i s .

2OG turnover: 100 μM 2OG (10% 1-[ 14C]),
ABH1 ca ta l ys ed deca rboxyl a ti on of 2OG,
80 μM Fe(NH 4) 2(SO4) 2, 4 mM a s corba te,
a cti vi ty reduced for protei ns conta i ni ng
0.5 mg/ml ca ta l a s e, 50 mM tri s HCl pH
poi nt muta ti ons of Fe/2OG bi ndi ng
7.0. 1 h, 37 C. 50% TFA quench. 14CO2
N -termi na l Hi s - res i dues .
moni tored by s ci nti l l a ti on counti ng.
ta g (pET-28a ) poor yi el d,
[3H] methyl a ted pol y(dC)/(rC) 50 mM .tri s
therefore NHCl pH 7.0, 100 μM Fe(NH 4) 2(SO4) 2, 100
termi na l Intei n
μM 2OG, 4 mM a s corba te/DTT. 20-60
ta gged ΔN3
mi n,
37 °C. EtOH s ol ubl e ma teri a l
ABH1 us ed
Low l evel s of 3meC demethyl a ti onof
i ns tea d, wi th s s DNA/RNA obs erved, a cti vi ty reduced moni tored by s ci nti l l a ti on counti ng
ta g cl ea ved
for protei ns conta i ni ng poi nt muta ti ons MMS methyl a ted pol y(dC)/(rC) 50 mM
(pTYB12)
of Fe/2OG bi ndi ng res i dues .
tri s HCl pH 7.0, 10 μM Fe(NH 4) 2(SO4) 2, 100

C -termi na l EYFP
fus i on (pEYFPN1) i n HeLa
cel l s

N -termi na l Hi s Identi fi ca ti on ta g (pET-28a for
of ABH1 a s a
E. coli
DNA l ya s e
expres s i on;
a cti ng a t a ba s i c
pAcHLTb for
s i tes
ba cul ovi rus
expres s i on)

n/a

Sta nda rd a s s a ys for Al kB, ABH2
a nd ABH3 do not s how ABH1
a cti vi ty. Unta gged ABH1
i na cti ve, s ugges ti ng tha t Hi s ta g us ed el s ewhere does not
i nterfere.

n/a

No di s cus s i on of ABH1 a cti vi ty,
but a ppea rs tha t ABH1 protei n
does not i ntera ct wi th
ABH2/ABH3 DNA s ubs tra tes .

Thi ol tethered 20mer ol i gonucl eoti de,

ABH2 a nd ABH3 protei ns cros s l i nk
s peci fi ca l l y to modi fi ed 20mer s s /ds
N -termi na l Hi s DNA ol i gonucl eoti des , but no bi ndi ng
ta g (pET-28a )
obs erved for corres pondi ng ABH1
protei n.

N -termi na l
EYFP fus i on
(pEYFP-N1) i n
HeLa cel l s

n/a

Sta nda rd a s s a ys for Al kB, ABH2
a nd ABH3 do not s how ABH1
a cti vi ty, des pi te di s cus s i on
tha t opti mi s a ti on of a s s a y
condi ti ons for ABH1 wa s
a ttempted.

Al kB defi ci ent E. coli tra ns formed wi th
pQE-9 ABH1 a nd grown wi th 100 μM IPTG
for 3 h a t 25 °C to i nduce ABH1
expres s i on. Further tra ns fected wi th
MMS-trea ted M13 s s DNA pha ge, a nd
pha ge rea cti va ti on moni tored by col ony
counti ng.
2 pmol Al kB, [14C] MeI-trea ted
pol y(A)/(C) (1200 cpm), 50 mM HEPES pH
8.0, 1 mM 2OG, 75 μM Fe(NH 4) 2(SO4) 2, 2
mM a s corba te, 50 μg/ml BSA. 15 mi n, 37
°C. 11 mM EDTA quench, EtOH s ol ubl e
ma teri a l moni tored by s ci nti l l a ti on
counti ng.

Expres s i on a nd N -termi na l GFP
s ubcel l ul a r
fus i ons
Endogenous ABH1 mRNA pres ent i n a l l
l oca l i s a ti on
(pcDNA6.2/N16 huma n ti s s ues tes ted.
s tudy of ABH EmGFP-DEST) i n
cons tructs
HeLa cel l s

Identi fi ca ti on
of ABH1 a s a
mi tochondri a l
protei n,
demethyl a ti ng
3meC i n s s DNA
a nd s s RNA

n/a

ABH1 a cti vi ty uncl ea r, a s
i ncrea s ed E. coli s urvi va l not
s i gni fi ca nt. Control s
i ns uffi ci ent to determi ne
whether s urvi va l a ttri buta bl e
to ABH1 i ts el f, or due to Hi s ta g/ tra ns fecti on proces s .

ABH1 RNA qua nti ty una ffected i n s ki n
fi brobl a s ts (CCD-965SK) trea ted wi th 00.08% MMS.

Tra ns fecti on of ABH1 i nto Al kB
knockout E. coli s tra i n conta i ni ng MMStrea ted s s DNA pha ge does not
compl ement the wi l dtype Al kB
phenotype.

Paper quality/comments

EmGFP-ABH1
expres s ed
throughout the cel l .

n/a

2OG oxygena s e a cti vi ty
i denti fi ed, wi th good control s .
3meC demethyl a ti on l ow (~4
fol d l es s tha n obs erved for
ABH3), therefore 3meC ma y not
be the true s ubs tra te. Pol y(rC)
uns ta bl e therefore hi gh
n/a
ba ckground i n a s s a y, ma ki ng
a cti vi ty uncl ea r. No i nhi bi tor
control s . Strong evi dence for
mi tochondri a l l oca l i s a ti on.
EYFP-ABH1
Una bl e to repl i ca te i n vi vo
predomi na ntl y
fi ndi ngs of Wei et a l . (E. coli
nucl ea r, wi th s ome
s urvi va l i ncrea s e), a ga i n
cytopl a s mi c s ta i ni ng. s howi ng confl i cti ng res ul ts .
Wi l dtype ABH1-EYFP
a nd C -termi na l l y
trunca ted 1-119 ABH1EYFP l oca l i s ed i n
mi tochondri a . ΔN27
ABH1-EYFP expres s ed
di ffus el y throughout
the cel l .

El ectrophoreti c mobi l i ty s hi ft a s s a ys on
1 % a ga ros e gel s ; 10 μM ABH1, 0.3 μg
l i nea ri s ed pUC18 DNA.

10 μM ABH1 wi th 0.5 μg MNNG-trea ted
MNNG methyl a ted DNA degra ded on
l i nea ri s ed pUC18 DNA; 3 h, 37 °C.
i ncuba ti on wi th ABH1 - l i kel y due to
Rea cti on i ndependent of a ddi ti on of
s ponta neous forma ti on of a ba s i c s i tes ,
a s corba te, i ron, 2OG a nd EDTA,
whi ch a re l ys ed by ABH1, wi th product
therefore not a 2OG oxygena s e a cti vi ty.
l a cki ng 3'-phos pha te . No rea cti on wi th
N -/C -termi na l ABH1 trunca ti ons
reduced a ba s i c s i te a na l ogue, a s βi ns ol ubl e, s o not s tudi ed. Acti vi ty
el i mi na ti on rea cti on i ntermedi a te not
obs erved for protei ns expres s ed from
pos s i bl e.
E. coli a nd ba cul ovi rus .

GFP fus i on a t onl y one protei n
termi nus for l oca l i s a ti on
s tudi es , s o s l i ghtl y
mi s l ea di ng.

n/a

DNA i ntera cti on i ncons i s tent
wi th Mi s hi na et a l . Uncl ea r
how the l ya s e a cti vi ty occurs
a s not due to 2OG oxygena s e,
a nd no cofa ctors or protei n
doma i ns res pons i bl e
i denti fi ed. Pos s i bl y due to
conta mi na ti ng s peci es , e.g.
DNa s e or oxi da ti ve s peci es not ful l y rul ed out i n pa per.

Table 4-1: Summary of previous studies of ABH1, including a brief description of assays, and a
comment on methodology and relevance of data obtained.
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Very little is known about ABH7 in the literature. Despite the apparent identification of
GFP-ABH7 throughout the cell209, it is possible that ABH7 may also be a mitochondrial
protein, as it is identified in the human Mitocarta324. The only study discussing in vitro
analysis of recombinant ABH7 found that murine ABH7 has no activity with ABH2/3
substrates173.
Both ABH1 and ABH7 are ubiquitously expressed in human tissues, and show the
highest expression levels of mRNA in the spleen and pancreas, and are lowest in
skeletal muscle209. As it is possible that, uniquely within the ABH family, ABH1 and
ABH7 are both mitochondrial proteins, these were here studied in parallel. Recombinant
ABH1 and ABH7 proteins were prepared, characterised, and activity studies were
initiated. Proteomic analyses were carried out to attempt to identify proteins with which
the proteins may interact in cells, to attempt to gain an insight into their functions.

4.2 Construct production
To enable recombinant protein production and expression of the proteins in mammalian
cell lines, constructs were prepared containing the ABH1 and ABH7 sequences. Initial
work on these proteins was carried out in collaboration with Alexander Drong.

Figure 4-1: SDS-PAGE gel loaded with (A) 5 μg recombinant His-tagged ABH1, (B) recombinant
ΔN14 ABH7, quantities as indicated.

A pET-28a (+) plasmid containing an ABH1 cDNA fragment cloned into the
NheI/HindIII restriction sites was provided by Dr Kirsty Hewitson. Alexander Drong
optimised a purification protocol, with greatest ABH1 production observed in
BL21 (DE3) cells incubated for 16 h at 28 °C, post induction with 0.5 mM IPTG.
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Protein yields were approximately 0.7 mg per 1 l of culture, at ~90 % purity by
SDS-PAGE (Figure 4-1A).
An expression vector for ABH7 was provided by Dr Stan Ng (Structural Genomics
Consortium, Oxford) in the form of a pNIC28-Bsa4 vector containing the ABH7 insert,
which was introduced via ligation independent cloning. The pNIC28-Bsa4 vector is
based on the pET-28a(+) vector and also contains an N-terminal His-tag. Expression
trials of the full length ABH7 showed good expression levels, but solely of insoluble
protein. Following comparison to the sequences of crystallisation constructs for
AlkB192, ABH2194 and ABH3193, each of which are N-terminally truncated, an ABH7
construct containing residues 15-221 (ΔN14 ABH7) was developed by Alexander
Drong, which comprised an analogous N-terminal truncation (Figure 4-2). This
construct gave significant soluble protein expression, and therefore is used throughout
when recombinant ABH7 protein is discussed. Optimal expression was obtained in
E. coli incubated at 37 °C for 3 h post induction with 0.5 mM IPTG, resulting in an
overall yield of 2 mg per 1 l of culture. The protein was judged to be >95 % pure by
SDS-PAGE analysis (Figure 4-1B).

Figure 4-2: Alignment of ABH7, AlkB, ABH2 and ABH3 with prediction of ABH7 secondary
structure. The secondary structure as predicted by Jpred3 is shown above the ABH7 sequence.
Light blue arrows: β-sheet; dark blue cylinders: α-helix. Amino acids deleted for AlkB192, ABH2194
and ABH3193 are highlighted in light red, with amino acids deleted for ABH7 highlighted in yellow.
Figure prepared by Alexander Drong.

Figure 4-3: 1 % Agarose gels verifying of the presence of the (A) ABH1 and (B) ABH7 inserts in
p3xFLAG CMV10 constructs.
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The full length ABH1 and ABH7 constructs were cloned into the EGFP-C1 and
EGFP-N1 constructs by Alexander Drong, allowing mammalian protein expression. The
gene sequences were subcloned into the p3xFLAG CMV10 vector from the
corresponding EGFP-C1 constructs via the EcoRI and KpnI restriction sites, allowing
production of proteins expressing the N-terminal 3xFLAG sequence (Figure 4-3).

4.3 Recombinant protein investigation summary
4.3.1 Protein characterisation
Initial characterisation of the recombinant proteins was carried out in collaboration with
Alexander Drong. Analytical gel filtration of the purified proteins showed that ΔN14
ABH7 was monomeric, whereas ABH1 exists predominantly as a monomer, with a low
proportion of dimer. Circular dichroism suggests that the proteins were both well folded
at 4 °C and 37 °C, displaying a high proportion of β-strand character as expected for
2OG oxygenases containing the DSBH fold.
Tm shift/°C

ABH1

ΔN14 ABH7

No metal

0.00

0.00

5 % DMSO

-0.09

-1.81

Mn(II)

0.66

-1.16

Fe(II)

0.84

-2.16

Co(II)

4.19

9.87

Ni(II)

5.83

-1.12

Cu(II)

n/a

-2.19

Zn(II)

0.38

-1.17

Table 4-2: Tm shifts obtained by DSF for ABH1 and ΔN14 ABH7, with addition of 5 % DMSO, or
50 μM metal (II).

The melting temperatures of the proteins with added metal (II) species were determined
using DSF (Table 4-2). The melting temperatures of the two proteins are very similar, at
48.4 °C for ABH1 and 48.5 °C for ABH7, however the metal stabilisation properties
appear to be different. ABH7 is destabilised by addition of most metals tested, but is
significantly stabilised on addition of Co(II). However, stabilisation of ABH1 occurs for
each of the metals added, with the greatest stabilisation occurring on addition of Ni(II)
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and Co(II). As good melting profiles are observed for the proteins this DSF method
could be used successfully for analysis of binding of 2OG mimics or other small
molecules to the proteins.

4.3.2 Nucleic acid substrate investigation
As the true substrate of ABH1 is unclear, and ABH7 currently does not have a known
substrate, investigation of a range of potential substrates was carried out by Alexander
Drong. The 2OG turnover assay is useful for determination of activity with an unknown
substrate, as a range of potential substrates may be incubated with the protein of
interest. Elevation of 2OG turnover suggests that the added reagent is either directly
modified by the enzyme, or that it stimulates uncoupled 2OG turnover by binding to the
protein, which in either case can yield useful information about the protein’s activity.
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Figure 4-4: 2OG turnover of ABH proteins. (A) nmol 2OG turned over under standard assay
conditions; (B) % 2OG turnover calculated relative to standard assay conditions (addition of all
assay components). 30 minute incubations.

Both ABH1 and ABH7 recombinant proteins showed 2OG turnover in the absence of
any potential substrates, although to a lesser extent than AlkB (Figure 4-4A). This
turnover was found to be dependent on the presence of the assay components Fe(II) and
ascorbate, with ABH7 having a greater co-substrate dependence than ABH1 (Figure
4-4B). The activity of ABH1 appeared to be slightly stimulated in the absence of DTT,
suggesting that this alternate reducing agent may have a slight inhibitory effect on
ABH1. Studies on PHD2, which has a high dependence on ascorbate for optimal
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hydroxylation activity, have shown that DTT is not able to fully replace ascorbate in
promoting activity293.
As the ABH proteins with currently identified substrates are nucleic acid modifying
enzymes, 2OG turnover in the presence of a range of singly methylated nucleosides
(Appendix A) was initially studied. As a control, AlkB was also incubated with the
tested methylated nucleosides, as it is known that 2OG turnover is elevated in the
presence of the 1meA nucleoside325.
The previously identified substrates of AlkB and ABH2/3, 1meA, 3meT and 3meC
were tested to determine whether the substrate range of ABH1 and ABH7 overlaps with
that of the previously studied enzymes. The corresponding 1meG nucleoside was not
commercially available therefore was not tested here. Further methylated nucleosides
were tested alongside these, including the epigenetic markers 5meC and N6meA, the
RNA capping modification 7meG, and the highly carcinogenic lesion O6meG.
Incorporation of damaged DNA bases is prevented by sanitation of the nuclear and
mitochondrial dNTP pools, usually through hydrolysis to the monophosphates128, but it
is possible that a direct repair methodology may also be employed for this purpose,
preventing the necessity of base-resynthesis.
As expected, the 2OG turnover of AlkB was stimulated by addition of the 1meA
nucleoside (Figure 4-5), but no stimulation was observed on incubation with other
methylated nucleosides, including a 3meC nucleoside177,325. However this was not true
for incubation of ABH1, as neither 3meC nor 1meA cause an increased 2OG turnover.
This is potentially surprising as a previous report has reported that 1meA is a substrate
of ABH1, although the preferred substrate is 3meC210. However, in other previous
studies no activity was observed with 1meA and 3meC oligonucleotide substrates163,167.
No elevation of 2OG turnover was observed with the other methylated nucleosides
tested, however this does not preclude the existence of a nucleic acid substrate for either
ABH1 or ABH7. Many further nucleic acid modifications are known, particularly in
tRNA, in which to date over 100 modifications have been identified82. Additionally, a
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longer sequence may be required in order to create the required interactions between the
substrate and protein, as the activity of AlkB is significantly increased with longer
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Figure 4-5: 2OG turnover of (A) ABH1, (B) ABH7 and (C) AlkB proteins with nucleosides. Data
represent the mean of triplicate experiments, with error bars showing the standard error of the
mean. Incubation time 30 min.

4.3.3 Histone substrate investigation
As a number of human 2OG oxygenases have histone substrates25-26, the possibility of a
histone derived substrate for ABH1 and ABH7 was also investigated by Alexander
Drong. Additionally, a previous publication describing a mouse ABH1 deletion
suggested that from the observed phenotype it is likely that ABH1 has a histone
substrate207. Initially a 2OG turnover assay was carried out with addition of a bulk
histone preparation, although no significant elevation of 2OG turnover was observed.
This does not conclusively show that histones are not a substrate of the two proteins, as
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lack of activity could be due to the lack of a required binding partner in the in vitro
reaction mixture, or the use of a sub-optimal buffer or pH.
An alternative approach was taken, testing binding of modified histone peptides to the
proteins, using AlphaScreen™ (Perkin Elmer) technology. This chemiluminescencebased approach has low reagent consumption yet high sensitivity, and has been
optimised for analysis of the JMJD histone demethylase family327. Binding to a library
of N-terminally biotinylated histone peptides (Alta Bioscience) was studied. As the
majority of the peptides in the library have modified amino acids (including acetylLys/Arg, methyl-Lys/Arg, and phospho-Ser) it can be determined whether the proteins
recognise these histone marks, either as a substrate or as a binding partner. Emission of
light occurs upon binding of the peptide to the proteins, which is detected as counts per
second. Unfortunately no significant elevation of counts above baseline was observed
for either ABH1 or ABH7, particularly when compared to results observed for the
known histone demethylase JMJD2E (counts for binding peptides are typically 3 orders
of magnitude greater than nonbinders/baseline). This, together with the lack of 2OG
turnover, suggests that neither ABH1 nor ABH7 has a histone substrate.
As no definitive results were obtained from the initial investigations of the recombinant
ABH1 and ABH7 proteins, a complementary approach was initiated, to study the
proteins in mammalian cell lines.

4.4 ABH1 antibody
When these studies were initiated no ABH7 antibodies were commercially available,
however an anti-ABH1 mouse monoclonal antibody was available from Sigma-Aldrich,
which was tested in a range of applications.
Initially, whole cell lysates from 293T cells transfected with either EGFP-ABH1 or
EGFP-hFTO were analysed by western blot. As a positive control to verify that the
overexpressed proteins were present in the lysates, one pair of samples was probed
using anti-GFP (Figure 4-6, α-GFP lanes), with bands observed at the expected masses
of the GFP-tagged proteins. The same samples were probed using the α-ABH1
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antibody, using a range of dilutions recommended by the supplier (Figure 4-6). Bands
corresponding to both EGFP-ABH1 and ABH1 can be seen at each of the dilutions
tested, suggesting that the C-terminal EGFP tag does not interfere with the recognition
of ABH1 by the antibody. The detection of ABH1 using the protein-specific antibody
also appears to be more efficient than when using the anti-GFP antibody, as observed by
the more intense bands on probing with α-ABH1. Cells overexpressing hFTO are also
likely to express endogenous ABH1, and a band at the expected mass of untagged
ABH1 can be observed on detection with a 1 in 500 α-ABH1 dilution.

Figure 4-6: Test of detection of ABH1 in cell lysates by commercial ABH1 antibody. Cell lysates
from 293T cells transiently transfected with either ABH1-EGFP (lanes marked ABH1) or EGFPhFTO (lanes marked FTO). Detection using α-GFP or a range of concentrations of α-ABH1.
Exposure 30 min.

Detection of ABH1 in a cell lysate overexpressing FLAG-ABH1 was also attempted,
with detection successful in the presence of the 3xFLAG tag (Figure 4-7). Furthermore,
recombinant ABH1 was detected successfully across a range of concentrations. This
also shows that several of the bands running at lower mass than the mass of ABH1 in
the SDS-PAGE gel of the recombinant protein (Figure 4-1A) are due to protein
degradation, as they are also recognised by the α-ABH1 antibody (Figure 4-7).
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Figure 4-7: Test of detection of ABH1 using commercial ABH1 antibody. Lane 1: Detection of
3xFLAG-ABH1 from cell lysate of 293T cells overexpressing 3xFLAG-ABH1; Remaining lanes:
detection of recombinant ABH1, quantities as indicated. 1 min exposure.

Given the successful detection of denatured ABH1 protein constructs in western blots, a
test IP reaction was carried out. A whole cell lysate from cells overexpressing
FLAG-ABH1 was incubated with 40 μg α-ABH1 before incubation with Protein G
beads. Samples were analysed by western blot, with detection using anti-FLAG. This IP
reaction was successful, with a good proportion of ABH1 bound to the beads (Figure
4-8). Due to the expense of the antibody, this approach was not used for initial
proteomic studies, in which tagged proteins can be used successfully. However access
to an IP grade α-ABH1 antibody is very useful for potential future ChIP analyses, or IP
of endogenous proteins.

Figure 4-8: Test immunoprecipitation of 3xFLAG-ABH1 using commercial ABH1 antibody.
1.5 x 107 293T cells transiently transfected with 3xFLAG-ABH1. Inp: IP input; Ins: Insoluble
protein; F: IP flow through; B: beads. 1 min exposure.
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4.5 Subcellular localisation
4.5.1 Subcellular localisation of ABH1
Previous localisation studies carried out for ABH1 have been contradictory. The
disparity between localisation sites is likely due to the use of large tags which may
interfere with the subcellular targeting. In the report assigning ABH1 as a nuclear
protein206, the authors studied the localisation of ABH1 N-terminally tagged with the
Myc transcription factor, the presence of which may obscure the mitochondrial targeting
sequence. A further N-terminally tagged ABH1 species, in this case tagged with GFP,
was used in the study suggesting that ABH1 is found throughout the cell 209. The
mitochondrial localisation of ABH1 was assigned based on visualisation of ABH1
directly detected with an α-ABH1 antibody, and the same localisation was observed for
ABH1 C-terminally tagged with EYFP, although the corresponding N-terminally tagged
species was again seen to be found throughout the cell, but predominantly in the
nucleus210. This therefore suggests that the localisation of ABH1 is highly sensitive to
the addition of fusion tags, particularly at the N-terminus. However, analysis of the
ABH1 sequence for mitochondrial targeting sequences using common software tools
does not confidently identify any strong mitochondrial targeting motifs either at the
N-terminus, or through the remainder of the sequence.

Figure 4-9: Localisation of N1 and C1 EGFP-tagged ABH1 constructs in HeLa cells, detected by
direct fluorescence of GFP. Transfection efficiencies, ABH1-EGFP: 67 %, EGFP-ABH1: 66 %.
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To further investigate this disparity in the literature, the localisation patterns of the
available ABH1 constructs (N- and C-terminally GFP tagged, and N-terminally
FLAG-tagged) were determined alongside the native protein, which was stained using
the commercial anti-ABH1 antibody.
As observed by Westbye et al. ABH1-EGFP is present in the nucleus, whereas
EGFP-ABH1 appears to be present at a low concentration in the nucleus, but with an
additional punctuate pattern through the cytoplasm (Figure 4-9). FLAG-ABH1 is also
found through the cytoplasm, although any distinct features are less resolvable than
those observed for ABH1-EGFP (Figure 4-10). This would suggest that either the small
(~2 kDa) FLAG-tag at the N-terminus does not interfere with the mitochondrial
localisation of ABH1, but that detection via the FLAG antibody may not be sensitive
enough to identify any discrete species present in the cytoplasm, or that the protein is
present throughout the cell, as observed previously209.

Figure 4-10: Localisation of FLAG-tagged ABH1 in HeLa cells detected using anti-FLAG antibody.
Control probed using only secondary anti mouse Cy3 antibody. Transfection efficiency 33 %.

To further study the localisation of ABH1 in the cell, direct detection of ABH1 using an
αABH1 antibody was carried out (Figure 4-11). Initially the antibody concentration was
optimised to maximise the signal obtained above the background noise, the signal
obtained on staining with the secondary antibody alone, and cross-talk between
channels. Detection of endogenous ABH1 reveals only faint dots throughout the cell,
but with no significant increase in intensity in the region of the nucleus.
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Figure 4-11: Localisation of ABH1 in HeLa cells, detected using anti-ABH1 antibody. Control
probed using only secondary anti mouse Cy3 antibody.

It is possible that endogenous ABH1 is expressed at a very low level, although in the
previous study of expression of ABH proteins no comment was made about relative
expression levels209. No information about the protein/mRNA expression levels in
different tissues is included in the Human Protein Atlas328. Endogenous ABH1 was
previously observed in 293T cell lyates (Section 4.4), whereas HeLa cells have been
studied here by microscopy. However, HeLa cells have also been shown to
endogenously express ABH1210. It is unclear whether the signal observed is due to the
presence of ABH1 in defined locations within the cell corresponding to certain
organelles, or whether it is caused by poor staining by the antibody, which has only
bound weakly to the protein present. Although the ABH1 antibody can recognise both
native folded ABH1 in an IP reaction, and fully denatured ABH1 in a western blot, it
may be less efficient in detection of protein fixed with formaldehyde, as the recognised
epitopes may be crosslinked and thus destroyed.

4.5.2 Subcellular localisation of ABH7
Immunofluorescence of the ABH7 EGFP-tagged constructs showed that in both cases
the GFP signal is present throughout the cell (Figure 4-12). However, ABH7-EGFP is
present to a lesser extent in the nucleus, and the signal through the cytoplasm is
punctuate, suggesting that the protein may be restricted to certain subcellular organelles.
Localisation data published in the Human Protein Atlas using an anti-ABH7 antibody
suggests that ABH7 is present in “vesicles” in the cytoplasm328.
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Figure 4-12: Localisation of N1 and C1 EGFP-tagged ABH1 constructs in HeLa cells, detected by
direct fluorescence of GFP. Transfection efficiencies, ABH7-EGFP: 40 %, EGFP-ABH7: 76 %.

Analysis of the ABH7 amino acid sequence using MitoProt II329 predicts an 86 %
probability for the export of ABH7 to mitochondria, through identification of a likely
mitochondrial targeting sequence in the first 20 N-terminal amino acids. Therefore it is
possible that fusion of the large GFP-tag to the N-terminus of ABH7 prevents detection
of the targeting sequence.

Figure 4-13: Localisation of FLAG-tagged ABH7 in HeLa cells detected using anti-FLAG antibody.
Control probed using only secondary anti mouse Cy3 antibody. Transfection efficiency 39 %.

The smaller N-terminal 3xFLAG tag does not appear to alter the localisation of ABH7,
as discrete foci are again observed through the cytoplasm, (Figure 4-13) suggesting that
the smaller tag does not obscure the likely mitochondrial targeting sequence.

4.5.3 Further analysis of ABH1 and ABH7 localisation
To further investigate the localisation of the ABH proteins, colocalisation studies were
undertaken by Alexander Drong, using commercially available fluorescent markers that
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selectively accumulate in specific subcellular organelles. MitoTracker® (Invitrogen) is
cationic, and accumulates in the mitochondria due to the negative mitochondrial
membrane potential, whereas LysoTracker® (Invitrogen) is a weakly basic amine
species, which is held in the lysosomes by pH partitioning. Both species may be viewed
in the Texas Red channel, allowing orthogonal detection of GFP signals.

Figure 4-14: Analysis of colocalisation of GFP species with MitoTracker and LysoTracker dyes in
HeLa cells, detected by direct fluorescence.

Staining with the chemical dyes revealed clear organelle structures (Figure 4-14). The
structures visible on staining with MitoTracker® appear to colocalise with the signals
for ABH1-EGFP and ABH7-EGFP, as shown by the yellow colour produced in the
merged signal, although ABH7-EGFP is again additionally expressed in the nucleus. In
contrast, ABH7-EGFP does not appear to colocalise with the LysoTracker® signals,
and a control experiment shows no specific localisation of EGFP in either organelle.
This therefore lends further support to the assignment of ABH1 and ABH7 as
mitochondrial proteins.
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4.6 Cell lysis
Based on the previous assignment of ABH1 as a mitochondrial protein210, and the
localisation studies carried out here (Section 4.5), initial attempts were carried out to
prepare a mitochondrial protein extract from transfected cells. As the subcellular
localisation was observed to be altered by the presence of the large GFP-tag at different
ends of the protein only the C-terminally GFP-tagged proteins, which show a more
defined localisation pattern, were investigated here.

Figure 4-15: Mitochondrial extraction kit used for extraction of ABH1-EGFP, ABH7-EGFP and
hFTO-EGFP proteins from 9.5 x 105 transiently transfected 293T cells. N: nuclear fraction; C:
cytoplasmic fraction; M: mitochondrial fraction. 30 min exposure.

293T cells were transfected with either the ABH1-GFP or ABH7-GFP constructs,
alongside hFTO-GFP as a comparison for extraction of a known nuclear protein, and
protein extraction attempted using a ThermoScientific Mitochondrial Extraction kit.
Briefly, the cells were lysed then the nuclei pelleted. Following incubation with a
proprietary buffer, the mitochondria were separated from the other cytosolic
components by centrifugation. Analysis of the GFP-tagged samples by western blot
(Figure 4-15) shows a similar extraction pattern for each of the three proteins analysed,
with the majority of the protein released in the initial nuclear and cytosolic fractions,
with a smaller amount in the final “mitochondrial” fraction. As this pattern is observed
for hFTO-GFP (known to be a nuclear protein) as well as the ABH proteins, it appears
unlikely that the fractionation process has been successful.
Additionally it can be observed that, despite using the same quantity of cells and
transfection protocol for the three constructs, the expression level of the ABH proteins
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is low compared to that of hFTO (Figure 4-15). Expression of endogenous ABH1 was
previously observed to be low when studied by immunofluorescence (Section 4.5.1).
Some proteins are more highly expressed in cells grown for longer time-periods
post-transfection, therefore this time can be optimised330. As expression of the ABH1EGFP protein in particular was observed to be relatively low, a timecourse was carried
out, harvesting cells at 24 h intervals post-transfection. As a comparison, hFTO-EGFP
expression was followed, as this is observed to be well expressed after 24 h. Although
the expression level of hFTO-EGFP was consistent through the time course, the
expression level of ABH1-EGFP decreased over time (Figure 4-16), with significantly
less protein expressed after 72 h. Therefore the 24 h post-transfection incubation period
appears to be optimal, and was used for subsequent investigations of ABH1.

Figure 4-16: Timecourse following protein expression after transient transfection in 9.5 x 10 5 293T
cells. (A) ABH1-EGFP, 30 min exposure; (B) hFTO-EGFP, 1 min exposure. S: soluble protein; I:
insoluble protein.

Further subcellular fractionation was attempted using protocols described by Westbye et
al. in the publication describing ABH1 as a mitochondrial protein210. Initially, a nuclear
extraction protocol was attempted to determine whether the non-nuclear ABH proteins
would be excluded from the nuclear fraction, using hFTO-GFP and GFP constructs for
comparison. Very little protein extracted from cells transfected with the ABH proteins
was found in the nuclear fraction (Figure 4-17A), although the same was true for hFTOGFP (Figure 4-17B), despite it being known to be a nuclear protein. The majority of the
GFP-tagged ABH proteins appeared to be released in the initial cytoplasmic fractions,
in agreement with their presence in cytosolic species.
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Figure 4-17: Nuclear extraction protocol carried out with 2.5 x 10 7 transiently transfected 293T
cells. (A) ABH1-GFP and ABH7-GFP; (B) hFTO-GFP and GFP. C1: first cytoplasmic fraction; C2:
second cytoplasmic fraction; N: nuclear fraction; Ins: Insoluble protein fraction. 1 hour exposures.

Subcellular fractionation to obtain mitochondria was also described by Westbye et al.,
and was attempted here for ABH1, alongside hFTO and GFP controls. The GFP
construct used has been observed by immunofluorescence to be present throughout the
cell (Figure 3-6, Chapter 3), and this is corroborated by the extraction profile (Figure
4-18A), which shows good expression of GFP, with protein present in each of the
subcellular fractions. Unexpectedly, hFTO-GFP is most predominant in the wash
fractions, but with only a small proportion present in the nuclear fraction, again showing
the difficulties encountered in obtaining a pure nuclear lysate. However, very little
hFTO-GFP is present in the lysed mitochondria fractions. Despite the good expression
of the GFP and hFTO-GFP fractions, relatively little ABH protein was obtained.
Unfortunately, very little ABH1 was found in the either the initial mitochondrial
fraction, or the final lysed mitochondrial fractions, with a comparable protein quantity
in the wash fraction.
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Figure 4-18: Mitochondrial extraction protocol carried out with 2.5 x 10 7 transiently transfected
293T cells. (A) EGFP, (B) ABH1-EGFP, (C) hFTO-EGFP. W: wash fraction; M1: crude
mitochondria; N: nuclear/cell debris fraction; MW: mitochondrial wash fraction; LS: lysed
mitochondria, soluble fraction; LI: lysed mitochondria, insoluble fraction. 1 hour exposures.
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As no clear protein fractionation pattern was observed for either ABH1 or ABH7, these
analyses cannot be used to provide further information about the true subcellular
localisation of the proteins. Additionally, due to the significant protein loss at each stage
of the extraction protocols, it was decided to use a whole cell lysate for subsequent IP
and proteomic analyses, as previously employed for studies on hFTO (Section 3.4).

4.7 IP tests
To determine whether ABH1 and ABH7 IP reactions would be successful an initial
small scale trial was attempted for ABH1-GFP and ABH1-GFP using GFPTrap beads.
The western blot (Figure 4-19) shows that GFP-tagged proteins are efficiently bound to
the beads, although significant degradation of immunoprecipitated ABH7-GFP to GFP
is observed (Figure 4-19, ABH7 bead lane).

Figure 4-19: Test of ABH1-EGFP and ABH7-EGFP immunoprecipitation by GFPTrap beads from
9.5 x 105 293T cells transiently transfected with either N1-EGFP ABH1 or N1-EGFP ABH7. Whole
cell lysate used as IP input. 30 min exposure.
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Figure 4-20: Immunoprecipitation of 3xFLAG tagged (A) ABH1 and (B) ABH7, testing methods for
protein elution from beads. 9.5 x 105 293T cells transiently transfected with FLAG-tagged
constructs, and immunoprecipitated using α-FLAG beads. Protein eluted from beads by addition of
SDS-PAGE loading buffer or 3xFLAG peptide, as indicated. F: IP flow through; Ins: insoluble
protein fraction; E: protein eluted from beads using 3xFLAG peptide; B: protein eluted from beads
by addition of SDS-PAGE loading buffer. Exposures 1 min.

Immunoprecipitation of the FLAG-ABH constructs was also tested. In a further attempt
to facilitate proteomic analyses, a gentler elution approach was tested for elution from
the beads. The standard method previously used for protein elution was boiling the
beads in SDS-PAGE loading buffer. This disrupts any interactions between the protein
tag and antibody, denatures proteins, and breaks the bonds between the solid support
beads and the antibody. When using the anti-FLAG beads this can complicate western
blot analysis, as the bands corresponding to the antibody chains can be very intense and
can interfere with the protein bands to be analysed. It was hoped that gentler elution
would reduce the quantity of antibody protein released from the beads, while reducing
elution of proteins that may bind non-specifically to the solid support beads themselves.
The alternate approach taken here was addition of 3xFLAG peptide to the bead-target
protein complex. When present in excess this competes with the tagged protein for the
- 161 -

Chapter 4

In vitro and Cell Based Studies of ABH Proteins

antibody sites, causing a specific release of the FLAG-tagged protein from the beads.
Different concentrations of the 3xFLAG peptide were tested, to determine a sufficient
quantity to occupy all of the potential antibody binding sites.
Elution of the FLAG-tagged ABH proteins was successful using this alternate method,
with both of the tested concentrations producing efficient elution of the proteins from
the beads (Figure 4-21). In each case a small amount of the ABH proteins remained on
the beads following incubation with the FLAG-peptide, but overall the eluted protein
quantity was comparable to that for samples eluted with the original boiling method.
This peptide elution technique was therefore applied in proteomic analyses of the
FLAG-ABH proteins.

4.8 Large scale immunoprecipitation of ABH1 and ABH7
4.8.1 Anti-GFP immunoprecipitation
A similar approach to that used for analysis of hFTO binding partners (Section 3.9) was
used here for analysis of species interacting with ABH1 and ABH7 in 293T cells.
However, as the localisation characteristics of the proteins tagged at alternate ends were
very different, again only the species tagged with GFP at the C-terminus were used
here. Proteomic data previously obtained by Dr Alexander Wolf for cells transfected
with the empty C1-EGFP vector was used as a control.

Figure 4-21: 2 x 108 293T cells transfected with either N1-EGFP ABH1 or N1-EGFP ABH7, and
immunoprecipitated using GFPTrap beads. (A) Western blot testing expression and
immunoprecipitation of ABH1-EGFP and ABH7-EGFP constructs. 1 μl each sample loaded. Inp:
IP input; Ins: Insoluble protein fraction; F: Bead flow through; B: Beads. 30 min exposure. (B)
4-12 % NuPAGE gel stained with Colloidal Coomassie. Proteins eluted from beads using SDSPAGE loading buffer, 35 μl each sample loaded per lane.
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A western blot of the IP samples (Figure 4-21A) shows that large quantities of the GFPtagged proteins are bound to the beads. Although no major band at the expected mass of
ABH1-GFP is observed in the NuPAGE gel of the bead samples (Figure 4-21B), a clear
band was observed by western blot, and the level of ABH1 protein expressed has been
consistently less than for the other proteins studied. As previously, the gel lanes for both
proteins were excised, divided horizontally into 20 equivalent portions, then
individually trypsinised and analysed by mass spectrometry.

4.8.2 Anti-FLAG immunoprecipitation
Immunoprecipitation of the FLAG-tagged ABH proteins was also carried out, using as a
control cells transfected with the empty 3xFLAG vector. Elution of the protein from the
beads was achieved by incubation with 3xFLAG peptide, and a good quantity of protein
could be seen to be recovered from the IP reactions (Figure 4-22). In this large scale
experiment the recovery of the tagged protein in the eluted protein fraction was less
successful than in the previous small scale tests, probably due to the increased volume
of beads present. As previously (Figure 3-37) the only bands apparent on the western
blot for the empty FLAG IP correspond to the light chain of the anti-FLAG antibody.
Despite the use of the mild elution method there are still bands of reduced intensity
corresponding to the antibody light chain in each of the eluted protein lanes. This is
likely to be due to either carry-over of beads into the eluted protein sample, or elution of
the antibody on treatment with the 3xFLAG peptide.
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Figure 4-22: Western blot testing large scale expression and immunoprecipitation of (A) 3xFLAGABH1, (B) 3xFLAG-ABH7 and (C) empty 3xFLAG constructs. 2 x 10 8 293T cells transfected with
either N1-EGFP ABH1 or N1-EGFP ABH7, and immunoprecipitated using GFPTrap beads. 1 μl
each sample loaded. Inp: IP input; Ins: Insoluble protein fraction; F: Bead flow through; E: eluted
protein; B: Beads. 1 min exposures.

As there were significant quantities of protein in the eluted protein and bead samples for
each reaction, both samples were run on a NuPAGE gel (Figure 4-23). In each of the
samples distinct bands corresponding to the proteins of interest are observed, showing
that FLAG-ABH1 and FLAG-ABH7 have been successfully overexpressed.
Additionally it can be seen that there are fewer proteins present at a lower concentration
in the eluted protein lanes compared to the bead lanes, suggesting that the elution
method attempted is more gentle and has hopefully only caused elution of more true
protein interactors, reducing the background and allowing more straightforward data
analysis.

Figure 4-23: 4-12 % NuPAGE gel stained with Colloidal Coomassie. 2 x 108 cells transiently
transfected with 3xFLAG-ABH1, 3xFLAG-ABH7 or empty 3xFLAG vector, and
immunoprecipitated using anti-FLAG beads. E: Proteins eluted from beads by addition of 50 μl
150 μg/ml 3xFLAG peptide; B: Proteins eluted from beads by addition of 100 μl SDS-PAGE
loading buffer, 35 μl each sample loaded per lane.
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Due to the reduced concentrations of proteins present in the lanes of the gel, a slightly
different approach was taken for sample analysis in this instance. The gel lanes in this
case were excised, then each divided horizontally into 5 portions, which were then
subjected to in-gel trypsinolysis, scaling up the reagent quantities used accordingly. MS
analysis was carried out in the same manner as previously.

4.9 Proteomic analysis
4.9.1 ABH1 results
Acces s i on
number
Q13686
P50502
P22695
P50402
Q10567
Q16775
Q7Z6J4
P09601
P62158
O00255
Q9BQI7
Q9H583
Q2WGJ9
P20062
Q9Y4A5
O60235
Q7Z7A1
Q9Y5M8
P28072
Q9UHD9
Q9NVE4
O60885
O00624
P63211
Q8NDB2
P62979
Q5VZ89
Q5TFE4
Q6W2J9
Q9HDC9
Q9NUU6
Q76FK4

Protei n
Al kyl a ted DNA repa i r protei n a l kB homol og 1
Hs c70-i ntera cting protei n
Cytochrome b-c1 compl ex s ubuni t 2, mi tochondri a l
Emeri n
AP-1 compl ex s ubuni t beta-1
Hydroxya cyl gl utathi one hydrol a s e, mi tochondri a l
FYVE, RhoGEF a nd PH doma i n-contai ni ng protei n 2
Heme oxygena s e 1
Ca l modul i n
Meni n
RPH a nd SEC7 doma i n-contai ni ng protei n 2
HEAT repea t-contai ni ng protei n 1
Fer-1-l i ke protei n 6
Tra ns coba l a mi n-2
Tra ns forma tion/tra ns cri ption doma i n-a s s oci a ted protei n
Tra ns membra ne protea s e s eri ne 11D
Centri ol i n
Si gna l recogni tion pa rticl e receptor s ubuni t beta
Protea s ome s ubuni t beta type-6
Ubi qui l i n-2
Coi l ed-coi l doma i n-contai ni ng protei n 87
Bromodoma i n-contai ni ng protei n 4
Sodi um-dependent phos pha te tra ns port protei n 3
Gua ni ne nucl eotide-bi ndi ng protei n G(T) s ubuni t ga mma -T1
B-cel l s ca ffol d protei n wi th a nkyri n repea ts
Ubi qui tin-40S ri bos oma l protei n S27a
DENN doma i n-contai ni ng protei n 4C
5'-nucl eotida s e doma i n-contai ni ng protei n 1
BCL-6 corepres s or
Adi pocyte pl a s ma membra ne-a s s oci a ted protei n
Protei n FAM105A
Nucl eol a r protei n 8

Score
1948
132
99
72
70
46
43
42
42
41
40
39
39
38
37
37
36
35
34
32
32
31
31
31
31
31
30
30
30
30
30
30

Table 4-3: IP proteins from ABH1-GFP (N1 EGFP) overexpression and anti-GFP pulldown. Blue
shading: ABH1; Yellow shading: mitochondrial proteins; Red text, ubiquitin associated proteins.

LC/MS/MS analysis of tryptic peptides and MASCOT searches to identify interacting
proteins was carried out as previously (Section 3.9), by Dr Holger Kramer. Proteins
identified in the ABH1 samples, but not in the corresponding controls, are listed in
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Table 4-3 and Table 4-4. As observed with FTO, some ubiquitin-associated proteins
were identified in the GFP IP reaction, suggesting that ABH1 may be ubiquitinated in
cells. However, despite the identification of ABH1 as a mitochondrial protein, very few
mitochondrial proteins were identified in the IP reactions (shaded blue in Table 4-3).
Additionally no proteins (barring the target ABH1 protein) were identified both of the
IP reactions using the two different tags. Together, these results suggest that the IP
reactions have not been successful in identifying proteins with which ABH1 may
interact in cells.
Acces s i on
number
Q13686
Q5TCZ1
B2RXH2
Q96G23
P49454
O43374

Protei n
Al kyl a ted DNA repa i r protei n a l kB homol og 1
SH3 a nd PX doma i n-conta i ni ng protei n 2A
Lys i ne-s peci fi c demethyl a s e 4D-l i ke
LAG1 l ongevi ty a s s ura nce homol og 2
Centromere protei n F
Ra s GTPa s e-a cti va ti ng protei n 4

Score
2685
41
36
36
34
32

Table 4-4: IP proteins from FLAG-ABH1 overexpression and anti-FLAG pulldown. Blue shading:
ABH1.

4.9.2 ABH7 results
Proteomic analyses were carried out in the same manner for ABH7, with identified
proteins listed in Table 4-5 and Table 4-6. A considerable proportion of the proteins
identified are mitochondrial, possibly supporting the mitochondrial localisation of
ABH7. However ATP synthase, identified in the FLAG-ABH7 IP reaction (Table 4-6),
was previously seen to interact with I367F FTO in an IP from mouse tissue (Table 3-9).
Again, no proteins were identified in the IP products for both GFP and FLAG tags.
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Acces s i on
number
Q9BT30
Q9UNE7
P14735
O95831
P42704
P35520
Q99653
Q9H9B4
P45880
P29692
P46379
Q96HS1
P00338
P29966
O75489
Q9NS69
Q13228
O43399
Q9UNM6
P50993
P00167
P98173
P54819
P08195
P40925
Q8WYB5
P11441
Q8TB73
Q16819
Q8N4Q1
Q15738
Q9HCN8
Q2TAA2
Q9UJZ1
Q9ULK5
Q15637
P05388
P11177
Q9P2E3

Protei n

Score

Al pha -ketogl utara te-dependent di oxygena s e ABH7
E3 ubi qui tin-protei n l i ga s e CHIP
Ins ul i n-degra di ng enzyme
Apoptos i s -i nduci ng fa ctor 1, mi tochondri a l
Leuci ne-ri ch PPR motif-contai ni ng protei n, mi tochondri a l
Cys tathi oni ne beta-s yntha s e
Ca l ci um-bi ndi ng protei n p22
Si derofl exi n-1
Vol tage-dependent a ni on-s el ective cha nnel protei n 2
El onga tion fa ctor 1-del ta
La rge prol i ne-ri ch protei n BAT3
Seri ne/threoni ne-protei n phos pha tas e PGAM5, mi tochondri a l
L-l a ctate dehydrogena s e A cha i n
Myri s toyl a ted a l a ni ne-ri ch C-ki na s e s ubs tra te
NADH dehydrogena s e [ubi qui none] i ron-s ul fur protei n 3, mi tochondri a l
Mi tochondri a l i mport receptor s ubuni t TOM22 homol og
Sel eni um-bi ndi ng protei n 1
Tumor protei n D54
26S protea s ome non-ATPa s e regul a tory s ubuni t 13
Sodi um/potas s i um-tra ns porting ATPa s e s ubuni t a l pha -2
Cytochrome b5
Protei n FAM3A
Adenyl a te ki na s e 2, mi tochondri a l
4F2 cel l -s urfa ce a ntigen hea vy cha i n
Ma l a te dehydrogena s e, cytopl a s mi c
Hi s tone a cetyl tra ns fera s e MYST4
Ubi qui tin-l i ke protei n 4A
Fi bronectin type-III doma i n-contai ni ng protei n C4orf31
Mepri n A s ubuni t a l pha
Mi tochondri a l i ntermembra ne s pa ce i mport a nd a s s embl y protei n 40
Sterol -4-a l pha -ca rboxyl a te 3-dehydrogena s e, deca rboxyl a ting
Stroma l cel l -deri ved fa ctor 2-l i ke protei n 1
Is oa myl a cetate-hydrol yzi ng es tera s e 1 homol og
Stoma tin-l i ke protei n 2
Va ng-l i ke protei n 2
Spl i ci ng fa ctor 1
60S a ci di c ri bos oma l protei n P0
Pyruva te dehydrogena s e E1 component s ubuni t beta, mi tochondri a l
NFX1-type zi nc fi nger-contai ni ng protei n 1

3105
81
75
72
65
62
59
58
56
52
51
49
47
47
47
44
43
41
41
41
41
38
38
38
37
37
36
36
35
35
34
33
33
33
32
31
31
30
30

Table 4-5: IP proteins from ABH7-GFP (N1 EGFP) overexpression and anti-GFP pulldown. Blue
shading: ABH7; Yellow shading: mitochondrial proteins; Red text, ubiquitin associated proteins.
Acces s ion
number
Q9BT30
P06576
P15531
P49184
Q9UDY6
Q63ZY3
Q6ZN66

Protein
Al pha-ketoglutarate-dependent dioxygenas e ABH7
ATP s ynthas e s ubunit beta, mitochondrial
Nucleos ide diphos phate kinas e A
Deoxyribonucleas e-1-like 1
Tripartite motif-containing protein 10
KN motif and ankyrin repeat domain-containing protein 2
Guanylate-binding protein 6

Score
3102
85
58
35
34
34
30

Table 4-6: IP proteins from FLAG-ABH7 overexpression and anti-FLAG pulldown. Blue shading:
ABH7; Yellow shading: mitochondrial proteins
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4.9.3 Comparison of ABH1 and ABH7 results
To assess the likelihood of the proteins identified being false positives, decoy searches
were run (Table 4-7). This suggests that ~3 % of the proteins identified for the
FLAG-ABH samples may be false positives (above the identity threshold), however the
likelihood is higher for the IP samples obtained from the lysate of cells transfected with
the empty FLAG vector.
Peptide match %

FLAG-ABH1

FLAG-ABH7

Empty FLAG

Eluted

Beads

Eluted

Beads

Eluted

Beads

Above identity
threshold

2.72

1.49

0.95

3.05

6.47

3.2

Above identity or
homology threshold

11.45

8.13

7.92

10.19

24.16

12.35

Table 4-7: Percentage identification rate for MASCOT decoy search analysis of IP samples for
FLAG constructs.

Overall, few proteins were identified in the anti-FLAG IP samples for FLAG-ABH1
and FLAG-ABH7, and additionally only likely contaminant proteins (e.g. keratin and
heat shock proteins) were identified in both the eluted and bead samples. Therefore the
proteins identified from the eluted and bead samples were combined above.
As both ABH1 and ABH7 are thought to be mitochondrial, and tagged species were
selected such that the tag should not interfere with this subcellular localisation, it may
be expected that a significant proportion of the proteins identified would be
mitochondrial but, particularly for ABH1, this is not observed. Furthermore, as no
proteins were identified on IP with both GFP and FLAG for either ABH1 or ABH7 it is
unlikely that the proteins identified are true interactors. The interacting proteins
identified have low scores, and do not appear to represent any specific protein classes.

4.10 Discussion
This chapter describes the expression, purification, and characterisation of ABH1 and
ABH7 proteins. Preliminary activity studies did not yield any likely substrates among a
wide range of histone sequences, or methylated nucleosides. However, future in vitro
analyses should focus on investigation of further potential substrates including
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methylated oligos, tRNA modifications, and oxidative nucleic acid lesions particularly
with respect to the location of the proteins in the mitochondria. Crystallographic studies
of ABH7 are ongoing, which may yield more information about the role of this protein.
As these initial in vitro studies were not fruitful, an alternate approach was taken to
investigate the proteins in cells.
Immunofluorescence studies confirmed the assignment of ABH1 as a mitochondrial
protein, and identified for the first time ABH7 as mitochondrial. The mitochondrial
assignment of ABH7 would be strengthened by deletion mutagenesis of the likely
mitochondrial targeting sequence, and immunofluoresecnce studies analysed by
confocal microscopy.
Immunoprecipitiation of GFP and FLAG-tagged ABH1 and ABH7 proteins was carried
out, and the proteins interacting with FTO were analysed by proteomics. Unfortunately
no significant protein interactors could be confidently identified for either protein,
possibly suggesting that neither protein interacts with significantly with other proteins
in cells. However, tests carried out with a commercially available αABH1 antibody
suggested that a direct IP using this antibody should be possible, therefore this should
be the focus of future studies, to remove the background interactions associated with
binding to the tags. An ABH7 antibody is now also commercially available, so the
corresponding ABH7 studies could be carried out using this reagent. Use of the αABH1
and αABH7 antibodies would also facilitate ChIP and crosslinking studies, which would
allow a more broad analysis of species that may interact with the ABH proteins in cells.
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Chapter 5 ABH Purification and Characterisation
5.1 Introduction
The E. coli DNA demethylase AlkB has significant structural and functional homology
to the human ABH2 and ABH3 proteins. These are 2OG oxygenases with a preference
for the repair of 1meA lesions163,326, using a direct reversal mechanism158-159. AlkB has
a broader substrate range than the human homologues, efficiently removing a number of
more bulky base adducts, and acting on both ssDNA and RNA127. ABH3 repairs ssDNA
methyl lesions, although little repair is observed in vivo174. In contrast it appears that
ABH2 has a preference for dsDNA, and acts as the major repair protein for 1meA
lesions in vivo174. Although AlkB is part of the well studied E. coli adaptive response,
less is known about the regulation and role of ABH2 in H. sapiens. To date it is known
that ABH2 is a nuclear protein that co-localises with proliferating cell nuclear antigen
(PCNA) at replication foci in S phase167, via an N-terminal binding motif168.
As AlkB is more “tractable” than ABH2 or ABH3 it was decided to use it as a model
system for the study of this family of DNA demethylases. Following investigation of
AlkB, the studies may allow comparison to the human homologue ABH2. Each of the
ABH family members appears to have a flexible N-terminal region192,194 which shows
less homology within the family164. The similarity between the C-terminal regions may
be seen in the alignment of AlkB with ABH2 and ABH3 (Figure 5-1). As highlighted,
the proteins each contain the conserved functional 2OG oxygenase residues, including
the conserved R residue in the β8 strand, which is characteristic of the AlkB family157.
Additionally several other regions of high similarity or identity are observed through the
sequence. This similarity suggests that methodologies developed are likely to be
applicable among the ABH family, here initially for further analysis of ABH2, and later
for the study of the other ABH proteins, including ABH3 and ABH8217.
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Figure 5-1: Sequence alignment of N-terminally truncated ABH constructs used in crystallography,
comparing the C-terminal oxygenase domains. Numbering used refers to the position in the amino
acid sequence of the truncated constructs. Red: conserved iron binding residues; Blue: 2OG
binding residues. Alignment produced using TCoffee and GeneDoc.

To allow studies on these members of the ABH family, AlkB and ABH2 proteins were
purified and characterised. The activity of the proteins produced was initially
investigated by a standard radiolabelled 2OG turnover assay, then a coupled assay
detecting the formaldehyde released in demethylation reactions was developed and
optimised allowing improved analysis of the enzymatic activity.

5.2 Construct and protein production
5.2.1 AlkB protein constructs and purification
Full length AlkB constructs were cloned by Dr Richard Welford325, by insertion of the
AlkB sequence into the NdeI and BamHI sites of the pET-24a(+) (producing untagged
protein) and pET-28a(+) (producing N-terminally His6-tagged protein) vectors.
Expression of the AlkB protein from the pET-24a(+) construct was optimised by Dr
Richard Welford, using 0.2 mM IPTG to induce expression in E. coli, followed by
growth for 4 h at 28 °C.
Previously published crystal structures of AlkB were obtained using a construct
truncated by 11 amino acids at the N-terminus, as hydrogen/deuterium exchange
experiments revealed that the N-terminus is conformationally flexible192. To enable
crystallography, the corresponding AlkB constructs were produced from the full length
pET-24a(+) and pET-28a(+) constructs using deletion mutagenesis to remove the
nucleotide sequence corresponding to amino acid residues 1-11 of the AlkB sequence.
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This construct is referred to as ΔN11 AlkB throughout. Expression trials were carried
out to determine the optimal expression conditions for production of ΔN11 AlkB in
E. coli, with greatest soluble expression found for overnight expression at either 15 °C
(pET-24a) or 28 °C (pET-28a) following induction with 0.2 mM IPTG (Figure 5-2,
Figure 5-3).

Figure 5-2: Expression trials of ΔN11 AlkB pET-24a(+) in BL21 (DE3) E. coli. (A) Soluble protein,
(B) Insoluble protein. Expression induced with 0.2 mM IPTG, then cells grown under the
temperature and time conditions indicated.

Figure 5-3: Expression trials of ΔN11 AlkB pET-28a(+) in BL21 (DE3) E. coli. (A) Soluble protein,
(B) Insoluble protein. Expression induced with 0.2 mM IPTG, then cells grown under the
temperature and time conditions indicated.

Cation exchange chromatography was used for initial purification of pET-24a(+) AlkB
constructs, with crude AlkB protein eluted by application of an NaCl gradient. Fractions
containing the highest levels of pure AlkB, judged by SDS-PAGE analysis (Figure
5-4A), were pooled and concentrated.
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Figure 5-4: SDS-PAGE gels obtained for a typical AlkB protein purification. (A) Samples obtained
from cation exchange purification. Input: Cell lysate used as column input; Flow: Protein flowing
through column without binding; 1-11: Fractions eluted from column, fractions 7-10 pooled and
concentrated. (B) Samples obtained from gel filtration purification. Input: Gel filtration column
input; 1-12: Fractions eluted from column, fractions 6-11 pooled and concentrated.

An alternate method was employed for purification of His-tagged ΔN11 AlkB
expressed from the pET-28a(+) construct. Nickel affinity chromatography was carried
out, exploiting the presence of the affinity tag. Following elution from the column,
SDS-PAGE analysis again showed the appropriate fractions to be pooled (Figure 5-5A),
and the His-tag was cleaved by overnight incubation with thrombin.

Figure 5-5: SDS-PAGE gels of a typical nickel affinity purification of ΔN11 AlkB pET-28a. (A)
Samples obtained from nickel affinity purification. Input: Cell lysate used as nickel column input;
Flow: Protein flowing through column without binding; 1-11: Fractions eluted from column,
fractions 7-11 pooled and concentrated. (B) Samples obtained from gel filtration purification.
Input: Gel filtration column input; 1-11: Fractions eluted from column, fractions 5-9 pooled and
concentrated.

Following these initial purification steps, proteins were further purified by gel filtration
chromatography (Figure 5-4B, Figure 5-5B). Purified proteins (Figure 5-6) were
concentrated and exchanged into an appropriate buffer for storage at -80 °C. Depending
on the intended purpose, proteins were stored in either 50 mM Tris, 500 mM NaCl,
1 mM DTT, pH 7.5, or 50 mM HEPES, pH 7.5. Typical protein yields from 1 litre of
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culture were approximately as follows: AlkB pET-24a, 3.9 mg, ΔN11 AlkB pET-24a,
7.2 mg, ΔN11 AlkB pET-28a, 5.9 mg.

Figure 5-6: SDS-PAGE gels of purified AlkB proteins. (A) AlkB pET-24a; (B) ΔN11 AlkB pET-24a;
(C) ΔN11 AlkB pET-28a, quantities as indicated. Purity of proteins is ~95 %, judged by
SDS-PAGE.

5.2.2 ABH2 protein constructs and purification
A construct containing the full length ABH2 sequence cloned into the NdeI and NotI
sites of pET-28a(+) was obtained from Dr Kirsty Hewitson. Expression of ABH2 was
found to be optimal in cells grown for 4 hours at 37 °C following induction with
0.2 mM IPTG. As is the case for AlkB, the published crystal structures of ABH2 use an
N-terminal truncation, in this case the deletion of residues 1-54194. The corresponding
truncation, to produce ΔN55 ABH2, was cloned by Dr Alexander Wolf. Expression
trials also carried out by Dr Alexander Wolf identified optimal expression of ΔN55
ABH2 in BL21 (DE3) cells grown for 16 h at 18 °C following induction of expression
with 0.2 mM IPTG.
Both ABH2 constructs were purified using nickel affinity purification followed by gel
filtration. However, the His-tag could not be successfully cleaved from the ABH2
proteins due to the presence of an internal thrombin cleavage site, which produced
cleaved protein. Yields of proteins obtained per litre of bacterial culture were 0.7 mg for
ABH2, and 3.7 mg for ΔN55 ABH2. Both proteins were purified to a purity of ~95 %,
as judged by SDS-PAGE analysis (Figure 5-7).
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Figure 5-7: SDS-PAGE gels of purified ABH2 proteins. (A) ABH2; (B) ΔN55 ABH2, quantities as
indicated.

5.3 Protein characterisation
5.3.1 Circular Dichroism
To verify that the purified proteins were folded in solution, and that the N-terminally
truncated proteins have a similar secondary structure to the full length wildtype
proteins, circular dichroism spectra of the purified AlkB and ABH2 proteins were
obtained. The spectra of AlkB and ΔN11 AlkB have a very similar overall shape
(Figure 5-8), as would be expected from the small deletion of 10 residues from the
protein terminus.
80
60

AlkB
N11 AlkB
ABH2
N55 ABH2

CD /mdeg

40
20
0
-20
-40
-60
-80
200

220

240

260

Wavelength /nm
Figure 5-8: Circular dichroism spectra for AlkB and ABH2 proteins (0.5 mg/ml), recorded at 4 °C.
Data points represent the mean of triplicate experiments.
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A more significant difference is observed between the full length ABH2 and ΔN55
ABH2 constructs. The spectrum of the full length protein has increased intensity at
~205 nm compared to the ΔN55 construct (Figure 5-8). Comparison to the Fasman
curves presented previously (Chapter 2, Figure 2-36) suggests that the full length
protein has a greater proportion of α-helix whereas the truncated construct has a higher
proportion of β-sheet secondary structure content, which is supported by deconvolution
of the data obtained. It is unsurprising that there is a significant difference in the overall
secondary structure of the protein as this construct represents a large deletion; about
20 % of the protein is truncated (55 out of 261 residues). Of the protein sequence
remaining in the truncated construct much is known to comprise the DSBH core,
therefore giving an increased proportion of β-sheet character. Use of the JPred3
structural prediction programme331 to suggest any likely secondary structure features in
residues 1-55 of the ABH2 sequence reveals that the only confidently predicted
structure in this region is a short α-helix comprising residues 2-6. The remaining
sequence is predicted to be generally unstructured, forming random coils. This lack of
defined structure reveals a rationalisation for use of an N-terminally truncated construct
for the published crystal structure for ABH2, as flexible regions are unlikely to
successfully crystallise.

5.3.2 Non-denaturing Mass Spectrometry
To investigate more precisely the masses of the proteins purified, and assess their
suitability for use in subsequent analysis, non-denaturing mass spectra of the AlkB
proteins were obtained with Dr Esther Woon. These spectra (Figure 5-9) show that the
calculated masses of the proteins are in good agreement with the masses observed for
the native proteins. Some 2OG oxygenases are observed by mass spectrometry to copurify with the Fe and 2OG co-substrates332. An additional peak is present in the
spectrum of pET28a ΔN11 AlkB at a mass difference of +62 Da to the main protein
peak, possibly due to the presence of a transition metal ion (e.g. M r(Fe) = 55.8 Da;
Mr(Ni) = 58.7 Da), which may have bound during the purification.
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(23198.5 Da calc.)

%
0

Mass /Da

Figure 5-9: Non-denaturing mass spectra of purified AlkB proteins. (A) Full length AlkB pET-24a;
(B) ΔN11 AlkB pET-24a; (C) ΔN11 AlkB pET-28a.

5.3.3 Differential Scanning Fluorimetry
Differential scanning fluorimetry (DSF) was used to determine the melting temperatures
of the purified proteins. As results from DSF may be usefully applied for selection of
conditions and compounds that stabilise proteins to improve crystallisation attempts, the
N-terminally truncated protein constructs designed for use in crystallisation were
analysed here.
To determine that appropriate melting curves could be obtained with this group of
proteins, an initial screen was carried out varying the concentration of protein present.
The results for AlkB (Figure 5-10) show that appropriate curves were obtained for
protein in the range 2-10 μM, with consistent Tm values obtained between the triplicates
at each of the protein concentrations. However, the Tm derived shows a marked decrease
as the protein concentration is increased, showing the importance of maintaining the
protein at a defined concentration throughout to ensure consistent Tm values between
assays. To minimise the quantity of protein necessary, while still obtaining consistent
results, 2 μM protein can be used for further analysis of small molecule testing.
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Figure 5-10: Differential scanning fluorimetry of ΔN11 AlkB at a range of concentrations;
represented as melting curves and derived Tm values. Data represent the mean of triplicate
experiments, with error bars showing the standard error of the mean.

The tolerance of the proteins for different metals was also tested, using metal (II) salts
to mimic the Fe(II) usually present in the active site of the proteins. As some metals can
have a significant effect on the shape of the resulting DSF curve, a protein concentration
of 4 μM was used here, to allow for reduction in magnitude of the curve while still
enabling data analysis. Furthermore, as an initial test showed that Tm shifts obtained in
the presence of DMSO in addition to the metal were more significant than those
observed for either DMSO or metal alone, the metals were screened both with and
without DMSO. Addition of a small proportion of DMSO to the assay mixture is
required when adding small organic molecules that often have poor solubility in
aqueous solution. Therefore for potential extension of this technique into a useful
screening assay it is necessary for the protein to be able to withstand a certain amount of
DMSO in this screening technique.
The Tm values obtained (Figure 5-11) show that addition of Co(II) and Ni(II) to the
protein causes stabilisation of the protein compared to the reference sample containing
no added metal or DMSO (Tm shift values summarised in Table 5-1). However,
inspection of the melting curves shows that this increase in melting temperature is
concomitant with a decrease in the fluorescence intensity, making extraction of the T m
from the raw data more difficult, and less accurate, as the region of the curve over
which the Boltzmann function is to be fitted becomes very small. Interestingly, addition
of zinc to the protein causes significant destabilisation, possibly due to the slightly
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larger ionic radius333 that may prevent effective binding in the active site. Neither
Mn(II) nor Fe(II) produce major Tm shifts with AlkB, however the melting curves
(Figure 5-11) are well defined. Although Fe(II) is the metal present naturally, Fe(II) is
very readily oxidised to Fe(III) in oxygenated solution, therefore on addition of
compounds and heating of the solution it is unlikely that the Fe(II) state would be
maintained. Oxidation of Mn(II) to Mn(III) is less facile, therefore maintenance in the
Mn(II) form is more likely, and addition of Mn(II) would be more appropriate in future
studies. Cu(II) was also tested, but no Tm shift could be obtained as the data could not be
fitted to a Boltzmann sigmoidal curve. This could be due to oxidative damage to the
protein caused by generation of ROS by Cu(II), or through thiol oxidation334.
Generally, the addition of DMSO destabilises the protein, significantly in the cases of
Fe(II) and Ni(II), and although stabilisation of AlkB is observed in the presence of
Co(II), the further addition of DMSO causes destabilisation. A slight stabilising effect is
observed with Mn(II) in the presence of DMSO, making this condition the preferred
option for future screening of small molecules.
10

N11 AlkB
5% DMSO
Mn(II)
Fe(II)
Co(II)
Ni(II)
Zn(II)
Cu(II)
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Temperature /C

Fe(II)

Co(II)

Ni(II)

Zn(II)

Figure 5-11: Differential scanning fluorimetry of ΔN11 AlkB (4 μM) with addition of 50 μM
metal (II) and/or 5 % DMSO (v/v); represented as melting curves and derived Tm shift values. Data
represent the mean of triplicate experiments, with error bars showing the standard error of the
mean.

A similar screen of metal (II) salts was carried out with ΔN55 ABH2. Overall, each of
the metals tested cause protein destabilisation (Figure 5-12, Tm shifts summarised in
Table 5-1), with all cases leading to a negative Tm shift. The smallest destabilisation is
observed with Mn(II) and Ni(II), although the melting curve obtained with Mn(II) is of
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greater magnitude, facilitating data analysis. As Mn(II) was also the most favourable
metal tested with AlkB, use of Mn(II) for both proteins would allow direct comparisons.
Additionally, screens of a wide panel of 2OG oxygenases carried out by Inga Pfeffer
(CJS lab, unpublished results) found that Mn(II) was generally the most favourable
metal for addition in DSF analyses. Therefore use of Mn(II) in these studies would
facilitate comparison of results across the 2OG oxygenase family.
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Figure 5-12: Differential scanning fluorimetry of ΔN55 ABH2 (4 μM) with addition of 50 μM metal
(II) and/or 5 % DMSO (v/v); represented as melting curves and derived Tm shift values. Data
represent the mean of triplicate experiments, with error bars showing the standard error of the
mean.

As with AlkB, Zn(II) appeared to significantly destabilise the ABH2 protein, here
causing a double peaked curve which could not be fitted to a standard two state
transition Boltzmann function. Again no Tm shift could be obtained with Cu(II).
Tm shift /°C

AlkB

AlkB + 5 %
DMSO

ABH2

ABH2 + 5 %
DMSO

No metal

0.00

-1.04

0.00

-0.95

Mn(II)

0.19

-1.01

-1.49

-5.48

Fe(II)

0.25

-4.27

-3.82

-3.99

Co(II)

4.68

-2.10

-3.48

-1.65

Ni(II)

1.43

-8.11

-1.41

-2.00

Cu(II)

n/a

n/a

n/a

n/a

Zn(II)

-15.18

-10.30

n/a

n/a

Table 5-1: Tm shifts for 4 μM ΔN11 AlkB and ΔN55 ABH2 with addition of 50 μM (II) metals,
and/or 5 % DMSO (v/v).
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5.4 Activity assays
5.4.1 Choice of substrate
The aim of the work described in this section was to obtain consistent and reliable
kinetic and inhibition data. To enable this it was necessary to choose an appropriate
AlkB substrate, and based on this optimise a suitable assay to follow the reaction.
Previously it has been shown that the positively charged 1meA and 3meC methylated
bases are the preferred substrates of AlkB106,176 with 1meA possibly being the optimal
AlkB substrate325-326,335. For this reason, and due to the possibility of more
straightforward synthesis of the 1meA unit336, the 1meA lesion was selected for use in
the majority of assays.
The simplest AlkB substrate would be the individual 1meA base, nucleoside or
nucleotide, and analysis of different portions of the nucleotide structure has revealed the
minimal scaffold that is demethylated. Although it has been shown that the 1meA
nucleoside can significantly stimulate 2OG turnover by AlkB it is not a substrate325, as
HPLC analysis shows that it is not demethylated315,325. Low uncoupled 2OG turnover
activity was also observed with 1-methyl adenine, suggesting that the sugar moiety
increases substrate recognition325. A different study detecting formation of demethylated
products by HPLC found that 1-methyl adenosine monophosphate (1me-dAMP(5')) is
the minimal substrate required for demethylation, containing the structural features
required for productive binding and reaction at the active site326. Dimeric and trimeric
sequences containing 1meA were also shown to be substrates of AlkB, however activity
with longer (100+ nucleotides) oligonucleotide sequences was found to be much
higher326. Substrates containing a phosphate 5' to the lesion show significantly higher
activity than those lacking this phosphate326, and this strong preference is rationalised
by the crystal structure of AlkB in complex with a dT(1me-dA)dT trimer, which shows
that R161 makes a salt bridge to the 5' phosphate of 1meA192. Crystal structures of AlkB
crosslinked to a longer 13mer dsDNA fragment show a slightly different orientation for
the oligonucleotide in the active site (although still retaining this important salt bridge)
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most likely because the shorter trimer is unable to reach across the DNA binding
surface194. However, direct binding of the oligonucleotide occurs to the DNA
immediately flanking the methylated base.
The majority of previous assays investigating AlkB activity have used poly(monobase)
oligonucleotides, which have been subjected to random methylation by treatment with
the SN2 methylating agents [14C]-methyl iodide (MeI)158, or N-[3H]methyl-Nnitrosourea (MNU)159. The enzymatic activity may then be tracked by detection of
released ethanol-soluble radioactive material. This approach requires the use of
oligonucleotides containing only one base, and it is likely that multiple modifications
may be introduced through the oligonucleotide, at sites other than that of the target
modification. For example, on MeI treatment of poly(dA) the principal product is
1meA, but significant quantities of 3meA and 7meA are also produced158. Furthermore,
the modifications produced will not have the same pattern for every oligonucleotide
molecule present, therefore formation of a non-homogeneous population will
complicate detailed data analysis. Other studies have used a poly(dT) background, with
insertion of a limited number of different bases in the sequence, which can be modified
chemically158, as T is the least reactive base, therefore is less frequently modified 337. At
the rate of modification occurring in the genome it is unlikely that there will be multiple
methylation modifications in the same region of oligonucleotides, particularly for short
(~20mer) sequences. Even depurination, one of the most common modifications (at a
rate of 2000-10000 per day93) occurs at a very low rate when compared to the size of the
human genome (~3 billion bp)338. Furthermore, modification at different sites on the
same base, which may occur on direct reaction with high concentrations of a
methylating reagent, is extremely rare in vivo97.
Although the use of oligonucleotides formed from only one base is somewhat artificial,
as no secondary structure can be formed, their use can simplify detection methods, and
facilitate more direct comparison between different modified bases. For this reason a
poly(dT) 15mer oligonucleotide containing a single modified 3meC base was used in a
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previous inhibition study in which the reaction was followed by capillary
electrophoresis339. Here the 3meC lesion was positioned as the third base of the
sequence from the 5' end, to ensure that this was well separated from the 3' fluorescein
group. Despite the relative proximity of the lesion of the 5' end of the oligonucleotide,
activity should still be optimal as the most striking structural requirement is for a 5'phosphate, which is present, and as crystal structures show binding only to the bases
directly adjacent to the lesion194.
Oligonucleotides of 15-18 bases were used as substrates as they are a good compromise
between use of a longer substrate for maximising activity in an environment more
similar to that found in vivo, while simplifying synthesis, in which failed incorporations
can form shorter sequences requiring separation. Furthermore, use of a shorter sequence
will facilitate resolution of the methylated substrate and non-methylated product
(differing in mass by 14 Da) in methods such as HPLC and mass spectrometry.
The decision was therefore made to use an 18mer DNA oligonucleotide substrate
synthesised to contain one specific methylation lesion at a defined position within the
sequence, in a mixed base background to allow formation of secondary structure:
GCXAGGTCCCGTAGTGCG, where X is the modified base. This substrate maintains
the modified base at the 3rd position, as had been used previously for fluorescent
detection339. Assays carried out using similar sequences have also been reported while
this work was underway, using 15mer196, 16mer340 and 29mer335 oligonucleotide
substrates containing specific individual modified bases. No detailed studies of the
preference of the demethylation reaction for specific residues flanking the lesion have
been carried out, but it appears that the reaction is sequence independent175.
Oligonucleotide synthesis, using a solid-phase supported approach341, was carried out
by ATDBio, using a 1meA phosphoramidite synthesised by Anders Sejr Hansen.
Typically, the final step of the synthetic process involves treatment with concentrated
ammonia to cleave the newly synthesised oligonucleotide from the solid resin, with
concomitant removal of protecting groups. However, 1meA is susceptible to an
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ammonia-induced Dimroth rearrangement to the more stable N6meA isomer342 which is
not a substrate of AlkB (although 1,N6-ethenoadenine (εA) is successfully repaired178179

). Therefore to prevent this unwanted side-reaction the synthesis required the use of

“ultra mild” solid phase synthesis conditions, using more labile protecting groups and
resin linkages336,343. Similar oligonucleotides were also synthesised containing the
different modified bases for further use in assays.

5.4.2 2OG turnover assay
As an initial test to determine the activity of the proteins produced, the 2OG turnover
capability was assessed using the previously described radiolabelled 2OG turnover
assay (Section 2.4.1). The proteins were incubated under standard assay conditions with
a single-stranded 18mer oligonucleotide containing a 1-methyl adenine base, as this
lesion has been identified as an optimal substrate for both AlkB158-159 and ABH2163.
Figure 5-13 shows that 2OG turnover is observed for each of the tested proteins, with a
clear elevation of 2OG turned over in the presence of the oligonucleotide substrate.
Uncoupled turnover by the proteins in the absence of substrate is expected, as selfhydroxylation of residue W178 in the active site of AlkB has been observed344. The
2OG turnover of ΔN11 AlkB in the absence of substrate is higher than that for the full
length AlkB (full length 23 %; ΔN11 47.8 %). This may suggest a role for the
N-terminal portion of the protein in preventing unproductive 2OG turnover. Inspection
of the AlkB crystal structure reveals that the N-terminus is at the opposite side of the 3D
protein structure from the entrance to the active site, therefore it is unlikely that any
effect is caused via a direct interaction with the active site, but the presence of the
additional sequence at the N-terminus may alter the overall 3D structure of the protein
making turnover in the absence of the prime substrate more feasible. During
development of the ΔN11 crystallisation construct, protein further truncated at the
N-terminus (ΔN17 AlkB) was found to precipitate, suggesting that residues 11-17 are
important for maintaining the correct protein structure192, and form a short β-strand195.
In contrast it appears that the C-terminal portion of the protein may be more important
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for maintaining the enzymatic activity, as protein with a C-terminal His-tag is
inactive192.
Interestingly, the 2OG turnover of ABH2 is just over twice that of both AlkB
constructs, but with a high (42 % of turnover in the presence of 1meA oligonucleotide)
uncoupled proportion, suggesting that the protein is active with respect to turnover of
2OG, but is poorly capable of discriminating between whether the prime substrate is
present or absent. Furthermore it has been reported previously that ABH2 has a
preference for dsDNA over ssDNA substrates167, although this is only observed in the
presence of high concentrations of NaCl173 or magnesium175. Therefore it is possible
that on addition of the 1meA-containing single stranded oligonucleotide 2OG turnover
may be stimulated, but that these cycles may be unproductive. ΔN55 ABH2 has been
reported to be active with respect to 1meA demethylation, but no quantitative analysis
of the turnover was reported194.
nmol 2OG turned over
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Figure 5-13: 14C 2OG turnover by full length or N-terminally truncated AlkB, and the AlkB human
homologue ABH2 in the presence or absence of an 18mer oligonucleotide containing a 1meA
modified base. Reaction incubation time 30 minutes. Data points represent the mean of triplicate
experiments, with error bars showing the standard error of the mean.

The activity of AlkB was tested further by variation of the substrate present. An assay
was carried out using a range of single stranded synthetic 18mer oligonucleotides, each
with a different methylated base lesion at the same site in the sequence. The lesions
investigated are structural analogues of the 1meA modification (Appendix A), with the
methyl group present at the ring nitrogen, and have all been previously identified as
substrates of AlkB158-159,176-177. As a comparison to this, a further oligonucleotide was
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tested, containing 5meC, an important epigenetic marker. Here the methyl group is
bound to a carbon atom at position 5 of the pyramidine ring, rather than the N-atom at
the 3-position. Therefore demethylation of this group would require breaking of the
stronger C-C bond, rather than the N-C bond present in the known AlkB substrates.
Hydroxylation may be catalysed by AlkB, but it is unlikely that demethylation of this
methyl group will follow. The hydroxylation of the 5meC methyl group is now known
to be catalysed by the 2OG oxygenase TET151, forming the stable 5-hydroxymethyl
cytosine (5hmeC) base80.
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Figure 5-14: 14C 2OG turnover by full length AlkB in the presence or absence of 18mer
oligonucleotides containing a single methylated base at position 3. Reaction incubation time
15 minutes. Data points represent the mean of triplicate experiments, with error bars showing the
standard error of the mean. Blue dashed line indicates nmol 2OG turned over in the no substrate
control reaction.

The highest 2OG turnover is observed for the oligonucleotide containing 1meA, the
preferred substrate. An elevated 2OG turnover compared to the uncoupled background
turnover is also observed with 3meC (68 % of the turnover in the presence of 1meA
containing oligonucleotide). However, very low elevation above background 2OG
turnover was observed with oligonucleotides containing 3meT and 1meG. These lesions
were identified as AlkB substrates later than the original 1meA and 3meC lesions177,
and are less commonly formed and repaired in vivo106. The oligonucleotide containing
the 5meC modification appears to repress 2OG turnover, as the turnover is reduced
below the baseline level seen in the absence of substrate. It is possible that the DNA

- 187 -

Chapter 5

ABH Purification and Characterisation

strand may bind in the AlkB active site, but is unable to react. However on binding it
may block entry or release of 2OG reducing the uncoupled turnover of 2OG. It has been
reported that 1meG and 3meT nucleosides do not stimulate uncoupled 2OG
decarboxylation177, despite the observation of uncoupled turnover for 1meA, and that no
demethylation of trimer oligonucleotides containing 1meG and 3meT is observed200,
suggesting that the interaction of these species with the active site may be weaker.

5.4.3 Discussion of limitations of the 2OG turnover assay
The radiolabelled 2OG turnover assay described above is useful for following the
turnover of the 2OG co-substrate of the 2OG oxygenases. A particularly valuable
feature of this assay is that it may be used when no substrate is known. Initially, 2OG
oxygenase family members may be identified by excluding certain assay components or
adding known generic oxygenase inhibitors, and observing decreases in the 2OG
turnover. Additionally, possible substrates may be added, with observation of elevated
2OG turnover suggesting that the added reagent may be a substrate; this approach was
successful for the identification of the substrate of FTO165.
Despite these advantages, the assay also has a number of drawbacks. The assay
methodology is not technically straightforward, and is very low-throughput. Even in the
hands of experienced users the results obtained can be erratic and highly variable, often
with a high background signal. There is therefore a requirement for high concentrations
of reagents (particularly the expensive modified oligonucleotides) in order to observe
significant signal above the high baseline noise and uncoupled turnover. The assay is
also indirect, as the

14

C detected arises from turnover of the 2OG co-substrate, rather

than of the prime substrate. As “uncoupled” turnover of the 2OG co-substrate is well
documented for many members of the 2OG oxygenase family5 (including DAOCS345,
JMJD2E346 and PHD2347) this must be accounted for, and the indirect measurements are
not ideal for detailed kinetic analysis.
A potentially preferable radioactive-based turnover assay has been reported, which uses
[5-14C]-oxoglutarate as the co-substrate, and releases 14C-labelled succinate, which may
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be detected by derivatisation with 2,4-dinitrophenyl hydrazine348. A more highthroughput usage of this methodology has also been reported349, suggesting that the
assay may be more amenable to use for inhibitor testing, despite the lengthy
derivatisation steps required to obtain a readout. However the assay again only follows
2OG turnover, rather than the direct modification of the prime substrate, therefore
uncoupled turnover of 2OG not dependent on reaction with the substrate would be
difficult to dissect from coupled turnover. Optimisation of this methodology was
attempted in this laboratory by Dr Elena Sanchez Fernandez, but the approach was
found to be unsuccessful due to very high background signals, possibly due to
degradation of the [5-14C]-oxoglutarate starting material, or the presence of impurities.

5.4.4 Possible alternative assays
An assay exploited recently for other 2OG oxygenases uses AlphaScreen™ (Perkin
Elmer) technology. This antibody-based chemiluminescence technique can be
miniaturised to the nanomolar scale, and has been applied successfully for kinetic
studies of histone demethylases327, and more recently for the HIF hydroxylases
(unpublished results, Dr Akane Kawamura, Dr Nathan Rose). The assay output is the
emission of light upon binding of a specific antibody to either the substrate or the
product of the reaction. Excluding antibodies to the established epigenetic marker
5meC, or more recently the “sixth DNA base” 5hmeC, few antibodies to modified DNA
nucleosides are commercially available. Unfortunately antibodies are not available to
the less stable, and less common, 1meA modification (or its analogues) precluding
detection of the reaction substrate. It is possible that in vitro a specific substrate could
be used containing in its sequence a modified base, but not the unmodified version,
meaning that when the methylation lesion was removed the unmodified base would be
revealed, and could be detected by an antibody specific to the unmodified base.
However this approach would not be appropriate in more realistic or lengthy sequences,
which would contain the unmodified base, and it would not be possible to directly
compare between modified bases in the same background sequence.
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A further approach, useful for assaying double stranded oligonucleotides, is the use of
methylation sensitive restriction enzymes. Oligonucleotides are designed containing a
specific methylation in a restriction site. Once this methylation is enzymatically
removed the restriction enzyme can cleave the sequence, and the results visualised by
agarose gel electrophoresis. This approach has been used successfully for assays of
AlkB and ABH2173-174,239, however it is again not a high-throughput approach, and often
involves the use of [32P]-labelled oligonucleotides, further reducing the throughput.
NMR has been used to follow the activity of other 2OG family members, both through
the turnover of 2OG to succinate, and through direct detection of substrate
modification346-347. This technique is particularly useful for quantitatively following the
progress of the reaction, but requires many hours of valuable machine time, and is thus
not well suited to screening of large numbers of possible inhibitors.

5.4.5 Chromatography based techniques
Various mass spectrometric techniques were also attempted or considered. Reacted
oligonucleotides may be digested to the component nucleosides, either by acid
hydrolysis158 or enzymatically, using nuclease P1, snake venom phosphodiesterase and
alkaline phosphatase350. Detection is then possible by 2D thin layer chromatography
(TLC), as was used for the identifications of base J 41 and 5hmeC80. A similar method
has been more recently reported using HLPC to separate nucleosides, followed by ESI
to observe the intact nucleosides, and collision induced dissociation (CID) to break the
glycosidic bond and allow observation of the base351, however again these methods are
not high-throughput.
HPLC of the intact oligonucleotide followed either by UV or mass spectrometric
detection was carried out. The LC conditions were optimised for the 18mer 1meA
oligonucleotide to enable separation of the two species differing in mass by 14 Da,
however further optimisations would be required for each oligonucleotide used
considering the base sequence, oligonucleotide length and the modified base present in
the sequence. Both product and reagent were observed simultaneously, with
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quantification possible by integration of the chromatographic peaks. However,
preparation of samples prior to analysis was lengthy as protein was removed from the
reaction sample by precipitation on addition of methanol. The oligonucleotide was then
dried and resuspended in a smaller volume of liquid, to facilitate analysis. During this
process some DNA was lost, precluding quantitative comparison. As the post-reaction
processing steps are significant this method is not particularly rapid.
A similar LCMS method (using ESI-TOF MS detection) for analysis of the reaction of
AlkB has been published, using a 16mer oligo with the lesion at the 9th position of the
oligo. The authors obtained good signal using only 20 pmol oligonucleotide, however
the study was a proof of principle analysis to directly verify repair of the spectrum of
lesions by AlkB, rather than a high-throughput screening method340. Since the recent
identification of the 5hmeC modification, several new highly sensitive mass
spectrometric methods have been published, primarily for analysis of the proportion of
5hmeC in genomic DNA samples352. In the future these techniques may have further
utility for more sensitive analysis of the transient and less common damaged bases.

5.4.6 FDH-coupled assay
An assay method that has been successfully applied for some 2OG oxygenases involves
coupling the formation of the formaldehyde co-product (from demethylation of the
DNA base) to production of a fluorophore. This method uses Pseudomonas putida
formaldehyde dehydrogenase (FDH), which oxidises formaldehyde to formic acid,
using the coenzyme nicotinamide adenine dinucleotide (NAD+) as a co-substrate
(Figure 5-15)353. In carrying out this reaction, the non-fluorescent NAD+ is reduced by
FDH to NADH, which has a fluorescence emission peak at 460 nm354. The appearance
of NADH in solution can thus be tracked to monitor the progress of the AlkB
demethylation reaction. The absorbance spectra of NAD+ and NADH also differ, with
an additional peak for NADH at 340 nm355. However, the fluorescence characteristic of
NADH is used rather than the absorbance as the sensitivity of the assay is increased by
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an order of magnitude due to the significantly reduced background signal for
fluorescence356.

Figure 5-15: Scheme for AlkB demethylation coupled to the FDH-catalysed oxidation of
formaldehyde to formic acid. This primary reaction is coupled to the reduction of NAD + to NADH,
allowing fluorescence detection of the NADH produced by excitation at 355 nm and emission at
460 nm.

Although this assay does not directly identify the oligonucleotide itself, it is still able to
directly follow the productive catalytic assay as the formaldehyde present in the assay
mixture will only be produced by the demethylation of 1meA, with the carbon of the
formaldehyde molecule originating from the methyl group lesion.
The use of this assay to follow the reaction of AlkB was initially published by Roy et
al., who investigated some of the important considerations for establishment of the
assay335. The use of the common buffer Tris.HCl was found to be incompatible with the
FDH reaction as, due to the presence of three primary alcohol groups in the structure,
this is a substrate for FDH357. As an alternative buffer, HEPES is used here. An
important consideration for coupled assays is ensuring that the second reaction is
coupled effectively to the first, and here the significantly higher specific activity of FDH
than AlkB means that no “lag” period is observed335. Additionally, NAD+ is used at a
saturating concentration to ensure that the reaction is dependent only on the
concentration of formaldehyde.
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In this previous study the assays were run as timecourses in batches of four reactions,
running an assay triplicate alongside a blank reaction335. This was again not a
particularly efficient or high-throughput approach, so this was further developed. In this
laboratory an FDH-coupled assay had previously been optimised to follow the reaction
of the histone demethylase JMJD2E, which also releases formaldehyde on
demethylation of methylated lysines358. To increase the throughput of the assay, a
fluorescence plate reader was used to record data, allowing several samples to be run
simultaneously, and monitored as a timecourse with readings recorded every 30 s.
Signals were found to be most sensitive when using 100 μl reactions in 384 well plates,
although due to the limitation of how many assays can be manually initiated
simultaneously, and how regularly readings could be taken, a maximum of 24 wells
could be monitored per assay. The use of this assay format also allows for the
possibility of miniaturisation for true high-throughput application, and this has been
successfully achieved for the histone demethylases to identify novel potent inhibitors359360

. The previous FDH-coupled study of AlkB used the alternative coenzyme 3-

acetylpyridine adenine dinucleotide (APAD+) rather than NAD+, observing increased
stability and sensitivity335, but no significant advantage was observed on testing in
JMJD2E assays (personal communication, Dr Nathan Rose), therefore NAD+ was used
instead.

5.5 FDH assay development
5.5.1 Initial assay trials
To determine whether the purified AlkB is capable of demethylating 1meA-containing
oligonucleotides, and whether this assay is an appropriate method for following this
reaction, an initial FDH-coupled assay was carried out using standard assay conditions,
previously used for JMJD2E358.
The typical method previously used involves two reagent master mixes: a “substrate
mix” containing FDH, NAD+, substrate and 2OG, and an “enzyme mix” containing
enzyme, iron and ascorbate. The enzyme mix is placed into individual wells of a 384
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well plate, then initiation of the reaction occurs on addition (using a multichannel
pipette) of the substrate mix, giving a final assay volume of 100 μl in each well. The
reagents are mixed, then immediately read in a fluorescence plate reader. Previous
studies on AlkB showed that extended incubation of AlkB with iron and ascorbate led
to specific protein cleavage315. Therefore an alternate setup was used to prevent
incubation of these reagents, using a substrate mix containing 500 μM NAD+, 40 μM
methylated oligonucleotide, 200 μM 2OG, 10 μM iron and 100 μM ascorbate, and an
enzyme mix of 2 μM AlkB with 0.1 U FDH per reaction.
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Figure 5-16: AlkB demethylation timecourse assay followed using a FDH-coupled assay. Reactions
were carried out with all assay components (AlkB + 1meA, red), without oligonucleotide substrate
(AlkB, blue), or without AlkB (1meA, green). Data points represent the mean of triplicate
experiments, with error bars showing the standard error of the mean.

Conversion of results from relative fluorescence units to the concentration of NADH
produced (which should be equivalent to the concentration of formaldehyde produced,
and therefore the amount of 1meA oligonucleotide demethylated) is possible using
formaldehyde calibration curves (prepared by Dr Nathan Rose and Dr Akane
Kawamura). FDH assays were run using a range of known formaldehyde
concentrations, to give the RFU observed per μM formaldehyde consumed, recorded as
the concentration of NADH produced. The values generated were used throughout for
conversion of relative fluorescence units to NADH concentration.
The results obtained for an AlkB timecourse assay (Figure 5-16) show that the reaction
has occurred successfully under these conditions, with a clear increase in signal
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corresponding to formation of NADH due to the reaction of FDH with the produced
formaldehyde. Following an initial lag period due to initiation of the reaction and
allowing time for mixing of the reagents, the reaction has an approximately linear phase
in the 30-180 s time period. In the absence of either AlkB or the oligonucleotide
substrate a baseline signal level is observed, with no significant increase occurring over
the course of the assay, suggesting that the increase observed in the reaction containing
both AlkB and the methylated oligonucleotide substrate is due to the true enzymatic
reaction, rather than a side reaction occurring between other assay components (for
example the reaction buffer), or formaldehyde already present or produced by a
different means.
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Figure 5-17: Variation of NAD+ concentration for AlkB reaction with a 1meA oligonucleotide,
followed using a FDH-coupled reaction. Data points represent the mean of triplicate experiments,
with error bars showing the standard error of the mean.

An assay was carried out varying the concentration of NAD+ (Figure 5-17), showing
that with the standard NAD+ concentration (500 μM) the reaction is zero order,
therefore is sufficient for the coupled reaction. No inhibition is observed at
concentrations of up to 2 mM NAD+ (50 fold greater than the concentration of
oligonucleotide used).
These initial assays were run using conditions based on those for JMJD2E358. However
within the 2OG oxygenase family, individual members have very different co-substrate
requirements, for example PHD2 has a strong requirement for ascorbate293, and the Km
of FIH for 2OG is higher that that for other similar oxygenases361-362. Therefore,
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assuming that a steady-state reaction occurs (Equation 5-1), and that the MichaelisMenten equation can be applied (Equation 5-2), it is necessary to determine the
Michaelis-Menten constant (Km) values (Equation 5-3) for each of the assay
components for the reactions of both AlkB and ABH2. To carry out valid kinetic and
inhibition assays it is necessary to ensure that the assay components are well in excess
of Km, so the reaction rate is not limited.

Equation 5-1: Assumed enzyme reaction mechanism for the Michaelis-Menten model, using the
steady state approximation where k2 >> k-2. E: enzyme; S: substrate; ES: enzyme-substrate
complex; P: product; kx: rate constants for reaction stage indicated.

Equation 5-2: Michaelis-Menten equation for enzyme kinetics, based on the model in Equation 5-1.
[P]: product concentration; V: reaction rate; Vmax: maximum rate achieved by the system under
saturating substrate concentrations; [S]: concentration of substrate S; K m: substrate concentration
at which the reaction rate is half of Vmax.

The Km can give an indication of the affinity of enzymes for a substrate, with a lower
Km suggesting that the maximal catalytic efficiency is achieved at low substrate
concentrations. Therefore the ES complex is held together very tightly and rarely
dissociates without the substrate first reacting to form product. The rate constant k2
(Equation 5-4) is also referred to as kcat, the turnover number, representing the
maximum amount of substrate the enzyme is capable of turning over per second.

Equation 5-3: Definition of the Michaelis-Menten constant (Km), where kx are rate constants as
described in Equation 5-1.

Equation 5-4: Definition of the maximal reaction rate (Vmax) under saturating substrate conditions,
where k2 is the rate constant described in Equation 5-1, and [E]0 is the initial enzyme concentration.
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5.5.2 Determination of kinetic parameters for AlkB and ABH2 reactions
FDH-coupled assays were carried out for both AlkB and ABH2 using an 18mer
1meA-containing oligonucleotide substrate (Section 5.4.1), in each case varying the
concentration of one of the assay components. Each of the other assay components was
maintained in excess to ensure that these were not rate limiting. This allowed
determination of the Km values for each of the assay components, through fitting the
results obtained to the Michaelis-Menten equation, using GraphPad Prism, and
extracting the kinetic parameters from the fitted curves. This method was found to be
more consistent than a linear plot analysis, although obtained results were comparable
between the two methods. Although initial kinetic studies of the substrates of AlkB and
mouse ABH2 (discussed below) have been published previously, no kinetic analyses of
the co-substrate requirements of either enzyme have been published to date. Results are
depicted in Figure 5-18, with the kinetic parameters obtained summarised in Table 5-2.
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Figure 5-18: Michaelis-Menten plots for AlkB assay components, determined using the FDHcoupled assay. Kinetic parameters are indicated on the graphs, and are derived from fitting the
Michaelis-Menten equation to the data obtained, using GraphPad Prism. Data points represent the
mean of triplicate experiments, with error bars showing the standard error of the mean.
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Km /μM
AlkB
ABH2

18mer 1meA
6.0 ± 1.9 4.2 ± 1.5
oligonucleotide

Vmax /μmol s-1
AlkB
ABH2
0.027 ± 0.002

kcat /s-1
AlkB

0.0069 ± 0.0005 0.014 ± 0.001

ABH2

kcat/Km /M-1 s-1
AlkB
ABH2

0.0035 ± 0.0003

2340

825

0.028 ± 0.0008 0.0075 ± 0.0003 0.014 ± 0.0004 0.0038 ± 0.0002

1230

934

0.017 ± 0.0007 0.0052 ± 0.0003

10800

2860

0.021 ± 0.0005

16500

67.8

2OG

11.4 ± 1.3 4.0 ± 1.2

Fe(II)

1.6 ± 0.29 1.8 ± 0.5

0.035 ± 0.001

0.010 ± 0.0006

Ascorbate

1.3 ± 0.55 177 ± 37

0.042 ± 0.005

0.023 ± 0.003

0.012 ± 0.001

Table 5-2: Kinetic data obtained from FDH assays for the reactions of AlkB and ABH2 with an
18mer 1meA oligonucleotide. Data are derived from fitting the Michaelis-Menten equation to the
data obtained using GraphPad Prism, and are presented as the mean of triplicate experiments ± the
standard error of the mean.

The reaction of AlkB with variation of the iron concentration follows standard
Michaelis-Menten kinetics across the range tested. Varying the ascorbate concentration
appears to have little effect on the activity of AlkB, which contrasts with a previous
study of AlkB in which the activity was observed to be strongly dependent upon the
presence of ascorbate325. However Welford et al. followed the activity of AlkB with the
1meA nucleoside, which is not demethylated, using the radiolabelled 2OG turnover
assay described previously. Therefore it is possible that in these assays the uncoupled
reaction has a high dependence on ascorbate, as it is postulated that the likely role of
ascorbate is recovery of the Fe(II) centre from the oxidised Fe state292, which would be
likely to occur more frequently when no primary substrate is present. Inhibition of AlkB
at high concentrations of 2OG was also reported in this previous study325, which is
again observed here. Determination of the Km for 2OG was achieved by excluding the
highest concentration of 2OG used (400 μM) from the values fitted to the curve (as
shown in Figure 5-18). Additionally, a reduction in activity at elevated substrate
concentrations was observed, possibly due to substrate or product inhibition, a
phenomenon which has been observed for PHD2274. This decreased activity therefore
makes assigning a Km difficult, as determination of which points should be fitted to the
Michaelis-Menten curve is not straightforward. However the curve was fitted to data
points at lower concentration to obtain an approximate Km, excluding the possible
inhibition effects.
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Figure 5-19: Michaelis-Menten plots for ABH2 assay components, determined using the FDHcoupled assay. Kinetic parameters are indicated on the graphs, and are derived from fitting the
Michaelis-Menten equation to the data obtained, using GraphPad Prism. Data points represent the
mean of triplicate experiments, with error bars showing the standard error of the mean.

A similar set of reactions was carried out with ABH2 to determine the Km values for
each of the assay components (Figure 5-19, summarised in Table 5-2). Inhibition of
ABH2 is not observed at high concentrations of 2OG, and the Km is less than half that
observed with AlkB, suggesting that 2OG is bound more tightly by ABH2 during the
catalytic cycle. Furthermore, as inhibition is not observed at high 2OG concentrations
this may suggest that the activity of ABH2 may be inhibited by a different class of
inhibitors from the simple 2OG mimics previously studied for AlkB325,339, suggesting
the possibility of selectivity within the 2OG-dependent oxygenase family. The iron
requirement of ABH2 is very similar to that of AlkB, with similar Km values obtained.
For both proteins the Km for iron is just over 1 μM, in reactions where the enzyme
concentration is at 2 μM, suggesting that the proteins have purified with Fe present in
the active site, as has been observed previously for AlkB363, and other 2OG
oxygenases332 although this was not clear from the mass spectra obtained for the
purified AlkB protein used here (Section 5.3.2). It is possible that ABH2 may show
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slight inhibition at higher substrate concentrations, but this is not as apparent as with
AlkB. The most striking difference between the reactions of AlkB and ABH2 is the
ascorbate dependence, as the Km of ABH2 for ascorbate is over 100 times that observed
with AlkB, with a ~250-fold lower kcat/Km. Therefore the ABH2 reaction is strongly
dependent on the presence of ascorbate, similar behaviour to that of other oxygenases,
such as PHD2293.
Protein

Substrate

Km /μM

kcat /s-1

kcat/Km /M-1 s-1

T(1meA)T

2.8 ± 0.9

0.123 ± 0.001

43300

AlkB

methyated
poly(dA)

1.4 ± 0.2

0.195 ± 0.022

143000

ss 19mer 1meA

5.4 ± 0.9

0.062 ± 0.003

11480

ds 19mer 1meA

6.2 ± 1.3

0.052 ± 0.004

8390

ss 19mer 3meC

3.4 ± 0.6

0.037 ± 0.005

10880

ds 19mer 3meC

9.3 ± 2.4

0.055 ± 0.006

5910

T(1meA)T

1.4 ± 0.8

0.045 ± 0.013

31670

T(3meC)T

24 ± 5

0.350 ± 0.067

15000

T(εA)T

60 ± 14

0.0022 ± 0.0008

33

CA(1meA)AT

0.06 ± 0.01

0.090 ± 0.022

1617000

CA(3meC)AT

0.29 ± 0.03

0.380 ± 0.170

1305000

ΔN11
AlkB

ss 18mer 1meA

6.0 ± 1.9

0.014 ± 0.001

2340

hABH2

ss 18mer 1meA

4.2 ± 1.5

0.0035 ± 0.0003

825

ss 24mer 1meA

0.018 ± 0.023

3.3 ± 0.27

18000000

ds 24mer 1meA

0.032 ± 0.073

13.7 ± 2

42900000

ss 24mer 3meC

0.082 ± 0.022

1.06 ± 0.12

12900000

ds 24mer 3meC

0.17 ± 0.027

8.84 ± 0.026

52900000

AlkB

ΔN11
AlkB

mABH2

Method

Reference

HPLC

Koivisto et
al.

FDH assay

Roy et al.

HPLC

Yu et al.

FDH assay

This study

Restriction
digest

Lee et al.

Table 5-3: Summary of kinetic data previously reported for substrates of AlkB and Mus musculus
ABH2 (mABH2). ss: single stranded, ds: double stranded. Data taken from173,200,326,335.

Previously published kinetic data for AlkB and Mus musculus ABH2 (mABH2) with a
range of substrates is summarised in Table 5-3, alongside the data obtained here.
Although it is difficult to make quantitative comparisons between the data due to the
different assay methodologies and conditions used, it is useful to qualitatively assess the
results, particularly through comparison of kcat/Km, a measure of the catalytic efficiency
of the enzyme under sub-saturating conditions. This shows many of the previously
described substrate preferences of the two enzymes. AlkB prefers ssDNA, with greater
efficiency with longer sequences, and is most efficient with 1meA substrates, whereas
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ABH2 has a preference for 1meA in ssDNA, and 3meC in dsDNA, but overall is more
efficient with dsDNA.
The Km of AlkB for the 1meA oligonucleotide tested in this study is very similar to the
published value obtained with a 19mer 1meA ssDNA oligonucleotide (6 μM vs.
5.4 μM)335, although the kcat values obtained here are lower than previously published.
The results obtained in this study suggest that ABH2 has a lower substrate turnover than
AlkB, as shown by the lower kcat and kcat/Km values. In contrast, the published values
for mABH2 are significantly higher than those previously published for AlkB, or are
observed here with human ABH2. A restriction enzyme digest method was used to
obtain these data, which used very low reagent concentrations (picomolar enzyme and
nanomolar substrate) which will affect the magnitude of the results obtained.
Furthermore, the two ABH2 proteins tested are derived from different organisms,
therefore despite their homology (75 % identity) their activities may differ slightly.
Component
Enzyme
18mer 1meA
oligonucleotide
2OG
Fe(II)
Ascorbate
NAD
FDH

AlkB
2 μM

ABH2
2 μM

20 μM

20 μM

100 μM
10 μM
100 μM
5 mM
0.1 U

150 μM
10 μM
320 μM
5 mM
0.1 U

Table 5-4: Summary of optimal assay conditions for FDH-coupled reactions for AlkB and ABH2
with 18mer oligonucleotide substrates.

Following determination of the kinetic parameters, the results were used to establish
optimal assay conditions, ensuring that the reagents were in excess of K m, and would
not limit the reaction rate (Table 5-4). Although the Km for 2OG of ABH2 is lower than
that for AlkB, a higher concentration of 2OG was chosen for use in ABH2 reactions. In
these activity assays it was decided to maintain a large excess of 2OG to allow the
reaction to proceed fully, but as inhibition of AlkB was observed at high 2OG
concentrations a lower concentration was used in this case. As a true Km could not be
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obtained for the 1meA oligonucleotide substrate with AlkB, the substrate concentration

NADH concentration /M

at which maximal activity was achieved was used for further assays.

4

1meA
1meG
3meC
3meT
No substrate

2

0
0

200

400

600

800

1000

time /s

Figure 5-20: FDH-coupled assay for ABH2 with 18mer oligonucleotide substrates (20 μM), each
containing a different methylated base. Data points represent the mean of triplicate experiments,
with error bars showing the standard error of the mean.

To compare the activity of ABH2 with different base modifications an FDH assay was
carried out using oligonucleotides with the same base background, but with different
base modifications (Figure 5-20). Greatest activity was observed with the
oligonucleotide containing 1meA, suggesting that this modification is the preferred
substrate of ABH2. This has been observed previously, with a previous study reporting
four-fold greater activity with 1meA than 3meC163. No significant activity above the
background enzyme-only background was observed with the oligonucleotide containing
the 1meG base, but no activity has been reported for ABH2 with 1meG177. As it
appeared that the 3meT-containing oligonucleotide may be a good substrate of ABH2,
this was further tested in an assay using a range of oligonucleotide concentrations.
However this approach was unsuccessful, as it appeared that overall the activity was
substantially lower than that with the 1meA oligonucleotide, with significant
substrate/product inhibition observed at higher substrate concentrations, as had been
observed previously for AlkB with the 1meA oligonucleotide.

5.5.3 N-Terminally truncated constructs
As the N-terminally truncated constructs of both AlkB and ABH2 are produced in a
higher yield, and have previously been successfully crystallised, it would be useful to
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use these proteins in activity assays, to be able to compare results obtained more
directly with crystal structures.
The activity of the two AlkB constructs was found to be very similar (Figure 5-21), in
agreement with previous reports of the activity of the ΔN11 construct (although no
quantitative comparison of the activities of the proteins was given)192. The initial rate of
the N-terminally truncated protein is 82 % that of the full length protein, and after the
15 min incubation 88 % of the total turnover is recorded. This is slightly different from
the previous observation made using the 2OG turnover assay (Section 5.4, Figure 5-13),
in which the ΔN11 construct showed 112 % of the turnover of the full length construct,
although after a 30 min incubation. However it is likely that this was due to the
increased uncoupled 2OG turnover for the ΔN11 construct observed in the 2OG
turnover assay, highlighting the difficulty in interpreting data from assays that follow
the reaction of the prime substrate indirectly.
5

NADH concentration /M

3

2

1

0
200

400

time /s

600

800

1000

0.0100

Initial Rate (M NADH /s)

AlkB
AlkB, 100 M NOG
AlkB, no substrate
N11 AlkB
N11 AlkB, 100 M NOG
N11 AlkB, no substrate

4

AlkB
+ 100 M NOG
No substrate

0.0075
0.0050
0.0025
0.0000
AlkB

 N11 AlkB

-1

Figure 5-21: Comparison of the relative activities of the full length and ΔN11 AlkB constructs in an
FDH-coupled assay, with an 18mer 1meA oligonucleotide substrate. Data are represented as the
reaction timecourse, and the initial reaction rates. Data points represent the mean of triplicate
experiments, with error bars showing the standard error of the mean.

As may be anticipated from the significantly larger N-terminal truncation for the ΔN55
ABH2 protein, the truncated ABH2 protein shows a significantly reduced activity as
compared to the full length protein, with the initial rate only 29 % (and the total
turnover during the 15 min incubation 36 %) that of the full length protein (Figure
5-22). The initial report of the ΔN55 ABH2 construct describes demethylation activity,
but again no quantitative comparison to the full length wildtype protein was made194.
The activity of the ΔN55 ABH2 construct is still distinguishable from the reaction
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baseline, obtained in the absence of the oligonucleotide substrate, but is lower than that
for the wildtype protein treated with N-oxalylglycine, a 2OG mimic, and a generic 2OG
oxygenase inhibitor. Therefore the truncated ABH2 construct is not well suited for use

NADH concentration /M

5

ABH2
ABH2, 100 M NOG
ABH2, no substrate
N55 ABH2
N55 ABH2, 100 M NOG
N55 ABH2, no substrate

4
3
2
1
0
200
-1

400

600

800

Initial Rate (M NADH /s)

in activity assays.

1000

0.015

ABH2
+ 100 M NOG
No substrate

0.010

0.005

0.000
WT ABH2

time /s

 N55 ABH2

Figure 5-22: Comparison of the relative activities of the full length and ΔN55 ABH2 constructs in
an FDH-coupled assay, with an 18mer 1meA oligonucleotide substrate. Data are represented as the
reaction timecourse, and the initial reaction rates. Data points represent the mean of triplicate
experiments, with error bars showing the standard error of the mean.

5.5.4 Assay miniaturisation
The main limiting factors for carrying out higher-throughput screens are the cost of the
modified oligonucleotide substrate, and the availability of small molecule inhibitors.
Therefore having established the required conditions for assays of the two proteins
further optimisation was attempted, through miniaturisation. However, despite wishing
to reduce the quantities of reagents used, it is still important to obtain good quality
activity data. In order to assess the quality and validity of data obtained in the assays
standard statistical methods were used for analysis.
Firstly, the signal to noise ratio can be evaluated (Equation 5-5). To obtain good data
the signal to noise ratio should be maximised to obtain the greatest difference between
any background signal (noise) and the signal obtained for positive assay reactions.
Despite the value of this parameter, it does not account for all important aspects of the
assay under question. Therefore when establishing assays for use in high-throughput
screens the Z-factor (Equation 5-6) has been described to allow evaluation of the
validity of an assay, and the likelihood of successful identification of hit compounds
from a high-throughput screen364. The Z-factor is also referred to as the screening
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window coefficient, and reflects the signal dynamic range (the difference between mean
signals) and variation of the data obtained in assays, assessed by the “separation band”,
the difference between 3 standard deviations of the negative and positive values. An
interpretation of obtained Z/Z'-factor values is summarised in Table 5-5. However, it
must be remembered that the Z-factor is a theoretical parameter, designed for
interpretation of results obtained in a model system, from automated, robotic assays.
Therefore it does not include any allowance for additional errors occurring in non-ideal
manual assays, where pipetting and mixing variations are likely to be greater. Thus
Z-factor values derived for manual assays, as carried out here, will underestimate errors.

Equation 5-5: Definition of signal to noise ratio364. μp: mean of positive control; μn: mean of
negative control; σp: standard deviation of positive control; σn: standard deviation of negative
control.

The Z'-factor is the corresponding Z-factor for control data, allowing evaluation of the
suitability of new assays. To determine this, a “positive” value is defined as the
maximum signal contained, for example from a reaction carried out under optimal assay
conditions, and the “negative” value is defined as the baseline signal for a negative
control reaction. In this case two negative situations where no reaction should be
observed were compared, with reactions carried out in the absence of either enzyme or
substrate.

Equation 5-6: Definition of Z'-factor364. μp: mean of positive control; μn: mean of negative control;
σp: standard deviation of positive control; σn: standard deviation of negative control. The screening
window is defined as the mean ± 3 standard deviations, and the separation band is defined as the
difference between the means.
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Z-factor value
1
1 > Z ≥ 0.5
0.5 > Z > 0
0
<0

Structure of assay
σ = 0 (no variation)
or dynamic range → 0
Separation band is large
Separation band is small
No separation band – sample and
control variation bands touch
No separation band – sample and
control variation bands overlap

Conclusion
An ideal assay
An excellent assay
A double assay
A yes/no assay
Screening essentially
impossible

Table 5-5: Categorisation of screening assay quality using the calculated Z-factor. σ: standard
deviation. Table adapted from Zhang et al.364.

The initial assay volume used for assays of both AlkB and ABH2 was 100 μl, therefore
a reduction of the assay volume to 20 μl, 25 μl and 50 μl was tested. Given the use of
relatively small volumes other modifications were made to the assay conditions to
reduce the likelihood of significant evaporation occurring during the course of the
assay. Firstly, the temperature at which the assays were run was reduced from 37 °C to
25 °C, and secondly the 50 mM HEPES buffer used for the assays was supplemented
with detergent (0.05 % Tween 20).
200000

100 l
50 l

RFU

150000

25 l
20 l

100000

100 l, no substrate
100 l, no enzyme

50000

0
200

400
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800

1000

time /s
Figure 5-23: Miniaturisation test for the FDH-coupled reaction of AlkB with 1meA oligonucleotide,
assays carried out in assay volumes indicated. Data points represent the mean of triplicate
experiments, with error bars showing the standard error of the mean. Results given are recorded as
relative fluorescence units (RFU) to allow more direct comparison between assays carried out in
different volumes, as conversion to the amount of NADH produced requires different calibration
curves for each assay volume.

The timecourse results for the FDH-coupled reactions of AlkB with 1meA in the
different assay volumes (Figure 5-23) show that the reaction remains successful at a
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reduced temperature, and in the presence of detergent. It appears that the 100 μl assay
volume is optimal, which is verified on considering the statistical analysis, with
Z'-factor values of 0.50 compared to the no substrate control, and 0.73 compared to the
no enzyme control. This suggests from the definitions of the Z'-factor that under these
conditions this is an excellent assay.
To a first approximation it appears that graphically the results obtained from the smaller
assay volumes are generally comparable, although a significant variation in the obtained
data is observed for the 20 μl reaction. However, referral to the statistical analysis of the
assays shows that the 25 μl reaction volume has overall higher signal to noise and
Z'-factor values than the 50 μl assays, despite the reduced assay volume.
Initial rate Positive control No Substrate as negative control No Enzyme as negative control
(RFU/s) Average SD Average SD
S/N
Z'
Average SD
S/N
Z'
100 μl

852.02

49.05

-16.08

96.03

8.05

0.50

-35.58

29.78

15.47

0.73

50 μl

484.63

97.98

0.91

2.94

4.93

0.37

1.77

45.81

4.46

0.11

25 μl

161.95

19.16

-12.09

17.92

6.63

0.36

-23.26

4.53

9.41

0.62

20 μl

112.49

26.17

9.13

9.22

3.73

-0.03

-20.14

7.83

4.86

0.23

Table 5-6: Statistical analysis of FDH-coupled assay for AlkB with 1meA oligonucleotide substrate,
carried out in different assay volumes. Shaded cells indicate conditions in which the statistical
analysis of the results is satisfactory. RFU: Relative fluorescence units; SD: Standard deviation;
S/N: Signal to noise ratio; Z': Z'-factor. Assays carried out in triplicate then analysed.

Although the results obtained for the 100 μl assay volume reactions are better than for
the reduced volume cases, the 25 μl assay volume conditions offer a good compromise
between the reduction in reagent required, and the quality of data derived. Therefore
subsequent AlkB FDH-coupled assays are carried out in a 25 μl assay volume.
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Figure 5-24: Miniaturisation test for the FDH-coupled reaction of ABH2 with 1meA
oligonucleotide, assays carried out in assay volumes indicated. Data points represent the mean of
triplicate experiments, with error bars showing the standard error of the mean. Results given are
recorded as relative fluorescence units (RFU) to allow more direct comparison between assays
carried out in different volumes, as conversion to the amount of NADH produced requires different
calibration curves for each assay volume.

A similar analysis was carried out for the reaction of ABH2 (Figure 5-24).
Unfortunately the activity of ABH2 in this assay is significantly less than that of AlkB,
as seen by comparing the lower maximal RFU signal for the 100 μl assays (~180000 for
AlkB, but ~60000 for ABH2). Therefore the variation in the data obtained has a greater
impact on the Z'-factor, as the separation band between the positive and negative values
is smaller. This is reflected in the statistical analysis of the results (Table 5-7), which
suggests that only the 100 μl reaction may be successfully used, but that it is not likely
to be a particularly robust assay.
Initial rate Positive control No Substrate as negative control No Enzyme as negative control
S/N
Z'
Average SD
S/N
Z'
(RFU/s) Average SD Average SD
100 μl

183.75

62.02

-41.99

3.18

3.64

0.13

-27.40

8.44

3.37

0.00

50 μl

65.14

25.24

-9.01

21.81

2.22

-0.90

-61.24

32.47

3.07

-0.37

25 μl

33.75

15.89

-6.54

3.68

2.47

-0.46

-29.77

15.60

2.85

-0.49

20 μl

39.41

19.61

10.95

12.55

1.22

-2.39

-35.05

15.66

2.97

-0.42

Table 5-7: Statistical analysis of FDH-coupled assay for ABH2 with 1meA oligonucleotide
substrate, carried out in different assay volumes. Shaded cells indicate conditions in which the
statistical analysis of the results is satisfactory. RFU: Relative fluorescence units; SD: standard
deviation; S/N: Signal to noise ratio; Z': Z'-factor. Assays carried out in triplicate then analysed.

- 208 -

Chapter 5

ABH Purification and Characterisation

Initial Rate (M NADH /s)

0.08

0.06

0.04

Km(2OG): 12.10 M
Vmax: 5.41 nM/s

0.02

0.00
100

200

300

400

500

[2OG] /M
-0.02

Figure 5-25: Michaelis–Menten plot for 2OG as a co-substrate of AlkB, using miniaturised and
optimised assay conditions. Data points represent the mean of triplicate experiments, with error
bars showing the standard error of the mean.

To verify that the miniaturised assay for AlkB gave comparable kinetic parameters to
those previously determined, an assay was carried out with AlkB varying the
concentration of 2OG, to determine the Km for 2OG under the altered conditions. The
determined value of 12.10 μM (Figure 5-25) is very similar to the previous value of
11.36 μM, therefore the assay can be assumed to be similar under these optimised
conditions.

5.6 Discussion
In this chapter the purification to high purity of full length and N-terminally truncated
crystallisation constructs of recombinant AlkB and ABH2 proteins has been described.
Initial characterisation revealed that the proteins are folded in solution, and are
amenable to analysis by differential scanning fluorimetry, with optimal protein
stabilisation in the presence of Mn(II).
Both proteins are DNA demethylases with a preference for the demethylation of 1meA
lesions in oligonucleotides, and were observed to turn over the co-substrate 2OG in an
indirect

14

C-labelled 2OG turnover assay. To directly monitor the reaction with the

methylated substrate an FDH-coupled assay was developed, and the co-substrate
dependence of the reactions determined. This revealed a significant difference in the
ascorbate dependence of the proteins, with the activity of ABH2 appearing much more
dependent on ascorbate than AlkB (AlkB Km 1.3 μM vs ABH2 Km 177 μM).
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Furthermore, substrate inhibition was observed for AlkB at high concentrations with an
18mer oligonucleotide containing a 1meA lesion.
The FDH-coupled assay was subsequently optimised to allow more high-throughput
assays to be conducted. This work therefore enables screening of small molecules for
possible binding and inhibition studies of AlkB and ABH2 and subsequent
crystallisation trials, studies that are described in the following chapter.
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Chapter 6 - ABH Inhibitor Design
6.1 Introduction
Members of the 2OG oxygenase family are valuable therapeutic targets365, due to their
crucial roles in several cellular processes and reported links to conditions including
cancer366 and obesity367. Detailed inhibition studies of a number of 2OG oxygenases
have been published, with much work focussing on the HIF hydroxylases 368-369, and the
histone demethylases360,370. Tumours have low oxygen levels and require the initiation
of adaption mechanisms such as angiogenesis via the hypoxic response for their
survival. Inhibiting these processes in tumours (via inhibition of the HIF hydroxylases)
could halt tumour growth371. There is also currently a large effort to develop selective
chemical probes372 for the in vivo study of oxygenases, particularly the histone
demethylases373, to dissect their individual roles in chromatin modification.
A major difficulty in identifying therapeutically beneficial inhibitors is extensive crossreactivity due to poor selectivity. For example, humans have ~60 2OG oxygenases 374,
therefore the use of simple 2OG mimics for inhibition of specific family members is
unlikely to be successful, as such simple compounds are likely to act as generic
inhibitors of all family members, leading to unwanted side-effects. Therefore, it is
necessary to develop targeted inhibitors tailored to the individual structural features of
the enzyme target, not only to deliver increased potency, but also to improve selectivity.
Many cancer therapies involve DNA damage, and alkylating agents are the oldest class
of anticancer drugs in current use375. Temozolomide (Figure 6-1) is one of the most
common alkylating agent pharmaceuticals, and forms mainly O6meG and 7meG
lesions376.

These

are

repaired

by O-6-methylguanine-DNA

methyltransferase

(MGMT)377, but MGMT may be overexpressed in cancer cells decreasing the
effectiveness of Temozolomide treatment378. Use of a “double therapy” combining
methylating agents with an inhibitor blocking repair of the DNA lesions produced may
increase the efficacy of the methylating agent. This has been attempted for
Temozolomide with O-6-benzylguanine, an MGMT inhibitor379 (Figure 6-1), and
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although results in animal models were promising380, human clinical trials did not show
significantly increased therapeutic activity381. Use of a different class of methylating
agent to produce lesions repaired by one of the ABH proteins, in combination with a
specific ABH inhibitor, may have more success. AlkB is a tractable protein, so this
model system can be used to study the inhibition of this class of DNA demethylases,
with studies subsequently extended to include the ABH human homologues.

Figure 6-1: Structures of the methylating agent Temozolomide, and the MGMT inhibitor
O-6-Benzylguanine.

Preliminary inhibition studies of AlkB have been published (Table 6-1), but many of the
compounds tested to date are simple 2OG mimics known to be generic inhibitors of the
2OG oxygenase family, therefore are unlikely to be selective between 2OG oxygenase
family members. The results were obtained using two different assay methods, either
following 2OG turnover325 (an indirect assay) or by capillary electrophoresis339 (direct
detection of demethylated product), which has likely led to discrepancies between
results for some compounds tested by both methods. Quantitative results cannot be
easily compared between the two assays due to the use of different methods, but a rank
order of IC50 values may be compared. Although LNOA has the lowest IC50 of the
compounds tested to date when the demethylation product is detected directly, its IC 50
with the 2OG turnover assay is more than three times that of NOG, the second most
potent compound by 2OG turnover. These differences are likely due to some
compounds stimulating 2OG turnover that is not coupled to the demethylation of the
prime substrate. In this situation the true activity of the enzyme will be overestimated,
and thus inhibition underestimated. Therefore, direct detection of demethylation is
much more reliable for use in inhibition and activity studies.
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Compound name

IC50 /μM
2OG turnover

C.E.

N-oxalyl-L-alanine
(LNOA)

2390

35 ± 5

N-oxalylglycine
(NOG)

700

58 ± 7

Pyridine-2,6-dicarboxylic acid
(2,6-PDCA)

64 ± 8

N-oxalyl-L-phenylalanine
(LNOF)

75 ± 2

Pyridine-2,4-dicarboxylic acid
(2,4-PDCA)

84 ± 4

Pyramidine-4,6-dicarboxylic
acid

121 ± 5

N-oxalyl-D-phenylalanine
(DNOF)

126 ± 1

FG2216

140 ± 18

N-oxalyl-D-alanine (DNOA)

3330

4-hydroxyamino-4oxobutanoic acid

149 ± 18
191 ± 1

Pyridine-2,5-dicarboxylic acid
(2,5-PDCA)

193 ± 1

N-oxalyl-Dhomophenylalanine

260 ± 6

Pyridine-2,3-dicarboxylic acid
(2,3-PDCA)

479 ± 62

LBE 332-6-3

>> 1000

Succinate

No inhibition at
1000

Fumarate

No inhibition at
1000

(± )-2-hydroxyglutarate
(2HG)

No inhibition at
4000

(± )-2-mercaptoglutarate

120

2-thiono(N-oxalylglycine)

810

Table 6-1: Summary of previously reported inhibition data for compounds with AlkB: 2OG
turnover325 and capillary electrophoresis (C.E.)339.
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To date only one crystal structure of a small molecule (other than the co-substrate 2OG)
bound to an ABH protein has been published, which is that of AlkB bound to succinate,
the co-product of the catalytic reaction with 2OG. This shows that succinate binds in a
monodentate manner at the metal centre192. The 2OG turnover inhibition study
suggested that succinate is a poor inhibitor of AlkB (no inhibition at 1000 μM)325, in
contrast to observations for PHD2, which in a radiolabelled 2OG turnover assay has an
IC50 for succinate of 19 μM382. Binding of succinate to FIH was additionally seen to
occur in a monodentate manner, but again inhibition by succinate is not detected even at
high succinate concentrations382.
The aim of the work described here was the design and development of further
generations of small molecule inhibitors of AlkB, which would hopefully have
increased selectivity, specificity and potency compared to previously studied inhibitors.
A dynamic-combinatorial mass spectrometry based screening method was used as a
starting point for the development of potent small molecule inhibitors. Rationalisation
for potency and protein stabilisation was possible through crystal structures of AlkB in
complex with the three most potent compounds.

6.2 Inhibitor screening by FDH-coupled assay
6.2.1 Use of FDH assay for inhibition studies
The FDH-coupled assay has been successfully applied to identification of inhibitors of
the JMJD2 histone demethylases, on both small358 and large359 scales, leading to the
identification of compounds with high potency in cells360.
Prior to testing of compounds (structures in Appendix C) in the fluorescence-based
FDH-coupled assay precautions must be taken. Some small molecules have similar light
absorption/emission characteristics to NADH, thus masking the NADH signal observed.
An additional consideration is preincubation of compounds with the proteins
investigated, as this can have a significant effect on the IC50 values obtained, both in the
FDH assay358 and for radiolabelled 2OG turnover382. Here, compounds tested were
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preincubated with AlkB and FDH for 15 min at room temperature, prior to initiation of
the reaction.
Furthermore, in a coupled assay a counter-screen of the compounds against the coupled
enzyme (FDH) is necessary to verify that any decreased activity in the presence of small
molecules is due to inhibition of AlkB, rather than FDH inhibition. A screen of selected
2OG mimics was carried out (Figure 6-2), but unfortunately under these conditions
some compounds inhibited the activity of FDH. Compounds inhibiting FDH by >60 %
(40 % residual activity, i.e. 2,4-PDCA, citrate, quercetin and ACG-180a), were
determined to be inappropriate for use in the FDH-coupled assay. Compounds shown as
0 % activity (ACG-148a, ACG-263, FG-2216 and BB-287) have the same fluorescence
characteristics as NADH, and gave maximal signal, so no FDH activity could be
determined.
200

% activity

150

100

50

NOG
DNOA
LNOA
DNOV
LNOV
DNOL
LNOL
DNOF
LNOF
DNOC
LNOC
DNOC dimethyl ester
LNOC dimethyl ester
LNOC 2OH
LNOC 3OH
LNOC 3NO2
2,4-PDCA
Succinate
Fumarate
Oxaloacetate
Malate
Citrate
Isocitrate
Pyruvate
R-2-hydroxyglutarate
S-2-hydroxyglutarate
2-Mercaptoglutarate
Quercetin
ACG-148a
ACG-180a
ACG-181a
ACG-263
BMRL08012
BB-286
BB-287
BB-316
FG-2216
OC-0249
MD-104
DMSO

0

Figure 6-2: Initial reaction rate of FDH with formaldehyde after 15 min preincubation with 5 mM
compounds. Data points represent the mean of triplicate experiments, with error bars showing the
standard error of the mean. Data are normalised to activity of FDH in the absence of small
molecule (100 % activity), and activity in the absence of formaldehyde (0 % activity).

Since most small molecules are soluble in DMSO, the effect of DMSO on the activities
of AlkB (Figure 6-3) and ABH2 (Figure 6-4) was investigated, both with and without
the generic 2OG oxygenase inhibitor N-oxalylglycine (NOG). The presence of DMSO
in fact stimulated the production of NADH for both AlkB and ABH2, with increased
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initial rates observed for the demethylation reactions. To facilitate the use of poorly
soluble small molecules, without greatly inhibiting FDH, a standard final concentration

NADH concentration /[M]

8

6

No DMSO
2.5% DMSO
5% DMSO
100 M NOG
100 M NOG; 2.5% DMSO
100 M NOG; 5% DMSO

4

2

0
0

200

400

600

800

1000

Initial Rate (M NADH /s)

of 5 % DMSO (v/v) was used throughout.
0.020

HEPES
2.5% DMSO
5% DMSO

0.015
0.010
0.005
0.000
HEPES

time /s

100 M NOG

Figure 6-3: Comparison of the activity of ΔN11 AlkB in an FDH-coupled assay with an 18mer
1meA oligonucleotide substrate, at a range of DMSO concentrations (v/v). Data are represented as
the reaction timecourse, and the initial rate. Data points represent the mean of triplicate
experiments, with error bars showing the standard error of the mean.

4

HEPES
5% DMSO
100 M NOG
100 M NOG, 5% DMSO

2

0
0

200

400

600

800

Initial Rate (M NADH /s)

NADH concentration /M

6

0.015

HEPES
5% DMSO
0.010

0.005

0.000

1000

HEPES

time /s

100 M NOG

Figure 6-4: Comparison of the activity of ABH2 in an FDH-coupled assay with an 18mer 1meA
oligonucleotide substrate, with or without 5 % DMSO (v/v). Data are represented as the reaction
timecourse, and the initial rate. Data points represent the mean of triplicate experiments, with
error bars showing the standard error of the mean.

6.2.2 AlkB inhibition
To assess protein inhibition, the half maximal inhibitory concentration (IC50) may be
determined. The IC50 is a quantitative measure of inhibition, recording the concentration
of compound at which the activity of an enzyme is reduced to half its maximal level. As
the potential inhibitors tested are likely to be competitive with 2OG, inhibition assays
are carried out maintaining 2OG at a concentration approximately equal to the Km of
2OG, determined previously (Table 5-2). Figure 6-5 shows the dose-response curve for
AlkB, which gives an IC50 value for NOG of 1.57 ± 0.33 μM. This value is low,
suggesting that NOG is a good inhibitor of AlkB. In both of the previous inhibition
studies NOG was the second most potent compound tested, although these assays were
- 216 -

Chapter 6

ABH Inhibitor Design

carried out without preincubation, which can have a significant effect on the IC50 values
obtained358. As NOG is a generic 2OG oxygenase inhibitor it is not appropriate for
selective inhibition of AlkB, but its high potency means it may be used as the
benchmark to which future inhibitors can be compared.

% inhibition

100

IC50 1.57  0.33 M

50

0
-7

-6

-5

-4

-3

-2

log[NOG /M]

Figure 6-5: Inhibition of AlkB by N-oxalylglycine determined using an FDH-coupled assay with a
1meA oligonucleotide substrate (20 μM 2OG). Data points represent the mean of triplicate
experiments, with error bars showing the standard error of the mean. IC50 value was calculated
using log(inhibitor) compared with normalised response (variable slope), using GraphPad Prism.

6.2.3 ABH2 inhibition
The IC50 of NOG with ABH2 was determined (Figure 6-7), and found to be an order of
magnitude greater than for AlkB (IC50 = 10.4 ± 2 μM), although given the slightly
different assay conditions and Km values for the reaction co-substrates this is not a
significant difference. Within the 2OG oxygenase family varying NOG inhibition
potencies are observed, for example the histone demethylase FBXL11 is only weakly
inhibited by NOG (IC50 = 252 ± 50 μM), whereas NOG is a particularly potent inhibitor
of PHD2 (IC50 = 0.8 ± 0.2 μM)362.
Inhibition by further 2OG analogues was also investigated. Mutations in isocitrate
dehydrogenases 1 and 2 (IDH1/2), which convert isocitrate to 2OG, have been found to
have a gain-of-function effect allowing turnover of 2OG to R-2-hydroxyglutarate
(R-2HG)383. These mutations are commonly identified in malignant glioblastoma and
acute myeloid leukaemia384, in which the accumulation of ~10 mM R-2HG may be
observed in cells383. Elevation of either R- or S-2HG is also observed in
2-hydroxyglutaric aciduria, a rare neurometabolic disorder, although brain tumours are
not observed in these patients, probably due to the severity of the primary symptoms385.
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Figure 6-6: Reaction scheme showing the conversion of isocitrate to 2OG by wildtype isocitrate
dehydrogenase (IDH), but not mutant IDH1/2, and the gain-of-function conversion of 2OG to R2HG by IDH mutants.

Given the high concentrations of R-2HG accumulating in human cells, and the structural
similarity of 2HG to 2OG, the inhibition of ABH2 by both R- and S-2HG was
determined (Figure 6-7), and compared to the NOG IC50. The IC50 for S-2HG (IC50 =
150 ± 20 μM) is an order of magnitude greater than that for NOG, with R-2HG (IC50 =
424 ± 77 μM) being the weakest inhibitor, suggesting that the stereochemistry of the
hydroxyl group is important for inhibition.

% inhibition

100

IC50
S-2HG 150  20 M
R-2HG 424  77 M
NOG 10.4  2 M

50

0
-6

-5

-4

-3

-2

Log [Inhibitor / M]

Figure 6-7: Inhibition of ABH2 by R-/S-2HG and N-oxalylglycine determined using an FDHcoupled assay with an 18mer 1meA oligonucleotide substrate (10 μM 2OG). Data points represent
the mean of triplicate experiments, with error bars showing the standard error of the mean. IC 50
values were calculated using log(inhibitor) compared with normalised response (variable slope),
using GraphPad Prism.

To further understand the effect that accumulation of this oncometabolite may have in
cells the inhibition of a number of other human 2OG oxygenases was determined by
members of the CJS laboratory (Table 6-2)362. Overall, the R- form is generally less
potent, with the R-2HG IC50 values for several enzymes being at least an order of
magnitude greater than that for the S-enantiomer. However, inhibition of the JMJD2
family of Nε-methyl lysine histone demethylases was found to be comparable for both
enantiomers, and for JMJD2A both 2HG enantiomers show a similar potency to NOG.
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PHD2 is very weakly inhibited in vitro by both 2HG enantiomers, which was confirmed
in cells. Crystal structures of FIH and JMJD2A with 2HG show bidentate binding of
both enantiomers at the active site metal, possibly competing with 2OG for binding,
although kinetic studies of JMJD2A suggested that inhibition may be mixed-mode.
Enzyme IC50 ±
SEM /μM

R -2HG

S -2HG

NOG

FIH

1500 ± 400

189 ± 34

46 ± 8

PHD2

7300 ± 3300

419 ± 150

0.8 ± 0.2

JMJD2A

24 ± 2

26 ± 3

17 ± 2

JMJD2C

79 ± 7

97 ± 24

14 ± 3

FBXL11

106 ± 22

48 ± 15

252 ± 50

ABH2

424 ±77

150 ± 20

10 ± 2

BBOX1

13200 ± 1100

142 ± 30

19 ± 2

Table 6-2: Inhibition of human 2OG oxygenases by NOG and R- and S-2HG. Data were obtained
using the standard assays and substrates for each enzyme. Data taken from362.

As a number of 2OG oxygenases are inhibited by 2HG this is likely to contribute to
oncogenesis in the presence of elevated R-2HG, and possibly also some of the
symptoms of 2-hydroxyglutaric aciduria. As inhibition by 2HG was found to be greatest
for the JMJD histone demethylases it is likely that the major effect of 2HG
accumulation will be on chromatin modification, possibly altering gene expression
patterns. Inhibition of PHD2 is weak, however inhibition of FIH may affect HIF
transcriptional targets. As moderate inhibition of ABH2 was observed the DNA damage
response in cells accumulating high levels of R-2HG is also likely to be impaired, which
may further contribute to oncogenesis.

6.3 2OG mimics
6.3.1 Inhibition by FDH-coupled assay
Initially, several compounds determined to be compatible with the FDH assay were
screened at 100 μM for inhibition of AlkB (Figure 6-8). The compounds tested are 2OG
mimics, including N-oxalyl amino acids, Krebs cycle intermediates, and a selection of
synthetic 2OG analogues.

- 219 -

Chapter 6

ABH Inhibitor Design

% activity

100

50

DMSO

MD104

OC-0249

BB-316

BMRL08012

BB-286

ACG-181a

2-Mercaptoglutarate

S-2-Hydroxyglutarate

Pyruvate

R-2-Hydroxyglutarate

Malate

Isocitrate

Fumarate

Oxaloacetate

LNOC

Succinate

DNOC

LNOF

LNOL

DNOF

LNOV

DNOL

LNOA

DNOV

NOG

DNOA

0

Figure 6-8: Initial reaction rate of AlkB with 1meA 18mer oligonucleotide after 15 min
preincubation with 100 μM compounds, followed using the FDH-coupled assay. Data points
represent the mean of triplicate experiments, with error bars showing the standard error of the
mean. Data are normalised to activity of FDH in the absence of small molecule (100 % activity),
and activity in the absence of oligonucleotide (0 % activity).

In this assay, NOG appears to be the most potent inhibitor, with 100 μM NOG reducing
the activity of AlkB to ~10 %. Several N-oxalyl amino acids, particularly those with Lstereochemistry, appear to inhibit AlkB, with DNOA, LNOA, LNOV, LNOL and
LNOF causing a ~75 % drop in activity. R- and S-2HG show minimal inhibition of
AlkB, as was observed previously for a 2HG racemic mixture325 suggesting that,
similarly to PHD2, some 2OG oxygenases are poorly inhibited by this
oncometabolite362. In the previous 2OG turnover study, 2-mercaptoglutarate was found
to be the most potent compound tested, with an IC50 value of 120 μM325, and here this
reduces the activity of AlkB to ~40 %. However, excluding the N-oxalyl amino acids
(which will be discussed further later) none of the compounds tested appear to show
significant potency with AlkB. OC0249 is a 4-carboxy-2-2'bipyridyl compound that has
been found to inhibit the histone demethylase JMJD2E (IC50 = 270 nM)386, and here
appears to show some inhibition of AlkB, whereas ACG-181a, which also shows some
AlkB inhibition, is based on the NOG scaffold.
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6.3.2 Differential Scanning Fluorimetry
To screen more broadly for possible AlkB and ABH2 inhibitors, a large library of 2OG
analogues was used. These compounds have been compiled from inhibition studies of a
number of 2OG oxygenases from different species, which catalyse the full spectrum of
reactions of this enzyme family.
Differential scanning fluorimetry (DSF) of AlkB and ABH2 was carried out previously
(Section 5.3.3), with both proteins producing well defined melting curves. DSF is an
effective method for rapidly identifying and validating selective enzyme inhibitors, and
has been applied in screening of kinase inhibitors387. The binding assay (DSF) was
chosen as a primary screen against AlkB over the turnover assays, due to its throughput
and reduced requirements of reagents. Therefore Tm shifts produced on addition of small
molecules were determined, as an initial quantifiable screening method for the study of
protein binding and stabilisation. To enable detection above the limit of resolution a
high concentration of small molecule was used, 100-fold that of the protein
concentration.
A broad range of Tm shift values were obtained for the two proteins, with Tm shifts of
± 10 °C observed (Table 6-3). Some compounds, particularly with ABH2, cause
significant destabilisation, as observed as the large negative Tm shifts. In general, the Tm
shift profiles of AlkB and ABH2 appear quite different, although some compounds
either stabilised (e.g. IS-52, OC-0345) or destabilised (e.g. 2,5-DHB, LBE-526) both
AlkB and ABH2, suggesting that some compounds affect both 1meA DNA
demethylases similarly, but that selectivity between the two enzymes is likely to be
possible.
Assessment of the Tm shifts for the compounds previously investigated for AlkB
inhibition does not appear to show significant differences, as the majority of the
compounds have Tm shifts in the region of + 1 °C, although OC-0345 has a slightly
higher Tm shift of 2.03 °C, and appears slightly more potent than other compounds
tested. However, as these DSF and inhibition studies have not produced a broad range
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of results for the compounds tested it is difficult to identify any significant correlation
between the values obtained.
Tm shift /°C

AlkB

ABH2

Tm shift /°C

AlkB

ABH2

Tm shift /°C

AlkB

ABH2

DMSO

0.00

0.00

ACG-181a

1.55

-2.19

EW-30

-0.08

1.11

succinate

1.60

4.17

ACG-194b

2.83

0.34

EW-36

3.18

0.02

fumarate

2.18

4.72

ACG-223a

3.33

n/a

EW-37

n/a

-1.73

oxaloacetate

0.60

-0.09

ACG-226a

0.58

2.29

FG2216

7.96

1.34

malate

1.18

2.08

ACG-227a

3.86

3.83

IS-3

3.58

2.39

citrate

-0.74

0.40

ACG-228a

0.16

1.92

IS-21

0.90

n/a

isocitrate

0.93

1.06

ACG-237a

-0.80

1.95

IS-37

0.07

2.96

pyruvate

0.78

-0.38

ACG-253a

2.41

-3.01

IS-38

-0.20

1.84

R-2-HG

0.34

1.19

ACG-255d

2.00

3.89

IS-44

0.43

-0.95

S-2-HG

1.37

2.30

ACG-263

8.39

1.46

IS-45

1.35

-0.33

2,3-PDCA

0.88

0.32

BB-103

6.46

1.35

IS-52

6.73

4.91

2,4-PDCA

5.49

6.15

BB-110H

1.51

2.56

IS-54

-0.25

4.43

2,5-PDCA

2.29

5.31

BB-169

10.66

0.58

IS-84

0.07

-0.53

2,6-PDCA

1.66

0.23

BB-204

0.10

0.48

JM-87

2.60

5.12

3,4-PDCA

0.32

0.35

BB-212

1.16

-1.64

JM-102

2.00

0.56

3,5-PDCA
5-Carboxy-8hydroxy
quinoline
Ciclopirox
Olamine
Daminozide

1.25

0.77

BB-286

0.58

0.08

JM-103

1.29

0.69

2.22

n/a

BB-287

1.27

2.28

JM-104

1.70

4.26

5.81

0.85

BB-294

0.26

-0.21

JM-106

2.26

0.59

1.79

n/a

BB-307

-0.87

-0.48

JM-109

1.69

1.25

2,4-DHB

0.59

3.03

BB-308

0.22

n/a

JM-110

4.39

6.12

2,5-DHB

-5.71

-3.74

BB-315

1.10

2.47

JM-124

2.62

1.13

3,4-DHB

-0.97

0.35

BB-316

1.18

-0.82

LBE060

0.38

1.41

Gallate

n/a

n/a

BB-318

0.67

n/a

LBE096

1.49

-1.80

HQNO

0.55

-6.10

BMRL08012

1.30

3.56

LBE-153

0.65

-1.03

Hydralazine
3-Hydroxy
mandelate
N -Hydroxy
phthalimide
Malathion

0.87

1.67

BMRL08014

2.35

1.13

LBE-314

1.17

0.01

0.01

-0.45

BMRL08050

2.28

2.37

LBE-329

0.72

-0.86

0.93

0.56

CO-A1-6d

1.21

-7.23

LBE-332-6-3

0.03

1.06

0.45

-2.11

CO-A2-5a

0.63

-0.35

LBE-526

n/a

-13.38

Malaoxon

0.75

-4.21

CO-A7-6h

5.88

-2.31

MD-104

1.51

0.01

Minoxidil

0.45

-0.19

CO-B10-7a

1.29

-6.39

MD-228

2.25

1.07

Prohexadione

0.74

-0.43

CO-C3-7f

4.52

-1.54

MD-236

-0.05

0.48

Quercetin

-2.71

1.90

CO-C9-8d

-0.07

-0.06

OC-0206

1.12

0.95

SAHA

0.06

0.17

CO-C10-10a

1.36

-10.19

OC-0248

1.57

2.00

TSA

0.37

0.51

CO-D4-8m

0.68

0.62

OC-0249

2.03

1.50

ACG-109a

-0.53

0.77

CO-D8-10k

2.42

-1.88

OC-0336

1.07

0.69

ACG-114c

0.77

1.43

CO-D9-12

1.07

-1.01

OC-0340

0.94

-0.77

ACG-137a

0.17

2.83

EW-B17

0.36

-0.58

OC-0344

-0.07

-0.27

ACG-138a

-0.32

2.02

EW-T4

0.88

-1.02

OC-0345

10.60

4.85

ACG-144a

0.64

1.94

EW-TNB

0.86

-1.66

OC-0353

2.66

-2.20

ACG-148a

4.90

3.56

EW-29

0.43

1.24

OC-0358

1.84

-1.64

ACG-180a

1.19

2.39

Table 6-3: Tm shifts obtained by DSF for ΔN11 AlkB and ΔN55 ABH2 with 2OG analogue library
compounds. Reagent-mixes included 200 μM compound, 2 μM protein and 50 μM Mn(II), with 5 %
DMSO (v/v).

- 222 -

Chapter 6

ABH Inhibitor Design

These results are a useful survey of different scaffolds and functional groups that may
be used as templates for derivatisation and optimisation of inhibitors. They also show
that this technique produces a good range of Tm shift data, so it will be of use in
screening newly developed compounds. Furthermore, the data obtained here will be
used within the laboratory to enable comparisons to other 2OG oxygenases, which will
also be screened against this library. The intention of these studies is to identify
scaffolds that will show good selectivity for AlkB or other DNA modifying enzymes
over other 2OG oxygenases, therefore an alternate approach was taken to identify novel
inhibitors.

6.4 First generation inhibitors
6.4.1 Dynamic Combinatorial Mass Spectrometry
To attempt to develop novel small molecule inhibitors for AlkB a dynamic
combinatorial mass spectrometry (DCMS) approach was employed by Dr Esther Woon.
This methodology has been successfully applied in inhibitor design for JMJD2 histone
demethylases373, and carbonic anhydrase II388, and enables rapid investigation of a range
of functionalised compounds that may bind to the protein of interest, without the
requirement for synthesis of many complex species.
Care must be taken when interpreting binding results obtained using mass spectrometry
(MS), as the binding strength of small molecules in the MS “gas phase” can be
predominantly due to van der Waals surface interactions, whereas solution binding is
affected by solvation and hydrophobic interactions between the protein and small
molecule287,389-390. Despite these potential concerns, many studies have found good
correlation between MS binding and inhibition in solution373,389.
Initially, the binding of N-oxalyl amino acids to AlkB was screened using nondenaturing electrospray ionisation (ESI) mass spectrometry. Binding of small molecules
to a protein is identified by appearance of an additional peak in the mass spectrum at an
increased mass, corresponding to the mass of the protein added to that of the small
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molecule. Strong binding of the compound to the protein means that the peak in the
mass spectrum is almost entirely shifted to the increased mass. To obtain appreciable
and
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Strong binding of NOG, LNOA, DNOA, LNOL and LNOF to AlkB was observed by
ESI-MS (Figure 6-9). It appears that when the Cα substituents are small there is
sufficient space in the AlkB active site to allow binding of compounds with the either
the L- or D-stereochemistry. However when the side chains are larger, there is only
room to bind L-enantiomers. Generally, the binding to AlkB of N-oxalyl amino acids
with L-stereochemistry appears to be preferred, as was implied by earlier inhibition
studies (Figure 6-8). This stereochemical preference is interesting as FIH368 and
members of the JMJD2 histone demethylase subfamily show a preference for binding
of, and inhibition by, compounds of the opposite D- stereochemistry373. Therefore
L-substituted

N-oxalyl amino acids are likely to be a good starting point for

development of potent and selective AlkB inhibitors.
Both LNOC and DNOC bind weakly to AlkB by MS (Figure 6-9); however the NOC
compounds are very useful in dynamic combinatorial chemistry (DCC) methods due to
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the presence of the thiol side-chain, with which the facile formation of disulphide bonds
is possible. As the L- stereochemistry is preferred for binding to AlkB, LNOC can be
used as a “support ligand”. The support ligand can bind in the active site of AlkB, most
likely in the same orientation as the co-substrate 2OG, leaving the thiol group free to
react with other thiols in solution. This may be exploited in a dynamic combinatorial
reaction, by addition of a dynamic combinatorial library (DCL) comprising many
structurally diverse thiols. These thiols may reversibly react with the support ligand,
forming an equilibrium mixture of disulphides, driven using the active site as a
template. Any disulphide compounds that can fit tightly into the active site of the
protein formed preferentially. This process is enthalpically driven, and will lead to a
shift of the position of equilibrium towards the formation of tight binders. A cartoon
depiction of this general dynamic combinatorial process is presented in Figure 6-10.

Add support
ligand

Enzyme

Add dynamic
combinatorial library

Enzyme forms complex
with support ligand

Library reacts with bound support
ligand – optimal covalent
complex binds in active site

Figure 6-10: Enzyme template driven dynamic combinatorial chemistry (DCC). Support ligand
binds to the enzyme, then the dynamic combinatorial library (which has reactive functionality with
support ligand) is added. Formation of a preferential disulphide species is driven by templating by
the enzyme active site.

The LNOC-AlkB complex was incubated with a thiol library and followed over time by
MS. After 4 h, preferential formation of two complexes was observed, with the binding
species identified as 2- and 3-hydroxythiophenol, and 3-nitrothiophenol. To allow
further investigation of these compounds, which on binding to LNOC appear to fit well
in the active site of AlkB, their stable carbon analogues were synthesised by Dr Esther
Woon, (referred to as LNOC 2OH, LNOC 3OH and LNOC 3NO2, see Figure 6-11),
which were observed to bind strongly to AlkB (Figure 6-11), with competition
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experiments ranking the binding affinities in the order LNOC 3NO2 > LNOC 3OH >
LNOC 2OH.
100

E

E.LNOC 3NO2

LNOC 3NO2

A

%
0
100

B

%
0
100

C

E.LNOC 3OH

%

LNOC 3OH

E: 24126 Da
E.LNOC 3OH: 24425 Da

LNOC 2OH

E: 24126 Da
E.LNOC 2OH: 24425 Da

E.LNOC 2OH

0

m/z

Figure 6-11: Non- denaturing mass spectrometry showing binding of (A) LNOC 3NO 2, (B) LNOC
3OH and (C) LNOC 2OH carbon analogue compounds (all 15 μM) to AlkB (15 μM, with 75 μM
Fe(II)). “E” and vertical dashed line highlights enzyme-only peaks, “E.LNOC” labels highlight
peaks corresponding to enzyme/compound complexes.

6.4.2 Differential Scanning Fluorimetry
6.4.2.1 Disulphides
To verify results obtained by DCMS for species potentially binding to AlkB,
complementary DSF analyses were carried out. Initially, an attempt was made to
determine whether disulfides could be formed in a similar manner to the DCMS
methodology, and Tm shifts obtained. AlkB was incubated either with or without the
support ligands LNOC or DNOC, then a reduced selection of individual thiols were
added, and Tm shifts obtained.
None of the individual thiols incubated with AlkB in the absence of the support ligands
stabilise AlkB (data not shown), confirming that binding of the added thiols in DCMS is
likely to occur via binding to the free thiol of the support ligand, rather than to a thiol in
the AlkB active site. However, Tm shifts for the thiols added in the presence of the
support ligand do not appear to correlate with those obtained by DCMS, as the
2-/3-hydroxythiophenol and 3-nitrothiophenol coupling partners observed to bind to
AlkB/LNOC by MS here produce significant destabilisation (Tm shift: -10 – -20 °C).
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This is likely due to the continual increase in temperature through the course of the DSF
experiment, during which the disulphides are not stable. Although NOC appears to bind
at the active site (destabilisation relative to the no-compound control is here similar to
that observed later, Table 6-4) the added partner thiol may initially bind, but as the
temperature increases, the lower bond strength of the S-S bond is unlikely to be able to
withstand heating. The presence of a high concentration of thiols in solution (total
400 μM, compared to 2 μM protein) means that attack by other thiols, particularly at
higher temperatures, is likely. This is less likely to be observed in MS, where the
protein peaks are under analysis, and the greater sensitivity of the MS technique means
binding may be observed when the thiols are present at a 1:1 ratio with AlkB. This
therefore shows that MS is a valuable and important tool for the initial rapid
investigation of possible functionalisation of the scaffold compound, whereas DSF is
not appropriate for these studies.
6.4.2.2 N-Oxalyl amino acids and derivatives
DSF was subsequently used to screen the N-oxalyl amino acid compounds previously
studied by MS, against both AlkB and ABH2 (Table 6-4). Tm shift data were also
obtained following preincubation with NOG, as this may stabilise the protein if the
N-oxalyl compounds bind at a site other than the metal centre.
It appears that compounds which bind well to AlkB by MS (Figure 6-9) also give good
thermal stabilisation, with greater Tm shifts generally observed for L- compounds than
for their D- counterparts, except for NOY, which also did not appear to bind well to
AlkB by MS. The DNOY scaffold was used for development of specific JMJD
inhibitors, suggesting a degree of selectivity between these 2OG oxygenase
subfamilies373. ABH2 does not appear to show a significant preference for either
stereochemistry, although in most cases slightly greater stabilisation appears to be
observed with the L- isomers. Interestingly, the optimal Tm shifts, and therefore greatest
stabilisation, are observed for ABH2 with DNOC (Tm shift 4.79 °C) and LNOC (Tm
shift 4.00 °C). These compounds destabilise AlkB and, together with the relatively low
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Tm shift for ABH2 with NOG (0.46 °C/1.77 °C with NOG preincubation), compared to
other N-oxalyl amino acids, and the greater IC50 value for ABH2 compared to AlkB
(10.4 μM vs. 1.57 μM) again suggests that the two proteins have relatively different
binding characteristics at the metal binding site. In most cases a relative destabilisation
is observed for Tm shifts obtained following preincubation with NOG, possibly as NOG
preferentially binds to the protein’s metal centre, restricting the binding of the
compounds added later.
Tm shift /°C

ΔN11 AlkB

ΔN11 AlkB
+ NOG

ΔN55 ABH2

ΔN55 ABH2
+ NOG

NOG

2.89

2.18

0.46

1.77

DNOA

2.92

1.55

2.83

0.99

LNOA

3.82

2.08

2.19

0.23

DNOV

0.52

0.26

0.39

-0.09

LNOV

1.62

0.81

0.81

-0.42

DNOL

0.57

0.43

0.37

-0.59

LNOL

4.95

3.16

1.04

-2.90

DNOF

0.96

0.47

1.36

0.19

LNOF

4.27

2.40

1.87

-0.77

DNOY

0.81

0.62

1.36

1.15

LNOY

0.62

-0.11

-0.80

DNOC

-1.20

0.41
0.12

4.79

2.13

LNOC

-1.24

-0.72

4.00

1.01

LNOC 2OH

1.28

0.78

-1.20

-1.79

LNOC 3OH

1.79

1.29

0.16

-2.05

LNOC 3NO 2

3.97

3.41

2.20

1.38

Table 6-4: Tm shifts obtained by DSF for addition of 200 μM compounds to mixtures containing
2 μM protein and 50 μM Mn(II), with 5 % DMSO (v/v). 20 μM NOG was added where indicated.

Good stabilisation of AlkB was observed for the carbon analogues of the LNOC
derivatives identified by DCMS, with the Tm shifts correlating with the MS binding
preference. The optimal compound with AlkB, LNOC 3NO2, also stabilised ABH2,
although to a lesser extent.

6.4.3 Inhibition
Having identified compounds that appear to bind well to AlkB, and which thermally
stabilise the protein structure, it was important to investigate possible AlkB inhibition.
Initially, the compounds were screened in the FDH-coupled assay, at a concentration of
100 μM, to determine whether any inhibition is observed. Results were compared to
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activity in the presence of either the NOC support ligands, or NOG, a benchmark for
good inhibition.
Inhibition of AlkB by each of the LNOC derivatives was observed (Figure 6-12),
although to a lesser extent than that by NOG. The relative order of inhibition by the
three LNOC derivatives is slightly different from that observed by DSF and MS, as
LNOC 3OH appears to be more potent than LNOC 3NO2. However this
single-concentration inhibition test is less accurate than use of a range of inhibitor
concentrations; in order to more accurately compare the compounds the IC 50 values
should be obtained.

% activity

100

50

DMSO

LNOC 3NO2

LNOC 3OH

LNOC 2OH

LNOC

NOG

DNOC

0

Figure 6-12: Test of inhibition of the reaction of ΔN11 AlkB with an 18mer 1meA oligonucleotide
substrate by 100 μM compounds (15 min preincubation) in an FDH-coupled assay, with data
presented as residual activity. Data points represent the mean of triplicate experiments, with error
bars showing the standard error of the mean.

One of the previous AlkB inhibition studies previously published by this laboratory was
carried out in collaboration with the Krylov group at York University, Toronto, Canada.
The detection method for this assay is capillary electrophoresis, which allows sensitive
detection of very small reaction quantities. The methylated DNA substrate (sequence:
CC(3meC)C12) is labelled with fluorescein at the 3' end, allowing detection by laser
induced fluorescence. The demethylated DNA product and unreacted starting material
are separated using an appropriate capillary electrophoresis method, and the spectral
peaks integrated to determine the extent of demethylation.
An advantage of this assay over the FDH-coupled assay is that reduced IC50 values may
be obtained. The FDH-coupled assay requires the use of 2 μM enzyme to achieve good
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signal above the assay background, thus placing a relatively high limit on the IC 50 value
that may be obtained. In contrast the enzyme concentration used for the capillary
electrophoresis method is much lower at 5 nM, enabling far lower IC50 values to be
obtained. As the intention of these studies is the development of compounds more
potent than NOG (IC50 = 1.57 μM in the FDH-coupled assay), the ability to confidently
determine lower IC50 values would be beneficial.
Additionally the possible effect of inhibition of FDH should also be considered, as 50 %
FDH inhibition is observed in the presence of 5 mM LNOC 3NO2 (Figure 6-2). It is
likely that further derivatives of LNOC 3NO2 developed in subsequent iterations of the
optimisation process may also inhibit FDH, precluding their analysis with AlkB in this
FDH-coupled assay. As direct comparison of inhibition between different assays can be
difficult it was thus decided to use the capillary electrophoresis assay for IC 50
determination for all of the compounds investigated.
Capillary electrophoresis inhibition assays were carried out by Dr Lana Krylova (York
University, Toronto). In this assay no inhibition of AlkB by either NOC support ligand,
was observed (IC50 > 1 mM in each case, Table 6-5), supporting results from MS and
DSF binding studies. Inhibition of AlkB also correlated with MS and DSF results, with
LNOC 3NO2, the previously identified optimal compound having a low micromolar
IC50 value (5.22 μM). This IC50 value is also lower than that obtained for NOG in this
assay (32 μM), showing that the DCMS methodology has been able to identify a potent
AlkB inhibitor, which would hopefully be more selective than NOG.
Compound

IC50 /μM

NOG

32.0

DNOC

> 1000

LNOC

> 1000

LNOC 2OH

50.4

LNOC 3OH

48.0

LNOC 3NO 2

5.22

Table 6-5: Inhibition of AlkB by first generation compounds. Assays were carried out using a
capillary electrophoresis method with a 15mer 3meC-containing oligonucleotide.
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6.4.4 LNOC 3NO2 crystal structure
To date, crystal structures of AlkB have been published with AlkB in complex with the
co-product succinate192, and DNA194, but not with inhibitory small molecules. Therefore
it was unknown how any inhibitor compounds may bind at the active site. As LNOC
3NO2 inhibits AlkB, and gives a good positive Tm shift, increasing the likelihood of
obtaining a crystal structure298, crystallisation attempts were initiated, using the
pET-24a(+) ΔN11 AlkB construct, as used in previous studies192,196. AlkB
crystallisation was carried out by Jerome Ma and Dr Michael McDonough, and the
structure was solved to 1.6 Å by Dr Michael McDonough using the molecular
replacement technique.

Figure 6-13: Active site view of crystal structure of ΔN11 AlkB bound to LNOC 3NO 2 (purple
sticks). Left: grey mesh represents experimental 2Fo-Fc electron density map contoured to 1.0σ.
PDB ID: 3T4H. Figure prepared by Wei Shen Aik.

The obtained crystal structure (Figure 6-13, PDB ID: 3T4H) shows that the AlkB metal
centre is coordinated by residues H131, D133, and H187, and a water molecule, as
previously observed192. The oxalyl group of LNOC 3NO2 occupies the remaining metal
coordination sites, binding in a bidentate manner. The further two carboxylic acid
oxygen atoms LNOC 3NO2 are positioned to form hydrogen bonds to the sidechains of
Y122 and N120, or R204 and S145. The phenyl group of LNOC 3NO2 is present in a
relatively hydrophobic pocket within the active site. Nonetheless, the 3-nitro group is
able to make an additional hydrogen bond to S182, an interaction which would be
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weakened by the presence of a 3-hydroxyl group (as in LNOC 3OH), and is unlikely to
be possible if the hydroxyl is present at the 2-position (as for LNOC 2OH), rationalising
the increased IC50 values for these related compounds. Comparison to a structure of
AlkB in complex with 2OG (PDB ID: 313Q200) shows that the majority of the active
site residues are present in very similar orientations in both cases, excluding the side
chain of W178. In the structure presented here the orientation of the indole group is
slightly rotated, likely enhancing a π-stacking interaction between the indole rings, the
phenyl ring of LNOC 3NO2, and the imidazole group of H187.
Complementary crystallisation of the ΔN55 ABH2 protein was attempted by Dr Rashed
Chowdhury, but unfortunately no crystals appropriate for crystallography were
obtained. This may be due to the presence of the positively charged N-terminal His-tag,
which likely alters the overall surface properties of the protein, interfering with
successful crystallisation.

6.5 Second generation inhibitors
Following successful identification of compounds binding and inhibiting AlkB, two
approaches were taken to try to identify more potent and hopefully more selective
compounds, based on the crystal structure of AlkB in complex with LNOC 3NO2.

6.5.1 Pfizer compound docking studies
An initial attempt to identify further AlkB inhibitors was carried out in collaboration
with scientists at Pfizer (Sandwich, UK). One way in which selectivity could be
achieved for the AlkB class of 2OG oxygenases would be targeting of the nucleic acid
substrate binding site.
The crystal structure of AlkB in complex with Fe(II) and LNOC 3NO2 was used for
docking studies (carried out by Samantha Hughes, Pfizer) of compounds from Pfizer
fragment libraries. 1meA and 3meT nucleosides were used as probes to identify
nucleoside mimics. These docking analyses identified 93 compounds (referred to as
PF1-93). For an initial investigation of these compounds, Tm shifts produced on addition
of compounds were determined. As a 2OG mimic was present in the structure into
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which the compounds were docked, and the PF compounds are likely to bind in the
substrate binding cleft, Tm shifts were determined with and without NOG. NOG should
bind to AlkB with the same binding mode as 2OG, stabilising the structure in the
correct conformation to allow possible binding of the docked compounds. Tm shifts
were also determined for ABH2 to assess potential selectivity.

0.00
-0.58
-0.97
0.14
-7.53
-6.63
-2.97
-0.53
-1.13
-1.25
-0.92
-7.28
-0.56
-1.31
-0.68
-1.29
-2.00
-2.04
-1.22
-6.25
-1.40
0.11
0.30
-0.02
0.02
0.22
-7.17
-0.17
-2.94

AlkB +
NOG
0.00
-0.70
-0.65
-0.47
-0.54
-1.79
-1.50
-0.61
-0.68
-0.68
-0.66
-0.57
-0.47
-0.80
-0.46
-0.83
-0.97
-1.07
-0.91
-1.88
-0.58
-0.40
-0.67
-0.63
-0.37
-0.64
-1.51
-0.89
-1.47

0.00
-1.06
-0.97
-0.36
-5.97
-8.65
-3.95
-1.53
-0.46
-2.06
-1.62
-10.30
-0.45
-1.57
-0.07
-2.44
-3.96
-3.93
0.17
-6.54
-2.64
-2.66
-2.39
-1.99
-1.74
-2.59
-8.93
-4.03
-7.79

ABH2 +
NOG
0.00
-1.64
-1.61
-1.29
-2.25
-2.96
-2.37
-1.86
-0.15
-1.10
-1.15
-2.12
-0.53
-2.33
0.34
-1.85
-2.61
-2.62
-1.49
-3.25
-1.99
-0.74
-1.02
-1.09
-0.34
-1.52
0.24
-1.77
-2.54

PF29

-8.40

-0.94

-9.68

PF30

-0.08

-0.27

-2.94

PF31

-0.16

-0.54

PF32

-0.22

PF33

Tm shift /°C

AlkB

Reference
PF1
PF2
PF3
PF4
PF5
PF6
PF7
PF8
PF9
PF10
PF11
PF12
PF13
PF14
PF15
PF16
PF17
PF18
PF19
PF20
PF21
PF22
PF23
PF24
PF25
PF26
PF27
PF28

ABH2

-3.78
-1.85
-3.93
-1.27
-3.53
-4.15
-4.57
-4.19
-4.61
-4.41
-4.65
-3.23
-4.96
-2.12
-3.14
-5.09
-3.53
-3.51
-8.16
-4.44
-3.03
-4.01
-3.72
-0.05
-2.94
-2.21
-2.97
-1.83
-0.95

ABH2 +
NOG
-1.62
-0.34
-1.94
-1.01
-4.13
-2.01
-2.22
-1.31
-1.21
-0.81
-2.70
-1.15
-2.60
-1.10
-1.79
-0.78
-2.17
-1.43
-1.79
0.39
-1.20
-1.51
-1.66
-0.84
-1.74
-1.37
-1.08
-1.25
-0.91

0.18

-0.77

-0.58

-0.10

-1.24

-1.01

-0.13

-0.91

-0.69

-0.02

-0.37

-0.81

-0.86

PF81

-0.09

0.07

-1.38

-0.85

-2.69

PF82

-0.21

0.02

-1.24

-0.88

-0.84
-1.19
-0.45
-1.73
-3.12
-0.08
-2.67
-1.76
-2.81
-2.62
-1.86
-0.97

PF83
PF84
PF85
PF86
PF87
PF88
PF89
PF90
PF91
PF92
PF93

-0.38
-0.02
-0.32
-0.43
-0.20
-0.49
-0.47
-1.38
-0.59
-0.50
0.16

0.30
0.18
-0.03
-0.11
-0.02
-0.09
-0.16
0.19
-0.24
0.03
0.47

-0.75
-1.16
-1.94
-1.03
-1.27
-1.35
-1.49
N/A
-1.19
-1.85
-1.54

-0.96
-0.35
-0.95
-1.14
-1.19
-0.88
-0.89
N/A
-0.93
-1.17
-0.57

Tm shift /°C

AlkB

PF47
PF48
PF50
PF51
PF52
PF53
PF54
PF55
PF56
PF57
PF58
PF59
PF60
PF61
PF62
PF63
PF64
PF65
PF66
PF67
PF68
PF69
PF70
PF71
PF72
PF73
PF74
PF75
PF76

-0.11
-0.64
-0.70
-0.04
-0.41
-0.98
-1.16
-0.47
-0.26
-0.83
-5.67
-0.89
-4.05
-1.13
-1.22
-0.97
-0.09
-0.32
-6.93
0.05
-0.11
-0.91
-0.63
-1.79
-0.67
-0.34
-0.79
-0.30
0.04

-2.47

PF77

-0.14

-0.42

PF78

-0.33

-4.07

0.76

PF79

0.31

-1.05

-2.26

-0.74

PF80

-0.22

-0.06

-3.95

-1.48

PF34

-1.65

-0.89

-2.87

PF35
PF36
PF37
PF38
PF39
PF40
PF41
PF42
PF43
PF44
PF45
PF46

-5.60
-0.38
-0.52
-0.08
-1.18
-1.67
-0.80
-1.12
-3.69
-1.80
-7.97
-0.34

0.30
0.04
0.12
0.03
-0.37
-0.34
-0.55
-0.24
-0.89
-0.76
-0.27
-0.01

-10.36
-2.27
-2.37
-2.32
-4.52
-6.14
-4.49
-3.11
-6.00
-3.59
-2.37
-2.67

AlkB +
NOG
-0.08
-0.04
-0.49
0.30
0.07
-1.24
-0.50
-0.71
-0.17
-0.53
-1.10
-0.19
-1.38
-0.41
-0.50
-0.37
-0.48
-0.25
-0.33
0.22
0.07
-0.17
-0.36
-0.76
-0.31
-0.37
-0.82
0.05
0.45

ABH2

Table 6-6: Tm shifts obtained by DSF for addition of 200 μM compounds to mixtures containing
2 μM protein and 50 μM Mn(II), with 5 % DMSO (v/v). 20 μM NOG was added where indicated.
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Unfortunately no significant stabilisations were observed for either AlkB or ABH2 on
addition of the PF compounds (Table 6-6), with only one compound giving a Tm shift
> 0.5 °C (ABH2 + PF31: 0.76 °C in the presence of NOG). Many of the compounds
tested in fact cause significant destabilisation of the proteins, with destabilisations
> 7 °C not uncommon. In the presence of NOG these destabilisations are generally
significantly decreased, in some cases leading to minor protein stabilisation. However,
this is likely due to stabilisation caused by NOG binding at the protein metal centre
rather than a specific stabilisation by the PF compounds. As the compounds are
intended to bind at discrete sites it would be expected that addition of the compounds
would have an additive effect, therefore any Tm shifts observed on binding would be
large. However, on comparison to the magnitude of the Tm shifts observed with the
LNOC derivatives (in the region of +3/4 °C) the Tm shift values obtained here were not
taken to be significant, therefore these compounds were not pursued further.

6.5.2 Structure based synthesis
In a complementary approach, further optimisation of the compounds identified by
DCMS was carried out through synthesis of analogues, based on the initially identified
LNOC scaffold. By modelling of structures in the active site of AlkB, compounds were
designed and synthesised to hopefully allow exploitation of the deep, predominantly
hydrophobic, nucleotide binding pocket, while retaining compound binding at the metal
centre (Table 6-7). To exploit the hydrophobic pocket in which the phenyl ring of
LNOC 3NO2 was observed to bind, this substituted phenyl was substituted by a bulky
naphthalene side-chain (1-napthalene, MD314; 2-napthalene, MD316). Additionally, it
appears that there is space around the oxalyl group for structural elaboration. Therefore
two compound series were synthesised, replacing the oxalyl group with substituted
pyridyl (e.g. MD244) or quinolene (e.g. MD310) rings. Synthesis of these compounds
was carried out by Marina Demetriades (MD compounds) and Dr Esther Woon (EW
compounds).
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MD244

MD328

MD310

MD246

MD330

EW38

MD314

MD318

MD326

MD316

MD312

MD324

MD320

MD308

MD322

Table 6-7: Structures of synthesised AlkB second generation inhibitors.

6.5.3 DSF and inhibition
The synthesised compounds were analysed by DSF with AlkB and ABH2. A selection
of these compounds was tested for inhibition of FDH; unfortunately a number of the
compounds showed significant FDH inhibition (>70 % at 5 mM compound) therefore
the inhibition of AlkB was investigated using the capillary electrophoresis assay (Table
6-8).
All of the compounds investigated (excluding MD310) stabilise AlkB, with several
compounds conferring significant stabilisation (MD320 = 10.57 °C, MD328 = 9.96 °C,
MD246 = 8.30 °C, MD316 = 7.82 °C). In contrast, most of the compounds appear to
destabilise ABH2, suggesting that a degree of selectivity is possible between the two
proteins. However, good stabilisation of ABH2 is observed with MD328, suggesting
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that the presence of the small methyl substituent facilitates binding. Many of the
compounds are also more potent inhibitors of AlkB than NOG (IC50 = 32 μM).
The structures of two of the compounds giving the largest Tm shifts (MD246 and
MD316) each contain a portion of the structure of MD320, which gives the greatest
stabilisation by DSF. These compounds also show good inhibition of AlkB, and MD316
(IC50 = 0.50 μM) and MD246 (IC50 = 3.39 μM) are more potent than the previously
identified LNOC 3NO2. The 2-napthalene group appears to stabilise AlkB, and
compounds with this substituent are more potent than those either lacking a substituent
at this position (e.g. MD322, IC50 = 16.7 μM vs. MD308, IC50 = 54.1 μM) or with the
alternate indole group (MD320, IC50 = 7.92 μM vs. MD330, IC50 = 14.1 μM).
Tm shift /°C

IC50 /μM

Tm shift /°C

ΔN11 AlkB

ΔN11 AlkB
+ NOG

ΔN11 AlkB

ΔN55 ABH2

ΔN55 ABH2
+ NOG

MD244

0.70

0.29

> 1000

-2.18

-1.23

MD328

9.96

8.03

9.5

3.08

1.80

MD312

1.08

0.89

54.1

-2.11

-2.41

MD246

8.30

6.72

3.39

-0.89

-0.40

MD330

3.65

2.18

14.1

1.07

0.39

EW38

5.75

4.48

42.5

1.67

0.15

MD314

3.83

3.23

5.35

0.70

-1.74

MD318

3.09

2.00

17.8

-5.89

-5.37

MD326

1.98

0.78

22.3

N/A

-5.58

MD316

7.82

7.35

0.5

-1.21

-3.56

MD310

-0.58

-0.22

165

-2.72

-2.28

MD324

1.65

0.06

14.7

N/A

N/A

MD320

10.57

9.12

7.92

0.31

-0.98

MD308

0.32

0.15

51.3

-4.48

-6.91

MD322

0.37

-0.60

16.7

-6.25

-5.63

Table 6-8: Tm shifts obtained by DSF for addition of 200 μM compounds to mixtures containing
2 μM protein and 50 μM Mn(II), with 5 % DMSO (v/v). 20 μM NOG was added where indicated.
N/A: DSF curve did not follow a standard two-state transition, therefore no Tm shift could be
determined. Inhibition assays for AlkB were carried out using a capillary electrophoresis method
with a 15mer 3meC oligonucleotide.

Three of the most potent compounds identified, LNOC 3NO2, MD314, and MD316,
were tested against the prolyl hydroxylase PHD2 (by Andrew Chan) and a
representative histone demethylase, PHF8391 (by Louise Walport) in standard assays.
All three compounds have an IC50 > 1 mM, showing significant selectivity (2002000-fold) of these compounds for AlkB.
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6.5.4 Comparing inhibition and Tm shift
Comparison of the rankings of the DSF and inhibition results for the first and second
generation inhibitors investigated (Table 6-9) using the Pearson product-moment
correlation coefficient (Equation 6-1), gives ρ = 0.85 showing that there is a strong
positive correlation between the two data sets. This suggests that the Tm shift is in
general a good predictor of the inhibition potency of the compounds, therefore is
valuable for use as an initial rapid screening method to identify possible inhibitor
compounds or scaffolds.

Equation 6-1: Equation for calculation of the Pearson product-moment correlation coefficient (ρ).
xi and yi are the rank orders of the x and y variables respectively; and are means of the x and y
variables respectively.
Compound

IC50 /μM

IC50 rank

MD316
MD246
LNOC 3NO2
MD314
MD320
MD328
MD330
MD324
MD322
MD318
MD326
NOG
EW38
LNOC 3OH
LNOC 2OH
MD308
MD312
MD310
MD244
LNOC
DNOC

0.50
3.39
5.22
5.35
7.92
9.50
14.1
14.7
16.7
17.8
22.3
32.0
42.5
48.0
50.4
51.3
54.1
165.0
> 1000
> 1000
> 1000

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
20
20
20

Tm shift /°C Tm shift rank
7.82
8.30
3.97
3.83
10.57
9.96
3.65
1.65
0.37
3.09
1.98
2.89
5.75
1.79
1.28
0.32
1.08
-0.58
0.70
-1.20
-1.24

4
3
6
7
1
2
8
13
16
9
11
10
5
12
14
18
15
19
17
20
21

Table 6-9: Comparison of inhibition and melting temperature rank orders.

6.5.5 Crystal structures
To identify the binding mode of the compounds with the greatest Tm shifts and highest
potency, crystallisation with AlkB was attempted. Crystallisation and subsequent
structure solutions were carried out by Wei Shen Aik and Dr Michael McDonough. The
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crystal structures were solved by molecular replacement to a resolution of 2.0 Å with
MD246 (PDB ID: 3T4V, Figure 6-14A), and to 1.7 Å with MD316 (PDB ID: 3T3Y,
Figure 6-14B).

A

B

Figure 6-14: Active site views of crystal structures of ΔN11 AlkB bound to (A) MD316 (yellow
sticks); PDB ID: 3T4V, (B) MD246 (magenta sticks); PDB ID: 3T3Y. Left: grey mesh represents
experimental 2Fo-Fc electron density map contoured to 1.0σ. Figures prepared by Wei Shen Aik.

The crystal structure of AlkB with the most potent compound, MD316 (IC 50 =
0.50 μM), shows a very similar binding mode to that observed for LNOC 3NO2
previously (Section 6.4.4), with all hydrogen binding interactions (barring that of the 3nitro group absent here) being conserved. In order to accommodate the bulkier
naphthalene group the cysteinyl linker adopts a slightly different orientation to place the
naphthalene in the same orientation as that for the phenyl ring of LNOC 3NO2, enabling
similar π-stacking interactions to those observed previously. It appears that this
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orientation may not be as favourable for the 1-napthalene ring of MD314, as this
compound has reduced potency (IC50 = 5.35 μM).
In contrast, the crystal structure of AlkB with the smaller MD246 (IC50 = 3.39 μM)
shows a considerably different binding mode (Figure 6-14B). Whereas it may be
predicted that the pyridine ring of MD246 may coordinate in the same manner as the
oxalyl group of the compounds previously crystallised, it instead binds in the reverse
direction, with the pyridyl group projecting into the hydrophobic pocket occupied by the
aromatic rings of the other compounds. The metal centre is therefore coordinated by the
pyridyl nitrogen and the adjacent carbonyl oxygen, with the amide nitrogen forming
hydrogen bonds to N206, and the carboxylic acid capable of hydrogen binding to Y122,
R204 and N206. The 3-hydroxyl group can hydrogen bond to S145, an interaction
which is also possible for MD320 and EW38, but not for the analogues lacking this
substitution (MD244, MD318 and MD310), rationalising the greater potencies of the 3hydroxyl-containing compounds. A considerable rotation around the Cα-Cβ bond of
W178, placing the indole ring in a considerably altered position, allows a π-stacking
interaction with MD246. This alternate orientation at the active site may explain the
slightly reduced potency of MD320, which also has a pyridyl group, despite its high
stabilisation by DSF, as there is likely to be less space available in the active site for
binding of MD320 in this orientation. Although crystallisation has also been attempted
for MD320 and EW38, compounds observed to bind well by DSF, no suitable crystals
have yet been obtained.

6.6 Analysis in E.coli
6.6.1 E. coli strains
To further investigate the effect of the synthesised compounds on AlkB, in vivo E. coli
studies were attempted. For this work, an E. coli knockout strain was obtained from the
Keio collection392 in which AlkB is deleted (JW2200). The wildtype strain (BW25113)
from which the deletion strains are derived was used for comparison of growth.
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6.6.2 Growth curve analysis
A previous high-throughput study of E. coli growth conditions identified the
methylating reagent MMS as the most damaging compound to JW2200 E. coli393. In
this previous study bacterial growth was analysed by comparison of colony areas for
WT and knockout strains at a fixed timepoint394-395. A similar approach was used in the
original investigations of the MMS sensitivity of AlkB mutants, through plating of
cultures onto agar plates containing different MMS quantities, and assessing bacterial
survival by counting colonies, typically after 16 h155-156. However it would be useful to
follow the growth of bacteria over time, as different forms of damage may affect the
growth of bacteria in different ways e.g. an extended lag-phase, or a growth arrest in the
logarithmic phase. Therefore an optical density based plate-reader assay was used,
developed from an initial protocol provided by Dr Gail Preston (Department of Plant
Sciences, Oxford). The initial protocol involved inoculation from a bacterial lawn, but
was developed to use a liquid starter culture, facilitating establishment of cultures of
identical optical densities, and producing more consistent growth curves.
2.0

OD (584nm)

1.5

WT 2TY
JW2200 2TY
WT M9
JW2200 M9

1.0

0.5

0.0
0

4

8

12

16

20

24

time /hours

Figure 6-15: Bacterial growth curves following growth of wildtype BW25113 (WT) and AlkB
deletion (JW2200) E. coli in either rich (2TY) or minimal (M9) media.

Initially, the growth of the JW2200 AlkB deletion strain was compared to that of the
wildtype strain in both rich (2TY) and minimal (M9) media (Figure 6-15). The growth
of the two strains was found to be very similar in rich media, but in minimal media the
lag phase for the JW2200 strain was longer than for the wildtype bacteria, with growth
apparently halted at a lower optical density. This suggests that the deletion strain may
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grow in a manner similar to that of the wildtype strain when reagents are plentiful, but
that under conditions of stress the AlkB deletion strain does not grow as efficiently, and
presumably is less able to deal with the additional burden of unrepaired DNA damage.
These results are consistent with those obtained in an initial study of the Keio collection
strains392. This study found that in rich media after 22 h growth JW2200 has an optical
density 94 % that of WT (here 95 %), whereas in minimal media JW2200 has an OD
67 % that of the wildtype strain after 24 h (here 66 %).

OD (584nm)

1.5

WT
WT 0.24 mM MMS
WT 1.2 mM MMS
WT 6 mM MMS
JW2200
JW2200 0.24 mM MMS
JW2200 1.2 mM MMS
JW2200 6 mM MMS

1.0

0.5

0.0
0

4

8

12

16

20

24

time /hours

Figure 6-16: Bacterial growth curves following growth of wildtype BW25113 (WT) and AlkB
deletion (JW2200) E. coli in 2TY rich media. Cultures grown in media containing indicated
concentrations of MMS.

Subsequently, the addition of the SN2 methylating agent MMS to bacterial growth
media was investigated, by addition of a range of MMS concentrations to growth media
(0.05 % (v/v) MMS (equivalent to 6 mM) is commonly used in the literature154). In 2TY
media wildtype E. coli were able to withstand the addition of up to 1.2 mM MMS, but
their growth was reduced in the presence of 6 mM MMS, with cells unable to reach the
maximal optical density achieved by cells treated with reduced MMS. The growth of
the JW2200 strain in rich media is slightly reduced even at the lowest concentration of
MMS tested (240 μM), and growth was significantly reduced in the presence of 6mM
MMS. MMS is likely to have the greatest effect during the exponential growth phase,
during which most DNA synthesis occurs and DNA exists in a single stranded form,
revealing the sites of preferential modification by SN2 reagents (Chapter 1, Figure 1-15).
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Figure 6-17: Bacterial growth curves following growth of wildtype BW25113 (WT) and AlkB
deletion (JW2200) E. coli in M9 minimal media. Cultures grown in media containing indicated
concentrations of MMS.

In minimal media a greater effect was observed on addition of MMS for both the
wildtype and knockout strains (Figure 6-17). Here, the major effect on the bacterial
growth when MMS was added was an extension of the initial lag phase, but JW2200
cells treated with 6 mM MMS did not show any growth.

6.6.3 Compound treatment
Monitoring cell growth was used to investigate the effect of addition of AlkB inhibitors.
To attempt to determine whether any growth alterations were due to the inhibition of
AlkB rather than cross-inhibition of other E. coli targets, the cells can be treated with
MMS. Repair of DNA methylation would be hampered if AlkB is inhibited. Therefore
wildtype cells in which AlkB is inhibited by an added compound would be likely to
have a growth pattern similar to that for both treated and untreated JW2200. As growth
of JW2200 is poor in minimal media, particularly on addition of MMS, it was decided
to use 2TY media with the addition of 3 mM MMS, which should be sufficient to
reduce cell growth, without leading to cell death. Compounds were prepared in DMSO,
and bacterial growth was unaffected by the addition of 1% (v/v) DMSO.
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Figure 6-18: Relative optical density of wildtype (WT) and AlkB deletion (JW2200) cultures in 2TY
media, 1 % DMSO (v/v) after 12 h growth. Cultures contain 3 mM MMS, and/or 10 mM small
molecule (MD315 at 1 mM due to poor solubility) as indicated.

A range of compounds were tested, including pyridine dicarboxylic acid (e.g. 2,4pyridine dicarboxylic acid; 2,4-PDCA) isomers, the siderophore deferoxamine (DFO),
and the 2OG analogue NOG, and its dimethyl ester DMOG. Compounds were added to
the cell cultures, which were then preincubated at 37 °C for 30 min to allow the cells
take up the compounds, and recover from the transfer into fresh media. Following this,
MMS was added to a final concentration of 3 mM.
To allow comparison between compounds added, the optical density of the cultures at
12 h was normalised to the optical density of WT cells to which no compound was
added (Figure 6-18). It appears that the compounds are successfully taken up by the
cells, as altered growth rates are observed on their addition. 2,6-PDCA appears to
inhibit growth of cells under all conditions, therefore it likely interferes in another
cellular process.
To facilitate the entry of compounds through the cell membrane of mammalian cells,
methyl esters are commonly used, therefore 2,4-PDCA and NOG were tested alongside
their dimethyl esters, although there was little obvious correlation between the presence
of the methyl groups and the effect on the growth rate. Use of some of the selective
compounds developed in this chapter was attempted, but the solubility in aqueous
solutions was very poor, restricting the maximum compound concentration that could
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be used. Addition of 1 mM MD315 (the methyl ester of MD316, the most potent
compound identified here) did not produce a significant effect on the growth of either
wildtype or JW2200 E. coli. Overall no clear effect on the growth of the E. coli strains
was observed on addition of compounds, and as solubility of the AlkB-specific
compounds is low it is difficult to determine whether AlkB is directly targeted.

6.7 Discussion
This chapter describes the development of selective and potent inhibitors of AlkB. A
number of approaches were taken to identify potential inhibitors, including DSF,
docking studies, DCMS and structure based design.
Initially, an FDH-coupled assay was used to determine IC50 values of AlkB and ABH2
with the generic 2OG oxygenase inhibitor NOG. Additionally, inhibition of ABH2 by
the recently identified oncometabolite 2-hydroxyglutarate was determined, allowing
comparison to inhibition data obtained for a suite of 2OG oxygenases, aiding studies of
the effect of elevated 2HG on cells.
Following a broad screen of many 2OG mimic compounds by DSF a more focused
approach was taken, using DCMS. Importantly, it was identified that AlkB has a strong
preference for compounds with the L- stereochemistry at the α-carbon of the N-oxalyl
amino acid scaffold investigated, the opposite preference to that observed previously for
JMJD2A and FIH. DCMS identified the lead compound LNOC 3NO2 as a strong AlkB
binder, and a more potent inhibitor than NOG. Unfortunately, due to significant
inhibition of FDH by several of the developed inhibitors, the FDH assay could not be
used to determine AlkB inhibition, so an alternate capillary electrophoresis method was
employed.
An initial crystal structure of AlkB in complex with LNOC 3NO2 enabled development
of a series of potent AlkB inhibitors, which were found to be selective for AlkB over
representatives of two other 2OG oxygenase subfamilies. Contrary to expectations,
further crystal structures of AlkB in complex with the two most potent inhibitors,

- 244 -

Chapter 6

ABH Inhibitor Design

MD246 and MD316, revealed two alternate binding modes for the compounds at the
metal centre.
Good correlation was observed between the Tm shift and inhibition data obtained, which
validates the use of the DSF technique as a rapid screening method to identify
compounds that are likely to inhibit the protein investigated.
This work is the first report of selective and potent inhibitors of a DNA modifying 2OG
oxygenase. This therefore suggests that selective inhibition of the human DNA
modifying 2OG oxygenases, including ABH1-8, FTO and TET1-3, is likely to be
possible. In several cases this inhibition may be therapeutically beneficial, as several
ABHs, particularly ABH2169 and ABH8220, are implicated in cancer, and FTO is linked
to obesity228.
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Chapter 7 - Future Studies
Results obtained and observations made during the course of this work have suggested
many future lines of investigation which would continue and complement the work
described here:

7.1 FTO
A priority for the cellular study of FTO would be establishment of a cell line stably
expressing tagged FTO. In the absence of an antibody suitable for successful specific
anti-FTO IP reactions this would allow efficient pulldown reactions (using the fusion
tag) at endogenous protein levels to enable ChIP assays.
In vitro studies would benefit from development of a robust LCMS assay, which could
be used to directly follow the demethylation of the oligonucleotide substrates. This
would require optimisation of the reaction conditions, and the LC method, and would
allow relatively low-throughput testing of possible inhibitors. If used in conjunction
with Tm shift data this could enable development of FTO inhibitors, which could be
used further in cell-based assays to complement knock-out and knock-down studies, and
help to understand the physiology of FTO. In addition, further crystallisation attempts
should be made for the truncated ΔN31 mFTO protein. This would also be assisted by
the development of compounds that bind strongly to FTO, to produce stabilisation
during the crystallisation process.

7.2 ABH1 and ABH7
As the substrates for ABH1 and ABH7 are currently unknown or unclear, a priority for
this work would be identification of the true substrates. To attempt to achieve this a
wider range of nucleic acid substrates, particularly RNA, substrates should be tested.
Additionally, crystallisation of the proteins would be very useful. As the truncated
ΔN17 ABH7 construct purifies well and is stable in solution it may be particularly
amenable to crystallisation. Knowledge of the three dimensional structure of the protein
could assist in identifying any substrate binding regions, and any distinctive features of
the active sites. Crystallisation of ABH1 would also be particularly interesting as it may
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identify any additional domains or possible sites which could be responsible for the
postulated DNA lyase activity of the protein.
Further attempts should be made to extract functional mitochondria from cultured cells,
to allow the study of endogenous ABH1 and ABH7. This would enable further activity
studies on native proteins, as the recombinantly expressed proteins may lack
modifications required for successful activity. Proteomic studies should be repeated
using the commercial anti-ABH1 antibody in the pulldown reaction, as this antibody
was found to be successful in the test IP reaction. This should hopefully enable
identification of whether any proteins interact specifically with ABH1, rather than with
the fusion tag, which would assist with the identification of the ABH1 substrate.
Furthermore, a commercial ABH7 antibody has recently become available. Therefore
this should be tested for suitability in the range of techniques used here (e.g. recognition
of ABH7 in western blots, immunohistochemistry, and IP reactions). ChIP assays could
also be carried out using these antibodies, to investigate any nucleic acid species with
which the proteins may interact.

7.3 AlkB
As potent selective inhibitors of AlkB have been developed, the DCMS approach
successfully used here can be expanded for the development of inhibitors of ABH2 and
ABH3. As revealed by Tm shift analyses it appears that the preference of ABH2 is likely
to be different to that of AlkB, and inspection of the published crystal structures shows
that a further alternate preference is likely for ABH3. Therefore this could yield
inhibitors that are selective for each of the AlkB family members, and hopefully also
selective for the DNA methylases over other 2OG oxygenases.
In order to carry out these studies, crystallisation of the truncated ABH2 and ABH3
should be optimised, and improved assays for determining the activity of ABH3 are
required.
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Chapter 8 - Materials and Methods
Chemicals were supplied by Sigma-Aldrich unless otherwise stated. Water used was
from a Millipore Elix® 10 system, purified further through a 0.22 μm filter at the outlet
by a Millipore Milli-Q system.
Microbiological techniques:
Standard sterile practices were followed throughout, with procedures carried out in a
Biological Safety Hood (Heraeus KJ12). All equipment and media used were sterilised
prior to use by autoclaving (Thermo Life Sciences MAT 490 LEI) at 121°C for 20 mins.
Solutions of heat-sensitive substances were sterilized using 0.20 μm filters. Tryptone,
yeast extract and agar (bacteriological) for use in culture media were obtained from
Oxoid.
pH measurement:
A Hanna Instruments HI 9321 microprocessor pH meter fitted with either a 5 mm or
1.5 mm diameter electrode was used for pH measurement. Prior to each use the probe
was calibrated in the range pH 4-7 or pH 7-10, appropriate to the required pH, using
standard calibration solutions (Fisher Scientific) then stored in 4 M KCl solution
between uses. The pH of solutions was adjusted using stock solutions of NaOH or HCl
as necessary.
Waterbaths:
A Grant W14 waterbath was used for transformations at 42 ˚C, and a Grant Y14
waterbath was used for incubations at 37 ˚C.
Bacterial growth media:
Selective antibiotics (Melford Laboratories Ltd) were added post-autoclaving,
kanamycin to 30 μg ml-1, ampicillin to 100 μg ml-1 and chloramphenicol to 30 μg ml-1.
LB agar – (per litre) 10 g Tryptone, 10 g NaCl, 5 g Yeast extract. To obtain a solid
medium, 20 g agar was added to media before autoclaving.
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2TY – (per litre) 16 g Tryptone, 5 g NaCl, 10 g Yeast extract, pH 7.0. Before
autoclaving, the medium is adjusted to pH 7.0. 2TY medium used for large-scale
growths was prepared by Mr H. M. Jubier (Chemistry Research Laboratory, Oxford)
SOC – (per litre) 980 ml 2TY, 10 ml 1 M MgCl2, 10 ml 2 M glucose.
Vectors:
cDNA encoding the mFTO sequence was obtained as an I.M.A.G.E. clone (#4237261,
I.M.A.G.E. Consortium), which contained 1506 base pairs coding for a 502 amino acid
protein with a predicted mass of approximately 57 kDa. This was subcloned as a NheI
and EcoRI fragment by Dr Thomas Gerken into the pET-28a(+) (which contains an
N-terminal 20 residue His6 tag) vector (Novagen), creating mFTOa165. The N-terminal
fusion peptide containing the thrombin cleavage site was deleted creating the mFTO
construct.
The coding sequence of human FTO, sequence optimized for expression in E. coli and
with a C-terminal TAA stop codon, was commercially synthesised (GeneArt) then
subcloned into the NdeI & BamHI sites of pET-28a(+), by Dr C. Webby.
The sequence encoding AlkB was cloned as an NdeI and BamHI fragment into
pET-24a(+) and pET-28a(+) by Dr R. Welford325.
ABH2 was amplified from human cDNA and cloned into the NdeI and NotI sites of
pET-28a(+) by Dr Kirsty Hewitson
PCR:
Oligonucleotide primers were synthesised to order by Sigma-Genosys, obtained as
lyophilised samples then resuspended in sterile water as 100 μM stocks. Sequences of
all primers used in this work are presented in Appendix B. Polymerase chain reactions
(PCRs) were performed in thin walled 0.5 ml Eppendorf tube
DNA amplification
PCR was performed to amplify DNA sequences for cloning into alternative vectors.
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Reaction mixture:
5 μl
100 ng
0.5 μM
0.2 mM
0/5/10 %
1 μl
to final volume of 50 μl

10 × reaction buffer
Plasmid template
Oligonucleotide primers
dNTP mix (2.5 mM each dNTP)
DMSO
PfuTurbo® DNA polymerase (2.5 U/μl)
MilliQ H2O
Function
Denaturation of
template DNA
Denaturation
Annealing
Extension
Denaturation
Annealing
Extension
Final extension

Temperature

Time

Number of
cycles

95 °C

2 min

1

95 °C
5 °C below Tan1
72 °C
95 °C
5 °C below Tan2
72 °C
72 °C

30 s
30 s
1 min/kb
30 s
30 s
1 min/kb
10 min

7

25
1

Table 8-1: PCR cycling conditions used for DNA amplification. Tan1: Annealing temperature for
fraction of primer binding to original parent template. T an2: Annealing temperature for binding of
full primer to newly synthesised daughter sequence.

Site-directed Mutagenesis
All single-site site directed mutageneses (point mutations or deletions) were carried out
using the Stratagene QuikChange® site-directed mutagenesis kit. Briefly, primers
incorporating the desired mutation were used to amplify both vector and insert (thermal
cycling as in Table 8-2). Template DNA, which is extracted from a bacterial clone and
therefore methylated, was digested with methylation specific DpnI. To increase the
proportion of bacterial colonies containing the newly synthesised mutated DNA rather
than the unmodified parental template DpnI digestion was allowed to proceed at 37 °C
for 2 h rather than the recommended 1 h. The mutated DNA was then transformed into
XL10-Gold competent cells for growth and subsequent plasmid DNA extraction.
Typically, >80 % of colonies selected contained the desired mutation.
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Reaction mixture:
10 × reaction buffer
dsDNA template
Oligonucleotide primers
dNTP mix (2.5 mM each dNTP)
PfuTurbo® DNA polymerase (2.5 U/μl)
MilliQ H2O
Function
Denaturation of
template DNA
Denaturation
Annealing
Extension
Final extension

5 μl
25 ng
125 ng
5 μl
1 μl
to final volume of 50 μl

Temperature

Time

Number of
cycles

95 °C

2 min

1

95 °C
50 °C
72 °C
72 °C

30 s
1 min
1 min /kb
10 min

16 (point
mutation)
18 (deletion)
1

Table 8-2: PCR cycling conditions used for site directed mutageneses.

Multi site-directed mutagenesis
Multiple site-directed mutations were introduced simultaneously using the Stratagene
QuikChange® Multi site-directed mutagenesis kit (thermal cycling carried out as
detailed in Table 8-3).
Reaction mixture:
10 × Multi reaction buffer
dsDNA template
Oligonucleotide primers
dNTP mix
QuikSolution
Quikchange Multi enzyme blend (2.5 U/μl)
MilliQ H2O
Function
Denaturation of
template DNA
Denaturation
Annealing
Extension

2.5 μl
100 ng
100 ng each
1 μl
0.5 μl
1 μl
to final volume of 25 μl

Temperature

Time

Number of
cycles

95 °C

1 min

1

95 °C
55 °C
65 °C

1 min
1 min
2 min /kb

30

Table 8-3: PCR cycling conditions used for Multi site directed mutageneses.

Restriction digestion:
DNA digests were carried out using the appropriate restriction enzymes (NEB) in the
recommended NEB buffers. Reactions were carried out in volumes of 10-60 μl as
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required, containing 2-10 U enzyme, with BSA added if necessary. Reactions were
incubated at 37°C for 2 hours unless otherwise stated.
Preparative:
Gel extracted PCR product 30 μl
Restriction enzyme A
1 μl
Restriction enzyme B
1 μl
10 x NEB buffer
4 μl
10 x BSA
4 μl
H2O
to final volume of 40 μl

Purified vector
2 μl
Restriction enzyme A
1 μl
Restriction enzyme B
1 μl
10 x NEB buffer
2 μl
10 x BSA
2 μl
H2O
to final volume of 20 μl

Analytical digest:
Miniprepped DNA
5 μl
Restriction enzyme A
0.5 μl
Restriction enzyme B
0.5 μl
10 x NEB buffer
1 μl
10 x BSA
1 μl
H2O
to final volume of 15 μl
Ligation:
Insert and vector were digested with appropriate restriction enzymes creating
complementary overhanging ends. The vector was dephosphorylated at the 5' end using
alkaline phosphatase (CIP; NEB) to reduce self-ligation. The vector restriction digest
was heated to 80°C for 20 minutes, inactivating the restriction enzymes, cooled to room
temperature, then 1 μl alkaline phosphatase added and incubated for 2 hours at 37°C.
The digestion products were run on agarose gels and purified by extraction. Ligation
reactions were incubated overnight at 16°C, before transformation of 7.5 μl ligation mix
into XL1 Blue competent cells.
Reaction mixture:
T4 DNA ligase
10x T4 ligase buffer
Doubly digested insert
Doubly digested vector
H2O

1 μl
1.5 μl
3 parts
1 parts
to final volume of 15 μl

Restriction digests were carried out to verify that the plasmids contained the desired
insert, and digest results were visualised by agarose gel electrophoresis.
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Subcloning:
Subcloning of constructs between vectors with compatible restriction enzyme sites was
achieved by restriction digest of purified plasmid DNA templates for both vector and
insert.
DNA gel electrophoresis:
Agarose gel electrophoresis was used for DNA visualisation. 1 % agarose gels were
formed by boiling 0.4 g agarose (Bioline) in 40 ml TAE buffer until fully dissolved,
using a SuperWave 750 microwave (Tecnolec), with regular mixing throughout. This
was allowed to cool to 60°C, before addition of 4 μl SYBR SafeTM DNA gel stain
(Invitrogen). Gel were cast in an H2-SET gel tray (Anachem) to a depth of 0.7 cm and a
comb inserted at one end of the gel to enable sample loading, then allowed to cool at
room temperature for the gel to set. Gels were run on a Bio-Rad system at a constant
potential of 100 V for approximately 45 min, then bands visualised by illumination of
the gel with UV light using a Gel Logic 200 imaging system (Kodak) and a 535 nm
emission filter. Samples were run against a 2-log DNA Ladder 0.1-10 kb (Invitrogen)
allowing molecular weight determination.
50 x TAE (running buffer solution) – 2 M Tris, 1 M acetic acid, 0.5 M EDTA, pH 8.0.
5 x sample loading buffer – 70% glycerol, 30% 1xTAE, 0.25% bromophenol blue.
Gel extraction:
Bands were excised from agarose gels using a clean scalpel, weighed, and DNA
extracted using a Qiagen Gel Extraction kit, according to the manufacturer’s protocol.
DNA was eluted in 30 μl H2O.
DNA purification:
A Qiagen Miniprep DNA purification kit was used according to the manufacturer’s
instructions for small scale DNA purification. DNA was eluted in 30 μl H2O.
Qiagen Maxiprep DNA purification kits were used for large scale purification of
transfection-grade DNA.
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DNA quantification:
Concentration was determined through measurement of light absorbance at 260 nm
using a NanoDrop ND-1000 UV/Vis Spectrophotometer.
DNA sequencing:
DNA sequencing was performed by Source BioScience, Oxford.
Competent cell strains:
E. coli BL21 (DE3) was used for protein expression395, E. coli XL10 Gold for
transformation of mutageneses and ligations, and E. coli XL1-Blue for general cloning
applications (all Stratagene). Genotypes of these strains are given in Table 8-4.
Strain

Genotype
-

-

Supplier

-

F dcm ompT hsd S(r m ) gal λ(DE3)
Stratagene
(chromosomal copy of the T7 RNA polymerase)
recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1
XL1 Blue
Stratagene
lac [F´ proAB lacI qZ ∆M15 Tn10 (Tetr)]
Tetr D(mcrA)183 D(mcrCB-hsdSMR-mrr)173
XL10 Gold
endA1 supE44 thi-1 recA1 gyrA96 relA1 lac Hte
Stratagene
r
r
[F´ proAB lacIqZDM15 Tn10 (Tet ) Amy Cam ]
W3110 (Keio
F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, rphKeio collection
collection BW25113)
1, Δ(rhaD-rhaB)568, hsdR514
BL21 (DE3)

Keio collection
JW2200

F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-,
Keio collection
ΔalkB765::kan, rph-1, Δ(rhaD-rhaB)568, hsdR514

Table 8-4: Genotypes of E. coli strains used in this study.

Competent cell preparation:
Aliquots of competent cells (XL1-Blue and BL21 (DE3)) were prepared from
commercially obtained stocks (Stratagene), in antibiotic-free media. The appropriate
strain was streaked onto an LBA plate, and colonies grown overnight. A single colony
was used to inoculate 100 ml sterile 2TY medium, which was incubated in a shaker
incubator (220 rpm) at 37°C overnight. 800 μl starter culture was used to inoculate
400 ml sterile growth medium, which was grown with shaking at 37°C to an OD600nm of
0.6-0.8. The culture was pelleted in pre-chilled centrifuge tubes, by centrifugation at
750xg, 4°C for 5 mins. Pellets were gently resuspended in 200 ml ice cold 100 mM
CaCl2, 20% glycerol, and the suspension incubated on ice for 20 minutes. Cells were
re-pelleted by centrifugation at 750g, 4°C for 5 mins and gently resuspended in 8 ml
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100 mM CaCl2, 20 % glycerol. Cells were stored as 100 μl aliquots in freshly sterilised
0.5 ml Eppendorf tubes, then immediately stored at -80 °C.
Transformations:
E. coli BL21 (DE3) competent cells were thawed on ice then 0.5 μl plasmid DNA added
to 30 μl competent cells in a sterile 15 ml Falcon tube. Cells were chilled on ice for
30 mins before being subjected toheat shock at 42 °C for 45 s and returning to ice for
2 mins. 1 ml SOC medium was added to cells, which were then incubated in a 37 °C
shaker incubator for 1 hour. 100 μl of the transformation mixture was plated onto an
agar plate containing the appropriate selective antibiotic and incubated overnight at
37 °C in a Gallenkamp Duostat incubator.
XL1 Blue and XL10 Gold were both transformed according to the suppliers protocol (as
for BL21 (DE3), but heat shock 30 s). Cells were harvested by centrifugation
(1500 rpm), resuspended in 100 μl fresh 2TY medium, then plated.
Starter culture preparation and growth:
2TY medium (10 ml or 100 ml) was inoculated with a single colony from an agar plate,
then incubated overnight in a New Brunswick Scientific G25 environmental shaker at
37 °C and 250 rpm.
Glycerol stocks:
A cell pellet obtained from an overnight starter culture was resuspended in 400 μl 2TY
media. 400 μl glycerol stock solution (65 % glycerol, 0.1 M MgSO4, 25 mM Tris,
pH 7.5) was added, and the mixture stored at -80 °C.
Large scale growths:
12 x 2 l flasks containing 600 ml 2TY media were inoculated with 7 ml starter culture.
Flasks were incubated at 37°C at 220 rpm in a New Brunswick Scientific G25
environmental shaker and once an OD600 nm of at least 0.6 was reached (measured using
a 1 ml sample of bacterial culture compared to a 1 ml reference solution of initial
growth medium in a Novaspec II spectrophotometer, Pharmacia), the appropriate
concentration of Isopropyl-β-D-1-thiogalactopyranoside (IPTG, Melford Laboratories
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Ltd) (0.1-0.5 mM) was added to induce protein expression. Cultures were further
incubated under the optimal conditions determined by expression trials, then cells
harvested by centrifugation in a JLA 9.100 rotor in a Beckman Avanti J25 centrifuge at
9 krpm and 4 °C for 8 mins. The resulting cell pellet was weighed and stored at -80 °C.
Protein expression trials:
Protein
mFTOa
mFTO
mFTO NCBI
1-E408 mFTO
1-K387 mFTO
1-D329 mFTO
1-A321 mFTO
CmFTOa
CmFTO
CmFTO NCBI
I367F mFTO
I367F CmFTO
I367A mFTO
I367A CmFTO
I367A mFTO NCBI
I367A CmFTO NCBI
hFTOa
hFTO
ChFTO
pET24a AlkB
pET24a AlkB ∆N11
pET28a AlkB ∆N11
ABH1
ABH2
ABH2 ∆N55
ABH7
ABH7 ∆N14

Optimal expression conditions
Temperature /°C Time /hours IPTG /mM
18
18

15
15
15

15
15

15
15
15
28
15
28
28
28
18
37

4
4
Poor expression
Very poor expression
Poor expression
Very poor expression
Very poor expression
16
16
16
insoluble
insoluble
16
4
Very poor expression
Very poor expression
4
4
4
4
16
16
16
4
16
Insoluble
4

0.5
0.5

0.5
0.5
0.5

0.2
0.2

0.5
0.5
0.2
0.2
0.2
0.2
0.5
0.2
0.2
0.5

Table 8-5: Optimal protein expression conditions used.

100 ml starter cultures were prepared as described above until induction. Flasks were
then incubated at 15 °C, 28 °C and 37 °C and 220 rpm for 3 hours and 50 ml of each
culture harvested in an S-4180 rotor in a Beckman Allegra™ 21R bench top centrifuge
at 4 krpm and 4 °C for 10 mins. Resulting cell pellets were stored at -20 °C with
remaining cultures left at the appropriate temperature overnight before harvesting.
Cell pellets were resuspended in 5 ml 50 mM Tris pH 7.5, then lysed by sonication on
ice with two 30 s pulses separated by a 30 s pause using an MSE Soniprep 150 sonicator
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at an amplitude of 10 μm. 1 ml of the cell suspension was transferred to a sterile 1.5 ml
Eppendorf tube and spun for 1 min at 13 krpm in a Jouan A-14 microcentrifuge. Soluble
protein was removed and the remaining insoluble precipitate resuspended in 1 ml
50 mM Tris pH 7.5. The concentration of protein in each sample was determined using
a NanoDrop ND-1000 UV/Vis Spectrophotometer. 10 μl of the protein solutions were
analysed by SDS-PAGE revealing conditions producing greatest soluble protein.
Negative (transformed with wildtype protein plasmid, without induction) and positive
(cells expressing wildtype or parent constructs under optimal expression conditions)
controls were run alongside mutants for comparison. Expression conditions determined
for the proteins used are summarised in Table 8-5.
Large-scale cell lysate preparation:
Cell pellets obtained from large scale growths were resuspended in approximately
5 times their mass of the appropriate buffer for the column to be used, with addition of
100 μl 1 M MgCl2, a Roche cOmplete EDTA-free protease inhibitor cocktail tablet and
< 1 mg DNase (bovine pancreas, grade II, Roche). This mixture was stirred at 4°C until
homogeneous. Cells were lysed on ice by sonication, with a Sonics VibraCell VCX-500
and 13 mm probe at 60 % intensity, for 4 x 45 s separated by 45 s breaks. Insoluble cell
debris was removed by centrifugation in a JA-25.50 rotor at 23 krpm for 20 mins, each
at 4 °C. An additional initial centrifugation step was carried out in JLA-16.250 rotor in a
Beckman Avanti J25 centrifuge at 14500 rpm for 20 mins in the purification of AlkB
proteins. Supernatants were filtered to 0.20 μm before purification.
Protein purification:
Purification was carried out at 4 °C using ÄKTA-FPLC™ systems (GE Healthcare,
P920 pump system, UPC900 UV detector, Frac900 fraction collector, controlled by
Amersham Pharmacia Unicorn Software V5.1). Prior to use all buffers were freshly
prepared with Milli-Q water and filtered with a 0.20 μm filter.
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Cation exchange (SP Sepharose fast flow 50)
S Sepharose Buffer A: 0.1 M MES, pH 5.8
S Sepharose Buffer B: 0.1 M MES, 1 M NaCl, pH 5.8
Purification was performed with a 50 ml settled bed volume S ≈epharose (GE
Healthcare) column, equilibrated with 2CV Milli-Q water, 2CV 1 M NaCl and 2CV
S buffer A. Cells were lysed in S buffer A, the filtered supernatent loaded onto the
column at 4 ml min-1, then the column washed with S buffer A until the UV trace
returned to its initial level. To elute protein a gradient of S buffer B was run over 8CV,
and 5 ml fractions collected. SDS-PAGE and UV trace analysis allowed determination
of the fractions containing the required protein, which were combined and concentrated
to 2 ml using a 10 kDa MWCO concentrator in an S-4180 rotor in a Beckman Allegra™
21R bench top centrifuge at 4 krpm and 4 °C. Following use the column was cleaned by
washing with 2CV each of water, 1 M NaOH, water, 1 M NaCl, 1 M AcOH and water.
His bind column
Buffer

NaCl
/mM

Tris HCl Imidazole
/mM
/mM

EDTA
/mM

β-mercaptoethanol
/mM

NiSO4
/mM

pH

Binding

500

20

10

-

1

-

7.5

Wash

500

20

40

-

1

-

7.5

Elution

500

20

500

-

1

-

7.5

Strip

300

20

-

100

-

7.5

Charge

-

-

-

-

50

-

Table 8-6: Nickel IMAC purification buffer compositions.

Nickel immobilised metal affinity chromatography (IMAC) purification was carried out
using a 5 ml HisTrap FF column (GE Healthcare), which was manually charged and
equilibrated using 5CV water, 5CV Charge buffer, 5CV Binding buffer (buffer
composition in Table 8-6). After loading the cell lysate, the column was washed with
several CV Binding buffer until the 280 nm UV trace fell to approximately zero. The
column was then washed with 10-15CV Wash buffer, again until a stable 280 nm
baseline was achieved. The protein of interest was eluted in a gradient of 8CV Elution
buffer and collected as 5 ml fractions. Fractions were analysed by SDS-PAGE to
determine those containing the greatest amount of pure protein, which were pooled and
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diluted 1:1 in gel filtration buffer, before concentration to ~2 ml using a 10 kDa MWCO
ultrafiltration device (Amicon). Following use the column was manually stripped of
Ni(II) using 5CV Strip buffer, then cleaned and stored according to the manufacturers
recommendations.
Gel filtration column
Gel filtration buffer: 100 mM tris HCl, 100 mM NaCl, 1 mM DTT, pH 7.5.
Previously purified and concentrated protein was loaded onto a 320 ml gel filtration
Superdex 75 column (Pharmacia) containing S75 gel filtration resin (Amersham
Biosciences). Loading was via a 2 ml injection loop at 0.5 ml min-1, then subsequently
run at 2 ml min-1. The column was equilibrated by washing with 1.1CV Milli-Q water,
and 1.1CV gel filtration buffer. Prior to use the loop was washed with two volumes each
of Milli-Q water and gel filtration buffer. Protein was eluted with 1CV of gel filtration
buffer, with 5 ml fractions collected when the UV trace exceeded a threshold absorption
limit. SDS-PAGE was used to determine the fractions to be combined then
concentrated. The resulting protein was exchanged into the appropriate buffer for
storage by further concentration. The concentration of the purified protein was
determined then the concentrated protein stored at -80°C in appropriate aliquots.
Following use, the column was washed with Milli-Q water.
Protein concentration determination:
Concentrated, desalted protein was spun in a microcentrifuge at 13 krpm for 1 min to
remove precipitate or dust, then transferred to a fresh 0.5 ml tube. Concentration was
determined by measurement of the absorbance at 280 nm using a NanoDrop ND-1000
UV/Vis Spectrophotometer. A = ε c l, so if ε is known, c can be determined. 2 μl of the
appropriate buffer was used as a blank, and 2 μl protein used for measurements. Protein
extinction coefficients and molecular weights were estimated using the ExPASy
ProtParam tool396.
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Polyacrylamide gel electrophoresis:
Denaturing SDS-PAGE (polyacrylamide gel electrophoresis) was conducted as
described397, using SeeBlue® Plus 2 (Invitrogen) as a molecular weight marker.
Samples were initially heated at 100 °C for 5 mins prior to loading. Electrophoresis was
run for 50 mins at 200 V and 20 °C on a Bio-Rad Mini-PROTEAN II system, then gels
stained for 15 mins, and placed in SDS-PAGE destain for > 30 min, with shaking.
Native-PAGE materials were prepared as for SDS-PAGE, with SDS and
β-mercaptoethanol replaced by water. Native gels were run at 4 °C and 80 V, using
appropriate protein standards of known molecular weight and oligomerisation state as
markers for comparison.
Images of gels were recorded (scanned using a CanoScan LiDE 25 scanner) and some
gels were preserved with a gel drying kit (Promega).
Separating gel 15 % acrylamide: (per gel) 1.25 ml acrylamide, 1.25 ml 2 x separating
gel buffer (750 mM Tris-HCl, 0.2 % SDS, pH 8.8), 5 μl TEMED, 15 μl 25 % APS.
Stacking gel 4.5 % acrylamide: (per gel) 700 μl Milli-Q, 300 μl acrylamide, 1.0 ml
2 x stacking gel buffer (350 mM Tris-HCl, 0.2 % SDS, pH 6.8), 5 μl TEMED, 15 μl
25 % APS. (TEMED and APS were added to the mixture immediately prior to pouring
of both gels).
10 x running buffer: 250 mM Tris, 1.92 M glycine, 10% SDS, pH 8.8.
2 x sample loading buffer: 10 % 0.5 M Tris-HCl; pH 6.8, 0.5 % bromophenol blue, 2 %
SDS, 12 % Glycerol, 0.5 % β-mercaptoethanol, 53 % Milli-Q water.
Stain: 0.5 % Coomassie Brilliant Blue, 50 % methanol, 10 % glacial acetic acid.
Destain: 10 % methanol, 10 % glacial acetic acid.
Alternatively the Invitrogen NuPAGE® system was used for analysis of IP protein
samples to be prepared for mass spectrometry. NuPAGE® Bis-Tris 4-12 % gels were
run in NuPAGE® MOPS SDS-PAGE running buffer, with NuPAGE® antioxidant.
Gels were stained using the Colloidal Blue Staining Kit (Invitrogen), following the
manufacturers protocol.
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Protein buffer exchange:
Micro BioSpin6 Chromatography columns (Bio-Rad) were used following the
supplier’s procedure, including 4 washes with new buffer before application of the
sample. Alternatively, larger quantities of protein were more rapidly exchanged into an
alternate buffer using a NICK column (Amersham Biosciences). Protein solutions were
concentrated to 3 ml then run through the equilibrated columns according to the
manufacturer’s instructions, for exchange into the new buffer.
Analytical gel filtration:
Amount /μg
S200
S75

Standard

Molecular mass
/kDa

Blue Dextran

2000

200

-

Apoferritin (Equine spleen)
Alcohol Dehydrogenase
(S. cerevisiae )
Albumin (Bovine serum)

443

200

-

150

200

-

66

200

200

Albumin (Chicken Egg)
Carbonic Anhydrase
(Bovine erythrocytes)
Cytochrome C (Equine heart)

42.7

-

500

29

200

200

12.4

200

200

Aprotinin (Bovine lung)

6.5

-

200

Table 8-7: Molecular weight standards used for analytical gel filtration.

A Superdex 75 10/300 GL column or Superdex 200 10/300 GL column (GE Healthcare)
were equilibrated with 1CV Protein Storage Buffer. 250 μg of the protein of interest
was loaded onto the column via a 100 μl injection loop. Eluted volume was collected as
1 ml fractions and the UV trace monitored. Fractions containing protein were analysed
by SDS-PAGE to confirm protein identity. Protein standards used (Table 8-7) were
premixed before injection, then analysed by the same method, creating calibration
curves.
Circular Dichroism:
Circular dichroism (CD) measurements were taken with an Applied Photophysics
Chirascan machine, using 0.25 mg/ml protein samples in 300 μl CD buffer (50 mM
KCl, 20 mM KPO4, pH 7.0). In all cases, blank samples of CD buffer were run initially
and subtracted from other spectra to allowing direct protein comparison. Scans were
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carried out at the appropriate temperature over 190-260 nm, with measurements taken
every 0.5 nm, repeated four times and averaged. Data were smoothed using a window
size of 2. The supplied CDNN software (Dr. Gerald Böhm, Institut für Biotechnologie,
http://www.photophysics.com/cdnn.php, Martin-Luther Universität Halle-Wittenberg,
Germany) was used for curve deconvolution into secondary structure elements.
Oligonucleotides:
Oligonucleotides used in enzymatic assays were commercially synthesised by ATDBio
Ltd, or Sigma Genosys (details in Table 8-8).
Name
T
3meT
cmpT
C
3meC
5meC
A
1meA
G
1meG
3meC-FAM
C-FAM

Sequence
GCTAGGTCCCGTAGTGCG
GC(3meT)AGGTCCCGTAGTGCG
CGCACTACGGGACCTAGC
GCCAGGTCCCGTAGTGCG
GC(3meC)AGGTCCCGTAGTGCG
GC(5meC)AGGTCCCGTAGTGCG
GCAAGGTCCCGTAGTGCG
GC(1meA)AGGTCCCGTAGTGCG
GCGAGGTCCCGTAGTGCG
GC(1meG)AGGTCCCGTAGTGCG
TT(3meC)TTTTTTTTTTTT-fluorescein
TTCTTTTTTTTTTTT-fluorescein

Mass /Da
5532.0
5545.3
5469.5
5557.0
5530.5
5530.5
5541.0
5554.5
5517.0
5570.3
5066.0
5052.0

Supplier
Sigma Genosys
ATDBio Ltd
ATDBio Ltd
Sigma Genosys
ATDBio Ltd
ATDBio Ltd
Sigma Genosys
ATDBio Ltd
Sigma Genosys
ATDBio Ltd
ATDBio Ltd
ATDBio Ltd

Table 8-8: Oligonucleotides used in demethylation assays and binding experiments.

Activity assays:
To determine the extent of reaction of 2OG dependent oxygenases, a 2OG turnover
assay has been developed291. This follows the reaction through turnover of [1-14C]
labelled 2OG, releasing

14

CO2 gas (Fig. 3). Standard conditions employed were 4 μM

enzyme, 100 μM substrate, 4 mM ascorbic acid, 300 μM 2OG (4 % [1-14C]-2OG
(Perkin Elmer)), 0.3 mg/ml catalase, 1 mM DTT and 50 μM (NH4)2Fe(SO4)2.7H2O
(dissolved first to 250 mM with 20 mM HCl, then 2.5 mM with Milli-Q water). Assay
mixtures were made up to 100 μl with 50 mM Tris pH 7.5.
Reagents were pipetted as three separate spots at the base of a 5 ml tube: enzyme,
substrate, and all other reagents prepared as a master mix. A 0.5 ml Eppendorf tube,
with its lid removed and containing 200 μl hyamine hydroxide (Perkin Elmer), was
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placed into the tube, which was sealed with a bung and transferred to a 37°C shaker
incubator for typically 10-30 mins. Reactions were quenched by injection of 200 μl
methanol and incubated on ice for 20 mins to allow absorption of

14

CO2 by hyamine

hydroxide. Following this the exterior of the Eppendorfs were wiped, transferred to
scintillation vials, 5 ml scintillant (Opti-phase “Safe”, Fisher) was then added and

14

C

activity measured in a Beckman LS6500 counter. Assays were carried out in at least
duplicate. Typically wildtype proteins were used as a positive control, and uncoupled
turnover assessed without substrate. In each assay counts were recorded for the master
mix alone. This showed total counts for the known amount of 2OG added, allowing
calculation of the number of counts per nmol 2OG used, and then of the number of
nmol 2OG turned over in the course of the reaction.
FDH assay:
Assays were optimised to determine optimal reagent conditions and reaction volumes,
as described in the appropriate results chapter. Reactions carried out in 100 μl total
volume used a buffer of 50 mM HEPES pH 7.5, whereas those in < 100 μl total volume
used a buffer of 50 mM HEPES pH 7.5, 0.01 % Tween 20.
Inhibitors were dissolved in DMSO at various concentrations, and added to the assay
mixture such that the final DMSO concentration was 5 %. Inhibitors were tested for
FDH inhibition in reactions containing 0.025 U FDH, 500 μM NAD, 5 mM inhibitor
(typically) and 10 mM HCHO in 25 μl final volume. FDH, NAD and inhibitor were
preincubated for 15 min at room temperature, prior to initiation by addition of HCHO,
then incubated at 25 °C while fluorescence was recorded (355 nm excitation, 460 nm
emission) at 30 s intervals over 15 min.
FDH (0.001 U/μl), NAD+ (500 μM), ascorbate, Fe(II), enzyme (2 μM), substrate, 2OG
and inhibitor were incubated together at 25 °C and monitored as above. All other
reagents were used as solutions in buffer, with the exception of Fe(II) solutions, which
were made using (NH4)2Fe(SO4)2 dissolved in 20 mM HCl to make 400 mM stock
solutions, which were then diluted to the appropriate concentration using MilliQ water.

- 264 -

Chapter 8

Materials and Methods

Assays with preincubation of enzyme and inhibitor were carried out using the same
reagent and enzyme concentrations as above with enzyme, FDH, and inhibitor preincubated together for 15 min at room temperature prior to addition of the remaining
reagents. Kinetic constants were determined using the same FDH-coupled assay,
without the addition of inhibitors. All data were processed with GraphPad Prism 5.0™.
Differential Scanning Fluorimetry (DSF):
DSF was performed using a MiniOpticon™ Real-Time PCR Detection System
(Bio-Rad). SYPRO orange (Invitrogen) dye was used to monitor unfolding of proteins
occurring through thermal denaturation, due to its unspecific binding to hydrophobic
residues. The corresponding changes in fluorescence were monitored as a function of
time. The method used was developed from that presented in 398.
For measurements of the effect of additives on protein stability a protein concentration
of 2 μM was used. Metals were dissolved as 100 mM stocks in 20 mM HCl, then further
diluted in MilliQ water and added to protein at a final concentration of 50 μM.
Compounds tested were prepared in 100% DMSO and added to a final concentration of
200 μM such that the final concentration of DMSO was 5 %. NOG was prepared in
buffer, and added as required to a final concentration of 20 μM.
Protein
2 μM
Compound
200 μM
2+
Mn
50 μM
Sypro orange 1 x
To 50 μl with 50 mM HEPES pH 7.5
FAM (492 nm) and ROX (610 nm) filters were used for excitation and emission
respectively. Readings of fluorescence were taken every 1 °C in the range 25-95 °C,
with the temperature increased linearly by 1 °C min-1. The software provided was used
to perform global minimum subtraction. The inflection point, representing Tm, was
calculated by fitting the Boltzmann equation (Equation 8-1) to the sigmoidal curves
obtained; data were processed using GraphPad Prism 5.0™.
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Equation 8-1: Boltzmann equation. Tm (melting temperature): Temperature at which fluorescence
intensity is half maximal, interpreted as 50 % of the protein in solution being unfolded. LL (lower
limit): value of minimum intensity, UL (upper limit): value of maximum intensity, α: curve
gradient within Tm.

The Tm shift caused by the addition of small molecules/fragments was determined by
subtraction of the “reference” Tm (protein incubated with metal and 5 % DMSO) from
the Tm obtained in the presence of the compound. Conditions were tested in duplicate,
with standard deviations typically < 1 °C.
Crystallisation:
Crystals of AlkB in complex with LNOC 3NO2, MD316, and MD246 were grown in
sitting drops at 293K using vapour diffusion. The ratio of protein to reservoir solution
for the AlkB:LNOC 3NO2 and AlkB:MD316 co-crystallisation was 2:1 (300 nL total
volume) and for AlkB:MD246 was 1:1 (200 nL total volume). The AlkB protein
solution contained 10.1 mg/ml protein, 50 mM HEPES pH 7.5, 2.2 mM ammonium iron
(II) sulfate, and 5.7 mM LNOC 3NO2 or 1 mM MD316. The protein solution for the
AlkB:MD246 complex contained the same but with 0.44 mM ammonium iron (II)
sulfate and 1mM MD246. The reservoir solution for AlkB:LNOC 3NO2 contained
0.2 M NaCl, 0.1 M HEPES pH 7.5 and 25 % w/v polyethylene glycol (PEG) 3350; for
AlkB:MD316, 0.2 M ammonium sulfate, 0.1 M tris-hydrochloride pH 8.5 and 25 % w/v
PEG 3350; for AlkB:MD246, 0.1 M bis-tris pH 6.5 and 25 % w/v PEG 3350. The
crystals were cryoprotected using well solution diluted with 25 % v/v glycerol, then
flash cooled in an Oxford Cryosystems nitrogen gas stream. Data were collected from
single crystals at 100 K using a Rigaku FR-E+ Superbright diffractometer equipped
with a copper rotating anode, Osmic HF optics, and a Saturn 944+ CCD detector. The
data were indexed, integrated, and scaled using HKL2000399 and the structure was
determined by molecular replacement using the AutoMR (PHASER)400 subroutine in
PHENIX401 using 2FDJ (PDB ID) as a search model for AlkB:LNOC 3NO2 and 3T4H
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(PDB ID) as a search model for AlkB:MD316 and AlkB:MD246. Iterative rounds of
model building and refinement using COOT402 and PHENIX401 were performed until
the decreasing R and Rfree no longer converged. The final R-factors for the models were:
AlkB: LNOC 3NO2, R = 15.9 % and Rfree=18.7 %; AlkB: MD316, R = 16.1 % and Rfree
= 20.2 %; AlkB:MD246, R = 18.2 % and Rfree = 22.1%.
E. coli Growth Curves:
Growth of the BW25113 (wildtype) and JW2200 (AlkB deletion) E. coli strains was
analysed following absorbance of the cultures, using a POLARStar Optima (BMG
Labtech) plate reader.
Bacterial growth was carried out in either 2TY rich media or M9 minimal media
(42 mM Na2HPO4, 22 mM KH2PO4, 18 mM NH4Cl, 8 mM NaCl, 2 μM CaCl2; heat
sensitive compounds (500 μM MgSO4, 0.2 % glucose (v/v), 2.5 μM vitamin B1) were
filtered to 0.20 μM and added post autoclaving)154,403.
Compounds were typically prepared as 1 M stocks in DMSO, then added to media at a
final concentration of 10 mM (1 % DMSO (v/v) final). Bacterial cultures at OD600 0.05
in media containing compounds to be tested were prepared from stationary liquid (2TY
media) cultures. Cells to be grown in M9 media were harvested from 2TY stationary
cultures by centrifugation, then washed twice in M9 media to remove rich media
components. Assays involving addition of compounds and MMS were set up with cells
preincubated with compound at 37 °C for 30 min prior to addition of MMS.
150 μl culture was added to wells of flat bottomed clear 96-well plates. Low
evaporation lids were sealed on the plates using parafilm. To prevent evaporation
effects the outside rows of wells were not analysed, but instead filled with blank media.
Tests of each condition were carried out in biological duplicates, each analysed in
triplicate. Plates were incubated at 37 °C during growth. Absorbance was measured at
584 nm, with 20 flashes per well. Readings were recorded every 15 min for 24 h, with
orbital shaking (600 rpm, diameter 2 mm) of the plates for 5 min prior to each reading.
Data were analysed graphically using GraphPad Prism.
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Antibodies:
A polyclonal rabbit anti-recombinant mFTO antibody was commercially prepared by
Eurogentec. The antibody was raised to recombinant mFTO (prepared by Dr Thomas
Gerken) then affinity purified using further recombinant mFTO. Other antibodies used
are detailed in Table 8-9.
Type

Supplier

Rabbit polyclonal
anti‑FTO
Mouse monoclonal
anti‑FTO
Rabbit polyclonal
anti‑FTO
Mouse monoclonal
anti-ABH1
Mouse monoclonal
anti‑His
Mouse monoclonal
anti‑FLAG
Mouse monoclonal
mixture anti-GFP

Eurogentec
Custom made
Abcam
ab54294
Novus Biologicals
NB110-60935
Sigma
A8103
Sigma
H1029
Sigma
F1804
Roche
11‑814‑460‑001
Chromotek
3H9
Abcam
ab10799
Abcam
ab49900
Sigma
A9917
BioRad
172-1019
Santa Cruz
SC-2032
Jackson
Immunoresearch
515-165-062
GE Healthcare
PA43004

Rat monoclonal
Mouse monoclonal antiHistone H3
Mouse monoclonal antiβ actin, HRP coupled
Goat anti-mouse HRP
Goat anti-rabbit HRP
Goat anti-rat HRP
Sheep anti-mouse Cy3
Goat anti-rabbit Cy3

Immunofluorescence

Western blot

1 in 1000

1 in 2000

-

1 in 1000

-

1 in 1000

1 in 200

1 in 500

-

1 in 1000

1 in 1000

1 in 1000

-

1 in 1000

-

1 in 2000

-

1 in 1000

-

1 in 20000

-

1 in 1000

-

1 in 1000

-

1 in 1000

1 in 250

-

1 in 500

-

Table 8-9: Antibodies used in this work.

Cell Culture:
Procedures were carried out in a Class II Biological Safety Cabinet (Nuaire Nu
437-400E). H. sapiens HeLa or HEK293T cells were obtained from Dr Rob Klose
(Department of Biochemistry, Oxford) and grown in Dulbecco’s Modified Eagle
Medium (DMEM, Lonza) supplemented with glutamine, 100 U ml-1 penicillin,
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100 μg ml-1 streptamycin and 10 % fetal bovine serum in a Binder BD 53 incubator with
a humidified 5 % CO2 atmosphere at 37 °C.
Vessel
12 well
plate
6 well
plate
25 cm2
flask
100 mm
diameter
Petri dish
150 mm
diameter
Petri dish

No. cells at
100%
area /cm2
confluence
Surface

Media
volume
/ml

DNA
Transfection reagent /μl OptiMEM
amount
/μl
Lipofectamine
PEI
/μg

3.8

3.8 x 105

1

2

2

3

150

9.5

9.5 x 105

2

4

4

6

250

25

2.5 x 106

5

12

n/a

18

450

55

5.5 x 106

12.5

24

n/a

36

870

148

1.48 x 107

30

50

n/a

90

2250

Table 8-10: Cell culture conditions

Cell Passaging
Semi adherent 293T cells were gently washed with PBS, then removed from the surface
by resuspension in PBS by repeated pipetting. Cells in suspension were added to new
plates containing fresh prewarmed medium, then allowed to grow.
Strongly adherent HeLa cells were washed in PBS, then 0.2 ml/ml trypsin (Lonza)
added, and the plate incubated at 37 °C until cells were released from the plate surface.
The reaction was stopped by addition of 10x fresh medium, which contains the trypsin
inhibitors Mg2+ and Ca2+. Cells were resuspended fully by pipetting to break up cell
clumps, then the appropriate volume of cells was added to new plates containing fresh
prewarmed medium.
Protein expression
Cells to be harvested for protein expression were prepared to 50 % confluency (as
judged by a 4x/0.10 objective on a Motic AE20 (Ted Pella) microscope) then
transfected if necessary using 1 mg/ml poly(ethylenimine) (PEI) pH 7.2 as a
transfection reagent. Cell growth and transfection reagent conditions are shown in Table
8-10. 2 hours prior to transfection media was removed and exchanged for fresh media to
initiate cell division. OptiMEM® was added to the DNA to be transfected, followed by
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addition of PEI. The mixture was incubated for 15 min at room temperature before
adding dropwise to the plated cells. PEI can be toxic to cells so media was exchanged
3 hours post-transfection. Cells were harvested 24 hours post-transfection in PBS either
using a rubber cell scraper, or by pipetting to release the cells from the plate surface.
The cell suspension was centrifuged at 1000 g, the supernatant removed carefully and
the pellet either kept in ice for immediate use, or frozen at – 80 °C.
Localisation and Immunofluorescence
Cells were plated onto glass cover slips one day prior to transient transfection to a
confluency of ~25 % as judged by a 4x/0.10 objective on a Motic AE20 (Ted Pella)
microscope. Cells used for microscopy were transfected, if required, using the
Lipofectamine™ 2000 transfection reagent (Invitrogen). Media was exchanged 2 hours
prior to transfection to initiate a cycle of cell division. Lipofectamine™ and the DNA to
be transfected were separately incubated with OptiMEM® serum free medium
(Invitrogen) for 5 mins at room temperature, before mixing to allow liposome formation
over a further 20 min incubation. The DNA mixture was added dropwise to the cells,
which were then left to grow for 4 hours, allowing the DNA to be taken up. As
Lipofectamine™ contains surfactants which can be toxic, media was exchanged 4 hours
after transfection. A full cell cycle (20-24 hours for HeLa cells) was allowed to occur to
maximise expression of the constructs.
24 hours after transfection, live cells were washed once in PBS then fixed with 3.75 %
formaldehyde in PBS with shaking for 15 minutes. The formaldehyde was removed,
and the cells washed twice in PBS.
GPF expressing cells were permeabilised for 2 minutes with ice cold methanol. Cells
were stained for 5 minutes with 20 μg/ml 4',6-diamidino-2-phenylindole dilactate
(DAPI dilactate), then mounted on glass slides using Vectashield hardset mounting
medium (VECTOR laboratories).
Cells to be stained with antibodies were permeabilised in 1 % Triton-X100 for
10 minutes with shaking, then washed twice in PBS. Coverslips were incubated in
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blocking buffer (10 % FBS, 0.2 % Tween 20 in PBS) for 1 hour with shaking, then
incubated for 1 hour each with primary and secondary antibodies, made to the
appropriate dilution in blocking buffer. After antibody incubations cells were washed 3
times in blocking buffer for 5 mins each with shaking. Coverslips were than stained
with DAPI and mounted as above.
Cells prepared on slides were visualised by oil immersion, using a Zeiss Axioobserver
epifluorescence microscope with a 40 x objective, with the parameters in Table 8-11.
Fluorophore

Excitation
wavelength

λ(max)
Absorption

λ(max)
Emission

EGFP

525 nm

507 nm

488 nm

Cy3

543 nm

550 nm

570 nm

DAPI

445 nm

358 nm

461 nm

Table 8-11: Fluorescence microscopy excitation and emission parameters.

Western Blot:
Protein samples were separated on a denaturing SDS-PAGE gel, alongside either a
SeeBlue2 (Invitrogen) or a PageRuler™ Prestained (Fermentas) protein molecular
weight ladder. The gel was then blotted in Transfer Buffer (2.5 mM Tris, 192 mM
glycine, 20 % MeOH) using a Mini Trans-Blot Electrophoretic Transfer Cell (BioRad) system, onto Hybond ECL membrane (GE Healthcare), run on ice at 200 mA for
2-3 hours. Protein transfer was verified by staining the membrane with Ponceau S dye,
and was then destained in MilliQ water. Membranes were blocked in Blocking Buffer
(5 % milk in 1 x Tris Buffered Saline 0.1 % Tween (TBST; 25 mM Tris, 137 mM NaCl,
2.68 mM KCl, 0.1 % Tween 20; pH 8.8)) on a rotating platform either overnight at 4 oC
or for 1 hour at room temperature. Membranes were probed with primary and secondary
antibodies, prepared to the appropriate dilution in 1 ml Blocking Buffer, for 1 hour each
at room temperature. After each antibody incubation the membrane was washed
extensively in 1 x TBST Wash Buffer (3 x 10 min incubations with shaking). To detect
signals ECL™ Detection Reagents (GE Healthcare) were used, with 1 ml each of both
reagents 1 and 2 per gel blot. Blots were incubated with detection reagent for 1 min,
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then immediately exposed to Amersham™ Hyperfilm ECL film (GE Healthcare) and
developed using a Compact X4 (Xograph) film developer.
Cell lysis and Immunoprecipitation:
Various cell lysis and immunoprecipitation methods were attempted using cultured
HeLa and 293T cells. The general method involved the following steps, with precise
details given in the relevant results chapters.
Cells were thawed at room temperature or 37 °C, then resuspended in 25 μl (large scale
1 ml) lysis buffer (typically 10 mM tris pH 7.5, 0.5 % NP40 (Roche), 300 mM NaCl)
and incubated on ice for 30 min. If required, cells were sonicated for 3 x 10 s using a
MSE Soniprep 150 sonicator at an amplitude of 10 μm. Insoluble debris was pelleted at
14 kg for 1 min. Beads used for IP were GFP-TRAP® (Chromotek), Protein G
Sepharose 4 Fast Flow (GE Healthcare) or Anti-FLAG® M2 affinity gel (Sigma
A2220). 20 μl (large scale 100 μl) beads were equilibrated by 3 washes with 5 x bead
volume lysis buffer lacking NP40, followed each time by centrifugation at 2 kg and
4 °C for 2 min.
Cell lysate was applied to beads and rotated end-over-end at 4 °C for 1 hour. Protein
bound beads were washed 3 times with 5 x bead volume lysis buffer lacking NP40,
followed each time by centrifugation at 2 kg and 4 °C for 2 min. For a final wash beads
were transferred to a fresh tube to remove any proteins adsorbed to the plastic tube
surface. Proteins were either eluted by addition of SDS-PAGE loading buffer,
incubation at 65 °C, or by addition of 3xFLAG peptide.
Extraction of nuclear proteins from mouse tissue samples was carried out using the
CelLytic™ NuClear® kit (Sigma). 100 mg muscle tissue was used, and protein
extracted, quantified by Bradford assay and verified by western blot. Fractions of
protein samples at each stage of the protocol were retained for analysis by western blot.
In-Gel Trypsin Digestion:
Following complete destaining of the SDS-PAGE gel in MilliQ water stained gel slices
to be analysed were excised, cut into ~1 mm2 pieces and transferred to a sterile 1.5 ml
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tube. Gel pieces were washed twice, with shaking, in 200 μl wash solution (50 %
MeOH, 5 % AcOH). Liquid was removed, then the gel pieces dried through addition of
200 μl MeCN. Cysteine residues were reduced to thiols, and selectively alkylated with
iodoacetamide to reduce their nucleophilicity. Gel pieces were swelled in 30 μl 10 mM
DTT (in NH4HCO3) and incubated for 30 mins at room temperature. Excess liquid was
removed and 30 μl 100 mM iodoacetamide (in NH4HCO3) added, and incubated at
room temperature for 30 mins. All liquid was removed, then gel pieces were dehydrated
by addition of 200 μl MeCN and incubation with shaking for 5 min. Gel pieces were
again rehydrated in 200 μl 100 mM NH4HCO3, then excess liquid was removed, and gel
pieces dried again with addition of 200 μl MeCN. Remaining liquid was removed. Gel
pieces were rehydrated in 30 μl trypsin (20 µg ml-1 in 50 mM NH4HCO3) and protein
digestion was allowed to proceed for 16 hours at 37 °C.
Following incubation, the supernatant contained trypsin and the digested peptides.
These peptides were in equilibrium with those still remaining in the gel, which must be
extracted. 30 μl additional 100 mM NH4HCO3 was added to the digest and the mixture
incubated with shaking for 10 min. The supernatant was transferred to a clean tube and
30 µl extraction buffer 1 (50 % MeCN, 5 % HCOOH) was added to the gel pieces and
incubated for 10 min at room temperature with shaking. The supernatant was retained
and added to the initial extracted supernatant. 30 µl extraction buffer 2 (80 % MeCN,
5 % HCOOH) was added to gel pieces incubated for 10 min at room temperature with
shaking. All supernatants were pooled and dried by vacuum centrifugation, carried out
at 55 °C. The resulting peptides were redissolved in ~20 μl 2 % MeCN, 0.1% formic
acid and transferred to mass spectrometry vials prior to mass spectrometric analysis.
LC-MS/MS analysis
For the analysis of in-gel digested protein material, liquid chromatography was
performed using an Ultimate 3000 nano-HPLC system (Dionex, Sunnyvale, CA, USA)
comprising a WPS-3000 micro auto sampler, a FLM-3000 flow manager and column
compartment, a UVD-3000 UV detector, an LPG-3600 dual-gradient micro-pump, and
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an SRD-3600 solvent rack controlled by Hystar (Bruker Daltonics, Billerica, MA,
USA) and DCMS link 2.0 software (Dionex). Samples were concentrated on a trapping
column (Dionex), 300 μm internal diameter (i.d.), 0.1 cm) at a flow rate of 20 μl min-1.
For separation with a C18 Pepmap column (75 μm i.d., 15 cm, Dionex), a flow rate of
250 nl min-1 was used as generated by a cap-flow splitter cartridge (1/1000). Peptides
were eluted by the application of a ~ 30 min multi-step gradient (Table 8-12) using
solvents A (98 % water, 2 % acetonitrile, 0.1 % formic acid) and B (80 % acetonitrile,
20 % water, 0.1 % formic acid).
Run time
Solvent
/min composition /% B
0
2
3
10
18
25
30
50
30.5
90
Table 8-12: Liquid chromatography gradient used for analysis of in-gel digested protein material.

The liquid chromatography was interfaced directly with a 3D high capacity ion trap
mass spectrometer (amaZon; Bruker Daltonics) utilizing 10 μm i.d. distal coated
SilicaTips (New Objective, Woburn, MA, USA) and nano-ESI mode. SPS parameter
settings on the ion trap were tuned for a target mass of 850 m/z, compound stability
100 % and a smart ICC target of 250000. MS/MS analysis was initiated on a contact
closure signal triggered by HyStar software (version 3.2). Up to four precursor ions
were selected per cycle with active exclusion (0.5 min) in collision-induced dissociation
(CID) mode. CID fragmentation was achieved using helium gas and a 30 %-200 %
collision energy sweep with amplitude 1.0 (ions are ejected from the trap as soon as
they fragment).
Data processing and database searching:
Raw LC-MS/MS data were processed, and MASCOT compatible files created, using
DataAnalysis 4.0 software (Bruker Daltonics) with the following parameters:
compounds (autoMS) threshold 10000, number of compounds 500, retention time
windows 0.5 min for C18 (30 min gradient). Database searches were performed using
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the MASCOT software (version 2.3) and the SwissProt database (v2011.02.11, number
of entries 525 207) with the following parameters: 1+, 2+ and 3+ ions, peptide tolerance
0.3 Da,

13

C = 2, fragment tolerance 0.6 Da, missed cleavages: 2, instrument type:

ESI-TRAP.
Non-denaturing Mass Spectrometry:
ESI-MS analyses were carried out by Dr Jasmin Mecinović (FTO), Dr Esther Woon, or
Marina Demetriades (AlkB) on a Waters Micromass Q-ToF spectrometer and an
Advion Biosciences NanoMate™ HD Robot chip-based nano-electrospray device.
Protein samples were desalted into 15 mM ammonium acetate, pH 7.5. 15 μM protein
was mixed with 75 µM Fe(II), and 15 µM inhibitor as required, and incubated for
30 min at room temperature prior to ESI-MS analysis.
Data were acquired with a chip voltage of 1.70 kV and a delivery pressure 0.25 psi. The
sample cone voltage was typically 80 V with a source temperature of 40 °C. Calibration
and sample acquisition were performed in positive ion mode in the range of 500-5000
m/z. The pressure at the interface between the atmospheric source and the high vacuum
region was ﬁxed at 6.60 mbar. External instrument calibration was achieved using
sodium iodide. Data were processed with MassLynx 4.0 (Waters). FTO samples were
additionally run on a Waters Synapt™ HDMS™, sprayed in 25 mM ammonium acetate,
pH 7.0, at 90 V.
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Appendices
A: Structures of methylated bases
Modified nucleic acids are referred to throughout using standard abbreviations. Bases
are named using the one letter code, and modifications are denoted using the number of
the ring atom to which the modification is attached, with a standard abbreviation
describing the group present e.g. 1-methyl adenine = 1meA (Figure A1). In the case of
modifications present on atoms that do not directly form part of the base ring structure
the identity of the atom to which the modification is joined is denoted by the elemental
symbol, with the ring position to which this atom is attached indicated by a superscript
figure e.g. 6-methyl guanosine = O6meG (Figure A2).

1-methyl adenine
1meA

3-methyl cytosine
3meC

1-methyl guanine
1meG

3-methyl thymine
3meT

5-methyl cytosine
5meC

5-hydroxymethyl cytosine
5hmeC

Figure A1: Methylated bases commonly discussed in this study. Numbering of carbon atoms is
indicated for representative structures, and modifications to the structures are added in red.

1-methyl adenosine
1meA

6-methyl deoxyadenosine
N6meA

3-methyl cytosine
3meC

6-methyl guanosine
O6meG

5-methyl cytosine
5meC

7-methyl guanosine
7meG

3-methyl thymidine
3meT

Figure A2: Methylated nucleosides tested in Chapter 4. Numbering of carbon atoms is indicated for
representative structures, and modifications to the structures are added in red.
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B: Oligonucleotide primers
Construct
1- A321 mFTO
1- D329 mFTO
1- K387 mFTO
1- E408 mFTO
CmFTOa deletion
CmFTO deletion
I367F mFTO
I367A mFTO
S383N mFTO
V409M mFTO
A462V mFTO
hFTO deletion
ChFTO

Name
Fwd

Sequence
5’-CTCACCGTGTGGCATAGTGCTCAACAGGCACC-3’

Rev

5’-GCCTGTTGAGCACTATGCCACACGGTGAGTGG-3’

Fwd

5’-CAGGCACCTTGGATTAGATCTTAGAACGCTG-3’

Rev

5’-GCGTTCTAAGATCTAATCCAAGGTGCCTGTTG-3’

Fwd

5’-GGAAGAAGATGGAGTGAGTGACAAATGCGGTGC-3’

Rev

5’-CCGCATTTGTCACTCACTCCACCTCTTCTTCCAC-3’

Fwd

5’-GGAAGAAGATGGAGTGAGTGCAAATGCGGTGC-3’

Rev

5’-CCGCATTTGTCACTCACTCCATCTTCTTCCAC-3’

Fwd

5’-GTGCCGCGCGGCAGCGATTATATCTTAGAACGC-3’

Rev

5’-GTTCTAAGATATAATCGCTGCCGCGCGGCACC-3’

Fwd

5’-GCCATCATCATCATCATCACGATTATATCTTAGAACGC-3’

Rev

5’-GCGTTCTAAGATATAATCGTGATGATGATGATGATGGC-3’

Fwd

5’-CAAGGAGAGGAATTCCATAATGAGGTGGAG-3’

Rev

5’-CCACCTCATTATGGAATTCCTCTCCTTGTTTC-3’

Fwd

5’-CAAGGAGAGGAAGCGCATAATGAGGTGGAG-3’

Rev

5’-CTCCACCTCATTATGCGCTTCCTCTCCTTG-3’

Fwd

5’-GCAGTTCTGGTTTCAAGGCAATCGATACAAACTTTGC-3’

Rev

5’-GCAAAGTTTGTATCGATTGCCTTGAAACCAGAACTGC-3’

Fwd

5’-GGAAGAAGATGGAGAGCATGACAAATGCGGTGCTCCG-3’

Rev

5’-CGGAGCACCGCATTTGTCATGCTCTCCATCTTCTTCC-3’

Fwd

5’-CGTCCGGACTTTACCAGTACAGCAGAAACCAGAC-3’

Rev
Fwd
Rev
Fwd
Rev

5’-GTCTGGTTTCTGCTGTACTGGTAAAGTCCGGACG-3’
5’-CATCATCATCATCACAAACGTACCCCGACCGCG-3’
5’-CGCGGTCGGGGTACGTTTGTGATGATGATGATG-3’
5’-GCCATCATCATCATCATCACGATTACATCCTGCAACGC -3’
5’-GCGTTGCAGGATGTAATCGTGATGATGATGATGATGGC -3’

Table B1: Oligonucleotide primers used in Chapter 2. Red codons identify sites of point mutations.
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Construct

Name
FwdA

Sequence
5’-GGGGTACCATGAAACGTACCCCGACCG-3’ KpnI

FwdB

5’-GGGGTACCAATGAAACGTACCCCGACC-3’ KpnI

RevA

5’-CGGGATCCTTACGGTTTCGCTTCCAGC-3’ BamHI

RevB

5’-CGGGATCCCTCGGTTTCGCTTCCAGCAG-3’ BamHI

Fwd

5’-GAAACAGGGCGAAGAATTCCATAACGAAGTGG-3’

Rev

5’-CCACTTCGTTATGGAATTCTTCGCCCTGTTTC-3’

Fwd

5’- CTGAACGCGACCCATCAGGCTTGCGTGCTGGCCGGTAGC-3’

Rev

5’- GCTACCGGCCAGCACGCAAGCCTGATGGGTCGCGTTCAG-3’

Fwd

5’-GCTGGCCGGTAGCCAGCCGGCTTTTAGCAGCACCCATCG-3’

Rev

5’-CGATGGGTGCTGCTAAAAGCCGGCTGGCTACCGGCCAGC-3’

FLAG NhFTO
deletion

Fwd

5’-GGAATGCAGCACCGGCACCCTGTAAGGATCCCGGGTGGC-3’

Rev

5’-GCCACCCGGGATCCTTACAGGGTGCCGGTGCTGCATTCC-3’

pcDNA NhFTO
deletion

Fwd

5’-GAATGCAGCACCGGCACCCTGTAAGGATCCACTAGTAACG-3’

Rev

5’-CGTTACTAGTGGATCCTTACAGGGTGCCGGTGCTGCATTC-3’

N1 EGFP NhFTO
deletion

Fwd

5’-GGAATGCAGCACCGGCACCCTGAGGGATCCACCGGTCGCC-3’

Rev

5’-GGCGACCGGTGGATCCCTCAGGGTGCCGGTGCTGCATTCC-3’

C1 EGFP NhFTO
deletion

Fwd

5’-GGAATGCAGCACCGGCACCCTGTAAGATCCACCGGATC-3’

Rev

5’-GATCCGGTGGATCTTACAGGGTGCCGGTGCTGCATTCC-3’

NLS-ChFTO
deletion

Fwd

5’-CTGCGTCTGCTGGAAGAAGATTACATCCTGCAACGC-3’

Rev
Fwd
Rev

5’-GCGTTGCAGGATGTAATCTTCTTCCAGCAGACGCAG-3’
5’-GGACGAGCTGTACAAGGATTATATCTTAGAACGC-3’
5’-GCGTTCTAAGATATAATCCTTGTACAGCTCGTCC-3’

hFTO

I370F hFTO
H307A hFTO
R316A hFTO

YFP-CmFTO

Table B2: Oligonucleotide primers used in Chapter 3. Blue bases show restriction sites used. Red
codons identify sites of point mutations.

Construct
pET24a AlkB ∆N11
pET28a AlkB ∆N11

Name
Fwd
Rev
Fwd
Rev

Sequence
5’-GAAGGAGATATACATATGCAAGAGCCACTGGCGGCTGG-3’
5’-CCAGCCGCCAGTGGCTCTTGCATATGTATATCTCCTTC-3’
5’-GCCGCGCGGCAGCCATATGCAAGAGCCACTGGCGGCTGG-3’
5’-CCAGCCGCCAGTGGCTCTTGCATATGGCTGCCGCGCGGC-3’

Table B3: Oligonucleotide primers used in Chapter 5.
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C: Summary of FTO in vitro expression constructs
Construct Name

Description

Optimal Expression Conditions

Creator

mFTOa

I.M.A.G.E. murine FTO cloned into the
NheI and EcoRI sites of pET-28a(+)

0.5 mM IPTG, 18 °C, 4 h

T. Gerken

mFTO

Deletion of thrombin cleavage peptide
from mFTOa

0.5 mM IPTG, 18 °C, 4 h

T. Gerken

H304A mFTO

Substitution of Fe(II) binding residue

0.5 mM IPTG, 18 °C, 4 h

T. Gerken

R313A mFTO

Substitution of 2OG binding residue

0.5 mM IPTG, 18 °C, 4 h

T. Gerken

hFTOa

Human FTO (synthetic gene) cloned into
the NdeI and BamHI sites of
pET-28a(+)

0.5 mM IPTG, 15 °C, 4 h

C. Webby

hFTO

Deletion of thrombin cleavage peptide
from hFTOa

0.5 mM IPTG, 15 °C, 16 h

E. Bagg

ChFTO

Residues 332-505 of hFTO:
C -terminal domain

0.2 mM IPTG, 15 °C, 4 h

E. Bagg

CmFTOa

Residues 329-502 of mFTOa (thrombincleavable construct):
C -terminal domain

0.5 mM IPTG, 15 °C, 4 h

E. Bagg

CmFTO

Residues 329-502 of mFTO:
C -terminal domain

0.5 mM IPTG, 15 °C, 16 h

E. Bagg

mFTO 1-E408

Residues 1-408 of mFTO

Minimal soluble expression

E. Bagg

mFTO 1-K387

Residues 1-387 of mFTO

Minimal soluble expression

E. Bagg

mFTO 1-D329

Residues 1-329 of mFTO:
N -terminal domain

Minimal soluble expression

E. Bagg

mFTO 1-A321

Residues 1-321 of mFTO

Minimal soluble expression

E. Bagg

I367F mFTO

Substitution observed in mouse model

Minimal soluble expression

E. Bagg

I367F CmFTO

Substitution observed in mouse model
produced in C -terminal domain
construct

Minimal soluble expression

E. Bagg

I367A mFTO

Substitution at site of mouse mutation
in mFTO construct

0.2 mM IPTG, 15 °C, 16 h

E. Bagg

I367A CmFTO

Substitution at site of mouse mutation
in C -terminal domain construct

0.2 mM IPTG, 15 °C, 4 h

E. Bagg

mFTO NCBI

NCBI murine FTO sequence produced
from I.M.A.G.E. mFTO by mutagenesis

Low expression:
0.5 mM IPTG, 15 °C, 3 h

E. Bagg

CmFTO NCBI

NCBI sequence produced from
I.M.A.G.E. CmFTO by mutagenesis

Low expression:
0.5 mM IPTG, 20 °C, 16 h

E. Bagg

I367F mFTO
NCBI

NCBI sequence produced from
I.M.A.G.E. I367F mFTO by mutagenesis

Minimal soluble expression

E. Bagg

I367F CmFTO
NCBI

NCBI sequence produced from
I.M.A.G.E. I367F CmFTO by mutagenesis

Minimal soluble expression

E. Bagg

I367A mFTO
NCBI

NCBI sequence produced from
I.M.A.G.E. I367A mFTO by mutagenesis

Low expression:
0.5 mM IPTG, 15 °C, 16 h

E. Bagg

I367A CmFTO
NCBI

NCBI sequence produced from
I.M.A.G.E. I367A CmFTO by mutagenesis

Low expression:
0.5 mM IPTG, 20 °C, 3 h

E. Bagg

Table C1: Summary of FTO constructs and expression conditions described in Chapter 2.
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D: 2-Oxoglutarate analogue compound structures
The following compounds are 2OG analogues tested in Chapter 6.
Succinate

2,4-PDCA

3,4-DHB

Quercetin

Fumarate

2,5-PDCA

Gallate

SAHA

Oxaloacetate

2,6-PDCA

HQNO

TSA

Malate

3,4-PDCA

Hydralazine

ACG-109a

Citrate

3,5-PDCA

3-Hydroxymandelate

ACG-114c

Isocitrate

5-Carboxy-8-hydroxyquinoline

N-Hydroxyphthalimide

ACG-137a

Pyruvate

Ciclopirox Olamine

Malathion

ACG-138a

D-2-HG

Daminozide

Malaoxon

ACG-144a

L-2-HG

2,4-DHB

Minoxidil

ACG-148a

2,3-PDCA

2,5-DHB

Prohexadione

ACG-180a

Table D1: Structures of 2OG analogues.
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ACG-181a

BB-103

BB-315

CO-C3-7f

ACG-194b

BB-110H

BB-316

CO-C9-8d

ACG-223a

BB-169

BB-318

CO-C10-10a

ACG-226a

BB-204

BMRL08012

CO-D4-8m

ACG-227a

BB-212

BMRL08014

CO-D8-10k

ACG-228a

BB-286

BMRL08050

CO-D9-12

ACG-237a

BB-287

CO-A1-6d

EW-B17

ACG-253a

BB-294

CO-A2-5a

EW-T4

ACG-255d

BB-307

CO-A7-6h

EW-TNB

ACG-263

BB-308

CO-B10-7a

EW-29

Table D2: Structures of 2OG analogues.
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EW-30

IS-54

LBE-060

OC-0206

EW-36

IS-84

LB-096

OC-0248

EW-37

JM-87

LBE-153

OC-0249

IS-3

JM-102

LBE-314

OC-0336

IS-21

JM-103

LBE-329

OC-0340

IS-37

JM-104

LBE-332-6-3

OC-0344

IS-38

JM-106

LBE-526

OC-0345

IS-44

JM-109

MD-104

OC-0353

IS-45

JM-110

MD-228

OC-0358

IS-52

JM-124

MD-236

Table D3: Structures of 2OG analogues.
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