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Abstract 
The	regulation	of	gene	expression	by	the	post-translational	modifications	(PTMs)	of	histone	tails	 is	
important	 in	eukaryotic	cell	biology	and	of	current	medical	 interest.	Specific	PTMs	to	histone	tails,	
including	acetylation,	phosphorylation	and	methylation,	can	either	promote	or	inhibit	transcription	of	
specific	sets	of	genes.	Histone	methylation	was	once	thought	to	be	irreversible	but	is	no	known	to	be	
dynamic.	 The	 extent	 of	Ne-methyl	 lysine-	 and	 arginine-methylation	 is	 regulated	 by	 sets	 of	methyl	
transferases	and	demethylases.	

	

The	work	described	 in	this	Thesis	 focused	on	the	substrate	selectivity	and	 inhibition	of	 the	human	
KDM7	subfamily	of	JmjC	histone	demethylases	(KDMs).	KIAA1718	(KDM7A),	PHF8	(KDM7B)	have	been	
demonstrated	to	be	KDMs	while	PHF2	(KDM7C)	is	a	proposed	pseudo-enzyme.	The	KDM7	enzymes	
are	part	of	the	large	family	of	JmjC	KDMs	which	are	2-oxoglutarate	(2OG)	dependent	oxygenases	and	
which	use	Fe(II)	as	a	cofactor.	Most	JmjC	KDMs	are	multidomain	proteins	with	the	catalytic	activity	
lying	in	their	JmjC	domain.	However,	other	domains	may	regulate	demethylation.	The	KDM7	enzymes	
are	of	particular	 interest	because	of	their	 interesting	demethylation	activities	and	relatively	simple	
domain	 architectures.	 Their	 plant	 homeodomains	 (PHDs)	 are	 proposed	 to	 bind	 to	 the	 histone	
H3K4me3	mark	and	in	doing	so	either	promote	(PHF8),	or	inhibit	(KIAA1718),	demethylation	by	the	
JmjC	domain	of	H3K9me2.	

	

Following	an	introduction	to	the	epigenetic	roles	of	KDMs	(Chapter	1),	Chapter	2	describes	work	on	
the	kinetics	of	 the	KDM7	enzymes.	Consistent	with	prior	 reports.	PHF8	was	 found	 to	demethylate	
H3K9me2	 and	 its	 activity	 is	 enhanced	 by	 the	 presence	 of	 H3K4me3.	 KIAA1718	 is	 reported	 to	
demethylate	H3K9me2	and	H3K27me2,	the	demethylation	of	which	was	either	inhibited	(H3K9me2)	
or	enhanced	(H3K27me2)	by	the	binding	of	H3K4me3	mark.	However,	my	results	raise	questions	about	
the	 effect	 of	 H3K4me3	 on	 demethylation	 of	 H3K27me2	 by	 KIAA1718.	 New	 potential	 histone	
substrates	were	identified	and	characterised	for	both	PHF8	and	KIAA1718.	

	

Mechanistic	studies	were	performed	in	Chapter	3	to	 investigate	factors	regulating	KDM7	substrate	
binding.	 Mutagenesis	 studies	 and	 metal	 ion	 binding	 studies	 of	 wild-type	 and	 variant	 PHF8/PHF2	
proteins	revealed	that	although	the	HxD…H	iron	binding	motif	is	crucial,	other	factors	are	involved	in	
regulate	the	KDM	activities	of	the	KDM7	subfamily.	The	overall	results	reveal	the	PHD	fingers	are	of	
primary	importance	in	substrate	binding.		

	

Using	AlphaScreen	and	 fluorescence	polarisation	methods,	novel	 inhibitors	 for	 the	KDM7	enzymes	
were	 investigated	 along	with	 the	mode	 of	 inhibition.	 In	 one	 line	 of	 investigation,	 a	 cyclic	 peptide	
inhibitor	was	 identified	 to	selectively	 inhibit	 the	KDM	activity	of	PHF8	and	promote	 the	activity	of	
KIAA1718	at	the	H3K9me2	mark.		

	

Overall,	 the	work	described	 in	this	Thesis	 is	supportive	of	the	proposal	that	the	PHD	fingers	of	the	
KDM7	enzymes	regulate	their	demethylation	activities.	Indeed,	binding	to	the	H3K4me3	mark	by	their	
PHD	fingers	appears	to	dominates	substrate	binding	by	the	KDM7	enzymes.	Blocking	the	binding	of	
the	PHDs	of	KDM7s	can	inhibit	(PHF8)	or	promote	(KIAA1718)	demethylation	activity.	
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Chapter 1 Introduction 

	
1.1 Epigenetics	

Deoxyribonucleic	 acid	 (DNA)	 represents	 the	 code	 based	 on	 which	 all	 proteins	 are	

synthesised,	 with	messenger	 ribonucleic	 acid	 (mRNA)	 acting	 as	 an	 intermediate	 between	

the	two	(i.e.	‘DNA	makes	mRNA	makes	proteins’).1	It	is	often	said	that	the	diploid	cells	in	the	

human	 body	 possess	 the	 same	 genotype,	 derived	 from	 embryonic	 stem	 cells,	 but	 can	

differentiate	to	phenotypically	distinct	cell	types.	The	gene	expression	profile	of	each	cell	is	

specialised,	 depending	 on	 their	 location,	 function,	 and	 environmental	 factors,	 suggesting	

that	a	complex	regulatory	mechanism	is	employed	during	cellular	differentiation	and	in	the	

normal	life	cycle	of	a	cell.2		

	
‘Epigenetics’	was	 first	defined	by	Waddington	as	 the	study	of	 the	mechanisms	 involved	 in	

determining	how	a	single	genotype	(i.e.	DNA	sequence)	gives	rise	to	different	phenotypes.2	

This	 definition	 pictured	 cellular	 differentiation	 during	 development	 as	 a	 ball	 (the	

undifferentiated	 cell)	 rolling	 downhill	 into	 inescapable	 valleys,	 with	 its	 ultimate	 fate	

determined	by	the	valley	into	which	it	settles.3	Each	valley	represents	a	particular	cell	type,	

and	once	settled,	a	cell	cannot	change	types.	

	
More	recently,	one	definition	of	epigenetics	concerns	heritable	changes	in	gene	expression	

that	are	not	attributed	to	changes	 in	their	underlying	DNA	sequence.4	The	mechanisms	of	

epigenetic	 regulation,	 including	 non-coding	 RNA,	 and	modifications	 to	 DNA	 and	 histones,	

are	also	considered	as	contribution	to	epigenetic	regulation.5,6	However,	questions	remain	

as	 to	 the	 heritability	 of	 epigenetic	 marks.7	 Two	 models	 have	 been	 proposed:	 the	

reprogramming	model	(which	largely	occurs	in	gametes,	in	which	the	state	of	chromatin	is	
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reset	to	achieve	totipotency),	and	the	 inheritance	model	(which	suggests	that	the	state	of	

chromatin	 in	embryonic	 cells	 is	 inherited	 from	mature	germ	cells,	 and	directs	 the	 cellular	

development).8	However,	 the	extent	 to	which	epigenetic	marks	can	be	 inherited	between	

generations	of	cells	in	higher	organisms	remains	unclear.8	

	
1.2 DNA	packaging,	nucleosomes	and	histones	
	
Each	 animal	 cell	 contains	 around	 two	 metres	 of	 ‘linear’	 DNA,9	 which	 is	 extensively	

compacted	into	chromatin	by	several	 levels	of	packing.10	 In	the	first	 level	of	packing,	~146	

base	 pairs	 of	 DNA	 wrap	 around	 a	 histone	 octamer	 complex,	 stabilised	 by	 electrostatic	

interactions	 between	 positively	 charged	 histones	 and	 negatively	 charged	 DNA,	 to	 form	 a	

nucleosome	 (Figure	1.1	A).	 Each	histone	octamer	complex	 contains	 two	copies	of	each	of	

the	four	histone	proteins,	histone	2A	(H2A),	histone	2B	(H2B),	histone	3	(H3)	and	histone	4	

(H4).11,12	These	histone	proteins	initially	form	heterodimers	(H2A	with	H2B,	and	H3	with	H4),	

and	two	H2A/H2B	dimers	combine	with	two	H3/H4	dimers	to	produce	the	histone	octamer.	

Individual	nucleosomes	are	joined	together	by	linker	regions	of	DNA,	forming	the	‘beads	on	

a	 string’	motif	 (Figure	 1.1	B).	 Addition	of	 linker	 histone	1	 (H1)	 stabilises	 the	DNA/histone	

complex,	 and	 leads	 further	 compaction	 into	 a	 30	 nm	 fibre,	 from	which	 DNA	 can	 further	

condense	to	form	a	chromatin	fibre.	The	density	of	chromatin	fibre	varies	according	to	the	

phase	 of	 the	 cell	 cycle.13	 in	 general,	 chromatin	 presents	 in	 two	 forms:	 the	 open	 and	

transcriptionally	 permissive	 euchromatin,	 and	 the	 tightly	 compacted	 heterochromatin.13	

During	metaphase,	 chromatin	 adopts	 a	 highly-condensed	 structure	 (size	 decreased	more	

than	1000-fold)	to	form	mitotic	chromosomes.14	
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Figure	1.1	A)	View	from	a	crystal	structure	of	a	nucleosome	(PDB	ID:	1AOI).11	DNA	is	shown	in	pale	blue	and	
green.	Histone	3	(H3)	proteins	are	shown	in	red,	histone	4	(H4)	in	green,	histone	2A	(H2A)	in	yellow	and	
histone	2B	(H2B)	in	blue.	B)	Scheme	showing	the	‘beads	on	a	string’	form	of	the	nucleosome.13	Figure	
reproduced	from	reference	13.	
	

Histones	 are	 relatively	 small	 basic	 proteins,	 usually	 containing	 100	 to	 150	 residues.	 Their	

structures	consist	of	a	C-terminal	globular	core	domain	containing	three	a-helices	separated	
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by	 two	 loops,	 and	 an	 unstructured	 N-terminal	 tail	 that	 protrudes	 out	 from	 the	

nucleosome.15	 The	 N-terminal	 tails	 of	 histones	 are	 thought	 to	 play	 a	 significant	 role	 in	

maintaining	 the	 structural	 stability	 of	 nucleosomes.15	 NMR	 and	 ion	 mobility	 mass	

spectrometric	studies	suggest	that	the	N-terminus	of	histone	proteins	is	highly	disordered	in	

solution.16,17	Evidence	from	computational	studies	shows	that	the	H2B,	H3	and	H4	tails	have	

a-helical	regions,	suggesting	that	the	precise	structures	of	the	histone	tails	may	be	subject	

to	biological	context.18–21	

	
In	 some	 contexts,	 histone	 proteins	 H2A,	 H2B	 and	 H3	may	 be	 replaced	 by	 variants	which	

differ	 from	 the	 canonical	 histones	 in	 size,	 sequence	 and	 chromosomal	 location.22	 As	 an	

example,	H2A.X	is	involved	in	response	to	DNA	damage	repair.23	Variants	of	H3	include	H3.1	

and	H3.2,	which	together	represent	the	canonical	H3	protein.	H3.3	marks	active	chromatin,	

while	H3t	is	specific	to	testes	and	CENP-A	and	is	found	in	centromeric	nucleosomes.22,24–27	

Variation	in	the	sequence	and	structure	of	these	histone	variants	allows	for	the	regulation	

of	gene	expression	by	altering	the	stability	and	structure	of	the	nucleosome	and	changing	

the	 types	 of	 post-translational	 histone	 modifications	 that	 are	 possible.22	 Mutation	 or	

dysregulation	of	these	histone	variants	is	associated	with	cancers	and	other	diseases.28		

	
1.3 Post-translational	modifications	of	histone	tails	
	
Epigenetic	regulation	can	be	achieved	by	the	production	of	noncoding	RNA,	ATP-dependent	

remodelling	of	chromatin,	and	the	covalent	modification	of	DNA	and	histone	proteins.29,30	

These	 modifications	 can	 impact	 on	 the	 structure	 and	 charge	 of	 chromatin,	 ultimately	

modulating	 the	 interaction	 of	 DNA	 with	 transcriptional	 machinery,	 thereby	 affecting	

transcription.	
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Proteins	are	synthesised	via	ribosomal	translation	of	mRNA.31	Following	synthesis,	proteins	

can	 be	 modified	 in	 multiple	 ways,	 including	 by	 proteolytic	 cleavage,	 the	 addition	 of	

cofactors,	and	modification	with	small	chemical	groups	(e.g.	acetyl	and	methyl	groups).32–34	

These	 modifying	 processes,	 which	 normally	 occur	 following	 translation,	 constitute	 post-

translational	modifications	(PTMs).35	Histones	are	subject	to	extensive	PTMs,	most	of	which	

occur	 on	 the	 unstructured	 N-terminal	 histone	 tail	 (Figure	 1.4).36	 Modification	 of	 lysine,	

arginine,	threonine,	tyrosine	and	serine	residues	has	been	found	to	impact	many	epigenetic	

phenomena	 (Figure	1.4).35,37	PTMs	can	alter	 the	charge	and	conformation	of	histone	 tails,	

impacting	 on	 the	 association	 between	 histones	 and	 DNA,36	 thereby	 modulating	

transcription	 of	 the	 corresponding	 genes.35,38–40	 Different	 combinations	 of	 PTMs	 on	 a	

histone	tail	can	lead	to	different	outcomes,	and	thus	the	set	of	PTMs	on	a	histone	are	often	

referred	to	as	the	‘histone	code’.41	PTMs	serve	as	‘marks’,	and	are	regulated	by	epigenetic	

enzymes.	Histone	marks	are	 installed	by	proteins	known	as	 ‘writers’,	 removed	by	proteins	

known	 as	 ‘erasers’,	 and	 recognised	 by	 proteins	 known	 as	 ‘readers’,	 providing	 a	 highly	

dynamic	method	of	epigenetic	regulation.42	The	cross	talk	between	different	marks	 is	also	

thought	 to	be	of	 importance;	 for	example,	modification	at	one	position	may	 facilitate	 the	

binding	of	an	epigenetic	enzyme	and	direct	its	action	to	a	nearby	residue.40,43	Well-studied	

histone	PTMs	include	acetylation,	methylation	and	phosphorylation,	as	briefly	discussed	in	

the	following	sections	(section	1.4.1	–	section	1.4.3).	
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Figure	1.4	Post-translational	modifications	(PTMs)	known	to	occur	on	the	N-termini	of	the	four	canonical	core	
histones.44	Figure	reproduced	with	permission.45	
	
1.3.1 Acetylation	and	deacetylation	
	
Histone	acetylation	may	occur	on	a	lysine	residue,	neutralising	the	positive	charge	of	its	side	

chain,	thereby	weakening	the	interaction	between	the	histone	and	negatively	charged	DNA	

(Figure	 1.5).46–49	 As	 a	 result,	 DNA	 compaction	 can	 be	 relaxed	 by	 histone	 acetylation,	

increasing	the	accessibility	of	the	DNA	to	other	proteins	and	transcription	factors,	and	thus	

modulating	the	transcription	of	particular	genes.46,50	On	the	other	hand,	the	removal	of	an	

acetyl	 group	 from	 a	 lysine	 residue,	 known	 as	 deacetylation,	 promotes	 more	 condensed	

chromatin	packaging,	and	thus	represses	gene	transcription.51	

	

Acetyl	groups	can	be	added	by	histone	acetyltransferases	 (HATs)	and	 removed	by	histone	

deacetylases	(HDACs).	HATs	utilise	acetyl-coenzyme	A	(acetyl-CoA)	as	the	donor	of	an	acetyl	

group	and	are	directly	involved	in	energy	homeostasis	since	acetyl-CoA	is	a	key	intermediate	

in	the	tricarboxylic	acid	(TCA)	cycle.	There	are	four	main	subfamilies	of	HATS:	Gcn5-related	

N-acetyltransferases	 (GNATs),	MYST	 (MOZ,	 Ybf2,	 Sas2	 and	 Tip60),	 p300/CBP,	 and	 Rtt109,	
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which	vary	in	selectivity	for	different	histone	positions.52	HDACs	are	divided	into	four	classes	

based	on	 sequence	homology:	 Class	 I	 (HDAC1,	 2	 and	 8),	 Class	 II	 (HDAC4,	 5,	 7,	 9	 and	 10),	

Class	III	(SIRT1-7)	and	Class	IV	(HDAC11).53,54	Like	HATs,	HDACs	also	differ	in	selectivity,	and	

have	 also	 been	 reported	 to	 accept	 non-histone	 substrates.53,55,56	 HDACs	 are	 involved	 in	

many	biological	processes	including	cell	migration	and	cell-cell	interactions,	and	dynamically	

regulate	gene	expression	together	with	HATs.56	

	
	
Figure	1.5	Acetylation	of	lysine	residues	neutralises	its	positive	charge.	The	terminal	group	and	the	post-
translational	modification	(PTM)	are	shown	in	red.	
	
	
1.3.2 Methylation	
	
Histone	methylation	occurs	on	lysine-	and	arginine-	residues.	Lysine	can	be	mono-,	di-	and	

tri-methylated	(Figure	1.6	A),	while	arginine	can	be	mono-	or	di-methylated	(Figure	1.6	B).	

The	 dimethylation	 of	 arginine	 can	 be	 symmetric	 (Rme2s)	 with	 one	methyl	 group	 on	 each	

terminal	nitrogen	of	the	guanidino	group,	or	asymmetric	(Rme2a)	with	both	methyl	groups	

on	the	same	terminal	nitrogen	(Figure	1.6).	Unlike	lysine	acetylation,	methylation	does	not	

impact	 the	 charge	 of	 lysine-	 or	 arginine-	 residues,	 and	 thus	 does	 not	 directly	 change	 the	

structure	 of	 chromatin.57	 Instead,	 histone	 methylation	 can	 signal	 for	 transcription,	

depending	on	the	position	of	the	mark	on	histone	and	the	methylation	state.58	
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Lysine	 and	 arginine	methylation	 is	 catalysed	 by	 histone	methyltransferases	 (HMTs)	which	

use	S-adenosyl	methionine	(SAM)	as	a	methyl	group	donor.59	Lysine	methylation	is	catalysed	

by	a	large	family	of	lysine	methyltransferases	(KMTs),	most	of	which	possess	a	SET	domain	

(acronym	 for	 Su(Var)3-9,	 enhancer-of-zeste,	 trithorax)	 that	 catalyses	 the	 methylation	

reaction.60–63	As	with	 the	KMTs,	 the	enzymes	responsible	 for	histone	arginine	methylation	

(protein	arginine	methyltransferases	(PRMTs))	are	SAM-dependent.64	

	
	

	
	
Figure	1.6	Structures	of	methylated	lysine-	and	arginine-	residues.	The	post-translational	modifications	(PTMs)	
are	shown	in	red.	
	
	
Methylation	of	 lysines	on	 the	 tails	of	 the	 four	canonical	histones	has	been	 identified,	and	

has	been	ascribed	multiple	functions.	For	histone	3	(H3),	methylation	at	positions	4,	36	and	

79	 is	 related	to	gene	activation,	while	methylation	at	positions	9	and	27	usually	represses	

genes.65	The	methylated	lysine	marks	are	localised	to	particular	gene	regions;	for	example,	

histone	 3	 trimethylated	 lysine	 at	 position	 4	 (H3K4me3)	 is	 often	 found	 in	 the	 promoter	
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regions	of	active	genes,66,67	while	H3K9me3	and	H3K27me3	are	enriched	in	the	promotors	

of	inactive	genes.68,69	In	addition	to	histone	tails,	methylation	of	a	core	residue	on	histone	3	

(H3K79)	has	also	been	identified,	as	catalysed	by	DOT1L.65,70,71	

	
1.3.3 Demethylation	
	
Histone	 methylation	 was	 thought	 to	 be	 irreversible	 until	 2004,	 when	 lysine-specific	

demethylase	 1	 (LSD1)	 was	 identified.72	 Also	 known	 as	 histone	 lysine	 demethylase	 1	 A	

(KDM1A),	 LSD1	 is	 a	 flavin-adenine	 dinucleotide	 (FAD)	 dependent	 oxidase	which	 catalyses	

the	removal	of	mono-	and	dimethyl	groups	on	H3K4	and	H3K9	via	the	formation	of	an	imine	

intermediate	 (Figure	1.7	A).72,73	 LSD1	has	also	been	reported	 to	demethylate	a	number	of	

non-histone	 substrates,	 including	 p53	 and	 DNMT1.	 A	 second	member	 of	 the	 LSD	 family,	

LSD2	 (also	 known	as	 KDM1B)	was	 identified	 as	 an	H3K4me1/me2	demethylase	 in	 2009.74	

More	recently,	LSD2	has	been	reported	to	ubiquitylate	O-GlcNAc	transferase	(OGT),	thereby	

promoting	the	proteasome-dependent	degradation	of	OGT.75	

	

Another	 family	 of	 histone	 lysine	 demethylases	 (KDMs)	 is	 the	 Jumonji-C	 histone	 lysine	

demethylases	 (JmjC	 KDMs),	 which	 belongs	 to	 the	 2-oxoglutarate	 dependent	 dioxygenase	

(2OG	 oxygenase)	 superfamily.	 The	 JmjC	 KDMs	 employ	 an	 oxidative	 demethylation	

mechanism	which	does	not	 require	 the	 formation	of	an	 imine	 intermediate,	 and	 thus	 the	

JmjC	 KDMs	 can	 demethylate	 all	 three	 states	 of	 lysine	 methylation	 (Figure	 1.7	 B).76	 The	

detailed	catalytic	mechanism	of	the	JmjC	KDMs	is	discussed	in	the	following	section	(section	

1.5),	as	it	shares	the	same	mechanism	as	other	2OG	oxygenases.77	
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Figure	1.7	Scheme	showing	the	different	mechanisms	of	the	LSD1	and	JmjC	lysine	demethylases.78,79	
	
	
1.3.4 Other	post-translational	modifications	
	
Other	 PTMs	 on	 histone	 tails	 include	 phosphorylation,	 ubiquitylation,	 crotonylation,	

malonylation,	 succinylation	 and	 formylation.80–85	 Phosphorylation	 can	 occur	 on	 histone	

serine,	threonine	and	tyrosine	residues	(Figure	1.8).	Histone	phosphorylation	is	catalysed	by	

protein	kinases,	and	removed	by	histone	phosphatases.86	The	phosphorylation	of	histones	

was	 found	 to	be	 involved	 in	 chromatin	 compaction	during	meiosis	and	mitosis,	 as	well	 as	

chromatin	 relaxation	 when	 associated	 with	 H3	 acetylation.84,87–89	 The	 phosphorylation	 of	

histone	 variant	 H2AX	 may	 be	 present	 in	 the	 nucleosomes	 around	 the	 break	 points	 of	

damaged	DNA,	and	facilitates	the	recruitment	of	the	necessary	DNA	repair	enzymes.86	

	

Ubiquitylation	 is	 usually	 considered	 to	 be	 the	 process	 of	marking	 the	 histone	 protein	 for	

degradation.90	Ubiquitin,	which	is	a	76-residue	protein,	 is	attached	to	the	lysine	residue	of	

histone	 via	 an	 enzymatic	 cascade	 reaction,	 and	 is	 itself	 further	 ubiquitylated	 to	 form	 the	



Chapter	1	 	 Introduction	

	 11	

mark	 for	 degradation.85	 Other	 functions	 of	 ubiquitylation	 include	 signalling	 for	 protein	

recruitment	and	structural	changes	to	the	DNA.91	

	

Crotonylation,	 malonylation,	 succinylation	 and	 formylation	 are	 all	 examples	 of	 different	

types	of	 lysine	acylation	modifications.80–83	Unlike	the	well-studies	acetylation	mark,	these	

acylation	marks	were	only	recently	discovered,	and	little	is	known	about	their	impact.	

	
	

	
	
Figure	1.8	Phosphorylation	of	tyrosine,	serine	and	threonine	residues.	The	post-translational	modifications	are	
shown	in	red.	
	
	
	
1.4 The	2-oxoglutarate	dependent	oxygenases	
	
The	 2-oxoglutarate	 (2OG)	 dependent	 oxygenases	 represent	 a	 superfamily	 of	 enzymes	

present	in	almost	all	organisms,	with	more	than	60	members	present	in	humans.92	The	2OG	

oxygenases	are	able	to	catalyse	a	wide	variety	of	oxidative	reactions,	including	epoxidation,	

desaturation,	 ring	 closure	 and	 hydroxylation	 (Figure	 1.9).92,93	 The	 diverse	 reactivity,	

substrate	selectivity	and	functionality	of	the	2OG	oxygenases	has	been	extensively	studied.	
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Figure	1.9	Range	of	reactions	catalysed	by	members	of	the	2OG	oxygenase	superfamily	of	enzymes.93	
	
In	 1995,	 it	 was	 first	 observed	 by	 Roach	 et	 al.	 that	 isopenicillin	N-synthase	 (IPNS),	 a	 2OG	

oxygenase	 related	 oxidase	 enzyme	 involved	 in	 the	 synthesis	 of	 penicillin,94	 possesses	 a	

double-stranded	 b-helix	 (DSBH,	 commonly	 known	 as	 the	 ‘jelly-roll’	 motif)	 and	 an	 iron-

binding	motif	formed	by	three	protein	residues	(Figure	1.10	A).	Subsequent	studies	showed	

that	 most	 structurally	 characterised	 2OG	 oxygenases	 contain	 this	 DSBH	 fold,	 and	 a	

conserved	 HxD/E…H	 iron-binding	 motif.95,96	 As	 observed	 in	 the	 crystal	 structure	 of	

deacetoxycephalosporin-C	 synthase	 (DAOCS),	 a	 2OG	 oxygenase	 involved	 in	 cephalosporin	
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biosynthesis,	 the	 catalytic	 Fe(II)	 is	 octahedrally	 coordinated	by	 the	 three	 amino	acids	 and	

three	water	molecules	 in	 its	 resting	 state	 (Figure	1.10	B).97	The	addition	of	2OG	displaces	

two	of	 these	water	molecules,	allowing	one	of	 the	2OG	carboxylates	 to	coordinate	 to	 the	

Fe(II),	 and	 the	 other	 2OG	 carboxylate	 to	 be	 bound	 by	 a	 basic	 residue	 (arginine	 or	 lysine)	

near	 the	 iron-binding	site.97–101	The	 third	water	molecule	 that	binds	 to	 the	Fe(II)	 centre	 is	

displaced	 upon	 oxygen	 binding,	 which	 is	 thought	 to	 be	 facilitated	 by	 the	 binding	 of	 the	

substrate	to	the	active	site.97,99,102	

	

	
Figure	1.10	View	from	the	crystal	structure	of	A)	IPNS,	in	which	the	DSBH	was	first	observed	(PDB	ID:	1IPS).	B)	
The	resting	state	of	the	iron	binding	site	of	DAOCS	(PDB	ID:	1RXF).	
	
The	study	of	DAOCS,	along	with	kinetic	and	spectroscopic	analyses	of	other	2OG	oxygenases,	

led	to	the	proposal	of	a	conserved	reaction	mechanism	for	the	2OG	oxygenase	superfamily	

(Figure	1.11).97–104	The	individual	steps	are	as	follows:	

	
1)	 2OG	 binds	 to	 the	 Fe(II)	 in	 the	 active	 site	 in	 a	 bidentate	manner,	 displacing	 two	water	

molecules.	

2)	 The	 prime	 substrate	 binds	 to	 the	 active	 site,	 weakening	 the	 binding	 of	 the	 remaining	

water	molecule	to	the	Fe(II).	Displacement	of	this	final	water	molecule	allows	the	Fe(II)	to	

react	with	a	molecule	of	oxygen.	
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3)	Fe(II)	reacts	with	the	oxygen	molecule,	and	a	Fe(III)-superoxo	species	is	generated.	

4)	A	ferryl	intermediate	is	formed.	

5)	Decarboxylation	of	2OG	produces	a	reactive	Fe(IV)-oxo	species	and	releases	CO2.	

6)	The	Fe(IV)-oxo	species	abstracts	a	hydrogen	atom	from	the	substrate	C-H	bond,	forming	

Fe(III)-OH	and	a	substrate	carbon	radical.	

7)	The	hydroxyl	group	of	Fe(III)-OH	is	transferred	to	the	substrate	carbon	radical,	returning	

the	enzyme	to	its	Fe(II)	state.	If	this	hydroxyl	group	is	part	of	a	hemiaminal,	as	in	the	case	of	

JmjC	demethylases	(see	Figure	1.7),	it	may	collapse	to	form	formaldehyde.	

8)	The	hydroxylated	substrate	and	the	succinate	by-product	 leave	the	active	site,	and	two	

water	molecules	bind	to	Fe(II).	The	enzyme	is	returned	to	its	resting	state	and	is	prepared	

for	the	next	catalytic	cycle.	

	

Interestingly,	 while	 ascorbate	 is	 not	 directly	 involved	 in	 the	 catalytic	 cycle	 of	 2OG	

oxygenases,	studies	have	suggested	that	ascorbate	is	beneficial	for	the	activity	of	a	number	

of	these	enzymes,	including	the	collagen	hydroxylases	and	the	hypoxia-inducible	factor	(HIF)	

hydroxylases.105,106	The	presence	of	ascorbate	is	usually	thought	to	prevent	Fe(II)	oxidation	

and	thus	to	preserve	the	enzymatic	activity	of	the	2OG	oxygenases.105	
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Figure	1.11	Consensus	mechanism	of	the	hydroxylation	catalysed	by	the	2OG	oxygenase	superfamily.107	
Complex	A-C	have	been	directly	reveal	by	crystal	structures;	complex	F	has	been	evidenced	by	spectroscopy	
studies;	complex	H	has	been	identified	using	stopped-flow	UV-visible	studies;	complex	D,E	and	G	have	not	
been	observed.	
	
	
1.5 The	JmjC	histone	demethylases	
	
The	 Jumonji	 C	 (JmjC)	 domain	was	 first	 identified	 in	 a	 gene	 trap	 experiment	 of	 JARID2	 in	

mice.108	Mutation	of	the	gene	for	JARID2	was	found	to	result	 in	aberrant	neural	plate	and	

tube	 formation,	producing	abnormal	neural	 grooves.	Hence,	 the	gene	 responsible	 for	 this	

was	named	Jumonji,	based	on	the	Japanese	word	for	 ‘cruciform’.108	The	JmjC	domain	was	

later	 found	 to	 be	 indispensable	 for	 the	 demethylation	 activity	 of	 FBXL11,	 which	 was	

subsequently	named	JmjC	domain-containing	histone	demethylase	1A	(JHDM1A),	and	whch	
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is	also	known	as	KDM2A.109	In	humans,	over	30	JmjC	domain-containing	proteins	have	been	

identified	 to	 date,	 the	majority	 of	 which	 have	 been	 validated	 as	 demethylases,	 with	 the	

remainders	being	hydroxylases	or	catalytically	unidentified	proteins.92,110		

	

The	JmjC	demethylases	primarily	act	on	histones,	and	are	known	as	epigenetic	regulators.111	

Recent	studies	have	also	 identified	non-histone	substrates	 for	some	JmjC	demethylases	 in	

vitro	and	in	cells.112,113	As	members	of	the	2OG	oxygenase	superfamily,	JmjC	demethylases	

have	the	typical	 ‘jelly-roll’	motif	and	iron-binding	motif	of	the	other	enzymes	in	this	group	

(Section	 1.5).	 The	 mechanism	 of	 the	 demethylation	 reaction	 catalysed	 by	 the	 JmjC	

demethylases	follows	the	general	mechanism	of	the	2OG	oxygenases	(Figure	1.11),	with	the	

further	 reaction	 of	 a	 hydroxymethyl	 group	 to	 form	 a	molecule	 of	 formaldehyde	 and	 the	

demethylated	 product	 (Figure	 1.7).	 Interestingly,	 the	 JmjC	 demethylases	 differ	 from	 the	

classical	2OG	oxygenases	 in	 that	 the	co-factor	2OG	binds	on	 the	4th	b-strand	of	 the	DSBH	

core	(except	KDM6	on	the	1st	b-strand	and	KDM3B	on	the	8th	b-strand),	rather	than	the	8th	

b-strand	as	is	seen	with	most	other	2OG	oxygenases.98	In	addition,	JmjC	demethylases	often	

have	a	lysine	residue	binding	to	the	co-factor	2OG,	while	most	other	2OG	oxygenases	use	an	

arginine	residue.	

	

The	JmjC	histone	demethylase	family	is	the	largest	family	of	histone	demethylases	(KDMs),	

with	members	 that	 remove	most	 of	 the	 known	 lysine	methylation	marks.79	 Phylogenetic	

analyses	 divide	 the	 human	 JmjC	 KDMs	 into	 six	 subfamilies	 (KDM2-7)	 based	 on	 their	

substrate	 specificities	 and	 sequence	 similarities	 (Table	 1.1).114	 In	 addition	 to	 the	 catalytic	

domain,	most	KDMs	also	contain	reader	domains	which	recognise	and/or	bind	to	substrates,	

thereby	facilitating	substrate	specificity	and	protein-protein	interactions.115–117	For	example,	
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the	plant	 homeodomains	 (PHDs)	 of	 the	KDM7	 subfamily	 are	 known	 to	bind	 to	H3K4me3,	

and	the	CXXC	domains	of	FBXL11	are	reported	to	bind	to	non-methylated	CpG	DNA.115,118,119	

A	detailed	description	of	the	histone	readers	can	be	found	in	the	next	Section	(Section	1.7).		

Table	1.1	Substrate	specificity	and	domains	of	the	characterised	JmjC-KDMs.114	Blue	shading	indicates	
demethylation	activity	which	has	been	observed	both	in	cells	and	in	vitro,	green	shading	in	vitro	only,	and	
orange	shading	in	cells	only.	1,	2,	3	indicates	the	methylation	level,	i.e.	me1,	me2,	me3.	
	

	
H3K4	 H3K9	 H3K27	 H3K36	 H3K79	 H4K20	 H1.4K26	

1	 2	 3	 1	 2	 3	 1	 2	 3	 1	 2	 3	 1	 2	 3	 1	 2	 3	 1	 2	 3	

KDM2A	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	

KDM2B	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	

KDM3A	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	

KDM3B	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	

KDM3C	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	

KDM4A	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	

KDM4B	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	

KDM4C	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	

KDM4D	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	

KDM4E	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	

KDM5A	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	

KDM5B	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	

KDM5C	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	

KDM5D	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	

KDM6A	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	

KDM6B	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	

KDM6C	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	

KIAA1718	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	

PHF8	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	

PHF2	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	 	
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1.6 Histone	Readers		
	
Most	 chromatin-associated	 proteins	 contain	 one	 or	 more	 binding	 domains	 specific	 for	

histone	 tails.120	 The	 binding	 of	 these	 reader	 domains	 localises	 the	 protein	 in	 the	 correct	

positions	 in	 the	 chromatin	 environment	 and	 helps	 to	 modulate	 their	 activities.120	

Descriptions	of	some	of	the	histone	readers	are	given	below.	

	
1.6.1 Plant	homeodomains	
	
In	 1993,	 the	 plant	 homeodomain	 (PHD)	 was	 first	 identified	 in	 the	 homeodomain	 protein	

HAT3.1	 in	Arabidopsis	 thaliana.	However,	 it	was	not	until	 2006	 that	 it	was	 identified	as	a	

reader	 of	 trimethylated	 lysine	 4	 of	 histone	 H3	 (H3K4me3).	 Since	 then,	 multiple	 binding	

substrates	 have	 been	 reported	 for	 PHD,	 including	 unmodified	 H3K4	 and	 H3K9me3.121–124	

The	human	genome	encodes	over	200	PHD-containing	proteins.	Most	of	the	identified	PHD	

fingers	are	involved	in	the	control	of	gene	transcription	and	chromatin	dynamics.125	

	

Plant	homeodomains	are	also	known	as	PHD	fingers,	as	they	contain	two	zinc	finger	motifs	

(Figure	 1.12).126	 PHD	 fingers	 bind	 their	 substrates	 via	 an	 aromatic	 cage	 which	 confers	

substrate	 selectivity.125	 For	 H3K4me3/2	 reading	 PHD	 fingers,	 the	 composition	 and	

positioning	of	key	cage-forming	residues	are	very	diverse,	as	revealed	by	a	structure-based	

sequence	alignment.125	The	N-terminal	sequence	around	the	first	zinc	finger	is	thought	to	be	

of	 critical	 importance	 in	 histone	 peptide	 recognition.	 For	 example,	 mutagenesis	 studies	

suggested	that	alanine	substitution	of	the	N-terminal	residues	N295/D297,	E298,	D304	and	

E307	of	the	first	PHD	finger	of	the	autoimmune	regulator	1	(AIRE1)	significantly	reduces	its	

binding	to	H3	substrates.122,127,128		
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PTMs	on	histone	N-terminal	tails	can	influence	the	binding	of	PHD	fingers.	For	example,	the	

presence	 of	 H3R2me2a	 has	 been	 observed	 to	 negatively	 correlate	 with	 the	 H3K4me3	

binding	of	bromodomain	and	PHD	finger	transcription	factor	(BPTF).129	The	H3K4	readout	by	

the	CHD4	PHD	finger	enhanced	its	H3K9	methylation	activity.130,131	Therefore,	the	reading	of	

a	 particular	mark	 on	 a	 histone	 tail	 by	 PHD	 fingers	 depends	 on	 its	 local	 PTM	 composition	

(PTM	cross	talk).	

	

	
	
Figure	1.12	Zinc	binding	motifs	of	the	PHD	fingers	of	PHF8.	
	
1.6.2 Bromodomains	
	
There	are	over	40	bromodomain-containing	proteins	that	have	been	identified	in	the	human	

proteome.132	Bromodomains	recognise	and	bind	to	the	acetylated	lysine	residue	on	histone	

tails.	 In	 addition	 to	histone	 substrates,	many	non-histone	 substrates	have	been	 found	 for	

bromodomains;	 for	 example,	 the	 bromodomain	 of	 CREB	 binding	 protein	 binds	 to	 an	

acetylated	lysine	residue	of	p53.133	Bromodomains	consist	of	a	left-handed	4	a-helix	bundle	

and	 the	 loops	 between	 the	 helices	 contribute	 to	 the	 substrate	 specificity	 of	 the	

bromodomain-containing	proteins.134	

	
1.6.3 Tudor	domains	
	
Tudor	domains	are	involved	in	many	cellular	processes,	including	RNA	metabolism,	histone	

modification	and	DNA	damage	response.135	Tudor	domains	bind	to	methylated	arginine	or	
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lysine	 residues,	 and	 are	 probably	 	 the	 most	 well-characterised	 family	 of	 methylarginine-

binding	 domains.136	 The	 Tudor	 domain	 itself	 consists	 of	 5-stranded	 bent	 anti-parallel	 b-

sheet	which	forms	an	aromatic	cage	to	bind	the	methylated	residues.	The	openness	of	the	

aromatic	cage	is	thought	to	define	its	substrate	specificity.135	

	
1.6.4 Chromodomains	
	
Chromodomains	were	originally	 identified	 in	 two	Drosophila	 proteins,	Polycomb	and	HP1,	

which	were	subsequently	found	in	most	plants	and	animals.137	The	chromodomains	found	in	

chromatin-associated	 proteins	 bind	 to	 methylated	 lysine	 residues.138	 For	 some	 proteins,	

DNA	binding	has	also	been	reported.139	Chromodomains	contain	three	anti-parallel	b-sheets	

and	a	a-helix,	made	up	of	around	50	amino	acids.140	

	
1.7 The	KDM7	subfamily	
	
The	subsequent	Chapters	in	this	Thesis	are	primarily	focused	on	the	human	KDM7	subfamily	

of	 JmjC	histone	demethylases.	The	KDM7	subfamily	consists	of	 three	members:	KIAA1718	

(KDM7A),	PHF8	(KDM7B)	and	PHF2	(KDM7C).77	Each	of	these	proteins	contains	a	PHD	finger	

and	an	N-terminal	JmjC	domain.	The	PHD	fingers	of	PHF8	and	KIAA1718	recognise	and	bind	

the	 trimethylated	 lysine	 of	 H3K4me3,	 while	 the	 JmjC	 domain	 removes	 the	methyl	 group	

from	the	lysine	residue	at	position	9	(PHF8)	or	27	(KIAA1718).115	Although	the	two	enzymes	

share	~82%	 sequence	 identity	 between	 their	 PHD	 fingers	 and	 64%	 identity	 between	 the	

JmjC	 domains	 (Figure	 1.13,	 Appendix	 1),	 their	 substrates	 differ;	 PHF8	 catalyses	 the	

demethylation	 of	 H3K9me2,	 whereas	 the	 reported	 substrate	 of	 KIAA1718	 is	

H3K27me2.115,141	The	substrate	specificity	is	thought	to	be	determined	(at	least	partially)	by	

the	 different	 length	 of	 the	 linker	 region	 between	 the	 PHD	 finger	 and	 the	 JmjC	 domain.	

However,	the	basis	of	the	substrate	specificity	of	PHF8	and	KIAA1718	is	not	fully	understood.	
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PHF8	and	KIAA1718	are	of	biological	 importance;	mutations	 in	the	JmjC	domain	of	human	

PHF8	(deletions	or	a	missense	mutation	F279S)	cause	inherited	X-linked	mental	retardation	

which	 is	 often	 accompanied	 by	 cleft	 palate	 and/or	 cleft	 lip,142,143	 while	 KIAA1718	 is	

associated	with	neural	induction	and	brain	inflammation.144–146	

	

PHF2	 is	 involved	 in	 chondrogenesis	 and	 adipogenesis.147,148	 Despite	 sharing	 significant	

sequence	 identity	with	PHF8	and	KIAA1718,	PHF2	was	 found	to	be	 inactive	 in	vitro.	Some	

cellular	 studies	 suggest	 that	 H3K9	 is	 a	 ‘substrate’	 of	 PHF2,	 and	 western	 blot	 analysis	

indicated	that	the	PHD	finger	of	PHF2	also	binds	H3K4me2/3.119,149	PHF2	was	found	by	Baba	

et	al.	to	be	activated	by	Protein	Kinase	A	(PKA)-mediated	phosphorylation	on	four	possible	

serine	residues.150	However,	without	structural	 information,	the	 impact	and	mechanism	of	

these	phosphorylation	events	are	uncertain.			

	
	
	
Figure	1.13	View	from	a	crystal	structure	of	PHF8	(light	blue	for	JmjC	domain	and	green	for	PHD	finger,	PDB	ID:	
3kv4)	and	KIAA1718	(dark	blue	for	JmjC	domain	and	forest	green	for	PHD	finger,	PDB	ID:	3kv5).	
H3K4me3K9me2	peptide	is	shown	in	yellow	sticks,	zinc	ion	in	purple	spheres	and	iron	in	orange	sphere.	 	

N 

N 

C 



Chapter	1	 	 Introduction	

	 22	

1.8 Thesis	objectives	
	

The	 existing	 experimental	 data	 on	 the	 KDM7	 subfamily	 of	 histone	 lysine	 demethylases	

defined	two	functional	domains	and	several	H3	substrates	in	vitro	and	in	cells.	However,	the	

causes	of	the	different	demethylation	activities	across	the	family	were	unclear.	Although	the	

KDM7	enzymes	are	of	biological	 importance,	no	selective	 inhibitors	have	been	discovered	

for	this	family.	The	work	described	in	the	subsequent	Chapters	of	this	Thesis	concerns	the	

biochemical	 study	 of	 the	 KDM7	 subfamily	 of	 enzymes,	 the	 underlying	 mechanism	 of	

substrate	 specificity	 and	 diversity,	 and	 the	 identification	 of	 novel	 inhibitors	 using	 two	

screening	platforms	that	are	amenable	to	high-throughput	screening.	

	
The	specific	aims	of	the	research	described	in	this	Thesis	are	to:	

	
1)	Characterise	the	in	vitro	demethylation	activity	of	each	member	of	the	KDM7	subfamily;	

2)	Identify	potential	new	substrates	for	PHF8	and	KIAA1718;	

3)	 Provide	 insight	 into	 the	 basis	 of	 the	 substrate	 selectivity	 and	 diversity	 of	 PHF8	 and	

KIAA1718;		

4)	Explore	the	effects	of	the	different	iron-binding	motifs	of	the	KDM7	enzymes		

5)	 Study	 the	 catalytically	 inactive	 PHF2	 from	 the	 perspectives	 of	 substrate	 binding	 and	

inhibition;	

6)	Establish	screening	platforms	to	evaluate	inhibitors	concerning	the	KDM7	enzymes.	

	
The	biochemical	characterisation	work	is	described	in	Chapter	2,	while	mechanistic	studies	

and	 inhibition	 studies	 are	 described	 in	 Chapter	 3	 and	 Chapter	 4,	 respectively.	 Chapter	 5	

describes	the	experimental	techniques	used	in	this	work.	
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Chapter 2 Biochemical Studies on the 
KDM7 subfamily 

	
	
2.1	Chapter	overview		
	
	
The	 work	 described	 in	 this	 Chapter	 concerns	 the	 biochemical	 characterisation	 of	 three	

members	of	human	histone	lysine	demethylase	(KDM)	7	subfamily,	i.e.	KIAA1718	(KDM7A),	

PHF8	(KDM7B)	and	PHF2	(KDM7C).	Initially,	the	in	vitro	demethylation	activity	of	each	KDM7	

was	investigated	using	MALDI-TOF	MS-based	assays.	Further	work	investigated	the	substrate	

selectivity	of	PHF8	and	KIAA1718,	resulting	in	identification	of	potential	new	substrates	for	

these	enzymes.	Finally,	the	potential	interaction	of	modified	lysine	peptides	with	KDM7s	was	

investigated;	the	results	provide	insight	into	the	cross	talk	between	the	PHD	finger	and	JmjC	

catalytic	 domains	 of	 each	 protein	 and	 the	 contributions	 of	 the	 PHD	 fingers	 to	 substrate	

specificity.	

	
The	modified	H1.4	peptides	used	in	this	Chapter	were	synthesised	by	Dr	Richard	Hopkinson.	
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2.2	Introduction	
	
	
The	KDM7	subfamily	of	human	KDMs	consists	of	three	members:	KIAA1718	(KDM7A),	PHF8	

(KDM7B),	and	PHF2	 (KDM7C).1	The	 three	enzymes	share	significant	sequence	 identity	and	

similarity	 (Appendix	1&2,	Sequence	alignment	of	KDM7	enzymes).	All	 the	members	of	the	

KDM7	 subfamily	 contain	 a	 PHD	 finger	 and	 a	 JmjC	 catalytic	 domain	 (Figure	 2.1).	 The	 PHD	

fingers	 bind	 the	 histone	 tail	 at	 H3K4me3,	 an	 interaction	 which	 is	 proposed	 to	 tune	 the	

substrate	selectivity	of	the	JmjC	catalytic	domains	of	KIAA1718	and	PHF8.2	The	JmjC	domains	

contain	 an	 iron-binding	 motif	 (HxD…H/Y)	 at	 their	 active	 sites,	 which	 is	 the	 site	 of	

demethylation	of	dimethyl-	or	monomethyl-lysine	residues,	at	H3K9me1/2	and	maybe	other	

residues	(see	below).	

	

	
	
Figure	2.1	Schematic	of	the	domains	of	the	KDM7	enzymes.	The	structures	of	each	construct	are	depicted	based	
on	the	full-length	protein.	Residue	numbers	are	shown	above	each	schematic.	The	linker	regions	of	each	enzyme	
are	highlighted	in	bold	purple.2,3		
	

Members	of	the	KDM7	subfamily	are	implicated	in	animal	development	and	cell	growth.	For	

example,	mutations	in	the	PHD	finger	and	JmjC	domain	of	the	human	PHF8	gene	are	linked	

to	midline	defects	such	as	autism,	X-linked	mental	 retardation,	and	cleft	 lip	and	palate.4–7	

Additionally,	knockdown	of	the	zebrafish	PHF8	homologue	causes	delayed	brain	development	
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and	correlates	with	abnormal	facial	growth.8	PHF8	has	also	been	reported	to	regulate	HIF1a	

hypoxia	signalling	by	binding	to	H3K4me3,	and	to	contribute	to	the	progression	of	castration-

resistant	prostate	 cancer	 (CRPC).9,10	Overexpression	 studies	with	KIAA1718	using	a	mouse	

embryonic	stem	cell	(ESC)	differentiation	system,	and	in	early	chick	embryos,	have	provided	

evidence	that	KIAA1718	promotes	neural	induction.11,12	KIAA1718	is	also	reported	to	mediate	

the	 upregulation	 of	 intercellular	 adhesion	 molecule	 1	 (ICAM1)	 which	 is	 involved	 in	 the	

adhesion	 and	 transmigration	 of	 leukocytes	 across	 the	 endothelium,	 contributing	 to	 the	

progression	of	brain	inflammation.13	PHF2	plays	an	important	role	in	adipogenesis.	14,15	Thus,	

knockout	 studies	 in	 mice	 and	 knock-down	 studies	 in	 3T3-L1	 cells	 suggested	 that	 PHF2	

promotes	fat	cell	differentiation	by	binding	to	the	gene	promotors	of	adipogenic	transcription	

factors.14,15	Cell-based	assays	demonstrated	 that	PHF2	 regulates	 the	expression	of	p53	by	

demethylating	H3K9me2	and	is	thus	associatied	with	p53-mediated	cancers.14,16	PHF2	is	also	

reported	 to	 inhibit	 rDNA	 transcription	by	competing	with	PHF8	 for	H3K4me2/3	binding	 in	

cells.17	 However,	 no	 published	 data	 has	 shown	 in	 vitro	 evidence	 of	 lysine	 demethylation	

catalysed	by	PHF2.	

	

The	aforementioned	biological	studies	mean	it	is	important	to	define	the	biochemical	roles	of	

the	 human	 KDM7	 proteins.	 PHF8	 is	 reported	 to	 be	 an	 H3K9me1/2	 and	 H3K36me2	

demethylase,	while	KIAA1718	accepts	H3K27me1/2	and	H3K9me1/2	as	 substrates.2,12,18–21	

PHF8	is	also	reported	to	demethylate	H4K20me1	in	cells	and	on	nucleosomal	substrates	 in	

vitro,	but	the	cellular	antibody	based	studies	have	not	been	supported	by	in	vitro	work	with	

peptidic	substrates.8,22		

	



Chapter	2		 	 Biochemical	studies	on	the	KDM7	subfamily	
	

	 	 	
	

33	

On	substrate	binding	to	PHF8,	crystallographic	studies	reveal	that	the	linker	region	between	

the	PHD	finger	and	JmjC	domain	of	PHF8	adopts	a	bent	conformation	(Figure	2.2	A),	such	that	

the	binding	to	H3K4me3	facilitates	the	catalytic	domain	binding	to	the	K9	position.2	The	linker	

region	 of	 KIAA1718	 is	 three	 amino	 acid	 residues	 longer	 than	 that	 of	 PHF8,	 and	 has	 been	

suggested	to	result	in	a	more	rigid	and	extended	conformation	(Figure	2.2	B),	allowing	the	

active	site	of	the	JmjC	domain	to	bind	at	the	K27	position	when	binding	to	H3K4me3.2	The	

JmjC	 domain	 of	 KIAA1718	 is	 therefore	 positioned	 further	 far	 away	 from	 the	 PHD	 finger,	

preventing	 the	 demethylation	 activity	 at	 K9	 by	 binding	 of	 the	 PHD	 finger	 to	 H3K4me3.	

Biochemical	studies	on	the	in	vitro	demethylation	activity	of	PHF8	and	KIAA1718	have	been	

carried	out	using	formaldehyde	dehydrogenase	coupled	(FDH)	assay	(Table	2.1);	however,	the	

factors	contributing	to	their	substrate	specificity	have	not	been	fully	investigated.				

	

Figure	2.2	View	from	a	crystal	structure	of	A)	PHF8	(PDB	ID:	3kv4)	JmjC	domain	(light	blue),	PHD	finger	(green)	
and	disordered	linker	region	(purple	dashed	line).	B)	KIAA1718	(PDB	ID:	3kv5)	JmjC	domain	(blue),	PHD	finger	
(forest	green)	and	extended	linker	region	(purple	loop).	Zinc	ion	shown	in	purple	sphere	and	iron	in	orange.		
	
	

Unlike	PHF8	and	KIAA1718,	the	catalytic	activity	of	PHF2	remains	questionable.	The	unusual	

active	site	binding	motif	of	PHF2	suggests	it	might	be	catalytically	inactive.	PHF2	contains	a	

tyrosine	(Y321)	in	place	of	the	second	histidine	residue	(H319	for	PHF8	and	H354	for	KIAA1718)	

within	 the	 canonical	 2OG	 oxygenase	 iron	 binding	 motif,	 although	 PHF2	 has	 been	
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demonstrated	 to	 bind	Ni(II)	with	 a	 KD	 of	 58	 +	 4	 µM.3	 PHF2	was	 reported	 to	 demethylate	

H3K9me1	in	vivo	by	western	analysis,	and	the	PHD	finger	of	PHF2	to	bind	H3K4me3.23	A	study	

by	Baba	et	al.	suggests	that	PHF2	becomes	active	upon	the	phosphorylation	of	a	serine	(S1056)	

by	protein	kinase	A	(PKA)	allowing	it	to	demethylate	H3K9me2	on	native	histones	in	vitro.24	

However,	no	demethylation	on	peptidic	substrates	by	PHF2	has	been	discovered	to	date,	and	

thus	 no	 further	 biochemical	 studies	 have	 been	 reported.	 To	 help	 address	 the	 substrate	

selectivity		of	KDM7	enzymes,	the	in	vitro	activities	were	characterised	using	MALDI-TOF	MS	

assays.	

	
Table	2.1	The	kinetic	parameters	from	the	previous	reported	biochemical	work	on	KDM7	subfamily.2	
	

Name	 Substrate(s)	 KM	(substrate)/µM	 Method	

PHF8	PHD-JmjC	

H31-24K4me3K9me2	 8.0	+	1.2	
FDH	

H31-24K9me2	 134	+	18	

KIAA1718	PHD-JmjC	
H31-24K4me3K9me2	 --	

FDH	
H31-24K9me2	 <	1.2	
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2.3	Results	and	discussion	
	
The	KDM7	enzymes	appear	to	represent	an	excellent	model	system	for	studying	how	non-

catalytic	 domains	 regulate	 activities	 at	 the	 catalytic	 JmjC	 domain	 thus	 were	 selected	 for	

detailed	biochemical	analyses.	The	expression	constructs	of	the	recombinant	KDM7	enzymes	

used	 and	 their	 respective	 sequences	 in	 this	 thesis	 are	 given	 in	 Table	 2.2.	 The	 constructs	

included	those	for	dual	domain	proteins	(i.e.	proteins	containing	both	PHD	finger	and	JmjC	

domain),	as	well	as	the	JmjC	domains	and	PHD	fingers	separately	(except	for	KIAA1718	where	

the	 JmjC	domain	only	construct	was	not	generated).	Purification	 tags	were	cleaved	 for	all	

recombinant	KDM7	proteins	used	in	this	Chapter,	unless	otherwise	stated.	

	
Table	2.2	The	KDM7	constructs	used	in	this	Thesis.	Constructs	used	in	previous	studies	are	also	shown	(residue	
number*).	The	protein	tags	used	for	protein	production	are	defined.	
	

Name	 Residue	number	 Residue	number*	 Tag	
PHF8	PHD-JmjC	 1	-	447	 1	–	4472,25	 TrxT	
PHF8	JmjC	 78	-	447	 62	–	4472	 TrxT	
PHF8	PHD	 1	-	65	 2	-	6626	 TrxT	

KIAA1718	PHD-JmjC	 38	-	480	 1	-	488	/	38	-	4882	 TrxT	
KIAA1718	PHD	 38	-	96	 --	 TrxT	
PHF2	PHD-JmjC	 1	-	449	 1	-	4513	 Z-Basic	
PHF2	JmjC	 59	-	449	 60	-	4513	 Z-Basic	
PHF2	PHD	 1	-	67	 1	-	703	 Z-Basic	

	

2.3.1	Protein	expression	and	purification	

	
The	expression	methods	for	the	production	of	all	the	KDM7	subfamily	derived	proteins	were	

similar.	 The	 targeted	 enzyme	 sequences	 were	 cloned	 into	 the	 appropriate	 T7-promoter	

containing	vectors	 (pET-28-a	backbone)	using	 the	 ligand	 independent	cloning	 (LIC-cloning)	

protocol	(Chapter	5,	Materials	and	Methods).27	The	plasmids	of	 interest	were	transformed	

and	expressed	into	DE3	lysogen	containing	Escherichia	coli	(E.	coli)	cells	,	and	the	harvested	



Chapter	2		 	 Biochemical	studies	on	the	KDM7	subfamily	
	

	 	 	
	

36	

cell	 pellets	were	 stored	 at	 -80	 °C	 before	 purification.	 Detailed	 protocols	 can	 be	 found	 in	

Chapter	5	Materials	and	Methods.		

	
The	 purification	methods	 for	 the	 KDM7	 derived	 proteins	 were	 based	 on	 the	 purification	

method	 reported	 for	 KIAA1718	 by	 Rose	 et	 al.,	 and	 were	 optimised	 for	 each	 protein	

construct.28	All	the	KDM7	enzymes	used	in	this	Thesis	are	shown	on	two	SDS-PAGE	gels	(Figure	

2.3).	This	section	describes	the	purification	of	wild-type	KDM7	enzymes;	the	expression	trials	

and	purification	procedures	 for	 variants	 of	 KDM7	proteins	 can	be	 found	 in	 Chapter	 3.	 All	

proteins	where	purification	tags	were	cleaved	were	purified	using	three	sequential	columns	

(a	Ni-affinity	or	an	ion-exchange	column,	a	reverse	Ni-affinity	column	after	tag-cleavage	and	

a	gel	 filtration	column).	Recombinant	wild-type	KDM7	proteins	were	at	 least	90%	pure	as	

judged	by	SDS-PAGE	analysis	 (Figure	2.3	A,	 lane	1-7),	except	 for	PHF2JmjC	which	had	some	

apparent	degradation	products	(or	other	impurities)	present	(Figure	2.3	A,	lane	8).	The	tagged	

proteins	were	subjected	to	two	column	chromatography	purifying	procedures	(a	Ni-affinity	

column	or	an	ion-exchange	column,	followed	by	a	gel	filtration	column)	and	were	at	least	80%	

pure	by	SDS-PAGE	analysis	(Figure	2.3	B,	lane	1-8).	PHF2Y321HJmjC	appeared	to	show	bands	

with	larger	molecular	weights	than	that	calculated	(Figure	2.3	A	lane	12	&	Figure	2.3	B	lane	

11),	possibly	due	to	binding	of	PHF2Y321HJmjC	with	contaminants	or	oligomerisation.	
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Figure	2.3	SDS-PAGE	gel	images	analyses	of	purified	A)	non-tagged	and	B)	tagged	KDM7	enzymes.	Calculated	
masses	of	the	untagged	and	tagged	proteins,	respectively,	are	given.	1:	PHF8PHD-JmjC,	51.7K	and	65.5K;	2:	PHF8PHD,	
7.5K	and	21.5K;	3:	PHF8JmjC,	42.9K	and	56.7K;	4:	KIAA1718PHD-JmjC,	51.4K	and	65.5K;	5:	KIAA1718PHD,	6.8K	and	
21.0K;	 6:	 PHF2PHD-JmjC,	 51.3K	 and	 60.3K;	 7:	 PHF2PHD,	 7.7K	 and	 16.7K;	 8:	 PHF2JmjC,	 44.6K	 and	 53.6K;	 9:	
PHF8H319YPHD-JmjC,	51.7K	and	65.5K	(note	that	for	this	protein	only,	the	non-tagged	protein	is	in	image	B	and	
tagged	 protein	 is	 in	 image	 A);	 10:	 PHF8H319YJmjC,	 42.9K	 (Figure	 A),	 PHF2Y31HPHD-JmjC	 60.3K	 (Figure	 B);	 11:	
PHF2Y31HPHD-JmjC,	51.3K	(Figure	A),	PHF2Y321HJmjC	53.6K	(Figure	B);	12:	PHF2Y321HJmjC,	44.6K	(Figure	A).	
	
	
For	PHF8	and	KIAA1718,	the	proteins	with	a	TrxT	tag	(using	pNH-TrxT	vector)	showed	high	

solubility	and	stability	during	the	chromatographic	purification.	The	TrxT	tags	also	improved	

the	expression	levels	of	proteins	(typically	10	mg	purified	protein	was	obtained	from	1	L	cell	

culture)	when	compared	to	proteins	constructs	in	the	pNIC28-Bsa4	vector,	which	encodes	for	

proteins	with	a	hexa-histidine	(His6)	tag,).	Therefore,	the	pNH-TrxT	vector	was	selected	as	the	

plasmid	 of	 choice	 for	 the	 large-scale	 expression	 of	 PHF8	 and	 KIAA1718.	 To	 obtain	 >90%	

puifiued	protein	(by	SDS-PAGE),	the	target	protein	was	purified	from	cell	lysates	using	at	least	

two	chromatography	steps,	i.e.	a	Ni-affinity	column	followed	by	a	size	exclusion	column.	The	

cleavage	of	 tagged	protein	was	carried	out	using	the	Tobacco	Etch	Virus	 (TEV)	protease29,	

which	was	usually	carried	out	via	overnight	incubation	after	the	first	Histrap®	column.		

	
All	 three	members	 of	 KDM7	 subfamily	were	 found	 to	precipitate	 and	degrade	during	 the	

purification	procedure	(Figure	2.4	showing	PHF8	as	an	example),	indicating	that	minimising	

the	duration	of	the	purification	process	would	render	a	more	active	batch	of	protein.	After	
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optimisation,	a	24-hour	purification	protocol	(over	two	days)	was	established,	which	enabled	

apparently	 full	 cleavage	 of	 the	 tags	 and	 avoided	 visible	 precipitation.	 In	 summary	 the	

optimised	procedure	was	as	follows:	the	stored	cell	pellet	was	thawed,	sonicated	and	then	

purified	using	a	HisTrapÔ	column	(except	for	PHF2	that	used	a	SP	Seph	column),	all	within	a	

4	hour	period.	TEV	catalysed	cleavage	was	then	immediately	initiated	(over	12	hours).	The	

resultant	protein	solution	(including	PHF2)	was	next	quickly	(<	5min)	passed	through	another	

HisTrapÔ	 column	 to	 remove	 the	 his-tagged	 TEV	 protease	 and	 uncleaved	 protein	 (if	 still	

present)	before	running	through	a	gel	filtration	column	over	2	hours.	In	the	final	step,	protein	

was	concentrated	using	AmiconÒ	ultra	centrifugal	filters	(MilliPore),	then	aliquoted	(2	hours).	

Therefore,	 the	 overall	 purification	 process	 lasted	 no	 more	 than	 24	 hours	 (see	 detailed	

protocol	in	Chapter	5	Materials	and	Methods).	Importantly,	it	was	found	that	freshly	prepared	

TEV	protease	(i.e.	the	material	used	had	to	have	been	purified	within	3	months)	was	needed	

to	achieve	nearly	100%	cleavage	within	12	hours	and	 to	avoid	any	wastage	via	uncleaved	

protein.		

	
Different	columns	were	tested	to	optimise	the	purification	protocol.	The	use	of	Histrap	FF®	

(fast	flow)	and	Histrap	HP®	(high	performance)	5	mL	columns	resulted	in	a	similar,	if	not	the	

same,	protein	purity	and	purification	speed.	Gel	filtration	columns	Superdex™	75	10/300	GL	

(S75)	and	Superdex™	200	10/300	GL	(S200)	are	technically	capable	of	separating	all	the	JmjC	

domain-containing	proteins,	since	their	molecular	weights	were	within	the	separation	range	

of	both	columns	 (Table	2.3).30	However,	 in	practice,	use	of	 the	S75	column	yielded	higher	

purity	than	the	S200	column,	especially	when	the	protein	loading	was	high.	Further,	the	PHD	

finger	proteins	could	only	be	purified	by	the	S75	column	given	their	relatively	low	molecular	
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weight	(typically	7k	Da	without	a	tag).	Therefore,	the	S75	column	was	used	throughout	the	

purification	of	all	proteins	described	in	this	Thesis.	

	
	

	
	
	
Figure	2.4	PHF8	can	precipitate	during	the	purification	process.	A)	PHF8	protein	solution	after	Histrap	column	
(left)	 and	after	overnight	 TEV	 cleavage	 (right).	B)	 SDS-PAGE	gel	 image	 showed	degradation	of	 pNIC28-Bsa4-
PHF8PHD-JmjC	after	a	S75	gel	filtration	column	chromatography.	Lane	1-13	shows	13	fractions	from	gel	filtration	
column.	Lane	3-10	were	exampled	from	elution	peak.	Flow	rate:	1	ml/min;	temperature	:4	°C;	buffer:	50	mM	
HEPES	(pH	7.5),	500	mM	NaCl,	1	mM	TCEP.	
	
	
Table	2.3	Column	data	of	S75	10/300	GL	column	and	S200	10/300	GL	column	from	GE	Healthcare®.30	

	 S75	 S200	
Matrix	 Cross-linked	agarose	and	dextran	

Average	Particle	Size	 13	µm	
pH	Stability	Range	 3	to	12	
Exclusion	Limit	 Approx.	1	×	105	 Approx.	1.3	×	106	

Optimum	Separation	Range	 3,000	–	70,000	 10,000	–	600,000	
Maximum	Flow	Rate	r.t.	 1.5	ml/min	 1.0	ml/min	

	
For	PHF2,	Ni-affinity	 chromatography	was	 avoided	 since	previous	 studies	by	Xian	Deng	 (a	

former	Master	student	in	Schofield	group)	indicated	that	nickel	ions	could	destabilise	PHF2	

protein	(further	studies	of	metal	binding	can	be	found	in	Chapter	3	Section	3.2.6).	To	obtain	

sufficiently	 stable	 and	 pure	 PHF2	 protein,	 optimisation	 of	 the	 purification	 procedure	was	

carried	out	based	on	that	established	for	PHF8	and	KIAA1718.	An	ion-exchange	(IEX)	column	

was	used	to	replace	the	HisTrapÔ	column	in	the	first	step	of	the	PHF2	purification	protocol	

in	order	to	prevent	the	protein	from	contacting	nickel	ions.	Based	on	Xian	Deng’s	study,	IEX	+	
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size-exclusion	 column	was	 chosen	 to	 purify	 PHF2.	 A	 considerable	 amount	 of	 degradation	

during	purification	procedure	was	observed	 for	 PHF8	when	using	 the	pNIC28-Bsa4	 vector	

(Figure	2.4B).	In	an	attempt	to	minimise	degradation,	the	PHF2	gene	was	subcloned	into	the	

pNIC-ZB	vector	(containing	a	Z-Basic	tag).	The	highly	charged	Z-Basic	tag	is	an	engineered	tag	

based	 on	 the	 sequence	 of	 protein	 Z	 and	 is	 used	 to	 achieve	 selective	 capture	 of	 target	

proteins.31	The	strong	ion	binding	affinity	of	Z-Basic	tag	renders	the	tagged	protein	to	bind	

more	tightly	to	the	IEX	column	over	other	protein	contaminants31.	This	enables	the	tagged	

protein	to	be	eluted	using	a	high-salt	buffer	(500	mM	NaCl)	and	most	of	the	impurities	to	be	

removed	 using	 a	 low-salt	 wash	 buffer.	 Although	 degradation	 of	 PHF2	 protein	 was	 still	

observed	during	IEX	column	purification	(Figure	2.5	A),	the	size-exclusion	column	after	TEV	

cleavage	removed	most	of	the	apparent	degradation	products	(Figure	2.5	B).	The	overall	PHF2	

purification	process	was	carried	out	in	less	than	24	hours,	as	optimised	for	PHF8	and	KIAA1718,	

to	minimise	degradation.	Moreover,	because	the	Z-Basic	tag	significantly	improved	protein	

solubility,	the	overall	yield	was	also	improved.	Finally,	to	keep	proteins	stable	at	-80	°C,	5%	

glycerol	 (v/v	 final)	 was	 added	 into	 the	 protein	 solution	 before	 snap-freezing	 using	 liquid	

nitrogen.	
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Figure	 2.5	Purification	 of	 PHF2	 using	 the	 pNIC-ZB	 vector.	A)	 SDS-PAGE	 gel	 image	 shows	 the	 purity	 of	 PHF2	
fractions	from	SP	seph	column.	Degradation	occurred	at	low	molecular	weight	area.	Lane	1:	Cell	lysate	(filtered);	
Lane	2:	Flow-through;	Lane	3:	40	mM	NaCl	wash;	Lane	4:	200	mM	NaCl	wash;	Lane	5:	500	mM	NaCl	elution.	B)	
SDS-PAGE	 gel	 image	 is	 showing	 the	 cleaved	 PHF2	 protein	 with	 most	 of	 the	 degradation	 removed	 by	 size-
exclusion	column.	Lane	1:	PHF2	with	tag;	Lane	2:	PHF2	with	tag	cleaved	(column	load);	Lane	3-7:	gel	filtration	
fractions.	Final	PHF2	protein	could	achieve	over	90%	pure.		
	
	
2.3.2	Optimisation	of	in	vitro	assay	conditions	for	demethylation	of	dimethyllysine	by	

KDM7	family	enzymes	

Several	 publications	have	 reported	 in	 vitro	 assays	 to	measure	 the	activity	of	 recombinant	

KDM7	 enzymes	 under	 a	 variety	 of	 conditions.2,3,18,21	 Loenarz	 et	 al.	 have	 reported	 the	

demethylation	 of	 a	 H31-19K9me1	 peptide	 by	 PHF8	 in	 50	 mM	 Tris-HCl	 (2-amino-2-

(hydroxymethyl)-1,3-propanediol	 hydrochloride)	 buffer	 (pH	7.5).18	Horton	et	 al.	measured	

the	 demethylation	 activities	 of	 both	 PHF8	 and	 KIAA1718	 against	 H31-24K9me2	 and	 H31-

35K27me2	in	50	mM	HEPES	(4-(2-hydroxyethyl)	piperazine-1-ethanesulfonic	acid)	buffer	(pH	

7.0).2	ceKIAA1718	(Caenorhabditis	elegans	ortholog	of	KIAA1718)	was	reported	to	catalyse	

the	removal	of	the	methyl	marks	at	H3K9	and	H3K27	in	20	mM	Tris-HCl	buffer	(pH	7.5)	by	

Hanqing	Lin	et	al.21	Thus,	to	select	optimal	assay	conditions	for	the	KDM7s	in	enzymatic	assays,	

demethylation	reactions	catalysed	by	the	KDM7s	in	both	HEPES	and	Tris-HCl	buffers	at	pH	7.5	

were	initially	examined.		
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1								2							3							4							5		 

1							2							3								4								5						6									7		 A 



Chapter	2		 	 Biochemical	studies	on	the	KDM7	subfamily	
	

	 	 	
	

42	

In	the	buffer	optimisation	assays,	Fe(II)	(200	µM),	ascorbate	(2	mM)	and	2OG	(2	mM)	were	

used	in	excess	in	an	attempt	to	ensure	maximum	activity.	100	mM	NaCl	was	also	included	in	

the	buffers	to	prevent	the	enzymes	from	precipitating.	The	KDM7	enzyme	(5	µM)	and	histone	

substrate	 (10	µM)	 concentrations	were	 kept	 constant	 throughout	 the	 buffer	 optimisation	

assays.	The	demethylation	reaction	mixture	was	incubated	at	37	°C	for	1	hour	before	being	

quenched	by	2%	(v/v)	aqueous	formic	acid.	All	end-point	reaction	mixtures	were	analysed	by	

MALDI-TOF	MS.	For	PHF8	and	PHF2,	the	tested	buffers	did	not	substantially	influence	their	

demethylation	activities,	as	the	extent	of	demethylation	observed	was	almost	the	same	in	

HEPES	or	Tris-HCl	(Figure	2.6	A	&	B).	For	KIAA1718,	however,	its	demethylation	activity	against	

H31-15K9me2	was	doubled	in	HEPES	buffer	compared	to	Tris-HCl;	interestingly	the	extent	of	

H31-15K4me3K9me2	demethylation	remained	similar	in	the	two	buffers	(Figure	2.6	C).	Based	

on	these	results	(and	to	remain	consistent	with	protein	purification	(section	2.3.1)),	HEPES	

was	used	for	all	subsequent	KDM7	assays.		

	
	
Figure	2.6	KDM7	enzyme	catalsyed	demethylation	of	H31-15K4me3K9me2	or	H31-15K9me2	in	either	50	mM	HEPES	
buffer	or	50	mM	Tris-HCl	buffer	(containing	100	mM	NaCl).	Red:	HEPES;	Black:	Tris-HCl.	Solid	colour:	H31-15K9me2;	
Slash	 pattern:	 H31-15K4me3K9me2.	 A)	 PHF8.	 B)	 PHF2.	 C)	 KIAA1718.	 Reactions	 were	 quenched	 by	 2%	 (v/v)	
aqueous	formic	acid	after	1-hour	incubation	at	37	°C.	The	extent	of	demethylation	(percentage)	was	analysed	
by	MALDI-TOF	MS.	Figures	were	generated	using	Prism®	software.	A	sample	without	enzyme	was	used	as	a	
negative	control	for	normalisation.	Data	are	plotted	as	the	mean	of	technical	duplicates,	and	error	bars	give	±	
one	s.d.	
	
	

B A C 
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Next,	the	effects	of	different	pH	values	on	demethylation	were	tested	(pH	6.0,	7.0,	8.0	and	

9.0).	Demethylation	reactions	were	carried	out	in	the	same	way	as	for	buffer	optimisation,	

but	this	time	in	all	cases	using	50	mM	HEPES	as	the	buffer.	For	isolated	PHF8,	demethylation	

activities	 against	 both	 peptides	 were	 the	 highest	 in	 pH	 7.0	 buffer	 (Figure	 2.7	 A	 &	 B).	

Interestingly,	demethylation	of	H31-15K9me2	by	PHF8	was	only	observed	at	pH	7.0	(Figure	2.7	

A),	suggesting	that	the	interaction	between	H3K9me2	and	the	JmjC	domain	of	PHF8	might	be	

more	susceptible	to	pH	changes	than	the	H3K4me3	interaction.	The	relationship	between	pH	

and	KIAA1718	activity	on	H31-15K4me3K9me2	followed	the	same	trend	as	observed	for	PHF8	

(Figure	 2.7	 D).	 Unlike	 PHF8,	 KIAA1718	 demethylated	 H31-15K9me2	 at	 pH	 7.0,	 8.0	 and	 9.0	

(Figure	2.7	C),	although	the	greatest	extent	of	demethylation	of	H31-15K9me2	by	KIAA17718	

was	still	observed	at	pH	7.0.	PHF2	only	showed	at	most	5%	(if	any)	possible	demethylation	

activity	 under	 the	 conditions	 tested,	 which	 made	 it	 difficult	 to	 carry	 out	 further	

characterisations	(Figure	2.7	E	&	F).	These	results	suggest	that	pH	had	a	significant	influence	

on	KDM7	enzymatic	activity	and	that	of	the	tested	conditions	pH	7.0	was	optimal	for	PHF8	

and	KIAA1718.	Therefore,	pH	7.0	was	selected	for	the	in	vitro	demethylation	assays	for	the	

KDM7s.	
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Figure	2.7	KDM7	enzyme	catalsyed	demethylation	of	H31-15K4me3K9me2	and	H31-15K9me2	 in	50	mM	HEPES	
buffer,	100	mM	NaCl,	various	pH.	Red:	pH	6.0;	Black:	pH	7.0;	Blue:	pH	8.0;	Purple:	pH	9.0.	A)	PHF8	against	H31-
15K9me2.	 B)	 PHF8	 against	 H31-15K4me2K9me2.	 C)	 KIAA1718	 against	 H31-15K9me2.	D)	 KIAA1718	 against	 H31-
15K4me3K9me2.	E)	PHF2	against	H31-15K9me2.	F)	PHF2	against	H31-15K4me3K9me2.	Reactions	were	quenched	
with	2%	(v/v)	aqueous	formic	acid	after	1-hour	incubation	at	37	°C.	Demethylation	percentage	was	analysed	by	
MALDI-TOF	MS.	Figures	were	generated	using	Prism®	software.	A	sample	without	enzyme	was	used	as	a	negative	
control	for	normalisation.	Data	are	plotted	as	the	mean	of	technical	triplicates,	and	error	bars	give	±	one	s.d.	
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The	last	factor	examined	was	the	concentration	of	NaCl,	which	is	known	to	have	a	significant	

effect	 on	 some	 KDM	 catalysed	 demethylase	 activities.32	 The	 demethylation	 reactions	 of	

KDM7	enzymes	 against	 both	H31-15K4me3K9me2	 and	H31-15K9me2	were	 investigated.	 The	

buffers	used	in	the	screening	assays	were	50	mM	HEPES	buffer	(pH7.0)	with	0,	50,	100,	and	

500	mM	NaCl.	The	experimental	procedure	was	 the	same	as	 for	 the	 investigations	on	the	

effects	of	the	buffering	system	and	pH.	The	extent	of	demethylation	after	1-hour	incubation	

was	 measured	 under	 each	 condition.	 For	 PHF8,	 with	 H31-15K4me3K9me2,	 100%	 of	

demethylation	was	achieved	after	1-hour	incubation	under	all	the	conditions	tested	(Figure	

2.8	 B),	 indicating	 that	 PHF8	 is	 very	 active	 with	 H31-15K4me3Kme2,	 and	 so	 may	 not	 be	

influenced	 substantially	 by	 the	NaCl	 concentration,	 under	 the	 tested	 conditions.	 The	 final	

demethylation	conversions	of	H31-15K9me2	were	less	than	40%	for	all	tested	conditions;	the	

highest	percentage	demethylation	was	achieved	with	50	mM	NaCl	(Figure	2.8	A).		

	
To	further	investigate	the	effect	of	salt	on	PHF8	and	H31-15K4me3K9me2,	time	course	analyses	

were	recorded	where	demethylation	reactions	were	quenched	at	various	time	points.	The	

results	 reveal	 that	 the	 concentration	 of	 NaCl	 negatively	 affect	 the	 initial	 rate	 of	 the	

demethylation	of	PHF8	using	H31-15K4me3K9me2	(Figure	2.9).	Reactions	under	all	conditions	

reached	a	plateau	after	15	minutes,	but	the	reaction	in	50	mM	NaCl	buffer	manifested	the	

highest	reaction	rate.	Notably,	some	white	precipitation	was	observed	upon	diluting	enzyme	

stock	into	the	buffer	without	NaCl.	Therefore,	a	50	mM	HEPES,	pH	7.0,	50	mM	NaCl	buffer	

was	chosen	for	PHF8	assays	based	on	a	combination	of	the	enzymatic	activity	and	stability	

considerations.	

	
With	KIAA1718,	 low	 salt	 conditions	 (0,	 50	mM	NaCl)	were	 found	 to	be	preferred	 for	H31-

15K9me2	 demethylation	 (Figure	 2.8	 C);	 the	 highest	 extent	 of	 H31-15K4me3K9me2	
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demethylation	was	achieved	in	50	and	100	mM	NaCl	buffer	(Figure	2.8	D).	PHF2	did	not	show	

obvious	demethylation	under	any	of	the	condition	examined.	Therefore,	the	same	buffer	as	

PHF8	was	selected	for	subsequent	KIAA1718	demethylation	studies.		

	
	
Figure	2.8	KDM7	enzymes	catalysed	demethylation	of	H31-15K4me3K9me2	and	H31-15K9me2	in	50	mM	HEPES	
buffer	(pH	7.0)	with	various	concentration	of	NaCl.	Red:	0	mM;	Black:	50	mM;	Blue:	100	mM;	Purple:	500	mM.	
A)	 PHF8	 against	 H31-15K9me2.	 B)	 PHF8	 against	 H31-15K4me3K9me2.	 C)	 KIAA1718	 against	 H31-15K9me2.	 D)	
KIAA1718	 against	 H31-15K4me2K9me2.	 E)	 PHF2	 against	 H31-15K9me2.	 F)	 PHF2	 against	 H31-15K4me3K9me2.	
Reactions	were	 quenched	 by	 2%	 (v/v)	 aqueous	 formic	 acid	 after	 1-hour	 incubation	 at	 37	 °C.	 The	 extent	 of	
demethylation	 was	 analysed	 by	 MALDI-TOF	 MS.	 Figures	 were	 generated	 using	 Prism®	 software.	 A	 sample	
without	enzyme	was	used	as	a	negative	control	for	normalisation.	Data	are	plotted	as	the	mean	of	technical	
triplicates,	and	error	bars	give	±	one	s.d.	
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Figure	2.9	Time	courses	of	PHF8	catalysed	demethylation	of	H31-15K4me3K9me2.	Reactions	were	quenched	by	
2%	(v/v)	aqueous	formic	acid	after	certain	time	period	of	incubation	at	37	°C.	The	extent	of	demethylation	was	
analysed	by	MALDI-TOF	MS.	Figures	were	generated	using	Prism®	software.	A	pre-quenched	sample	was	used	
as	a	negative	control	for	normalisation.	Data	are	plotted	as	the	mean	of	technical	triplicates,	and	error	bars	give	
±	one	s.d.	
	
To	summarise	the	results	described	in	this	section,	a	graphic	of	the	conditions	tested	is	shown	

in	Figure	2.10,	with	the	optimal	condition	highlighted	in	bold	blue.		

	

	
	
	
Figure	2.10	In	vitro	demethylation	assay	buffer	optimisation	for	KDM7s.	
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2.3.3	Investigations	on	the	in	vitro	demethylation	activities	of	PHF8		

	
Previous	 work	 reported	 the	 demethylation	 activities	 of	 PHF8	 against	 H3K9me1/me2,	

H3K36me1/me2	 and	 H4K20me1	 substrates,	 both	 with	 isolated	 proteins	 and	 in	 cells.2,8,18	

Notably,	Horton	et	al.	demonstrated	that	the	demethylation	activity	of	PHF8	on	H3K9me2	is	

promoted	by	the	presence	of	H3K4me3.2	To	further	investigate	the	substrate	preference	of	

PHF8,	 and	 to	 validate	 the	 activity	of	 isolated	PHF8,	 time	 courses	of	 PHF8PHD-JmjC	with	H31-

15K4me3K9me2	 and	 H31-15K9me2	 peptides	 were	 recorded	 using	 the	 optimised	 buffer	

conditions	 (section	 2.3.2).	 In	 these	 assays,	 50	 µM	 of	 Fe	 (II),	 1	mM	 of	 2OG	 and	 2	mM	 of	

ascorbate	were	used	to	match	the	literature	conditions.2		

	

The	time	course	experiments	revealed	that	PHF8PHD-JmjC	has	relatively	weak	/	slow	activity	on	

the	H31-15K9me2	peptide,	with	a	t1/2	of	more	than	1	hour	(Figure	2.11	A).	By	contrast,	for	the	

peptide	modified	by	methylation	at	both	H3K4me3	and	H3K9me2,	the	activity	of	PHF8	was	

enhanced	by	more	than	12-fold,	with	a	t1/2	of	less	than	5	minutes	(Figure	2.11	B),	implying	

that	 the	 presence	 of	 H3K4me3	 significantly	 increases	 PHF8	 activity	 on	 H3K9me2.	 The	

individually	 plotted	 figure	 of	 H31-15K9me0/1/2	 also	 revealed	 an	 interesting	 pattern	 of	

demethylation.	The	curve	of	H31-15K9me1	started	to	flatten	and	reached	its	steady	state	after	

60	min	(Figure	2.11	C,	blue),	indicating	that	H3K9me1	accumulates	and	is	demethylated	into	

H31-15K9me0	 at	 a	 similar	 rate.	 Since	 the	 increment	 of	 H31-15K9me1	 equals	 to	 the	

demethylation	of	H31-15K9me2,	the	plateau	of	H31-15K9me1	curve	suggests	that	PHF8	also	has	

a	similarly	low	activity	for	H31-15K9me1	as	compared	to	H31-15K9me2.	On	the	other	hand,	for	

the	H31-15K4me3K9me2	peptide,	the	relative	abundance	of	H31-15K4me3K9me2	dropped	to	

about	 10%	 within	 5	 minutes	 while	 the	 curve	 for	 H31-15K4me3K9me1	 mostly	 stayed	 flat,	
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indicating	 that	 the	monomethyl	 group	 of	 H31-15K4me3K9me1	was	 removed	 efficiently	 by	

PHF8	(Figure	2.11	D).	This	discrimination	in	reaction	rates	indicates	that	PHF8	has	a	higher	

activity	for	H31-15K4me3K9me1	compared	to	H31-15K9me1.		

	

In	 conclusion,	 the	 presence	 of	 H3K4me3	 enhances	 PHF8	 activity	 on	 both	 H3K9me2	 and	

H3K9me1,	consistent	with	the	work	by	Horton	et	al.2	The	PHF8PHD-JmjC	construct	used	in	this	

Thesis	 was	 the	 same	 as	 their	 work,	 but	 15	 mer	 peptides	 replaced	 24	 mer	 due	 to	 their	

availability.	 To	 understand	 the	 possible	 effects	 of	 the	 length	 of	 substrate	 peptide,	 time	

courses	against	21	mer	H3K4me3K9me2	and	H3K9me2	were	then	measured	using	the	same	

conditions.	

	
	
Figure	2.11	PHF8PHD-JmjC	demethylation	assays	using	MALDI-TOF	MS.	A)	Overall	demethylation	time	course	of	
H31-15K9me2.	B)	Overall	demethylation	time	course	of	H31-15K4me3K9me2.	C)	Individual	plots	of	Kme0,	Kme1	
and	Kme2	of	H31-15K9me2.	D)	Individual	plots	of	Kme0,	Kme1	and	Kme2	of	H31-15K4me3K9me2.	A	pre-quenched	
sample	was	used	as	a	negative	control	for	normalisation.	Data	are	plotted	as	the	mean	of	technical	triplicates,	
and	error	bars	give	±	one	s.d.	
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The	addition	of	6	extra	amino	acids	to	the	C-terminal	of	the	substrate	boosted	PHF8	activity	

against	 H3K9me2	 by	 at	 least	 30-fold,	 with	 a	 t1/2	 of	 2	 min	 (Figure	 2.12	 A);	 the	 overall	

demethylation	of	H31-21K4me3K9me2	was	similar	to	that	of	the	15	mer	peptide	(Figure	2.12	

B),	with	a	t1/2	of	less	than	2	min.	Two	minutes	was	the	earliest	time	point	measured	due	to	

constraints	of	the	experimental	set	up.	Therefore,	it	is	difficult	to	precisely	compare	the	PHF8	

activity	against	21	mer	and	15	mer	H3K4me3K9me2	peptides	since	their	t1/2	values	cannot	be	

measured	accurately	using	this	chosen	method.	However,	close	inspection	of	the	individual	

plots	of	H3K9me0/1/2	indicates	that	the	increase	of	H3K9me0	(21	mer)	was	slower	than	that	

of	H3K9me0	(15	mer),	(Figure	2.11	D,	purple	and	Figure	2.12	D,	purple),	with	a	much	larger	

accumulation	of	the	monomethylated	peptide.	Moreover,	the	time	for	90%	conversion	to	the	

fully	demethylated	peptide	was	5	min	for	the	15	mer	peptide	and	1	hour	for	the	21	mer.	The	

slower	accumulation	of	H3K9me0	indicated	slower	turnover	of	H3K9me1	suggests	that	the	

activity	 of	 PHF8	 for	 H3K4me3K9me1	 is	 attenuated	 by	 elongation	 of	 the	 peptide,	 though	

activity	on	the	H3K4me3K9me2	is	not	significantly	influenced.	

	
To	summarise	the	results	described	in	this	section,	PHF8PHD-JmjC	demethylated	dimethyl-	and	

monomethyl-	K9	on	histone	3	 tail	peptides.	Demethylation	of	H3K9me2	and	H3K9me1	by	

PHF8	was	boosted	by	the	presence	of	H3K4me3,	and	the	length	of	peptidic	substrates	was	

found	to	influence	PHF8	activity	(Table	2.4).	

	
	
	



Chapter	2		 	 Biochemical	studies	on	the	KDM7	subfamily	
	

	 	 	
	

51	

	
	
Figure	2.12	Demethylation	of	histone	peptides	by	PHF8PHD-JmjC.	A)	Overall	demethylation	 time	course	of	H31-
21K9me2.	B)	Overall	demethylation	time	course	of	H31-21K4me3K9me2.	C)	Individual	plots	of	Kme0,	Kme1	and	
Kme2	 of	 H31-21K9me2.	 D)	 Individual	 plots	 of	 Kme0,	 Kme1	 and	 Kme2	 of	 H31-21K4me3K9me2.	 Figures	 were	
generated	using	Prism®	software.	A	pre-quenched	sample	was	used	as	a	negative	control	for	normalisation.	Data	
are	plotted	as	the	mean	of	technical	triplicates,	and	error	bars	give	±	one	s.d.	
	
	
	
Table	2.4	Summary	of	the	K9me2	demethylation	reactions	catalysed	by	PHF8.	The	values	marked	with	asterisks	
are	reported	in	the	literature.2	
	

	 H3K4me3K9me2	 H3K9me2	

	 15	mer	 21	mer	 24	mer	 15	mer	 21	mer	 24	mer	

t1/2	 <	5	min	 <	2	min	 5	min*	 >	60	min	 2	min	 60	min*	

90%	conversion	 5	min	 4	min	 20	min*	 >	60	min	 10	min	 >	60	min*	
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2.3.4	Investigations	on	KIAA1718	catalysed	demethylation	reactions	

	
KIAA1718	is	reported	to	demethylate	H31-24K9me2	and	H31-35K27me2.2,21	According	to	studies	

by	Horton	et	al.,	the	binding	of	KIAA1718	to	H3K4me3	reduces	demethylation	of	H3K9me2	

while	facilitating	that	of	H3K27me2.	To	investigate	this	substrate	preference,	demethylation	

assays	with	a	series	of	peptides	were	carried	out	with	KIAA1718PHD-JmjC.	Time	courses	were	

undertaken	for	each	peptide	using	the	same	 in	vitro	demethylation	assay	conditions	as	for	

PHF8PHD-JmjC	(Section	2.3.3).	t1/2	of	histone	substrates	and	the	time	for	90%	conversion	were	

used	to	compare	the	activities	with	different	peptides.	Time-courses	were	carried	out	with	

H3K9me2	(15	mer	and	21	mer),	H3K4me3K9me2	(15	mer	and	21	mer),	H3K27me2	(21	mer)	

and	H3K4me3K27me2	(35	mer).	

	

Compared	 to	 PHF8PHD-JmjC,	 KIAA1718PHD-JmjC	 showed	 relatively	 high	 demethylation	 activity	

with	 H31-15K9me2,	 with	 a	 t1/2	 of	 20	 min	 (Figure	 2.13	 A).	 In	 contrast	 to	 PHF8PHD-JmjC,	 the	

presence	of	H3K4me3	decreased	KIAA1718	activity	on	H3K9me2,	with	the	t1/2	increasing	to	

more	than	60	min	(Figure	2.13	B),	though	not	as	significantly	as	that	observed	by	Horton	et	

al,	possibly	due	to	the	differences	in	peptide	substrate	length.	The	accumulation	rate	of	H31-

15K9me0	 was	 also	 faster	 than	 H31-15K4me3K9me0,	 indicating	 that	 demethylation	 of	 H31-

15K9me1	is	also	attenuated	by	the	presence	of	H3K4me3	(Figure	2.13	C	&	D).		
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Figure	2.13	KIAA1718PHD-JmjC	demethylation	assays	by	MALDI-TOF	MS.	A)	Overall	demethylation	time	course	of	
H31-15K9me2.	B)	Overall	demethylation	time	course	of	H31-15K4me3K9me2.	C)	Individual	plots	of	Kme0,	Kme1	
and	Kme2	of	H31-15K9me2.	D)	 Individual	plots	of	Kme0,	Kme1	and	Kme2	of	H31-15K4me3K9me2.	Figures	were	
generated	using	Prism®	software.	A	sample	without	enzyme	was	used	as	a	negative	control	for	normalisation.	
Data	are	plotted	as	the	mean	of	technical	triplicates,	and	error	bars	give	±	one	s.d.	
	
	
To	further	investigate	the	substrate	specificity	of	KIAA1718	and	the	effect	of	peptide	length,	

other	demethylation	assays	were	carried	out	using	the	21	mer	histone	H3K4me3K9me2	and	

H3K9me2	peptides.	KIAA1718	activity	on	21	mer	H3K9me2,	which	gave	a	t1/2	of	3	min,	was	

increased	compared	to	the	15	mer	peptide	(Figure	2.14	A).	By	contrast,	demethylation	of	H31-

21K4me3K9me2	was	nearly	abolished	by	the	addition	of	the	six	amino	acids	to	the	C-terminal	

(Figure	2.14	B).	These	results	are	consistent	with	the	published	data	using	24	mer	peptides,	

where	the	t1/2	of	H31-24K9me2	was	4	min,	supporting	the	assumption	that	the	shorter	peptide	

length	was	responsible	for	the	differences	observed	with	the	15	mer	peptides.2		
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The	opposite	trend	was	observed	with	PHF8,	where	the	presence	of	H3K4me3	substantially	

enhanced	PHF8	activity	against	H3K9me2.	One	explanation	for	this	difference	is	the	different	

length	linker	(Figure	2.1).	According	to	Horton	et	al.,	when	H3K4me3	and	H3K9me2	are	both	

present,	the	binding	of	PHD	finger	to	H3K4me3	acts	like	an	anchor,	and	the	demethylation	of	

H3K9me2	by	JmjC	domain	follows.2	The	 linker	KIAA1718	 is	 longer	than	PHF8	and	adopts	a	

rigid	conformation.	It	is	likely	that	when	the	PHD	finger	is	bound	to	H3K4me3,	the	distance	

between	H3K4	and	H3K9	becomes	too	short	for	the	JmjC	domain	of	KIAA1718	to	reach	the	

dimethyl-lysine	at	position	9.	On	the	other	hand,	since	the	linker	of	PHF8	is	shorter	and	more	

flexible,	position	9	is	in	an	optimal	position	for	the	JmjC	domain	to	capture	H3K9me2.		

It	 is	 interesting	 that	 as	 the	 length	 of	 peptide	 is	 increased	 from	 15	 mer	 to	 21	 mer	 the	

demethylation	of	H3K9me2	catalysed	by	KIAA1718	becomes	more	efficient	 (Figure	2.13	&	

2.14,	also	see	Table	2.5).	For	PHF8,	the	highest	demethylation	activity	observed	was	with	the	

21	mer	peptide	and	was	dramatically	decreased	with	the	15	and	24	mer	peptides	(Figure	2.11	

&	2.12,	also	see	Table	2.4).	However,	this	difference	on	the	effect	of	peptide	length	remains	

to	be	investigated	further.	

	
It	was	also	proposed	that	H3K4me3K27me2	is	a	better	substrate	than	H3K4me3K9me2	for	

KIAA1718	as	the	distance	between	H3K4	and	H3K27	is	preferable.2	To	confirm	this	theory,	the	

demethylation	of	H3K27	peptides	was	next	investigated.	
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Figure	2.14	Demethylation	of	histone	peptides	by	KIAA1718PHD-JmjC.	A)	Overall	demethylation	time	course	of	H31-
21K9me2.	B)	Overall	demethylation	time	course	of	H31-21K4me3K9me2.	C)	Individual	plots	of	Kme0,	Kme1	and	
Kme2	 of	 H31-21K9me2.	 D)	 Individual	 plots	 of	 Kme0,	 Kme1	 and	 Kme2	 of	 H31-21K4me3K9me2.	 Figures	 were	
generated	using	Prism®	software.	A	pre-quenched	sample	was	used	as	a	negative	control	for	normalisation.	Data	
are	plotted	as	the	mean	of	technical	triplicates,	and	error	bars	give	±	one	s.d.	
	
	

To	 further	 analyse	 the	 theory	 of	 linker-aided	 KDM7	 substrate	 selectivity,	 demethylation	

assays	were	carried	out	with	H3K27me2	peptides.	The	aim	of	work	this	was	to	understand	

the	 demethylation	 activities	 of	 PHF8	 and	 KIAA1718	 on	 H3K27me2	 (with	 and	 without	

H3K4me3),	to	compare	them	to	H3K9me2	and	to	validate	whether	H3Kme3	has	an	inhibitory	

effect	on	the	demethylation	of	H3K27me2.	A	35	mer	H3K4me3K27me2	peptide	(synthesised	

by	CEM)	was	used	to	be	consistent	with	literature	experiments.2	Due	to	the	difficulty	in	35	
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mer	H3K27me2	synthesis,	a	21	mer	peptide	was	used	instead	(residues	21-44),	which	had	also	

been	examined	in	the	literature.2		

	

A	time	course	using	the	H321-44K27me2	as	the	KIAA1718	substrate	manifested	a	relatively	high	

activity,	 with	 a	 t1/2	 of	 6	min	 (Figure	 2.15	 A).	 Interestingly,	 however,	 when	 H3K4me3	was	

presented	in	the	dual	methylated	peptide	H31-35K4me3K27me2,	the	activity	dropped	by	5-

fold,	with	a	t1/2	of	about	30	min	(Figure	2.15	B).	This	experiment	also	showed	that	the	rate	of	

H31-35K4me3K27me0	formation	(Figure	2.15	C	purple)	was	slower	than	that	of	H321-44K27me0	

(Figure	2.15	D	purple).	This	observation	is	consistent	with	the	results	using	H3K9me2,	but	not	

supportive	to	the	suggestion	that	H3K4me3	facilitates	H3K27me2	demethylation	in	vitro.2		

	

Interestingly,	 the	 t1/2	of	H31-35K27me2	 reported	by	Horton	et	 al.	 is	 about	 19	min,	 2.4-fold	

longer	than	for	the	H321-44K27me2	peptide.2	Two	possible	explanations	for	this	are	that:	either	

the	extra	9	amino	acids	from	36	to	44	are	crucial	to	(or	at	least	facilitate)	the	demethylation	

of	H3K27me2,	or	that	binding	of	the	PHD	finger	to	the	unmodified	H3K4	position	(or	amino	

acids	 in	 this	 region)	 has	 a	 negative	 effect	 on	 H3K27me2	 demethylation.	 To	 test	 the	 first	

explanation,	 KIAA1718	 demethylation	 assays	 of	 44	 mer	 and	 35	 mer	

H3K4me3K27me2/H3K27me2	 peptides	 should	 be	 carried	 out	 side	 by	 side.	 The	 substrate	

preference	of	KIAA1718	could	be	investigated	by	comparing	the	t1/2,	time	for	90%	conversion	

and	KM	values.	

	
As	for	the	second	explanation,	ITC	binding	assays	of	KIAA1718	with	an	H31-21K4me0	peptide	

carried	out	by	Mr	Oliver	Coleman	and	Mr	Roman	Belle	showed	that	the	KD	of	this	peptide	was	

within	 the	 single	 digital	 µM	 range	 (data	 not	 shown).	 This	 suggests	 that	 the	 binding	 of	



Chapter	2		 	 Biochemical	studies	on	the	KDM7	subfamily	
	

	 	 	
	

57	

KIAA1718	on	H3K4me0	cannot	be	neglected.	Thus,	a	second	possible	explanation	is	that	the	

binding	of	the	PHD	finger	of	KIAA1718	has	a	negative	effect	on	H3K27me2	demethylation.	

Given	the	observed	binding	of	KIAA1718	to	the	fully	unmethylated	peptide,	it	may	be	that	the	

distance	between	H3K4	and	H3K27	is	still	not	the	best	fit	for	KIAA1718.	Due	to	the	difficulty	

of	44	mer	peptide	synthesis,	the	first	explanation	was	not	further	investigated	in	the	work	

described	 this	 Thesis,	 but	 should	 be	 considered	 for	 future	work.	 Histone	 substrates	with	

dimethyl-lysine	between	H3K9	and	H3K27	(i.e.	H3K14/18/23/36)	and	modified	H1.4	peptides	

were	screened	to	identify	if	there	were	a	more	optimal	Kme3-Kme2	distance	for	KIAA1718;	

the	results	are	described	in	the	next	section	(Chapter	2,	Section	2.3.5).	

	
The	 parameters	 of	 in	 vitro	 demethylation	 assays	 of	 KIAA1718	 against	 all	 the	 peptidic	

substrates	described	in	this	section,	i.e.	H3K4me3K9me2,	H3K9me2,	H3K4me3K27me2	and	

H3K27me2,	are	summarised	in	Table	2.5.	
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Figure	2.15	Demethylation	of	histone	peptides	by	KIAA1718PHD-JmjC.	A)	Overall	demethylation	 time	course	of	
H321-44K27me2.	B)	Overall	demethylation	time	course	of	H31-35K4me3K27me2.	C)	Individual	plots	of	Kme0,	Kme1	
and	Kme2	of	H321-44K27me2.	D)	Individual	plots	of	Kme0,	Kme1	and	Kme2	of	H31-35K4me3K27me2.	Figures	were	
generated	using	Prism®	software.	A	sample	without	enzyme	was	used	as	a	negative	control	for	normalisation.	
Data	are	plotted	as	the	mean	of	technical	triplicates,	and	error	bars	give	±	one	s.d.	
	
	
	
Table	2.5	Summary	of	the	demethylation	reactions	catalysed	by	KIAA1718.	The	values	marked	with	asterisks	are	
reported	in	the	literature.2	The	‘-‘	symbol	indicates	no	apparent	evidence	for	demethylation	was	observed.	
	

	 H3K4me3K9me2	 H3K9me2	

	 15	mer	 21	mer	 24	mer	 15	mer	 21	mer	 24	mer	

t1/2	 >60	min	 -	 	-*	 20	min	 3	min	 4	min*	

90%	conversion	 >60	min	 -	 	-*	 >60	min	 10	min	 15	min*	

	 H3K4me3K27me2	 H3K27me2	
	 35	mer	 35	mer	 21	mer	 21	mer	 35	mer	

t1/2	 30	min	 10	min*	 6	min	 8	min*	 19	min*	

90%	conversion	 >60	min	 60	min*	 40	min	 30	min*	 >60	min*	

	

0 20 40 60 80
0

20

40

60

80

100

H321-44K27me2

Time/min

D
em

et
hy

la
tio

n 
 %

0 20 40 60 80
0

50

100

H321-44K27me2

Time/min

R
el

at
iv

e 
A

bu
nd

an
ce

 % Kme2

Kme1

Kme0

H31-35K4me3K27me2

Time/min

D
em

et
hy

la
tio

n 
 %

0 20 40 60 80
0

20

40

60

80

H31-35K4me3K27me2

Time/min

R
el

at
iv

e 
A

bu
nd

an
ce

 %

0 20 40 60 80
0

50

100

Kme0

Kme1

Kme2

B 

D 

A 

C 



Chapter	2		 	 Biochemical	studies	on	the	KDM7	subfamily	
	

	 	 	
	

59	

2.3.5	Potential	alternative	substrates	for	KIAA1718	and	PHF8	

	
The	 possibility	 of	 potential	 alternative	 substrates	 for	 KIAA1718	 and	 PHF8	 was	 then	

investigated.		First,	a	series	of	dimethylated	histone	3	(with	and	without	H3K4me3)	peptides	

were	 incubated	 with	 KIAA1718PHD-JmjC	 and	 PHF8PHD-JmjC	 using	 the	 standard	 demethylation	

assay	described	in	the	previous	sections.	This	study	aimed	to	investigate	whether	KIAA1718	

and	PHF8	possessed	any	demethylation	activity	on	other	dimethyl-lysine	positions	(14,	18,	23	

and	36),	and	 to	compare	 them	with	 the	activities	on	H3K9me2	and	H3K27me2.	End-point	

demethylation	 percentages	 after	 1	 hour	 were	 determined	 using	 MALDI-TOF	 MS.	 All	 the	

peptides	that	had	demonstrated	over	50%	demethylation	were	further	investigated	by	time	

course	studies,	 if	purified	peptides	(i.e.	not	crude	peptides)	were	available	 in	the	research	

group.	Second,	a	histone	peptide	library	of	H3	and	H4	peptides	(AltaBioscience,	Figure	2.16)	

was	used	for	wider	alternative	substrate	screening	to	potentially	identify	new	substrates.	The	

peptide	library	screening	results	are	shown	below	(Table	2.6).	Finally,	four	15	mer	modified	

H1.4	 peptides,	 H1.4K26me1,	 H1.4K26me2,	 H1.4K26me3	 and	 H1.4K21me3K26me2,	 were	

subject	to	time	course	studies	with	PHF8	and	KIAA1718.	
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Figure	2.16	Histone	H3,	H4	N-terminal	library	peptide	sequences.	
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Table	2.6	Histone	H3,	H4	N-terminal	library	peptide	screening	results.	Peptide	numbers	match	Figure	2.16.	Red	
cross	 indicates	 no	 demethylation	 product	 (-14	 Da)	 was	 observed.	 Green	 tick	 indicates	 at	 least	 20%	
demethylation	was	observed.	
	
	 KIAA1718	 PHF8	 PHF2	 	 KIAA1718	 PHF8	 PHF2	

A1	 �	 �	 �	 E1	 �	 �	 �	
A2	 �	 �	 �	 E2	 �	 �	 �	
A3	 �	 �	 �	 E3	 �	 �	 �	
A4	 �	 �	 �	 E4	 �	 �	 �	
A5	 �	 �	 �	 E5	 �	 �	 �	
A6	 �	 �	 �	 E6	 �	 �	 �	
A7	 �	 �	 �	 E7	 �	 �	 �	
A8	 �	 �	 �	 E8	 �	 �	 �	
A9	 �	 �	 �	 E9	 �	 �	 �	
A10	 �	 �	 �	 E10	 �	 �	 �	
A11	 �	 �	 �	 E11	 �	 �	 �	
A12	 �	 �	 �	 E12	 �	 �	 �	
B1	 �	 �	 �	 F1	 �	 �	 �	
B2	 �	 �	 �	 F2	 �	 �	 �	
B3	 �	 �	 �	 F3	 �	 �	 �	
B4	 �	 �	 �	 F4	 �	 �	 �	
B5	 �	 �	 �	 F5	 �	 �	 �	
B6	 �	 �	 �	 F6	 �	 �	 �	
B7	 �	 �	 �	 F7	 �	 �	 �	
B8	 �	 �	 �	 F8	 �	 �	 �	
B9	 �	 �	 �	 F9	 �	 �	 �	
B10	 �	 �	 �	 F10	 �	 �	 �	
B11	 �	 �	 �	 F11	 �	 �	 �	
B12	 �	 �	 �	 F12	 �	 �	 �	
C1	 �	 �	 �	 G1	 �	 �	 �	
C2	 �	 �	 �	 G2	 �	 �	 �	
C3	 �	 �	 �	 G3	 �	 �	 �	
C4	 �	 �	 �	 G4	 �	 �	 �	
C5	 �	 �	 �	 G5	 �	 �	 �	
C6	 �	 �	 �	 G6	 �	 �	 �	
C7	 �	 �	 �	 G7	 �	 �	 �	
C8	 �	 �	 �	 G8	 �	 �	 �	
C9	 �	 �	 �	 G9	 �	 �	 �	
C10	 �	 �	 �	 G10	 �	 �	 �	
C11	 �	 �	 �	 G11	 �	 �	 �	
C12	 �	 �	 �	 G12	 �	 �	 �	
D1	 �	 �	 �	 H1	 �	 �	 �	
D2	 �	 �	 �	 H2	 �	 �	 �	
D3	 �	 �	 �	 H3	 �	 �	 �	
D4	 �	 �	 �	 H4	 �	 �	 �	
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D5	 �	 �	 �	 H5	 �	 �	 �	
D6	 �	 �	 �	 H6	 �	 �	 �	
D7	 �	 �	 �	 H7	 �	 �	 �	
D8	 �	 �	 �	 H8	 �	 �	 �	
D9	 �	 �	 �	 H9	 �	 �	 �	
D10	 �	 �	 �	 H10	 �	 �	 �	
D11	 �	 �	 �	 H11	 �	 �	 �	
D12	 �	 �	 �	 H12	 �	 �	 �	

	
	
	

Interestingly,	in	addition	to	demethylation	of	H3K9me2	and	H3K27me2,	consistent	with	the	

time	course	studies	described	in	the	previous	section,	KIAA1718	also	catalysed	demethylation	

of	H31-24K14me2,	H31-24K18me2	and	H31-24K23me2	to	nearly	100%	after	1-hour	 incubation	

and	demethylated	H3K36me2	(21	mer)	to	about	70%	(Figure	2.17).	When	in	combination	with	

H3K4me3,	 the	 demethylation	 of	 H3K14me2,	 H3K18me2	 and	 H3K23me2	 also	 reached	 to	

nearly	 100%	 (Figure	 2.17),	 none	 of	 which	 have	 previously	 been	 reported	 as	 KIAA1718	

substrates.		
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Figure	2.17	KIAA1718PHD-JmjC	substrate	single	concentration	demethylation	assays.	Peptides	with	asterisks	(*)	are	
crude	peptides,	i.e.	not	purified	by	HPLC	chromatography.	Reactions	were	carried	out	in	50	mM	HEPES	(pH	7.0),	
50	mM	NaCl	and	5	mM	TCEP.	Each	reaction	contained	5	µM	KIAA1718,	10	µM	peptide,	50	µM	Fe(II),	1	mM	2OG	
and	2	mM	ascorbate.	The	extent	of	demethylation	was	analysed	by	MALDI-TOF	MS	after	1-hour	incubation	at	
37	°C.	Figures	were	generated	using	Prism®	software.	A	sample	without	enzyme	was	used	as	a	negative	control	
for	normalisation.	Data	are	plotted	as	the	mean	of	technical	triplicates,	and	error	bars	give	±	one	s.d.	
	

To	further	investigate	the	substrate	demethylation	by	KIAA1718,	all	the	purified	peptides	that	

were	demethylated	to	over	50%	by	KIAA1718	in	the	screening	assay	(i.e.	H31-35K4me3K14me2,	

H31-24K18me2	 and	 H31-24K4me3K18m2)	 were	 then	 subjected	 to	 time	 course	 studies.	 The	

overall	plots	of	time	course	of	H3K18me2	and	H3K4me3K18me2	were	similar	(Figure	2.18	A	

&	 C),	 which	 suggested	 that	 H3K4me3	 was	 not	 important	 for	 KIAA1718	 catalysed	

demethylation	 at	 H3K18me2.	 The	 increase	 in	 unmethylated	 peptide	 was	 faster	 with	

H3K18me2	than	H3K4me3K18me2	(Figure	2.18	B	&	D),	suggesting	the	presence	of	H3K4me3	

may	 have	 a	 slightly	 adverse	 effect	 on	 H3K18me1	 demethylation.	 In	 the	 case	 of	 H31-

35K4me3K14me2,	barely	any	demethylation	of	K4me3K14me1	was	observed	over	the	time	

course	 (Figure	 2.18	 F).	 Unfortunately,	 with	 no	 pure	 H3K14me2	 peptide,	 the	 effect	 of	

H3K4me3	on	H3K14me2	could	not	be	determined.	Future	work	should	include	the	synthesis	

of	 an	H3K14me2	 peptide	 as	well	 as	H3K23me2	 peptides	 to	 verify	 their	 demethylation	 by	

KIAA1718.	
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Figure	2.18	KIAA1718PHD-JmjC	demethylation	assays	by	MALDI-TOF	MS.	A)	Overall	demethylation	time	course	of	
H31-24K18me2.	B)	 Individual	plots	of	Kme0,	Kme1	and	Kme2	of	H31-24K18me2.	C)	Overall	demethylation	time	
course	of	H31-24K4me3K18me2.	D)	Individual	plots	of	Kme0,	Kme1	and	Kme2	of	H31-24K4me3K18me2.	E)	Overall	
demethylation	 time	 course	 of	 H31-35K4me3K14me2.	 F)	 Individual	 plots	 of	 Kme0,	 Kme1	 and	 Kme2	 of	 H31-
35K4me3K14me2.	Figures	were	generated	using	Prism®	software.	A	pre-quenched	sample	was	used	as	a	negative	
control	for	normalisation.	Data	are	plotted	as	the	mean	of	technical	triplicates,	and	error	bars	give	±	one	s.d.		
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Following	 KIAA1718PHD-JmjC,	 the	 same	 set	 of	 assays	were	 conducted	with	 PHF8PHD-JmjC.	 The	

results	of	demethylation	assays	of	histone	3	dimethylated	substrates	showed	that	PHF8PHD-

JmjC	primarily	demethylated	K9me2	with	and	without	the	presence	of	H3K4me3	(Figure	2.19	

red	box).	Interestingly,	demethylation	of	H3K14me2,	H3K23me2	and	H3K27me2	by	PHF8PHD-

JmjC	was	also	observed,	to	a	lower	extent	than	that	of	H3K9me2	(Figure	2.19).	Demethylation	

of	H3K14me2	by	PHF8PHD-JmjC	seemed	to	be	enhanced	by	the	binding	to	H3K4me3,	with	the	

end-point	demethylation	increasing	from	45%	to	87%	(Figure	2.19).	Time	course	analysis	of	

H31-35K4me3K14me2	confirmed	that	it	was	a	substrate	for	PHF8,	although	no	demethylation	

of	H3K14me1	was	observed	(Figure	2.20).	PHF8	also	demethylated	H3K27me2	with	about	40%	

demethylation	observed	after	an	1-hour	incubation;	however,	PHF8	had	no	activity	against	

H31-35K4me3K27me2	 (Figure	 2.19),	 potentially	 in	 line	 with	 the	 binding	 of	 H3K4me3	

positioning	the	peptide	for	K9	demethylation.	H31-24K23me2	(crude	peptide)	could	also	be	

demethylated	by	PHF8	but	to	a	lesser	extent	than	with	KIAA1718.	By	contrast	to	previously	

reported	results,	PHF8PHD-JmjC	did	not	show	activity	against	H3K36me2	21	mer	peptide	under	

the	condition	tested	in	this	Thesis.18			
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Figure	2.19	PHF8PHD-JmjC	 substrate	 single	 concentration	demethylation	assays.	 Peptides	with	 asterisks	 (*)	 are	
crude	peptides,	i.e.	not	purified	by	HPLC	chromatography.		Reactions	were	carried	out	in	50	mM	HEPES	(pH	7.0),	
50	mM	NaCl	and	5	mM	TCEP.	Each	reaction	contained	5	µM	PHF8,	10	µM	peptide,	50	µM	Fe(II),	1	mM	2OG	and	
2	mM	ascorbate.	The	extent	of	demethylation	was	analysed	by	MALDI-TOF	MS	after	1-hour	incubation	at	37	°C.	
Figures	were	generated	using	Prism®	software.	A	sample	without	enzyme	was	used	as	a	negative	control	for	
normalisation.	Data	are	plotted	as	the	mean	of	technical	triplicates,	and	error	bars	give	±	one	s.d.	
	

	
	
Figure	2.20	PHF8PHD-JmjC	demethylation	assays	by	MALDI-TOF	MS.	A)	Overall	demethylation	time	course	of	H31-
35K4me3K14me2.	B)	Individual	plots	of	Kme0,	Kme1	and	Kme2	of	H31-35K4me3K14me2.	Figures	were	generated	
using	 Prism®	 software.	 A	 pre-quenched	 sample	was	 used	 as	 a	 negative	 control	 for	 normalisation.	 Data	 are	
plotted	as	the	mean	of	technical	triplicates,	and	error	bars	give	±	one	s.d.		
	
	
Finally,	modified	H1.4	peptides	were	tested	with	PHF8	and	KIAA1718	to	further	investigate	

the	preference	for	a	specific	Kme3-Kme2	distance.	Histone	isotype	4	(H1.4)	is	a	‘linker’	histone	

that	binds	to	nucleosomal	DNA	but	do	not	form	part	of	the	histone	octamer.33	Recent	studies	

suggest	 that	 histone	 1	 isotypes	 and	 their	 post-translational	modifications	 have	 functional	

roles	in	the	transcriptional	regulation	of	cells.34,35	H1.4K26	is	the	most	abundantly	methylated	

site	on	H1.4	among	multiple	methylated	lysine	sites.36	Given	the	similarity	of	the	sequence	of	

H1.4	to	the	first	15	amino	acid	residues	of	H3	(Figure	2.21),	H1.4K21me3K26me2	was	selected	

as	a	mimic	of	H3K4me3K9me2.	

H3                       ARTKQTARKSTGGKA 
H1.4    MSETAPAAPAAPAPAEKTPVKKKARKSAGAAKRKASGPPV 
	
	
Figure	2.21	Sequence	alignment	of	H1.4	residues	1-40	and	H3	residues	1-15.	
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The	H1.4	peptides	(15	mer),	including	H1.4K21me2K26me2,	H1.4K26me1,	H1.4K26me2	and	

H1.4K26me3,	were	synthesised	by	Dr	Richard	Hopkinson.	Time	courses	were	 recorded	 for	

each	peptide	with	both	KIAA1718PHD-JmjC	and	PHF8PHD-JmjC	using	the	same	MALDI-TOF	MS	assay	

method	as	for	the	H3	alternative	substrates	that	was	previously	described	in	this	section.	The	

time	courses	of	H1.4	peptides	were	taken	with	H31-15K4me3K9me2	and	H31-15K9me2	side	by	

side	 to	 compare	 the	 extent	 of	 demethylation.	 H3K9me2	 was	 the	 still	 the	 best	 observed	

substrate	 for	 KIAA1718	 of	 all	 the	 peptides	 tested	 (Figure	 2.22	 A).	 By	 contrast,	 KIAA1718	

activity	with	H1.4K26me2,	which	was	designed	to	mimic	the	H3K9me2,	was	much	lower	and	

similar	to	that	with	H3K4me3K9me2	(Figure	2.22	A).	Interestingly,	the	activity	of	KIAA1718	

with	H1.4K21me3K26me3	was	enhanced	compared	to	its	H3	counterpart,	indicating	that	the	

Kme3-Kme2	distance	is	not	the	only	factor	affecting	the	demethylation	activity	of	KIAA1718.	

For	 PHF8,	 none	 of	 the	H1.4	 peptides	were	 demethylated	 to	more	 than	 10%	 after	 1-hour	

incubation	(Figure	2.22	B),	suggesting	that	PHF8	is	more	specific	in	selecting	its	substrates.	

The	work	of	H1.4	peptides	has	been	reported	in	Walport	et	al.	FEBS	Letters,	2018.37	
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Figure	 2.22	 Overall	 demethylation	 time	 course	 of	 15	 mer	 H1.4	 peptides	 (10	 µM)	 comparing	 with	 H31-
15K4me3K9me2	(10	µM)	and	H31-15K9me2	(10	µM)	catalysed	by	A)	KIAA1718PHF-JmjC	(5	µM);	B)	PHF8PHD-JmjC	(5	µM).	
Figures	were	 generated	 using	 Prism®	 software.	 A	 pre-quenched	 sample	was	 used	 as	 a	 negative	 control	 for	
normalisation.	Data	are	plotted	as	the	mean	of	technical	triplicates,	and	error	bars	give	±	one	s.d.	
	
	
To	 conclude,	 the	 kinetic	 results	 with	 KIAA1718	 and	 PHF8	 described	 in	 this	 section	

demonstrate	that,	(a)	combinatorial	PTMs	can	alter	the	substrate	preference	of	the	KDM7s,	

and	(b)	the	histone	substrate	scope	may	be	wider	than	that	reported.	Although	KIAA1718	and	

PHF8	 share	 significant	 similarity	 in	 their	 JmjC	domains	 and	possess	 the	 same	 iron-binding	

motif,	 the	 demethylation	 activities	 of	 KIAA1718	 and	 PHF8	 are	 not	 the	 same	 (Table	 2.7).	

Additionally,	 KIAA1718	and	PHF8	demethylation	assays	against	 the	H3,	H4	peptide	 library	

showed	that	KIAA1718PHD-JmjC	/PHF8PHD-JmjC	did	not	demethylate	other	peptides	than	the	ones	

that	had	already	been	characterised	(negative	data	not	shown).	These	new	results	inspired	

further	substrate	screening	of	PHF2,	which	was	found	to	be	inactive	on	H3K9me2	in	vitro.		

Table	 2.7	 Summary	 of	 the	 demethylation	 reactions	 catalysed	 by	 KIAA1718	 and	 PHF8	 against	 alternative	
substrates.	
	

	 KIAA1718	 PHF8	
	 t1/2	 90%	conversion	 t1/2	 90%	conversion	

H31-35K4me3K14me2	 30	min	 >60	min	 30	min	 >60	min	
H31-24K18me2	 6	min	 60	min	 -	 -	

H31-24K4me3K18me2	 5	min	 60	min	 -	 -	
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2.3.6	Histone	substrate	screening	of	PHF2	

	
In	an	attempt	to	profile	the	in	vitro	demethylation	activity	of	PHF2,	some	histone	H3	and	H4	

peptides	and	ARID5B	peptide	were	tested	by	Xian	Deng	(former	Master’s	student	in	the	CJS	

group)	(Table	2.8).	ARID5B	has	been	reported	to	interact	with	and	recruit	PHF2	,	promoting	

H3K9me2	demethylation	at	target	gene.38	However,	no	demethylation	was	obsevred	.	

	
Table	2.8	Previous	in	vitro	demethylation	assays	of	PHF2.	
	

Peptide	substrate	tested	in	the	MALDI	assay	

Peptide	 Sequence	
Demethylation	

Observed?	

H3K4me1	 ARTK(me1)QTARKSTGGKAPRKQLATKA	 No	

H3K4me2	 ARTK(me2)QTARKSTGGKAPRKQLATKA	 No	

H3K4me3	 ARTK(me3)QTARKSTGGKAPRKQLATKA	 No	

H3K9me1	 ARTKQTARK(me1)STGGKAPRKQ	 No	

H3K9me2	 ARTKQTARK(me2)STGGKAPRKQ	 No	

H3K9me3	 ARTKQTARK(me3)STGGKAPRKQ	 No	

H3K27me1	 LATKAARK(me1)SAPSTGGVKK	 No	

H3K27me2	 LATKAARK(me2)SAPSTGGVKK	 No	

H3K27me3	 LATKAARK(me3)SAPSTGGVKK	 No	

H3K36me1	 KSAPSTGGVK(me1)KPHRYRPGTVALRE	 No	

H3K36me2	 KSAPSTGGVK(me2)KPHRYRPGTVALRE	 No	

H3K36me3	 KSAPSTGGVK(me3)KPHRYRPGTVALRE	 No	

H4K20me1	 KGGAKRHRK(me1)VLRDNIQ	 No	

H4K20me2	 KGGAKRHRK(me2)VLRDNIQ	 No	

H4K20me3	 KGGAKRHRK(me3)VLRDNIQ	 No	

H3K4me3K9me2	 ARTK(me3)QTARK(me2)STG	 No	

ARID5B	 ALYKYMKERK(me2)TPIERIP	 No	
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Demethylation	 assays	 were	 therefore	 undertaken	 using	 peptides	 methylated	 at	

H3K9/14/18/23/27/36	 using	 the	 same	 conditions	 as	 had	 been	 optimised	 for	 PHF8	 and	

KIAA1718.	However,	no	demethylation	of	any	these	substrates	by	PHF2	was	observed	(Figure	

2.23).	Screening	against	the	full	H3,	H4	peptide	library	also	offered	no	hits	for	PHF2	catalysed	

demethylation.	To	investigate	the	mechanism	of	the	demethylation	catalysed	by	the	KDM7	

subfamily	and	to	discover	the	potential	cause	of	inactive	PHF2	in	vitro,	mechanistic	studies	

were	carried	out	as	described	in	the	next	Chapter	(3).	

	

	
	
Figure	2.23	PHF2PHD-JmjC	 substrate	 single	 concentration	demethylation	assays.	 Peptides	with	 asterisks	 (*)	 are	
crude	peptides,	i.e.	not	purified	by	HPLC	chromatography.		Reactions	were	carried	out	in	50	mM	HEPES	(pH	7.0),	
50	mM	NaCl	and	5	mM	TCEP.	Each	reaction	contained	5	µM	PHF2,	10	µM	peptide,	50	µM	Fe(II),	1	mM	2OG	and	
2	mM	ascorbate.	Demethylation	percentages	were	analysed	by	MALDI-TOF	MS	after	1-hour	incubation	at	37	°C.	
Figures	were	generated	using	Prism®	software.	A	sample	without	enzyme	was	used	as	a	negative	control	for	
normalisation.	Data	are	plotted	as	the	mean	of	technical	triplicates,	and	error	bars	give	±	one	s.d.	
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2.4	Summary	
	
This	Chapter	has	described	in	vitro	biochemical	studies	on	the	three	human	KDM7	subfamily	

members.	The	demethylation	activities	of	PHF8	and	KIAA1718	were	verified	using	 in	 vitro	

MALDI-TOF	MS	demethylation	assays.	PHF8	preferentially	demethylates	H3K9me2,	and	this	

demethylation	activity	can	be	enhanced	by	the	presence	of	H3K4me3.	PHF8	was	also	found	

to	accept	H3K14me2,	H3K23me2	and	H3K27me2.	The	presence	of	H3K4me3	increased	the	

demethylation	of	H3K14me2,	whilst	 inhibiting	 that	of	H3K27me2.	Unlike	previous	 reports,	

PHF8	did	not	demethylate	H3K36me2	under	the	conditions	tested.	The	results	support	the	

proposal	that	KIAA1718	has	a	broader	substrate	spectrum	than	PHF8.18		

	

KIAA1718	accepts	H3K9me2,	H3K14me2,	H3K18me2,	H3K23me2,	H3K27me2	and	H3K36me2	

as	its	substrates.	The	demethylation	activity	of	KIAA1718	on	H3K9me2	was	attenuated	by	the	

presence	of	H3K4me3,	while	demethylation	on	H3K18me2	by	KIAA1718	was	not	significantly	

affected.	 Kinetics	 studies	 also	 suggest	 that	 KIAA1718	 has	 a	 relatively	 low	 activity	 on	 the	

monomethyllysine	 at	 all	 tested	 positions,	 compared	 to	 PHF8.	 However,	 the	 effect	 of	

H3K4me3	on	H3K27me2	demethylation	remains	a	question	mark.	No	in	vitro	demethylation	

activity	has	been	discovered	for	PHF2.	

	

The	 new	 histone	 substrates	 of	 KIAA1718	 may	 be	 of	 biological	 importance.	 H3K14me2	 is	

involved	 in	 the	 in	 the	 regulation	 of	 the	 transcription	 of	 bone	 marrow	 stem	 cells	 trans-

differentiation.39	H3K23me2	is	enriched	in	the	heterochromatic	regions	and	is	suggested	to	

have	 a	 role	 in	 organising	 the	 genome	 in	 distinct	 heterochromatic	 regions	 during	

embryogenesis.40	By	contrast	 to	 the	extensive	studies	of	H3K9me2	and	H3K27me2	marks,	

H3K18me2	 is	 poorly	 understood.	 Future	 work	 should	 also	 consider	 overexpression	 of	
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KIAA1718	 in	 cells	 and	 examine	 the	 change	 in	 the	 level	 of	 H3K14me2,	 H3K18me2	 and	

H3K23me2	 using	 immunoprecipitation.	 If	 the	 overexpression	 of	 KIAA1718	 results	 in	 the	

decrease	of	one	or	some	of	the	marks,	it	may	indicate	that	these	post-translational	marks	are	

substrates	of	KIAA1718	in	cells.	The	results	thus	suggest	that	KIAA1718	may	also	associate	

with	cell	differentiation	and	be	relevant	studies	of	the	poorly	understood	post-translational	

marks	on	histone3.	When	developing	inhibitors	for	KIAA1718,	scientists	should	consider	the	

danger	of	increasing	H3K14/18/23me2	levels	in	addition	to	H3K9me2.	

	

The	results	in	this	Chapter	suggest	that	the	substrate	binding	by	the	PHD	finger	appears	to	

exert	a	significant	influence	on	the	demethylation	activity	of	the	JmjC	domains	of	both	PHF8	

and	KIAA1718.	The	length	and	conformation	of	linker	region	are	also	proposed	to	affect	the	

substrate	selectivity	of	the	KDM7s.	KIAA1718	and	PHF8	have	a	different	preference	of	Kme3-

Kme2	 combinations.	 Future	work	 should	 consider	 the	 synthesis	 of	 purified	 relatively	 long	

peptides	 including	 H3K14me2,	 H3K23me2,	 H3K4me3K23me2	 to	 further	 understand	 the	

effect	of	H3K4me3	on	the	KDM7s	demethylation	of	these	positions.		
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Chapter 3 Substrate and Metal Ion Binding 
Studies on the KDM7 Subfamily  

3.1	Chapter	overview	

The	work	 described	 in	 the	 previous	 Chapter	 (Chapter	 2)	 described	 studies	 relating	 to	 the	

kinetics	and	the	substrate	selectivity	of	KDM7	enzymes	 in	relation	to	Nε-methylated	 lysine	

marks	 at	 various	 positions	 on	 the	 human	 histone	 3	 (H3)	 tail.	 The	 work	 described	 in	 this	

Chapter	aimed	to	investigate	the	substrate	binding	affinities	of	different	KDM7	enzymes	and	

domains,	 and	 the	 relationships	 of	 these	with	 catalytic	 activities.	 Both	 the	 PHD	 finger	 and	

JmjC	 domains	 of	 KDM7s	 were	 characterised	 using	 fluorescent	 ligands	 mimicking	 histone	

peptide	or	2OG	binding.	Mutagenesis	studies	were	carried	out	on	PHF2	and	PHF8	to	study	

the	importance	of	the	Y321	(PHF2)	and	H319	(PHF8)	residues	in	coordinating	the	active-site	

iron	 and	 how	 these	 may	 influence	 enzymatic	 activity.	 Finally,	 studies	 on	 the	 metal	 ion	

binding	of	KDM7	enzymes	were	carried	out	using	apo	forms	of	the	PHF8	and	PHF2	enzymes.		

The	modified	histone	peptides	used	in	this	Chapter	were	synthesised	by	Mr	Roman	Belle.	
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3.2	Introduction	

3.2.1	Previous	studies	on	KDM7	subfamily	

All	 three	members	 of	 the	 KDM7	 subfamily	 posess	 one	 PHD	 finger	 and	 one	 JmjC	 domain	

(Chapter	 2,	 Figure	 2.1).	 The	 sequences	 of	 the	 PHD	 fingers	 are	 highly	 conserved	 (~	 70%	

identity)	across	the	KDM7	subfamily.1,2	The	PHD	fingers	of	the	KDM7s	are	reported	to	bind	

H3K4me3	most	 tightly,	 with	 binding	 gradually	 weakening	 from	 the	 tri-,	 to	 the	 di-	 to	 the	

mono-methyl	 derivatives	 of	 H3K4.1	 This	 selective	 and	 potent	 binding	 of	 the	 KDM7	 PHD	

fingers	 to	H3K4me3	contributes	 to	 their	 substrate	 selectivity	of	 the	KDM	activity.2	On	 the	

other	hand,	the	JmjC	domains	and	the	PHD-JmjC	linker	regions	are	more	varied	across	the	

KDM7	subfamily,	with	~	50%	identity	in	the	JmjC	domains	across	the	subfamily.1,2	The	JmjC	

domains	of	KIAA1718	and	PHF8,	the	closer	of	the	three	members,	share	~65%	identity	(~75%	

similarity)	and	they	contain	the	same	core	iron	binding	motif.2	Interestingly,	as	described	in	

Chapter	 2	 (Section	 2.3.3	 &	 2.3.4),	 the	 JmjC	 domains	 of	 KDM7	 enzymes	 have	 different	

substrate	 preferences.	 PHF8	 shows	 the	 highest	 demethylation	 activity	 against	 H3K9me2	

(over	H3Kme2	at	other	positions)	and	shows	no	demethylation	activity	against	H3K18me2.	

KIAA1718	 is	 more	 promiscuous,	 and	 can	 demethylate	 H3K9me2,	 H3K14me2,	 H3K18me2,	

H3K23me2,	H3K27me2	and	H3K36me2	(Chapter	2,	Section	2.3.5).	The	presence	of	H3K4me3	

has	an	detrimental	effect	on	the	demethylation	of	H3K9me2	catalysed	by	KIAA1718	while	

enhances	 that	 by	 PHF8.	 PHF2	 is	 thought	 to	 be	 catalytically	 inactive	 in	 vitro1	 and	 the	 iron	

binding	 motif	 different	 from	 that	 of	 PHF8	 and	 KIAA1718	 (Figure	 3.1).1	 However,	 the	

molecular	 determinants	 of	 catalysis	 and	 substrate	 selectivity	 /	 binding	 of	 the	 KDM7	

subfamily	 are	 not	 fully	 understood,	 so	 it	 is	 possible	 that	 PHF2	 has	 an	 as	 yet	 unidentified	

catalytic	activity.	
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Figure	3.1	Metal	binding	by	the	KDM7	histone	demethylases.	A)	View	from	a	crystal	structure	of	PHF2	(Blue,	
PDB	ID:	3PU8)	in	alignment	with	PHF8	(Green,	PDB	ID:	3KV4).	Residues	constituting	the	iron	binding	motif	are	
shown	as	sticks;	iron	is	shown	as	an	orange	sphere.	The	iron-binding	residues	are	H249,	D251,	Y321	for	PHF2	
(in	green)	and	H247,	D249,	H319	for	PHF8	(in	blue).	B)	partial	sequence	alignment	of	part	of	the	JmjC	region	of	
the	KDM7	family.	In	PHF8	and	KIAA1718,	the	iron	binding	motif	is	HxD…H	(highlighted	in	orange).	The	second	
His	residue	is	altered	to	a	Tyr	residue	in	PHF2.		

	

	 	

B 
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3.2.2	Techniques	of	interaction	studies		

Techniques	 including	 isothermal	 calorimetry	 (ITC),	 intrinsic	 fluorescence	 (FI),	 NMR	

spectroscopy,	 and	 antibody	based	methods	 (e.g.	AlphaScreen	 technology)	 can	be	used	 to	

quantitatively	 measure	 protein-substrate	 interactions.	 Each	 of	 these	 has	 advantages	 and	

disadvantages.	 ITC	 has	 been	 widely	 used	 for	 quantitative	 studies	 of	 protein-protein	 and	

protein-ligand	interactions,	and	its	use	is	often	considered	a	gold	standard	in	biomolecular	

interaction	studies.3–5	ITC	can	provide	an	accurate	measurement	of	binding	affinities	based	

on	the	changes	in	the	heat	absorbed	or	released	during	the	interaction.5	This	label-free	and	

antibody	 free	 method	 can	 be	 automated,	 thus	 reducing	 manual	 effort.	 However,	 ITC	

requires	 a	 significant	 amount	 of	 protein.	 For	 a	 typical	 protein-substrate	 binding	 reaction	

with	 KD	 of	 10	 µM	 (e.g.	 using	 PEAQ	 AutoITC	 (Malvern)	 available	 in	 the	 group),	 a	 single	

measurement	consumes	300	µL	of	protein	(50	µM),	while,	an	FP	assay	 in	a	384-well	plate	

only	uses	40	µL	of	protein	(50	µM),	i.e.	less	than	1/7	of	the	protein	that	ITC	requires.6	Other	

disadvantages	of	 ITC	are	that	a	single	assay	can	take	one	or	two	hours	(including	pre-	and	

after-	washes);	this	is	a	problem	for	proteins	prone	to	precipitation	or	degradation	such	as	

the	 KDM7s.	 Further,	 current	 ITC	 protocols	 cannot	measure	 triplicate	 repeats	 at	 the	 same	

time,	increasing	the	technical	error	due	to	the	asynchronous	operations.	

While	protein	NMR	spectroscopy	can	accurately	determine	the	amino	acid	residues	that	are	

involved	in	binding,	it	requires	a	significant	amount	of	protein,	and	it	is	labour-intensive	and	

some	types	of	protein	NMR	is	difficult	for	high	mass	proteins	such	as	the	KDM7s.		

Intrinsic	fluorescence	(Fl)	can	be	used	to	detect	protein-ligand	binding	and	relies	on	changes	

relating	to	fluorescent	amino	acid	residues	in	the	protein	of	interest.7	Upon	excitation	with	

light	(subject	to	the	type	of	amino	acid	residue	and	its	context),		light	is	emitted	in	different	
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directions.	 If	a	fluorescent	residue	(e.g.	tryptophan)	 is	within	or	adjacent	to	a	binding	site,	

the	 signal	 may	 be	 modulated	 upon	 binding	 to	 that	 binding	 site.	 FI	 does	 not	 require	

fluorescent	labelled	ligand/protein,	but	the	signal	window	for	Fl	sometimes	can	be	too	low	

for	analysis	due	to	the	limited	number	of	appropriate	fluorescent	amino	acid	residues.		

The	 ‘AlphaScreen’	 method	 is	 a	 well-established	 high-throughput	 inhibitor	 screening	

antibody	based	method	that	uses	the	amplified	luminescent	proximity	homogeneous	assay	

(ALPHA)	 technology,	which	requires	excitation	and	emission	beads	 for	signal	detection.8	A	

considerable	advantage	of	AlphaScreen	against	other	methods	is	that	it	uses	relatively	small	

amounts	 of	 protein	 (down	 to	 picogram	 levels),	 but	 the	 complicated	 operation	 and	 light-

sensitive	nature	of	the	detection	beads	can	limit	its	usage	in	binding	affinity	measurements.	

The	AlphaScreen	method	was	used	for	inhibitor	screening	for	KDM7	enzymes,	as	described	

in	the	next	Chapter	(Chapter	4).	Based	on	the	advantages	and	disadvantages	of	each	of	the	

aforementioned	 technique,	 the	 fluorescence	 polarisation	 (FP)	method	was	 selected	 as	 an	

appropriate	 technique	 for	 the	 use	 in	 the	 work	 described	 in	 this	 Chapter,	 due	 to	 its	

robustness	and	throughput	(see	below).	
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3.2.3	The	principles	of	fluorescence	polarisation	(FP)	assays	

Fluorescence	polarisation	(FP)	is	a	solution-based	technique	that	is	used	to	directly	measure	

molecular	 interactions.	 Since	 the	 1990s,	 FP	 assays	 have	 been	 used	 to	 quantitate	 ligand-

protein	 interactions	 in	 drug	 discovery;	 its	 application	 has	 been	 extended	 to	 studying	

receptor-ligand	interactions,	protein-DNA	interactions	and	proteolysis.9–16	FP	measures	the	

change	of	the	degree	of	polarisation	of	fluorophores.17	When	a	fluorophore	that	is	tumbling	

in	 solution	 is	 excited	with	 plane-polarised	 light,	 it	 emits	 light	 in	 various	 directions	 (Figure	

3.2).		

	

Figure	 3.2	 The	 principle	 of	 FP.	 The	 extent	 of	 polarisation	 increases	 as	 the	 fluorophores	 binding	 to	

macromolecules.18	

The	faster	the	fluorophore	rotates,	the	more	even	the	distribution	of	emitted	light,	and	thus	

the	 weaker	 the	 light	 intensity	 is	 in	 a	 particular	 direction.	 If	 the	 fluorophore	 binds	 to	 a	

macromolecule	(e.g.	protein),	the	rotational	speed	of	the	fluorophore	is	reduced,	resulting	

in	 stronger	 emission	 in	 one	 direction	 and	 higher	 polarisation.	 The	 ratio	 of	 free	 to	 bound	

fluorophore	decreases	 as	binding	 affinity	 rises,	 resulting	 in	 an	 increase	of	 the	 FP	overall.9	

Quantitatively,	the	value	of	FP	is	defined	as	the	differences	in	the	intensity	of	emission	light	
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parallel	 (! ∥)	 and	 perpendicular	 (! ⊥)	 to	 the	 emission	 light	 plane,	 divided	 by	 the	 total	

emission	 light	 intensity	 (Equation	 1).19	Measurement	 of	 the	 differences	 in	 FP	 before	 and	

after	the	binding	event	can	provide	insight	into	the	binding	affinity.	

$% = '∥(')
'∥*')																																																									(Equation	1)	

The	 fluorophores	 used	 in	 this	 thesis	 were	 FI-methylstat	 (Figure	 3.3	 A)	 and	 fluorescein	

isothiocyanate	(FITC)	 labelled	histone	peptides	(H31-15K4me3K9me2-FITC	and	H31-15K9me2-

FITC).	Methylstat	(Figure	3.3	B)	is	reported	to	be	a	selective	inhibitor	of	Jumonji	C	domain-

containing	histone	demethylases	(JmjC-KDMs).20	Its	fluorescent	analogue	FI-methylstat	has	

been	used	in	FP	assays	to	evaluate	JmjC-KDMs	inhibitors	targeting	the	JmjC	domain.21	In	this	

Chapter,	 FI-methylstat	 was	 used,	 not	 only	 to	 investigate	 the	 binding	 activity	 of	 the	 JmjC	

domains	 of	 the	 KDM7	 subfamily,	 but	 also	 to	 study	 non-catalytic	 JmjC	 domain-containing	

proteins	such	as	PHF2.		

	

Figure	3.3	Structures	of	methylstat	and	its	fluorescent	analogue.	A)	Methylstat.	B)	FI-methylstat.21	

	 	

A B 
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3.3	Results	and	discussion	

3.3.1	Purification	of	PHF8H319Y	and	PHF2Y321H	

To	investigate	the	importance	of	the	iron	coordinating	residues	in	the	metal	binding	affinity	

and	catalysis	of	KDM7	enzymes,	mutational	 analysis	was	 carried	out	at	 the	active	 sites	of	

both	PHF2	and	PHF8.	A	PHF2	variant	containing	the	canonical	HxD…H	(Y321H)	Fe(II)	binding	

triad,	and	variant	PHF8	containing	a	PHF2-like	HxD…Y	(H319Y)	motif	were	generated	by	site-

directed	 mutagenesis	 (abbreviated	 as	 PHF2Y321H	 and	 PHF8H319Y,	 respectively)	 using	

standard	methods	as	described	in	Chapter	5	(Materials	and	Methods).	It	was	proposed	that	

if	 the	 H	 to	 Y	 alternation	 present	 in	 PHF2	 did	 not	 affect	 its	 iron	 binding	 affinity,	 the	

PHF8H319Y	variant	might	preserve	enzymatic	activity.	Alternatively,	if	this	substitution	was	

the	 (sole)	 cause	 of	 PHF2	 inactivity	 in	 vitro,	 the	 PHF2Y321H	 variant	may	 rescue	 the	 KDM	

activity	 as	 the	 binding	 motif	 would	 be	 the	 same	 as	 in	 the	 active	 PHF8	 and	 KIAA1718	

enzymes.	

Expression	trials	for	a	pNH-TrxT	plasmid	bearing	gene	encoding	for	PHF8H319YPHD-JmjC	point	

mutant	 were	 carried	 out	 in	 BL21	 (DE3)	 cells	 under	 six	 expression	 conditions	 varying	 the	

temperature	 and	 concentrations	 of	 the	 inducing	 reagent	 IPTG	 (isopropyl	 β-D-1-

thiogalactopyranoside).	The	best	expression	condition	found	was	the	same	as	that	for	wild-

type	PHF8PHD-JmjC,	as	judged	by	SDS-PAGE	analysis	(Figure	3.4	A).	A	pilot	purification	trial	of	

PHF8H319YPHD-JmjC	 suggested	 that	 the	 purification	 protocol	 for	 PHF8PHD-JmjC	 was	 suitable,	

yielding	 >90%	 purity	 by	 SDS-PAGE	 analysis	 (Figure	 3.4	 B).	 Therefore,	 the	 wild-type	

expression	and	purification	procedures	were	used	for	the	variant	PHF8	proteins	(Chapter	2,	

Section	2.3.1).	The	expression	protocols	for	variant	PHF2	proteins	were	adopted	from	that	

used	by	Xian	Deng	and	the	purification	procedures	was	the	same	as	that	described	for	the	
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wild-type	proteins	 (Chapter	2,	Section	2.3.1).	All	of	 the	variant	proteins	of	PHF8	and	PHF2	

were	at	least	80%	pure	as	judged	by	SDS-PAGE	analysis	(Chapter	2,	Figure	2.3).	

	 	

Figure	3.4	SDS-PAGE	gel	images	of	A)	Expression	trials	PHF8H319YPHD-JmjC	with	0.5	mM	and	0.1	mM	of	isopropyl	
β-D-1-thiogalactopyranoside	(IPTG)	 inducing	at	18	°C,	30	°C,	37	°C.	Condition	selected	 is	coloured	 in	blue.	B)	
Purification	 trial	of	PHF8H319YPHD-JmjC	using	 the	same	purification	protocol	of	PHF8PHD-JmjC.	 Lane	1:	cell	 lysate;	
lane	2:	HisTrapÒ	column	load;	 lane	3:	pass-through;	 lane	4:	wash;	 lane	5-10:	HisTrapÒ	column	fractions;	 lane	
11-15:	gel	filtration	column	fractions.	The	selected	expressing	condition	is	labeled	in	blue.	Bands	on	SDS-PAGE	
gel	indicating	PHF8H319YPHD-JmjC	are	highlighted	in	red	boxes.	

	

3.3.2	Activity	of	variant	proteins	

To	 compare	 the	 activity	 of	 the	 PHF8	 and	 PHF2	 variant	 proteins,	 MALDI-TOF	 MS-based	

activity	 assays	 were	 carried	 out	 for	 each	 isolated	 protein	 using	 the	 H31-15K4me3K9me2	

peptide	 substrate	 (Chapter	 5,	 Materials	 and	 Methods).	 The	 reaction	 mixtures	 were	

quenched	 (1:1)	 with	 2%	 (v/v)	 aqueous	 formic	 acid	 solution	 after	 one	 hour.	 Interestingly,	

PHF8H319YPHD-JmjC	 lost	 its	 demethylation	 activity	 on	 H31-15K4me3K9me2	 (Figure	 3.5	 A).	 It	

was	proposed	that	this	loss	of	activity	due	to	the	PHF8	H	to	Y	substitution	might	be	caused	

by	the	reduction	in	iron	binding	capacity,	since	the	substitution	was	within	the	central	iron	

binding	motif.	Assays	were	thus	further	carried	out	using	higher	concentrations	of	Fe(II)	(1	

mM	and	10	mM	for	every	5	µM	of	PHF8H319YPHD-JmjC),	corresponding	to	200-fold	and	2000-
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fold	excess	with	respect	to	the	enzyme	concentration,	in	order	to	compensate	for	potential	

reduction	 in	 Fe(II)	 binding.	 However,	 as	 before	 no	 demethylation	 activity	 was	 detected	

under	these	conditions	(Figure	3.5	B).	The	inactivation	of	PHF8	by	the	H	to	Y	substitution	is	

consistent	with	the	proposal	that	HxD…H	‘triad’	coordination	is	indispensable	for	PHF8	KDM	

catalysis.		

Interestingly,	PHF2Y321HPHD-JmjC,	which	restored	the	canonical	HxD…H	Fe(II)	chelating	motif	

of	PHF8	to	PHF2,	also	did	not	show	any	demethylation	activity	against	H31-15K4me3K9me2	

(Figure	3.5	C)	under	the	tested	conditions.	Activity	assays	were	also	carried	out	using	H31-

15K9me2	 peptide,	 but	 again	 no	 demethylation	 activity	 was	 observed	 (data	 not	 shown).	

These	 results	with	PHF8H319YPHD-JmjC	 and	PHF2Y321HPHD-JmjC	 reveal	 that	whilst	 the	HxD…H	

motif	is	required,	it	is	not	sufficient	for	JmjC	KDM	activity.	

	

Figure	3.5	Representative	MALDI-TOF	MS	spectra	of	A)	PHF8H319YPHD-JmjC,	B)	PHF8H319YPHD-JmjC	(higher	Fe(II)	
concentration),	(the	1	Da	shift	between	the	red	and	green	spectra	is	likely	due	to	the	calculation	error	of	the	
MALDI-TOF	 analyzing	 software),	 C)	 PHF2Y321HPHD-JmjC	 and	D)	 PHF8PHD-JmjC	 with	 H31-15	K4me3K9me2	 peptide.	
Each	reaction	contained	5	µM	enzyme,	10	µM	peptide,	200	µM	2-oxoglutarate	(2OG),	1	mM	oL-ascorbate,	50	
µM	(for	A)	or	10	mM	(for	B)	(NH4)2Fe(SO4)2.	PHF8PHD-JmjC	was	used	as	a	positive	control	and	no	enzyme	reaction	
(in	red)	as	a	negative	control.	Reactions	were	quenched	with	2%	(v/v)	aqeuos	formic	acid	after	1	hour	at	37	°C.	
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3.3.3	Buffer	optimisations	for	KDM7s	and	their	variants	for	substrate	binding	

The	 pH	 dependence	 and	 the	 buffer	 salt	 effects	 on	 KDM7	 binding	 affinity	 has	 not	 been	

previously	 described.	 The	 results	 from	 activity	 assays	 indicated	 that	 HEPES	 pH	 7.0	 buffer	

with	 50	 mM	 NaCl	 is	 preferred	 for	 the	 demethylation	 of	 histone	 peptides	 by	 PHF8	 and	

KIAA1718	(Chapter	2,	section	2.3.2).	However,	as	no	KDM	activity	was	observed	for	isolated	

PHF2,	the	same	buffer	may	not	be	most	suitable	for	PHF2.	To	investigate	whether	the	same	

trend	 of	 pH	 and	 NaCl	 preference	 occurs	 for	 PHF2	 as	 for	 PHF8	 and	 KIAA1718,	 FP	 binding	

assays	 of	 PHF2PHD-JmjC	 were	 carried	 out.	 The	 binding	 assays	 for	 PHF8	 and	 KIAA1718	were	

carried	out	using	the	optimal	buffer	tested	for	activity	assays,	i.e.	50	mM	HEPES	(pH	7.0)	and	

50	mM	NaCl	as	described	in	Chapter	2.	

Initially,	FP	binding	assays	with	H31-15K4me3K9me2-FITC	were	conducted	to	investigate	the	

buffer	pH	preference	of	PHF2	for	substrate	binding.	The	results	at	pH	7.0	and	8.0	suggested	

that	the	substrate	binding	affinity	of	PHF2	is	higher	at	neutral	pH	7.0	compared	to	pH	8.0,	

when	other	buffer	components	remained	the	same	(Figure	3.6	A	&	B).	The	buffers	in	each	

pH	value	also	varied	in	NaCl	concentrations	(50	mM,	250	mM	and	500	mM).	The	KD	values	of	

PHF2PHD-JmjC	 binding	with	 H31-15K4me3K9me2-FITC	 in	 50	mM,	 250	mM	 and	 500	mM	NaCl	

buffer	(pH	8.0)	were	0.77	+	0.08	µM,	0.91	+	0.11	µM	and	1.36	+	0.14	µM	respectively	(Figure	

3.6	A).	The	data	points	for	pH	7.0	buffer	follow	the	same	trend	although	they	could	not	be	

interpreted	to	give	a	reliable	KD	value	(Figure	3.6	B),	suggesting	that	the	presence	of	NaCl	in	

the	assay	buffer	has	a	negative	effect	on	the	substrate	binding	of	PHF2PHD-JmjC.	Therefore,	a	

buffer	containing	50	mM	HEPES	(pH	7.0),	50	mM	NaCl	was	selected	to	maintain	the	optimal	

binding	affinity	while	preventing	precipitation,	with	the	addition	of	0.01%	(v/v)	of	Tween-20	

in	order	to	hinder	non-specific	binding	of	the	protein	to	the	plate.	
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Figure	3.6	FP	assays	measuring	the	binding	of	PHF2PHD-JmjC	to	H31-15K4me3K9me2-FITC	in	A)	50	mM	HEPES	pH	
8.0	and	0.01%	 (v/v)	 Tween-20	and	NaCl.	Data	were	 fitted	 to	a	one-site	 specific	binding	model	using	Prism®	
software.	 R	 square	 values	 indicating	 the	 goodness	 of	 fitting	 are	 0.99,	 0.98	 and	0.99	 for	 red,	 blue	 and	black	
curves	 respectively.	 B)	 50	 mM	 HEPES	 pH	 7.0	 and	 0.01%	 (v/v)	 Tween-20	 and	 NaCl.	 Red,	 black	 and	 blue	
triangles/circles	represent	fluorescence	polarisation	at	each	protein	concentration	in	buffer	with	50,	250	mM	
and	500	Mm	NaCl.	PHF2	(various	concentrations)	was	incubated	with	H31-15K4me3K9me2-FITC	(0.05	µM)	and	
NiSO4	(100	µM)	in	a	clear	bottom	96-well	plate	for	20	minutes	in	the	dark	at	room	temperature	before	analysis	
using	 a	 PHERA	 Star	 FS®	 plate	 reader.	 A	 sample	 without	 enzyme	 was	 used	 as	 a	 negative	 control	 for	
normalisation.	Data	are	plotted	as	the	mean	of	technical	triplicates,	and	error	bars	give	±	one	s.d.	

	

3.3.4	Substrate	binding	affinities	of	KDM7	enzymes	and	their	variants	

To	better	understand	the	substrate	binding	affinity	of	wild-type	and	variant	KDM7s,	a	series	

of	substrate	binding	assays	were	conducted	using	FP.	First,	KIAA1718PHD-JmjC	was	tested	with	

two	 fluorescent	 labelled	 H3	 peptides,	 H31-15K4me3K9me2-FITC	 and	 H31-15K9me2-FITC.	

According	 to	 the	 kinetic	 studies	 described	 in	 Chapter	 2,	 and	 as	 reported,2	 KIAA1718	

catalyses	 demethylation	 of	 H3K9me2;	 the	 presence	 of	 H3K4me3	 reduced	 demethylation	

activity	at	K9me2	(Chapter	2,	Section	2.3.4).	Interestingly,	the	binding	assay	results	revealed	

significant	differences	in	the	binding	affinities	of	KIAA1718	for	H31-15K4me3K9me2-FITC	and	

H31-15K9me2-FITC,	 but	 in	 the	 opposite	 direction	 to	 the	 activity	 results.	 KIAA1718PHD-JmjC	

bound	 to	 H31-15K4me3K9me2-FITC	with	 a	 KD	 of	 0.15	 +	 0.01	 µM	 (Figure	 3.7	 A),	 while	 the	

binding	 to	H31-15K9me2-FITC	was	 too	weak	 to	give	a	KD	value	 (Figure	3.7	B).	This	 result	 is	

consistent	 with	 the	 previously	 reported	 KD	 of	 0.29	 +	 0.04	 µM	 for	 H31-24K4me3K9me2	 as	
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determined	by	ITC	(KD	of	H31-24K9me2	was	60	+	19	µM).1,2	Notably,	the	binding	of	KIAA1718-

PHD-JmjC	 in	 the	 presence	 and	 absence	 of	 2OG	 overlapped	 at	 each	 enzyme	 concentration	

(Figure	 3.7),	 suggesting	 that	 the	 presence	 of	 2OG	 does	 not	 influence	 the	 binding	 of	

KIAA1718	 to	 the	 tested	 substrates,	H31-15K4me3K9me2-FITC	and	H31-15K9me2-FITC.	This	 is	

contrary	to	the	current	knowledge	of	many	2OG	oxygenases,	where	2OG	binding	precedes	

substrate	 binding	 by	 stabilising	 the	 enzyme-substrate	 complex,22	 and	 thus	 prompted	 a	

hypothesis	 that	 the	substrate	binding	of	KIAA1718	 is	principally	determined	by	binding	 to	

the	PHD	finger.			

	

Figure	3.7	FP	binding	assays	of	KIAA1718PHD-JmjC	 to	A)	H31-15K4me3K9me2-FITC	and	B)	H31-15K9me2-FITC	with	
and	without	2OG	(100	µM).	KIAA1718PHD-JmjC	were	 incubated	with	H31-15K4me3K9me2-FITC	(0.05	µM)	or	H31-
15K9me2-FITC	 (0.05	µM)	 and	NiSO4	 (100	µM)	 in	 a	 clear	 bottom	96-well	 plate	 for	 20	minutes	 in	 the	 dark	 at	
room	 temperature	 before	 analysing	 by	 a	 PHERA	 Star	 FS®	plate	 reader.	Data	 set	A	were	 fitted	 to	 a	 one-site	
specific	binding	model	using	Prism®	software.	R	square	values	indicating	the	goodness	of	fitting	are	both	1.00	
for	 red	 and	 blue	 curves	 respectively.	 A	 sample	 without	 enzyme	 was	 used	 as	 a	 negative	 control	 for	
normalisation.	Data	are	plotted	as	the	mean	of	technical	triplicates,	and	error	bars	give	±	one	s.d.	

	

To	 further	 investigate	 the	 contribution	 of	 the	 PHD	 finger	 to	 the	 substrate	 binding	 of	

KIAA1718,	 FP	 binding	 assays	 on	 H31-15K4me3K9me2-FITC	 and	 H31-15K9me2-FITC	 were	

carried	out	with	KIAA1718PHD.	KIAA1718PHD	bound	H31-15K4me3K9me2-FITC	with	a	KD	of	0.42	

+	0.05	µM	(Figure	3.8),	2.8-fold	higher	than	that	of	KIAA1718PHD-JmjC	(Figure	3.7).	Despite	the	

2.8-fold	difference	between	KIAA1718PHD	and	KIAA1718PHD-JmjC,	both	proteins	bound	to	H31-
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15K4me3K9me2-FITC	with	KD	values	in	the	nanomolar	range	(Table	3.1),	suggesting	that	the	

PHD	finger	is	important	in	KIAA1718	substrate	binding.	As	for	the	binding	with	H31-15K9me2-

FITC,	the	KD	value	could	not	be	measured	since	hardly	any	binding	was	observed	even	with	

the	highest	concentration	of	KIAA1718PHD	tested	(Figure	3.8).		

	

Figure	 3.8	 FP	binding	assays	of	 KIAA1718PHD	 to	H31-15K4me3K9me2-FITC	and	H31-15K9me2-FITC.	 KIAA1718PHD	
were	incubated	with	H31-15K4me3K9me2-FITC	(0.05	µM)	or	H31-15K9me2-FITC	(0.05	µM)	and	NiSO4	(100	µM)	in	
a	clear	bottom	96-well	plate	for	20	minutes	in	the	dark	at	room	temperature	before	analysing	by	a	PHERA	Star	
FS®	plate	reader.	Data	were	fitted	to	a	one-site	specific	binding	model	using	Prism®	software.	R	square	value	
indicating	 the	 goodness	 of	 fitting	 is	 0.96	 for	 red	 curve.	 A	 sample	 without	 enzyme	 was	 used	 as	 a	 negative	
control	for	normalisation.	Data	are	plotted	as	the	mean	of	technical	triplicates,	and	error	bars	give	±	one	s.d.	

	

Next,	it	was	asked	whether	the	same	contribution	from	the	PHD	finger	to	substrate	binding	

for	KIAA1718	manifests	in	the	case	of	PHF8,	which	demethylates	H3K9me2	more	efficiently	

when	 combined	 with	 H3K4me3	 (Chapter	 2,	 Section	 2.3.3).	 FP	 binding	 assays	 on	 H31-

15K4me3K9me2-FITC	and	H31-15K9me2-FITC	were	carried	out	with	PHF8PHD-JmjC,	PHF8PHD	and	

PHF8JmjC.	 PHF8PHD-JmjC	 bound	 to	H31-15K4me3K9me2-FITC	 tightly,	with	 an	KD	 of	 0.83	 +	 0.08	

µM	(Figure	3.9	A),	while	binding	with	H31-15K9me2-FITC	gave	an	KD	of	7.48	+	1.62	µM	(Figure	

3.9	 B),	 indicating	 that	 substrate	 binding	 to	 PHF8PHD-JmjC	 is	 dominated	 by	 binding	 of	 the	

H3K4me3	mark.	 In	 addition,	 as	 for	 KIAA1718,	 the	 presence	 of	 2OG	 did	 not	 influence	 the	
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substrate	 binding	 to	 PHF8PHD-JmjC	(Figure	 3.9).	 To	 investigate	 which	 domain	 facilitates	 the	

binding	of	H3K4me3,	FP	binding	assays	with	PHF8PHD	and	PHF8JmjC	were	further	conducted.	

PHF8PHD	 was	 observed	 to	 bind	 to	 H31-15K4me3K9me2-FITC	 with	 a	 KD	 of	 0.16	 +	 0.01	 µM	

(Figure	 3.9	 C)	 and	 did	 not	 efficiently	 bind	 to	 H31-15K9me2-FITC	 (>	 50	 µM,	 Figure	 3.9	 D).	

PHF8JmjC	did	not	show	any	binding	to	H31-15K4me3K9me2-FITC	(Figure	3.9	E),	in	line	with	the	

enzymatic	 activity	 studies	 (Chapter	 2,	 Section	 2.3.3).	 It	was	 therefore	 concluded	 that	 the	

interaction	 with	 H3K4me3	 by	 the	 PHD	 finger	 is	 the	 main	 contributor	 to	 PHF8	 substrate	

binding.	 FP	 binding	 assays	 with	 PHF8H319YPHD-JmjC	 further	 supported	 this	 proposal.	

PHF8H319YPHD-JmjC	bound	to	H31-15K4me3K9me2-FITC	with	an	KD	of	1.10	+	0.10	µM	(Figure	

3.9	F),	 similar	 to	PHF8PHD-JmjC	(Figure	3.9	A).	The	H	 to	Y	alteration	which	 inactive	 the	PHF8	

enzyme	did	not	affect	the	substrate	binding	of	PHF8.	
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Figure	3.9	FP	measurement	of	PHF8	proteins	binding	to	histone	substrates	with	and	without	2OG	(100	µM).	A)	
PHF8PHD-JmjC	binding	to	H31-15K4me3K9me2-FITC.	R	square	values	indicating	the	goodness	of	fitting	are	0.98	and	
0.97	for	red	and	black	curves	respectively.	B)	PHF8PHD-JmjC	binding	to	H31-15K9me2-FITC.	C)	PHF8PHD	binding	to	
H31-15K4me3K9me2-FITC.	R	square	values	indicating	the	goodness	of	fitting	are	0.98	and	0.95	for	red	and	black	
curves	respectively.	D)	PHF8PHD	binding	to	H31-15K9me2-FITC.	E)	PHF8JmjC	binding	to	H31-15K4me3K9me2-FITC.	R	
square	 values	 indicating	 the	 goodness	of	 fitting	 is	 0.98	 for	black	 curve.	F)	 PHF8H319YPHD-JmjC	 binding	 to	H31-
15K4me3K9me2-FITC.	R	square	values	indicating	the	goodness	of	fitting	are	both	0.98	for	red	and	black	curves.	
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PHF8	 proteins	 were	 incubated	with	 H31-15K4me3K9me2-FITC	 (0.05	 µM)	 or	 H31-15K9me2-FITC	 (0.05	 µM)	 and	
NiSO4	 (100	 µM)	 in	 a	 clear	 bottom	 96-well	 plate	 for	 20	 minutes	 in	 the	 dark	 at	 room	 temperature	 before	
analysing	 using	 a	 PHERA	 Star	 FS®	 plate	 reader.	 Data	were	 fitted	 to	 a	 one-site	 specific	 binding	model	 using	
Prism®	software.	A	sample	without	enzyme	was	used	as	a	negative	control	for	normalisation.	Data	are	plotted	
as	the	mean	of	technical	triplicates,	and	error	bars	give	±	one	s.d.	

	

PHF2,	which	has	no	reported	catalytic	activity	in	isolated	form,	was	subsequently	tested	for	

binding	by	FP	binding	assays.	PHF2PHD-JmjC	and	PHF2PHD	gave	binding	KD	values	less	than	1	µM,	

while	PHF2JmjC	showed	no	detectable	binding	(Figure	3.10	A).	The	presence	of	2OG	did	not	

influence	the	binding	of	PHF2PHD-JmjC	on	H31-15K4me3K9me2-FITC	(Figure	3.10	B).	The	overall	

results	with	PHF2	proteins	 clearly	 imply	 that	 the	 interaction	between	 the	H3K4me3	mark	

and	the	PHD	finger	of	PHF2	dominates	substrate	binding.	

	

Figure	3.10	 FP	measurements	of:	A)	Various	domains	of	PHF2	B)	PHF2PHD-JmjC	binding	 to	H31-15K4me3K9me2-
FITC	with	and	without	2OG	(100	µM).	PHF2	proteins	were	incubated	with	H31-15K4me3K9me2-FITC	(0.05	µM)	
and	NiSO4	(100	µM)	 in	a	clear	bottom	96-well	plate	for	20	minutes	 in	the	dark	at	room	temperature	before	
analysing	using	a	PHERA	Star	FS®	plate	reader.	Data	set	B	were	fitted	to	a	one-site	specific	binding	model	using	
Prism®	software.	R	square	values	indicating	the	goodness	of	fitting	are	both	0.99	for	red	and	black	curves.	A	
sample	without	 enzyme	was	used	 as	 a	 negative	 control	 for	 normalisation.	Data	 are	plotted	 as	 the	mean	of	
technical	triplicates,	and	error	bars	give	±	one	s.d.	

	

Finally,	 FP	 binding	 assays	 with	 PHF8H319YPHD-JmjC	 and	 PHF2Y321HPHD-JmjC	 to	 H31-

15K4me3K9me2-FITC	 gave	 similar	 KD	 values	 to	 their	 wild-type	 counterparts.	 The	

PHF8H319YPHD-JmjC	 gave	 a	 KD	 of	 1.10	 +	 0.10	 µM,	 similar	 to	 the	 KD	 of	 0.83	 +	 0.08	 µM	 for	
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PHF8PHD-JmjC	 (Figure	 3.11	 A).	 PHF2Y321HPHD-JmjC	 and	 PHF2PHD-JmjC	 bound	 to	 H31-

15K4me3K9me2-FITC	 in	 a	 similar	manner	despite	 the	 lack	of	measurable	KD	 values	 (Figure	

3.11	B).		

	

Figure	3.11	FP	measurements	of:	A)	PHF8	and	B)	PHF2	proteins	binding	to	H31-15K4me3K9me2-FITC.	PHF2	or	
PHF8	proteins	were	incubated	with	H31-15K4me3K9me2-FITC	(0.05	µM)	and	NiSO4	(100	µM)	in	a	clear	bottom	
96-well	plate	for	20	minutes	in	the	dark	at	room	temperature	before	analysing	using	a	PHERA	Star	FS®	plate	
reader.	 Data	 set	 A	were	 fitted	 to	 a	 one-site	 specific	 binding	model	 using	 Prism®	 software.	 R	 square	 values	
indicating	 the	goodness	of	 fitting	are	0.95	and	0.99	 for	 red	and	black	curves	 respectively.	A	 sample	without	
enzyme	was	used	as	a	negative	control	for	normalisation.	Data	are	plotted	as	the	mean	of	technical	triplicates,	
and	error	bars	give	±	one	s.d.	

In	 summary	 the	KD	values	of	KDM7s	binding	 to	 the	 two	peptides	H31-15K4me3K9me2-FITC	

and	 H31-15K9me2-FITC	 is	 shown	 in	 Table	 3.1.	 Based	 on	 the	 results	 described	 above,	

interactions	with	 the	PHD	 fingers	 appears	 to	 drive	 the	binding	of	 KDM7s	 to	 their	 histone	

substrates,	and	hence	may	regulate	their	enzymatic	activity.	To	investigate	the	influence	of	

substrate	binding	by	 the	PHD	 fingers	on	 the	enzymatic	 activities	of	KDM7s,	 kinetic	 assays	

with	 a	 tri-ethyl	 H3K4	 peptide	 (H31-15K4et3K9me2,	 synthesised	 by	 Mr	 Roman	 Belle)	 with	

PHF8PHD-JmjC	 were	 conducted	 using	 MALDI	 MS-based	 demethylation	 assays	 (Chapter	 5,	

section	 5.5),	 as	 well	 as	 with	 the	 H31-15K4me3K9me2	 peptide	 (Figure	 3.12	 A).	 H31-

15K4et3K9me2	was	demonstrated	to	bind	to	PHF8	more	tightly	than	H31-15K4me3K9me2	by	

Roman	 Belle	 using	 ITC	 assays	 (unpublished	 data).	 The	 results	 of	 kinetic	 assays	 were	

attempted	to	be	fitted	by	the	GraphPad	Prism7	software	using	a	substrate	inhibition	fitting	
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model.	 However,	 no	 reliable	 parameters	 could	 be	 generated,	 likely	 due	 the	 effects	 of	

complicated	combined	substrate/product	inhibition.	Nonetheless,	the	results	of	the	kinetic	

assays	indicate	that	the	apparent	initial	rate	of	demethylation	catalysed	as	by	PHF8PHD-JmjC	is	

substantially	 increased	 with	 H31-15K4et3K9me2	 compared	 to	 H31-15K4me3K9me2	 (Figure	

3.12	 A).	 This	 observation	 further	 supports	 the	 role	 of	 the	 PHD	 in	 substrate	 binding	 and	

hence	catalysis.	

The	results	of	a	competition	experiments	using	H31-15K4et3K9me2	and	H31-15K4me3K9me2	

against	H31-15K4me3K9me2-FITC	with	PHF8PHD-JmjC	suggested	 that	H31-15K4et3K9me2	 (IC50	=	

0.69	µM)	binds	to	PHF8	approximately	four	times	tighter	than	H31-15K4me3K9me2	(IC50	=	2.6	

µM)	(Figure	3.12	B).	

Overall,	the	results	described	in	this	Section	demonstrate	that	the	PHD	fingers	of	the	KDM7	

enzymes	appear	to	dominate	substrate	binding	and	influence	the	enzymatic	activity	of	PHF8.	

	

Figure	 3.12	 A)	 Measurement	 of	 KM	 values	 of	 demethylation	 reactions	 of	 H31-15K4et3K9me2	 and	 H31-
15K4me3K9me2	catalysed	by	PHF8PHD-JmjC.	B)	FP	measurement	of	displacement	IC50	values	of	H31-15K4et3K9me2	
and	H31-15K4me3K9me2	against	H31-15K4me3K9me2-FITC	with	PHF8PHD-JmjC.	Data	set	B	were	fitted	to	a	one-site	
specific	binding	model	using	Prism®	software.	R	square	values	indicating	the	goodness	of	fitting	are	0.99	and	
0.98	for	red	and	black	curves	respectively.	For	both	data	set	A	and	B,	a	sample	without	enzyme	was	used	as	a	
negative	control	for	normalisation.	Data	are	plotted	as	the	mean	of	technical	triplicates,	and	error	bars	give	±	
one	s.d.	
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Table	 3.1	 Summary	 of	 the	 KD	 of	 KDM7s	 binding	 to	 H31-15K4me3K9me2-FITC	 and	 H31-15K9me2-FITC.	 NM	

indicates	that	the	KD	values	are	not	measurable	under	the	tested	conditions.	
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3.3.5	Buffer	optimisations	for	KMD7s	and	their	variants	for	methylstat	binding	

Methylstat	is	reported	to	be	a	selective	JmjC	domain-containing	histone	demethylase	(JmjC-

KDM)	 inhibitor.21	 FI-methylstat	 is	 a	 fluorescent	 analogue	 of	 methylstat.21	 Methylstat	 is	

predicted	 to	 target	 the	 JmjC	 domain,	 at	 both	 substrate	 and	 2OG	 binding	 pockets.	 The	

binding	 of	 PHF2PHD-JmjC	 to	 FI-methylstat	 was	 evaluated	 in	 the	 set	 of	 buffers	 used	 for	 the	

binding	 of	H31-15K4me3k9me2-FITC.	 Thus,	 FI-methylstat	will	 likely	 to	 bind	 (if	 at	 all)	 to	 the	

JmjC	domain	of	PHF2.	Under	all	the	conditions	tested,	PHF2PHD-JmjC	was	observed	to	bind	to	

FI-methylstat	with	a	KD	>10	µM.	as	observed	 for	H31-15K4me3k9me2-FITC	binding	 to	PHF2	

(Figure	 3.6),	 increased	 salt	 concentrations	 negatively	 affect	 FI-methylstat	 binding	 to	 PHF2	

(Figure	3.13).	It	was	difficult	to	compare	the	influence	of	pH	since	the	weak	binding	affinity	

precluded	determining	reliable	KD	measurements	at	either	of	the	tested	pH	values.	However,	

use	 of	 the	 pH	 8.0	 buffer	 gave	 a	more	 intense	 signal	 for	 the	 same	 protein	 concentration	

compared	to	that	at	pH	7.0	(Figure	3,13).	Therefore,	a	buffer	containing	50	mM	HEPES	(pH	

8.0),	50	mM	NaCl	was	selected	for	FI-methylstat	binding	studies.	As	for	H31-15K4me3k9me2-

FITC	binding,	0.01%	(v/v)	Tween-20	was	also	added	in	the	binding	buffer.	
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Figure	 3.13	FP	assays	measuring	 the	binding	of	PHF2PHD-JmjC	to	FI-methylstat	 in	A)	 50	mM	HEPES	pH	8.0	and	
0.01%	(v/v)	Tween-20	and	NaCl.	B)	50	mM	HEPES	pH	7.0	and	0.01%	(v/v)	Tween-20	and	NaCl.	Red,	black	and	
blue	triangles/circles	represented	the	fluorescence	polarisation	at	each	protein	concentration	in	buffer	with	50,	
250	mM	and	500	Mm	NaCl.	PHF2	(various	concentrations)	was	incubated	with	FI-methylstat	(0.0125	µM)	and	
NiSO4	 (100	 µM)	 in	 a	 clear	 bottom	 96-well	 plate	 for	 20	 minutes	 in	 the	 dark	 at	 room	 temperature	 before	
analysing	by	a	PHERA	Star	FS®	plate	reader.	Data	were	fitted	to	a	one-site	specific	binding	model	using	Prism®	
software.	A	sample	without	enzyme	was	used	as	a	negative	control	for	normalisation.	Data	are	plotted	as	the	
mean	of	technical	triplicates,	and	error	bars	give	±	one	s.d.	

	

Finally,	 FP	 binding	 assays	 of	 FI-methylstat	 by	 PHF8PHD-JmjC	 and	 PHF8H319YPHD-JmjC	 were	

carried	 out	 using	 pH	 7.0	 and	 pH	 8.0	 buffers,	 in	 order	 to	 investigate	 whether	 the	 H	 to	 Y	

substitution	 changes	 the	 pH	 preference	 of	 PHF8	 binding	 to	 FI-methylstat.	 PHF8PHD-JmjC	

preferred	the	buffer	in	pH	7.0	over	pH	8.0	(Figure	3.14	A),	as	did	PHF8H319YPHD-JmjC	(Figure	

3.14	 B).	 Interestingly,	 although	 PHF8H319YPHD-JmjC	 showed	 the	 same	 pH	 preference	 as	

PHF8PHD-JmjC,	 it	 seemed	 to	 be	more	 affected	 by	 the	 buffer	 pH	 than	 the	wild-type	 protein,	

with	more	than	13-fold	difference	in	the	binding	KD	values	at	pH	7.0	compared	to	pH	8.0	(5-

fold	for	PHF8PHD-JmjC,	Table	3.2).		
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Figure	3.14	FP	assays	measuring	the	binding	of	A)	PHF8PHD-JmjC	to	FI-methylstat	in	50	mM	HEPES,	50	mM	NaCl	
and	0.01%	(v/v)	Tween-20.		R	square	values	indicating	the	goodness	of	fitting	are	0.99	and	0.97	for	the	red	and	
black	curves	respectively.	B)	PHF8H319YPHD-JmjC	to	FI-methylstat	in	50	mM	HEPES	and	150	mM	and	0.01%	(v/v)	
Tween-20.	R	square	value	 indicating	the	goodness	of	 fitting	 is	1.00	for	the	red	curve.	PHF8	proteins	(various	
concentrations)	were	incubated	with	FI-methylstat	(0.0125	µM)	and	NiSO4	(100	µM)	in	a	clear	bottom	96-well	
plate	for	20	minutes	in	the	dark	at	room	temperature	before	analysing	by	a	PHERA	Star	FS®	plate	reader.	Data	
were	fitted	to	a	one-site	specific	binding	model	using	Prism®	software.	A	sample	without	enzyme	was	used	as	
a	negative	control	for	normalisation.	Data	are	plotted	as	the	mean	of	technical	triplicates,	and	error	bars	give	±	
one	s.d.	

The	 binding	 KD	 values	 resulting	 from	 the	 binding	 assays	 described	 in	 this	 Section	 are	

summarised	 in	Table	3.2.	50	mM	HEPES	 (pH	7.0),	50	mM	NaCl	and	0.01%	 (v/v)	Tween-20	

was	 used	 as	 the	 buffer	 for	 KDM7	 FP	 substrate	 binding	 assays	 and	 KIAA1718/PHF8	 FI-

methylstat	binding	assays.	50	mM	HEPES	(pH	8.0),	50	mM	NaCl	and	0.01%	(v/v)	Tween-20	

was	used	 for	 PHF2	 FI-methylstat	 binding	 assays.	 In	 scenarios	where	PHF2	was	 apparently	

destabilised	(as	evidenced	by	precipitation	observed	during	the	operation	of	the	FP	assays),	

5	mM	TCEP	was	added	to	improve	the	enzyme	stability.		

Table	3.2	KD	values	of	FI-methylstat	measured	by	FP	binding	assays	of	KDM7	enzymes.	

	 PHF2PHD-JmjC	
pH	 7.0	 8.0	

NaCl	/	mM	 50	 250	 500	 50	 250	 500	
KD	/	µM	 <1	 <1	 <1	 0.77	+	0.09	 0.91	+	0.01	 1.36	+	0.14	

	 PHF8PHD-JmjC	 PHF8H319YPHD-JmjC	
pH	 7.0	 8.0	 7.0	 8.0	

NaCl	/	mM	 50	 50	 150	 150	
KD	/	µM	 0.98	+	0.07	 5.25	+	0.61	 1.56	+	0.03	 >20	
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3.3.6	Methylstat	binding	studies	of	KDM7	proteins	and	their	variants	

This	 Section	 describes	 work	 using	 FI-methylstat	 as	 a	 probe	 to	 investigate	 the	 mode	 of	

binding	 of	 the	 JmjC	 domains	 of	 KDM7s.	 It	 was	 aimed	 at	 further	 understanding	 the	

relationships	between	enzymatic	activity	and	binding	through	the	JmjC	domain	of	KDM7s.	It	

was	envisaged	 that,	especially	 for	 the	catalytically	 inactive	PHF2,	 such	 fluorescent	binding	

studies	may	be	useful	for	studying	co-factor/substrate	binding.	

For	each	member	of	the	KDM7	subfamily,	the	binding	assays	of	FI-methylstat	were	carried	

out	 in	 the	 presence	 and	 absence	 of	 100	 µM	 2OG.	 	 Protein	 constructs	 containing	 JmjC	

domains	 that	 were	 the	 subject	 of	 FP	 methylstat	 binding	 assays	 were:	 KIAA1718PHD-JmjC,	

PHF8PHD-JmjC,	 PHF8JmjC,	 PHF8H319YPHD-JmjC,	 PHF8H319YJmjC,	 PHF2PHD-JmjC,	 PHF2JmjC,	

PHF2Y321HPHD-JmjC	and	PHF2Y321HJmjC.	In	the	work	described	in	this	Section,	only	binding	of	

KDM7	 proteins	 to	 FI-methylstat	was	 investigated.	More	 detailed	 experiments	 and	 results	

about	FP	displacement	assays	are	described	in	the	next	Chapter	(Chapter	4,	Section	4.3.2).	

For	KIAA1718PHD-JmjC,	binding	to	methylstat	was	relativelytight	with	a	KD	of	0.13	+	0.01	µM	

(without	 2OG,	 Figure	 3.15).	When	100	µM	2OG	was	 incubated	 together	with	 the	 binding	

mixture,	the	KD	was	elevated	(KD	>	10	µM).	This	observation	is	consistent	with	the	fact	that	

methylstat	binds	at	the	2OG	binding	site	in	the	JmjC-domain,	supporting	the	proposal	that	

FI-methylstat	is	competitive	with	respect	to	2OG	binding.		
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Figure	 3.15	 2OG	 disturbed	 FI-methylstat	 binding	 of	 KIAA1718.	 Red	 circles	 represented	 the	 fluorescence	
polarisation	 at	 each	 enzyme	 concentration	 in	 the	 absence	 of	 2OG.	 Data	 were	 fitted	 in	 a	 one-site	 specific	
binding	model	using	Prism®	software,	where	the	bottom	of	fitting	curves	were	fixed	at	0	DmP.	R	square	value	
indicating	the	goodness	of	fitting	is	0.99	for	the	red	curve.	A	no	enzyme	reaction	was	used	as	negative	control	
for	normalisation.	Points	are	plotted	as	the	mean	of	technical	triplicates,	and	error	bars	give	±	one	s.d.	

PHF8	 showed	 a	 different	 level	 of	 binding	 affinity	 towards	 FI-methylstat	 compared	 to	

KIAA1718.	PHF8PHD-JmjC	bound	the	FI-methylstat	with	a	KD	of	0.98	+	0.07	µM	(Figure	3.16	A)	

and	PHF8JmjC	bound	with	a	similar	magnitude,	giving	a	KD	of	1.33	+	0.04	µM	(Figure	3.16	B).	

Moreover,	as	for	KIAA1718,	addition	of	2OG	weakened	the	binding	of	FI-methylstat	to	both	

PHF8PHD-JmjC	 and	PHF8JmjC	 by	more	 than	 tenfold	 (Figure	 3.16	A	 and	B).	 Although	PHF8	 and	

KIAA1718	shared	~	65%	 identity	between	their	 JmjC	domains	and	 their	 iron-binding	motif	

are	 the	 same	 (Appendix	1&2),	 the	disparity	of	methylstat	binding	affinity	 implies	 that	 the	

interactions	 involved	 in	methylstat	binding	at	the	active	site	are	not	the	same	for	the	two	

KDM7	enzymes.	This	observation	may	 reflect	observations	on	 the	different	 selectivities	of	

the	 JmjC	domains	of	PHF8	and	KIAA1718	towards	dimethylated	 lysine	at	various	positions	

on	 histone	 H3	 peptides	 (Chapter	 2	 Section	 2.3.5).	 However,	 attempts	 on	 crystallographic	

study	using	the	KDM7	protein	crystal	structures	available	in	the	Protein	Data	Bank	(PDB)	did	

not	find	other	interactions	which	may	cause	the	different	substrate	preference	of	PHF8	and	
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KIAA1718.	Detailed	biophysical	analyses,	such	as	protein	NMR	studies,	are	required	so	as	to	

clarify	which	interactions	are	involved	in	cofactor	and	substrate	binding.		

	

Figure	3.16	FP	measurement	of	A)	PHF8PHD-JmjC,	R	square	value	indicating	the	goodness	of	fitting	is	0.99	for	the	
red	curve.	 B)	PHF8JmjC	binding	 to	FI-methylstat	+/-	2OG	 (100	µM).	R	 square	value	 indicating	 the	goodness	of	
fitting	 is	 1.00	 for	 the	 red	 curve.	 Red	 circles	 represented	 the	 fluorescence	 polarisation	 at	 each	 enzyme	
concentration	 in	 the	 absence	 of	 2OG.	 Data	 were	 fitted	 in	 a	 one-site	 specific	 binding	 model	 using	 Prism®	
software,	where	the	bottom	of	fitting	curves	were	fixed	at	0	DmP.	A	no	enzyme	reaction	was	used	as	negative	
control	for	normalisation.	Points	are	plotted	as	the	mean	of	technical	triplicates,	and	error	bars	give	±	one	s.d.	

	

PHF8H319YPHD-JmjC	gave	a	binding	KD	of	1.56	+	0.03	µM	(Figure	3.17	A)	with	FI-methylstat,	

and	PHF8H319YJmjC	gave	a	KD	of	<1	µM	(estimated	from	the	incomplete	curve,	Figure	3.17	B),	

which	were	the	same	as	for	the	PHF8PHD-JmjC	and	PHF8JmjC	respectively	within	the	error	range,	

suggesting	 that	 although	 the	 His	 to	 Tyr	 substitution	 causes	 PHF8	 to	 be	 non-catalytic	 and	

likely	 disturbs	 the	 iron	 binding	 motif,	 the	 alteration	 appears	 not	 to	 have	 influenced	 its	

binding	to	FI-methylstat	within	detection	 limits.	The	combination	of	these	results	suggests	

that	 there	may	 be	 different	 amino	 acid	 residues	 /	 active	 site	 interactions	 responsible	 for	

cofactor	and	substrate	binding	in	different	KDM7s.	
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Figure	3.17	FP	measurement	of	A)	PHF8PHD-JmjC	B)	PHF8JmjC	binding	to	FI-methylstat	in	the	absence	of	2OG.	Data	
set	A	was	fitted	in	a	one-site	specific	binding	model	using	Prism®	software,	where	the	bottom	of	fitting	curves	
were	fixed	at	0	DmP.	R	square	value	indicating	the	goodness	of	fitting	is	1.00	for	the	black	curve.	A	no	enzyme	
reaction	was	used	as	negative	control	for	normalisation.	Points	are	plotted	as	the	mean	of	technical	triplicates,	
and	error	bars	give	±	one	s.d.	

	

PHF2PHD-JmjC	binds	FI-methylstat	with	a	KD	of	2.5	+	0.21	µM	(Figure	3.18	A),	while	PHF2JmjC	

with	 KD	 of	 6.37	 +	 1.03	 µM	 (Figure	 3.18	 C),	 about	 three	 to	 four-fold	 higher	 than	 the	

corresponding	PHF8	constructs	(Figure	3.16).	PHF2Y321HPHD-JmjC	and	PHF2Y321HJmjC	did	not	

gave	 accurate	 KD	 values	 due	 to	 the	 incomplete	 curves	 observed	 over	 the	 tested	

concentration	ranges	(Figure	3.18	B	&	D).	By	contrast	with	PHF8	and	KIAA1718,	the	binding	

of	FI-methylstat	 to	PHF2PHD-JmjC	and	PHF2Y321HPHD-JmjC	was	not	affected	by	 the	addition	of	

2OG.	
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Figure	3.18	FP	measurement	of	A)	PHF2PHD-JmjC	and	B)	PHF2Y321HPHD-JmjC	binding	to	FI-methylstat	+/-	2OG.	Red	
circles	represent	 fluorescence	polarisation	at	each	enzyme	concentration	 in	the	absence	of	2OG.	C)	PHF2JmjC	

and	 D)	 PHF2Y321HJmjC	binding	 to	 FI-methylstat	without	 2OG.	 Data	were	 fitted	 in	 a	 one-site	 specific	 binding	
model	using	Prism®	software.	A	no	enzyme	reaction	was	used	as	negative	control	for	normalisation.	Points	are	
plotted	as	the	mean	of	technical	triplicates,	and	error	bars	give	±	one	s.d.	

Together	 with	 the	 activity	 studies	 described	 in	 Chapter	 2,	 the	 observation	 of	 2OG	 not	

affecting	PHF2	FI-methylstat	binding	raises	the	question	as	to	whether	2OG	binds	to	PHF2	

(potentially	 as	 the	 cofactor	 for	 demethylation	 or	 other	 reaction).	 NMR	 observed	 2OG	

turnover	 assays	 were	 thereby	 carried	 out	 for	 PHF2PHD-JmjC.	 Comparing	 with	 PHF8PHD-JmjC	

which	turned	over	2OG	into	succinate	over	1-hour	incubation,	no	2OG	turnover	product	was	

detected	for	PHF2PHD-JmjC	(Figure	3.19),	further	supporting	the	proposal	that	2OG	may	be	not	

utilized	by	PHF2.	
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Figure	3.19	NMR	1H	studies	of	2OG	turnover	by	PHF2PHD-JmjC	and	PHF8PHD-JmjC.	Peaks	around	2.26	ppm	represent	
the	peaks	 for	2OG	 turnover	product	–	 succinate.	Red:	PHF8PHD-JmjC	turnover	assay.	Blue:	PHF8PHD-JmjC	negative	
control.	Green:	PHF2PHD-JmjC	turnover	assay.	Purple:	PHF2PHD-JmjC	negative	control.	

A	 summary	 of	 the	 binding	 parameters	 of	 all	 the	 FP	 binding	 assays	 using	 FI-methylstat	 as	

described	 in	 this	 Section	 is	 shown	 in	 Table	 3.3.	 In	 conclusion,	 these	 results	 show	 that	 FI-

methylstat	 is	 a	 useful	 tool	 for	 investigating	 ligand	 binding	 to	 JmjC	 domains.	 Importantly,	

since	PHF2	is	catalytic	inactive,	the	FP	assay	provides	new	opportunities	to	investigate	PHF2	

(and	its	inhibitors),	opening	up	possibilities	for	other	JmjC	domains	without	catalytic	activity	

(e.g.	JARID2,	HR).23,24		

	

	

	

	



Chapter	3	 Substrate	and	metal	ion	binding	studies	on	KDM7	subfamily	

	 106	

Table	3.3	FI-methylstat	binding	KD	values	of	KDM7	subfamily.	

	 PHF8	 PHF8H319Y	 KIAA1718	

Construct	 PHD-JmjC	 JmjC	 PHD-JmjC	 JmjC	 PHD-JmjC	

KD/	µM	 0.98	±	0.07	 1.33	±	0.04	 1.56	±	0.03	 NM	 										0.13	±	0.01	

	 PHF2	 PHF2Y321H	 	

Construct	 PHD-JmjC	 JmjC	 PHD-JmjC	 JmjC	 	

KD/	µM	 2.5	±	0.21	 6.37	±	1.03	 NM	 NM	 	

	

3.3.7	Metal	coordination	studies	in	KDM7	JmjC-domain	active	site	

To	determine	the	significance	of	the	tyrosine	residue	in	the	iron	binding	motif	of	PHF2,	iron	

binding	 assays	were	 conducted	 on	 apo	 PHF2JmjC	 and	 PHF8JmjC	 enzymes	 (i.e.	 non-metalled	

forms).	Apo	PHF8JmjC	 and	apo	PHF2JmjC	 (wild-type	and	variants)	were	obtained	by	 treating	

the	holoenzymes	(i.e.	fully	metallated)	with	3	mM	EDTA	at	4	°C	overnight.	The	fluorescence	

intensity	(FI)	assay	was	chosen	initially	for	Fe(II)	binding	measurement	of	apo	PHF8	because	

of	its	efficient	nature	and	lack	of	requirement	for	fluorescent	ligands.	However,	attempts	to	

obtain	decent	Fe(II)	binding	curves	for	apo	PHF8JmjC	and	PHF2JmjC	both	failed	due	to	the	low	

signal	window	(data	not	shown).	

Next,	non-denaturing	mass	spectrometry	was	used	to	investigate	the	apo	status	of	enzymes	

and	 to	 detect	 binding.	 This	 work	 was	 carried	 out	 in	 collaboration	 with	 Dr	 Joseph	 Gault	

(Professor	Dame	Carol	Robinson	group,	Oxford).	The	apo	enzymes	(PHF8JmjC,	PHF8H319YJmjC,	

PHF2JmjC	 and	 PHF2Y321HJmjC)	 were	 analysed	 using	 a	 Q-Exactive™	 Hybrid	 Quadrupole-

Orbitrap™	Mass	Spectrometer	(ThermoFisher)	to	verify	their	apo	status.	All	enzymes	were	

observed	to	be	fully	apo	within	detection	limits.		
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The	apoenzymes	were	then	 incubated	with	various	concentration	of	 (NH4)2Fe(SO4)2	on	 ice	

for	5min	before	subsequent	analysis	by	MS.	The	concentration	of	(NH4)2Fe(SO4)2	used	was	

initially	the	same	as	the	apoenzyme	tested.	If	the	starting	sample	was	not.	detected	well	in	

the	MS	machine,	the	concentration	of	(NH4)2Fe(SO4)2	was	raised	gradually	up	to	40	µM	in	a	

stepwise	manner.	Overall,	the	metal	ion	concentration	was	kept	low	to	prevent	damage	to	

the	mass	spectrometer.	Apo	PHF2JmjC	and	apo	PHF2Y321HJmjC	both	were	observed	to	bind	

iron	 under	 the	 condition	 tested	 (enzyme:	 (NH4)2Fe(SO4)2	 =	 1:	 10)	 (Figure	 3.20	 A).	

Unfortunately,	 the	 spectra	 were	 not	 sufficiently	 well	 resolved	 to	 conduct	 quantitative	

calculation	of	binding	affinities	due	to	the	 interference	of	SO4
2-	 ions.	The	spectrum	of	apo	

PHF8H319YJmjC	did	not	show	a	+Fe	peak	with	the	most	saturating	metal	iron	concentration,	

whereas	 the	 apo	 PHF8JmjC	 showed	 about	 50%	 binding	 at	 2	 µM	 (NH4)2Fe(SO4)2	 (enzyme:	

(NH4)2Fe(SO4)2=	1:	1,	Figure	3.20	B).	These	results	indicate	that	the	PHF8H319Y	variant	had	

lost	its	enzymatic	activity	most	likely	due	to	loss	of	Fe(II)	binding	affinity.	The	MS	method	is	

in	principle	amenable	for	KD	determinations.	However,	 the	apoenzyme	forms	of	PHF2	and	

PHF8	tended	to	precipitate	even	at	low	concentrations,	and	it	was	challenging	to	gain	clean	

spectra	 to	 determine	 the	 percentage	 of	 the	 bound	 enzyme.	 Therefore,	 ITC	 assays	 were	

investigated	for	quantitative	measurement	of	metal	binding.	
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Figure	 3.20	 Non-denaturing	mass	 spectrometry	 detecting	 iron	 binding	 for:	A)	 PHF2	 JmjC	wild-type	 and	 the	
Y321H	 variant.	 The	 (NH4)2Fe(SO4)2	 (20	 µM)	was	 incubated	with	 an	 enzyme	 (2	 µM)	 5	minutes	 on	 ice	 before	
spray.	B)	PHF8	JmjC	wild-type	and	H319Y	variant.	(NH4)2Fe(SO4)2	(2	µM	for	wild-type,	40	µM	for	H319Y	variant)	
was	incubated	with	an	enzyme	(2	µM)	5	minutes	on	ice	before	analysis.	
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Since	 Fe(II)	 readily	 oxidises	 under	 aerobic	 conditions,	 ITC	 assays	 to	 investigate	metal	 ion	

binding	were	carried	out	under	standard	atmospheric	condition	using	Ni(II),	which	has	been	

used	previously	 as	 a	 replacement	 for	 Fe(II)	 in	work	 on	 JmjC	 KDMs.1	 The	 KD		Ni(II),	 	 values	

determined	 for	 apo	 PHF2JmjC	 and	 apo	 PHF2Y321HJmjC	 were	 43.5	 µM	 and	 52.0	 µM,	

respectively	(Figure	3.21	A),	consistent	with	the	reported	KD	values	of	apo	PHF2	protein	for	

Ni(II)	measured	using	ITC	by	Horton	et	al.1	These	results	suggest	that	PHF2	preserves	some	

metal	binding	affinity	of	Ni(II),	although	not	as	well	as	apo	PHF8JmjC	(Figure	3.21	B).	The	KD	of	

PHF8H319YJmjC	for	Ni(II)	was	about	2	µM	(Figure	3.21	C),	i.e.	an	increase	of	at	least	fifty-fold	

compared	to	PHF8JmjC.	Note,	the	ITC	results	should	be	regarded	as	preliminary	and	have	not	

as	 yet	 been	 repeated	 to	 exclude	 artefacts	 such	 as	 enzyme	batch	 difference	 and	 injection	

method	which	could	have	an	influence	on	the	KD	value.	It	will	also	be	important	to	carry	out	

studies	 in	 parallel	 on	 full	 length	 proteins.	 Also,	 the	 shape	 of	 the	 binding	 curve	 for	 apo	

PHF8JmjC	was	 different	 from	 the	 other	 three	 enzymes,	 as	 it	 did	 not	 appear	 to	manifest	 a	

standard	 binding	 curve	 as	 typically	 observed	 for	 apoenzyme	 binding.6	 Typically,	 when	 an	

apoenzyme	binds	a	metal	 ion,	the	enzyme	will	become	more	stable	and	thus	release	heat	

which	 changes	 the	 temperature	 of	 the	 reaction	 mixture.5	 This	 change	 of	 temperature	 is	

detected	by	the	sensor	of	ITC	and	forms	each	peak	on	the	figure.	As	the	binding	progresses,	

the	heat	 released	decreases	and	 reaches	a	plateau.	However,	 in	 the	case	of	PHF8JmjC,	 the	

curve	first	decreased	then	increased	after	ten	injections,	suggesting	an	initial	absorbance	of	

heat	and	release	of	heat	after	the	tenth	injection.	The	cause	of	this	abnormal	shape	of	the	

curve	for	PHF8JmjC	is	unclear.	
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Figure	3.21	ITC	titration	for	nickel	binding	affinity	of	A)	PHF2JmjC	(WT)	and	PHF2Y321HJmjC	(Y321H).	B)	PHF8JmjC.	
C)	PHF8H319YJmjC.		

	

The	ITC	method	is	limited	by	its	time-consuming	and	protein-consuming	nature.	To	achieve	

efficient	 screening	 of	metal	 binding	 for	 PHF2	 and	PHF8,	 Tm	 shift	 assays	were	 carried	 out.	

This	 assay	 measures	 the	 change	 of	 denaturation	 temperature	 under	 various	 conditions.	

Herein,	the	metal	binding	affinity	was	the	primary	investigation.	Four	buffers	with	pH	from	

6.0	to	9.0	were	tested	in	the	Tm	shift	assays,	with	different	metal	ion	including	(Cu(II),	Mg(II),	

Co(II),	 Zn(II)	 and	 Mn(II)).	 Solutions	 containing	 metal	 ion	 (50	 µM)	 were	 mixed	 with	 the	

apoenzyme	(5	µM)	and	a	heating	program	(20	°C	30min,	heating	from	20	°C	to	95	°C	over	

60min,	 back	 and	 stayed	 at	 20	 °C)	 was	 started	 immediately.	 A	 melting	 curve	 for	 each	

condition	was	generated	and	Tm	values	were	calculated	by	GraphPad	Prism7	software	using	

the	Boltzmann	Sigmoidal	non-linear	fitting.		

	

A B C 
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Figure	3.22	Tm	shift	assays	of	PHF2JmjC,	PHF2Y321HJmjC,	PHF8JmjC	and	PHF8H319YJmjC.		

The	Tm	values	of	apo	PHF8JmjC	decreased	from	54	°C	to	45	°C	as	the	pH	was	increased	from	

6.0	 to	9.0,	 indicating	 the	stability	of	apo	PHF8JmjC	decreases	with	an	 increase	 in	buffer	pH	

(Figure	3.22	C).	PHF2JmjC	gave	similar	Tm	values	at	pH	6.0	and	7.0	(without	added	metal	ions	

present	in	the	buffer),	and	was	apparently	slightly	more	unstable	at	pH	9.0	(Figure	3.22	A).	

This	 phenomenon	 of	 pH	 affecting	 stability	 was	 also	 observed	 with	 PHF2Y321HJmjC	 and	

PHF8H319YJmjC	 (Figure	 3.22	 B	 &	 D).	 Interestingly,	 while	 none	 of	 the	 metals	 substantially	

increased	 the	 stability	 of	 apo	 PHF8JmjC,	 the	 other	 apoenzymes	 tested	 had	 different	

responses	 to	 Ni(II)	 compared	 to	 Zn(II),	 the	 reason	 for	 which	 is	 unclear.	 With	 Fe(II),	 the	

reactions	were	oxidised	to	Fe(III),	as	indicated	by	a	colour	change.	Future	work	should	thus	

consider	 conducting	 the	 assays	 in	 a	 glove	box	or	 under	 the	protection	of	 nitrogen	 gas	 to	

evaluate	the	effects	of	Fe(II)	on	stability.	
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3.4	Summary	

This	 Chapter	 describes	 mechanistic	 studies	 on	 the	 KDM7	 subfamily,	 focusing	 on	 the	

characterisation	of	the	binding	affinity	of	PHD	finger	and	JmjC	domain.	The	PHD	fingers	of	all	

three	KDM7	proteins	tightly	bind	to	the	H3K4me3	with	KD	values	ranging	from	nanomolar	to	

single	 digit	 micromolar	 level	 (Table	 3.1).	 The	 binding	 to	 the	 H3K4me3	mark	 by	 the	 PHD	

finger	 thus	 appears	 to	 dominate	 substrate	 binding	 to	 PHF8	 so	 regulating	 its	 enzymatic	

activity.	 By	 improving	 binding	 to	 the	 PHD	 finger	 (by	 using	 a	 substrate	 analogue),	 the	

apparent	Vmax	of	demethylation	was	also	increased	(Figure	3.12).	The	results	thus	imply	that	

targeting	 the	PHD	fingers	of	PHF8	and	KIA1718B	may	be	a	viable	way	of	modulating	 their	

activity,	 including	 (if	 desired)	 in	 a	 therapeutic	 sense.	 By	 implication,	 this	may	 also	 be	 the	

case	 for	 other	 JmjC	 KDMs.	 PHD	 fingers	 can	 recognise	 and	 bind	 to	 	 H3K4me3	 with	 high	

affinity	using	via	interactions	involving	an		aromatic	cage,	25	which	may	be	amenable	to	drug	

targeting,	though	as	yet	no	potent	PHD	inhibitors	are	reported.		

For	 the	 investigation	 of	 the	 JmjC	 domains,	 FI-methylstat	was	 used	 as	 a	 tool	 for	 to	mimic	

substrate	binding.	FP	binding	assays	employing	FI-methylstat	were	used	to	 investigate	the	

binding	activity	at	the	the	JmjC	domains	of	PHF8	and	KIAA1718	and	provided	an	opportunity	

for	studying	the	apparently	non-catalytic	JmjC	domain	of	PHF2.	The	PHF2JmjC	construct	used	

in	this	Thesis	was	found	to	be	inactive	in	the	activity	assay	described	in	Chapter	2.	However,	

PHF2JmjC	showed	 a	 strong	 binding	 affinity	 for	 FI-methylstat,	 suggesting	 that	 other	 factors	

than	the	presence	of	the	typical	iron-binding	triad	can	affect	the	enzymatic	activity	of	KDM7	

emzymes.	Future	work	could	consider	studies	on	the	pH	dependence	on	KDM7s	and	link	it	

to	the	adjustment	of	the	activities	of	these	enzymes	in	cancer	and	normal	cells,	which	can	

manifest	 different	 pH	 values.	 	 PHF8	 is	 overexpressed	 in	 prostate	 cancer	 cells	 and	 is	 of	
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potential	 medicinal	 chemistry	 interest.26	 Studying	 JmjC	 enzyme	 activity	 as	 a	 function	 of		

changes	 in	 cellular	 pH	 is	 of	 interest	 and	 may	 open	 up	 a	 new	 avenue	 for	 cancer	 drug	

development.		
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Chapter 4 Inhibition Studies on KDM7 
Subfamily 

	

4.1	Chapter	overview	
	

	

The	work	described	in	this	Chapter	concerned	the	establishment	of	two	inhibitor	screening	

platforms.	 An	 AlphaScreen	 based	 method	 and	 a	 fluorescence	 polarisation	 (FP)	 based	

method.	These	methods	not	only	enable	high-throughput	screening	of	KDM	inhibitors,	but	

also	 provide	 a	 way	 of	 studying	 catalytically	 inactive	 enzymes	 in	 vitro.	 Three	 examples	 of	

inhibitor	characterisation	using	AlphaScreen	and	FP	assays	are	described	as	demonstration	

of	the	utility	of	the	screening	platforms.	

	

The	cyclic	peptides	used	 in	 this	Chapter	were	synthesised	by	Mr	Oliver	D.	Coleman.	 (S,S)-6	

KDM2A	 inhibitor	was	synthesised	by	Dr	Philip	A.	Gerken.	AMI	derivatives	were	synthesised	

by	Dr	Alexandre	Erdmann.	
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4.2	Introduction	
	

4.2.1	Inhibitors	targeting	the	KDM7	and	KDM2	subfamilies	

	

Many	 histone	 lysine	 demethylases	 (KDMs)	 are	 involved	 in	 epigenetic	 regulation,	 cellular	

development	 and	 other	 diseases,	 and	 thus	 become	 potent	 targets	 for	 drug	 discovery.
1
	

However,	 although	 there	 are	 variations	 in	 detail,	 the	 available	 evidence	 is	 that	 all	 JmjC	

KDMs	 share	 the	 same	 general	 catalytic	 mechanism	 and	 2OG-binding	 mode,	 making	 it	

difficult	 to	 design	 selective	 inhibitors	 of	 a	 particular	 enzyme.	 Inhibitors	 of	 the	 KDM7	

subfamily	 with	 some	 degree	 of	 selectivity	 have	 been	 reported	 (Figure	 4.1).
2–10

	 However,	

since	the	KDM7	subfamily	is	closely	related	to	the	KDM2	subfamily,	 it	has	been	difficult	to	

achieve	 selectivity	 between	 the	 two	 subfamilies.
3–5,11

	 Peptide	 mimicking	 inhibitors	 and	

inhibitors	 that	 bind	 to	 KDMs	 allosterically	 have	 also	 been	 reported.
12,13

	 However,	 these	

inhibitors	are	often	limited	by	their	cellular	permeability.	Discovering	novel	highly	selective	

and	cell	permeable	inhibitors	is	important	for	biological	investigations	and	chemical	probes	

development	concerning	the	KDM7	subfamily.	

	

	

	

	

Figure	4.1	Structures	of	the	reported	KDM2/7	inhibitors.
3–6
		

	

	

	

	

	

	

	

	



Chapter	4	 	 Inhibition	studies	on	KDM7	subfamily	

	 119	

4.2.2	Principles	of	the	AlphaScreen	assay	

	

MALDI-TOF	MS-based	assay	and	formaldehyde	hydrogenase	(FDH)	coupled	assays	can	both	

be	 used	 to	 determine	 inhibitor	 IC50	 values	 for	 KDM7s.
14
	 However,	 both	 assays	 require	

relatively	high	concentrations	of	enzyme	(typically	micromolar	concentrations	of	enzyme	for	

each	 reaction	 are	 required).	 Further,	 the	 MALDI-TOF	 MS-based	 assay	 is	 laborious,	

preventing	 it	 use	 I	 high-throughput	 screening	 applications.	 In	 addition,	 the	 formaldehyde	

dehydrogenase	 (FDH)	enzyme	used	 for	FDH	coupled	assay	may	be	 inhibited	by	 the	 tested	

inhibitors,	leading	to	false	positive	results.	Therefore,	in	order	to	carry	out	screening	of	large	

compound	 libraries,	 an	 AlphaScreen	 assay	 was	 developed	 to	 achieve	 high-throughput	

screening.	

	

The	amplified	luminescent	proximity	homogeneous	assay	(ALPHA)	based	technology	uses	a	

pair	of	beads	(donor	bead	and	acceptor	bead)	which	can	emit	light	when	brought	into	close	

proximity.
15
	 Laser	 excitation	 of	 the	 donor	 bead	 at	 680	 nm	 causes	 a	 photosensitiser	 to	

convert	triplet	oxygen	to	the	excited	singlet	state	
1
O2.	The	acceptor	bead,	when	sufficiently	

close	to	the	donor	bead,	interacts	with	
1
O2	and	emits	a	luminescence	between	520	and	620	

nm,	 transferring	 the	 excited	 singlet	 oxygen	 back	 to	 its	 ground	 state.
16
	 For	 the	 screening	

assays	 (called	 as	 AlphaScreen	 in	 this	 Thesis)	 with	 KDM7s,	 the	 donor	 bead	 is	 coated	with	

streptavidin,	 which	 binds	 to	 the	 biotin	 group	 at	 the	 C-terminus	 of	 biotinylated	 histone	

peptides.
17
	 The	 acceptor	 bead	 varies	 depending	 on	 the	 type	 of	 AlphaScreen	 assay	 being	

carried	out.		

	

For	 application	 of	 an	 AlphaScreen	 based	 activity	 assay	 involving	 detection	 of	 the	

demethylated	 product,	 the	 acceptor	 bead	 is	 coated	 with	 protein-A,	 which	 binds	 to	 an	
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antibody	 of	 choice	 that	 recognises	 the	 product	 peptide	 (Figure	 4.2).	 When	 the	 antibody	

binds	selectively	to	the	‘chemical	mark’	on	the	product	peptide	and	the	streptavidin	binds	to	

the	biotin	group	conjugated	onto	the	same	peptide,	the	donor	bead	and	acceptor	bead	are	

brought	into	close	proximity,	enabling	a	luminescent	signal	to	be	observed	upon	donor	bead	

excitation	(Figure	4.2).	The	assay	for	KDM7	employs	an	antibody	recognising	the	H3K9me1	

mark	 on	 a	 histone	 peptide,	 the	 concentration	 of	 which	 increases	 as	 the	 demethylation	

reaction	proceeds.	The	resultant	change	 in	 luminescence	emitted	can	be	used	to	measure	

the	demethylation	of	the	substrate	peptide.	

	

	

	

	
	
Figure	4.2	Setup	of	an	AlphaScreen	peptide	turnover	assay	for	JmjC-KDMs.	The	interaction	of	the	antibody	

with	biotinylated	peptide	can	be	detected	using	an	AlphaScreen	IgG	detection	kit	(PerkinElmer).	

	

	

	

The	 AlphaScreen	 binding	 assay	 can	 enable	 the	 detection	 of	 protein-protein	 (or	 protein-

peptide)	interactions,	in	this	case,	the	acceptor	bead	is	a	nickel	chelating	bead	which	binds	

to	the	poly-His-tagged	protein	of	interest.
17
	When	the	poly-His-tagged	protein	binds	to	the	

biotinylated	 peptide,	 which	 binds	 to	 streptavidin	 coated	 acceptor	 beads,	 the	 donor	 and	

acceptor	 beads	 are	 brought	 into	 close	 proximity,	 giving	 a	 luminescent	 signal	 upon	 donor	

bead	 excitation	 (Figure	 4.3).	 As	 the	 concentration	 of	 the	 poly-His-tagged	 protein	 or	 the	



Chapter	4	 	 Inhibition	studies	on	KDM7	subfamily	

	 121	

biotinylated	peptide	 increases,	 the	 fraction	of	peptide	bound	 to	 the	protein	 changes.	 The	

resultant	change	in	luminescence	emitted	can	be	used	to	measure	the	binding	affinity	of	a	

protein	to	a	peptide.	

	

	
	
Figure	4.3	Setup	of	an	AlphaScreen	binding	assay.	
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4.3	Results	and	discussions	
	

4.3.1	Establishing	AlphaScreen	assay	for	inhibitor	screening	
	

AlphaScreen	activity	assay	for	PHF8PHD-JmjC	

As	mentioned	 in	 the	 introduction	 to	 this	 chapter,	AlphaScreen	assays	 require	biotinylated	

peptides.	Initially,	a	MALDI-TOF	MS	activity	assay	was	conducted	(by	Dr	Louise	Walport)	to	

investigate	 whether	 N-	 or	 C-	 terminally	 biotinylated	 peptide	 was	 most	 suitable	 for	 the	

desired	 assay.
18
	 Only	 the	 C-terminally	 biotinylated	 peptide	 was	 observed	 to	 be	

demethylated	by	PHF8PHD-JmjC.	This	is	unsurprising	given	that	PHF8	is	known	to	interact	with	

the	N-terminal	region	of	H3.
14
	Thus,	a	H31-21K4me3K9me2	GGK	fusion	peptide	biotinylated	

at	the	C-terminal	lysine	side-chain	(described	as	H31-21K4me3K9me2-biotin)	was	selected	as	

the	 substrate	 peptide	 of	 PHF8PHD-JmjC	 for	 use	 in	 AlphaScreen	 assays	 (GLS	 Biochem	 >	 95%	

pure).	The	C-terminal	GGK	residues	were	attached	as	a	linker	to	the	biotin	group.		

	

It	was	envisaged	that	AlphaScreen	assays	could	be	set	up	 in	two	ways,	 i.e.	signal-gain	and	

signal-loss,	 using	 an	 antibody	 that	 either	 recognises	 the	 enzymatic	 product	 H3K9me1,	 or	

one	that	recognises	the	substrate	H3K9me2,	respectively.	Antibodies	against	both	peptides	

are	commercially	available	from	Abcam.	Since	PHF8	and	KIAA1718	catalysed	the	removal	of	

the	methyl	 groups	 at	H3K9	not	H3K4	 (Chapter	 2,	 section	 2.3.4),	 the	 anti-H3K9	 antibodies	

were	 proposed	 to	 be	 suitable	 for	 detecting	 the	 demethylation	 of	 both	 H3K9me2	 and	

H3K4me3K9me2	as	catalysed	by	the	KDM7s.	The	anti-H3K9me2	antibody	(ab1220,	Rabbit,	

Abcam)	 had	 been	 tested	 by	 Dr.	 Akane	 Kawamura	 and	 found	 to	 be	 effective	 at	 a	 1:2000	

dilution.
17
	The	anti-H3K9me1	antibody	(ab8896,	Rabbit,	Abcam)	had	been	tested	and	found	

to	be	effective	at	a	1:2000	dilution	by	Dr.	Louise	Walport.
18
	The	comparison	of	the	two	set-

ups	 of	 the	 assay	 showed	 that	 the	 signal-gain	 assay	 generated	 an	AlphaScreen	 signal	 that	
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was	 more	 sensitive	 to	 monitor	 the	 progression	 of	 the	 demethylation	 reaction	 than	 the	

signal-loss	assay	(Figure	4.4).
18
	Thus,	it	was	decided	to	pursue	the	signal-gain	assay	for	the	

KDM7	enzymes.	

	

	

	

Figure	4.4	AlphaScreen	assays	comparing	signal-gain	and	signal-loss	set-ups.	Signal-gain	assays	(ab8896)	with	A)	
H31-21K4me3K9me2-biotin	(300	nM)	or	B)	H31-21K4me3K9me2-biotin	(100	nM).	Signal-loss	assays	(ab1220)	with	

C)	H31-21K4me3K9me2-biotin	(25	nM)	or	D)	H31-21K4me3K9me2-biotin	(25	nM)	and	H31-21K4me3K9me2	peptide	

(75	nM).	Figure	reproduced	with	permission	from	Walport,	DPhil	Thesis,	2013.
18
	

	

	

Several	elements	of	the	AlphaScreen	activity	assay	were	then	investigated	for	PHF8PHD-JmjC.	

Despite	the	well-established	assays	by	Dr	Kawamura	and	Dr	Walport,	the	batches	of	enzyme,	

antibody	 and	 detection	 beads	 had	 all	 changed	 from	 their	 work,	 which	 requires	 a	 re-

development	 of	 the	 signal-gain	 assays	 for	 KDM7s.	 Several	 conditions	 for	 the	AlphaScreen	

activity	assay	with	PHF8PHD-JmjC	were	examined,	included	the	linear	range	of	the	AlphaScreen	

detection	 beads	 (i.e.	 the	 luminescence	 signal	 generated	 in	 relation	 to	 the	 product	

concentration),	antibody	dilution,	peptide	concentration,	enzyme	concentration,	the	kinetic	

linear	 range	 of	 demethylation	 reaction,	 and	 bead	 incubation	 time.	 As	 high	 salt	

concentration	 had	 previously	 been	 shown	 to	 suppress	 the	 enzyme	 activity	 of	 KDM7s	
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(Chapter	 2,	 section	 2.3.1),	 a	 50	mM	HEPES	buffer	 (pH	7.0)	with	no	NaCl	was	used	 as	 the	

AlphaScreen	 assay	 buffer.	 To	 help	 maintain	 enzyme	 stability	 and	 to	 reduce	 non-specific	

binding	 to	 plasticware,	 0.01%	 Tween-20	 and	 0.1%	 (w/v)	 BSA	 were	 added	 to	 the	 buffer	

immediately	before	use.		

	

The	 linear	 range	 of	 the	 AlphaScreen	 detection	 beads	 was	 then	 investigated.	 For	 activity	

assays,	 an	 IgG	 Detection	 Kit	 containing	 Streptavidin	 Donor	 beads	 and	 Anti-rabbit	 IgG	

conjugated	Acceptor	beads	was	used	(PerkinElmer).	As	described	in	Section	4.2,	the	signal	

increases	as	the	demethylated	product	peptide	is	generated.	However,	the	increase	in	the	

AlphaScreen	 signal	 counts	does	not	always	 increase	 linearly	with	 the	accumulation	of	 the	

demethylation	product,	but	 follows	a	 trend	shown	 in	Figure	4.5.
19
	At	 low	product	peptide	

concentrations,	increases	in	peptide	initially	give	rise	to	increased	AlphaScreen	signal	counts.	

At	high	peptide	concentrations,	however,	further	increases	in	peptide	concentrations	leads	

to	 a	 decrease	 in	 the	 signal	 due	 to	 the	 full	 occupation	 of	 the	 binding	 sites	 of	 antibody	 or	

beads,	which	is	known	as	the	“Hook	effect”	or	“Prozone	effect”.
19
	Therefore,	it	is	necessary	

to	 determine	 the	 linear	 part	 of	 the	 curve	 where	 the	 signal	 increases	 proportionally	 with	

peptide	concentration.	

	



Chapter	4	 	 Inhibition	studies	on	KDM7	subfamily	

	 125	

	
Figure	4.5	Schematic	of	assay	dose	response	curve	and	the	Hook	effect.

19
	

	

In	 the	 assay	 with	 PHF8PHD-JmjC,	 H3K9me1	 is	 generated	 as	 the	 demethylation	 product	 and	

therefore	an	appropriate	antibody	was	required	to	detect	this	monomethyl-lysine	residue.	

However,	since	the	optimal	concentrations	of	enzyme,	peptide	and	antibody	had	not	been	

determined	at	this	stage,	a	linear	range	assay	investigation	was	carried	out	using	the	biotin	

conjugated	 IgG	 control	 (Bn-IgG)	 provided	 by	 the	manufacturer	 (PerkinElmer).	 The	 Bn-IgG	

control	 solution	 was	 subjected	 to	 a	 2-fold	 dilution	 and	 mixed	 with	 the	 Donor/Acceptor	

beads	 (the	 concentrations	 used	 were	 according	 to	 the	 manufacturer’s	 instructions).	 The	

mixture	was	then	allowed	to	equilibrate	for	1	hour	before	being	read	by	an	EnVision	plate	

reader	(PerkinElmer).	The	linear	range	was	found	to	be	from	1.6	nM	to	6.4	nM	of	the	Bn-IgG	

control,	with	AlphaScreen	count	from	100,000	to	1,000,000	(Figure	4.6),	suggesting	that	the	

readout	of	activity	assays	should	not	exceed	1,000,000.	
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Figure	4.6	Evaluation	of	the	 linear	range	of	 IgG	beads.	Data	are	plotted	as	the	mean	of	technical	duplicates,	

and	error	bars	give	±	one	s.d.	

	

	

Next,	the	use	of	the	antibody	was	optimised.	The	dilution	of	the	H3K9me1	antibody	(ab8896)	

was	 1:2000	 as	 tested	 by	 Dr.	 Louise	 Walport.	 However,	 since	 the	 batch	 of	 antibody	 had	

changed,	 it	 was	 necessary	 to	 verify	 the	 amount	 used	 again.	 The	 new	 batch	 of	 antibody	

ab8896	 (stock	 concentration	 1	 mg/mL)	 was	 compared	 with	 the	 old	 batch	 (stock	

concentration	0.4	mg/mL)	at	the	same	concentration.	The	previous	concentration	used	was	

0.2	µg/mL	(0.4	mg/mL	divided	by	2000)	which	in	equal	to	a	1:5000	dilution	of	the	new	batch.	

Both	 batches	 of	 antibody	 were	 tested	 against	 a	 titration	 of	 H31-21K9me1-biotin	 and	 H31-

21K4me3K9me2-biotin	 to	 investigate	 the	 selectivity	of	 antibody	binding	at	 various	peptide	

concentrations.	The	results	revealed	that	the	old	batch	selectively	bound	to	H3K9me1-biotin	

at	a	1:2000	dilution,	whereas	the	new	batch	gave	high	counts	for	both	peptides	(Figure	4.7	

A),	indicating	that	the	concentration	of	the	new	batch	was	too	high	to	gain	selectivity.	The	

high	signal	count	could	potentially	obscure	changes	in		signal	generated	by	slight	changes	in	

demethylation.	The	absolute	count	of	signal	was	also	out	of	 the	 linear	range	of	 the	beads	

(Figure	 4.6),	 meaning	 that	 the	 signal	 count	 may	 not	 be	 proportional	 with	 the	 peptide	
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concentration.	Thus,	 the	calculation	of	demethylation	using	a	high	signal	count	would	not	

be	accurate.		

	

To	bring	the	signal	obtained	with	the	new	ab8896	antibody	batch	 into	the	 linear	range	of	

the	 assay	 and	 to	 gain	 more	 selectivity,	 two	 further	 concentrations	 of	 the	 new	 batch	 of	

ab8896	were	tested	(i.e.	1:20000	and	1:80000	dilutions).	At	a	1:20000	dilution,	the	antibody	

was	found	to	be	selective	for	H3K9me1-biotin	and	the	signal	differences	between	H3K9me1-

biotin	and	H3K4me3K9me2-biotin	were	within	the	beads’	linear	range	(Figure	4.7	B).	From	

the	 curve	 of	 1:20000	 dilution	 of	 ab8896,	 300	 nM	 of	 peptide	was	 selected	 as	 an	 optimal	

concentration	for	the	use	in	the	AlphaScreen	assay,	in	order	achieve	a	to	balance	between	

antibody	selectivity	and	maximising	signal	count.	

	

	

	

Figure	 4.7	 Evaluation	 of	 the	 selectivity	 of	 antibody	 ab8896	 (Abcam)	 for	 H3K9me1	 over	 H3K4me3K9me2	 at	

different	concentrations	by	AlphaScreen.	A)	Comparison	of	new	and	old	batch	of	ab8896	at	0.2	µg/mL.	B)	Two	
dilutions	of	the	new	batch	ab8896.	Figures	were	generated	using	GraphPad	Prism7	software.	A	sample	without	

biotinylated	 peptide	 was	 used	 as	 a	 negative	 control	 for	 normalisation.	 Data	 are	 plotted	 as	 the	 mean	 of	

technical	triplicates,	and	error	bars	give	±	one	s.d.	

	

To	 ensure	 the	 binding	 of	 Donor/Acceptor	 beads	 to	 biotinylated	 peptide	 and	 antibody	

reached	equilibrium	before	analysing	the	plate,	the	AlphaScreen	signal	was	monitored	after	

various	 incubation	times.	The	AlphaScreen	count	remained	steady	after	45	to	50	minutes’	

incubation	 at	 room	 temperature	 (Figure	 4.8).	 It	 was	 thereby	 decided	 that	 1	 hour	 was	 a	

suitable	incubation	time	for	the	assay.	
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Figure	4.8	Evaluation	of	AlphaScreen	incubation	time	with	Donor	and	Acceptor	beads.	Figures	were	generated	

using	GraphPad	Prism7	software.	Data	are	plotted	as	the	mean	of	technical	triplicates,	and	error	bars	give	±	

one	s.d.	

		

The	 final	 factors	 investigated	were	 the	concentration	of	PHF8PHD-JmjC	and	the	kinetic	 linear	

range	 of	 the	 demethylation	 reaction	 catalysed	 by	 it.	 Time	 courses	 of	 the	 demethylation	

reaction	 catalysed	 by	 various	 concentrations	 of	 PHF8PHD-JmjC	(from	50	 pM	 to	 15	 nM)	were	

analysed	 (Figure	 4.9	 A).	 To	 gain	 a	 reasonable	 signal	 count,	 enzyme	 concentrations	 lower	

than	2	nM	were	initially	excluded.	

	

For	 inhibitor	IC50	evaluations,	the	incubation	time	was	also	considered	based	on	the	linear	

range	 of	 the	 reaction.	 In	 the	 KDM7	 demethylation	 reaction,	 the	 monomethyl-lysine	 at	

position	 9	 is	 an	 intermediate	which	 accumulates	 at	 the	 early	 stage	 of	 demethylatio;	 this	

undergoes	further	demethylation	to	give	unmodified	lysine	as	the	reaction	progresses.	The	

antibody	 ab8896	 selectively	 recognises	 the	monomethyl-lysine	 at	 position	 9	 and	 thus	 the	

AlphaScreen	 signal	 represents	 the	 amount	 of	 K9me1.	 To	 ensure	 the	 amount	 of	 K9me1	

accurately	reflected	the	demethylation	of	K9me2,	the	quenching	point	should	be	within	the	

linear	range	of	the	demethylation	reaction.	From	the	standpoint	of	the	assay	operation,	 it	

was	 also	 required	 that	 the	 linear	 range	 of	 the	 reaction	 was	 not	 so	 long	 such	 that	 PHF8	
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degrades	during	the	incubation,	or	too	short	such	that	quenching	the	reaction	in	sufficient	

time	becomes	difficult.	Taking	these	factors	into	consideration,	use	of	10	nM	of	PHF8	with	a	

quenching	point	at	10	min	was	selected	to	be	the	most	suitable	assay	condition	for	inhibitor	

screening	(Figure	4.9	B).	

	

	
	

Figure	 4.9	 A)	 AlphaScreen	 assays	 of	 PHF8PHD-JmjC	(various	 concentrations)	 on	H3K4me3K9me2-biotin	 peptide	

(300	 nM).	 B)	 The	 selected	 assay	 condition	 for	 the	 assay:	 10	 nM	 of	 PHF8.	 Figures	 were	 generated	 using	

GraphPad	 Prism7	 software.	 A	 sample	 of	 pre-quenched	 reaction	 was	 used	 as	 a	 negative	 control	 for	

normalisation.	Data	are	plotted	as	the	mean	of	technical	triplicates,	and	error	bars	give	±	one	s.d.	

	

	

AlphaScreen	activity	assay	for	KIAA1718PHD-JmjC		

	

Several	 optimised	 conditions	 from	 that	 of	 PHF8PHD-JmjC	 were	 applied	 to	 the	 AlphaScreen	

activity	 assay	 for	 KIAA1718PHD-JmjC,	 including	 the	 use	 of	 detection	 beads	 and	 antibody	

ab8896.	As	for	the	biotinylated	peptide,	H31-21K9me2-biotin	was	used	for	the	observation	of	

best	KIAA1718PHD-JmjC	activity	(Chapter	2,	section	2.3.4).	The	concentration	of	H31-21K9me2-

biotin	was	optimised	to	be	30	nM	based	on	the	titration	assay	with	ab8896	(Figure	4.10).	
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Figure	4.10	Evaluation	of	the	selectivity	of	Ab8896	of	H3K9me1	over	H3K9me2.	Figures	were	generated	using	

GraphPad	Prism7	software	what	version.	A	sample	without	biotinylated	peptide	was	used	as	a	negative	control	

for	normalisation.	Data	are	plotted	as	the	mean	of	technical	triplicates,	and	error	bars	give	±	one	s.d.	

	

	

Four	concentrations	of	KIAA1718PHD-JmjC	were	reacted	with	30	nM	of	H31-21K9me2-biotin	and	

time	courses	were	recorded	(Figure	4.11).	Based	on	the	 linear	range	of	the	demethylation	

assay	and	the	signal	strength	(applying	the	sample	principle	described	for	PHF8),	10	nM	of	

KIAA1718	with	quenching	point	at	10	min	was	selected	to	be	the	suitable	assay	conditions	

for	KIAA1718	inhibitor	screening.	

	

	
Figure	4.11	AlphaScreen	assays	of	KIAA1718PHD-JmjC	(various	concentrations)	on	H31-21K9me2-biotin	peptide	(30	

nM).	The	selected	assay	condition	for	the	assay:	10	nM	of	KIAA1718.	Figures	were	generated	using	GraphPad	

Prism7	software.	A	sample	of	pre-quenched	reaction	was	used	as	a	negative	control	 for	normalisation.	Data	

are	plotted	as	the	mean	of	technical	triplicates,	and	error	bars	give	±	one	s.d.	
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AlphaScreen	inhibition	assay	for	PHF8	and	KIAA1718	

	

To	 evaluate	 whether	 the	 optimised	 AlphaScreen	 activity	 assay	 conditions	 for	 PHF8	 and	

KIAA1718	described	above	were	useful	 for	 inhibitor	screening,	pilot	 IC50	assays	with	 three	

known	 KDM	 inhibitors	 were	 carried	 out	 on	 PHF8PHD-JmjC	 and	 KIAA1718PHD-JmjC.	 The	

compounds	 used	 were	 known	 2OG	 competive	 inhibitors,	 Daminozide,	 IOX1	 and	 2,4-

pyridinedicarboxylic	acid	(2,4-PDCA)	(Figure	4.12).
2,6
		

	

Commonly	known	as	Alar,	Daminozide	is	a	plant	growth	retardant	that	is	used	to	control	the	

growth	of	ornamental	plants.
20,21

	Daminozide	is	found	to	inhibit	the	plant	2OG	oxygenases	

and	 a	 screen	 of	 human	 KDMs	 showed	 that	 it	 specifically	 inhibits	 the	 KDM2/7	

subfamilies.
6,22,23

	 2,4-PDCA	 and	 IOX1	 are	 well	 known	 broad-spectrum	 inhibitors	 of	 2OG	

oxygenases.
2,24,25

		

	

	

	

Figure	4.12	Structure	of	2-Oxoglutarate	(2OG)	and	its	analogues	reported	as	JmjC	histone	lysine	demethylase	

(KDM)	inhibitors.	A)	2OG	and	N-Oxalylglycine	(NOG).	B)	2,4-PDCA,	IOX1	and	Daminozide.
2,6,24
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The	 IC50	 assays	were	 carried	out	with	 the	optimised	 assay	 conditions	 for	 PHF8PHD-JmjC	 and	

KIAA1718PHD-JmjC	separately.	Thus,	PHF8PHD-JmjC	(10	nM)	or	KIAA1718PHD-JmjC	(10	nM)	was	pre-

incubated	with	 increasing	 concentrations	of	 the	 inhibitors	 (30	nM	 to	100	µM)	 for	 15	min	

before	the	addition	of	peptide	and	cofactors.	The	reaction	was	quenched	after	10	min,	at	

which	 point	 the	 mixture	 of	 antibody	 and	 detection	 beads	 were	 added.	 The	 plate	 was	

measured	after	1	hour	using	an	Envision	plate	reader	(Perkin	Elmer).	The	extent	of	inhibition	

was	determined	relative	to	a	control	reaction	containing	no	inhibitor.	By	plotting	this	value	

against	 the	 log	 of	 the	 inhibitor	 concentration,	 an	 IC50	 value	was	 determined.	 Daminozide	

was	 found	 to	 inhibit	PHF8	with	an	 IC50	of	 0.47	µM	 (Figure	4.13	A),	which	 is	 similar	 to	 the	

reported	IC50	value	of	0.55	µM.
6
	The	IC50	of	Daminozide	for	KIAA1718	was	0.15	µM	(Figure	

4.13	B),	which	was	15-fold	 lower	than	the	 IC50	value	measured	by	MALDI-TOF	MS	(2.2	µM	

tested	by	Dr.	Louise	Walport).	The	difference	is	possibly	due	to	the	difference	in	the	type	of	

assay	 used	 and	 differences	 in	 the	 enzyme	 concentrations	 employed	 (200	 fold	 more	 in	

MALDI	relative	to	AlphaScreen).	IOX1	and	2,4-PDCA	did	not	show	obvious	inhibition	of	PHF8	

or	KIAA1718	under	the	conditions	tested,	consistent	with	the	results	using	FP	assay	(Chapter	

4,	 section	 4.3.2).	 These	 results	 demonstrated	 that	 the	 setup	 of	 AlphaScreen	 assay	 is	

appropriate	for	inhibitor	screening.	
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Figure	 4.13	 IC50	 determination	 for	 Daminozide,	 IOX1	 and	 2,4-PDCA	 against	 A)	 PHF8PHD-JmjC	 (10	 nM)	 and	 B)	
KIAA1718PHD-JmjC	(10	nM)	measured	by	AlphaScreen.	Data	were	fitted	to	a	log(inhibitor)	vs.	response	–	Variable	

slope	 (four	parameters)	model	using	GraphPad	Prism7	software.	R	 square	values	 indicating	 the	goodness	of	

fitting	for	Daminozide	curves	were	0.97	(Figure	4.13	A)	and	0.95	(Figure	4.13	B).	A	sample	without	enzyme	was	

used	as	a	negative	control	for	normalisation.	A	sample	without	inhibitor	was	used	as	a	‘no	inhibition’	control.	

Data	are	plotted	as	the	mean	of	technical	triplicates,	and	error	bars	give	±	one	s.d.	

	

AlphaScreen	binding	assay	for	PHF8PHD	

	

Unlike	2OG	competitors,	some	JmjC-KDM	inhibitors	are	designed	to	interrupt	the	binding	of	

PHD	 fingers	 to	 their	 substrates.	 As	 the	 effect	 of	 this	 disruption	 on	 catalytic	 activity	 is	

uncertain,	 activity	 assays	 may	 not	 be	 suitable	 to	 evaluate	 these	 inhibitors.	 To	 test	 the	

inhibitors	that	targeted	the	PHD	finger	of	PHF8,	an	AlphaScreen	binding	assay	was	set	up	to	

perform	PHD-inhibitor	 screening	which	was	also	amenable	 for	a	high-throughput	manner.	

The	His-tagged	PHF8PHD	was	pre-incubated	with	the	tested	 inhibitors	 (if	present)	and	then	

mixed	with	the	H31-21K4me3K9me2-biotin	peptide	and	the	detection	beads	to	equilibrium.	

No	antibody	was	required	as	there	were	no	demethylation	products.		

	

Three	 factors	 were	 optimised	 for	 the	 setup	 of	 this	 inhibitor	 screening	 platform,	 the	

concentration	 of	 H31-21K4me3K9me2-biotin,	 the	 concentration	 of	 PHF8PHD	 and	 the	

incubation	time	with	the	detection	beads.	For	the	first	 two	concentrations,	a	heat	map	of	

binding	 was	 generated	 using	 six	 concentrations	 of	 protein	 (0	 to	 30	 nM)	 	 and	 eight	

concentrations	of	peptide	(0	to	0.1	µM).	The	average	signal	count	of	the	technical	triplicates	
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for	each	concentration	combination	manifested	a	map	where	the	signal	gradually	increased	

from	the	top-left	to	the	bottom-right	(Figure	4.14).	10	nM	of	H31-21K4me3K9me2-biotin	and	

10	nM	of	PHF8PHD	were	determined	to	be	suitable	concentrations	 for	 the	binding	assay	as	

these	were	within	the	linear	range	of	the	binding	signal.	

	

	

	
Figure	 4.14	 AlphaScreen	 heat	 map	 of	 PHF8PHD	 (0,	 2,	 5,	 10,	 20	 and	 30	 nM)	 binding	 assay	 with	 H31-

21K4me3K9me2-biotin	 (0,	 5,	 10,	 15,	 20,	 30,	 50,	 100	 nM).	 Intensity	 counts	 are	 averaged	 from	 technical	

triplicates.		

	

	

For	 the	 acceptor	 beads,	 a	 histidine	 (nickel	 chelate)	 detection	 kit	 (PerkinElmer)	 containing	

Streptavidin	 Donor	 beads	 and	 nickel	 chelating	 (Ni-NTA)	 Acceptor	 beads	 was	 used.	 To	

determine	the	influence	of	bead	incubation	time	on	the	IC50	values	of	the	inhibitors,	a	non-

biotinylated	H31-15K4me3K9me2	peptide	was	used	to	compete	with	the	biotinylated	peptide	

with	 incubation	 time	 periods	 of	 1,	 2	 and	 3	 hours.	 The	 IC50	 values	 obtained	 for	 the	 three	

conditions	were	22.6	µM,	28.4	µM	and	30.7	µM	 respectively	 (Figure	4.15).	 The	 inhibition	

curves	of	1-hour	and	2-hour	 incubation	overlapped	with	each	other,	while	the	curve	of	3-

hour	incubation	shifted	and	contained	higher	error	bars	at	lower	concentrations.	Therefore,	

for	the	binding	assay	and	inhibitor	screening	assay,	the	reactions	were	 incubated	with	the	

detection	beads	for	1	hour	before	analysis.	

	

PHF8
PHD

 

Peptide 
Average

0 2 5 10 20 30
0 3519.333 3756.667 3855.333 4154.333 4323.667 4382.667
5 19014.33 25597.33 64569 215826.3 515512.7 743200.3
10 57818 83141.33 213743 472887.7 1170779 1457715
15 59503.33 93640 250403.7 467571 1122969 1420264
20 73224 131102 343805.3 539289.7 1438938 1687673
30 85638 214142.3 544631.3 717735.3 1682789 1983224
50 72889 264578.3 641870.3 1205561 1533516 1897618
100 147833.3 403340.3 808267 1320838 1779247 2055456
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Figure	4.15	Evaluation	of	the	incubation	time	with	detection	beads.	Red:	1	hour.	Blue:	2	hours.	Purple:	3	hours.	

Data	 were	 fitted	 to	 a	 log(inhibitor)	 vs.	 response	 –	 Variable	 slope	 (four	 parameters)	model	 using	 GraphPad	

Prism7	software.	R	square	values	indicating	the	goodness	of	fitting	were	0.95,	0.93	and	0.92	for	red,	blue	and	

purple	 curves	 respectively.	 A	 sample	 without	 enzyme	 was	 used	 as	 a	 negative	 control	 for	 normalisation.	 A	

sample	 without	 inhibitor	 was	 used	 as	 a	 ‘no	 inhibition’	 control.	 Data	 are	 plotted	 as	 the	 mean	 of	 technical	

triplicates,	and	error	bars	give	±	one	s.d.		

	

	
4.3.2	Establishing	FP	displacement	assay	for	KDM7	inhibitor	screening	
	
	

An	FP	displacement	assay	was	developed	 for	 inhibitor	 screening,	based	on	 the	FP	binding	

assay	 of	 KDM7s	 that	 was	 established	 and	 described	 in	 the	 previous	 Chapter	 (Chapter	 3,	

section	3.2.4	and	3.2.5).	 JmjC-domain	 inhibitors,	 like	2OG	mimics	and	 iron-chelators,	were	

tested	 for	 displacement	 activity	 against	 the	 binding	 of	 KDM7	 enzymes	 to	 FI-methylstat	

(structure	 in	 Chapter	 3,	 section	 3.1.4).
26
	 PHD	 finger	 inhibitors	 were	 tested	 against	 the	

binding	 of	 KDM7	 enzymes	 to	 H3K4me3K9me2-FITC.	 For	 both	 types	 of	 FP	 displacement	

assays,	 the	 KDM7	 enzymes	were	 pre-incubated	with	 a	 concentration	 range	 of	 the	 tested	

inhibitors	 (from	 3	 nM	 to	 10	 mM)	 for	 15	 min	 before	 the	 addition	 of	 FI-methylstat	 or	

H3K4me3K9me2-FITC.	The	reaction	was	incubated	in	dark	to	equilibrium	(typically	20	min)	

before	analysis.	The	concentration	of	each	KDM7	enzymes	to	be	used	was	the	same	as	the	

KD	values	generated	from	the	binding	assay	(Chapter	3,	Table	3.1	&	Table	3.3).		
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The	 assay	 conditions	 for	 the	 JmjC-domain	 inhibitors	 was	 first	 evaluated,	 using	 2OG	 and	

several	 known	 2OG	 mimicking	 inhibitors	 (i.e.	 the	 compounds	 in	 Figure	 4.12).	 In	 the	 FP	

displacement	assays	with	PHF8PHD-JmjC,	Daminozide	gave	an	IC50	value	of	0.49	µM,	consistent	

with	the	reported	data.
6
	Interestingly,	despite	structurally	being	similar	to	2OG	(	IC50	=	55.6	

µM,	 Figure	4.16),	NOG	only	weakly	displaced	 FI-methylstat	 at	 high	 concentrations	 (Figure	

4.16).	The	commonly	known	broad-spectrum	inhibitors	IOX1	and	2,4-PDCA	did	not	show	any	

displacement	effect,	consistent	with	the	AlphaScreen	results	(Figure	4.13).	

	
	

Figure	 4.16	 PHF8PHD-JmjC	 FP	displacement	 assay	measuring	 the	 IC50	 values	of	 2OG,	NOG,	 2,4-PDCA,	 IOX1	and	

Daminozide.	Data	were	fitted	to	a	 log(inhibitor)	vs.	response	–	Variable	slope	(four	parameters)	model	using	

GraphPad	Prism7	software.	The	fitting	was	fixed	at	0	DmP	at	the	top.	R	square	values	indicating	the	goodness	

of	fitting	were	0.99	and	0.95	for	red	and	purple	curves	respectively.	A	sample	without	enzyme	was	used	as	a	

negative	control	for	normalisation.	A	sample	without	inhibitor	was	used	as	a	‘no	inhibition’	control.	Data	are	

plotted	as	the	mean	of	technical	triplicates,	and	error	bars	give	±	one	s.d.	

	

The	 same	assays	were	 carried	out	 for	 KIAA1718PHD-JmjC.	 Similarly	 to	 PHF8,	 inhibitors	 other	

than	 2OG	 and	 Daminozide	 were	 not	 observed	 to	 compete	 with	 FI-methylstat	 efficiently	

(Figure	4.17).	Daminozide	inhibited	KIAA1718	with	an	IC50	value	less	than	50	nM	(the	exact	

value	could	not	be	measured	due	to	an	incomplete	dose-response	curve).	The	IC50	value	for	

2OG	against	KIAA1718	was	1.39	µM,	40-fold	 lower	 than	 that	of	PHF8.	 This	 could	 indicate	

that	KIAA1718	has	a	higher	affinity	 for	 the	cosubstrate	2OG	compared	to	PHF8.	However,	
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the	IC50	value	represents	the	concentration	of	inhibitor	when	half	of	the	enzyme	had	been	

inhibited.	Due	to	the	different	concentration	used	for	PHF8	(1	µM)	and	KIAA1718	(0.15	µM)	

selected	by	their	binding	KD	of	FI-methylstat,	the	IC50	values	are	not	directly	comparable.	

	

	

	

	Figure	4.17	KIAA1718PHD-JmjC	FP	displacement	assay	measuring	 the	 IC50	values	of	2OG,	NOG,	2,4-PDCA,	 IOX1	

and	Daminozide.	Data	were	 fitted	 to	 a	 log(inhibitor)	 vs.	 response	 –	Variable	 slope	 (four	 parameters)	model	

using	GraphPad	 Prism7	 software.	 The	 fitting	was	 fixed	 at	 0	DmP	 at	 the	 top.	 R	 square	 values	 indicating	 the	

goodness	of	fitting	were	0.95	and	0.96	for	red	and	purple	curves	respectively.	A	sample	without	enzyme	was	

used	as	a	negative	control	for	normalisation.	A	sample	without	inhibitor	was	used	as	a	‘no	inhibition’	control.	

Data	are	plotted	as	the	mean	of	technical	triplicates,	and	error	bars	give	±	one	s.d.	

	

	

Although	 the	 in	vitro	 activity	assay	 for	PHF2	had	not	 identified	any	substrates	 (Chapter	2,	

section	2.3.6),	the	FP	binding	assay	showed	that	PHF2PHD-JmjC	and	PHF2JmjC	both	bound	to	FI-

methylstat	with	a	KD	of	single	digital	µM	(Chapter	3,	section	3.2.5).	These	FP	assays	provided	

a	method	to	investigate	the	non-catalytic	PHF2	and	its	interaction	with	small	molecules.	Like	

for	PHF8PHD-JmjC	and	KIAA1718PHD-JmjC,	PHF2PHD-JmjC	was	subjected	to	the	same	set	of	inhibitor	

screening.	Daminozide	was	used	as	a	positive	control	 for	PHF8	to	ensure	negative	binding	

results	 of	 compounds	were	 not	 from	 the	 operational	mistakes.	 Unfortunately,	 no	 potent	

inhibitor	was	found	for	PHF2.	Marginal	displacement	of	FI-methylstat	was	observed	for	NOG	

at	1	mM,	however,	the	IC50	was	too	high	to	measure	accurately	(Figure	4.18).	
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Figure	 4.18	 PHF2PHD-JmjC	 FP	displacement	 assay	measuring	 the	 IC50	 values	of	 2OG,	NOG,	 2,4-PDCA,	 IOX1	and	

Daminozide.	Data	were	fitted	to	a	 log(inhibitor)	vs.	response	–	Variable	slope	(four	parameters)	model	using	

GraphPad	Prism7	software.	The	fitting	was	fixed	at	0	DmP	at	the	top.	R	square	value	indicating	the	goodness	of	

fitting	was	0.95	for	yellow	curve.	A	sample	without	enzyme	was	used	as	a	negative	control	for	normalisation.	A	

sample	 without	 inhibitor	 was	 used	 as	 a	 ‘no	 inhibition’	 control.	 Data	 are	 plotted	 as	 the	 mean	 of	 technical	

triplicates,	and	error	bars	give	±	one	s.d.	

	

Next,	the	FP	displacement	assay	for	the	 inhibitors	targeting	the	PHD	finger	was	applied	to	

the	 unlabelled	 H31-15K4me3K9me2	 peptide	 with	 the	 KDM7	 proteins	 containing	 the	 PHD	

finger	only.	As	expected,	the	unlabelled	peptide	was	able	to	compete	with	its	FITC	labelled	

analogue	for	all	three	enzymes.	The	IC50	values	of	KIAA1718,	PHF8	and	PHF2	were	2.3	µM,	

5.2	µM,	1.1	µM	respectively	(Figure	4.19).	

	

	

Figure	4.19	FP	displacement	assay	of	A)	KIAA1718;	B)	PHF8;	C)	PHF2	using	unlabelled	H3	peptide	(0.03	to	100	
µM)	and	H3K4me3K9me2-FITC	(50	nM).	Data	were	fitted	to	a	log(inhibitor)	vs.	response	–	Variable	slope	(four	

parameters)	model	using	GraphPad	Prism7	software.	The	fitting	was	fixed	at	0	DmP	at	the	top.	R	square	value	

indicating	the	goodness	of	fitting	were	0.97,	0.97	and	0.97	for	A,	B	and	C.	A	sample	without	enzyme	was	used	

as	a	negative	control	 for	normalisation.	Data	are	plotted	as	 the	mean	of	 technical	 triplicates,	and	error	bars	

give	±	one	s.d.	

	

	

-8 -7 -6 -5 -4 -3 -2 -1
-200

-150

-100

-50

0

50

Log[inhibitor / M]

Δ
m

P
PHF8 + Daminozide

Daminozide

IOX1

NOG

2,4-PDCA

2OG

KIAA1718

-8 -7 -6 -5 -4 -3
-60

-40

-20

0

20

Log[H3K4me3K9me2 / M]

Δ
m

P

PHF8

-8 -7 -6 -5 -4 -3
-100

-80

-60

-40

-20

0

20

Log[H3K4me3K9me2 / M]

Δ
m

P

PHF2

-8 -7 -6 -5 -4 -3
-60

-40

-20

0

20

Log[H3K4me3K9me2 / M]

Δ
m

P

A B C



Chapter	4	 	 Inhibition	studies	on	KDM7	subfamily	

	 139	

The	 inhibitors	 tested	 by	 FP	 displacement	 assay	 for	 KDM7s	 and	 their	 IC50	 values	 are	

summarised	 in	 Table	 4.1.	 Using	 a	 384-well	 assay	 plate,	 IC50	 values	 of	 16	 inhibitors	 were	

measured	(8	concentrations,	and	in	triplicate)	within	25	min	(20	min	of	incubation	and	5	min	

of	plate	reading).	Collectively,	the	results	demonstrate	that	the	FP	displacement	assay	 is	a	

suitable	assay	for	KDM7	inhibitor	screening,	as	well	as	for	non-catalytic	enzyme	studies.		

	

Table	4.1	Summary	of	the	IC50	values	tested	using	FP	displacement	assay	for	the	KDM7	subfamily.	

“NM”indicated	that	the	IC50	values	are	not	able	to	be	measured	precisely.	

	

	

	
	
4.3.3	Investigating	the	mode	of	inhibition	of	a	specific	inhibitor	of	the	KDM2/7	subfamilies	
	

	

A	screen	of	a	library	of	known	binders	to	methyllysine	reader	domains	and	histone	methyl	

transferases	carried	out	by	the	Structural	Genomics	Consoritum,	Oxford	has	identified	small	

molecule	 series	 containing	 an	 indole	 scaffold	 that	 inhibit	 KDM2A.	 Further	 medicinal	

chemistry	 efforts	 (by	 Dr	 Philip	 Gerkin)	 yielded	 a	 selective	 and	 cell	 permeable	 KDM2A	

inhibitor,	 (S,S)-6,	with	an	 IC50	of	0.16	µM	against	 recombinant	KDM2A	(Figure	4.20).	Since	

KDM2	 and	 KDM7	 subfamilies	 are	 closely	 related
27
,	 cross-screening	 against	 PHF8	 and	

KIAA1718	was	carried	out	to	see	whether	they	are	also	catalytically	inhibited	by	(S,S)-6.	

	

	

	 PHF8	 PHF2	 KIAA	 Probe	
2OG	 55.6	µM	 NM	 1.39	µM	 FI-methylstat	

NOG	 >	100	µM	 >10	mM	 >100	µM	 FI-methylstat	

2,4-PDCA	 NM	 NM	 NM	 FI-methylstat	

IOX1	 NM	 NM	 NM	 FI-methylstat	

Daminozide	 0.49	µM	 NM	 <50	nM	 FI-methylstat	

H31-15K4me3K9me2	 5.2	µM	 1.1	µM	 2.3	µM	 H31-15	K4me3K9me2-FITC	
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Figure	4.20	Structure	of	(S,S)-6.11	

	

IC50	 values	 were	 determined	 using	 the	 AlphaScreen	 method,	 employing	 the	 conditions	

described	in	the	previous	section	(Section	4.3.1).	A	pilot	assay	showed	that	(S,S)-6	was	more	

potent	against	KIAA1718	than	PHF8	(figure	not	shown),	thus	a	dilution	of	compound	from	

10	 µM	 was	 tested	 with	 KIAA1718	 (dilution	 from	 100	 µM	 was	 tested	 with	 PHF8).	 The	

inhibition	 assay	 with	 each	 enzyme	was	 repeated	 two	 or	 three	 times	 and	 the	 average	 of	

duplicates	or	triplicates	was	taken	as	the	final	IC50	value	(Table	4.2).	Pleasingly,	(S,S)-6	had	>	

50-fold	selectivity	for	KIAA1718	(IC50	of	0.19	µM,	Figure	4.21	A)	over	PHF8	(IC50	of	>10	µM,	

Figure	4.21	B),	suggesting	this	was	also	a	potent	and	selective	 inhibitor	for	KIAA1718	over	

PHF8.	

	
	

Figure	4.21	IC50	determination	for	(S,S)-6	and	Daminozide	against	A)	KIAA1718	(10	nM)	B)	PHF8	(10	nM)	

measured	by	AlphaScreen.	Data	were	fitted	to	a	log(inhibitor)	vs.	response	–	Variable	slope	(four	parameters)	

model	using	GraphPad	Prism7	software.	The	fitting	was	fixed	at	0%	inhibition	at	the	bottom	and	100%	at	the	

top.	R	square	values	indicating	the	goodness	of	fitting	were	0.95	(red),	0.92	(black)	for	A	and	0.97	(black)	for	B.	

A	sample	without	enzyme	was	used	as	a	negative	control	for	normalisation.	A	sample	without	inhibitor	was	

used	as	a		‘no	inhibition’	control.	Data	are	plotted	as	the	mean	of	technical	triplicates,	and	error	bars	give	±	

one	s.d.	
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Table	4.2	Summary	of	the	IC50	values	of	(S,S)-6	against	KIAA1718	and	PHF8	calculated	in	repetitive	assays.	

	

	 Repeat	1	 N	 Repeat	2	 N	 Repeat	3	 N	 Average	 S.D.	

KIAA1718	 0.18	µM	 3	 0.14	µM	 2	 0.26	µM	 2	 0.19	µM	 0.06	

PHF8	 >10	µM	 3	 >10	µM	 3	 -	 -	 >10	µM	 -	

	

(S,S)-6	 was	 further	 tested	 against	 representative	 members	 from	 each	 of	 the	 other	 KDM	

subfamilies,	 i.e.	 KDM3A	 from	 KDM3	 subfamily;	 KDM4A,	 C	 and	 D	 from	 KDM4	 subfamily;	

KDM5B,	 C	 from	 KDM5	 subfamily	 and	 KDM6B	 from	 KDM6	 subfamily.	 IC50	values	 of	 these	

enzymes	from	KDM	subfamilies	other	than	KDM2/7	are	more	than	75-fold	of	KIAA1718	and	

of	 KDM2A	 (Table	 4.3).	 The	 compound	 (S,S)-6	 therefore	 appeared	 to	 be	 selective	 for	 the	

closely	related	KDM2	and	KDM7	subfamilies.		

	

Table	 4.3	 (S,S)-6	 Selectivity	 vs	 other	 KDMs	 (IC50	 µM).	 AlphaScreens	 for	 JmjC-KDMs	 (except	 KDM7s)	 were	

carried	out	by	Dr	Anthony	Tumber.	

	

KDM2A	 KDM3A	 KDM4A	 KDM4C	 KDM4D	 KDM5B	 KDM5C	 KDM6B	 KIAA1718	 PHF8	
0.16	 39	 639	 430	 321	 17	 16	 20	 0.19	 >	10	

	

To	 investigate	 the	mode	of	 inhibition	of	 (S,S)-6	and	 its	 selectivity	between	 the	 two	KDM7	

enzymes	tested,	FP	displacement	assays	were	carried	out	with	KDM2A,	KIAA1718	and	PHF8.	

Since	(S,S)-6	was	designed	to	target	the	JmjC	domain,	the	FI-methylstat	competition	assay	

was	first	carried	out	with	0.12	µM	of	KDM2A.	The	concentration	of	KDM2A	was	equal	to	the	

KD	value	of	 its	binding	to	FI-methylstat	(Figure	4.22	A).	By	contrast	to	the	strong	inhibition	

against	the	enzymatic	activity	of	KDM2A,	(S,S)-6	displaced	FI-methylstat	with	an	IC50	of	more	

than	100	µM,	while	the	known	broad	2OG	oxygenase	inhibitor	2,4-PDCA	had	an	IC50	of	13.2	

µM	 (Figure	 4.22	 B).	 FP	 assay	 results	 for	 the	 other	 inhibitors	 carried	 out	 by	 Dr	 Anthony	

Tumber	 also	 confirmed	 the	 relatively	 high	 IC50	value	 of	 (S,S)-6	 against	 KDM2A	 (data	 not	

shown).	
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Figure	4.22	FP	assays	measuring	A)	binding	of	KDM2A	to	12.5	nM	FI-methylstat	(KD	value	of	KDM2A	to	FI-

methylstat	was	012	µM	as	determined	by	fitting	data	into	a	one-site	specific	binding	model	using	GraphPad	

Prism7	software).	B)	IC50	values	of	(S,S)-6	and	2,4-PDCA	against	KDM2A.	Data	are	plotted	as	the	mean	of	

technical	triplicates,	and	error	bars	give	±	one	s.d.	

	

Displacement	assays	with	(S,S)-6	were	also	carried	out	for	KIAA1718	and	PHF8.	Surprisingly,	

no	strong	displacement	was	found	against	PHF8	or	KIAA1718	(Figure	4.23),	 indicating	that	

(S,S)-6	may	not	directly	bind	to	the	JmjC	domains	of	these	enzymes.	

	
	
Figure	4.23	 IC50	determination	for	(S,S)-6,	Daminozide	and	Methylstat	acid	against	A)	KIAA1718	(0.13	µM)	B)	
PHF8	 (1	 µM)	 measured	 by	 FP	 displacement	 assay	 with	 FI-methylstat	 (12.5	 nM).	 Data	 were	 fitted	 to	 a	

log(inhibitor)	 vs.	 response	 –	 Variable	 slope	 (four	 parameters)	 model	 using	 GraphPad	 Prism7	 software.	 The	

fitting	was	fixed	at	0	DmP	at	the	top.	R	square	values	indicating	the	goodness	of	fitting	were	0.96	for	A	(black	

curve)	and	0.99	for	B	(black	curve).	A	sample	without	enzyme	was	used	as	a	negative	control	for	normalisation.	

Data	are	plotted	as	the	mean	of	technical	triplicates,	and	error	bars	give	±	one	s.d.	

	

	

The	 IC50	 values	 of	 (S,S)-6	 and	 other	 inhibitors	 against	 KDM2A,	 KIAA1718	 and	 PHF8	 are	

summarised	in	Table	4.4.	

	

	

0 1 2 3 4
0

100

200

300

400

[KDM2A]/µM

Δ
m
P

KDM2A KDM2A

-10 -8 -6 -4 -2
-200

-150

-100

-50

0

50

Δ
m

P

Log[inhibitor / M]

(S,S)-6

2,4-PDCA

A B

-8 -7 -6 -5 -4 -3
-150

-100

-50

0

50

Log[inhibitor / M]

Δ
m

P

KIAA1718

(S,S)-6

Daminozide

-8 -7 -6 -5 -4 -3
-150

-100

-50

0

50

Log[inhibitor / M]

Δ
m

P

PHF8
Methylstat

(S,S)-6

Daminozide

A B



Chapter	4	 	 Inhibition	studies	on	KDM7	subfamily	

	 143	

Table	4.4	IC50	values	for	Methylstat	acid,	Daminozide	and	(S,S)-6	against	KDM2A,	KIAA1718	and	PHF8	

measuring	by	FP	displacement	assay.	

	

FI-methylstat IC50	/	µM	(%	inh	at	100	μM) 
 KDM2A KIAA1718 PHF8 

(S,S)-6 >	100	(21%) >	100 >	100 
Daminozide 0.23 0.10 0.59 

Methylstat	acid 0.14 - 131.83 
	

Next,	 the	 FP	 displacement	 assay	 was	 carried	 out	 using	 H31-15K4me3K9me2-FITC	 to	

investigate	whether	(S,S)-6	competes	with	the	substrate.	Although	more	promising	than	the	

competition	with	FI-methylstat,	(S,S)-6	was	unable	to	give	a	full	dose-response	curve	at	the	

concentrations	tested	and	the	IC50	values	against	all	three	enzymes	were	more	than	100	µM	

(Figure	4.24).	Therefore,	the	FP	displacement	assays	suggest	that	the	competition	of	(S,S)-6	

against	H31-15K4me3K9me2-FITC	binding	 to	 the	KDM7	dual	domain	enzymes	may,	 in	part,	

contribute	to	the	inhibition	of	KDM7	catalysis	and/or	the	mechanism	of	inhibition	by	(S,S)-6		

is	complex.		

	

Figure	 4.24	 IC50	 determination	 for	 (S,S)-6	 against	A)	 KIAA1718	 (0.2	µM	enzyme)	B)	 PHF8	 (1	µM	enzyme)	C)	
PHF2	(0.03	µM	enzyme)	measured	by	FP	displacement	assay	with	H31-15K4me3K9me2-FITC	(50	nM).	Data	were	

fitted	 to	 a	 log(inhibitor)	 vs.	 response	 –	 Variable	 slope	 (four	 parameters)	 model	 using	 GraphPad	 Prism7	

software.	The	 fitting	was	 fixed	at	0	DmP	at	 the	 top.	R	 square	values	 indicating	 the	goodness	of	 fitting	were	

0.96,	0.97	and	0.98	for	A,	B	and	C.	A	sample	without	enzyme	was	used	as	a	negative	control	for	normalisation.	

Data	are	plotted	as	the	mean	of	technical	triplicates,	and	error	bars	give	±	one	s.d.	
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As	demonstrated	in	the	previous	Chapter	(Chapter	3,	section	3),	the	initial	binding	of	KDM7	

enzymes	to	H31-15K4me3K9me2-FITC	is	dominated	by	interactions	with	their	PHD	fingers.	To	

assess	 whether	 (S,S)-6	 bound	 to	 the	 PHD	 finger	 domain,	 an	 FP	 displacement	 assay	 with	

KIAA1718PHD	was	 carried	 out.	 Interestingly,	 but	 perhaps	 not	 surprisingly,	 given	 that	 the	

KDM2A	 construct	 used	 for	 these	 assays	 contained	 a	 JmjC	 domain,	 the	 inhibitor	 did	 not	

displace	H31-15K4me3K9me2-FITC	even	at	100	µM	 (Figure	4.25).	 Together	with	 the	 results	

against	FI-methylstat,	the	FP	displacement	assays	revealed	that	the	(S,S)-6	does	not	directly	

compete	for	binding	with	active-site	targeting	methylstat	to	the	JmjC	domains	or	H3K4me3	

peptide	 binding	 to	 PHD	 fingers	 of	 KDM2A	 and	 KIAA1718	 alone.	 Given	 the	 construct	 of	

KIAA1718	used	 in	 this	assay	contained	a	PHD	 finger,	a	 JmjC	domain	and	a	 linker	between	

them,	 it	may	 suggest	 that	 the	 (S,S)-6	 binds	 to	 the	 linker	 region	 of	 KIAA1718,	 or	 the	 dual	

domain	 interface.	This	could	explain	the	different	 inhibitory	effects	of	 (S,S)-6	on	KIAA1718	

and	PHF8,	since	the	sequences	of	their	linker	regions	are	significantly	different.
14
	

	

	

	

	

Figure	4.25	 FP	displacement	assay	of	 (S,S)-6	competing	with	H31-15K4me3K9me2-FITC	 (50	nM)	on	binding	 to	

KIAA1718PHD	 (0.5	µM).	A	sample	without	enzyme	was	used	as	a	negative	control	 for	normalisation.	Data	are	

plotted	as	the	mean	of	technical	triplicates,	and	error	bars	give	±	one	s.d.	
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The	sequence	alignment	of	the	KDM2A	construct	used	in	this	study	with	the	linker	region	of	

KIAA1718	reveals	~	40%	identity	and	~	55%	similarity	(Figure	4.26).	These	residues	appear	in	

the	catalytic	centre	of	KDM2A	and	within	the	linker	of	KIAA1718,	but	are	not	in	the	linker	of	

PHF8.	 The	 inhibitor	 may	 thus	 recognise	 these	 similar	 residues	 and	 interrupts	 the	

demethylation	 activity	 of	 KIAA1718	 non-competitively,	 by	 which	 the	 different	 IC50	values	

against	KIAA1718	and	PHF8	can	also	be	explained.	In	conclusion,	the	KDM2A	inhibitor	(S,S)-6	

does	not	directly	bind	to	the	JmjC	domain	or	the	PHD	finger	of	KIAA1718	and	may	be	a	non-

competitive	 inhibitor	 of	 KIAA1718.	 Part	 of	 the	 work	 described	 in	 this	 section	 has	 been	

published	in	Gerken	et	al.,	Angew.	Chem.	2017.	

	

	

KIAA1718:         NWHRHDYTEIDDGS 
   KDM2A:    FVIPSGWIHAVYTPTDLVFGGNFL 
    PHF8:         GSSKGHDTHKG 
	

	

Figure	4.26	Sequence	alignment	of	KIAA1718	(residue	99-112),	KDM2A	(residue	275-300)	and	PHF8	(residue	

67-77).	Red	boxes	label	identical	residues	and	orange	boxes	label	similar	residues.	

	

	

4.3.4	Identifying	novel	cyclic	peptide	inhibitors	of	the	KDM7	subfamily	
	

The	cyclic	peptide	inhibitors	of	the	KDM7	subfamily	have	several	potential	advantages	over	

iron-chelating	inhibitors	and	peptide	mimics,	such	as	target	selectivity	and	low	toxicity	that	

make	 them	an	attractive	strategy	 for	drug	development.
28
	From	2006	 to	2015,	nine	cyclic	

peptide	 drugs	 have	 been	 approved	 by	 the	 Food	 and	 Drug	 Administration	 (FDA)	 and	

European	Medicines	Agency	(EMA),	which	are	applied	in	bacterial	and	fungal	infection	and	

gastrointestinal	disorders.
29
	As	most	of	the	reported	inhibitors	of	KDM7	subfamily	have	not	

achieved	 true	 selectivity	 (they	 usually	 also	 inhibit	 the	 KDM2	 subfamily)
3–6
,	 cyclic	 peptide	

inhibitors	were	investigated	for	KDM7	subfamily	to	achieve	selectivity.	
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Three	 potential	 cyclic	 peptide	 inhibitors	 OC3,	 OC6	 and	 OC9	 were	 identified	 by	 Oliver	

Coleman	using	an	mRNA-display	platform	(since	 the	work	 is	 in	preparation	of	publication,	

the	sequences	are	not	disclosed	here).	 Initially,	a	pilot	MALDI-TOF	MS-based	activity	assay	

with	OC3,	OC6	and	OC9	(10	µM	and	100	µM)	demonstrated	their	 inhibition	of	the	 in	vitro	

demethylation	 activity	 of	 KIAA1718PHD-JmjC	and	 PHF8PHD-JmjC	(data	 not	 shown).	 Time	 course	

studies	of	the	two	enzymes	with	the	cyclic	peptides	were	subsequently	carried	out.	OC3	and	

OC6	both	inhibited	the	demethylation	activity	of	KIAA1718	on	H31-15K9me2,	bringing	the	t1/2	

from	25	min	 to	71	min	and	30	min	 respectively	 (Figure	4.27	A).	 Interestingly,	OC9	slightly	

enhanced	 KIAA1718	 activity	 with	 a	 t1/2	of	 19	min	 (Figure	 4.27	 A).	 This	 observation	 could	

reflect	release	of	PHD	finger	from	binding	to	the	non-methylated	lysine	at	position	H3K4.	An	

enhancement	 effect	 of	 OC9	 on	 KIAA1718	 activity	 was	 further	 supported	 by	 the	

demethylation	 reaction	 of	 KIAA1718PHD-JmjC	 with	 H31-15K4me3K9me2	 (Figure	 4.27	 B).	 OC9	

enhanced	the	activity	by	more	than	4.5-fold,	whilst	OC3	and	OC6	both	appeared	to	slightly	

inhibit	the	demethylation	of	H31-15K4me3K9me2	by	KIAA1718PHD-JmjC	(Table	4.5).	

	

For	 PHF8PHD-JmjC,	 OC3,	 OC6	 and	 OC9	 all	 inhibited	 activity	 on	 H31-15K4me3K9me2	 and	 H31-

15K9me2.	 The	 extent	 of	 demethylation	 of	 H31-15K9me2	 at	 60	 min	 suggested	 that	 OC9	

inhibited	the	demethylation	by	~	30%	(Figure	4.27	C).	The	reaction	of	PHF8PHD-JmjC	with	H31-

15K4me3K9me2	was	 too	 fast	 to	 show	any	 significant	 difference	 in	 t1/2.	However,	 a	 slower	

turnover	rate	at	the	first	10	min	was	observed	with	OC9,	changing	the	time	required	for	90%	

conversion	from	less	than	5	min	to	10	min	(Figure	4.27	D).	Overall,	the	time	course	studies	

suggested	 that	 for	 both	 PHF8	 and	 KIAA1718,	 OC9	 had	 the	 most	 potent	 effect	 on	 both	

enzymes	as	either	as	an	inhibitor	or	an	‘enhancer’.	The	parameters	of	the	time	course	study	

are	summarised	in	Table	4.5.	
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Figure	4.27	MALDI-TOF	MS	assays	of	KDM7	enzymes	with	OC3,	OC6	and	OC9	(10	µM	in	0.1%	DMSO).	A)	
KIAA1718PHD-JmjC	(5	µM)	with	H31-15K9me2	(10	µM).	B)	KIAA1718PHD-JmjC	(5	µM)	with	H31-15K4me3K9me2	(10	

µM).	C)	PHF8PHD-JmjC	(5	µM)	with	H31-15K9me2	(10	µM).	D)	PHF8PHD-JmjC	(5	µM)	with	H31-15K4me3K9me2	(10	µM).	

An	assay	with	0.1%	DMSO	was	used	as	the	standard	time	course	for	comparison.	A	pre-quenched	sample	was	

used	for	normalisation.	Data	are	plotted	as	the	mean	of	technical	triplicates,	and	error	bars	give	±	one	s.d.	

	

Table	4.5	t1/2	of	the	demethylation	reactions	catalysed	by	KIAA1718	and	PHF8	with	cyclic	peptide	inhibitors.	

	

	 KIAA1718	 PHF8	(%	at	60	min)	
	 H3K9me2	 H3K4me3K9me2	 H3K9me2	 H3K4me3K9me2	

OC3	 71	min	 >	90	min	 >	60	min	(8%)	 <	5	min	

OC6	 30	min	 >	90	min	 >	60	min	(14%)	 <	5	min	

OC9	 19	min	 20	min	 >	60	min	(5%)	 <	5	min	

DMSO	 25	min	 >	90	min	 >	60	min	(35%)	 <	5	min	

	

	

To	measure	the	IC50	values	of	the	cyclic	peptides,	AlphaScreen	inhibition	assays	were	carried	

out	with	KIAA1718PHD-JmjC	and	PHF8PHD-JmjC,	which	did	not	succeed	in	obtaining	IC50	values	of	

the	 cyclic	 peptides	 (Figure	 4.28	 A	 &	 B).	 Two	 reasons	 were	 proposed	 regarding	 the	
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unsuccessful	 AlphaScreen	 assays:	 the	 cyclic	 peptides	may	 emit	 or	 alter	 the	 luminescence	

signal	 and	 so	 interfere	with	 the	 signal	 generated	 from	 the	 detection	 beads,	 or	 they	may	

interact	 with	 the	 antibody	 and	 caused	 a	 loss	 of	 antibody	 selectivity.	 To	 evaluate	 the	

potential	 interference	 from	 cyclic	 peptide	 inhibitors,	 an	 assay	with	H3K9me1	was	 carried	

out.	 In	 this	assay,	OC3,	OC6	and	OC9	 (0,	10,	100	µM	 in	0.1%	DMSO	final)	were	 incubated	

with	H31-21K9me1	(10	nM),	antibody	Ab8896,	and	the	detection	beads	for	1	hour.	Analysis	of	

the	end-point	AlphaScreen	ouput	suggested	that	the	cyclic	peptides	do	indeed	influence	the	

assay	read-out	(Figure	4.28	C).	

	

	

	
Figure	4.28	AlphaScreen	assays	of	KDM7	enzymes	with	OC3,	OC6	and	OC9	(in	0.1%	DMSO).	A)	IC50	values	
measurement	of	KIAA1718PHD-JmjC	(10	nM)	on	H31-15K9me2	(30	nM).	B)	IC50	values	measurement	of	PHF8PHD-JmjC	

(10	nM)	on	H31-15K4me3K9me2	(0.3	µM).	C)	Signal	interference	test.	A	sample	with	0.1%	DMSO	was	used	for	

normalisation.	Data	are	plotted	as	the	mean	of	technical	triplicates,	and	error	bars	give	±	one	s.d.	

	

KIAA1718 PHD-JmjC

Log[inhibitor / M]

In
hi

bi
tio

n%

-9 -8 -7 -6 -5 -4
-50

0

50

100

PHF8PHD-JmjC

Log[inhibitor / M]

In
hi

bi
tio

n%

-9 -8 -7 -6 -5 -4
-50

0

50

100

OC3 OC6 OC9

A B

3 6 9
0

400000

800000

1200000

A
lp

ha
S

cr
ee

n 
C

ou
nt

0

10

100

C 



Chapter	4	 	 Inhibition	studies	on	KDM7	subfamily	

	 149	

Another	 possible	 reason	 contributing	 to	 the	 unsuccessful	 AlphaScreen	 assays	may	 be	 the	

choice	of	substrate.	For	both	KIAA1718	and	PHF8,	the	assay	was	conducted	using	their	best	

known	 substrate	 (i.e.	 KIAA1718	 with	 H3K9me2	 and	 PHF8	 with	 H3K4me3K9me2);	 the	

reactions	 of	 these	 two	 substrates	were	 only	 slightly	 influenced	 by	 the	 cyclic	 pepitides	 as	

suggested	by	the	MALDI-TOF	MS	assays	(Figure	4.27).	Therefore,	the	IC50	values	may	be	too	

high	to	measure	by	the	current	AlphaScreen	assay	set-up.	Screening	across	representative	

enzymes	 from	 other	 KDM	 subfamilies	 using	MALDI-TOF	MS	 demonstrated	 that	 OC9	 iss	 a	

selective	inhibitor	of	PHF8	with	an	IC50	value	of	1.4	µM	and	an	‘enhancer’	of	KIAA1718	with	

an	EC50	of	4.0	µM	(assays	conducted	by	Oliver	Coleman).	

	

In	 order	 to	 test	 the	 proposal	 of	 the	 mode	 of	 inhibition	 of	 the	 cyclic	 peptides,	 FP	

displacement	assays	of	OC3,	OC6	and	OC9	were	carried	out	on	KIAA1718PHD	(binding	to	H31-

15K4me3K9me2-FITC)	 and	 PHF8JmjC	(binding	 to	 FI-methylstat).	 OC9	 competed	 against	 H31-

15K4me3K9me2-FITC	 on	 KIAA1718PHD	with	 an	 IC50	of	 0.5	 µM	 while	 OC3	 and	 OC6	 did	 not	

(Figure	4.29	A).	These	observations	suggest	that	only	OC9	selectively	targets	the	PHD	finger.	

The	assay	with	PHF8JmjC	showed	that	OC3	and	OC9	did	not	displace	FI-methystat	on	the	JmjC	

domain	 and	OC6	was	 slightly	 competitive	 at	 high	 concentration	 (Figure	 4.29	 B).	 An	 assay	

using	Protein	NMR	(conducted	by	Dr	Martine	Abboud	and	Oliver	Coleman)	also	confirmed	

the	binding	of	OC9	to	the	PHD	finger	of	PHF8.	Together	with	MALDI-TOF	MS	and	RapidFire	

data,	it	was	concluded	that	OC9	was	a	selective	PHD	finger-targeting	inhibitor	of	KIAA1718	

and	PHF8.		
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Figure	 4.29	 FP	 displacement	 assay	 measuring	 the	 IC50	 of	 OC3,	 OC6	 and	 OC9	 (in	 0.1%	 DMSO)	 against	 A)	
KIAA1718PHD	 (0.5	µM).	B)	 PHF8JmjC	 (1	µM).	Data	 set	A	were	 fitted	 to	 a	 log(inhibitor)	 vs.	 response	–	Variable	

slope	 (four	 parameters)	model	 using	GraphPad	 Prism7	 software.	 R	 square	 value	 indicating	 the	 goodness	 of	

fitting	was	0.98	for	black	curve.	A	sample	without	enzyme	was	used	as	a	negative	control	 for	normalisation.	

Data	are	plotted	as	the	mean	of	technical	triplicates,	and	error	bars	give	±	one	s.d.	
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4.3.5	Amiodarone	derivatives	inhibit	KDM7s	in	a	PHD	finger	independent	manner	

	

In	2012,	Wagner	et	al.	identified	amiodarone	(AMI),	an	antiarrhythmic	drug,	as	an	inhibitor	

of	the	PHD	finger	3	of	KDM5A	(KDM5APHD3).	Inspired	by	the	amiodarone	derivatives,	a	series	

of	compounds	were	synthesised	by	Dr	Alexandre	Erdmann	(Figure	4.30).		

	

	
Figure	4.30	Structures	of	amiodarone	(AMI)	and	its	derivatives	reported	by	Wagner	et	al.	and	synthesised	by	
Dr	Alexandre	Erdmann.	

	

IC50	 values	 of	 the	 compounds	 against	 the	 binding	 of	 H31-21K4me3	 to	 KDM5APHD3	 were	

measured	using	AlphaScreen	activity	assays	(conducted	by	Dr	Bhaskar	Bhushan,	Table	4.6).	

Although	selected	compounds	inhibited	the	in	vitro	activity	of	KDM5APHD3,	none	was	found	

to	have	a	lower	IC50	value	than	the	parent	compound	AMI	(Table	4.6).	The	IC50	values	of	the	

AMI	derivatives	 inhibiting	 the	 in	vitro	 activity	of	KDM5APHD3	are	 shown	 in	Table	4.6.	Since	

the	PHD	finger	of	KDM7	subfamily	of	enzymes	plays	a	significant	role	 in	substrate	binding	

and	selectivity,	the	effect	of	the	AMI	derivatives	on	the	catalytic	activity	of	KIAA1718PHD-JmjC	

and	 PHF8PHD-JmjC	 was	 investigated.	 A	 pilot	 test	 with	 PHF8PHD-JmjC	was	 carried	 out	 using	 a	

MALDI-TOF	MS-based	assay.	WAG-003,	WAG-005	and	compound	2a	 (10	µM	and	100	µM)	

were	 incubated	 with	 PHF8PHD-JmjC	 (5	 µM)	 for	 15	 min	 before	 the	 addition	 of	 H31-

15K4me3K9me2	 and	 cofactors	 to	 start	 the	 demethylation	 reaction.	 The	 percentage	

demethylation	 was	 measured	 after	 1-hour	 incubation	 at	 room	 temperature.	 WAG-003	



Chapter	4	 	 Inhibition	studies	on	KDM7	subfamily	

	 152	

showed	 about	 30%	 inhibition	 (from	 30%	 to	 20%)	 at	 100	 µM	 and	WAG-005	 showed	 50%	

(from	30%	to	15%)	inhibition	at	100	µM	(Figure	4.31).	

Table	 4.6	 Structures	 and	 IC50	values	 of	 Amiodarone	 (AMI)	 and	 its	 derivatives	 against	 KDM5APHD3.	 NM:	 not	

measurable	 within	 the	 solubility	 range	 of	 the	 compound.	 Average ± StdDev	 (n ≥ 3	 independent	 replicates)	

shown.	H31–21K4me3	IC50:	0.22 ± 0.02 µM.	Final	concentrations	of	protein	and	peptide	were	25 nM.	

	

	

Compounds	 IC50	(µM)	 A	 R1	 R2	 R3	=	R5	 R4	

AMI	 99	+	23	 O	 butyl	 H	 I	

	

WAG-003	 1658	+	490	 O	 butyl	 H	 I	

	

WAG-005	 562	+	130	 O	 butyl	 H	 I	

	

1a	 166	+	20	 O	 butyl	 H	 H	

	

2a	 340	+	44	 O	 butyl	 H	 H	

	

2b	 844	+	23	 O	 methyl	 H	 H	

	

2c	 533	+	109	 S	 methyl	 H	 H	

	

2d	 1310	+	39	 NMe	 H	 H	 H	

	

7b	 2305	+	82	 O	 methyl	

	

H	 H	
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Figure	 4.31	 Percentage	 demethylation	 of	 PHF8PHD-JmjC	 on	 H31-15K4me3K9me2	 after	 1-hour	 incubation	 with	

WAG-003,	WAG-005	 and	 compound	 2a	 (10	 µM	 and	 100	 µM	 in	 1%	 DMSO)	 and	 1%	 DMSO.	 Reactions	 were	

quenched	 by	 2%	 (v/v)	 aqueous	 formic	 acid	 after	 1-hour	 incubation	 at	 room	 temperature.	 The	 extent	 of	

demethylation	(percentage)	was	analysed	by	MALDI-TOF	MS.	Figures	were	generated	using	GraphPad	Prism7	

software.	A	sample	without	enzyme	was	used	as	a	negative	control	for	normalisation.	Data	are	plotted	as	the	

mean	of	technical	duplicates	(except	for	2a	where	a	single	assay	was	carried	out),	and	error	bars	give	±	one	s.d.	

	

	

The	 IC50	 values	 of	 the	 inhibitors	 were	 measured	 by	 the	 AlphaScreen	 assays.	 Since	 the	

compounds	were	designed	 to	 target	 the	PHD	 finger,	AlphaScreen	assays	were	carried	out	

with	 PHF8PHD	 on	 H31-21K4me3K9me2-biotin	 using	 the	 unlabelled	 histone	 peptide	 for	

comparison.	Interestingly,	as	was	observed	for	KDM5APHD3,
30
	none	of	the	compounds	tested	

showed	a	 strong	 inhibitory	effect	against	 the	binding	activity	of	PHF8PHD	(Figure	4.32).	 For	

example,	 compound	2a	at	100	µM	 inhibited	 the	 in	 vitro	 catalytic	 activity	of	PHF8	on	H31-

15K9me2	by	~30%	(Figure	4.31),	however,	it	did	not	displace	the	H31-21K4me3K9me2-biotin	

peptide	 from	PHF8PHD	at	 the	same	concentration	 (Figure	4.32),	 suggesting	 that	compound	

2a	likely	inhibits	PHF8	in	a	PHD	finger	independent	manner.	
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Figure	 4.32	 IC50	values	 measurement	 of	 the	 representative	 AMI	 derivatives	 against	 PHF8PHD	(10	 nM)	 using	

AlphaScreen	 displacement	 assay.	 Data	 were	 fitted	 to	 a	 log(inhibitor)	 vs.	 response	 –	 Variable	 slope	 (four	

parameters)	 model	 using	 GraphPad	 Prism7	 software.	 The	 fitting	 was	 fixed	 at	 0	 at	 the	 top.	 R	 square	 value	

indicating	the	goodness	of	 fitting	was	0.97	for	blue	curve.	A	sample	without	enzyme	was	used	as	a	negative	

control	for	normalisation.	Data	are	plotted	as	the	mean	of	technical	triplicates,	and	error	bars	give	±	one	s.d.	

	

	

	

A	 cross-screening	 of	 the	 compound	 library	 against	 PHF8PHD-JmjC	 and	 KIAA1718PHD-JmjC	

compared	the	percentage	inhibition	by	co-incubation	of	compounds	(100	µM)	with	10	µM	

of	 PHF8PHD-JmjC	 or	 100	 µM	 of	 KIAA1718PHD-JmjC	 using	 MALDI-TOF	 MS	 assays	 (Chapter	 5,	

section	 5.5).	 The	 IC50	values	 of	 activity	 inhibition	 against	 PHF8PHD-JmjC	 and	 KIAA1718PHD-JmjC	

were	 measured	 by	 Dr	 Bhaskar	 Bhushan	 using	 AlphaScreen	 activity	 assays.	 The	 results	

suggest	that	the	AMI	derivatives	1a,	2a	and	2d	were	significantly	more	potent	inhibitors	of	

KIAA1718	 catalytic	 activity	 than	 inhibitors	 of	 PHD	 finger	 peptide	 binding.	 Promisingly,	 2b	

was	found	to	displace	the	biotinylated	peptide	on	KIAA1718PHD-JmjC	with	an	IC50	of	5.6	+	1.5	

µM	(Table	4.7).	However,	2b	also	completely	inhibited	the	activity	of	KIAA1718PHD-JmjC	at	100	

µM	suggesting	 that	2b	can	also	act	at	 the	 JmjC	domain.	Although	none	of	 the	tested	AMI	

derivatives	was	selective	 to	PHD	finger,	 they	still	provided	a	direction	of	 further	design	of	

the	 AMI	 derivatives.	 The	 described	 work	 has	 potential	 applications	 for	 the	 future	
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development	of	PHD-finger	targeting	inhibitors	for	KDMs	and	was	published	in	Bhushan	et	

al.	2017.30	

	

Table	4.7	IC50	values	of	the	AMI	derivatives	for	displacement	of	H31-21K4me3-biotin	against	PHF8PHD-JmjC	and	

KIAA1718PHD-JmjC	by	AlphaScreen	(conducted	by	Dr	Bhaskar	Bhushan),	and	their	percentage	inhibition	of	

demethylation	activity	at	100	µM	by	MALDI-TOF	MS.	

	

Compounds	
PHF8PHD-JmjC	 KIAA1718PHD-JmjC	

Inhibition%	at	

100	µM	(MALDI)	
IC50		(AS)	

Inhibition%	at	

100	µM	(MALDI)	
IC50		(AS)	

AMI	 22%	 -	 83%	 80	+	26	

WAG-003	 22%	 -	 17%	 -	

WAG-005	 33%	 -	 100%	 16	+	4	

1a	 95%	 -	 100%	 295	+	48	

2a	 89%	 120	+	32	 100%	 149	+	32	

2b	 32%	 126	+	34	 100%	 5.6	+	1.5	

2d	 24%	 >300	 100%	 88	+	17	
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4.4	Summary	
	

This	work	described	in	this	Chapter	concerns	inhibition	studies	on	the	KDM7	subfamily.	Two	

inhibitor	 screening	platforms,	 the	AlphaScreen	based	platform	and	 the	FP	based	platform	

were	 established	 for	 the	 inhibitor	 screening	 of	 the	 KDM7	 enzymes.	 Using	 these	 two	

platforms,	novel	inhibitors	for	the	KDM7	enzymes	were	investigated	along	with	their	modes	

of	inhibition.	

	

	The	mode	of	 inhibition	of	a	selective	KDM2/7	 inhibitor	 (S,S)-6	was	 investigated.	Although	

(S,S)-6	has	been	 found	to	 inhibit	 the	enzymatic	activity	of	KDM2A	and	KIAA1718	with	 IC50	

values	 of	 0.16	 µM	 and	 0.19	 µM,	 respectively	 (using	 the	 AlphaScreen	 activity	 assays),	 FP	

competition	assays	of	KIAA1718	proteins	 imply	 that	 the	compound	does	not	 target	either	

the	 PHD	 finger	 or	 the	 JmjC	 domain.	 Sequence	 alignment	 of	 KDM2A	 and	 KIAA1718/PHF8	

suggested	 that	 (S,S)-6	 is	 likely	 to	 bind	 to	 the	 centre	 of	 KDM2A	 and	 the	 linker	 region	 of	

KIAA1718,	which	share	significant	sequence	similarity	between	each	other.		

	

The	FP	screening	method	also	helped	the	identification	of	a	novel	cyclic	peptide	inhibitor	of	

PHF8	 and	 an	 ‘enhancer’	 of	 KIAA1718	 that	 binds	 selectively	 to	 their	 PHD	 fingers.	 Another	

example	 of	 the	 utility	 of	 the	 FP	 and	 AlphaScreen	 screening	 platforms	 was	 in	 the	

measurement	 of	 the	 IC50	 values	 of	 a	 series	 of	 amiodarone	 (AMI)	 derivatives,	which	 have	

been	 reported	 to	 inhibit	 the	 PHD	 finger	 3	 of	 KDM5A	 (KDM5APHD3).	 The	 potent	 AMI	

derivatives	that	inhibit	the	KDM	activity	of	PHF8	and	KIAA1718	have	been	found	not	directly	

bind	to	the	PHD	finger	which	they	were	designed	to	target.	Overall,	 the	results	show	that	

the	 AlphaScreen	 based	method	 and	 the	 FP	 based	method	 are	 appropriate	 for	 screening	

KDM7	inhibitors	as	well	as	investigating	the	mode	of	inhibition.	
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Chapter 5 Materials and Methods 

All	Chemicals,	unless	otherwise	stated,	were	obtained	from	Sigma-Aldrich.	Tryptone,	yeast	

extract	 and	 agar	were	obtained	 from	Oxoid.	 Sodium	 chloride	 for	 culture	media	was	 from	

Fisher	BioReagents.	Isopropyl	b-D-1-thiogalactopyranoside	(IPTG)	was	from	Apollo	Scientific.	

Standard	molecular	biology	and	biochemical	procedures	were	applied	thoughout	the	work.	

Water	was	purified	using	Millipore	Elixâ	10	followed	by	filtration	through	a		0.22	µm	filter	

using	a	Millipore	Milli-Q	system.	Cell	growing	flasks,	media	and	plastic	tubes	were	sterilised	

by	autoclaving	for	20	minutes	at	121	oC	where	relevant.	For	water	used	in	DNA	applications	

and	heat-senstive	solutions,	a	further	sterilisation	step	was	performed	manually	using	a	0.22	

µm	filter	in	addition	to	using	sterile	MilliQ	water.	

	

5.1	General	Procedures	

Competent	cells	

Table	5.1	defines	the	E.	coli	Strains	used	in	this	Thesis.	

Table	5.1	Escherichia	coli	(E.	coli)	strains	used	in	this	Thesis.	

Name	 Genotype	 Usage	 Sourcing	

XL10	Gold	

Tetr	D(mcrA)183	D(mcrCB-hsdSMR-
mrr)173	endA1	supE44	thi-1	recA1	
gyrA96	relA1	lac	Hte	[F´	proAB	

lacIqZDM15	Tn10	(Tetr)	Amy	Camr]	
	

Plasmid	
transformation	

Prepared	in-house	from	commercial	
stock	(Stratagene)*	

BL21	(DE3)	
E.	coli	B	F-	dcm	ompT	hsdS	(rB

-	mB
-)	

gal	l(DE3)	
Protein	expression	

Prepared	in-house	from	commercial	
stock	(Stratagene)*	

*Protocol	stated	elsewhere.	
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Some	 of	 the	 developed	 experimental	 procedures	 described	 in	 this	 Chapter	 have	 been	

reported	 (see	 Chapters	 2,	 Section	 2.3.1;	 Chapter	 3,	 Section	 3.3.1);	 Other	 reported	

procedures,	 as	developed	previously	 and	used	 in	 the	experimental	work	described	 in	 this	

thesis,	are	referenced	throughout.	

	

Peptide	sequences	

The	 peptides	 used	 in	 this	 thesis	 were	made	 in-house	 or	 obtained	 from	 GL	 BioChem	 Ltd,	

(Shanghai	China)	(Table	5.2).	All	peptides	were	prepared	as	C-terminal	amides	(Table	5.2).	

Table	5.2	Sequences	of	the	peptides	used	in	this	thesis.	

Peptide	names	 Sequences	

H3	1-15	K4me3K9me2	 ARTK(me3)QTARK(me2)STGGKA	

H3	1-15	K9me2	 ARTKQTARK(me2)STGGKA	

H3	1-24	K4me3K14me2	 ARTK(me3)QTARKSTGGK(me2)APRKQLATKA	

H3	1-24	K14me2	 ARTKQTARKSTGGK(me2)APRKQLATKA	

H3	1-24	K4me3K18me2	 ARTK(me3)QTARKSTGGKAPRK(me2)QLATKA	

H3	1-24	K18me2	 ARTKQTARKSTGGKAPRK(me2)QLATKA	

H3	1-29	K4me3K23me2	 ARTK(me3)QTARKSTGGKAPRKQLATK(me2)AARKSA	

H3	1-29	K23me2	 ARTKQTARKSTGGKAPRKQLATK(me2)AARKSA	

H3	1-35	K4me3K27me2	 ARTK(me3)QTARKSTGGKAPRKQLATKAARK(me2)SAPATGGV	

H3	21-44	K27me2	 ATKAARK(me2)SAPATGGVKKPHRYRPG	
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Peptide	synthesis	

Some	 peptides	 were	 synthesised	 in-house	 by	 solid	 phase	 peptide	 synthesis	 (SPPS)	 using	

standard	 procedures	 (i.e.	 from	 their	 C-termini)	 using	 a	 LibertyBlueä	 mircrowave	 peptide	

synthesiser	 (CEM).	 Fluorenylmethyloxycarbonyl	 (FMOC)	 protected	 proteinogenic	 amino	

acids	were	purchased	from	Alfa	Aesar,	Novabiochem,	Sigma-Aldrich,	Merck,	TCI	Europe,	or	

AGTC	Bioproducts	and	were	used	in	10	equivalent	excess	relative	to	the	enzyme	(except	for	

Kme3	and	Kme2	residues).	FMOC-Rink-Amid-methylbenzhydrylamine	resin	(100-200	mesh,	

>	 0.5	 mmol/g)	 and	 Na-FMOC-amino	 acids	 were	 dissolved	 in	 dimethyformamide	 (DMF)	

(peptide	synthesis	grade,	AGTC	Bioproducts)	prior	to	loading	onto	a	peptide	synthesiser.	N,	

N’-diisopropylcarbodiimide	(DIC,	purchased	from	TCI	Europe)	and	Oxyma	Pure	(Merck)	were	

used	as	coupling	 reagents	 to	activate	Na-FMOC-amino	acids	before	addition	 to	 the	 resin.1	

Na-FMOC	deprotection	was	achieved	by	treating	the	resin	with	20%	peperidine	in	DMF.	The	

process	was	then	repeated	for	each	amino	acid	required	for	the	desired	sequence.	Peptide	

products	 were	 cleaved	 from	 the	 resin	 by	 incubating	 with	 the	 Peptide	 Cleaving	 Solution	

(Table	 5.3)	 for	 3	 hours.	 The	 peptides	were	 then	 precipitated	with	 diethyl	 ether	 from	 the	

mixture.	The	resultant	solid	was	dissolved	in	MilliQ	water	and	lyophilised	until	dry.2,3	Crude	

peptides	were	purified	by	HPLC	(see	the	next	section	for	method).		The	purity	and	mass	of	

each	peptide	were	confirmed	by	MALDI-TOF	MS.		

Table	5.3	Peptide	Cleaving	Solution.	

Reagent	 Percentage	in	mixture	(%)	 Volume	(mL)	

TFA	(trifluoroacetic	acid)	 92.5	 4.625	

Water	 2.5	 0.125	

TIPS	(triisopropylsilane)	 2.5	 0.125	

1,3	dimethoxybenzene	 2.5	 0.125	
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Peptide	purification	

Peptides	were	purified	via	Reverse	Phase	High	Performance	Liquid	Chromatography	(HPLC)	

using	 a	 JASCO	 LC	 Net	 II	 /	 ADC	 HPLC	 system	 (PU-2086	 Plus	 Pumps,	MX-2080-32	 Dynamic	

Mixer	and	DG-2080-54	Degasser).	The	HPLC	system	was	controlled	with	JASCO	ChromNAC	

Control	Centre	software.	Crude	peptides	were	dissolved	in	2	mL	MilliQ	water	and	up	to	30%	

MeCN	 to	aid	 solubility,	when	 required.	 The	 crude	peptide	 solution	was	 filtered	 through	a	

0.22	µM	mini	filter	to	remove	solids,	so	protecting	the	HPLC	column	from	being	blocked	by	

insoluble	 particles.	 The	 resultant	 clear	 peptide	 solution	 (50	 µL)	 was	 loaded	 on	 a	

Grace/Vydac	218GCC1520	column	(C18,	10-15	µM,	Prep	Guard	Cartridge	10	×	20	mm)	for	a	

trial	purification.	The	mobile	phase	was	a	gradient	of	Solution	A	(0.1%	TFA	in	H2O)	+	Solution	

B	(0.1%	TFA	in	MeCN),	with	the	percentage	of	Solution	B	increasing	over	time.	Peaks	were	

detected	at	220	nm	and	 collected	automatically.4	 Sample	 injection	and	 fraction	 collection	

were	conducted	using	a	JASCO	AS-2055	Plus	autosampler	and	a	CHF1225C	fraction	collector.	

Fractions	 containing	 purified	 peptide	were	 pooled	 and	 lyophilised	 in	 50	mL	 Falcon	 tubes.	

The	dried	fractions	were	analysed	by	MALDI	MS	to	confirm	their	predicted	masses.			

	

	

pH	measurements	

The	 pH	 of	 solutions	 was	 determined	 using	 a	 Jenway	 pH	 Meter	 3305,	 with	 Aldrich	

glass/calomel	 combination	 electrode.	 Prior	 to	measurements,	 calibration	 was	 carried	 out	

using	 standard	buffer	 solutions	of	 phthalate	 (pH	4.0),	 phosphate	 (pH	7.0)	 and	borate	 (pH	

10.0)	from	Fisher	Scientific.	Electrodes	were	stored	in	a	4	M	potassium	chloride	solution	at	

room	temperature.	
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Centrifugation	

Samples	 of	 volume	 less	 than	 1.5	 mL	 were	 centrifuged	 using	 a	 Bechman	 Coulter	 Ltd.	

benchtop	centrifuge,	at	4	oC	or	20	oC	(speed	varied	from	1000	rpm	to	14,000	rpm).	Samples	

of	 volumes	 from	 2	 mL	 to	 15	 mL,	 including	 protein	 solutions,	 were	 centrifuged	 and	

concentrated	using	a	Beckmann	Allegra	X-30R	at	 room	temperature	or	4	 oC	 (22,000	rpm).	

Cell	lysates	for	protein	purification	and	large-scale	cell	growth	cultures	were	centrifuged	at	4	

oC	using	a	Beckmann	Avanti	J-25	at	4	oC	(8000	rpm).		

	

	

5.2	DNA	constructs	generation	

Oligonucleotides	

Oligonucleotides	 (or	primers)	were	 from	Sigma	Life	 Science	and	dissolved	 in	 sterile	MilliQ	

water	to	a	concentration	of	100	µM.	The	sequences	of	 the	primers	used	 in	this	 thesis	are	

given	 in	 Table	 5.4.	 The	 PHF8	 PHD-JmjC	 and	 PHF8	 JmjC	 plasmids	 were	 kind	 gifts	 from	 the	

Structural	 Genomics	 Consortium	 (SGC).5	 The	 constructs	 of	 PHF8	 PHD	 and	 PHF2	 PHD	 were	

generated	and	gifted	by	Dr.	Finn	Wolfreys.	

	

	

	

	

	

	

	

	



Chapter	5	 	 Materials	and	Methods	

	
	

165	

Table	5.4	Primer	sequences.	All	DNA	bases	are	shown	in	capitals,	except	for	ligation	independent	cloning	(LIC)	
overhangs.	Base	changes	from	the	wild-type	DNA	sequences	are	shown	in	bold.		

Construct	 Name	 Sequence	

KIAA1718	PHD-JmjC	 Fwd	 tacttccaatccatgGTGTACTGTGTGTGC	

	 Rev	 tatccacctttactgtcaGCCGTTTTCCTCCTC	

KIAA1718	PHD	 Fwd	 tacttccaatccatgGTGTACTGTGTGTGC	

	 Rev	 tatccacctttactgtcaCCTCCTTTTTTTCATCAA	

PHF2	PHD-JmjC	 Fwd	 tacttccaatccatgGCGACGGTGCC	

	 Rev	 tatccacctttactgtcaGACGGCTTTGGAGGCATTCTCACTGAG	

PHF2	JmjC	 Fwd	 tacttccaatccatgTCCACCTTAAAGAAGAA	

	 Rev	 tatccacctttactgtcaGACGGCTTTGGAGGCATTCTCACTGAG	

PHF2Y321H	 Fwd	 CAGGCTGGATCCACGCCACACTCACC	

	 Rev	 TGAGTGTGGCGTGGATCCAGCCTGA	

PHF2H249A	 Fwd	 TTACACCGACTTCGCCATCGACTCTGG	

	 Rev	 AGAGTCGATGGCGAAGTCGGTGTAAC	

PHF8H319Y	 Fwd	 CACAGGGTGGATCTATGCTGTGCTGAC	

	 Rev	 GTCAGCACAGCATAGATCCACCCTTGTG	

PHF8Y48C	 Fwd	 CATTGACCTCTGCCACTGCCCC	

	 Rev	 GGGGCAGTGGCAGAGGTCAATG			

PHF8Y48H	 Fwd	 CATTGACCTCCACCACTGCCCC	

	 Rev	 GGGGCAGTGGTGGAGGTCAATG				

PHF8Y48A	 Fwd	 CATTGACCTCGCCCACTGCCCC	

	 Rev	 GGGGCAGTGGGCGAGGTCAATG				
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DNA	concentration	determination	

DNA	 concentrations	 were	 determined	 using	 a	 NanoDrop	 ND-1000	 UV/Vis	

spectrophotometer	(NanoDrop	Technologies	lnc.)	by	measuring	their	absorbance	at	260	nm.	

The	purity	of	DNA	was	assessed	by	reference	to	the	A260/A280	ratio.6	

	

Protein	concentration	determination	

Protein	concentrations	were	determined	using	2	µL	protein	 solution	and	a	NanoDrop	ND-

1000	UV/Vis	spectrophotometer	(NanoDrop	Technologies	lnc.)	measuring	the	absorbance	at	

280	 nm.	 Molecular	 weight	 and	 extinction	 coefficients	 (e)	 were	 calculated	 using	 the	

ProtParam	tool	on	the	ExPASY	Proteomics	Server	(www.expasy.org).	

	

Plasmid	DNA	purification		

Plasmid	DNA	was	purified	 from	5	mL	 (15	mL	 for	 low-copy	 constructs)	 cell	 culture	using	 a	

GeneJET	Plasmid	Miniprep	Kit	(Thermo	Scientific)	following	the	manufacturer’s	protocol.	In	

the	final	step,	DNA	was	eluted	with	30	μL	sterile	MilliQ	water	instead	of	50	µL	elution	buffer,	

as	described	in	the	manufacturer’s	protocol,	to	increase	the	DNA	concentration.	A	GeneJET	

Plasmid	Maxiprep	Kit	 (Thermo	 Scientific)	was	 used	 for	 large-scale	 transfection-grade	DNA	

purification.		
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DNA	amplification	by	polymerase	chain	reaction	(PCR)	

DNA	 plasmids	 were	 amplified	 by	 the	 polymerase	 chain	 reaction	 (PCR).	 A	 typical	 reaction	

mixture	contained	the	following	reagents	in	50	µL	(total):	

Table	5.5	PCR	reaction	mixture.	

Reagent	 Stock	 Volume	(µL)	

Q5®	reaction	buffer	(NEB)	 10	x	 5	

Forward	primer	(Sigma)	 10	µM	 1.25	

Reverse	primer	(Sigma)	 10	µM	 1.25	

DNA	template	 100	ng/μL	 1	

dNTP	mix	(NEB)	 10	mM	 3	

Q5®	DNA	polymerase	(NEB)	 2.5	U/	μL	 0.5	

MilliQ	water	 -	 38	

Total	 -	 50	

	

A	 Techne	Genius	 thermal	 cycler	 (Techne)	was	programmed	according	 to	 the	 temperature	

requirement	at	each	stage	of	the	desired	PCR	reactions,	the	Tm	of	primers	and	the	length	of	

target	DNA.	An	online	Tm	Calculator	tool	was	used	to	assist	temperature	determination.7		

A	general	programme	for	PCR	involving	plasmids	is	shown	in	Table	5.5.	Optimisations	were	

applied	 according	 to	 reaction	 efficiency	 and	 product	 purity	 analysed	 by	 agarose	 gel	

electrophoresis.		
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Table	5.6	Typical	PCR	programme,	giving	cycles	and	temperature.	

Segment	 Cycles	 Temperature	 Time	

Initial	denaturation	 1	 98	°C	 1	min	

Denaturation	

12	

98	°C	 30	s	

Annealing	
5	oC	below	the	Tm	

of	primers	
30	s	

Extension	 72	°C	
1	min	per	kb	of	

plasmid	

Hold	 1	 4	°C	 Hold	

	

Products	from	PCR	reactions	were	stored	at	 -20	°C	(if	not	used	 immediately)	before	being	

purified	using	a	GeneJet	PCR	Purification	Kit	(Thermo	Scientific)	at	room	temperature.	30	µL	

of	MilliQ	water	replaced	the	elution	buffer	 in	the	purification	kit	to	elute	the	final	plasmid	

product.	

	

Ligation	independent	cloning	(LIC-cloning)	

LIC	cloning	provides	a	framework	for	cloning	the	same	PCR	product	 into	multiple	different	

vectors	 when	 LIC	 compatible	 adaptor	 sequences	 are	 included	 at	 either	 ends	 of	 the	 PCR	

product.8	 LIC	 cloning	 makes	 use	 of	 the	 exonuclease	 activity	 of	 T4	 DNA	 polymerase	 to	

generate	specific	10	 -	15	base	single	overhangs	 in	the	expression	vector.	The	annealing	of	

inserts	and	vectors	with	overhangs	is	independent	of	ligase	and	can	be	achieved	by	simple	

mixing	 of	 the	 DNA	 fragments,	 which	 is	 more	 efficient	 than	 the	 cloning	 using	 restriction	

enzymes.8	The	LIC	compatible	vectors	used	in	this	Thesis	contain	a	SacB	gene	which	allows	

sucrose	negative	selection	for	the	insertion	of	one	of	the	gene	flanks.9	The	DNA	sequences	
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of	 interest	 were	 amplified	 from	 template	 plasmids	 using	 PCR.	 The	 protocol	 of	 DNA	

amplification	 for	LIC	cloning	was	based	on	the	general	PCR	protocol	described	above	with	

minor	optimisations.10	

Insert	-	PCR	recipe:	

Table	5.7	PCR	reaction	mix	for	insert	DNA.	

Reagent	 Volume/µl	

DNA	template	(100ng/µl)	 10	

Primers	mix	(Sigma,	10µM	each)	 2.5	

dNTPs	(NEB,	10mM)	 1	

Q5®	reaction	buffer	(5	�)	 10	

Q5®	DNA	polymerase	(2000U/ml)	 0.5	

Sterile	MiliQ	water	 26	

	

Insert	-	PCR	cycles	and	temperatures	

	

Table	5.8	PCR	programme	for	insert	DNA,	giving	cycles	and	temperature.	

Entry	 Temperature/°C	 Time	

1	 98	 2	min	

2*	 98	 10	s	

3*	 60	 20	s	

4*	 72	 2	min	

5	 72	 2	min	

6	 4	 Hold	
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*Entry	2,3,4	were	repeated	40	times	as	a	cycle.	

Insert	-	gel	electrophoresis	

The	 presence	 of	 the	 desired	 PCR	 product	 of	 insert	 DNA	 was	 confirmed	 by	 agarose	 gel	

electrophoresis.	The	bands	where	a	single	PCR	product	was	observed	on	the	agarose	gel	and	

within	 the	 desired	 molecular	 weight	 range	 were	 cut	 from	 the	 gel	 and	 purified	 using	 a	

GeneJET	 Gel	 Extraction	 kit	 (Thermo	 Scientific),	 according	 to	 the	 manufacturer’s	 protocol	

before	further	use.	

Vector	

The	 LIC	 compatible	 vector	 DNA	 (see	 Table	 5.19)	 was	 digested	 with	 the	 BsaI	 restriction	

enzyme	in	NEB	buffer	3	with	0.1	μg	BSA	at	room	temperature	for	2	hours	and	then	at	50	oC	

for	 3	 hours	 (Table	 5.9).10	 The	 linearised	 vector	 DNA	 was	 purified	 using	 a	 GeneJET	 PCR	

Purification	kit	 (Thermo	Scientific).	The	purified	 linearised	vector	DNA	was	 incubated	with	

the	T4	DNA	polymerase	 (Novagen)	and	dGTPs	at	22	°C	 for	30	min	to	generate	sticky	ends	

before	heat	inactivation	of	the	polymerase	at	75	°C	for	20	min	(Table	5.10,	left	column).	At	

the	 same	 time,	 the	 inserted	 DNA	 purified	 using	 a	 GeneJET	 Gel	 Extraction	 kit	 (Thermo	

Scientific)	was	 treated	with	 dCTP	 instead	of	 dGTP	 to	 produce	 complementary	 sticky	 ends	

(Table	 5.10,	 right	 column).	 2	 μL	 of	 the	 insert	 DNA	was	 incubated	with	 1	 μL	 of	 the	 linear	

vector	 DNA	 for	 20	 min	 at	 room	 temperature	 and	 the	 mixture	 was	 transformed	 into	

competent	E.	coli	cells	and	plated	onto	agar	plates	containing	5%	sucrose	in	addition	to	the	

required	antibiotic	to	select	for	clones	that	had	been	correctly	linearized	(and	thus	had	lost	

the	insert	that	makes	them	susceptible	to	sucrose).		
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Digestion	of	vector	DNA	

Table	5.9	Reaction	mixture	for	vector	digestion.	

Reagent	 Amount	

DNA	template	 5	µg	

BsaI	 3	µL/3µg	

Reaction	buffer	3	(NEB)	 10	µL	

BSA	 1	µL	

Sterile	MilliQ	 Up	to	100	µL	

	

Generation	of	cohesive	ends	

Table	5.10	Reaction	mixture	for	generating	cohesive	ends.	

Vector	 Insert	

Reagent	 Volume/µL	 Reagent	 Volume/µL	

Sterile	MilliQ	 29	 Sterile	MilliQ	 1.15	

Digested	plasmid	 50	 Insert	DNA	 5	

Reaction	buffer2	

(Novagen)	
10	

Reaction	buffer2	

(Novagen)	
1	

dGTP	(100mM)	 2.5	 dCTP	(100mM)	 2.75	

BSA	(10mg/ml)	 1	 BSA	(10mg/ml)	 0.1	

DTT	(100mM)	 5	 DTT	(100mM)	 0.5	

T4	DNA	

polymerase,	LIC	

qualified	(Novagen)	

2.5	

T4	DNA	

polymerase,	LIC	

qualified	(Novagen)	

0.25	

*mixture	was	left	at	room	temperature	(22	℃)	for	30	min,	then	75	℃	for	20	min.	
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Transformation	procedure	of	LIC	

Transformation	procedure	of	LIC	follows	a	standard	transformation	protocol.10	A	plate	with	

5%	sucrose	in	addition	to	antibiotics	was	used	to	select	the	colonies	containing	the	desired	

cloned	product.	

Site-directed	mutagenesis	(SDM)	

The	protocol	for	site-directed	mutagenesis	was	optimised	by	Dr	Md.	Saiful	Islam	based	on	
the	standard	protocol	established	in	the	research	group.1	The	PCR	recipe	of	SDM	is	shown	in	
Table	5.11	and	the	PCR	programme	is	shown	in	Table	5.12.	

	

Table	5.11	PCR	mixture	for	SDM	reactions.	

Reagent	 Volume	or	Amount	

dsDNA	template	 20	–	40	ng	

Primer	(Sigma,	10	µM	stock)	 2.5	µL	(Fwd	1.25	µL,	Rev	1.26	µL)	

dNTPs	(NEB,	10	µM	stock)	 2.5	µL	

Q5â	Reaction	Buffer	 5	µL	

Q5â	High	GC	Enhancer	 5	µL	

Q5â	DNA	Polymerase	 0.5	µL	

Sterile	MilliQ	 Up	to	25	µL	
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PCR	programme	for	SDM:	

Table	5.12	PCR	programme	for	SDM,	giving	time,	cycles	and	temperature.	

Entry	 Temperature/°C	 Time	

1	 94	 2	min	

2*	 94	 45	s	

3*	 55	 1	min	

4*	 68	 20	min	

5	 68	 20	min	

6	 4	 Hold	

*Entries	2,	3	and	4	were	repeated	19	times	as	a	cycle.	

Following	 the	 PCR	 reaction,	 1	 µL	 of	 DpnI	 (New	 England	 Biolabs)	 was	 added	 to	 the	 PCR	

product	 to	 digest	 any	 methylated	 DNA	 (i.e.	 original	 template	 DNA).	 The	 digest	 was	

conducted	for	3	hours	at	37	°C.	2	µL	of	the	resultant	mixture	was	transformed	into	30	µL	of	

XL10	Gold	competent	cells	and	grew	on	LB	agar	plates	treated	with	appropriate	antibiotics.	

Mutations	were	confirmed	by	sequencing	the	DNA	extracted	from	selected	colonies.	

Agarose	gel	electrophoresis	

Reagents:	

50	x	DNA	running	buffer	(a.k.a.	TAE	buffer):	

Table	5.13	Reagents	for	making	100	mL	of	50	´	TAE	buffer.1	

Reagent	 Amount	

Tris-Base	 24.2	g	

Glacial	acetic	acid	 5.71	mL	

EDTA	 1.86	g	
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5	x	DNA	sample	loading	buffer	(5	mL):	

Table	5.14	Reagents	for	making	5	mL	of	5	´	DNA	sample	loading	buffer.1	

Reagent	 Amount	

TAE	buffer	(1	x)	 1.5	mL	

Glycerol	 3.5	mL	

Bromophenol	blue	(0.25%	(w/v))	 12.5	mg	

	

	

Agarose	gel	for	DNA	visualisation	

1%	(w/v)	agarose	gels	were	made	from	0.4	g	agarose	(Bioline)	in	40	mL	running	buffer	with	

heating	 for	 a	 few	 minutes	 in	 a	 SuperWave	 750	 microwave	 (Tecnolec)	 until	 the	 crystals	

dissolved.	The	resultant	mixture	was	allowed	to	cool	to	around	60	°C,	before	addition	of	4	μl	

SYBR	 SafeTM	 DNA	 gel	 stain	 (x10,000)	 (Invitrogen).	 Gels	 were	 cast	 in	 an	 H2-SET	 gel	 tray	

(Anachem)	to	a	depth	of	0.7	cm	with	a	comb	inserted	at	one	end	of	the	gel	to	enable	sample	

loading	and	allowed	to	cool	at	room	temperature	for	the	gel	to	set.	Gels	were	run	on	a	Bio-

Rad	system	at	a	constant	potential	of	80	V	for	approximately	45	min.	Bands	were	visualised	

by	 UV	 light	 illumination	 using	 a	 Gel	 Logic	 200	 imaging	 system	 (Kodak)	 and	 a	 535	 nm	

emission	filter.	Samples	were	run	against	a	2-log	DNA	Ladder	0.1-10	kb	(Invitrogen)	allowing	

molecular	weight	determination.	11	
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SDS-PAGE	gel	electrophoresis	

Reagents:	

Table	5.15	Reagents	for	making	two	pieces	of	SDS-PAGE	gels.1		

Reagent	 Resolving	gel	(18%/15	%/12	%)	 Stacking	gel	

Tris-HCl	(1	M,	pH	7.5)	 1.25	mL	 -	

Tris-HCl	(0.5	M,	pH	6.8)	 -	 0.63	mL	

Milli-Q	water	 0.65	mL	/	1.15	mL	/	1.65	mL	 1.57	mL	

30%(w/v)	

acrylamide/1.034%(w/v)	bis-	

acrylamide	stock	

3	mL	/	2.5	mL	/	2	mL	 0.25	mL	

SDS	(10%	(w/v))	 50	μL	 25	μL	

10%	(w/v)	APS	 50	μL	 25	μL	

TEMED	 4	μL	 2.5	μL	

Tetramethylethylenediamine	 (TEMED)	 and	 ammonium	 persulfate	 (APS)	 were	 added	 just	

prior	to	gel	casting.	The	resolving	gel	%	was	determined	based	on	the	size	of	the	proteins	to	

be	separated.		

	

10	x	SDS-PAGE	gel	running	buffer	

Table	5.16	Reagents	for	making	1	L	of	10	x	SDS-PAGE	gel	running	buffer.		

Reagent	 Amount	/g	

Tris-Base	 30	

Glycine	 144	

SDS	 10	
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SDS-PAGE	gel	destaining	buffer	

Table	5.17	Reagents	for	making	1	L	of	SDS-PAGE	gel	destaining	buffer.		

Reagent	 Amount	

Acetic	acid	 10%	(w/v)		 	

Methanol	 30%	(w/v)	

	

SDS-PAGE	gel	staining	buffer	

The	mixture	used	for	SDS-PAGE	gel	staining	buffer	was	the	same	as	the	gel	destaining	buffer	

with	the	addition	of	0.25%	(w/v)	Coomassie®	Brilliant	Blue	Dye.		

SDS-PAGE	sample	loading	buffer	100	mL	

Table	5.18	Reagents	for	making	100	mL	of	SDS-PAGE	sample	loading	buffer.		

Reagent	 Amount	

Tris-HCl	(0.5	M,	pH	6.8)	 10	mL	

Bromophenol	blue	(0.2%	(w/v))	 0.2	g	

SDS	(10%	(w/v))	 20	mL	

Glycerol	 12	mL	

β-mercaptoethanol	 5	mL	

	

SDS-PAGE	gel	electrophoresis	

Samples	were	heated	for	5	min	at	100	°C	before	use.	Polyacrylamide	gels	were	run	under	

denaturing	conditions	for	40-60	min	at	RT,	180	V	using	a	Bio-Rad	Mini-PROTEAN	II	system.	

Gels	were	 stained	with	SDS-PAGE	gel	 stain	 for	20	min	and	 then	destained	with	SDS-PAGE	

destain	overnight.		
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5.3	Recombinant	enzyme	gene	expression	in	E.	coli	

Large-scale	incubations	were	carried	out	in	a	New	Brunswick	Scientific	Innova	44	incubator	

at	37	°C	with	200	rpm	shaking.	Small-scale	incubations	(100	mL	or	less)	were	carried	out	in	a	

New	Brunswick	Series	25	incubator.		

Vectors	

Table	5.19	Vectors	used	in	this	Thesis	and	the	proteins	that	they	were	used	to	express.	Vectors	marked	with	
asterisks	are	LIC	compatible	vectors.12–14	

Vector	name	
Antibiotics	
resistance	

Tag	
Tag	

cleavage	
site	

Promotor	 Proteins	

pET28a	 Kanamycin	
N-terminal	

6´His	tag	
Thrombin	 T7	 TEV	

pNIC28-BSA4*	 Kanamycin	
N-terminal	

6´His	tag	
TEV	 T7	 PHF8/KIAA1718	

pNH-TrxT*	 Kanamycin	
N-terminal	

6´His-TrxT	tag	
TEV	 T7	 PHF8/KIAA1718	

pNIC-ZB*	 Kanamycin	
N-terminal	

6´His-ZB	tag	
TEV	 T7	 PHF2	

	

Antibiotics	

Stock	 solutions	 (x1000)	 of	 antibiotics	 were	made	 in	MilliQ	 water	 and	 sterile	 filtered	 and	

stored	at	-20°C.	Antibiotics	were	used	at	a	final	concentration	of	100	µg/mL	of	Ampicillin	or	

30	µg/mL	of	Kanamycin.		
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2×	Tryptone-Yeast	(2-TY)	media	(1	L)	

2-TY	media	was	prepared	by	Mr	H.	M.	Jubier.	

Table	5.20	Reagents	for	making	1	L	of	2-TY	media.	

Reagent	 Amount	/	g	

Bacto-tryptone	 16	

Yeast	extract	 10	

NaCl	 5	

	

To	produce	solid	medium	for	plates,	20	g	agar	was	added	to	the	media	before	autoclaving.	

The	autoclaved	media	were	mixed	with	desired	antibiotics	when	cooled	to	55	–	60	°C	and	

pooled	into	clear	sterile	plates	to	set	in	4	°C.	

	

	

Terrific	Broth	(TB)	media	(1	L)	

Table	5.21	Reagents	for	making	1	L	of	Terrific	Broth.	

Reagent	 Amount	/	mL	

2-TY	media	 900	

0.17	M	KH2PO4,	0.72	M	K2HPO4	 10	

	

Optical	density	measurements	(OD600)		

OD600	 values	 were	 measured	 in	 a	 1.6	 mL	 cuvette,	 against	 a	 reference	 sample	 of	 initial	

growth	medium	in	a	Novaspec®	II	spectrophotometer	(Pharmacia).		
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Standard	DNA	plasmid	transformations	

XL10-Gold	ultracompetent	cells	were	used	 for	production	of	DNA	and	BL21	 (DE3)	cells	 for	

bacterial	 expression	 of	His-tagged	proteins.	 Competent	 cells	were	 thawed	on	 ice.	 2	 μL	 of	

plasmid	DNA	(100	ng/	μL)	was	added	to	25	μL	cells	in	a	pre-chilled	sterile	1.5	mL	Eppendorf	

tube.	Tubes	were	left	on	ice	for	20	minutes	before	the	cells	were	transformed	by	heat	shock	

in	a	water	bath	at	42	°C	for	30	s.	Cells	were	left	on	ice	for	a	further	1	minute	before	0.4	mL	

2-TY	media	was	added.	The	mixture	was	incubated	for	1	hr	at	37	°C	with	shaking.	250	μL	of	

the	mixture	was	plated	onto	agar	plates	containing	kanamycin	or	ampicillin.	For	LIC	cloning	

plates	also	contained	5	%	sucrose.	The	plates	were	incubated	at	37	°C	overnight	before	use.1		

	

Production	of	competent	cells	

Competent	 cells	 were	 prepared	 from	 commercial	 stocks	 (Stratagene).	 Bacteria	 were	

streaked	 onto	 antibiotic-free	 agar	 plates	 and	 grown	 overnight.	 A	 single	 colony	 from	 the	

freshly-prepared	plates	was	used	to	inoculate	100	mL	sterile	antibiotic-free	2TY	medium	and	

grown	overnight	 (37	°C,	220	rpm).	Four	100	mL	2TY	cultures	were	 inoculated	with	200	μL	

starter	 culture	 and	 the	medium	 grown	 (37	 °C,	 220	 rpm)	 to	 an	 OD600	 of	 0.6.	 Pre-chilled	

centrifuge	tubes	were	used	to	pellet	cells	(750	×	g,	5	min,	4	°C).	Pellets	were	resuspended	in	

200	mL	 ice-cold	100	mL	CaCl2,	 20	%	glycerol	 and	 incubated	on	 ice	 for	 20	min.	 Cells	were	

pelleted	(750	×	g,	5	min,	4	°C)	and	resuspended	in	8	mL	of	the	same	solution.	50	μL	aliquots	

of	cells	were	flash	frozen	in	liquid	nitrogen	and	stored	at	-80	°C	for	future	use.11		
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Starter	cultures		

100	 mL	 2-TY	 media	 containing	 the	 appropriate	 antibiotic	 (kanamycin	 or	 ampicillin)	 was	

inoculated	with	a	single	colony	from	an	agar	plate	and	then	incubated	overnight	 in	a	New	

Brunswick	Scientific	G25	environmental	shaker	at	37	°C	and	250	rpm	shaking.		

Recombinant	enzyme	expression	trials	

500	mL	flasks	containing	100	mL	2-TY	media	were	inoculated	with	the	appropriate	antibiotic	

(kanamycin	or	ampicillin)	and	1	mL	starter	culture.	At	OD600	~	0.6,	cultures	were	separated	

into	incubators	held	at	a	variety	of	temperatures	(typically	18	°C,	30	°C	and	37	°C)	and	each	

induced	with	variable	concentrations	of	 IPTG	(typically	0.5	mM	or	0.1	mM).	Cultures	were	

incubated	for	four	hours	at	37	°C	or	at	18	°C	and	30	°C	overnight.	1.5	mL	of	each	culture	was	

transferred	to	a	1.5	mL	Eppendorf	tube	and	pelleted	using	a	Bechman	Coulter	Ltd.	benchtop	

centrifuge	(4	oC,	14,000	rpm,	5	min).	The	media	was	removed	and	the	cells	resuspended	in	

300	 μL	 binding	 buffer.	 30	 μL	 was	 removed	 for	 analysis	 as	 whole	 cell	 extract	 and	 the	

remainder	 was	 lysed	 by	 sonication	 (2	 ×	 15	 s	 with	 20	 s	 interval)	 on	 ice.	 Cell	 debris	 was	

removed	 by	 centrifugation	 (22,000	 rpm,	 4	 °C,	 30	min)	 and	 the	 supernatant	 removed	 for	

analysis	 as	 cell	 lysate.	 Soluble	 expression	 levels	 were	 assessed	 by	 SDS-PAGE	 gel	

electrophoresis	using	15	μL	samples	of	the	whole	cell	extract	and	cell	lysate.		

Large-scale	growths	using	E.	coli	

12	×	2	L	 flasks	containing	600	mL	2TY	media	and	the	appropriate	antibiotic	 (kanamycin	or	

ampicillin)	were	each	inoculated	with	6	mL	starter	culture	and	grown	at	37	oC	with	shaking	

(220	rpm).	At	OD600	~	0.8	–	1.2,	recombinant	protein	production	was	induced	using	0.1	mM	

of	 Isopropyl	 b-D-1-thiogalactopyranoside	 (IPTG)	 final	 (Melford	 Laboratories	 Ltd),	 using	
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optimal	 induction	 conditions	 as	 determined	 during	 expression	 trials.	 Cultures	 were	

incubated	overnight	at	18	oC.	Cells	were	then	pelleted	by	centrifugation	(8000	rpm,	4	°C,	10	

min)	and	stored	in	a	resealable	plastic	bag	at	–80	°C.		

	

5.4	Recombinant	enzyme	purification	

Binding	 buffer	 (see	 below)	 was	 added	 according	 to	 the	 weight	 of	 pellet	 (5	 mL/mg).	 The	

suspension	was	 sonicated	 (3s	 with	 4s	 interval,	 4	min	 in	 total)	 followed	 by	 centrifugation	

(22,000	rpm,	4	°C,	30	min),	as	for	procedure	used	during	expression	trials.	The	supernatant	

was	filtered	with	a	0.45	µM	filter	prior	to	column	purification.	All	purifications	were	carried	

out	by	two-step	purification	module	–	either	a	HistrapTM	column	or	an	ion	exchange	column	

followed	by	a	size	exclusion	column	in	both	cases.5,15		

	

5.4.1	Immobilised	Metal	Affinity	Chromatography	(IMAC)	-	Histrap	columns	

Buffer	

Table	5.22	Components	for	Histrap	column	buffers.	

Reagents	 Charge	 Binding	 Wash	 Elution	 Strip	

HEPES	 -	 50	mM	 50	mM	 50	mM	 -	

NaCl	 -	 500	mM	 500	mM	 500	mM	 -	

Imidazole	 -	 20	mM	 40	mM	 250	mM	 -	

NiSO4	 500	mM	 -	 -	 -	 -	

EDTA	 -	 -	 -	 -	 100	mM	

Glycerol	 -	 5%	 5%	 5%	 -	
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The	lysate	was	loaded	onto	a	pre-charged	HistrapTM	FF	Crude	5	mL	column	(GE	Healthcare)	

using	 an	 ÄKTA	 FPLC	 system	 (GE	 Healthcare).	 The	 column	 was	 then	 washed	 with	 Histrap	

binding	buffer	and	Histrap	wash	buffer	until	the	UV	absorption	stabilised	(approximately	15	

column	volumes	of	binding	buffer	and	5	column	volumes	of	wash	buffer).	Elution	buffer	was	

applied	for	two	column	volumes.	The	eluted	fractions	were	treated	with	1	mM	EDTA	(3	mM	

for	PHF8	wild-type)	and	TEV	protease	(m:m=	1:50)	over	12-16	hours	before	loading	on	the	

size	exclusion	column.	

	

5.4.2	Ion	Exchange	Chromatography	(IEX)	–	Sulphopropyl	Sepharose	(SP	Seph)	Columns	

Buffer	

Table	5.23	Components	for	IEX	column	buffers.	

Reagents	 HEPES	 NaCl	 TCEP	 EDTA	 glycerol	

A	 100	mM	 50	mM	 1	mM	 1	mM	 5%	

B	 100	mM	 1	M	 1	mM	 1	mM	 5%	

	

The	 lysates	 were	 loaded	 on	 an	 SP	 Seph	 column	 (50	 mL)	 using	 ÄKTA	 FPLC	 system	 (GE	

Healthcare).	A	 linear	washing	protocol	 from	0%	to	100%	IEX	buffer	B	through	750	mL	was	

applied.	Fractions	contained	the	enzyme	of	 interest	were	treated	by	TEV	protease	 (w/w	=	

1/50)	over	12	hours	at	4	°C	before	loading	onto	the	size	exclusion	column.	
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5.4.3.	Size	Exclusion	(SEC)	Chromatography	

The	SEC	column	chromatography	buffer	contained	HEPES	50	mM	pH	7.0,	NaCl	200	mM	and	

TECP	1	mM.	All	buffers,	including	cleaning	buffer	(100	mM	NaOH),	MilliQ	water	and	running	

buffer,	were	degassed	for	at	least	30	minutes	prior	to	loading	onto	SEC	columns.	

The	fractions	from	Histrap	or	IEX	column	were	concentrated	to	2	mL	or	10	mL	depending	on	

the	amount	of	crude	protein	present	before	loading	onto	a	S75	column	(Packed	by	Dr	Adam	

Hardy).	One	column	volume	of	SEC	buffer	was	applied	to	elute	protein.	The	buffer	was	run	

at	a	 flow-rate	of	1	mL/min	 to	protect	 the	column	 from	high	pressure	and	 to	achieve	best	

separation	of	protein	and	contaminants.		

	

5.5	Activity	Assays	

Demethylase	activity	assays	using	MALDI-TOF	mass	spectrometry		

Single	concentration	demethylation	assays	were	carried	out	in	1.5	mL	microcentrifuge	tubes.	

The	 Reaction	 Buffer	 contained	 50mM	 HEPES,	 pH	 7.0	 and	 50	 mM	 NaCl.	 Each	 reaction	

contained	5	µM	enzyme,	10	µM	H3	peptide,	200	µM	2-oxoglutarate	(2OG,	acid	form),	1	mM	

(+)-sodium-L-ascorbate	 and	 50	 µM	 ammonium	 iron	 (II)	 sulfate	 hexahydrate	

((NH4)2Fe(SO4)2).	Reaction	was	incubated	at	37	℃	and	quenched	with	methanol	(v	/v	=	1/1)	

at	 the	desired	 time	points.	 1	µL	 quenched	 solution	was	mixed	with	 1	µL	of	 10	mg/mL	α-

cyano-4-hydroxycinnamic	acid	(CHCA)	solution	in	50%	acetonitrile	(v/v)	and	0.1%	TFA	(v/v)	

on	 a	MALDI	 plate.	 Each	96-well	MALDI	 plate	was	 analysed	using	positive	 reflection	mode	

using	 a	Water	MALDI	Micro	MX	 instrument.	 All	 reagents	were	 freshly	made	 prior	 to	 the	

experiments.16	
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For	KM	value	determinations,	assays	were	carried	out	 in	96-well	clear	PCR	plates.	A	shaker	

that	was	thermally	controlled	(ThermoFisher	Scientific)	was	used	to	keep	the	reactions	at	37	

℃.	 Each	 reaction	 contained	 2.5	 µM	 enzyme,	 various	 concentration	 of	 peptide	 (for	 KM	of	

substrate),	various	concentration	of	2OG	(for	KM	of	2OG),	1	mM	(+)-sodium-L-ascorbate,	50	

µM	 (NH4)2Fe(SO4)2.1	 All	 reagents	 were	 pre-incubated	 to	 the	 same	 temperature	 before	

mixing	to	minimise	changes	in	temperature.		

	

KDM7	peptide	turnover	assay	using	AlphaScreen	

Assays	 using	 the	 AlphaScreen	 method	 were	 carried	 out	 in	 384-well	 white	 ProxiPlates	

(PerkinElmer)	at	22	oC.	3	nM	KDM7A	(or	10	nM	KDM7B)	was	incubated	with	test	compounds	

dissolved	in	dimethyl	sulfoxide	(DMSO)	for	20	minutes.	A	mixture	of	100	µM	(+)-sodium-L-

ascorbate,	10	µM	(NH4)2Fe(SO4)2,	20	µM	2OG	(acid	form),	and	30	nM	H31–21K9me2-biotin	

peptide	 (300	 nM	H31–21K4me3K9me2-biotin	 for	 KDM7B)	 in	 50	mM	HEPES	 buffer	 (pH	 7.0)	

containing	 0.01%	 (v/v)	 Tween	 20	 and	 0.1%	 (w/v)	 bovine	 serum	 albumin	 (BSA)	 (final	

concentrations	 in	 a	 10	 µL	 reaction).	 Reactions	were	 quenched	 by	 the	 addition	 of	 30	mM	

ethylenediaminetetraacetic	 acid	 (EDTA)	 after	 10	 minutes.	 Streptavidin-conjugated	 donor	

and	 protein-A-conjugated	 acceptor	 beads	 were	 pre-incubated	 with	 monoclonal	 antibody	

(Ab8896,	Abcam),	and	added	into	the	quenched	reaction.	The	final	bead	concentration	was	

20	µg/mL	and	the	antibody	concentration	was	0.05	µg/mL,	in	a	20	µL	final	reaction	volume.	

The	 plate	 was	 analysed	 after	 1-hour	 incubation	 at	 dark,	 using	 an	 Envision	 (PerkinElmer)	

plate	reader.17	
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Fluorescence	based	demethylation	assay	

A	formaldehyde	dehydrogenase	(FDH)	–	coupled	continuous	fluorescence	based	assay	-	was	

also	 used	 to	 determine	 the	 KM	values	 for	 KDM7	 enzymes.	 Reactions	 were	 carried	 out	 at	

room	 temperature	 and	 at	 37	 °C	 in	 50	 mM	 HEPES	 buffer	 (pH	 7.0),	 containing	 50	 μM	

(NH4)2FeSO4,	 1	 mM	 2OG	 (acid	 form)	 and	 2	 mM	 (+)-sodium-L-ascorbate,	 1	 mM	 β-

nicotinamide	 adenine	 dinucleotide	 (NAD+)	 and	 0.05	 units	 of	 FDH	 (gift	 from	 SGC).	 KDM7	

enzyme	was	 pre-incubated	 in	 the	 reaction	mix	 (without	 peptide)	 for	 30	minutes	 at	 room	

temperature.	The	desired	amount	of	peptide	was	added	into	the	reaction	mixture	to	initiate	

the	FDH	assay	reaction.	Fluorescence	was	monitored	(355	nm	excitation,	460	nm	emission)	

every	30	seconds	using	a	PheraStar	FX	plate	reader	(BMG).16,18	

	

Fluorescence	polarisation	(FP)	binding	assay	

Assays	were	carried	out	in	96-well,	black,	low-binding	microplate	(Greiner	Bio-One)	at	22	oC.	

Reaction	 buffer	 contained	 50	 mM	 HEPES,	 pH	 7.0,	 50	 mM	 NaCl,	 0.1%	 Tween-20.	 Each	

reaction	contained	fluorescent	labeled	molecule	at	50	nM	(H31-15K4me3K9me2-FITC	or	H31-

15K9me2-FITC)	 or	 12.5	 nM	 (methylstat-FI),	NiSO4	 100	µM,	 2-fold	 serial	 dilution	of	 enzyme	

from	50	µM	across	the	plate.	The	reactions	were	incubated	in	the	dark	(r.t.)	for	20	minutes	

and	analysed	by	PHERAstar	FX	plate	reader	(BMG).19	Data	was	fitted	into	an	one-site	specific	

binding	fitting	model	using	GraphPad	Prism	7	software	(Equation	5.1).	

"	 = 	
%&'(	×	*

+, + *
	

	

Equation	5.1	The	one-site	specific	binding	fitting	model	built	in	GraphPad	Prism	7.		
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Fluorescence	polarisation	(FP)	displacement	assay	

Assays	were	carried	out	in	384-well,	black,	non-binding	microplate	(Greiner	Bio-One)	at	22	

oC.	KDM7s	(150	nM	KDM7A,	600	nM	KDM7B	or	50	nM	KDM7C)	were	 incubated	with	12.5	

nM	 FI-methylstat	 or	 50	 nM	 H31-15K4me3K9me2-FITC,	 100	 µM	 NiSO4,	 and	 compounds	 at	

various	 concentrations	 in	50	mM	HEPES	buffer	 (pH7.0),	 containing	50	mM	NaCl	and	0.1%	

Tween-20.	Enzyme	was	not	pre-incubated	with	compounds	 to	avoid	stabilising	effect.	The	

plate	was	 incubated	 in	 the	 dark	 for	 30	minutes	 and	 analysed	 using	 a	 PHERAstar	 FX	 plate	

reader	(BMG).19	Data	was	fitted	into	an	dose-response	inhibition	log(inhibitor)	vs.	response	

fitting	model	using	GraphPad	Prism	7	software	(Equation	5.2).	

" = %.//.0 +	
1.2 − %.//.0

1	 + 10(78	9:;<=>?)
	

Equation	5.2	The	log(inhibitor)	vs.	response	fitting	model	built	in	GraphPad	Prism	7.		

	

Isothermal	titration	calorimetry	(ITC)	binding	assays	

ITC	measurements	were	carried	out	using	a	MicroCal	PEAQ-ITC	machine	(Malvern).	Before	

loading	 the	 samples,	 the	 protein	 was	 buffer	 exchanged	 against	 reaction	 buffer	 which	

contained	20	mM	HEPES,	pH	7.5,	NaCl	200	mM	(500	mM	for	mutants),	1	mM	TCEP.	Ligands	

including	 metal	 ion	 and	 peptide	 were	 dissolved	 in	 the	 same	 buffer	 to	 ensure	 matched	

buffers.	KDM7	enzymes	were	applied	 to	 the	 reference	cell	 and	a	40	µL	 syringe	 filled	with	

titrant.	Aliquots	of	titrant	were	injected	into	the	cell	on	each	injection	programmed	by	the	

controlling	software	provided	by	the	manufacturer.20		
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Differential	scanning	fluorimetry	(DSF)	assay	

Differential	 scanning	 fluorimetry	 (DSF)	 assays	were	 carried	 out	 using	 a	MiniOpticon	 Real-

Time	PCR	System	(Bio-Rad)	to	determine	the	melting	temperature	(Tm)	and	Tm	shift	values	of	

KDM7	enzymes.	The	protocol	was	adapted	 from	the	work	of	Niesen	et	al.21	Apo	enzymes	

were	loaded	in	triplicate	into	a	white	96-well	PCR	plate	(Bio-Rad)	in	combination	with	metal	

ion	solutions	and	SYPRO	Orange	(Invitrogen).	Each	reaction	contained	2	µM	of	apo	enzyme,	

50	µM	of	metal	 ion	and	1X	 SYPRO	Orange	 in	50	mM	HEPES	buffer	 (pH	7.0).	 The	 samples	

were	 heated	 from	 25	 °C	 to	 95	 °C	 at	 the	 rate	 of	 0.5	 °C/min.	 A	 single	 fluorescence	

measurement	was	taken	each	minute.	The	system	was	monitored	using	an	excitation	at	l	=	

492	 nm	 and	 emission	 at	 l	 =	 610	 nm.	 The	 melting	 curve	 was	 fitted	 into	 the	 Boltzmann	

equation	(Equation	5.1).	The	Tm	shift	value	was	calculated	by	comparing	the	Tm	of	KDM7s	in	

the	presence	of	metal	ion	against	that	of	apo	enzyme.	

A = BB +	
(CB − BB)

1 + exp(
1m − G
H )

	

Equation	 5.3	 The	 Boltzmann	 equation.	 LL	 and	 UL	 are	 the	 values	 of	 minimum	 and	 maximum	 intensities,	
respectively,	and	a	denotes	the	slope	of	the	curve	within	Tm.

21		

NMR	Spectroscopy	

With	 the	 help	 from	 Dr	 Richard	 Hopkinson,	 NMR	 assays	 were	 performed	 using	 a	 Bruker	

Avance	AV111	700	MHz	spectrometer	equipped	with	an	 inverse	TCI	CryoProbe,	optimised	

for	 1H	 observation,	 and	 installed	 with	 Topspin	 2	 software.	 Samples	 were	 made	 up	 in	

deuterated	ammonium	formate	buffer.	Experiments	were	carried	out	in	2	mm	MATCH	NMR	

tubes	 (Wilgenberg)	 containing	 5	 µM	 enzyme,	 100	 µM	 ammonium	 iron	 (��)	 sulfate	

hexahydrate,	 100	 µM,	 2-oxoglutarate	 (2OG)	 and	 100	 µM	 (+)-sodium	 L-ascorbate.	 The	

solvent	deuterium	signal	was	used	as	an	internal	lock	signal.	 	
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Chapter 6 Summary and Conclusions 

	
	
The	 histone	 lysine	 demethylases	 (KDMs)	 are	 involved	 in	 epigenetic	 regulation,	 at	 least	 in	

part,	because	they	catalyse	the	removal	of	methyl	groups	from	methylated	lysine	residues,	

in	 particular	 on	 the	N-terminal	 histone	 tails.1-4	 The	 JmjC	 domain-containing	 KDMs	 (JmjC-

KDMs)	belong	to	the	2OG	oxygenase	superfamily	and	can	catalyse	the	demethylation	of	tri-,	

di-	 and	 mono-methylated	 lysine	 residues.4,5	 The	 KDM7	 subfamily	 of	 human	 JmjC-KDMs	

consists	of	three	members:	KIAA1718	(KDM7C),	PHF8	(KDM7B)	and	PHF2	(KDM7C).	Despite	

the	 sequences	 of	 each	 KDM7	 enzyme	 sharing	 significant	 identity/similarity,	 the	

demethylation	 activities	 markedly	 differ	 across	 the	 subfamily.5	 PHF8	 is	 a	 H3K9me2	

demethylase	 while	 KIAA1718	 is	 proposed	 to	 demethylate	 H3K9me2	 and	 H3K27me2.6	

Although	studies	have	been	carried	out	for	PHF2,	whether	it	has	catalytic	activity	remains	a	

question.7-10	

	

The	work	described	in	this	Thesis	aimed	to	investigate	the	substrate	specificity	of	the	KDM7	

subfamily	by	carrying	out	kinetic	and	mechanistic	studies.	The	work	described	in	Chapter	2	

concerned	 the	development	of	 a	MALDI-TOF	MS-based	 assay	 for	 the	 evaluation	of	 the	 in	

vitro	enzymatic	activities	of	the	human	KDM7	enzymes.	The	results	suggested	that	isolated	

PHF8	and	KIAA1718	prefer	 a	neutral	 pH	buffer	 to	achieve	optimal	demethylation	activity.	

PHF8	preferentially	demethylates	H3K9me2.	 Importantly,	 the	 results	 support	 the	proposal	

that	this	demethylation	reaction	is	enhanced	by	the	binding	to	H3K4me3	via	its	PHD	finger.6	

On	 the	 other	 hand,	 KIAA1718	 accepts	 H3K9me2	 and	 H3K27me2.	 The	 demethylations	 at	

H3K9me2	 as	 catalysed	 by	 KIAA1718	 is	 inhibited	 by	 the	 presence	 of	 H3K4me3,	 consistent	
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with	 a	 previous	 report.6	However,	 as	 the	 results	 in	 Chapter	 2	 (Section	2.3.4)	 suggest,	 the	

effect	 of	 the	 presence	 of	 H3K4me3	 on	 the	 demethylation	 of	 H3K27me2	 as	 catalysed	 by	

KIAA1718	 is	 still	 uncertain.	 In	 addition	 to	 the	previously	 reported	 substrates	 of	 PHF8	 and	

KIAA1718,6,11	 H3K14me2	 and	 H3K23me2	were	 identified	 as	 substrates	 for	 both	 enzymes.	

KIAA1718PHD-JmjC,	 but	 not	 PHF8PHD-JmjC,	 was	 also	 observed	 to	 catalyse	 demethylation	 of	

H3K18me2	 and	 H3K36me2	 (Table	 6.1).	 Despite	 extensive	 efforts	 of	 potential	 substrate	

screening	for	PHF2,	no	demethylation	activity	for	it	was	found.	

	
Table	6.1	Summary	of	demethylation	activities	of	the	KDM7	enzymes	with	various	H3	substrates.	+	indicates	
demethylation	observed;	-	indicates	no	demethylation	observed.	
	

	 H3K9me2	 H314me2	 H3K18me2	 H3K23me2	 H3K27me2	 H3K36me2	

KIAA1718	 +	 +	 +	 +	 +	 +	

PHF8	 +	 +	 -	 +	 +	 -	

PHF2	 -	 -	 -	 -	 -	 -	

	

A	 fluorescence	 polarisation	 (FP)	 assay	 was	 developed	 by	 using	 fluorescently	 labelled	 H3	

peptides	 (H31-15K4me3K9me2	and	H31-15K9me2)	 and	FI-methylstat.	 The	assay	was	used	 to	

investigate	 the	 substrate	 binding	 by	 the	 PHD	 finger	 and	 the	 JmjC	 domains	 of	 the	 KDM7	

enzymes	 individually.12,13	 The	 PHD	 finger	 of	 both	 KDM7	 enzymes	 tightly	 binds	 to	 H31-

15K4me3K9me2-FITC	with	KD	values	of	150.4	±	 4.3	nM	 (KIAA1718),	0.83	±	 0.08	µM	 (PHF8)	

and	<	1.0	µM	(PHF2).	The	PHD	finger	and	the	PHD-JmjC	protein	of	a	KDM7	(e.g.	PHF8PHD	and	

PHF8PHD-JmjC)	have	similar	binding	affinities	to	the	substrates,	as	represented	by	the	binding	

KD	 values	 to	 H31-15K4me3K9me2-FITC	 and	 H31-15K9me2-FITC	 (Table	 6.2).	 A	 PHF8	 protein	

construct	with	the	JmjC	domain	alone	does	not	bind	to	the	histone	3	(H3)	peptides	(Table	

6.2),	 suggesting	 that	 interactions	 with	 the	 PHD	 finger	 (rather	 than	 the	 JmjC	 domain)	

‘dominates’	substrate	binding	by	the	KDM7	enzymes.	The	substituted	proteins	Y321H	(PHF2)	
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and	H319Y	 (PHF8),	 possessing	 substituted	metal	 interacting	 residues,	manifest	 only	 small	

differences	in	binding	to	H31-15K4me3K9me2,	further	supporting	the	proposal	that	the	JmjC	

domain	 only	 has	 a	 minor	 influence	 on,	 at	 least	 initial,	 KDM7	 substrate	 binding.	 Finally,	

recombinant	 PHF2	 enzymes	 were	 found	 to	 be	 catalytically	 inactive	 in	 isolated	 form	 (as	

evidenced	 by	 the	 activity	 assays);	 however,	 both	 PHF2PHD-JmjC	 and	 PHF2JmjC	 bind	 to	 FI-

methylstat	with	KD	values	in	the	micromolar	range	(Table	6.2),	providing	an	opportunity	to	

study	these	non-catalytic	proteins.	

	

In	addition	 to	 the	FP	method,	an	AlphaScreen	platform	was	established	 to	 facilitate	high-

throughput	 inhibitor	 screening	 of	 the	 KDM7	 enzymes.14	 Using	 the	 AlphaScreen	 screening	

method,	the	IC50	values	of	a	series	of	amiodarone	(AMI)	derivatives,	which	are	reported	to	

inhibit	 the	 PHD	 finger	 3	 of	 KDM5A	 (KDM5APHD3),15	 were	 measured.	 The	 potent	 AMI	

derivatives	that	inhibit	the	KDM	activity	of	PHF8	and	KIAA1718	have	been	found	not	directly	

bind	to	the	PHD	finger	which	they	were	designed	to	target.		

	

Together	with	 the	 FP	 screening,	 the	 two	assay	platforms	helped	 to	 identify	 a	novel	 cyclic	

peptide	inhibitor	of	PHF8	and	an	‘enhancer’	of	KIAA1718	that	binds	selectively	to	their	PHD	

fingers.	A	further	example	of	the	application	of	the	FP	and	AlphaScreen	screening	platforms	

was	in	the	investigation	of	the	mode	of	inhibition	of	a	selective	KDM2/7	inhibitor	(S,S)-6.16	

Although	(S,S)-6	has	been	found	to	 inhibit	 the	enzymatic	activity	of	KDM2A	and	KIAA1718	

with	IC50	values	of	0.16	µM	and	0.19	µM,	respectively	(using	AlphaScreen),	FP	competition	

assays	 reveals	 that	 the	 compound	does	 not	 target	 the	 PHD	 finger	 or	 the	 JmjC	 domain	 of	

KIAA1718	and	is	likely	to	bind	to	the	linker	region.	
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Table	6.2	Summary	of	the	FP	binding	assays	carried	out	during	the	work	of	this	Thesis.	NM	indicates	that	the	
KD	values	are	not	measurable	under	the	tested	conditions.	
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Overall,	 the	 results	 described	 in	 this	 thesis	 support	 the	 proposal	 that	 the	 PHD	 finger	 of	

KDM7s	 is	 critical	 for	 substrate	binding	and	can	 fine-tune	 the	 substrate	 selectivity	of	PHF8	

and	 KIAA1718.	 Targeting	 the	 KDM’s	 PHD	 finger	 may	 thus	 provide	 a	 novel	 strategy	 for	

inhibitor	 (PHF8)	 and,	 maybe,	 enhancer	 (KIA1718B)	 design.	 The	 establishment	 of	 the	 two	

complementary	 inhibitor	 screening	 platforms	 also	 enables	 opportunities	 to	 screen	 new	

inhibitors	 in	 a	 high-throughput	 manner	 and	 to	 efficiently	 investigate	 their	 modes	 of	

inhibition.	
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Appendix 1: Sequence alignment of KDM7 subfamily 

PHF2(NP_005383.3),PHF8(NP_055922),KIAA1718(NP_085150).	
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Appendix 2: Recombinant KDM7 constructs 

	
 
PHF2          MATVPVYCVCRLPYDVTRFMIECDACKDWFHGSCVGVEEEEAPDIDIYHCPNCEKTHGKS 60 
KIAA1718      ----MVYCVCRQPYDVNRFMIECDICKDWFHGSCVGVEEHHAVDIDLYHCPNCAVLHGSS 92 
PHF8          MASVPVYCLCRLPYDVTRFMIECDMCQDWFHGSCVGVEEEKAADIDLYHCPNCEVLHGPS 60 
                   ***:** ****.******* *:************..* ***:******   ** * 
 
 
PHF2          TLKKKRTWHKHGPGQ-APDVKPVQNGSQLFIKELRSRTFPSAEDVVARVPGSQLTLGYME 119 
KIAA1718      LMKKRRNWHRHDYTEIDDGSKPVQAGTRTFIKELRSRVFPSADEIIIKMHGSQLTQRYLE 152 
PHF8          IMKKRRGSSKGHD---THKGKPVKTGSPTFVRELRSRTFDSSDEVILKPTGNQLTVEFLE 117 

:**:*   :          ***: *:  *::*****.* *::::: :  *.***  ::* 
 

 
PHF2          EHGFTEPILVPKKDGLGLAVPAPTFYVSDVENYVGPERSVDVTDVTKQKDCKMKLKEFVD 179 
KIAA1718      KHGFDVPIMVPKLDDLGLRLPSPTFSVMDVERYVGGDKVIDVIDVARQADSKMTLHNYVK 212 
PHF8          ENSFSVPILVLKKDGLGMTLPSPSFTVRDVEHYVGSDKEIDVIDVTRQADCKMKLGDFVK 177 

::.*  **:* * *.**: :*:*:* * ***.*** :: :** **::* *.**.* ::*. 
 

 
PHF2          YYYSTNRKRVLNVTNLEFSDTRMSSFVEPPDIVKKLSWVENYWPDDALLAKPKVTKYCLI 239 
KIAA1718      YFMNPNRPKVLNVISLEFSDTKMSELVEVPDIAKKLSWVENYWPDDSVFPKPFVQKYCLM 272 
PHF8          YYYSGKREKVLNVISLEFSDTRLSNLVETPKIVRKLSWVENLWPEECVFERPNVQKYCLM 237 

*: . :* :**** .******::*.:** *.*.:******* **::.:: :* * ****: 
 

 
PHF2          CVKDSYTDFHIDSGGASAWYHVLKGEKTFYLIRPASANISLYERWRSASNHSEMFFADQV 299 
KIAA1718      GVQDSYTDFHIDFGGTSVWYHVLWGEKIFYLIKPTDENLARYESWSSSVTQSEVFFGDKV 332 
PHF8          SVRDSYTDFHIDFGGTSVWYHVLKGEKIFYLIRPTNANLTLFECWSSSSNQNEMFFGDQV 297 
               *:********* **:*.***** *** ****:*:. *:: :* * *: .:.*:**.*:* 
 
 
PHF2          DKCYKCIVKQGQTLFIPSGWIYATLTPVDCLAFAGHFLHSLSVEMQMRAYEVERRLKLGS 359 
KIAA1718      DKCYKCVVKQGHTLFVPTGWIHAVLTSQDCMAFGGNFLHNLNIGMQLRCYEMEKRLKTPD 392 
PHF8          DKCYKCSVKQGQTLFIPTGWIHAVLTPVDCLAFGGNFLHSLNIEMQLKAYEIEKRLSTAD 357 
              ****** ****:***:*:***:*.**  **:**.*:***.*.: **::.**:*:**.  . 
 
 
PHF2          LTQFPNFETACWYMGKHLLEAFKGSHKSGKQLPPHLVQGAKILNGAFRSWTKKQALAEHE 419 
KIAA1718      LFKFPFFEAICWFVAKNLLETLKELREDGFQPQTYLVQGVKALHTALKLWMKKELVSEHA 452 
PHF8          LFRFPNFETICWYVGKHILDIFRGLRENRRHPASYLVHGGKALNLAFRAWTRKEALPDHE 417 
              * :** **: **::.*::*: ::  ::.  :   :**:* * *: *:: * :*: : :*  
 
 
PHF2          DELPEHFKPSQLIKDLAKEIRLSENASKAV 449 
KIAA1718      FEIPDNVRPGHLIKELSKVIRAIEEENG-- 480 
PHF8          DEIPETVRTVQLIKDLAREIRLVEDIFQQN 447 

*:*: .:  :***:*:: **  *:      
 

 
PHD	 finger	 regions	 are	 highlighted	 in	 green,	 JmjC	 domains	 are	 highlighted	 in	 blue	 and	 linker	 regions	 are	
highlighted	in	purple.	
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