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ABSTRACT: The AlkB family of nucleic acid demethylases is currently of intense chemical, biological and medical interest
because of their critical roles in several key cellular processes, including epigenetic gene regulation, RNA metabolism and
DNA repair. Emerging evidence suggests that dysregulation of AlkB demethylases may underlie the pathogenesis of several
human diseases, particularly obesity, diabetes and cancer. Hence there is strong interest in developing selective inhibitors for
these enzymes to facilitate their mechanistic and functional studies, and to validate their therapeutic potential. Herein we
review the remarkable advances made over the past twenty years in AlkB demethylase inhibition research. We discuss the
rational design of reported inhibitors, their mode-of-binding, selectivity, cellular activity, and therapeutic opportunities. We
further discuss unexplored structural elements of the AlkB subfamilies and propose potential strategies to enable subfamily-
selectivity. It is hoped that this perspective will inspire novel inhibitor design and advance drug discovery research in this

field.

1. INTRODUCTION

The AIKB family of nucleic acid demethylases. The
DNA and RNA of all living organisms undergo a diverse
range of chemical modifications.!* Some of these modifica-
tions are damaging lesions which can lead to mutations,
whilst others are enzyme catalysed with critical roles in a
range of biological processes, including the regulation of ep-
igenetic mechanisms, gene expression and RNA functions.!
3 To date, more than 160 distinct nucleic acid base modifi-
cations have been reported,* of which the simplest and cur-
rently most intensively studied modification is N-methyla-
tion, where one or more methyl groups are directly added
to the nitrogen atom of nucleic acid bases. Through this in-
genious mechanism, nature readily generates a repertoire
of N-methylated bases, thereby rapidly expanding the struc-
tural and functional diversity of the four canonical DNA and
RNA bases. Some common examples of N-methylated bases
are given in Table 1. In recent years, it has become increas-
ingly clear that the N-methylated bases are present across
the three domains of life. It is remarkably prevalent and ac-
counts for more than 60% of all epigenetic modifications in
RNA.13 Indeed, with the exception of the N3 position of gua-
nine, all nucleobase nitrogen positions are known to be
methylated. Emerging evidence suggests that the methyla-
tion status of these bases are not static, but dynamically reg-
ulated by a complex interplay between the DNA/RNA me-
thyltransferases and demethylases, which continuously
write and erase the methyl modifications from these bases,
respectively.> One important class of nucleic acid demethyl-
ases is the AIkB family of iron(II) and 2-oxoglutarate
(20G)-dependent  oxygenases,®’ which consist of

Escherichia coli AlkB and nine human homologues,
ALKBH1-8 and fat mass and obesity-associated protein
(FTO); Figures 1 and 2.

The substrate specificities of AIkB demethylases.
From a chemical perspective, the AlkB demethylases is a
fascinating class of enzymes because they are able to di-
rectly remove N-methyl modifications on nucleic acid bases
- a reaction that was once thought biologically impossible
until landmark discoveries by the research groups of Sedg-
wick and Hausinger et al,, and Falnes et al. in 2002,8° show-
ing that E. coli AIkB is able to directly repair N'-methyladen-
osine (m!'A) and of N3-methylcytidine (m3C) methylation
damages in bacterial genome via an oxidative demethyla-
tion reaction (for details, see Section 3 ‘oxidative demethyl-
ation by the AlkB subfamilies’). AlkB was subsequently
found to repair a variety of DNA and RNA adducts, including
N3-methylthymidine (m3T), 5-methylcytidine (m>C),
Ni-methylguanosine (m!G), N'-ethyladenosine (e!A) and
Né-methyladenosine (mfA), as well as exocyclic bridged ad-
ducts, such as 1,N6-ethenoadenosine (gA), 3,N*-ethenocyti-
dine (£C), N2-furan-2-ylmethylguanosine (FF) and N2-tetra-
hydrofuran-2-yl-methylguanosine (HF).10-15 Following this
seminal discovery, six human AlkB homologues ALKBH1-3,



Table 1. Reported nucleic acid substrates for the AlIkB demethylases. The AlkB subfamily members demonstrate notable
differences in their substrate specificity. The enzymes also exhibit distinct preferences for modified bases in different types of
DNA and RNA. The methyl modifications are highlighted in red. Horizontal lines indicate that the base exists, but the reaction

does not occur; n.a. denotes not applicable. Abbreviations: mlA, Nl-methyladenosine; m6A, Né-methyladenosine; m62A, N6,N6-di-

methyladenosine; m6Am, N6,Z’-0-dimethyladenosine; elA, Nl-ethyladenosine; €A, 1,N6-ethenoadenosine; EA, 1,N6-ethanoaden-

osine; mlG, Nl-methylguanosine; mZG, Nz-methylguanosine, eZG, Nz-ethylguanosine; 1,N2-£G, 1,N2-ethenoguanosine; FF, N2-fu-

ran-2-ylmethylguanosine; HF, Nz-tetrahydrofuran-Z-yl-methylguanosine; m°C, N3-methylcytidine; m*c, N* -methylcytidine;
mSC, 5-methylcytidine; e3C, N3-ethylcytidine; C, 3,N4 -ethenocytidine; m3T, N3-methylthymidine; m3U, N3-methyluridine;
mcmSU, 5-methoxycarbonylmethyluridine; ssDNA, single-stranded DNA; dsDNA, double-stranded DNA; ssRNA, single-stranded
RNA; tRNA, transfer RNA; mRNA, messenger RNA; rRNA, ribosomal RNA.
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ALKBHS5, ALKBH8 and FTO were similarly identified to pos-
sess DNA/RNA demethylase activities. However, none of
these human homologues entirely encompass the diverse
enzymatic activity of AlkB; instead they exhibit unique sub-
strate specificities. These human homologues also dis-
played a strong preference for either single-stranded (ss) or
double-stranded (ds) DNA/RNA substrates. Table 1 pro-
vides a summary of currently known substrates for the AlkB
demethylases.

ALKBH1 efficiently demethylates m3C in both ssDNA and
ssRNA and possesses DNA lyase activity at abasic sites.16.17

More recently, activity has also been reported against sev-
eral other substrates, including demethylation of m!A in
both cytoplasmic and mitochondrial tRNAs and méA in bub-
bled or bulged DNA (instead of ssDNA or dsDNA).1920 [t is
also able to oxidise m>C in tRNAs to generate 5-formylcyti-
dine (f5C).18-22 ALKBH2 and ALKBH3 share similar activity
profile as ALKBH1, including the ability to demethylate m'A
and m3C in DNA and RNA,*° however ALKBH2 preferentially
demethylate these bases in ssDNA and dsDNA, whereas
ALKBH3 strongly prefers ssDNA, ssRNA, mRNA and tRNA.20-
28 Both ALKBH2 and ALKBH3 are also able to oxidise m5C to
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5-hydroxymethylcytidine (hm>C), f°C and 5-carboxylcyti-
dine (ca®C) in vitro.?° The activity of ALKBH4 is unique in
that it is currently the only subfamily member known to de-
methylate a protein substrate - a monomethylated site in
actin (K84me1). This activity helps regulate the actin-myo-
sin interaction.3® More recently, ALKBH4 was found to de-
methylate m®A base in DNA; the biological significance of
this activity is unclear at present.31 FTO is the first subfamily
member known to demethylate m®A in mRNA; notably, méA
is a highly-prevalent epigenetic modification in mRNA
which critically regulates all major aspects of mRNA func-
tions, including mRNA stability, alternative splicing and
translational efficiency.32 In recent years, a number of addi-
tional RNA substrates for FTO have been uncovered, includ-
ing m!A in nuclear and cytoplasmic tRNA, which is im-
portant for controlling translation efficiency, and N¢6,2’-0-di-
methyladenosine (m°Am) - a major modified nucleotide
found at the 5’cap on polyadenylated RNA that regulates the
mRNA integrity, stability and resistance to decapping.333+
FTO also catalyses the direct removal of m3T and
N3-methyluridine (m3U). In the case of m3T, FTO exhibits a
strong preference for ssDNA over dsDNA, whereas for m3U,
FTO favours ssRNA over ssDNA.353¢ ALKBH5 is the only
other human enzyme (besides FTO) currently known to de-
methylate mfA in mRNA. However FTO and ALKBHS5 likely
target different méA-containing mRNA transcripts,37-4° since
they exhibit distinct physiological functions and are associ-
ated with different human diseases, e.g. FTO is implicated in
obesity whereas ALKBHS5 is linked to colon cancer.4#¢ Re-
cent evidence suggests that ALKBHS5 likely also demethyl-
ates the di-methylated adenosine base, N6 N¢-dimethyl-
adenosine (m62A), which is present in ribosomal RNA as a
normal component of the ribosome that assists in transla-
tion.#5 ALKBH8 appears to be highly exclusive in its sub-
strates. It specifically catalyses the hydroxylation of 5-meth-
oxycarbonylmethyluridine (mcm>U) at the wobble position
of tRNA to form a stable hydroxylated base (S)-5-methox-
ycarbonylhydroxymethyluridine (mchm>U) which, notably,
doe s not spontaneously demethylate, unlike most hydrox-
ylated bases produced by other AlkB demethylases.*¢ The
physiological significance of this reaction is unclear, alt-
hough modified nucleosides in the tRNA anticodon loop in
many cases contribute to reading frame maintenance and
stabilization of codon-anticodon pairing.

The catalytic activity of ALKBH6 and ALKBH7 is unknown
at present, however it has been suggested that ALKBH6
likely possesses potential activity against modified RNA ba-
ses. This is based on observations that ALKBH6 has a highly
positively-charged protein surface, a relatively high isoelec-
tric value, and is localised in both the nucleus and cyto-
plasm.#” Consistent with this hypothesis, recent studies
found that Arabidopsis alkbh6 protein can bind to both
moA-labelled and m5C-labelled RNAs.#” Whether or not hu-
man ALKBHG6 exhibits demethylase activity against these
methylated bases remained to be investigated. Recent crys-
tallographic analysis also suggests that ALKBH7 likely de-
methylates proteins rather than nucleic acids due to the ab-
sence of nucleotide recognition lid domain (NRL),*8 which is
essential for binding to nucleobase (for details, see Section
2 ‘structural comparisons of AIkB demethylases for rational

drug design’). Although significant progress has been made
in uncovering a diversity of nucleic acid (and protein) sub-
strates catalysed by the AIkB demethylases, it is likely that
the full extent of their activity has not yet been defined.

The role of AIKB demethylases in biology and human
diseases. The identification of substrates for various AlkB
demethylases is a major step toward a complete under-
standing of the biological functions of these fascinating en-
zymes. A number of excellent reviews are currently availa-
ble that discuss their epigenetic mechanisms and therapeu-
tic potentials in detail.#>-52 [t has become increasingly clear
that the AlkB subfamilies are associated with a range of hu-
man diseases. FTO, in particular, is strongly linked to obe-
sity,41-43 type Il diabetes,535¢ Alzheimer’s disease>55¢ and
non-alcoholic steatohepatitis (NASH),5” whereas ALKBH1 is
implicated in gastric cancer and glioblastoma.585? Emerging
evidence further suggests that both ALKBH2 and ALKBH3
function as DNA repair enzymes in vivo and their overex-
pression likely promotes tumorigenesis in humans.6%-63 For
instance, ALKBH2 is highly expressed in bladder cancer®®
whilst ALKBH3, also known as prostate cancer antigen-1
(PCA-1), contributes to the progression of pancreatic can-
cer,non-small cell lung cancers, renal cell carcinoma, and is
currently being targeted for the treatment of prostate can-
cer.61-63 There is also evidence that ALKBHS5 is involved in
spermatogenesis and colon cancer.** More recently,
ALKBH7 and ALKBHS8 are reported to be linked to prostate
cancer and bladder cancer, respectively, and could be po-
tential targets for the treatment of these cancers.64-66

The strong physiological links between AlkB demethyl-
ases and several human diseases has stimulated intense in-
terest, in both academia and the pharmaceutical industry,
to develop small molecule inhibitors for these enzymes to
facilitate their structural, mechanistic and functional stud-
ies, with a longer-term view to validating their therapeutic
potential. Recently, Cheng et al.¢7 published an excellent re-
view on small-molecule inhibitors of AIkB demethylases, fo-
cusing on selective compounds. To date, there has not been
a comprehensive discussion of inhibition studies of this
class of enzymes, which would greatly facilitate rational
drug design and inspire the development of next generation
inhibitors. In this perspective, we review the remarkable
advances made over the past twenty years in improving the
potency and selectivity of AIkB demethylases inhibitors. We
discuss the rational design of most, if not all, reported inhib-
itors, their mode-of-binding, selectivity, cellular activity,
and therapeutic opportunities. We further discuss subfam-
ily-specific structural elements of the AlkB demethylases
and suggest potential strategies to enable subfamily-selec-
tivity. We hope that this work will stimulate further inhibi-
tion studies of these medically-important enzymes and ad-
vance the development of novel epigenetic therapies.

2. STRUCTURAL COMPARISONS OF
DEMETHYLASES FOR RATIONAL DRUG DESIGN

To date, more than 100 crystal structures of the AlkB sub-
family members have been reported, providing rich struc-
tural insights into their ligand/substrate recognition and
catalytic mechanisms. The wealth of structural information

ALKB
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Table 2. Reported crystal structures for the AIkB demethylases. The substrates, co-substrate and active site metal for the co-
crystal structures are indicated. Where inhibitor is present, this is indicated in bold and numbered as in the main text.

Protein Species PDB ID ResTA\;tlon Sequence Ligands A:ittlze Protein Species PDB ID Resc()/l;;tlon Sequence Ligands A:ittl;le
metal metal
4NIIT 1.62 m°A-dsDNA, 20G Mn(ll) Homo 6IE32  1.97 1389 o Mn(ll)
ANIG™  1.52 12216 m°A-dsDNA, 20G Mn(ll)y sapiens 6IE22"  2.80 20G Mn(ll)
4ANID™  1.58 m°A-dsDNA, 20G Mn(ll)y ALKBH1 6KSF2  2.40 20-355  dsDNA, Succinate 8 -
ANIH™  1.37 mfA-dsDNA, 20G Mn(ll) ,"Zﬁ:cums 6IMAZ 2,59 37-369  Citrate 7 -
3KHC™'  2.20 m'G-ssDNA, 20G Co(ll) 6L94™  3.10 4-389 - Fe(ll)
3KHB™  2.90 1216 20G Co(ll) 4MG275  2.30 sess  GSONA Mg(ll)
6Y0Q™ 175 m'A-T, 20G Fe(ll) 4AMGT™ 2,60 dsDNA Mgty
6YPV2 210 20G Fe(ll) 3RZJ® 250 meC-dsDNA, 20G Mn(ll)
31497 1.60 T-m°C-T, 20G Fe(ll) 3RZK™ 278 eA-dsDNA, 20G Mn(ll)
31207 1.70 12216 T-m'A-T, 20G Fe(ll) 3RZL®  2.60 56-261 dsDNA -
313M™ 150 T-m3C-T, 20G Mn(lly 3RZG™  1.62 dsDNA
313Q7  1.40 20G Mn(ll)y 3RZH™® 225 m3C-dsDNA -
3BKZ¥  1.65 14-214  dsDNA, 20G Mn(ll)y 3S5A™  1.70 seoss  OSDNA 206 Mn(ll)y
3BI3%  1.90 13-213  m'A-dsDNA, 20G Mn(ll)y ALKBH2 Homo 385776 1.60 dsDNA, 20G Mn(ll)
3BIE®  1.68 13-214  m'A-dsDNA, 20G Mn(lly sapiens 3RZM”®  3.06 56-260  dsDNA -
2FDH®  2.10 T-m'A-T, 20G Mn(lly 3H807"  2.00 m'A-dsDNA
2FDI®S  1.80 ;-un;‘c/?r-;,tezga Fe(ll) 3HBR”  1.77 56-261  mPA-dsDNA
Escherichia 2FDJ® 210 Succinate 8 Fe(ll) SHEX™ _11.95 meC-dsDNA
AlkB | coli 2FDG®  2.20 T-m'A-T, Succinate 8  Fe(ll) BBTZZ 300 57258 |dsDNA —
2FDK®  2.30 T-m'A-T, 20G Fe(ll) BBTXM 200 diDNA Mollh
2FD8%  2.30 T-m'A-T, 20G Fe(ll) zzﬁ; zzz 56-258 m&-:sg::, 206 Mol
5 m'A-ds| -
85 1
2:3'3;‘2 Z:;g :" AT, 206 (F::((::)) ; 3BUO% 250 dsDNA, 20G Mn(lly
3Tavie 173 5 Fe(ll) ALKBH3 s:,;gn s 2IUW™  1.50 62286  20G Fe(ll)
3T4H™ 165 12216 5 Fe(ll) 407x* 178 - Mn(ll)
301U 154 dsDNA, Succinate 8 Fe(ll) ANRP®  1.80 NOG 1 Mn(ll)
301M'®  1.75 m3C-dsDNA, 20G Mn(ll) 4NRO*  2.30 66-292 NOG 1 Mn(ll)
301R™® 177 dsDNA, 20G Mn(lly Homo 4ANRQ®  2.50 2,4-PDCA 15 Mn(ll)
301P™8 151 €A-dsDNA, 20G Mn(ll) ALKEBHS sapiens 4ANRM* 217 Citrate 7 -
301V 1.90 dsDNA, Succinate 8 Fe(ll) 4061%*  1.90 74294 Citrate 7 -
301T'™®  1.48 dsDNA, Succinate 8~ Fe(ll) 40CT* 228 20G Mn(ll)
30108  1.92 dsDNA, 20G Mn(ll) 4NJ4%2 2,02 66-292 10X3 35 Mn(ll)
3018™8 158 dsDNA, Succinate 8 Fe(ll) Danio rerio 4NPM'™  1.80 38-287 Succinate 8 Mn(ll)
A4JHT'™ 118 10X1 32 Mn(ll) 4NPL™® 1,65 20G Mn(Il)
4RFR™ 150 14-216 Rhein 52 Mn(ll) Homo 4QKB*  2.60 20G Mn(ll)
4ZHN 1.33 12-216 T-m'A-T, 20G Co(ll) ALKBH7 sapiens 4QKF*  1.99 17-215 NOG 1 Mn(ll)
5ZMD®  3.30 37-499 mSA-dsDNA, NOG 1 Mn(ll) 4QKD*  1.35 20G Mn(ll)
3LFM® 250 m°T, NOG 1 Fe(ll) ALKBHg Homo 3THT  3.01 25.355 20G Mn(ll)
4CXW'%  3.10 LipotF 23 Ni(l1) sapiens 3THP™ 320 206G Mn(ll)
4CXY'™™ 265 32505 5 Ni(l1)
4CXX'  2.76 24 Ni(l1)
6AKW17 220 32502 FB23 60, 20G -
4IE0" 2,53 2,4-PDCA 15 Zn(ll)
4IE5"¢  1.95 20 Zn(ll)
4IE6' 2,50 10X3 35 Zn(ll)
32-505 -
4Dz 2.46 NOG 1 Ni(l1)
fro  Homo 4ET' 2,60 Rhein 52, Citrate 7 Zn(ll)
sapiens 4IE4" 2,50 10X1 32 Zn(lly
4QKN™!  2.20 32-503  MA 59, NOG 1 Mn(ll)y
4783 2.45 67, 20G Mn(ll)y
4782 2.16 32-505  Fluorescein 65, 20G ~ Mn(ll)
5DAB™*  2.10 CDPCB 75, 20G Fe(ll)
6AK4™ 2,80 Entacapone 87 Zn(Il)
32-159
6AEJ  2.80 91 Zn(ll)
5F8P 2.20 32-502  CHTB 85, 20G Fe(ll)
N-{[3-hydroxy-6-
4QHO  2.37 32.505  (naphthalen-1.yl) Znll)

pyridin-2-yl]
carbonyl} glycine

further enables structure-based and computationally-aided
inhibitor design (for excellent review, see ref. 68 and 69). In
this section we focus on the unique structural features of the
AlkB subfamily members that may be exploited for rational
drug design. Table 2 provides a list of all available X-ray
crystal structures of the AlkB demethylases to date. To date,
all AlkB subfamily members have been structurally charac-
terised, with the exception of ALKBH4 and ALKBH6.70-
80Figure 2 provides representative views of the crystal
structures of AlIkB demethylases in complex with either 20G
co-substrate or its catalytically-inert analogue NOG (N-ox-
alylglycine).

The double-stranded f-helix. As is characteristic of
most Fe(II)/20G-dependent oxygenases, the AlkB deme-
thylases possess a central catalytic domain, which is formed
by eight B-strands that fold into a double-stranded B-helix
(DSBH) structure, commonly known as the ‘jelly-roll' fold
(Figures 1 and 2).81 Sandwiched within the DSBH fold are
two highly-conserved structural elements that are essential
for oxidative demethylase activity. 1) The ‘HXD...H" iron-
binding motif which consists of a triad of two histidine and
one aspartate residue. This motif is responsible for binding
the iron in a tridentate manner. 2) The ‘R...R’ 20G-binding
motif, which stabilises the binding of 20G co-substrate via
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two salt-bridge interactions between the C-1 and C-5 car-
boxylate oxygens of 20G and the arginine residues.

From an inhibitor design perspective, it is important to
note that all residues involved in iron and 20G binding are
highly conserved across the AlkB subfamily members - in-
deed structural alignment studies revealed high levels of
structural similarities of the 20G-binding sites amongst the
AlkB subfamilies, with almost identical topology and folding
patterns. Hence, it is challenging to design selective inhibi-
tors based on the 20G-binding site alone. Nevertheless, as
will be discussed in Section 4.1 ‘inhibitors that complex
with iron in the 20G-binding site’, a number of fairly selec-
tive AlIkB and FTO inhibitors, that binds to the 20G-binding
site alone, have emerged in recent years, suggesting that it
is possible to achieve selective inhibition by targeting this
motif exclusively.

Secondary structural elements surrounding the
DSBH. The AIkB demethylases also contain additional
structural elements surrounding the DSBH motif, such as
the N-terminal extension (NTE), C-terminal domain (CTD)
and nucleotide-recognition lid (NRL), which not only help
to stabilise the central jelly-roll fold, but also contribute to
important structural differences amongst the AlkB subfam-
ily members (for details of domain architecture, see Figure
1B). Structural and bioinformatic studies revealed that,
with the exception of ALKBH?7, all AIkB homologues possess
a NRL which consists of two B-hairpin-like loop structures
known as Loop 1 and Loop 2.8283 Together they form a lid
over the DSBH active site and constitutes the substrate-
binding site. It is increasingly clear that Loop 1 determines
single-stranded versus double-stranded substrate prefer-
ence.?s Loop 2, on the other hand, provides residues for the
recognition and binding of specific nucleotide substrates. 25
Hence both loop structures are crucial for determining the
substrate specificity of the AIkB subfamilies.

The NRL also provides residues for flipping of the meth-
ylated base into the active site. Recent structural study by
He et al. provided unprecedented, detailed views of the mo-
lecular recognition of different duplex nucleotide sub-
strates by AlkB and ALKBH2.84 The authors showed that the
NRL of ALKBH2 flips the methylated base out of the dsDNA
helix and fills the vacant space by a hydrophobic amino acid
residue, in a manner similar to DNA glycosylases; whereas
the NRL of AlkB squeezes together the bases flanking the
flipped-out base to maintain the base stack.8485 Subsequent
work by Chai et al. found that the Loop 1 of FTO sterically
hinders the access of dsDNA to the substrate-binding site,
thus rationalising the preference of FTO for ssRNA over
dsDNA substrates.86 More recently, the Loop 1 of ALKBH1
was found to assume a fully extended conformation; this
likely prevents autonomous base-flipping which may ac-
count for the inability of ALKBH1 to demethylate
dsDNA.162122 Interestingly, the NRL sequence in ALKBHS is
largely disordered, likely indicating a degree of flexibility in
substrate requirements. ALKBH7, on the other hand, lacks
the NRL, which is essential for binding to nucleobases, im-
plying that ALKBH?7 likely do not act on nucleic acid sub-
strates .*8 Moreover, ALKBH7 exhibits a large, solvent-ex-
posed groove that potentially permits the binding of rela-
tively larger protein substrates.

Besides the NRL, a number of AlkB subfamilies contain
additional protein domains which provide further struc-
tural and functional variations (Figure 1B). For instance,
FTO contains a unique CTD which possibly helps stabilise
the conformation of the NTD, thus is important for its cata-
lytic activity.8¢ ALKBH5 possesses an N-terminal alanine-
rich sequence (consisting of 19 alanine residues) which is
likely responsible for its localisation to nuclear speckles.3”
ALKBH?7 contains an N-terminal mitochondrial targeting se-
quence (MTS) which directs its localisation to mitochondria
where it regulates the processing of polycistronic mito-
chondrial RNAs and mitochondrial activity.8788 Interest-
ingly, in addition to being a demethylase, ALKBH8 also con-
tains a C-terminal methyltransferase domain (MT) which
serves to catalyse the methylation of 5-carbox-
ymethyluridine (cm>U) at the wobble position of the antico-
don loop in tRNA to form 5-methoxycarbonylmethyluridine
(mcm?®U).8? The methyltransferase activity of ALKBHS8 is
likely facilitated by an N-terminal RNA recognition motif
(RRM) which provides for specific binding to tRNA.

It is important to note that the NRL is an exclusive struc-
tural feature of the AlkB subfamilies, which is not present in
other Fe(II)/20G-dependent oxygenases. Hence, the NRL
domain could potentially be exploited to achieve selective
inhibition of AlkB demethylases over other Fe(Il)/20G-
dependent oxygenases. The many other subfamily-specific
structural elements identified, such as the CTD in FTO and
the methyltransferase domain in ALKBHS, should also ena-
ble selective targeting of specific AIkB subfamily members.

3. OXIDATIVE DEMETHYLATION BY THE ALKB
SUBFAMILIES

As discussed above, all AIkB subfamily members contain
a DSBH catalytic domain which enables oxidative demethyl-
ation of a range of substrates. Pioneering studies by
Hausinger et al, %% Schofield et al.,*>92 Krebs et al.,’ He et
al3294 and many others (eg. ref 72, 95-97) have provided
extensive crystallographic, kinetic, spectroscopic and bio-
chemical evidences for the catalytic mechanisms of AlkB de-
methylases and other Fe(II)/20G-dependent oxygenases. A
number of excellent reviews are available which describe
the oxidative demethylation mechanism of AlkB demethyl-
ases in detail.98-192 [n brief, the current consensus is that nu-
cleic acid demethylation proceeds through an ordered, se-
quential mechanism as shown in Figure 1C. It likely begins
with the coordination of active site Fe(Il) to His-Asp-His
triad and to three water molecules (enzyme resting state A;
Figure 1C). i) The 20G co-substrate then chelates to Fe(II)
in a bidentate manner, displacing the two metal-bound wa-
ter molecules that are trans to the proximal histidine and
aspartate residues to form a Fe(II)-20G complex B. ii) Sub-
sequent binding of the methylated substrate to the sub-
strate-binding site (which is in close proximity to the Fe(II)
centre) weakens the binding of the remaining water mole-
cule to Fe(II) and displaces it, iii) creating a site for the bind-
ing of a dioxygen molecule to form a Fe(IlI)-superoxo inter-
mediate C. iv) This intermediate is highly unstable. It rap-
idly collapses to form an Fe(IV)-bicyclic species D which, in
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Figure 1. The AlkB family of nucleic acid demethylases and their catalytic mechanism. (A) Alignment of sequences in the the
catalytic domain of AIkB subfamilies. The "HXD...H' and 'R...R" motifs are highly conserved across subfamily members. For clarity, only
partial sequences are shown; X denotes any amino acid. UniProt accession numbers used for sequence alignment: E. Coli AlkB
(P05050), hFTO (Q9C0B1), hALKBH1 (Q5XKLO0), hALKBH2 (Q6NS38), hALKBH3 (Q96Q83), hALKBH4 (Q9NXW9), hALKBH5
(Q6P6C2), hALKBH6 (Q3KRA9), hALKBH7 (Q9BT30), hALKBH8 (Q96BT7). (B) Domain architecture of the AlkB subfamilies. The struc-
tural elements surrounding the DSBH contribute significantly to the substrate specificity and biological functions of AIkB homologues.
Notably, NRL is a unique feature of the AlkB subfamilies which is not present in other Fe(II)/20G-dependent oxygenases, hence this
domain could potentially be exploited to achieve selective targeting of AIkB demethylases over other Fe(II)/20G-dependent oxygen-
ases. (C) Consensus mechanism for the AlkB demethylases. There is evidence for all the intermediates shown, except for dioxygen
complexes C, D and the Fe(III)-OH intermediate F
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generate succinate and a highly reactive Fe(IV)-oxo species

E. vi) In the final steps of the catalytic cycle, intermediate E
abstracts a hydrogen atom from the substrate to produce an
Fe(IlI)-OH intermediate F, vii) followed by hydroxyl radical
rebound to form the hydroxylated product G. viii) The prod-
uct and succinate then dissociate from the enzyme and the
vacant Fe(II) ligand positions are again occupied by three
water molecules to regenerate the enzyme resting state A.
In most cases, the hydroxylated product is unstable and un-
dergoes spontaneous fragmentation to generate formalde-
hyde and the demethylated product.

4. SMALL MOLCULE
DEMETHYLASES

Over the past decades, we have witnessed tremendous
advances in the development of AlkB demethylase inhibi-
tors. Inhibition work is massively facilitated by the develop-
ment of a range of demethylase assay methods and the
availability of plentiful high-resolution crystal structures,
which provides a wealth of structural information to enable
structure-based and computationally-guided inhibitor de-
sign. In this section, we discuss studies on the inhibition of
AlkB demethylases. We critically reviewed most, if not all,
reported small-molecule AlkB demethylase inhibitors, fo-
cusing on their rational design, mode of binding, selectivity,
cellular activity, and therapeutic potential. The vast major-
ity of identified inhibitors can be organised into three broad
classes based on their mode of binding, namely 1) inhibitors
that complexed with iron in the 20G-binding site, 2) inhibi-
tors that bind exclusively to the substrate-binding site, and
3) inhibitors with undetermined mode of binding.

INHIBITORS OF ALKB

4.1 Inhibitors that complex with iron in the 20G-
binding site

Most of the early AIkB demethylases inhibitors are 20G-
competitive inhibitors. A characteristic feature of inhibitors
from this class is that they carry a metal-binding warhead
(e.g. oxalyl, pyridyl carboxylate and acylhydrazine groups)
which enables them to chelate to active site metal in the
20G-binding site, usually in a bidentate manner akin to 20G.
These inhibitors were largely discovered through high-
throughput screening, Dynamic Combinatorial Mass Spec-
trometric (DCMS) methods103.104111112136 and structure-
based design. Tables 3-6 summarise all the available ICso
data and chemical structures of this class of inhibitors.

N-Oxalylglycine (NOG) 1 is an amide analogue of 20G,
wherein the C-3 of 20G is replaced with a nitrogen atom.
Being a close structural analogue of 20G, NOG is able to in-
hibit a diverse range of Fe(II)/20G-dependent oxygenases,
although its potency against different enzymes varies. For
instance, under similar assay conditions, NOG inhibits PHD2
(ICso = 6.2 uM) more strongly than KDM4A (ICso = 250 pM;
Table 3).105 Similarly, within the AlkB subfamilies, NOG
showed significantly greater inhibition for FTO (ICso = 36.5
uM) than for ALKBHS5 (ICso = 145.2 pM; Table 3).196 The ob-
served differences in inhibitory activity likely reflects the
varying affinities of 20G for the Fe(II)/20G-oxygenases. The
co-crystal structures of NOG bound to several AlkB deme-
thylases, including ALKBH1,22 ALKBH5,38 ALKBH7,# and

FTO have been determined.”® These structures invariably
show NOG forming bidentate chelation to the active site
iron through its C-1 carboxylate and C-2 ketone oxygens, in
a manner analogous to 20G (Figure 2). However, unlike
20G, NOG is unable to initiate the oxidative demethylation
process when bound to AlkB demethylases (and other
Fe(I1)/20G-oxygenases), presumably because it is less sus-
ceptibility to attack by the Fe(IlI)-superoxo species (for de-
tails, see Section 3 ‘oxidative demethylation by the AlkB
subfamilies’; Figure 1C). NOG merely forms a catalytically-
inert complex which blocks 20G binding, hence this inhibi-
tor is widely used in crystallographic studies to produce sta-
ble enzyme-substrate complexes. It has also been used ex-
tensively in functional studies of Fe(II)/20G-dependent ox-
ygenases, for instance to investigate the roles of FTO in epi-
genetic gene regulations*0107 and to induce pseudohypoxia
through inhibition of PHDs (HIF prolyl hydroxylases; a key
oxygen-sensing enzyme crucial for cellular hypoxic re-
sponse).108-110 For cell-based and animal studies, the dime-
thyl ester prodrug of NOG, dimethyloxalylglycine (DMOG),
which is more cell-penetrant is used; DMOG efficiently pen-
etrates the cells where it is hydrolysed back to NOG by cel-
lular carboxylesterases.108

One major concern with the use of DMOG/NOG in cellular
studies, however, is that they likely cause indiscriminate,
pan-inhibition of Fe(II)/20G-dependent oxygenases.
Hence, at least some of the observed biological effects of
NOG would be due to concurrent inhibition of several
Fe(I1)/20G-dependent oxygenases. Care should therefore
be taken when interpreting results from these studies. It is
interesting to note that, although NOG was independently
developed through medicinal chemical effort, this com-
pound, as well as DMOG, were subsequently found to be
present in rhubarb (Rheum rhabarbarum) and spinach
(Spinach oleracea) leaves,1! suggesting that they might
have a natural role in regulating the activity of
Fe(I1)/20G-dependent oxygenases. Whether or not they ex-
ist naturally in humans and animals remain to be investi-
gated, although current studies found no detectable levels
of NOG and DMOG in E. coli and human embryonic kidney
cell extracts.

N-Oxalyl amino acids. Early inhibition work on E. coli
AlkB suggests that substitution at the C-a position of NOG
can lead to an increase in potency and selectivity.112113 One
such study employed a DCMS approach, linking disul-
phide-based dynamic combinatorial chemistry with non-
denaturing mass spectrometric analyses, which led to the
identification of N-oxalyl-L-cysteine derivatives 2-6 as po-
tent inhibitors of AIkB (Table 3).112 Some of these inhibitors
exhibit significant selectivity (200-2000-fold) for AlkB over
other physiologically-important human Fe(Il)/20G-
dependent oxygenases, such as PHD2 and PHF8 (PHD finger
protein 8; linked to midline defects), which is highly encour-
aging because it demonstrated that AlkB and, by implica-
tion, other AIkB demethylases are amenable to potent and
selective inhibition by NOG analogues.!12 This work further
revealed a distinct preference of AIkB for the L-enantiomers
of N-oxalyl amino acids over the p-counterparts. Notably,
the p-enantiomers are generally favoured by other Fe(II)
/20G-oxygenases, including factor inhibiting HIF (FIH),8!
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Table 3. Available inhibition data for N-oxalylglycine analogues and endogenous metabolites against AIKB demethylases
and other Fe(II)/20G-dependent oxygenases. The metal chelating motif is highlighted in red. Horizontal lines indicate that no

inhibition data are available.

1Cso/pM
Code ,\kB FTO ALKBH2 ALKBH3 ALKBH5 Other Fe(ll/20G-
oxygenases
FIH (0.84)110

PHD1 (2.1)105

[e] H (0]
HO)H(N\)kOH

106
1 1083' 365" 12477 96.8'% L2 " PHD2 (6.2)'°
997 KDM4A (250)18 0o
KDMA4C (500)195 1NOG
(0] H (0]
2 o2 _ _ _ _ PHD2 (>1000)''? HOJH(N,Q%H
' PHF8 (>1000)!12 o i
R
3 4812 _ _ _ _ _ 2R= 3%\@/”02
OH
3R= 3’1\@(
4 504M2  _ - - - - oH
e
PHD2 (>1000)'"2
112 _ — - —
5 05 PHF8 (>1000)'? gR= OO
PHD2 (>1000)!? gRr= > ‘l
112 _ _ —_ _ A
¢ B PHF8 (>1000)!12 O
FIH (850)16 OO
7 _ 30t _ _ 488% PHD1 (6300)"'® HO OH
627.9% PHD2 (4800)"6 S u d
PHD3 (550)" 7 Citrate
FIH (>10000)"16 o o
PHD1 (830)'%® NOH
— 114 _ —_ 38
8 870 30%  pHD2 510y I
PHD3 (570)"® 8 Succinate
o
FIH (5000)16 o
0 _ 1000 - ~ _ PHD1 (>10000)"'¢ OH
PHD2 (>10000)'¢ 5
PHD3 (>10000)'16 0" OH
9 Isocitrate
FIH (>10000)'16 o o
PHD1 (120)'"® N
_ 114 _ _ _ OH
10 150 PHD2 (80)1"6 I
116
PHD3I(60) 10 Fumarate
FIH (>10000)'6 o, "
PHD1 (>10000)' NOH
— 114 — — —
1 Y PHD2 (>10000)'6 I
PHD3 (>10000)'6 11 Malat
FIH (1500)'2
PHD2 (7300)'2 R2 R
122 114 123 122 — 5
12 5100122 3201 424 8300 KDM4A (24)105 HOMOH
KDM4C (79)105 I I
FIH (189)'2
23}
13 8600'22 >1000'" 15023 2430012 - Egaig?z%))ws 12 R-2HGR' = H, R? = OH
KDMAG (97yi0s 13 S2HGR' = OH, Re=H
T 14 () 2MG R = SH

JmjC KDMs,113 and FTO14 (for details, see Section on ‘quin-
oline and isoquinoline carboxamide derivatives’; Table 5);
thus chirality could provide a useful strategy to drive selec-
tivity towards AlkB. In designing AlkB inhibitors as poten-
tial antibacterial agents, it is important to appreciate that
the effects of AIkB inhibition could potentially be compen-
sated by a number of other E. coli enzymes with overlapping
substrate specificities, such as DNA glycosylases AlkA, AlkC
and MUG,!15 thus a multi-targeted approach may be needed.

Endogenous metabolites. Apart from being an obliga-
tory substrate for AlkB demethylases, 20G is also a key in-
termediate in the tricarboxylic acid (TCA) cycle. Several of
the TCA cycle intermediates, such as citrate 7, succinate 8,
isocitrate 9, fumarate 10 and malate 11 have been reported
to competitively inhibit FTO,12¢ ALKBH2, ALKBHS3,
ALKBH5383° and a broad range of other
Fe(I1)/20G-dependent oxygenases, including FIH, PHD1-3
and KDMA4E1¢ with potency’s ranging from high
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micromolar to millimolar range; Table 3. For excellent re-
views, see ref. 117 & 125. It is increasingly clear that AlkB
demethylases (and other Fe(Il)/20G- oxygenases) exhibit
varying affinities for the TCA cycle intermediates, thus their
sensitivity to depletion of specific co-substrates, varies
widely. This finding has prompted considerable interest in
understanding the physiological connection between the
TCA metabolites and AlkB demethylases, as well as their rel-
evance to human diseases.

Multiple crystal structures of citrate and succinate bound
to AIkB demethylases have been solved; some examples in-
clude FTO-citrate complex (PDB ID: 4IE7),114
ALKBHS5-citrate complex (PDB ID: 4NRM),38 AlkB-succinate
complex (PDB IDs: 2FDJ, 301S)85118 and ALKBH5-succinate
complex (PDB ID: 4NPM).11? Collectively, these co-crystal
structures revealed that citrate, succinate and, by inference,
other structurally-related TCA cycle intermediates occupy
the 20G-binding site in a manner competitive with 20G. Cit-
rate 7, for instance, coordinates to active site iron in a
monodentate manner through one of its carboxylate groups
(the remaining iron coordination site, that would otherwise
be occupied by the C-1 carboxylate of 20G, is occupied by a
water molecule).38114 The second carboxylate of citrate in-
teracts with the conserved arginine, whilst the third carbox-
ylate forms a hydrogen-bond to an asparagine residue. Like-
wise, succinate 8 coordinates to active site metal through
one of its carboxylate groups in a monodentate manner,
analogous to citrate binding (Figure 3A). Citrate 7, succinate
8 and fumarate 10 also bind in a similar manner to KDM4A
and FIH, as apparent from the crystal structures of
KDM4A-succinate (PDB ID: 2Q8D),120 FIH-succinate (PDB
ID: 2CGN)*21 and FIH-fumarate (PDB ID: 2CGO).121 Thus, de-
spite lacking an oxalyl group, these TCA cycle intermediates
are able to bind competitively to active site iron, albeit
weakly.

In addition to the TCA cycle intermediates, other structur-
ally-related endogenous metabolites, notably 2-hydroxy-
glutarate (2HG; both the R- and S-enantiomeric forms 12,
13)114122123 gnd its thiol analogue, 2-mercaptoglutarate
(2MG, 14),124 have also been shown to inhibit AIkB deme-
thylases (Table 3). The crystal structure of 2HG bound to
AlkB demethylases has not been determined to date, never-
theless the structures of R-2HG 12 and S-2HG 13 bound to
FIH and KDM4A have been solved (PDB IDrs: 2YCO & 2YDE;
PDB IDkpmaa: 2YBK & 2YBS),!23 showing a similar mode of
binding as 20G. In particular, 2HG coordinates to iron in a
bidentate manner through its C-1 carboxylate oxygen and
C-2 hydroxyl group, whilst its C-5 carboxylate is positioned
to hydrogen bond to the conserved asparagine residue.

Although these endogenous metabolites only weakly in-
hibit AIkB demethylases and other Fe(II)/20G-oxygenases,
accumulation of these metabolites above physiological 20G
levels (> 10 mM), as observed with certain mutations of TCA
cycle genes, can cause significant inhibition of these en-
zymes, which can lead to cancers.116.121-125 Of particular in-
terest are gain-of-function mutations in two isoforms of iso-
citrate dehydrogenases, IDH1 and IDH2, which are strongly
associated with acute myeloid leukaemia and gliomas.121-125
These mutations replace the normal catalytic functions of
IDH1 and IDH2 (i.e. decarboxylation of isocitrate to 20G)

with a new function (i.e. reduction of 20G to R-2HG), conse-
quently causing a marked elevation of 2HG levels coupled
with a depletion of 20G. The precise pathway leading to
cancer is not clear. It has been proposed that elevated levels
of 2HG may alter the epigenetic gene regulatory functions
of AlkB demethylases and JmjC KDMs that promote tumor-
igenesis. Alternatively, it could inhibit DNA repair by
ALKBH2 and ALKBH3, leading to genetic mutations and
progression of tumours.!25 In recent years, it is also clear
that some cancers, such as renal cell carcinomas and para-
gangliomas are caused by mutations in succinate dehydro-
genase (SDH) and fumarate hydratase (FH) which gives rise
to abnormally high levels of succinate and fumarate, respec-
tively.125

Pyridine dicarboxylate analogues. 2,4-Pyridine dicar-
boxylic acid (2,4-PDCA 15) is a cyclic analogue of 20G. As
with NOG, it is a well-established, broad spectrum inhibitor
of AlkB demethylases and other Fe(II)/20G-oxygenases
(Table 4).126-128 Crystallographic analyses of 15 bound to
FTO (PDB ID: 4IE0)!* and ALKBH5 (PDB ID: 4NRQ)3® re-
vealed that 15 chelates to active site iron via its pyridyl ni-
trogen and C-2 carboxylate oxygen in a bidentate manner.
The C-4 carboxylate group of 15 further forms two
salt-bridges interactions with a conserved Arg residue and
a hydrogen-bond with the side chains of Tyr residue. These
additional interactions are crucial for inhibitory activity, as
evidenced by a dramatic loss of potency of isomers 16
(2,5-PDCA) and 18 (2,3-PDCA), where the corresponding
carboxylate groups are unable to participate in equivalent
interactions with the Arg and Tyr residues (Table 4).127

3-Hydroxypyridine carboxamide analogues. Follow-
ing the discovery of 2,4-PDCA, several analogues have been
developed through a combination of high-throughput
screening, structure-based design and computational ap-
proaches. One notable class is the 3-hydroxypyridine car-
boxamides (Table 4). A number of compounds from this
class ie. 19-21 showed good activity against AlkB, with ICso
values ranging from 3.4 pM to 9.5 pM, 112 which is at least 9-
fold more potent compared to 2,4-PDCA (ICso = 84 uM).127
Their potency is apparently due to the presence of a 3-hy-
droxyl group, which enables strong hydrogen-bonding in-
teractions with the side chain of Ser145 in AlkB. A crystal
structure of AlkB in complex with 19 (PDB ID: 3T3Y)!12 re-
veals that 19 binds differently to the manner observed for
2,4-PDCA and NOG (Figure 3B). Specifically, the pyridine
ring of 19, instead of occupying the metal-binding site, ‘flips
over’ to occupy a neighbouring hydrophobic pocket buried
within the core of the jelly-roll fold, so as to enable 1Tt in-
teractions with the side chain of Trp178 (Figure 3B). Conse-
quently, the pyridyl nitrogen of 19 is shifted trans to the
proximal His131 (rather than trans to Asp133) whilst the
C-1 carboxylate oxygen is trans to Asp133 (rather than trans
to distal His187). Interestingly, this unique mode of binding
appears to be specific for AIkB, as it is not observed in the
structures of 19 bound to FTO (PDB ID: 41E5),11¢ FIH (PDB
ID: 2W0X),110 and KDM4A (PDB ID: 2VD7).128 In these com-
plexes, the pyridine ring of 19 is positioned within the 20G
metal-binding site where it participates in bidentate metal
chelation.
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Table 4. Available inhibition data for pyridine dicarboxylate analogues, 3-hydroxypyridine carboxamide analogues and
acylhydrazine analogues against AIkB demethylases and other Fe(II) /20G-dependent oxygenases. The metal chelating mo-
tif is highlighted in red. Horizontal lines indicate no inhibition data are available.

1Cs0/pM
Code AIKB FTO ALKBH2 ALKBH3 ALKBH5 Other Fe(l1)/20G- Structures
oxygenases
FIH (1.1)28 .
PHD2 (6)26 SRS
KDM2A (4.1)126 E
127 _ _ — 82 2
15 84 9.43 KDM4E (4.7)128 67 oM
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BBOX1 (82)128
16 193127 - - - KDMA4E (1900)'28 15 2,4-PDCA R* = COz2H
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12 28 4
17 64 - - - KDM4E (250)! 17 2,6-PDCA R = COzH
18 479127 _ _ — KDMA4E (>10000)128 18 2,3-PDCA R3 = COZH

19 34112 g5 - -
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21 7.9112 92114 - -

xOH o
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_ 21R= 715\5
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23 3351 (081105 259106 G216
24 - 17016 - -
25 - 148106 - -
26 - 1.8 - -
27 - 211106 - -
28 - 3.0516 - -

167.9106

108.1106

R (0] H o (0]
Pz (o]
N

22R=H
PHD2 (>100)1% 23 LipotFR= %
KDM4A (>300)!%

C are O

- 25R = f‘a
26R= O
ocH3
) 27R= ﬁk\©ﬁ<

- 28R= 3"“@
CF,

S

Superposition of AlkB-19 complex with FT0-19 complex
indicates that the hydrophobic pocket (in which the pyri-
dine ring of 19 binds in AlkB) is too small in FTO to accom-
modate the pyridine ring; this likely accounts for, at least in
part, the different binding mode of 19 in AlkB and FTO.114

Acylhydrazine derivatives. Another class of inhibitors
of interest is the acylhydrazine derivatives 22-28 (Table
4),106 which are in fact acyclic mimics of 2,4-PDCA. These in-
hibitors are unique in that they contain two binding motifs
which allow them to occupy the 20G-binding site and nucle-
otide-binding site concurrently, thus inhibiting the binding
of both co-substrate and substrate (Figure 3C). In particu-
lar, each inhibitor contains a 20G-binding motif which com-
prises of a fumarate hydrazine moiety. It chelates to the ac-
tive site iron via the hydrazine nitrogen and C-2 carbox-
ylate, thus anchoring the molecule strongly into the
20G-binding site. Each inhibitor also contains a sub-
strate-binding motif which usually consists of an appropri-
ately substituted pyridine side chain. This motif inserts into

the substrate binding site and mimics the binding of N3-me-
thylthymidine (m3T) substrate to FTO. m3T was selected as
a model for nucleotide binding because it is apparently an
exclusive substrate of FTO, not significantly demethylated
by other AlkB subfamily members. Presumably differences
in residues lining in the nucleotide-binding sites of the AIkB
subfamilies allow m3T to bind more strongly, and thus pref-
erentially, to FTO compared to other AlkB subfamily mem-
bers. Hence, by simulating the unique interactions of m3T,
the pyridine side chain confers selectivity towards FTO.
This design strategy led to the discovery of a series of highly
potent and selective FTO inhibitors 22-28 (Table 4).10¢
LipotF 23 (ICso = 0.81 uM),1%¢ in particular, is the first inhib-
itor to demonstrate subfamily-selectivity for FTO- it is
30-fold to 130-fold more selective for FTO over other AlkB
subfamilies, and >100-fold selective against PHD2 and
KDM4A (Table 4).196 Moreover, the cell-penetrating ethyl
ester prodrug of 23 is able to inhibit m°A demethylase ac-
tivity in cells, thus compound 23 is likely useful as

11



Table 5. Available inhibition data for quinoline and isoquinoline carboxamide derivatives against AIkB demethylases and
other Fe(II) /20G-dependent oxygenases. The metal chelating motif is highlighted in red. Values in % refer to percentage inhibi-
tion at a final concentration of 100 pM. Horizontal lines indicate no inhibition data are available.

1Cs0/pM
Code AIKB FTO ALKBH2 ALKBH3 ALKBH5 Other Fe(l1)/20G- Structures
oxygenases
R2
29 165"2 - - - - - AT
112 N/ N\J)‘LOH
30 425 - - - - - 5 A
29R'=H,R?=H
30R"=H,R?=0H
112 _ _ _ _ 31 R" = H,
31 223 Rz g OO
FIH (20)1% R
32 10.2'2%6  3.3"4 - - 2.91% PHD2 (15)'30 X
KDM4A (4.8)11 | -
33 - 23114 - - - _ OH
3210X1 R=COzH
34 _ 18114 _ _ _ _ 33R= SOZNHZ
34 R = SO2NHCHs
CO,H
FIH (>25)130 OH HNA‘”R1
_ 114 _ _ 0/ 82 >
35 2.8 39.8%2  bins (0.07)1%0 R
A e
_N
36 - 3811 - - - - I
_ 114 _ _ _ _ |
37 84114 3510X3R'=H,R?2=H
38 - 60 - - - - 36 (D-) R" = H, R? = CH2CéHs
39 - 110114 - — - - 37 (L-) R' = CH2CeHs, R2=H
e 38 (D-) R' = H, R2 = CHg
e - N2 - - - - 39 (L) R'=CHs, RZ=H
“ _ g0 ~ ~ ~ ~ 40 (0-) R' = H, R? = CH(CHs)

41 (L) R = CH(CH3)2, R2 = H

functional probe to interrogate the epigenetic mechanism of
FTO.106

Crystallographic and structural alignment studies (PDB
ID of FTO-23 complex: 4CXW)106 suggest that the selectivity
of 23 is likely attributed to two important interactions with
the nucleotide-binding site of FTO, namely 1) m-m stacking
interaction between the pyridine ring of 23 and the side
chains of Tyr108 and His231, and 2) a hydrogen-bonding
interaction between pyridyl nitrogen and amide backbone
of Glu234 (Figure 3C).196 Equivalent interactions between
23 and other AlkB subfamilies are either prohibited or in-
significant, hence rationalising, at least in part, the specific-
ity of 23 towards FTO. Interestingly, analogues of 23 bear-
ing various substituted benzyl and naphthalene side chains
ie. 24-28 also display good potency against FTO, with ICso
values in the low micromolar range (1-3 uM).19 This sug-
gests that the nucleotide-binding site is likely conforma-
tionally-flexible and provides opportunities to further im-
prove the potency and selectivity of this class of inhibitors.
This ‘dual warheads’ strategy could potentially be exploited
for the selective inhibition of other AlkB subfamilies and
other Fe(II)/20G-dependent oxygenases.

Quinoline and isoquinoline carboxamide derivatives.
Recently, a number of heterocyclic compounds carrying the
quinoline carboxamide (29-34) or isoquinoline-3-carbox-
amide (35-41) scaffolds have been reported as AIkB deme-
thylase inhibitors (Table 5). These compounds were discov-
ered through various approaches, including DCMS

techniques, high-throughput screening and structure-based
design.112114126 Of particular interest are I0X1 32 and 10X3
35, which are cell-active broad spectrum inhibitors, with
demonstrated activities against E. coli AIkB, FTO, ALKBH5
and other Fe(I1)/20G-oxygenases, including FIH, PHD2 and
KDM4A 82112.114126,129-131 [0X1 32 was initially developed as
a PHD2 inhibitor; it has been shown to stabilise HIF-1a in a
variety of human cell lines, including renal carcinoma
(RCC4), embryonic kidney (293T) and bone osteosarcoma
(U20S), thus 32 is widely used to induce pseudo-hypoxia in
functional studies.126132 The crystal structures of 32 bound
to AIkB (PDB ID: 4JHT)!26 and FTO (PDB ID: 4IE4)!14 have
been reported. In both complexes, 32 is observed to coordi-
nate to active site metal via the quinolyl nitrogen atom and
the oxygen atom in the adjacent hydroxyl group, however
32 adopts different binding orientations in AlkB and FTO.
With FTO, 32 binds in an analogous manner as 2,4-PDCA 15,
where the quinolyl nitrogen is positioned trans to aspartate
(Asp233) and the hydroxyl oxygen trans to the distal histi-
dine (His307).114 The C-5 carboxylate group of 32 is also po-
sitioned similarly to that observed for the 4-carboxylate
group of 2,4-PDCA to participate in two salt bridge interac-
tions with the conserved arginine (Arg316). With AIKB,
however, the metal coordination positions of 32 are
switched, such that the quinolyl nitrogen is situated trans to
the proximal histidine (His131) whilst the hydroxyl oxygen
is trans to the aspartate (Asp133).126 Furthermore, the C-5
carboxylate of 32 is shifted to a slightly different position
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Table 6. Available inhibition data for pyridine sulfonamide derivatives against AIkB demethylases. The metal chelating motif
is highlighted in red. Horizontal lines indicate no inhibition data are available.

ICs0/pM
Cod Structures
©9€ AKB FTO ALKBH2 ALKBH3 ALKBHS5 ructure
42 — 2647  §521%  >50016  >50013 , 000
43 - 26 427'% 69116 20131 3 AL S A~ COM
i |
44 - 105.6™6  56.41% 3.71% 128213 3@; Ho N
45 - 5816 5616 11416 5300136 5
46 - 461% 25816 23316 75518 42R=H
43 R*=CF;
a7 - 40%8  10.8'% 25116  >30016 44 R2=CH,
136 136 136 136 45 R3 = CH3
48 - 7.9 85.3 41.3 68.4 46 R* = CH3
47 R2, R® = CHs
- 136 136 136 136 ’
49 5.2 106.9 21.2 >300 48 R R* = CHs
49 R2, R*, R® = CH3
_ 136 136 136 136 ’ ’
50 36.7 46.2 225 >300 50 R2'= CFs
51 _ 9.5136 13.8136 6.2136 1.8136 51 R?=NO2

such that only one of its carboxylate oxygens is able to in-
teract with the conserved arginine residue (Arg204). Pre-
sumably, 32 is forced into this ‘constrained’ binding orien-
tation due to steric clash with several residues in the
20G-binding site of AlkB (e.g. Asn120, Tyr122 and Leu128).
This apparently weaker binding mode likely accounts for
the reduced potency of 32 for AlkB (ICso = 10.2 uM) com-
pared to FTO (ICso = 3.3 pM; Table 5).114126

10X3 35, also known as FG-2216, is a potent (ICso = 3.9
uM) and orally-active PHD2 inhibitor developed by Fibro-
Gen for the treatment of anaemia.13%.133 Results from clinical
trials showed that 35 significantly increased the levels of
haemoglobin in patients by inducing erythropoietin pro-
duction.134135 Several stereoisomeric analogues of 35 have
been reported (compounds 36-41; Table 5). Structure-ac-
tivity studies found that substitution at the C-a position of
35 generally reduces potency towards FTO. Furthermore,
FTO appears to favour the p-enantiomers (36, 38, 40) over
the L-enantiomers (37, 39, 41).114 This contrasts with AIkB,
where the L-isomers are preferred (Compounds 2-6; Table
3). Thus, manipulation of stereoisomeric substitutions in
these scaffolds may drive selectivity towards a particular
AlKkB subfamilies.

Crystallographic analysis revealed that 35 binds to FTO
in a similar manner to that observed for 3-hydroxypyridine
carboxamides 19, although the exact orientation and metal
coordination positions of 35 and 19 differ slightly (PDB ID
of FT0O-35 complex: 41E6; for binding of 19 to FTO, see Sec-
tion on ‘3-hydroxypyridine carboxamides’).112114]n particu-
lar, the relatively large isoquinoline ring of 35 was twisted
out of plane with respect to the carboxamide side chain by
~60°, apparently to avoid steric clash with the conserved
Arg96 residue (Figure 3D). As a result of the change in con-
formation, the coordination of isoquinoline nitrogen to the
active site metal is also skewed. Despite the ‘non-ideal’
binding geometry, compound 35 (ICso 2.8 uM) has similar
potency as 32 towards FTO (ICso 3.3 uM; Table 5).114 Inter-
estingly, the chlorine atom of 35 was observed to project
into the substrate-binding site of FTO.

Recently, a crystal structure of ALKBH5 in complex with
35 (PDB ID: 4NJ4)82 has been solved which showed 35

binding away from the 20G-binding pocket, where it forms
a covalent link to the side chain of Cys200 with the loss of a
chlorine atom. As noted by the authors,82 the observed S-ar-
ylation reaction likely occurred as a result of prolonged
crystallisation process (of up to 12 weeks) and is likely not
relevant to the inhibition of ALKBH5. Nevertheless, the pro-
pensity for 35 to participate in alkylation reaction with cys-
teine does raise the question about safety of 35 and, more
generally, other C-1 chlorinated isoquinoline derivatives in
clinical application. Further studies to clarify the inhibition
mechanism and toxicity profile of this class of inhibitors are
needed.

Pyridine sulphonamide derivatives. More recently, a
new class of AIkB demethylase inhibitors based on the pyr-
idine sulphonamide scaffolds 42-51 (Table 6) have been
identified through a novel approach known as multiprotein
dynamic combinatorial chemistry (DCC).13¢ In this strategy,
peptide tags of appropriate length were conjugated to the
target proteins to modify their melting temperatures, such
that their individual melting profiles and that of resulting
protein-ligand complexes could be simultaneously moni-
tored in a single differential scanning fluorometric (DSF)
melting analysis.13¢ Unlike conventional DCC methods, mul-
tiprotein DCC allows several protein templates to be used
concurrently in the same dynamic system, thus permitting
the discovery of ligands against several proteins simultane-
ously. Moreover, when structurally-related protein
isoforms were used in concert, ligands that are selective for
a particular isoform are preferentially assembled and iden-
tified. As a proof-of-principle study, the authors applied the
multiprotein DCC method to three AlkB subfamily members
FTO, ALKBH3 and ALKBHS5. This led to the simultaneous
discovery of compounds 43 (ICso = 2.6 uM) and 44 (ICso =
3.7 uM) as subfamily-selective inhibitors of FTO and
ALKBH3, respectively.13¢ Both compounds 43 and 44
showed significantly reduced activity for other AlkB sub-
families (ICsos > 40 puM), and negligible activity against
KDM4A (ICso > 100 pM).136 The study further identified 51
as a pan-inhibitor of AlkB demethylases (Table 6).136

Structure-activity relationship studies suggest that regio-
chemistry is likely important in fine-tuning the selectivity of
this class of compounds.!3¢ For instance, positioning a
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Figure 3. Different modes of binding of inhibitors to the 20G-binding site of AIkB demethylases. Views of the crystal structures
of AIKB (green residues) in complex with (A) succinate 8 (PDB ID: 2FD])85 and (B) compound 19 (PDB ID: 3T3Y),112 and of FTO (cyan
residues) in complex with (C) LipotF 23 (PDB ID: 4—CXVV)106 and (D) I0X3 35 (PDB ID: 41E6).114 Distinctly different orientations and

metal coordination positions were observed for the inhibitors.

methyl group at the 2-position of the phenyl ring directs se-
lectivity towards ALKBH3 (compare 42 with 44; Table 6),
whereas shifting the methyl group to the 3- or 4-positions
promotes FTO selectivity (compare 42 with 45 and 46).13¢
Installing a trifluoromethyl substituent at the 4-position of
the phenyl ring (i.e. 43) also favours FTO selectivity whilst
moving it to the 2-position (i.e. 50) abolished selectivity.13¢
The presence of two or more methyl groups ie. 47, 48 and
49 appears to drive selectivity towards FTO. Notably, the
position and number of substituents appear to have little or
no effect on selectivity towards ALKBH2 and ALKBHS5 (Ta-
ble 6).136¢ Modelling studies suggest that this class of inhibi-
tors likely binds to the 20G-bidning site where it chelates to
active site iron through the pyridyl nitrogen and the sul-
phonamide nitrogen.13¢ The pyridyl carboxylate group
likely forms salt bridge interactions with an arginine resi-
due in the conserved R...R motif, whilst the carboxamide
carbonyl and sulphonyl oxygens likely participate in hydro-
gen-bonding interactions with the other conserved arginine
residue.!3¢6 Detailed crystallographic studies are needed to
rationalise the selectivity of compounds 43 and 44, and to
provide a structural basis for further optimisation of this
class of inhibitors.

4.2 Inhibitors that bind exclusively to the substrate-
binding site

Recent inhibition work on AlkB demethylases is begin-
ning to reveal a new class of inhibitors with a novel mode of

binding, which departs from active-site metal chelation.
Compounds in this inhibitor class bind exclusively to the
substrate-binding site and, unlike the 20G-competitive in-
hibitors which contain a characteristic metal-chelation moi-
ety, they are chemically-diverse and do not possess any spe-
cific structural features that easily identifies their mode of
binding. These compounds are largely discovered through
high-throughput in silico and/or biochemical screenings. In
this section, the inhibitors were loosely categorised based
on their structural scaffold. Tables 7-9 summarise all the
available ICso data and chemical structures of this class of
inhibitors.

Rhein and analogues. Rhein 52 is a naturally occurring
anthraquinone predominantly found in rhubarb and other
plants of the genus Rheum L (Table 7).137 This natural prod-
uct is used extensively in traditional Chinese medicine and
is known to possess a range of pharmacological activities,
including antibacterial, anti-inflammatory, antitumour and
antioxidant activities.137 Rhein was recently found to be a
relatively potent inhibitor of FTO (ICso = 2.2 - 21 pM)138139
through a series of structure-based virtual screening cam-
paign. This is rather surprising given that rhein does not
possess any functional group or binding motif which ena-
bles metal chelation. Its mode of binding and inhibition was
not clear until a crystal structure of rhein bound to FTO
(PDB ID: 4IE7, Figures 4 and 5A) was solved by Aik et al.114
The structure revealed that rhein disrupts the binding of
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Table 7. Available inhibition data for rhein and analogues against AIkB demethylases. Horizontal lines indicate no inhibition

data are available.

1Cs0/puM
Code FTO Other AlkB Structures
demethylases
AIKB (12.7)140 8 09 1
52 21.0,1%  ALKBH2 (9.1)140 @e@
2.18'%  ALKBH3 (5.3)™40 6 3
ALKBHS5 (9.96)13 5 010 4
53  64.01% _ 52 Rhein R' = OH, R® = CO:H, R® = OH
54 68019 B 53 R' = NHz, R2 = SOsNa, R* = Br, R® = SOsNa
54 R' = NHz, R2 = SOsNa, R4 = Br
55 1.2 - 55 R' = NHCH2CH2NHCH2CHzOH
56 4.531% _ R2 = NHCH2CH2NHCH2CH:z0H, R® = OH, R8 = OH

56 R

57 2.581%9  ALKBH5 (7.13)"3°

58 1.39139 -

=OH, R®=CHs, R® = OH, R® = OH

HO OH
HO o O
)

OH
OH O
57

OH ClI
NH, O OH O OH
58

nucleic acid substrate by occupying the substrate-binding
site, where it makes three important interactions. First, the
carboxylate side chain of rhein is positioned to hydrogen
bond with the side chain of Ser229. Second, its C-1 hydroxyl
group participates in hydrogen bonding interaction with
the side chain of Arg96. Third, the A-ring of rhein is posi-
tioned to form m- interactions with the imidazole ring of
the iron-chelating His231 residue. Rhein represents the
first example of small molecule inhibitor that binds specifi-
cally to the substrate-binding site of FTO. The rhein scaffold
therefore provides opportunity for the design of inhibitors
that inhibit AlkB subfamilies through substrate competi-
tion.

Subsequent biochemical and cell-based analyses found
that rhein is cell-permeable, relatively non-cytotoxic and is
able to inhibit the méA demethylase activity of FTO in
cells.138 [t exhibits inhibitory activity against several AlkB
subfamilies, including AlkB, ALKBH2, ALKBH3 and ALKBH5
(Table 7).139140 [nhibition of the DNA repair function of
ALKBH2 and ALKBH3 by rhein, in particular, led to an accu-
mulation of DNA damage, rendering cells susceptible to
methylated DNA damage.14? Rhein also modulates the activ-
ity of a broad range of human enzymes, including JmjC
KDMs, histone deacetylase (HDAC) classes I/1l and multiple
cytochrome P450 (CYP) enzymes. The broad physiological
effects of rhein preclude its use as functional probe.

Following these studies, several analogues of rhein carry-
ing the anthraquinone (compounds 53-56), flavonoid
(compound 57), or tetracycline scaffolds (compound 58)
were identified as potent inhibitors of FTO through a novel
high-throughput screening approach that uses fluorometric
RNA aptamer substrates.!3° The exact mode of binding for

these analogues is unknown at present, nevertheless, given
their close structural similarity to rhein, they likely occupy
the substrate-binding site, in a manner similar to rhein.

Meclofenamic acid and analogues. Recent
high-throughput screening of a library of 900 randomly se-
lected drugs using a fluorescence polarisation assay led to
the identification of meclofenamic acid (MA) 59 as a sub-
strate-competitive inhibitor of FTO (Table 8).139141 Meclo-
fenamic acid is a derivative of anthranilic acid, non-steroi-
dal anti-inflammatory drug, approved by the FDA for the
treatment of dysmenorrhoea, joint pain, muscular pain and
arthritis.142 It prevents the formation of prostaglandins via
inhibition of cyclooxygenase (COX) enzyme, however, due
to a high rate (30-60%) of gastrointestinal side effects, this
drug is not widely used in humans.

Crystallographic studies of FTO in complex with meclo-
fenamic acid 59 and NOG 1 (PDB ID: 4QKN; Figure 5B)!4! by
Yang et al. revealed that meclofenamic acid, as with rhein,
occupies the substrate-binding site of FTO, thus obstructing
the access of nucleic acid substrate (Figures 4 and 5B). Bind-
ing of meclofenamic acid to FTO is achieved through a num-
ber of key interactions. First, the carboxylate group of
meclofenamic acid forms two hydrogen bonding interac-
tions - one with the amide backbone of Ser229 and the
other with the amide backbone of Lys216 via a water mole-
cule. Second, the phenyl ring (on which the carboxylate
group is attached) further participates in hydrophobic in-
teractions with the side chains of neighbouring I1e85, Leu90
and Pro93 residues. Third, one of the chlorine atoms is also
positioned to form polar interactions with the side chain of
Arg96. Crucially, meclofenamic acid interacts with parts of
the first loop in the nucleotide recognition lid of FTO
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Table 8. Available inhibition data for meclofenamic acid and fluorescein analogues against AIkB demethylases. Horizontal

lines indicate no inhibition data are available.

1Cs0/ yM
Code FTO Other AlkB demethylases Structures
59 8.0,  ALKBH2/3 (>100)™* o R
7.9413%  ALKBHS5 (>100),'! (>20)139 c oy
2
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R® Cl
59 MA R' = OH, R? = CHs, R® = H
}ré A\
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!
N
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o
_0
H
62 3.01% - S N
NN
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o
G g O
63 3.311% -
N N)LN Cl
/' H H
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HO N Cl
N
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HO N Cl
64
65 3233 ALKBHS5 (>100)43 HO 0 OH
66 3.65'3 - O O
67  6.55M - O o
68 (720 - R 0
65 Fluorescein R =H
143
6 - 66 Fluorescein 2Na* R = H
67 R=NH:
143 _
L 68 R = NHCOC:H2.COOH
69 R =SCN
7 6.60143 - 70 R = NHCOCHCH:
71 R = NHCOCH;
72 6.65'43 - 72 R = NHCOCsHs
(o] (o)
73 4491 - 7368-DzR= A
H H HN—NH
i =
74 2.24143 - 74 67-DZ-alkyne R= Z
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(formed by 33 and (4), which significantly strengthened its
i nteraction with FTO. This portion of the loop is apparently
absent in ALKBHS5, rationalising the marked selectivity of
meclofenamic acid for FTO (ICso = 8.0 pM) over ALKBH5
(ICso > 100 uM).141 Although similar loop structures are pre-
sent in the nucleotide recognition lid of ALKBHZ2 and
ALKBH3, steric clash with a number of residues in this re-
gion (i.e. Arg110in ALKBH2; Arg122, Tyr127 and Asp189 in
ALKBH3) prevents the binding of meclofenamic acid to both
enzymes and, hence, its poor activity against them (ICso > 1
00 uM).141 Results from this study suggests that it is possible

to achieve FTO subfamily selectivity by exploiting interac-
tions with the residues in the nucleotide recognition lid.

The unique mode of binding of meclofenamic acid in-
spired subsequent structure-based design by the same
group, which led to the development of two highly potent
and selective FTO inhibitors FB23 60 and FB23-2 61 (Table
8).107 Compound 60 is an analogue of meclofenamic acid
wherein an isoxazole ring is appended to the dichloroben-
zene moiety. A crystal structure of 60 bound to FTO (PDB
ID: 6AKW)107 reveals a similar mode of binding as meclo-
fenamic acid, with all key interactions conserved. The intro-
duction of an isoxazole ring not only allows an extension of
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Figure 4. Superposition of the crystal structures of FTO
(green) in complex with CHTB (cyan), meclofenamic acid
(vellow), rhein (magenta) and m’T (grey). The three inhibi-
tors occupy a similar region of the substrate-binding site where

the nucleotide substrate m®T binds. The magenta sphere repre-
sents the active site metal ion. PDB IDs: CHTB 85 (5F8P), meclo-

fenamic acid 59 (4QKN),"*' rhein 52 (41E7),"** m*T (3LFM).*

the molecule deep into the nucleotide-binding site but, im-
portantly, enables hydrogen bonding interaction with the
amide backbone of Glu234; notably, this residue was previ-
ously identified to confer selectivity for FTO over other sub-
family members (see Section on ‘acylhydrazine deriva-
tives’).1%¢ As a result of this structural modification, 60
showed a remarkable 130-fold improvement in potency for
FTO (ICso = 0.06 uM) compared to meclofenamic acid (ICso
= 8.0 uM), whilst retaining FTO subfamily selectivity.107.141
To improve the cell penetration of compound 60, the car-
boxylate group was replaced with a hydroxamate group.
This led to analogue 61 which exhibits significantly im-
proved cell permeability.197 Cell-based studies demon-
strated that FTO inhibition by 61 dramatically suppresses
proliferation and promotes the differentiation of human
acute myeloid leukaemia (AML) cells.197 Moreover, in pa-
tient-derived AML mouse models, 61 significantly inhibits
the progression of AML cells and prolongs survival of the
animal, 107 suggesting that FTO inhibition could be a promis-
ing strategy for the treatment of AML.

Fluorescein and derivatives. Following the discovery of
meclofenamic acid, Zhou et al.1*3 screened a library of fluo-
rescent molecules that are structurally-related to meclo-
fenamic acid, with a view to developing fluorescent FTO in-
hibitors that not only modulate the demethylase activity of
FTO, but also enable direct photoaffinity labelling of FTO in
cells. The group found, rather unexpectedly, that fluorescein
65 and some of its derivatives i.e. compounds 66-74 can se-
lectively inhibit FTO demethylation with ICso values in the
low micromolar range; the most potent inhibitor being 68
(ICso = 1.72 puM; Table 8).143 The inhibitors displayed high
selectivity towards FTO over ALKBH5. Compounds 70 and

Table 9. Available inhibition data for benzene-1,3-diols
and entacapone analogues against AIkB demethylases. Val-
ues in % refer to percentage inhibition at a final concentration
of 100 pM; horizontal lines indicate no inhibition data are
available. Inhibition data for other AlkB demethylases are not
available.

Code ICso/uM

FTO Structures
75 49514 2, H OH
3 X
76 15.2%144 RO I
77 15.4%1% N6 OH
78 16.9%144 Cl

75 CDPCBR = H
76 R2=F,R6=F
77R2=Cl,Ré=Cl

79 16.9%"44
80 17.3%"44

81 17.8%144 78 R3=ClI
o144 T9R?=Cl
82 182%™ g) RS = OCeHs
o4 OF R} = OH
83 18.7% 82 R3 = (CH2)3CHs
83 R®=Br

H OH
COrY

Cl

84 18.4%"44

84

85 39.24145 O
OH
Cl
85 CHTB
OH O B
86 16.04146
86 Radicicol
87 3.517 i
- HO N g2
HO CN
88 0.5147 NO,
87 Entacapone R' = H, R = N(C2Hs)2
88 R' = OH, R? = N(C2Hs)2
89 o757 BIR'=OHR= i
: L]
90 {owr  9OR'=HRZ= ?‘AfNQ
91 0.7147 91R'=H,R2= ¥y

71, which possess better cell permeability were subse-
quently tested in HeLa cell and found to efficiently inhibit
FTO m°fA demethylation at 50 uM.143

Crystal structures of FTO-fluorescein 65 complex (PDB
ID: 47S2; Figure 5C)'43 and FTO-5-aminofluorescein 67
complex (PDB ID: 4ZS3)!43 revealed that both inhibitors
bind to the substrate-binding site of FTO, in a manner simi-
lar to meclofenamic acid. Interestingly, in these co-crystal
complexes. the lactone rings of 65 and 67 were hydrolysed
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Figure 5. Different modes of binding of inhibitors to the substrate-binding site of FTO. Views of the crystal structures of FTO
(cyan residues) in complex with (A) rhein 52 (PDB ID: 41E7),114 (B) meclofenamic acid 59 (PDB ID: 4—QKN),141 (C) fluorescein 65
(PDB ID: 4—ZSZ),143 and (D) CDPCB 75 (PDB ID: 5DAB).144 Fluorescein and CDPCB adopt different binding orientations and occupy

different regions of the substrate-binding site as rhein and meclofenamic acid. For clarity, ligands that bind to the 20G-binding sites
i.e. citrate and NOG in Figures 5A and 5B, respectively, and 20G in Figures 5C and 5D.

to carboxylic acids, which form two hydrogen bonds with
Ser229. The resulting phenyl ring is stabilised through hy-
drophobic interactions with surrounding Val83, Ile65,
Leu90, Pro93 and Leul09 residues, which constitutes part
of the nucleotide recognition lid. Although the 5-amino
group of 67 can hydrogen-bond with the amide backbone of
Leu91, this interaction is unfavourable due to clashes with
surrounding hydrophobic residues, thus rationalising the
weaker inhibitory potency of 67 (ICso = 6.55 uM) relative to
fluorescein 65 (ICso = 3.23 uM).143 Compounds 67 and 68
were subsequently modified to incorporate a photoreactive
diazirine ring (DZ) to yield 68-DZ (73) and 67-DZ-alkyne
(74), which enable photoaffinity labelling and enrichment
of cellular FTO.143

Benzene,1,3-diol derivatives. To develop novel inhibi-
tor scaffolds that specifically target the substrate-binding
site of FTO, Chang et all** designed a series of ben-
zene-1,3-diol derivatives 75-86 which mimic the binding of
FTO substrate m3T, of which the most potent inhibitor is
CDPCB 75 (ICs0 4.95 uM; Table 9). The activity of 75 against
other AlkB demethylases is undetermined at present.
Cell-based experiments showed that 75 is relatively non-cy-
totoxic with good cell-penetration.144+145 Treatment of
FTO-overexpressing 3T3-L1 preadipocytes with 10 uM 75
significant increases the levels of m®A in mRNA.145 A crystal
structure of 75 bound to FTO (PDB ID: 5DAB, Figure 5D)144

was solved, showing 75 adopting a rather interesting mode
of binding which is strikingly different from those observed
for the m3T substrate (PDB ID: 3LFM),86 rhein 52 (PDB ID:
4IE7)114 and meclofenamic acid 59 (PDB ID: 4QKN).141 As
shown in Figure 5, 75 occupies a region in the sub-
strate-binding site that is closer to the outer solvent-ex-
posed groove of FTO and binds in such a way that it is per-
pendicular to the orientation of m3T, rhein and meclo-
fenamic acid, almost blocking the grove entrance. Accord-
ingly, 75 is able to make novel contacts with a number of
residues in the antiparallel B-sheet of FTO that was not pre-
viously explored. In particular, the cyclobutene ring of 75
forms hydrophobic interactions with the side chains of
Leu90 and Thr92, and the amide backbone of Leu91,
whereas the unsubstituted phenyl ring interacts with the
side chains of [1e85 and Leu109. The binding of 75 is further
stabilised by several major interactions between the phe-
nolic ring of 75 and the L1 loop of the nucleotide recogni-
tion lid of FTO. Specifically, the C-4 hydroxyl group partici-
pates in hydrogen-bonding interactions with the amide
backbone of Lys216 and Met226, and the chlorine atom
makes van der Waals contacts with Met226, Ala227 and
Ser229. The carbonyl oxygen of 75 further forms two wa-
ter-mediated hydrogen-bonds with the side chain and am-
ide backbone of Ser229.
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Following the discovery of 75, the same group identified
another FTO inhibitor, CHTB 85 that similarly carries a ben-
zene-1,3-diol scaffold and binds exclusively to the sub-
strate-binding site (ICso = 39.24 pM; Table 9).145 Surpris-
ingly, despite the structural similarity, compound 85 binds
to FTO differently to 75. Superposition of the crystal struc-
tures of FTO in complex with 85 (PDB ID: 5F8P; literature
to be published), m3T substrate (PDB ID: 3LFM),8 rhein
(PDBID: 4IE7),11* and meclofenamic acid (PDB ID: 4QKN)141
revealed that 85, in fact, partially overlaps with m3T and
rhein, and occupies a similar region of the substrate-binding
site as meclofenamic acid, sharing several key interactions
(Figure 4). Specifically, the dihydroxy benzene ring of 85 is
sandwiched between the side chains of two highly-con-
served His231 and Leu109 residues to participate in hydro-
phobic interaction. The C-4 hydroxyl group on the benzene
ring further forms two hydrogen-bonds: 1) a water-medi-
ated hydrogen-bond with the amide backbone of Glu234,
and 2) a direct hydrogen bond with the amide backbone of
His232. The C-5 chlorine atom on the benzene ring makes
van der Waals contact with the side chain of Tyr109. Addi-
tional stabilisation is provided by the chroman ring of 85,
which is nested in a hydrophobic pocket formed by five res-
idues from the antiparallel 3-sheet, i.e. Val83, Ile85, Leu90,
Thr92 and Leul09. The chroman oxygen and hydroxyl
group form a water-mediated hydrogen bond with the side
chain of Ser229 and the amide backbone of Val94, respec-
tively. The gem-dimethyl group further participates in van
der Waals interactions with the side chain of 11e85. Treat-
ment of FTO-overexpressing 3T3-L1 cells with 85 (1 uM - 5
uM) led to significant increase in m°A levels in mRNA; 85 is
slight toxicity at concentrations above 10 uM.145

Subsequent work by the group found that radicicol 86, a
macrocyclic natural product found in the fungus of Mono-
sporium bonorden which contains a 1,3-dihydroxyphenyl
group, is able to inhibit FTO activity (ICso = 16.04 uM; Table
9).146 Despite the distinctly different chemical structure,
molecular modelling studies suggested that radicicol likely
occupies the substrate-binding site of FTO, with similar
binding poses as compound 75. 86 exhibits a broad range
of biological activities, including antitumour effects through
interaction with the heat shock protein 90 and bacterial
sensor kinase, hence unlikely to be useful as functional
probe. Nevertheless, it allows exploration of unique chemi-
cal space and provides inspiration for the design of natural
product-based AlkB demethylase inhibitors.

Entacapone and derivatives. The dihydroxy benzene
compounds, entacapone and derivatives 87-91, constitute
another interesting class of AlkB demethylase inhibitors
(Table 9). Entacapone 87 is an FDA-approved drug for the
treatment of Parkinson’s disease.l#” It was recently identi-
fied as an FTO inhibitor (ICso = 3.5 pM) through ‘struc-
ture-based hierarchical screening’ of FDA-approved drug
database.147.148 Representative examples of compounds
identified in this screening effort are given in Table 9; only
selected inhibitors with ICso values below 10 pM are
shown.1#” Additional analogues of entacapone were re-
ported in a patent by the same group.!*° Biochemical anal-
yses shows that entacapone competes with both méA-con-
taining oligonucleotide substrates and 20G for binding to

FTO. Consistent with these results, a structural complex of
FTO with entacapone (PDB ID: 6AK4)147 revealed that en-
tacapone occupies both the 20G-binding site and sub-
strate-binding site, in a strikingly similar manner as LipotF
23- an acylhydrazine FTO inhibitor (Table 4, Figure 3C).10¢
In particular, the nitrocatechol ring of entacapone resides in
the substrate binding site, where the C-3 hydroxyl forms
two hydrogen-bonding interactions with the side chains of
Arg322 and Tyr106. The diethylpropanamide moiety of en-
tacapone occupies the 20G-binding site and chelates to the
active site metal in a monodentate fashion via the nitrile
group. The carbonyl group further hydrogen-bonds with
the side chain of Asn205.

Cell-based studies showed that entacapone has negligible
inhibitory activity on ALKBH5 and TET1 (ten-eleven trans-
location 1; an m°C dioxygenase), and it does not signifi-
cantly alter the DNA methylation and histone methylation
patterns in HepG2 cells.1#” Despite toxicity concerns with
acrylonitrile compounds in general, entacapone is relatively
non-cytotoxic. Moreover, treatment of diet-induced obese
mice with entacapone led to significantly reduce body
weight and fasting blood glucose levels.14” The observed ef-
fects were apparently due to an inhibition of m°éA demeth-
ylation on forkhead box protein 01 (FOX01) mRNA, which
up-regulates FOXO1 expression and FOX01-mediated met-
abolic regulation. Thus, entacapone could be a promising
lead for the treatment of metabolic disorders. Subsequent
structure-based optimisation of entacapone led to com-
pounds 90 and 91 wherein the flexible diethylpropanamide
group was replaced with a rigid alicyclic group. Both ana-
logues showed significantly improved activity with ICso val-
ues of 1.2 uM and 0.7 pM, respectively. A crystal structure of
91 bound to FTO (PDB ID: 6AE])!47 revealed a similar mode
of binding as entacapone. Compound 91 participates in ad-
ditional electrostatic interaction between the oxygen of
1,3-tetrahydro oxazine substitution and the side chain of
Arg316, which likely accounts for the 5-fold increase in po-
tency of 96 (ICso = 0.7 pM) relative to entacapone (ICso = 3.5
uM).147

4.3 Inhibitors with undetermined mode of binding

In this section we discuss inhibitors of AIkB demethylases
with undetermined mode of binding and inhibition. The ma-
jority of compounds in this inhibitor class are natural prod-
ucts with a broad range of biological targets and pharmaco-
logical activities. Nevertheless, they are highly interesting
compounds, from an inhibitor design perspective, because
their diverse structures provide fresh inspiration for novel
inhibitor scaffolds. Table 10 summarises all the available
ICso data and chemical structures of this class of inhibitors.

Amiloride, metizoline and derivatives. Recently, a
number of FTO inhibitors, including amiloride compounds
92-94, metizoline compounds 95-98, and several others
with diverse chemical scaffolds 99-103 were identified
through a high high-throughput screening assay that uses
the RNA aptamer 'Broccoli’ to detect mA demethylation by
FTO.13% Some representative examples are given in Table
10.139 A number of the identified inhibitors, such as 93 (ICso
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Table 10. Available inhibition data for inhibitors with undetermined mode of binding against AIkB demethylases. Values in
% refer to percentage inhibition at a final concentration of 10 uM for compound 104 and 50 uM for compound 113; horizontal lines
indicate no inhibition data are available.
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Table 10. continued

1Cs0/pM
Code Other AlkB Structures
FTO ALKBH3 ALKBH5 demethylases
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= 0.34 pM), 98 (ICso = 0.49 pM) and 99 (ICso = 0.85 pM), ex-
hibit sub-micromolar potencies against FTO and are able to
modulate m®A methylation levels in cellular RNA.139 Several
others are selective for FTO over ALKBH5. Compounds 99
and 102 in particular, exhibits more than 15-fold selectivity
for FTO over ALKBH5. Notably, although metizoline 95 is
2.8-fold less potent than its analogue 98, it has the ad-
vantage of reduced toxicity and improved pharmacokinetic
profile.139

Benzimidazole, pyrazole and indenone derivatives. In
an effort to develop an anti-prostate cancer drug that target
ALKBH3,63150 Tanaka et al. randomly screened a library
consisting of 17,000 commercially-available compounds,
which led to the identification of benzimidazole compound
104 as a promising ALKBH3 inhibitor (Table 10).15! Subse-
quent structural optimisation of 104 led to a series of ana-
logues 105-109 with remarkable sub-micromolar potency
against ALKBH3, many of which are able to inhibit the pro-
liferation of prostate cancer DU145 cell lines in cell cul-
ture.151152 HUHS015 105, in particular, showed good
oral-availability (bioavailability of 7.2% in rats after oral ad-
ministration) and found to significantly suppress the
growth of a human DU145 prostate cancer cells in a mouse
xenograft model, with no observed side effects.152

Recently, Anindya and Khan et al. tested a series of inda-
none derivatives for activity against ALKBH3 (selected ex-
amples are given in Table 10).153 The indanone scaffold is of
particular interest because it is present in a range of natural
products, including euplectin, pauciflorol-F and neolignans.
Mostindanone derivatives investigated by the group exhibit
poor ALKBH3 inhibition (ICso’s > 50 pM), the most potent
compounds are 110 (ICso = 9.8 uM) and 112 (ICso = 13. 1
uM).153 Further biochemical analyses found that 110 is
about 5-fold more selective for ALKBH3 over AlkB and
ALKBHZ2, and it is able to inhibit the growth and prolifera-
tion of human lung cancer A549 cell line.!53 Notably, 113
showed no detectable activity against ALKBH3, but exhibit
moderate AIkB inhibition (ICso = 19.37 uM; Table 10),15¢
suggesting that judicious placement of substituents on the
indanone scaffold can drive selectivity for a particular AIkB
subfamily member.

Other scaffolds that have been reported as FTO inhibitors
include dihydroxyfuran sulphonamides 114-115,155 Clau-
sine E 11615 and 2-phenyl benzimidazole 117.157 The se-
lectivity and cellular activity of these compounds have not
been determined. The flavonoid quercetin 118 was also re-
ported to inhibit AlkB.124

Recently, several cell-active ALKBHS5 inhibitors have been
reported. One notable example is ALK-04 (chemical struc-
ture not reported). This compound was identified through a
combined approach using in silico screening and SAR stud-
ies on a library of synthesised compounds.!58 The mode of
binding of ALK-04 is unknown at present. In vitro cytotoxi-
city studies found that ALK-04 is non-toxic to cells and does
not significantly affect the proliferation of B16 cells at con-
centrations up to 50 pM.!58 Moreover, mice treated with
ALK-04 showed significantly reduced tumour growth com-
pared to control.’8 ALK-04 also enhances the anticancer ef-
ficacy of GVAX/anti-PD-1 immunotherapy against mela-
noma, likely by modifying m®A levels and splicing of m°A-

regulated genes.158 Considering the ALKBH5 gene mutation
and expression status of melanoma patients correlate with
their response to immunotherapy, small-molecule inhibi-
tors of ALKBH5 may enhance the efficacy of anti-cancer im-
munotherapy.

Another notable example is the imidazobenzoxazin-5-thi-
one compound MV1035 (119; Table 10).15° This compound
was originally designed as a sodium channel blocker but
was subsequently identified as an ALKBH5 inhibitor via a
proteome-wide structure-based in silico screening ap-
proach. Computational modelling studies suggest that 119
likely binds to a region deep within ALKBHS5, in close prox-
imity to the 20G-binding site of ALKBH5 and partially over-
lap with the site occupied by the carboxylate group of
20G.*%? In vitro dot plot assay showed that 119 is able to in-
hibit the activity of ALKBHS5, leading to a significant increase
in the levels of m¢A in mfA-ssRNA in a dose-dependent man-
ner.15? In addition, cell-based assay showed that a concen-
tration of 10 uM 119 is sufficient to reduce the proliferation
and invasiveness of U87 glioblastoma cell line.15° This is as-
sociation with a reduction of the expression of CD73 (an ex-
trinsic protein involved in the generation of adenosine
which is overexpressed in glioblastoma cells) without alter-
ing CD73 transcription.!>?

Compounds 120 (ICso = 0.84 pM; Table 10) and 121 (ICso
= 1.79 uM; Table 10) were also identified through a high-
throughput virtual library screen, and were subsequently
verified as highly potent ALKBH5 inhibitors using an m°A
antibody-based enzyme-linked immunosorbent assay.160
The precise mode of binding of these inhibitors are un-
known, however molecular docking studies suggest that
both 120 and 121 likely occupy the 20G-binding site of
ALKBHS5.160 In the case of 120, strong hydrogen-bonding in-
teractions were identified 1) between the C-5 carboxylate
group of 120 and the side chain of Asn193, and 2) between
the C-2 hydroxyl group of 120 and the side chain of
Asp206.160 3) The C-2 hydroxyl group further participates
in water-mediated hydrogen-bonding with Arg283. 4) Ad-
ditional hydrophobic interaction was also identified be-
tween the phenyl group and the imidazole ring of His266.160
The multiple interactions provide a rationale for the sub-
micromolar potency of 120 against ALKBHS5. Cell-based ex-
periments found that 120 and 121 were able to signifi-
cantly supress the proliferation of three leukaemia cell lines
(HL-60, CCRF-CEM, and K562), with ICso values ranging
from 1.38 uM to 16.5 puM, 160 suggesting that these inhibitors
may be promising leads for the development of novel anti-
cancer treatment.

Screening strategy for selective AIKB demethylase in-
hibitors. The identification of numerous co-crystal crystal
structures has provided rich structural insights into the dif-
ferent modes of binding of the AlkB demethylase inhibitors.
Detailed crystallographic analyses revealed a number of
shared pharmacophores and highly-conserved interactions
with the 20G-binding site and substrate-binding site. These
key interactions are summarised in Figure 6. In light of the
recent discovery of dual-binding FTO inhibitor, LipotF
23,106 which exploits binding to both binding sites to
achieve remarkable potency and subfamily-selectivity, we
envisaged that a similar strategy could enable the selective
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A. 1. Prepare 2. Dock compounds 3. Develop ‘dual- 4. Dock ‘dual- 5. Dock 6. Synthesise 7. Best
a drug-like separately into the warhead’ warhead’ selected hits and test inhibitors
compound 20G-binding site inhibitors by inhibitors into into other AIkB selected hits selected for
library. and substrate- combining the the AlkB subfamily for activity further
binding site of AIkB pharmacophoric . demethylase members to and ’ optimisation
demethylase target features of two or target to identify identify selectivity
to identify hits for more hits hits that bind subfamily- against all
each binding site identified from strongly to both selectivity hits
both screens binding sites demethylases

Highly-conserved interactions between AlkB demethylases and reported inhi

Binding
site
20G-
binding
site*

FTO ALKBH1* ALKBH2* ALKBH3*  ALKBH5* ALKBH7* ALKBH8*
Arg316 participates in:
salt bridge interaction with -COOH in LipotF 23, citrate 7, 2,4-PDCA 15,

NOG 1, I10X1 32, 10X3 35, 20

Arg322 participates in:

hydrogen bonding with C=0/-COOH/-OH in 2,4-PDCA 15, NOG 1, rhein
52, fluorescein 65, 67

Asn205 participates in:

hydrogen bonding with -COOH/-OH/C=0 in citrate 7, NOG 1, 20,
entacapone 87

Arg338 Arg248 Arg269 Arg277 Argl97 Arg328

Arg344 Arg254 Arg275 Arg283 Arg203 Arg334

Asn220 Asn159 Asn179 Asn193 Led110 Asn227

Ser318 participates in: Asn340
hydrogen bonding with -COOH in LipotF 23, 2,4-PDCA 15, NOG 1, I0X1
32,10X3 35, 20

Tyr295 participates in:

hydrogen bonding with -COOH in LipotF 23, 2,4-PDCA 15, NOG 1, I0X3
35,20

Arg96 participates in: n.a.
hydrogen bonding with -COOH/-OH in 24PDCA 15, NOG 1, rhein 52,
fluorescein 65, 67

cation-dipole interaction with -Cl in meclofenamic acid 59, FB23 60

Asn250 Asn271 Val279 Ser199 Ser330

Met276 Leu224 Leu254 Thr254 Tyrl65 Leu280

Substrate-
binding
site

GIn112 Argl31l Lys132 Glu75 Vall76

Ser229 participates in: n.a. Val202 Pro236
hydrogen bonding with -COOH in rhein 52, meclofenamic acid 59, FB23

60, fluorescein 65, 67

water-mediated hydrogen bonding with CDPCB 75 and CHTB 85

Van der Waals contact with -Cl in CDPCB 75,

Non-conventional hydrogen bond with -CH; in CHTB 85

Cys169 Asp189 Lys119

Glu234 (amide backbone) participates in: Glul75 Glu195 Glu153 Ser124 Thr241
hydrogen bonding with pyridyl nitrogen/-OH/nitrogen or oxygen atom of
heterocyclic ring in LipotF 23, CHTB 85

water-mediated bond, FB23 60
His231 participates in:
n-Tt interactions with -CgHg in rhein 52, CHTB 85, LipotF 23

His232 (carbonyl backbone) participates in:
hydrogen bonding with -OH in CHTB 85

Arg234

His231 His171 His191 His204 His121 His238

Val232 Argl72 Ser192 Val205 Val122 1le239

Tyr108 participates in: Phel24

T-Tt interactions with -CgHs in LipotF 23

Tyrl77 Tyrl43 Tyr139 Asp67 n.a.

Tyr106 participates in: Phe211

hydrogen bonding with -OH in entacapone 87

Tyr184 Tyr122 Pro140 Trp66 Phe245

Leu109 participates in: n.a. Ser125 n.a.
hydrophobic interactions with -CgHs in LipotF 23, fluorescein 65, 67,

CHTB 85

Leu91 (carbonyl backbone) participates in: n.a.
hydrogen bonding with -NH, in fluorescein 65, 67

Tyrl41 n.a. n.a.

Ser107 GIn128 n.a. n.a. n.a.

Leu90, Ile85, Pro93 participates in: n.a.
hydrophobic interactions with -C4Hs in meclofenamic acid 59, CDPCB 75,
fluorescein 65, 67, CHTB 85

11e85 participates in: n.a.
Van der Waals contact with gem dimethyl group in CHTB 85

His106 Tyrl27 Arg130 His65 n.a.

Val101 Arg122 Pro128 Asp67 n.a.

Lys216 (amide backbone) participates in: n.a.
hydrogen bonding with -OH in CDPCB 75

Cys169 n.a. n.a. Lys119 n.a.

Met226 (carbonyl backbone) participates in: Phe27 n.a. GIn233 n.a. n.a.
hydrogen bonding with -OH in CDPCB 75, Van der Waals contact with —Cl

in CDPCB 75

Val228 participates in:
hydrophobic interactions with -C¢H; in LipotF 23

Arg258

Leu228 lle168 Val188 lle201 lle118 lle235

Val94 (amide backbone) participates in: n.a.
hydrogen bonding with -OH in CHTB 85

Argl10 Argl31l Tyrl95 n.a. Argl74

Figure 6. The in silico 'dual warhead' screening strategy for the discovery of selective AIkB demethylase inhibitors. (A)
This strategy exploits binding to both the 20G-binding site and substrate-binding site to confer potency and selectivity, respec-
tively. (B) Crystallographic analysis of reported AlkB demethylase inhibitors revealed a number of highly-conserved interac-
tions with the 20G-binding site and substrate-binding site. #Interaction of inhibitors with Fe(II) in the 20G-bonding site have
been omitted. *The equivalent residues for each AIkB subfamily members are shown; n.a. denotes no equivalent residues.
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inhibition of other AIkB subfamilies. Hence, an in silico 'dual
warhead' inhibitor screening strategy could begin with 1)
the preparation of a drug-like compound library, which is
then docked into the 20G-binding site of the AlkB demethyl-
ase target. The first round of docking seeks to identify hits
that are able to bind strongly to the 20G-binding site, focus-
ing on the highly-conserved interactions outlined in Figure
6B. 2) The second round of inhibitor screening focuses on
identifying compounds with a strong binding affinity to the
substrate-binding site and their ability to participate in key
interactions highlighted in Figure 6B. 3) ‘Dual warheads’ in-
hibitors are then developed by combining or merging the
pharmacophoric features of two or more hits identified
from both screening campaigns. 4) The hybrid inhibitors
are then docked into the target AIkB demethylase to assess
their ability to bind to both binding sites. 5) Selected hits are
further docked into other AlkB subfamily members to eval-
uate their subfamily-selectivity. 6) Compounds that bind
strongly to both binding sites and exhibit favourable selec-
tivity profile are then synthesised and tested for activity
against all AIkB demethylases. 7) The best inhibitors are se-
lected as leads for further optimisation through medicinal
chemistry efforts (Figure 6A).

5. PERSPECTIVES

Over the past decades, we have witnessed tremendous
advances in the development of AlkB demethylase inhibi-
tors, principally aimed at improving their selectivity and
cellular activity. These medicinal chemistry efforts have
been massively facilitated by a number of significant break-
throughs in this field. One major step forward is the devel-
opment of several high-throughput methyl-specific se-
quencing methods,161-169 such as bisulphite sequencing and
methylated RNA immunoprecipitation sequencing (MeRIP)
techniques, which has enabled genome-wide and transcrip-
tome-wide mapping of the methylome landscape and, sub-
sequently, the identification of physiological substrates for
the AlkB subfamily members. This development has also led
to the development of a range of biochemical!79-174 and cell-
based!7517¢ demethylase assay methods, which greatly facil-
itated the functional and inhibition studies of these fascinat-
ing enzymes. Extensive crystallography work further pro-
vided unprecedented insights into the catalytic mechanisms
of the AlkB demethylases, and molecular details of their
substrate recognition and specificity.??-97 Indeed, the avail-
ability of these high-resolution crystal structures repre-
sents a major step change in our approach to AlkB deme-
thylase inhibition research, enabling better inhibitor design
through structure-based and computationally-guided
methods.

Despite these advances, inhibition work on AlIkB deme-
thylases is still at a relatively early stage from a medicinal
chemistry perspective, at least compared to other
Fe(II)/20G-dependent oxygenases, particularly the PHDs
and JmjC KDMs. Nevertheless, the successful discovery of
reasonably potent and selective inhibitors against several
AlkB demethylases, in particular AlkB, FTO, ALKBH3 and
ALKBHS5 suggests that the AlkB family as a whole is amena-
ble to small molecule inhibition. Moreover, currently avail-
able results indicate that chemical inhibition of these

enzymes is not highly toxic, hence the AlkB demethylases
could be promising targets for novel epigenetic therapy.

More than a hundred small-molecule inhibitors of AlkB
demethylases have been reported to date, many of which,
particularly the early inhibitors, are 20G-competitive inhib-
itors that chelate to iron in the 20G-binding site. Whilst the
majority of inhibitors from this class exhibit a broad spec-
trum of activities, compounds that are highly selective for
AlkB (e.g. 19),FTO (e.g. 43) and ALKBH3 (e.g. 44) have been
reported, which is remarkable given the high levels of struc-
tural similarities of the 20G binding sites amongst the AlkB
subfamilies. The result suggests that selective inhibition of
the AlkB subfamilies is achievable by exploiting the 20G-
binding site alone.

Another major class of inhibitors is the 'substrate com-
petitors'. Inhibitors from this class exploit differences in the
nucleotide-binding sites for selective targeting of AIkB sub-
family members. A number of compounds from this class
(e.g- 59 and 65) bind to the nucleotide recognition lid,
which is a unique structural feature of the AlkB demethyl-
ases not found in other Fe(II)/20G-dependent oxygenases.
Recently, 'dual warhead' compounds have been developed,
which occupy both the 20G-binding site and nucleo-
tide-binding site simultaneously, thus able to competitively
inhibit the binding of co-substrate and substrate. This is ex-
emplified by the subfamily-selective and cell-active FTO in-
hibitor LipotF 23 and entacapone 87.

Interestingly, several natural products, such as rhein 52
and radicicol 86, have also been identified through high-
throughput screening as relatively potent inhibitors of FTO.
Although these compounds also target a range of other hu-
man proteins, hence unlikely to be useful as functional
probes, their structural diversity provides fresh inspiration
for novel inhibitor scaffolds. Notably, several FDA-approved
drugs that are currently in clinical use, such as meclo-
fenamic acid 59 and entacapone 87, have also been shown
to inhibit FTO in cells, leading to a significant increase in cel-
lular moA levels. This result suggests that the pharmacolog-
ical actions of these drugs may be mediated, at least in part,
by FTO inhibition. The clinical implication of this finding
may warrant further investigation.

Despite significant progress in this field, a number of im-
portant challenges remain. To date, the structures of
ALKBH4 and ALKBH6 have not been defined. The molecular
basis for the recognition of several substrates by AlkB de-
methylases also remains unknown. For instance, it is not
clear how FTO specifically recognise m!A base modification
in tRNA. The exact mode of binding of ALKBH5 with di-
methylated adenosine m¢:4, and the interaction of ALKBH1
with actin protein have yet to be determined. Furthermore,
majority of the inhibition work to date have focused on FTO
and ALKBH3. Whilst small-molecule inhibitors have been
reported for AlIkB, ALKBH2 and ALKBH5, none exhibit sub-
family-selectivity which is essential for functional assign-
ments and target validation. At present, inhibition of other
AlkB subfamily members has not been achieved. It is desir-
able to develop new classes of inhibitors with novel mode
of binding, particularly those that target previously unex-
plored structural domains. In this regards, subfamily-spe-
cific structural elements, such as the methyltransferase
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domain of ALKBH8 and the C-terminal domain of FTO may
provide opportunities for the design of subfamily-selective
inhibitors. In light that several natural products are reason-
ably potent inhibitors of FTO, we envisaged that natural
product-inspired inhibitors will gain traction in the years to
come. Given the wealth of crystallographic information cur-
rently available, a challenge will be to apply them to the dis-
covery of selective inhibitors for each and every member of
this medically-important class of enzymes.
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1,N2-¢G, 1,N2-ethenoguanosine; 2,4-PDCA, 2,4-pyridine dicar-
boxylic acid; 2HG, 2-hydroxyglutarate; 2MG, 2-mercaptoglu-
tarate; 20G, 2-oxoglutarate; Ala, alanine residue; AML, acute
myeloid leukaemia; Arg, arginine residue; Asn, asparagine res-
idue; Asp, aspartic acid residue; CC, coiled-coil; cm5U, 5-carbox-
ymethyluridine; COMT, catechol-O-methyltransferase; COX, cy-
clooxygenase; CTD, C-terminal domain; CYP, cytochrome P450;
Cys, cysteine residue; DCC, multiprotein dynamic combinato-
rial chemistry; DCMS, dynamic combinatorial mass spectrome-
try; DFHBI-1T, 3,5-difluoro-4-hydroxybenzylidine 1-triflu-
roethyl-imidazoline; DMOG, dimethyloxalylglycine; DSBH, dou-
ble-stranded [-helix; dsDNA, double-stranded DNA; DSF, dif-
ferential scanning fluorometric; DZ, diazirine ring (DZ); EA,
1,Né6-ethanoadenosine; E. coli, Escherichia coli; elA, Nl-ethyl-
adenosine; e2G, N2-ethylguanosine; e3C, N3-ethylcytidine; FF,
N2-furan-2-ylmethylguanosinee; FH, fumarate hydratase; FIH,
factor inhibiting HIF FOXO01, forkhead box protein 01; FTO, fat
mass and obesity-associated protein; GB/SA, generalised born
surface area; HDAC, histone deacetylase; HF, N2-tetrahydrofu-
ran-2-yl-methylguanosine; HIF, hypoxia inducible factor; His,
histidine residue; IDH, isocitrate dehydrogenase; Ile, isoleu-
cine residue; JmjC, Jumonji C-terminal domain; KDM, histone
lysine demethylase; Leu, leucine residue; Lys, lysine residue;
m!A, Nl-methyladenosine; m!G, N!-methylguanosine; m2G,
N2-methylguanosine; m3C, N3-methylcytidine; m3T, N3-methyl-
thymidine; m3U, N3-methyluridine; m4C, N4-methylcytidine;
m5C, 5-methylcytidine; m6;A, N6,N6-dimethyladenosine; m6A,
Né6-methyladenosine; m6Am, N6,2’-0-dimethyladenosine; MA,
meclofenamic acid; mchm5U, (S)-5-methoxycarbonylhy-
droxymethyluridine; mcm5U, 5-methoxycarbonylme-
thyluridine; MeRIP, methylated RNA immunoprecipitation se-
quencing; Met, methionine residue; MM, molecular mechanics;
MMS, methyl methane sulphonate; mRNA, messenger RNA; MT,
methyltransferase domain; MTS, N-terminal mitochondrial tar-
geting sequence; MUG, mismatch specific uracil DNA glycosyl-
ase; NASH, non-alcoholic steatohepatitis; NOG, N-oxalylglycine;
NRL, nucleotide recognition lid; NTE, N-terminal extension;
PCA-1, prostate cancer antigen-1; PHD, HIF prolyl hydroxylase;
Phe, phenylalanine residue; PHF, PHD finger protein; Pro, pro-
line residue; RRM, RNA recognition motif; rRNA, ribosomal
RNA; SDH, succinate dehydrogenase; Ser, serine residue;
ssDNA, single-stranded DNA; ssRNA, single-stranded RNA;
TCA, tricarboxylic acid; TET1, ten-eleven translocation 1; Thr,
threonine residue; tRNA, transfer RNA; Trp, tryptophan resi-
due; Tyr, tyrosine residue; Val, valine residue; €A, 1,Né-ethen-
oadenosine; €C, 3,N4-ethenocytidine.
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