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Abstract	
Phosphoinositide	3-kinases	(PI3K)	are	major	regulators	of	many	cellular	functions,	and	

its	hyperactivation	is	a	major	target	for	anticancer	drug	discovery.	PI3Kα	is	the	isoform	

most	 implicated	 in	 cancer,	 and	 this	 thesis	 is	 dedicated	 to	 investigating	 how	 specific	

protein-ligand	interactions	in	the	active	site	affect	selectivity	and	affinity	of	 inhibitors;	

how	 ATP-competitive	 inhibitors	 affect	 membrane	 binding	 of	 PI3Kα;	 how	 known	

membrane	binding	inhibitors	of	coagulation	factor	V	and	VIII	C2	domains	affect	PI3Kα-

membrane	 interactions;	and	how	compounds	predicted	 to	occupy	a	newly	discovered	

drug	binding	site	affect	activity	and	signaling	of	PI3K.		

	

To	 identify	the	contributions	of	different	regions	of	the	active	site	to	PI3Kα-selectivity	

and	 affinity,	 structure-based	 design	 by	 molecular	 modeling	 were	 used	 to	 merge	

chemical	groups	from	highly	selective	and	high-affinity	compounds.	Water	was	included	

in	 the	 docking	 to	 explore	 different	 chemical	 units	 that	 mediate	 ligand-protein	

interactions	in	the	affinity	pocket,	and	lipid	kinase	assay	results	showed	that	 inhibitor	

potency	 increased	 significantly	 with	 the	 predicted	 increase	 in	 affinity	 pocket	

interactions.	Cell	 signaling	analysis	 showed	 that	PI3Kα-selective	 inhibitors	were	more	

active	 in	 the	H1047R	mutant	bearing	cell	 lines	SK-OV-3	and	T47D	compared	with	 the	

E545K	mutant	MCF-7	cell	line.		

	

Using	 biophysical	 methods	 that	 reported	 on	 protein-membrane	 interactions,	 ATP-

competitive	inhibitors	were	also	investigated	for	their	effect	on	the	enzyme’s	ability	to	

bind	 membranes,	 the	 location	 of	 its	 lipid	 substrate,	 PIP2.	 The	 results	 showed	 that	

GSK2126458,	 a	 potent	 pan-PI3K	 inhibitor	 was	 able	 to	 affect	 the	 PI3Kα-membrane	

interaction	 for	 PI3Kα	 WT,	 but	 less	 so	 for	 the	 H1047R	 oncogenic	 mutant,	 which	 has	

higher	membrane-binding	 affinity,	 suggesting	 that	 these	 two	 proteins	 occupy	 distinct	

conformational	 ensembles.	 The	 results	 also	 suggested	 that	 there	 may	 be	 specific	

protein-ligand	 interactions	 that	 are	 responsible	 for	 the	 observed	 effect.	 Known	

inhibitors	 of	 coagulation	 factor	 V	 and	 VIII	 were	 also	 investigated	 for	 their	 effects	 on	

PI3Kα	activity	and	membrane	binding,	however,	their	PAINS-like	properties	prevented	
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definite	conclusions	from	being	drawn.	Lastly,	compounds	proposed	to	bind	to	a	newly	

discovered	pocket	were	able	to	significantly	decrease	AKT	phosphorylation	through	an	

undetermined	 mechanism.	 Together,	 these	 data	 may	 lead	 to	 new	 mechanisms	 of	

blocking	 PI3K	 by	 interfering	 with	 membrane-binding	 and	 formation	 of	 the	 PI3K	

signalosome.		
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1.1 Phosphatidylinositol	3-kinase	
Phosphoinositide	3-kinases	(PI3K)	are	lipid	kinases	that	catalyze	the	phosphorylation	of	

hydroxyl	 groups	 onto	 the	 inositol	 ring	 of	 phosphatidylinositol	 embedded	 within	

membrane	 phospholipids.	 The	 product	 then	 acts	 as	 a	 secondary	 messenger	 and	

activates	 many	 downstream	 signaling	 proteins	 to	 control	 cell	 outcomes	 including	

proliferation,	survival,	metabolism,	motility	and	transformation.	The	PI3K	enzymes	are	

divided	 into	 three	 different	 classes	 based	 on	 structural	 differences	 and	 substrate	

specificities,	and	have	been	the	subject	of	many	reviews	and	commentaries	 

(1-8).	

	

1.1.1 Class	I	PI3K	
Class	I	PI3Ks	catalyze	the	conversion	of	phosphatidylinositol	4,5-bisphosphate	PI(4,5)P2	

(PIP2)	 on	 the	 3’OH	 of	 the	 inositol	 ring	 to	 produce	 phosphatidylinositol	 3,4,5-

trisphosphate	PI(3,4,5)P3	 (PIP3).	 In	addition	 to	 lipid	kinase	activity,	Class	 I	PI3Ks	also	

possess	 some	 protein	 kinase	 activity.	 They	 can	 undergo	 autophosphorylation	 (9-12)	

and	 can	 also	 phosphorylate	 exogenous	 substrates	 including	 signaling	 molecules	 that	

bind	directly	to	the	PI3K	enzymes	such	as	IRS1	(13-15)	and	GM-CSF	(16).	The	protein	

kinase	activity	 is	also	 inhibited	by	compounds	 that	 target	 the	ATP-binding	site	 (9,	17,	

18).		

	

These	enzymes	can	be	 further	divided	 into	Class	 IA	and	Class	 IB	 subfamilies.	Class	 IA	

PI3Ks	 are	 heterodimers	 consisting	 of	 one	 catalytic	 subunit	 termed	 p110α,	 p110β	 or	

p110δ	encoded	by	the	PIK3CA,	PIK3CB,	and	PIK3CD	genes	respectively,	tightly	bound	to	

one	 regulatory	 subunit	 p85α	 (and	 its	 splice	 variants	 p55α	 and	 p50α)	 encoded	 by	

PIK3R1,	 p85β	 encoded	 by	 PIK3R2	 or	 p55γ	 encoded	 by	 PIK3R3.	 These	 enzymes	 are	

activated	 upon	 binding	 of	 Receptor	 Tyrosine	 Kinases	 at	 phosphorylated	 tyrosines	 in	

YXXM	 motifs	 by	 SH2	 domains	 in	 the	 p85α	 regulator	 protein.	 Notably,	 the	 Class	 IA	

enzyme	PI3Kb	can	also	be	activated	by	G	protein-coupled	receptors	(GPCRs)	(19).	Upon	

activation,	PI3Ks	are	recruited	to	 the	plasma	membrane	where	there	 is	an	 increase	 in	

lipid	kinase	activity.	
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Class	 IA	catalytic	 subunits	 contain	 five	domains	 (Figure	1.1)	–	an	N-terminal	adaptor-

binding	domain	(ABD),	a	Ras	binding-domain	(RBD),	a	C2	domain,	a	helical	domain	and	

a	kinase	domain	(20-22).	The	p85	regulatory	domain	also	contains	five	domains	–	a	SH3	

domain,	a	BCR	domain,	and	 two	SH2	domains	separated	by	a	coiled-coil	 region	called	

the	inter-SH2	domain	(Figure	1.1).		

	
Figure	1.1	Domain	organization	of	Class	IA	PI3K.	Domain	organization	of	p110	and	
p85	subunits,	below	is	the	crystal	structure	of	PI3Kα	(PDB:	4A55).		
	

Alternatively,	 Class	 IB	PI3K	 signals	downstream	of	GPCRs.	There	 is	 only	one	 catalytic	

unit	 in	Class	 IB,	 the	p110γ	protein	encoded	by	 the	PIK3CG	gene	and	this	can	combine	

with	 the	 regulatory	 proteins	 p101	 or	 p84–p87,	 encoded	 by	 PIK3R5	 or	 PIK3R6	

respectively.	 This	 class	 is	 activated	 by	 G-protein	 βγ	 subunits	 following	 activation	 of	

GPCRs.	p110γ	is	only	expressed	in	mammals,	and	while	it	is	similar	in	structure	to	Class	

IA	PI3Ks,	 it	does	not	have	an	adaptor	binding	domain	(23).	 Instead,	the	N-terminus	of	

p110γ	 shares	 some	 similarity	with	 the	Pleckstrin	 homology	 (PH)	domain	 of	Rho-GAP	
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(4).	 The	 p101	 regulatory	 subunit	 can	 bind	 to	 both	 p110γ	 domain	 and	 the	 Gβγ	

heterodimer,	 and	 in	 addition	 to	 translocating	 the	 catalytic	 domain,	 it	 can	 also	 affect	

substrate	 specificity.	 Studies	 show	 that	 in	 the	 absence	 of	 p101,	 p110γ	 converts	 PI	 to	

PI3P	when	activated	by	Gβγ	subunits	in	vitro,	but	in	the	presence	of	p101,	p110γ	has	a	

preference	for	PIP2	and	converts	it	to	PIP3		(24).		

1.2 PI3K/AKT/mTOR	pathway	

	
Figure	1.2	PI3K	signaling	pathway.	Adapted	from	(25-28).			
	

Once	activated,	Class	I	PI3Ks	phosphorylate	PIP2	to	PIP3	at	the	lipid	membrane	causing	

an	 intracellular	 signaling	 cascade	 (Figure	 1.2).	 The	 PTEN	 phosphatase	

dephosphorylates	PIP3	regenerating	PIP2	and	shuts	down	the	pathway.	AKT	and	PDK-1	

directly	 bind	 PIP3	 through	 PH	 domains	 and	 are	 recruited	 to	 the	 membrane	 in	 close	
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proximity	 allowing	 phosphorylation	 of	 AKT	 by	 PDK-1.	 PDK-1	 phosphorylates	 AKT	 at	

T308	in	the	activation	loop	of	the	kinase	domain,	and	mTORC2	phosphorylates	AKT	at	

S473.	Phosphorylation	at	both	sites	results	in	full	activation	of	AKT.	Once	activated	AKT	

can	 then	phosphorylate	other	downstream	signaling	proteins,	 usually	 leading	 to	 their	

inactivation.	 Tuberous	 sclerosis	 1	 and	 2	 (TSC1/2)	 are	 GTPase-activating	 proteins	

(GAPs)	 for	 Ras	 homolog	 enriched	 in	 brain	 (RHEB),	 and	 are	 inactivated	 upon	

phosphorylation	by	AKT.	Inactivation	of	TSC1/2	results	in	accumulation	of	RHEB	in	the	

active	 GTP-bound	 state,	 leading	 to	 activation	 of	 mTORC1.	 mTORC1	 can	 then	

phosphorylate	 the	 p70	 S6	 kinase	 (p70	 S6K),	 which	 subsequently	 phosphorylates	 S6	

ribosomal	 protein	 (S6RBP).	 S6	 then	 acts	 to	 increase	 protein	 synthesis.	 4E-binding	

protein	1	 (4eBP1)	 is	a	 translational	 repressor	of	mRNAs	 that	bear	a	5’	CAP	structure.	

Phosphorylation	of	4eBP1	by	mTORC1	 leads	 to	dissociation	of	4eBP1	from	eukaryotic	

translation	initiation	factor	(eIF4E)	and	activation	of	CAP-dependent	mRNA	translation.	

These	events	then	lead	to	increased	protein	synthesis.	Another	important	downstream	

target	 of	 AKT	 is	 glycogen	 synthase	 kinase	 3	 (GSK3),	 which	 is	 constitutively	 active	 in	

unstimulated	 cells,	 phosphorylating	 and	 inactivating	 downstream	 proteins	 including	

glycogen	synthase	and	cyclin	D.	However,	when	phosphorylated	by	AKT,	GSK3	becomes	

inactivated,	 and	 this	 allows	 activation	 of	 glycogen	 synthase	 and	 cyclin	D	 pathways	 to	

promote	 cell	 growth.	 Forkhead	 box	 O	 transcription	 factor	 1	 (FOXO1)	 in	 the	 un-

phosphorylated	 state	 is	 found	 in	 the	 nucleus,	 where	 it	 binds	 to	 the	 promoter	 and	

increases	 the	 transcription	 of	 glucose	 6-phophatase,	 and	 results	 in	 increased	 hepatic	

glucose	 production.	 When	 FOXO1	 is	 phosphorylated	 by	 AKT,	 it	 is	 ubiquitinated	 and	

degraded	(29-32).		

	

Tyrosine	 kinase	 receptors	 can	 also	 activate	 the	 Ras	 signaling	 pathway	 through	 Grb2.	

Activated	Ras	stimulates	a	range	of	downstream	signaling	pathways	including	the	Raf-

Mek-Erk	 pathway	 involved	 in	 growth	 and	 differentiation.	 Raf	 proteins	 are	

serine/threonine	kinases	that	bind	to	Ras-GTP	and	are	recruited	to	the	lipid	membrane.	

Activated	 Raf	 then	 phosphorylates	 Mek,	 which	 in	 turn	 phosphorylates	 and	 activates	

extracellular	 signal	 regulated	 kinases	 (Erk)	 to	 promote	 growth	 and	 differentiation.	

Additionally,	Ras	also	directly	interacts	with	Class	I	PI3K	via	the	Ras	binding	domain	to	

further	promote	cell	growth	and	survival	(33-36).		
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1.3 PI3Kα	selective	inhibition	

1.3.1 PI3Kα	and	its	oncogenic	mutants	
The	PIK3CA	 gene	 is	 frequently	mutated	 in	many	 cancers	 (37,	 38),	 and	 the	mutations	

occur	throughout	the	protein,	with	those	characterized	to	date	having	a	gain	of	function	

effect	 (39-42).	 The	 most	 frequently	 occurring	 mutations	 are	 found	 in	 two	 hotspot	

regions	shown	in	Figure	1.3	originally	identified	by	Samuels	et	al.	(38).	One	hot	spot	is	

located	in	the	helical	domain	and	involves	the	amino	acid	substitutions	E542K,	E545K,	

and	 Q546K,	 while	 the	 second	 hotspot	 is	 found	 in	 the	 kinase	 domain	 and	 involves	

substitution	 of	 H1047	 with	 R,	 L	 or	 Y	 	 (Catalog	 of	 somatic	 mutations	 in	 cancer,	

http://cancer.sanger.ac.uk).	Mutations	at	both	hotspots	activate	the	enzyme,	increasing	

enzymatic	 activity,	 AKT	 activation,	 and	 the	 transforming	 potential	 of	 cells	 in	vitro,	 as	

well	 as	 contribute	 to	 tumorigenesis	 in	 vivo	 (8).	 However,	 the	 different	 mutations	

activate	PI3Kα	by	different	mechanisms.	The	E545K	charge	swap	mimics	and	enhances	

the	growth	factor	activated	state	by	relieving	the	 inhibition	 imposed	by	the	p85	nSH2	

domain	 (Figure	1.3)	as	 it	 clamps	onto	 the	catalytic	 subunit	 (21,	43,	44).	Furthermore,	

the	 helical	 domain	 E545K	mutant	 is	 able	 to	 associate	with	 insulin	 receptor	 substrate	

(IRS1)	independently	of	the	p85	regulatory	subunit,	and	phosphorylation	of	IRS1	is	not	

required.	 This	 interaction	 increases	 the	 association	 between	 the	 E545K	 mutant	 and	

cytoplasmic	 membranes,	 and	 enhances	 tumor	 growth	 in	 vivo.	 The	 kinase	 domain	

mutant	H1047R	on	 the	other	hand	does	not	 interact	with	 IRS1	 (45),	 but	 the	H1047R	

substitution	 enhances	 the	 enzyme’s	 membrane	 binding	 capability	 (43,	 46,	 47).	 In	

addition,	the	p110α	catalytic	subunit	also	mediates	oncogenic	p85α	mutant	induced	cell	

transformation	(48).	
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Figure	1.3	PI3Kα	in	the	active	and	inactive	conformations.	A)	Inactive	conformation	
of	PI3K	with	the	nSH2	domain	of	p85α	bound	to	p110α.	B)	Phosphopeptides	bind	the	
nSH2	domains	of	p85α	and	relieve	the	inhibition	of	nSH2	on	p110α,	thereby	activating	
the	enzyme.	The	two	hotspots	for	mutations	E545	and	H1047	are	shown	in	red,	the	p85	
regulatory	 subunit	 is	 shown	 in	 green,	 and	 the	 ATP	 binding	 site	 is	 shown	 in	 yellow.	
Figure	generated	using	PDB	code	2RD0	overlaid	with	3HIZ.		
	

PI3K	enzymes	are	also	effectors	of	Ras.	PI3Kα	is	directly	stimulated	by	Ras-GTP	through	

its	 Ras-binding	 domain	 and	 mutations	 in	 this	 domain	 attenuate	 cell	 growth	 and	

transformation	in	vitro	and	block	K-Ras	driven	carcinogenesis	in	vivo	(36,	49-51).	Ras	is	

also	 able	 to	 increase	 the	enzyme	activity	of	 the	E545K	oncogenic	mutant,	 but	not	 the	

H1047R	 variant	 in	 vitro	 (52),	 similar	 to	 the	 in	 vivo	 effects	 of	 both	 proteins.	 The	

introduction	of	a	K227E	mutation	in	the	PI3Kα	Ras	binding	domain	ablated	oncogenic	

transformation	of	chicken	embryonic	fibroblasts	by	helical	domain	mutants,	whereas	it	

did	not	affect	oncogenic	transformation	by	H1047R	(42,	52).		

	

1.3.2 The	active	site	of	PI3Kα	
The	ATP	substrate	binding	site	is	located	in	a	cleft	between	the	N-	and	C-terminal	lobes	

of	the	kinase	domain.	There	are	two	regions	in	the	cleft	that	are	constitutively	present	in	

all	 isoenzymes	 –	 a	 hinge	 region,	 that	 runs	 at	 the	 base	 of	 the	 ATP-binding	 cavity	 and	
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provides	 two	 hydrogen	 bonding	 sites	 through	 the	 backbone	 amide	 of	 a	 valine	 amino	

acid	 (V851	 in	 p110α),	 and	 a	 hydrophobic	 pocket	 termed	 the	 affinity	 pocket	 (53).	

Inspection	 of	 the	 Class	 I	 PI3K	 X-ray	 crystal	 structures	 available	 through	 the	 protein	

databank	 (www.rcsb.org)	 showed	 that	 all	 known	 PI3K	 inhibitors	 bind	 to	 the	 hinge	

region	by	hydrogen	bonding	with	the	backbone	linker	V851.	Propeller	shaped	inhibitors	

induce	 a	 specificity	 pocket	 by	 rearrangement	 of	 the	 M772	 (p110α	 numbering)	 side	

chain	 in	 the	 ATP	 pocket	 (20).	 This	 is	 more	 commonly	 associated	 with	 PI3Kβ/PI3Kδ	

selective	 inhibitors	 but	 can	 form	 in	 all	 isoforms	 (20,	 46,	 53).	 Around	 the	 specificity	

pocket,	there	is	also	a	region	in	the	N-terminal	wall	of	the	kinase	domain	termed	the	Trp	

shelf	 which	 can	 be	 exploited	 by	 compounds	 to	 achieve	 isoform	 selectivity	 (20,	 54).	

Interaction	of	inhibitors	with	the	p110α-specific	residue	Q859	in	a	non-conserved	area	

called	region	I	(55)	controls	PI3Kα	selectivity	(55-57).		

	

1.3.3 PI3Kα	selective	inhibitors	
As	over-expression	and	mutation	of	PI3Kα	are	associated	with	cancer,	 there	has	been	

intense	 effort	 around	 selectively	 inhibiting	 PI3Kα	 activity	 as	 this	may	 be	 expected	 to	

have	 greater	 benefit	 than	 the	 inhibition	 of	 all	 Class	 I	 PI3K	 kinases	 (58).	 Inhibitors	

considered	 PI3Kα	 selective	 occupy	 five	 chemically	 distinct	 compound	 classes	 (Figure	

1.4).	 A	 poorly	 selective	 class	 represented	 by	 PIK-75	 and	 its	 derivatives	 (59-61),	 a	

second	class	with	superior	selectivity	is	represented	by	BYL719	(56,	57),	a	third	class	of	

benzoxazepine	inhibitors	represented	by	GDC-0326	(62),	a	fourth	class	of	benzothiazole	

inhibitors	represented	by	NVS-PI3-2	(63),	and	a	fifth	class	that	is	a	covalent	modifier	of	

C862	designed	based	on	GDC-0941,	represented	by	CNX-1351	(64).	Based	on	predicted	

or	observed	active	site	interactions,	these	five	compound	series	engage	different	areas	

of	the	ATP	binding	site	to	achieve	binding	and	inhibition	(54-57,	65,	66).	
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Figure	 1.4	 Structures	 representative	 of	 5	 distinct	 compound	 classes	 of	 PI3Kα	
selective	inhibitors.		
	

1.3.3.1 PIK-75	series	
PIK-75	 is	 an	 early	 generation	 PI3Kα	 selective	 inhibitor	 with	 relatively	 poor	 PI3Kα	

selectivity.	PIK-75	and	related	series	are	predicted	to	interact	with	the	linker	region	of	

the	 ATP	 binding	 site	 through	 a	 nitrogen	 atom	 in	 the	 central	 5,6	 fused-ring	 system,	

engage	 the	 Trp	 shelf,	 and	 interact	 with	 the	 p110α-specific	 amino	 acid	 Q859	 via	 a	

sulfonamide	group.	PIK-75	is	often	used	in	studies	as	a	PI3Kα	selective	inhibitor	(53,	61,	

67-69)	and	demonstrates	similar	effects	on	cell	signaling	to	more	selective	compounds,	

even	 though	 it	 also	 inhibits	many	 other	 kinases	 (57,	 70).	 Although	 not	 highly	 PI3Kα	

selective,	PIK-75	is	very	potent	(57),	and	Kendall	et	al.	showed	that	the	potency	of	this	

chemotype	 could	 be	 improved	 by	modification	 of	 the	 central	 bicyclic	 heteroaromatic	

core	and	its	substitutions	(54).		

	

1.3.3.2 BYL719	series	
Unlike	PIK-75,	the	highly	selective	PI3Kα	blockers	represented	by	A66	and	BYL719	do	

not	 have	 a	 bicyclic	 scaffold	 (Figure	 1.4)	 (56,	 63),	 instead,	 they	 have	 a	 central	

aminothiazole	unit	connected	to	a	second	aromatic	feature	that	can	be	broadly	classified	

as	 biphenyl-like.	 Both	 the	 crystal	 structure	 of	 BYL719	 (PDB:	 4JPS)	 and	 the	 predicted	
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binding	mode	of	A66	(57)	show	that	a	single	aminothiazole	ring	of	the	scaffold	makes	a	

hydrogen	bond	contact	with	the	linker,	similar	to	the	central	5,6	fused	ring	scaffold	of	

PIK-75.	 In	 contrast,	 BYL719	 and	 A66	 do	 not	 interact	 with	 the	 Trp	 shelf,	 but	 instead	

hydrogen	bond	with	Q859	via	a	(S)-pyrrolidine	carboxamide	group	(56,	57).	Binding	to	

Q859	 confers	 both	 PI3Kα	 selectivity	 and	 potency	 (63,	 66,	 71),	 as	when	 the	 inhibitor-

Q859	 interaction	 is	 lost,	 either	 by	 mutagenesis	 of	 Q859	 or	 by	 modifying	 the	

carboxamide	 responsible	 for	 the	 interaction,	 activity	 against	 PI3Kα	 is	 greatly	

compromised	 (57,	 66).	Whereas	 the	more	 potent	 analogs	 of	 PIK-75	 are	 predicted	 to	

engage	 the	 affinity	 pocket	 with	 a	 cyano	 group,	 BYL719	 and	 its	 analogs	 use	 a	 larger	

substituted	aromatic	unit	 in	 this	 region.	Modification	of	 the	biphenyl-like	 scaffold	has	

also	included	cyclization	of	the	core	to	better	fit	the	affinity	pocket	(72,	73).			

	

The	 development	 of	 the	 clinical	 agent	 BYL719	 (Alpelisib)	 (56,	 63),	 and	 other	 tool	

compounds	like	A66	(48,	57)	have	enabled	a	clearer	understanding	of	PI3Kα	function	in	

cell	signaling	and	survival,	as	well	as	the	potential	for	patient	selection	for	clinical	trials	

(74).	 Jamieson	 et	 al.	 used	 the	 PI3Kα	 selective	 inhibitor	 A66	 (75)	 to	 show	 that	 AKT	

phosphorylation	 in	 cell	 lines	 harboring	 the	 PI3Kα	 H1047R	 mutation	 was	 more	

responsive	 to	PI3Kα	blockade	 compared	 to	 some	harboring	 the	E545K	mutation,	 and	

that	 this	 responsiveness	was	 associated	with	 growth	 delay	 of	 a	 SK-OV-3	 xenograft	 in	

vivo	(57).	Moreover,	Costa	et	al.	also	showed	that	cell	proliferation	for	a	panel	of	breast	

cancer	 cells	 had	 a	 range	of	 responses	 to	BYL719	 treatment,	with	 those	harboring	 the	

PIK3CA	 and/or	 HER2	 amplifications	 being	 more	 sensitive	 to	 growth	 inhibition	 by	

BYL719	than	cell	lines	that	are	wildtype	for	both	genes	(76).	By	characterizing	both	AKT	

phosphorylation	and	PIP3	synthesis,	they	also	showed	that	PI3Kβ	mediated	a	recovery	

of	 PIP3	 and	 AKT	 phosphorylation	 levels	 in	 the	 presence	 of	 PI3Kα	 inhibition	 in	HER2	

amplified	 breast	 cancer	 cell	 lines	 compared	 to	 some	 PIK3CA	 mutant	 ones,	 and	 that	

PI3Kβ	was	able	to	recover	PIP3	levels	independently	of	AKT	phosphorylation	in	PIK3CA	

mutant	cell	lines.	Elkabets	et	al.	also	showed	that	viability	for	cell	lines	harboring	PI3Kα	

mutations	 had	 a	 range	 of	 responses	 to	 PI3Kα	 inhibition	 by	 BYL719,	 and	 that	PIK3CA	

mutant	harboring	cell	lines	were	more	sensitive	than	cell	lines	that	are	PIK3CA	WT	(77).	

Fritsch	et	al.	used	the	data	from	600	cell	lines	in	the	Cancer	Cell	Line	Encyclopedia	(78),	

to	 show	 that	PIK3CA	mutation	 status	 can	 predict	 responsiveness	 to	 BYL719	 and	 that	

this	 is	 also	 the	 case	 for	 tumor	 xenografts	 (74).	 Resistance	 to	 BYL719	 treatment	 was	
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observed	 with	 both	 clinical	 and	 in	vitro	 use	 and	 was	 associated	 with	 reactivation	 of	

mTORC1	(77).	

	

1.3.3.3 GDC-0326	series	
In	addition	to	these	two	classes,	a	class	of	potent	benzoxazepine	inhibitors	represented	

by	GDC-0326,	designed	based	on	the	PI3Kβ	sparing	inhibitor	GDC-0032,	was	also	found	

to	 be	 PI3Kα	 selective	 (62).	 The	 design	 process	 of	 GDC-0326	 and	 analogs	 involved	

structure-based	design	and	molecular	modeling	of	compounds	in	the	PI3Kα	active	site	

to	 predict	 potential	 hydrogen	 bonding	 interactions.	 The	 crystal	 structure	 of	 p110α	

catalytic	 subunit	 in	 complex	 with	 GDC-0326	 (PDB:	 5DXT)	 showed	 that	 GDC-0326	

interacted	with	 V851	 via	 the	 oxygen	 atom	 in	 the	 benzoxazepine	 core,	 and	 interacted	

with	Q859	via	 a	 carboxamide	group.	The	 carboxamide	group	also	 interacted	with	 the	

backbone	 carbonyl	 of	 S854,	 and	 the	 retention	of	 a	water	molecule	 suggested	 that	 the	

compound	also	interacted	with	the	backbone	amide	and	side	chain	of	S854.	GDC-0326		

was	more	than	100-fold	selective	for	PI3Kα	over	the	other	Class	I	isoforms.		

	

1.3.3.4 NVS-PI3-2	series	
This	 series	 of	 inhibitors	 were	 discovered	 via	 high-throughput	 screening,	 an	

aminothiazole	compound	was	identified	and	was	further	optimized	using	a	combination	

of	 molecular	 modeling	 and	 experimental	 efforts	 with	 the	 aim	 of	 using	 substituents	

extending	 out	 to	 the	 non-conserved	 region	 of	 the	 binding	 site	 to	 achieve	 isoform	

selectivity	(63).	This	study	also	showed	that	(S)-pyrrolidine	carboxamide	groups,	which	

allowed	 interactions	 with	 Q859	 to	 be	 important	 for	 PI3Kα	 selectivity,	 and	

aminopropionic	 acid	 derivatives	 could	 be	 optimized	 to	 PI3Kγ	 or	 PI3Kδ	 selective	

inhibitors	with	different	substituents.		

	

1.3.3.5 CNX-1351	series	
Molecular	docking	of	GDC-0941	into	the	p110α	active	site	and	alignment	of	the	p110α	

and	 p110γ	 crystal	 structures	 identified	 the	 p110α	 specific	 residue	 C862	 that	 is	

approximately	20	Å	from	the	valine	linker	as	a	potent	target	for	covalent	modification.	

CNX-1351	was	then	designed	based	on	GDC-0941,	and	like	GDC-0941,	 it	also	interacts	
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with	 the	 V851	 linker	 via	 a	morpholine	 oxygen,	 but	 in	 addition,	 it	 covalently	 binds	 to	

C862	 via	 the	 α,β-unsaturated	 ketone.	 Mass	 spectrometry	 analysis	 showed	 that	 CNX-

1351	was	able	to	bind	covalently	to	PI3Kα	but	not	the	other	Class	I	isoforms	(64).	CNX-

1351	 is	 a	 low	nanomolar	 inhibitor	 and	 has	 greater	 than	 24-fold	 selectivity	 for	 PI3Kα	

over	the	other	Class	I	isoforms.			

	

1.4 Membrane	binding	of	PI3K	

Burke	et	al.	(43)	identified	four	events	in	the	catalytic	cycle	of	PI3Kα	(Figure	1.5),	these	

are:		

A)	Breaking	the	nSH2-helical	interface		

B)	Disrupting	the	iSH2-C2	interface		

C)	Movement	of	the	ABD	domain	relative	to	the	kinase	domain		

D)	Interaction	of	the	kinase	domain	with	the	lipid	membrane		

Activating	mutations	 in	PI3Kα	mimic	and/or	enhance	one	of	 these	events.	The	helical	

domain	 mutation	 E542K	 and	 E545K	 disrupts	 the	 nSH2-helical	 interface,	 hence	

mimicking	event	1,	and	the	kinase	domain	mutation	H1047R	increases	the	affinity	of	the	

protein	for	the	lipid	membrane,	thereby	mimicking	event	4.	From	this,	it	is	obvious	that	

interaction	of	PI3Kα	with	the	lipid	membrane	is	an	essential	part	of	the	PI3Kα	catalytic	

cycle,	and	is	enhanced	by	oncogenic	mutations.	Given	that	the	substrate	of	PI3Kα,	PIP2,	

is	located	at	the	cell	membrane,	interaction	with	the	lipid	membrane	is	also	essential	for	

the	normal	functioning	of	PI3K.	

	



	

	
	

13	

	
Figure	1.5	Location	of	domains	involved	in	the	events	of	the	PI3Kα	catalytic	cycle.	
A)	 Breaking	 the	 nSH2-helical	 interface.	 B)	 Disrupting	 the	 iSH2-C2	 interface.	 C)	
Movement	of	the	ABD	domain	relative	to	the	kinase	domain.	D)	Interaction	of	the	kinase	
domain	with	the	lipid	membrane.		
	

1.4.1 PI3Kα	membrane	interactions	

Various	regions	of	the	p110a	catalytic	subunit	have	been	proposed	to	interact	with	the	

lipid	membrane,	of	these,	the	main	regions	include	the	kα11	and	kα12	helices	in	the	C-
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terminal	end	of	the	kinase	domain,	and	the	polybasic	activation	loop.	The	kα12	helix	is	

important	 for	both	 the	 lipid	kinase	 activity	of	PI3K	and	 its	 ability	 to	bind	 to	 the	 lipid	

membrane,	 and	 varies	 in	 conformation	 and	 extent	 of	 order	 among	 the	 X-ray	 derived	

structures	 of	 the	 different	 lipid	 kinase	 enzymes	 (22,	 79).	 This	 region	 is	 not	 ordered	

beyond	 the	 elbow	 for	 p110α	 WT	 and	 p110δ,	 but	 is	 ordered	 in	 the	 p110α	 H1047R	

mutant	 (5).	 The	 elbow	 is	 formed	 between	 kα11	 and	 kα12	 at	 the	 C-terminus	 of	 the	

kinase	 domain	 (5,	 40,	 47).	 Membrane	 binding	 of	 p110α	 consists	 of	 an	 electrostatic	

component	and	a	hydrophobic	component.	The	polybasic	activation	loop	contributes	to	

the	electrostatic	component.	In	contrast,	the	lipid	binding	site	in	the	C-terminal	region	

that	is	hydrophobic	in	nature	makes	a	more	complex	contribution.	A	helix	kα12	deletion	

mutant	 or	 helix	 kα12	 WIF-AAA	 triple	 mutant	 abolished	 the	 lipid	 kinase	 activity	 of	

p110α	and	did	not	show	any	detectable	binding	to	anionic	lipids	(46).	In	addition	to	the	

kα12	helix	 and	 the	 activation	 loop,	 hydrogen-deuterium	exchange	 (HDx)	 experiments	

with	p110δ	showed	that	amino	acids	in	the	loop	between	kα1	and	kα2,	and	kα4	and	kα5	

in	the	kinase	domain	were	shown	to	be	involved	in	membrane	binding	(80).	

	

Mutations	conferring	a	positive	charge	were	suggested	to	enhance	membrane	binding	

of	 PI3K,	 an	 example	 of	 this	 is	 the	 H1047R	 mutation,	 which	 is	 located	 in	 the	 elbow	

region.	 It	has	been	suggested	that	this	positive	charge	 is	responsible	 for	the	 increased	

affinity	of	 the	H1047R	mutant	 for	 the	membrane	(47),	however,	 this	does	not	explain	

the	 increased	 lipid	 binding	 potential	 of	 the	 H1047L	 mutant.	 Upon	 pY	 activation,	 the	

kinase	 domain	mutants	 H1047R,	 H1047L	 and	 G1049R	 have	 high	 levels	 of	 binding	 to	

both	neutral	lipids	and	anionic	lipids	such	as	PS	and	PIP2	(46).	The	crystal	structure	of	

p110α	H1047R/p85α	niSH2	(PDB:	3HIZ)	showed	 that	 the	R1047	mutation	orders	 the	

13	 residues	 of	 p110α	 near	 the	 C-terminus	 (1050-1062)	 that	 is	 disordered	 in	 the	WT	

structure	into	a	loop	positioned	to	interact	with	lipid	membrane	(47).	HDx	experiments	

showed	that	H1047R	in	the	basal	state	had	increased	exposure	in	regions	including	the	

C-terminal	 end	of	 the	 activation	 loop	which	 is	 directly	 beneath	 the	H1047R	mutation	

and	is	responsible	for	binding	to	the	lipid	substrate.	Other	regions	including	amino	acids	

859-872	 and	 1039-1055	 also	 had	 increased	 exposure	 in	 the	 basal	 state,	 and	 these	

peptides	were	all	protected	upon	binding	of	H1047R	to	membranes,	supporting	that	the	

H1047R	mutation	changes	the	dynamics	of	the	membrane	binding	surface	(43).	
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Simulation	 of	 H1047R	 and	 H1047L	 by	 Langevin	 dynamics	 suggested	 that	 these	

mutations	 at	 the	 C-terminal	 end	 of	 kα12	 helix	 increases	 fluctuation	 and	 solvent	

exposure	 of	 the	 C-terminal	 end	 of	 the	 activation	 loop,	 opens	 up	 the	 active	 site	 and	

results	 in	 a	 rearrangement	 of	 interactions	 between	 the	 catalytic	 loop	 and	 the	 N-

terminus	of	the	activation	loop.	This	exposes	the	DFG	motif	and	mimics	the	ATP-bound	

state	conformation	of	the	enzyme	(24).		

	

The	helical	domain	mutant	E545K	displays	high	levels	of	hydrophobic	interactions	with	

neutral	lipids	in	the	absence	of	phosphopeptide	activation,	whereas	the	kinase	domain	

C-terminal	 mutants	 require	 phosphopeptide	 activation	 to	 achieve	 the	 same	 level	 of	

hydrophobic	 binding.	 As	 the	 E545K	 mutation	 is	 a	 charge	 swap	 that	 mimics	 the	 pY	

activated	 state	 and	 relieves	 nSH2	 inhibition,	 this	 may	 suggest	 that	 nSH2	 suppresses	

binding	of	 the	protein	 to	 the	hydrophobic	component	of	 the	membrane.	Relieving	 the	

p110α-nSH2	 inhibitory	 contact	 most	 likely	 results	 in	 a	 conformational	 change	

propagating	from	the	helical	domain	to	the	kinase	C-lobe,	triggering	the	activation	loop	

and	kinase	domain	to	adopt	lipid-binding	competent	conformations	(46).		

	

Lipid	binding	of	PI3Kα	can	also	be	positively	influenced	by	the	total	negative	charge	on	

the	liposomes.	When	liposome	PS	content	was	increased	from	10%	to	20%,	there	was	a	

2-fold	 increase	 in	 lipid	 binding.	 When	 only	 neutral	 lipids	 were	 used	

(PC/PE/cholesterol),	 binding	 of	 PI3Kα	 onto	 the	 liposomes	 was	 less	 than	 that	 of	 the	

electrostatic	 component	 (46).	 In	 addition,	 the	 specific	 interaction	 with	 the	 PIP2	

substrate	 is	 not	 the	 only	 component	 important	 for	membrane	 binding,	 as	 PI3Kδ	 still	

bound	 to	 liposomes	 lacking	 PIP2	 (80).	 This	 suggests	 that	 the	 electrostatic	 interaction	

with	PS	and	the	hydrophobic	 interactions	with	the	neutral	 lipids	may	be	sufficient	 for	

PI3K-membrane	 interactions.	Mandelker	 et	al.	 also	 showed	 that	 enzymatic	 activity	 of	

PI3Kα	is	dependent	on	lipid	composition	(47).		
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1.5 Membrane	binding	via	the	C2	domain	

The	C2	domain	was	originally	discovered	as	a	conserved	regulatory	domain	of	calcium-

dependent	protein	kinase	C	(PKC)	and	was	recognized	as	a	calcium	binding	site	because	

calcium-independent	 PKCs	 lacked	 this	 domain.	 Later	 it	 was	 discovered	 that	 calcium-

independent	PKC	enzymes	have	a	non-calcium	binding	C2	domain	(81).	Following	the	

identification	 of	 C2	 domains	 in	 other	 proteins	 including	 synaptotagmin	 and	 cytosolic	

phospholipase	A	(cPLA),	C2	domains	have	been	hypothesized	to	be	involved	in	calcium-

dependent	 membrane	 binding	 (81).	 The	 Structural	 Classification	 of	 Proteins	 (SCOP:	

http://scop.mrc-lmb.cam..ac.uk/scop/)	 classifies	 the	 C2	 domain	 superfamily	 into	 two	

groups:	topology	type	I	also	known	as	S-family,	and	topology	type	II	also	known	as	P-

family.	 Although	 both	 families	 have	 eight	 antiparallel	 strands	 arranged	 into	 two	 β-

sheets,	the	arrangement	of	the	strands	differ.	The	topology	type	I	proteins	include	PKCα,	

synaptotagmin	 1,	 and	 the	 Class	 II	 PI3K	 C2α.	 Type	 II	 proteins	 include	 PI-specific	

phospholipase	 C	 isoenzyme	 D1	 (PLC-D1),	 cPLA	 and	 Class	 I	 PI3Kγ	 (82,	 83).	 These	

proteins	can	have	membrane	binding	mechanisms	that	are	either	calcium-dependent	or	

calcium-independent.	 Most	 C2	 domains	 bind	 to	 the	 membrane	 with	 a	 calcium-

dependent	 mechanism,	 they	 have	 two	 functional	 regions:	 the	 first	 a	 calcium	 binding	

region	with	 three	 calcium	binding	 loops	 (CBR1-3)	 located	on	one	 side	of	 the	domain,	

and	five	highly	conserved	aspartate	residues	that	coordinate	two	or	three	calcium	ions;	

the	second	is	a	polybasic	cluster	located	at	the	concave	surface	of	the	C2	domain	formed	

by	 strands	 β3	 and	 β4,	 and	 this	 region	 specifically	 binds	 to	 PIP2.	 These	 calcium-

dependent	 C2	 domain-membrane	 interactions	 also	 involve	 both	 hydrophobic	

interactions	with	 aromatic	 residues	 and	 electrostatic	 interactions	with	 basic	 residues	

(84).		

	

1.5.1 Role	of	C2	domain	of	PI3K	in	membrane	binding	

In	addition	to	the	kinase	domain,	the	C2	domain	of	PI3K	has	also	been	suggested	to	be	

involved	in	membrane	binding	(46).	A	small	number	of	C2	domains,	including	those	of	

PI3K	bind	to	the	membrane	using	a	calcium-independent	mechanism.	However,	studies	

have	 shown	 that	 the	 calcium	 binding	 loop	 may	 still	 play	 a	 role	 in	 lipid	 binding	 and	

selectivity	(81).		Walker	et	al.	showed	that	by	analogy	with	enzymes	including	PKC	and	
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cPLA,	the	C2	domain	of	PI3K	is	also	proposed	to	be	involved	in	membrane	binding	(23).	

Indeed,	 they	 showed	 that	 the	 isolated	 C2	 domain	 from	 PI3Kγ	 binds	 multilamellar	

phospholipid	 vesicles	 similarly	 to	 the	 full-length	 enzyme.	 In	 addition	 to	 Class	 I	 PI3K,	

crystal	 structure	 and	 site-directed	 mutagenesis	 of	 the	 calcium-independent	 Class	 II	

PI3K	C2α	C2	domain	showed	that	lysine	residues	in	the	groove	formed	between	β3	and	

β4	was	critical	for	binding	to	PIP2	(83).			

	

1.5.2 Coagulation	factor	V	and	factor	VIII	C2	domains	

Although	being	named	the	C2	domain,	the	coagulation	factor	V	and	VIII	C2	domains	are	

unrelated	to	either	the	cPLA	(85)	or	PI3K	family.	The	highest	sequence	identity	between	

coagulation	 factor	 V	 C2	 domain	 and	 the	 PI3Kα	 C2	 domain	 (sequence	 obtained	 from	

NCBI)	was	only	32%	as	determined	from	the	BLAST	alignment	(86).	And	although	the	

structure	is	similar	between	the	PI3Kα	and	coagulation	factor	V	C2	domain	upon	visual	

inspection,	the	direction	of	the	antiparallel	strands	differ	(Figure	1.6).		

	
Figure	1.6	Structures	of	coagulation	factor	V	and	VIII	C2	domains.	A)	Coagulation	
factor	V	C2	domain	(PBD:	1CZV,	cyan)	overlaid	with	coagulation	factor	VIII	C2	domain	
(PDB:	1D7P,	green).	B)	Coagulation	factor	V	C2	domain	(cyan)	overlaid	with	PI3Kα	C2	
domain	(PDB:	2RD0,	magenta).	
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The	coagulation	 factor	V	and	 factor	VIII	C2	domain-membrane	 interactions	have	been	

studied	 by	 many	 groups,	 these	 two	 C2	 domains	 are	 closely	 related	 structurally	 and	

functionally,	 and	 both	 share	 the	 A1-A2-B-A3-C1-C2	 architecture.	 The	 factor	 V	 C2	

domain	has	a	distorted	jelly-roll	β-barrel	motif	and	consists	of	eight	antiparallel	strands	

arranged	 in	 two	 β-sheets	 (87,	 88).	 Binding	 of	 coagulation	 factor	 V	 to	 membranes	 of	

platelets	 in	 a	 calcium-independent	 manner	 via	 its	 C2	 domain	 is	 essential	 for	 its	

functions	 in	 coagulation,	 and	 activated	 coagulation	 factor	 V	 converts	 prothrombin	 to	

thrombin.	Hence	inhibiting	the	factor	V-membrane	interaction	can	be	a	starting	point	to	

developing	antithrombotic	drugs.	At	the	membrane	binding	interface	of	the	factor	V	C2	

domain,	there	is	a	patch	of	basic	and	aliphatic/aromatic	residues	that	could	potentially	

interact	with	the	phospholipid	head	groups.	Specific	electrostatic	interactions	between	

positively	charged	amino	acid	side	chains	and	PS	are	expected.	In	the	same	area,	there	is	

also	a	cavity	that	could	potentially	be	targeted	by	drugs,	making	the	factor	V	C2	domain	

a	good	potential	drug	target	(89).		

	

Coagulation	factor	VIII	activates	the	 intrinsic	blood	coagulation	cascade	by	associating	

with	 factor	 IXa	protease,	and	directs	 the	complex	 to	membranes	of	activated	platelets	

via	 interactions	 of	 its	 C2	 domain.	 The	 complex	 then	 proteolytically	 activates	 factor	 X	

which	 in	 turn	activates	 thrombin	 (90,	91).	Novakovic	et	al.	showed	 that	 factor	VIII	C2	

domain	alone	had	a	40-fold	lower	affinity	for	membranes	compared	to	the	intact	factor	

VIII,	and	that	factor	VIII	C2	domain	did	not	specifically	bind	to	PS	over	other	negatively	

charged	 lipids	 (92).	Similar	 to	 factor	V	and	PI3Kα,	membrane	binding	of	 factor	VIII	 is	

mediated	 by	 both	 hydrophobic	 and	 electrostatic	 interactions,	 and	 is	 dependent	 upon	

negatively	charged	phospholipids	(93).			

	

Many	groups	have	been	investigating	important	amino	acid	residues	of	factor	V	and/or	

VIII	 involved	 in	 membrane	 binding.	 Gilbert	 et	 al.	 identified	 four	 hydrophobic	 amino	

acids	of	factor	VIII	C2	domain	that	are	important	for	membrane	binding	(94).	These	four	

amino	 acids	M2199/F2200	 and	 L2251/L2252	 form	 two	 hydrophobic	 spikes	 that	 are	

assumed	to	participate	in	membrane	binding	by	penetrating	the	core	of	the	membrane.	

Sperandio	 et	 al.	 (95)	 also	 showed	 through	 in	 silico	 experiments	 that	 amino	 acids	

W2063/W2064	 from	 factor	 V,	 homologous	 to	 M2199/F2200	 in	 factor	 VIII	 may	 be	

involved	 in	membrane	 binding.	 Crystallization	 of	 compound	 005B10	 (ChemBridge	 ID	
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7688319)	in	factor	VIII	by	Liu	et	al.	showed	that	residues	W2313	to	H2315	in	a	surface-

exposed	 segment	of	 the	C2	domain	 interacted	with	 the	 compound	 (PDB:	3HNB)	 (96).	

This	loop	and	the	loop	containing	V2223	are	two	additional	loops	that	are	proposed	to	

be	involved	in	membrane	binding.		

	

1.5.3 Identification	 of	 compounds	 known	 to	 inhibit	 protein-

membrane	interactions	
Most	 drugs	 in	 the	 market	 are	 competitive	 inhibitors	 of	 catalytic	 sites,	 leaving	 a	

significant	number	of	targets	unexplored.	An	example	of	this	 is	the	protein-membrane	

interaction.	Since	many	proteins	with	a	membrane	binding	domain	play	important	roles	

in	disease	development,	 inhibiting	protein-membrane	interactions	via	small	molecules	

may	 prove	 to	 be	 a	 new	 strategy	 for	 inhibiting	 enzymes	 such	 as	 PI3K.	 Perifosine	 is	 a	

synthetic	 alkylphospholipid	 that	 is	 proposed	 to	 disrupt	 membrane	 binding	 of	 AKT,	

however,	the	mechanism	of	this	inhibition	is	unknown.	One	hypothesis	is	that	perifosine	

disrupts	 the	structure	and	signaling	within	 lipid	rafts,	 thereby	preventing	recruitment	

of	AKT	to	the	membrane;	another	hypothesis	is	that	perifosine	directly	binds	to	the	PH	

domain	of	AKT,	and	prevents	translocation	of	AKT	to	the	membrane		(97,	98).		

	

Of	the	compounds	known	to	inhibit	protein-membrane	interactions,	those	inhibiting	the	

coagulation	factor	V	and/or	VIII	have	been	extensively	studied.	A	study	by	Segers	et	al.	

used	 structure-based	 virtual	 ligand	 screening	 to	 identify	 potential	 compounds	 that	

could	 bind	 to	 the	 cavity	 in	 the	 C2	 domain	 and	 disrupt	 the	 factor	 V-membrane	

interaction,	 and	 these	 compounds	 were	 tested	 for	 the	 ability	 to	 inhibit	 prothrombin	

activation	 (89).	Hit	 compounds	were	 then	 tested	 in	 surface	plasmon	 resonance	 (SPR)	

experiments	for	their	ability	to	inhibit	the	binding	of	factor	Va	light	chain	or	factor	V	C2	

domain	 to	 an	 immobilized	 phospholipid	 bilayer	 containing	 20%	 PS	 and	 80%	

phosphatidylcholine	 (PC).	 Seven	hit	 compounds	were	 identified,	 and	 four	 compounds	

could	 also	 inhibit	 the	 factor	 VIII-membrane	 interaction.	 These	 compounds	 had	 half-

maximal	 inhibitory	 concentration	 (IC50)	 values	 between	 2	 μM	 to	 60	 μM	 in	 the	

biochemical	assays,	but	did	not	inhibit	factor	Va	procoagulant	activity	in	a	plasma-based	

assay	 system	 at	 100	 μM.	 This	 was	 because	 the	 presence	 of	 albumin	 decreased	 the	

inhibitory	activity	of	these	compounds.	In	silico	analysis	of	the	hit	compounds	predicted	
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that	 these	 compounds	 could	 interact	with	 side	 chains	 of	 factor	 V	 C2	 residues	Q2085,	

K2060,	W2068,	S2115,	L2116,	W2063,	W2064,	R2080,	or	K2061	(89).		

	

Small	molecules	may	 form	 reversible	 colloidal	 aggregates	within	minutes	 to	 hours	 in	

aqueous	solution	(99),	in	response	to	small	changes	in	concentration	and	temperature.	

The	aggregate	can	then	absorb	both	soluble	and	membrane	proteins	to	its	surface	and	

partially	denature	the	protein,	usually	leading	to	non-specific	inactivation	of	the	protein,	

and	occasionally	activation	of	the	protein	(100-102).	Detergents	such	as	Triton	X-100	or	

Tween-80	 can	 be	 used	 to	 disrupt	 the	 aggregates,	 reducing	 but	 not	 eliminating	

aggregation	(103-106).	Incubation	of	colloidal	aggregates	with	serum	albumin	can	also	

decrease	non-specific	 inhibition	by	 the	colloid	on	 the	 target	enzyme	(99),	by	allowing	

saturation	of	the	colloids	with	the	albumin	protein	(107).	Irwin	et	al.	developed	a	web-

based	tool	(http://advisor.bkslab.org)	with	a	database	of	known	aggregators,	allowing	

comparison	 of	 input	 molecules	 with	 these	 known	 aggregators,	 and	 hence	 advising	

whether	compounds	of	interest	are	potential	aggregators	or	not	(108).		

	

A	high	throughput	screen	conducted	by	Spiegel	et	al.	against	C2	domains	of	factor	VIII	

using	membrane	binding	ELISA	assay	with	PS-immobilized	plates	 identified	 ten	 small	

molecule	inhibitors	with	IC50	values	between	approximately	5	μM	to	60	μM	(109).	These	

molecules	did	not	 inhibit	membrane	binding	of	the	related	factor	V	or	the	non-related	

cPLA	and	the	top	hits	did	not	cause	protein	aggregation	as	measured	by	dynamic	light	

scattering.	Eight	compounds	were	tested	for	the	ability	to	inhibit	membrane	binding	of	

the	full-length	factor	VIII,	and	the	results	showed	that	IC50	values	were	similar	to	those	

measured	 for	 factor	 VIII	 C2	 domain	 alone.	 Six	 compounds	 were	 then	 tested	 for	 the	

ability	to	inhibit	factor	VIII	mediated	activation	of	factor	X,	and	had	IC50	similar	to	those	

measured	for	inhibition	of	factor	VIII	membrane	binding.	In	the	presence	of	serum,	four	

of	 the	 five	 tested	 compounds	 maintained	 inhibition	 of	 factor	 VIII	 mediated	 factor	 X	

activation.		

	

Nicolaes	et	al.	used	a	combination	of	in	silico	and	in	vitro	screening	to	identify	inhibitors	

of	factor	VIII	membrane	binding	(110).	Firstly	a	drug-like	filter	(111)	was	used	to	keep	

only	compounds	 that	are	predicted	 to	be	bioavailable,	 then	compounds	were	selected	

either	 based	 on	 structural	 similarity	 to	 known	 inhibitors	 of	 factor	 VIII	 membrane	
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binding,	 or	 by	 using	 hypothesized	 pharmacophores	 based	 on	 known	 bioactive	

compounds.	 The	 compounds	 were	 then	 screened	 using	 SPR,	 and	 IC50	 values	 were	

determined	for	the	nine	hit	molecules	using	SPR	against	both	factor	VIII	and	factor	VIII	

C2	 domain,	 with	 values	 ranging	 between	 approximately	 2	 μM	 to	 50	 μM.	 Of	 the	 nine	

compounds,	seven	are	specific	for	factor	VIII,	and	two	also	inhibited	membrane	binding	

of	factor	V.	Unlike	those	discovered	by	Segers	et	al.	(89),	the	best	molecule	(ChemBridge	

ID	7687521)	from	this	screen	was	also	active	in	plasma	or	full	blood	(110).		

	

These	 results	 raised	 interest	 in	 investigating	whether	 these	 small	molecule	 inhibitors	

can	 affect	 how	 PI3Kα	 interacts	with	 the	 lipid	membrane.	 Although	 the	 C2	 domain	 of	

factor	V	and	factor	VIII	are	not	closely	related	to	PI3K,	there	are	structural	similarities	

and	the	potential	that	these	inhibitors	can	affect	PI3K	in	a	similar	way.		

	

1.6 Evidence	for	an	alternative	drug	binding	pocket	in	

PI3K	

The	majority	of	inhibitors	that	target	protein	kinases	bind	to	the	ATP-binding	site	(112),	

and	this	is	also	the	case	for	PI3K.	One	limitation	of	these	inhibitors	is	that	as	the	ATP-

binding	 site	 is	 highly	 conserved	 among	 kinases,	 one	 ligand	 can	 potentially	 bind	 to	

multiple	kinases	and	lead	to	undesired	off-target	side	effects	(113).	In	addition,	ATP	has	

a	 relatively	high	concentration	 in	 the	cell	 and	also	binds	 to	kinases	with	high	affinity,	

hence	 ATP-competitive	 inhibitors	 need	 nanomolar	 and	 picomolar	 potency	 (112).	

Allosteric	modulators	bind	to	less	conserved	sites	than	the	ATP	binding	site,	and	hence	

may	 have	 greater	 specificity	 (114-116),	 and	 can	 either	 potentiate	 or	 inhibit	 ligand-

mediated	signaling	by	taking	advantage	of	the	conformational	flexibility	of	the	protein	

(115).	Allosteric	modulators	have	been	explored	for	many	different	proteins	 including	

GPCRs,	kinases,	ion	channels	and	phospholipases.		

	

There	 are	 four	 major	 types	 of	 protein	 kinase	 inhibitors:	 type	 I	 ATP-competitive	

inhibitors	 that	 bind	 to	 the	 active	 conformation	of	 the	 kinase;	 type	 II	ATP-competitive	

inhibitors	bind	 to	 the	 inactive,	DFG-out	conformation	of	 the	kinase;	 type	 III	 inhibitors	
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are	 allosteric	 and	 bind	 outside	 the	 ATP	 site;	 and	 type	 IV	 inhibitor	 bind	 outside	 the	

catalytic	domain	(117).	Lipid	kinase	 inhibitors	can	also	potentially	be	classified	 in	 the	

same	 way.	 Many	 type	 III	 allosteric	 inhibitors	 of	 protein	 kinases	 bind	 to	 pockets	

surrounding	 the	 αC	 helix,	 and	 function	 by	 displacing	 the	 αC	 helix	 into	 the	 outward	

orientation	 (118).	 Examples	 of	 such	 inhibitors	 include	 GNF-2	 (BCR-ABL),	 Trametinib	

(MEK1/2),	inhibitor	VIII	(AKT1)	and	CAN508	(CDK9)	(118-120).		

	

1.6.1 Crystal	structure	of	PI3Kα	WT	in	complex	with	PIK-108	reveals	

an	alternative	pocket		
The	 crystal	 structure	 of	 murine	 WT	 p110α	 in	 complex	 with	 human	 p85α-niSH2	

fragment	and	the	PI3Kβ/δ	selective	inhibitor	PIK-108	(121)	(PDB:	4A55)	was	released	

in	 2012	 (46).	 PIK-108	 belongs	 to	 a	 class	 of	 propeller-shaped	 PI3K	 inhibitors,	 these	

inhibitors	 induce	 and	 occupy	 the	 specificity	 pocket.	 The	 opening	 of	 this	 pocket	 by	

compounds	is	more	favorable	in	PI3Kδ,	hence	giving	rise	to	PI3Kβ/δ	selectivity	of	PIK-

108	(20,	46).	The	crystal	structure	also	revealed	that	in	addition	to	the	ATP	binding	site,	

there	is	a	second	PIK-108	ligand	in	an	alternative	pocket	close	to	the	C-terminal	tail	of	

the	 kinase	 domain.	 This	 induced	hydrophobic	 pocket	 is	 surrounded	by	helices	 kα6-8,	

kα11,	and	the	C-terminal	end	of	the	activation	loop	(46).	It	is	interesting	to	note	that	the	

structural	features	of	WT	p110α/p85α	iSH2	in	complex	with	PIK-108	resemble	that	of	

the	H1047R	mutant	(47)	instead	of	the	WT	structure	(21).	In	the	WT	crystal	structure	

(PDB:	2RD0),	the	C-terminal	tail	is	complete	to	residue	1048,	and	the	remainder	of	the	

C-terminus	is	largely	disordered.	However,	in	the	WT	crystal	structure	in	complex	with	

PIK-108,	the	C-terminal	tail	adopts	an	extended	conformation	from	residue	1045-1061,	

similar	to	the	H1047R	mutant.	An	important	motif	in	this	region	is	the	WIF	motif,	which	

is	 conserved	 as	 a	 triplet	 of	 hydrophobic	 residues	 in	 Class	 I	 and	 II	 PI3K.	 Also	 in	 this	

region	is	the	kα12	helix	(1051-1061	in	p110α).	The	kα12	helix	is	shown	to	be	important	

for	both	lipid	kinase	activity	and	lipid	binding	in	Vps34,	p110β,	and	p110δ	(22,	79,	80).	

Deletion	of	kα12	in	Vps34	and	p110β	increased	intrinsic	ATPase	activity	in	the	absence	

of	lipid	substrate	(22,	79),	and	deletion	of	the	equivalent	regions	in	p110α	(1051-1068)	

replicated	this	observation	(46).	The	effects	of	PIK-108	binding	at	the	alternative	pocket	

on	 the	 C-terminus	 of	 the	 kinase	 domain	 as	 suggested	 by	 Hon	 et	 al.	 (46)	 raised	 the	
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possibility	that	binding	of	PIK-108	to	this	alternative	site	may	affect	PI3Kα	membrane	

binding.		

	

1.6.2 Molecular	dynamics	simulation	of	PI3Kα	in	complex	with	PIK-

108	
Molecular	dynamics	(MD)	simulations	by	Gkeka	et	al.	in	human	PI3Kα	WT	holo,	human	

PI3Kα	WT	 apo,	 human	 PI3Kα	 H1047R	 holo,	 human	 PI3Kα	 H1047R	 apo,	 and	murine	

PI3Kα	WT	holo	structures	gave	insight	into	how	PIK-108	interacted	with	PI3Kα	both	at	

the	 ATP	 binding	 site	 and	 at	 the	 alternative	 pocket	 (122).	 Firstly,	 PIK-108	 remained	

stable	in	both	the	ATP-binding	site	and	the	alternative	pocket	in	all	three	PI3Kα	forms.	

Secondly,	 Gkeka	 et	al.	 also	 showed	 that	 binding	 of	 PIK-108	 in	 the	 alternative	 pocket	

caused	movement	of	the	C-terminal	tail	(residues	1047-1068)	from	a	conformation	that	

points	 toward	 the	ATP	pocket	 in	 the	apo	simulation	 to	a	more	compact	 conformation	

that	is	closer	to	the	kα11	helix.	In	both	the	human	PI3Kα	WT	and	human	PI3Kα	H1047R	

simulations,	 the	 catalytic	 loop	 (residues	 909-920)	 remains	 in	 the	 same	 conformation	

upon	binding	of	PIK-108,	but	the	activation	loop	(residues	933-958)	moves	towards	the	

ATP	pocket	 in	 the	 holo	 form	 from	 a	 position	where	 it	 contacts	 kα12	helix	 in	 the	 apo	

form.	The	P-loop	also	moves	to	an	open	position	in	the	holo	form	to	accommodate	the	

ligand	 for	 both	 the	WT	 and	H1047R	 protein.	 PIK-108	 in	 the	 ATP	 binding	 site	makes	

similar	 interactions	with	 all	 three	PI3Kα	 forms,	whereas	 the	 interactions	differ	 in	 the	

alternative	pocket.	PIK-108	 interacts	with	residues	ranging	 from	C905	to	W1051,	and	

among	 these	 are	 five	 aromatic	 residues	 (F909,	 F977,	 F980,	 F954,	 and	 F960)	 that	 are	

involved	 in	complementary	surface	contacts	with	the	 ligand	and	stacking	 interactions.	

In	 the	 human	PI3Kα	WT	protein,	 PIK-108	 in	 the	 alternative	 pocket	 strongly	 interacts	

with	 F980	 and	 H1047.	 However	 PIK-108	 did	 not	 interact	 with	 the	 mutated	 R1047	

residue,	and	R1047	instead	forms	a	salt	bridge	with	D1045,	and	this	keeps	R1047	away	

from	the	alternative	pocket	(122).		

	

The	 presence	 of	 PIK-108	 in	 the	 alternative	 pocket	 raised	 the	 possibility	 that	 PIK-108	

may	also	act	as	an	allosteric	modulator	of	PI3Kα.	Allosteric	modulators	do	not	bind	to	

the	active	site	but	 instead,	alters	kinase	activity	by	changing	the	protein	conformation	

(123-127).	 However,	 the	MD	 simulations	 showed	 that	 the	motions	 of	 the	 alternative	



	

	
	

24	

pocket	were	not	correlated	with	motions	of	the	ATP	pocket,	suggesting	that	binding	of	

PIK-108	at	the	alternative	site	does	not	lead	to	large	changes	in	the	ATP	binding	site	and	

hence	 catalytic	 activity	 of	 the	 enzyme.	However	binding	of	 PIK-108	 at	 the	 alternative	

pocket	did	cause	movements	in	residues	721-727,	863-873,	and	966-974,	which	are	all	

regions	proposed	to	be	important	in	membrane	binding	(128).			

	

1.6.3 In	vitro	activity	of	PIK-108	
As	 PIK-108	 binding	 in	 the	 alternative	 pocket	 did	 not	 cause	 large	 changes	 in	 the	 ATP	

binding	site	as	predicted	by	MD	simulations,	Gkeka	et	al.	tested	the	inhibitory	activity	of	

PIK-108	 in	 the	 presence	 of	 excess	 ATP	 using	 PIP2	 based	 liposomes	 as	 the	 substrate	

(122).	Allosteric	modulators	do	not	bind	 to	 the	ATP	binding	site,	hence	 the	 IC50	of	 an	

allosteric	 modulator	 should	 not	 be	 affected	 by	 increasing	 levels	 of	 ATP.	 PIK-108	

inhibited	PI3Kα	activity	with	100	μM	ATP,	however,	when	ATP	was	increased	to	2	mM,	

the	inhibitory	activity	of	PIK-108	was	abolished.	This	together	with	the	MD	simulation	

data	suggested	that	 inhibition	of	 the	PI3Kα	catalytic	activity	by	PIK-108	 is	most	 likely	

due	to	PIK-108	binding	at	the	ATP	binding	site	instead	of	the	alternative	pocket.			

	

These	 results	 lead	 to	 two	potential	 explanations:	1)	binding	of	 small	molecules	at	 the	

alternative	pocket	does	not	affect	the	catalytic	activity	of	PI3K	and	2)	PIK-108,	although	

stable	 in	 the	 alternative	 pocket	 as	 shown	 by	 MD	 simulations,	 is	 not	 the	 best-fit	

compound	in	the	alternative	pocket,	hence	analogs	of	PIK-108	that	are	predicted	to	be	

better	suited	in	the	alternative	pocket	should	be	investigated.		

	

1.7 Molecular	docking		

Molecular	docking	is	an	essential	tool	and	a	frequently	used	method	in	modern	day	drug	

discovery	and	development.	It	uses	computer-based	methods	to	model	ligands	against	a	

biological	target	whose	3-dimentional	crystal	structure	is	known,	and	ranks	the	ligands	

according	 to	 how	 well	 they	 fit	 the	 target	 site	 (129,	 130).	 It	 can	 also	 predict	 the	

conformation	 of	 small	 molecules	 at	 the	 binding	 site	 with	 a	 substantial	 degree	 of	

accuracy	 (131).	 This	 allows	 identification	 of	 compounds	 that	 can	 bind	 to	 the	 site	 of	
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interest,	 and	 in	 combination	 with	 filters	 to	 remove	 non-drug	 like	 compounds	 and	

descriptors	such	as	those	selecting	for	hydrogen	bond	interactions,	it	is	a	very	efficient	

method	to	select	hits	for	biological	testing.		

	

The	number	of	crystal	structures	of	PI3Kα	has	lagged	behind	those	of	p110γ	and	p110δ	

significantly.	At	the	start	of	this	Ph.D.,	there	were	only	three	available	crystal	structures	

of	 PI3Kα	 in	 complex	 with	 an	 inhibitor.	 Of	 these,	 two	 are	 crystallized	 with	 covalent	

inhibitors	 wortmannin	 and	 CNX-1351	 (PDB:	 3HHM	 and	 3ZIM	 respectively),	 and	 the	

other	 has	 murine	 p110α	 instead	 of	 human	 crystallized	 with	 PIK-108	 (PDB:	 4A55).	

Therefore	the	use	of	molecular	docking	to	model	drug-bound	complexes	is	important	to	

contribute	to	the	understanding	of	potential	binding	modes	of	drugs	in	the	PI3Kα	active	

site.	In	addition,	it	can	be	used	prospectively	to	model	ligands	before	synthesis,	and	this	

will	be	further	explained	in	Section	1.7.1.	

	

For	this	project,	the	GOLD	(Genetic	Optimisation	for	Ligand	Docking)	docking	program	

was	 used.	 GOLD	 is	 more	 likely	 to	 be	 successful	 in	 producing	 correct	 binding	

conformation	of	ligands	if	the	protein	structure	has	a	resolution	of	2.5	Å	or	less,	and	if	

the	ligand	is	hydrogen	bonded	to	the	binding	site	(132).		

	

1.7.1 Structure-based	design	
Structure-based	 design	 involves	 the	 use	 of	 protein-ligand	 X-ray	 crystallography	 and	

NMR	spectroscopy	to	determine	the	3-dimensional	structures	of	the	biological	targets,	

identification	 and	 optimization	 of	 interactions	 between	 ligands	 and	 protein,	 and	 then	

designing	 and	 modifying	 ligands	 based	 on	 their	 determined	 affinity	 (130,	 133).	 The	

availability	of	3-dimensional	protein	structures	allow	careful	examination	of	the	binding	

site	 topology,	 including	 the	 presence	 of	 clefts,	 cavities	 and	 charge	 distribution	 (134),	

this	 is	 important	 because	 structure-based	 design	 requires	 detailed	 knowledge	 about	

properties	of	 the	 ligand	binding	site,	and	the	affinity	contributions	of	specific	protein-

ligand	interactions.	Structure-based	design	is	a	cyclic	process	(Figure	1.7)	consisting	of	

stepwise	 knowledge	 acquisition	 (134).	 In	 silico	 studies	 are	 first	 conducted	 against	 a	

known	target	structure	to	identify	potential	ligands,	and	promising	compounds	are	then	

selected	for	synthesis	based	on	molecular	modeling.	The	compounds	are	then	tested	in	
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biological	assays	for	properties	including	affinity,	potency,	and	selectivity.	If	active	and	

desirable	compounds	have	been	identified,	then	this	new	protein-ligand	structure	may	

be	determined	via	crystallography.	The	structural	and/or	biological	data	can	then	feed	

back	 into	 the	 in	 silico	 design	 process	 providing	 more	 information	 on	 binding	

conformations,	 key	 intermolecular	 interactions,	 and	 the	 relative	 potency	 of	 different	

chemical	units.	This	then	allows	the	process	to	restart	again	with	the	 incorporation	of	

molecular	modifications	that	may	potentially	increase	the	affinity	and/or	selectivity	of	

new	 ligands.	 Furthermore,	 structure-based	 design	 also	 allows	 the	 identification	 and	

characterization	 of	 unknown	 binding	 sites	 by	 docking	 active	 compounds	 against	

potential	binding	pockets	 (135).	Structure-based	design	and	molecular	modeling	have	

been	used	 for	 the	discovery	and	optimization	of	many	PI3K	 inhibitors	(54,	56,	60,	75,	

136-140).		
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Figure	 1.7	 Process	 of	 structure-based	 design.	 The	 3-dimentional	 structure	 of	 a	
protein	target	 is	used	 in	molecular	modeling	to	design	and	evaluate	 ligands,	 favorable	
compounds	are	then	selected	for	synthesis	and	biological	testing.	Active	compounds	can	
then	 be	 crystallized	 with	 the	 protein	 to	 provide	 more	 information	 on	 binding	
conformations,	 critical	 protein-ligand	 interactions,	 and	 contribution	 to	 affinity	 by	
specific	chemical	groups	(134).		
	

1.7.2 Scoring	functions	
The	success	rate	of	docking,	i.e.	the	percentage	of	complexes	for	which	the	correct	pose	

is	given	 the	highest	 rank,	 is	dependent	on	 the	docking	 tool	and	protein	 targets	 (129).	

Scoring	functions	were	identified	to	be	the	main	cause	of	failure	especially	in	fragment-

based	docking,	where	the	correct	pose	is	not	scored	more	than	incorrect	poses,	hence	it	

is	 important	to	use	the	most	appropriate	scoring	function	for	a	particular	docking	site	

(141).	These	scoring	 functions	can	be	divided	 into	3	broad	categories:	Force	 field-like	

(GoldScore),	 Empirical	 (Chemscore,	 Piecewise	 Linear	Potential)	 and	 knowledge-based	

(Astex	Statistical	Potential)	(142,	143).	
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1.7.2.1 GoldScore	(GS)	
GoldScore	is	a	Force	Field-like	scoring	function	and	it	consists	of	hydrogen-bonding,	van	

der	 Waals	 energy,	 ligand	 internal	 van	 der	 Waals	 energy,	 and	 ligand	 torsional	 strain	

energy.	 Force	 Field	 scoring	 functions	 sum	 up	 van	 der	 Waals	 and	 electrostatic	

interactions	 between	protein	 and	 ligand	 interactions	 to	 approximate	 the	 binding	 free	

energy	of	these	complexes	(142).	

	

1.7.2.2 ChemScore	kinase	(CSK)	

ChemScore	is	widely	used	and	integrated	into	a	number	of	software	packages	and	is	an	

Empirical	scoring	function.	ChemScore	(and	other	Empirical	scoring	functions)	estimate	

the	 binding	 free	 energy	 by	 summing	 interaction	 terms	 derived	 from	 lipophilic,	

hydrogen-bonding,	 metal	 binding	 and	 an	 entropic	 penalty	 based	 on	 the	 number	 of	

frozen	rotatable	bonds	(142,	144,	145).	It	is	optimized	for	prediction	of	binding	affinity.	

This	scoring	function	is	used	in	this	project	to	dock	ligands	into	the	ATP	binding	site	of	

PI3Kα.		

	

1.7.2.3 Piecewise	Linear	Potential	(PLP)		
Piecewise	Linear	Potential	 is	another	Empirical	 scoring	 function	and	 is	used	 to	model	

steric	 repulsion	 and	 attraction	 between	 the	 ligand	 and	 protein	 (143).	 It	 contains	 a	

hydrogen-bonding	and	a	lipophilic	term.	ChemPLP	uses	terms	from	GOLD’s	ChemScore	

implementation	 to	 introduce	 angle-dependent	 terms	 for	hydrogen	bonding	 and	metal	

binding,	and	is	used	in	this	project	to	dock	ligands	into	the	alternative	pocket	in	PI3Kα.	

	

1.7.3 Docking	with	water	molecules	

Computational	methods	 to	predict	protein-ligand	 interactions	have	been	 important	 in	

drug	discovery	for	the	 last	 few	decades.	Following	the	release	of	many	protein	crystal	

structures	 with	 water	 in	 the	 active	 site,	 the	 importance	 of	 water	 molecules	 and	

networks	in	accurately	predicting	the	free	energy	of	binding	and	ligand	binding	kinetics	

have	been	investigated	(146,	147).		It	has	been	shown	more	than	two	decades	ago	that	

water	molecules	interacted	with	proteins,	and	waters	binding	in	cavities	surrounded	by	
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polar	 amino	 acids	 were	 energetically	 favoured,	 whereas	 those	 binding	 in	 cavities	

surround	 by	 hydrophobic	 amino	 acids	 were	 not	 (148).	 In	 addition,	 binding	 of	 water	

molecules	 in	cavities	created	in	the	interior	of	the	protein	can	improve	the	stability	of	

the	protein	(149),	and	also	make	the	protein	more	flexible	(150).		

	

It	has	been	previously	assumed	that	as	the	entropic	cost	of	trapping	highly	mobile	water	

molecules	 is	 so	 large,	 binding	 of	 a	 ligand	 to	 a	 protein	 at	 an	 interface	 without	 water	

molecules	 will	 give	 a	 higher	 binding	 affinity	 compared	 to	 an	 interface	 where	 water	

molecules	 fill	 the	 unoccupied	 space.	 However,	 studies	 have	 shown	 that	 when	 the	

enthalpy	 gain	 resulting	 from	 water-mediated	 hydrogen	 bonds	 is	 greater	 than	 the	

enthalpy	 loss	required	to	 immobilize	the	water	molecule,	 it	will	be	more	energetically	

favorable	 to	 maintain	 the	 water	 molecule	 at	 the	 ligand	 binding	 site	 (151).	 Water	

molecules	can	modify	the	shape	and	flexibility	of	protein-ligand	binding	site	to	increase	

the	fit	between	the	protein	and	ligand,	and	this	can	increase	the	binding	affinity	of	small	

molecule	 inhibitors	 (152).	 In	 addition,	 water	 molecules	 can	 mediate	 hydrogen	 bond	

interactions	 between	 the	 ligand	 and	 protein,	 further	 stabilizing	 the	 ligand-protein	

interaction	and	contributing	to	ligand	specificity	and	affinity.	A	comprehensive	analysis	

of	water	molecules	present	at	the	protein-ligand	interface	in	392	crystal	structures	by	

Lu	 et	 al.	 showed	 that	 72%	 of	 ligand-bound	 water	 molecules	 are	 interfacial	 water	

molecules,	and	76%	of	these	are	water	molecules	that	mediate	interactions	between	the	

protein	and	ligand,	indicating	that	water	molecules	play	a	significant	role	in	stabilizing	

protein-ligand	 interactions	(152).	These	water-mediated	 interactions	can	be	as	strong	

as	direct	protein-ligand	interactions	(153).				

	

When	 investigating	 the	 effect	 of	 water	 molecules	 in	 protein-ligand	 interfaces,	 it	 is	

important	 to	 firstly	 determine	 the	 positions	 and	 orientations	 of	 the	 bound	 water	

molecules.	 High-resolution	 crystal	 structures	 (better	 than	 2.0	 Å)	 allow	 reliable	

discrimination	of	water	molecules	(151).	The	combined	use	of	crystallographic	data	and	

molecular	modeling	can	better	predict	water	interactions	in	protein-ligand	interactions	

(154).	

	

Given	 that	 water	 molecules	 in	 ligand	 binding	 site	 of	 proteins	 can	 form	 a	 major	

component	 of	 the	 drug	 design	 process,	 the	 ability	 of	 computational	 methods	 and	
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programs	 to	 accurately	 predict	 whether	 a	 water	 molecule	 is	 displaced	 upon	 ligand	

binding,	 or	whether	 it	mediates	 interactions	between	 the	 ligand	 and	 the	protein	 is	 of	

great	 importance.	 Cappel	 et	al.	 investigated	 the	 ability	 of	 docking	 programs	 including	

GOLD	to	correctly	predict	the	retention	or	replacement	of	water	molecules	at	the	ligand	

binding	site	of	cytochrome	c	peroxidase.	Their	results	demonstrated	that	good	results	

were	obtained	with	GOLD	when	predicting	the	ligand	binding	mode	and	whether	water	

molecules	 are	 retained	 or	 displaced	 in	 the	 binding	 site,	 especially	 when	 there	 are	

preselections	of	water	based	on	crystallographic	data	or	MD	simulations	(154).		

	

These	 clearly	 show	 that	 water	 molecules	 play	 a	 significant	 role	 in	 protein-ligand	

interactions,	and	therefore	the	inclusion	of	water	molecules	 in	the	active	site	needs	to	

be	considered	in	the	drug	design	process.	For	this	project,	the	program	Superstar	(155,	

156)	 was	 used	 to	 predict	 potential	 binding	 sites	 of	 water	 oxygen	 atoms	 using	 the	

Protein	Data	Bank	(PDB)	database.		

	

1.8 Research	aims	

Class	 I	PI3K	plays	a	central	role	 in	the	development	of	many	cancers	and	have	been	a	

major	 target	 for	 anticancer	 drug	 discovery.	 The	 PI3Kα	 isoform	 is	most	 implicated	 in	

cancer,	hence	selectively	targeting	PI3Kα	may	be	more	beneficial	and	have	less	adverse	

effects	 than	 targeting	 all	 the	 Class	 I	 PI3K	 isoforms.	 In	 addition	 to	 studying	 how	ATP-

competitive	small	molecule	inhibitors	can	block	the	catalytic	activity	of	the	enzyme	and	

hence	 stop	 the	 PI3K	 signaling	 pathway,	 it	 is	 also	 important	 to	 investigate	 the	 effect	

small	 molecule	 inhibitors	 have	 on	 the	 interaction	 of	 PI3K	 with	 the	 lipid	 membrane,	

where	its	substrate	PIP2	is	located.	Finally,	the	release	of	the	PI3Kα	crystal	structure	in	

complex	with	the	inhibitor	PIK-108	(PDB:	4A55)	revealed	an	alternative	pocket	 in	the	

C-terminus	of	 the	kinase	domain.	This	 sparked	 interest	 in	 investigating	 the	 functional	

effects	 of	 small	 molecules	 predicted	 to	 bind	 to	 this	 pocket,	 and	 whether	 this	 newly	

discovered	pocket	can	be	a	potential	target	for	allosteric	modulation	of	PI3Kα.	

	

The	project	is	divided	into	three	areas,	with	specific	aims	for	each	area	listed	below.	

1. The	design	of	new	PI3Kα	selective	inhibitors:	
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v To	 design	 new	 PI3Kα	 selective	 inhibitors	 by	 fusing	 different	 chemotypes	 of	

known	inhibitors,	and	thereby	understand	the	contribution	of	different	chemical	

units	to	selectivity	and	potency.		

v To	 model	 water	 molecules	 into	 the	 active	 site	 of	 PI3Kα	 and	 use	 molecular	

docking	 to	 predict	 binding	 modes	 and	 protein-ligand	 interactions	 of	 newly	

designed	inhibitors.	

v To	 examine	 the	 selectivity	 and	 potency	 of	 PI3Kα	 inhibitors	 using	 biochemical	

assays	and	cell	line	models.	

	

2. PI3Kα-membrane	interactions:	

v To	 investigate	whether	ATP-competitive	 small	molecule	 inhibitors	 of	 PI3K	 can	

affect	how	PI3Kα	interacts	with	the	lipid	membrane	using	biophysical	methods.	

v To	 investigate	 whether	 known	 small	 molecule	 inhibitors	 of	 the	 coagulation	

factor	V	and	factor	VIII	C2	domain-membrane	interaction	can	affect	how	PI3Kα	

interacts	with	the	lipid	membrane.	

	

3. An	alternative	pocket	in	PI3Kα	

v To	 explore	 the	 effect	 of	 small	 molecule	 inhibitors	 predicted	 to	 bind	 to	 the	

alternative	 pocket	 in	 PI3Kα	 on	 the	 function	 of	 PI3K	 using	 biochemical	 assays,	

biophysical	assays,	and	cell	line	models.		
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2 Materials	and	Methods	
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2.1 	Materials	

2.1.1 Chemicals	and	reagents	

Chemicals	 and	 reagents	 used	 for	 experiments	 in	 this	 thesis	 are	 listed	 in	 Table	 2.1.	

Primary	 antibodies	 used	 for	 experiments	 in	 this	 thesis	 are	 listed	 in	 Table	 2.2,	 and	

secondary	antibodies	are	listed	in	Table	2.3	

	

Table	2.1	List	of	chemicals	and	reagents	
Reagent	 Company	 Catalog	number	
Acetic	acid	 Global	Science	VWR,	

Radnor,	Pennsylvania,	USA.	
VWR20104.323	

Acrylamide	(40%)	 Biorad	laboratories,	Inc.,	
Hercules,	CA,	USA.	

161-0148	

AEBSF	 Sigma	Aldrich,	St	Louis,	MO,	
USA	

A8456	

ALLN	 Calbiochem,	San	Diego,	CA,	
USA.	

208719	

Aminopropylsilane	(APS)	
Biosensors		

ForteBIO,	Menlo	Park,	
California,	USA.	

18-5045	

Ammonium	persulfate	
(APS)	

Sigma	Aldrich,	St	Louis,	MO,	
USA	

A3678	

Aprotinin	 Calbiochem,	San	Diego,	CA,	
USA.	

616370	

Bovine	serum	albumin	
(BSA)	

Gibco,	New	Zealand	Ltd.,	
Auckland,	New	Zealand	

30063-572	

Brilliant	Blue	R	 Sigma	Aldrich,	St	Louis,	MO,	
USA	

B7920	

Bromophenol	blue	 Sigma	Aldrich,	St	Louis,	MO,	
USA	

B5525	

3-[(3-Cholamidopropyl)	
dimethylammonio]-1-
propanesulfonate	(CHAPS)	

Sigma	Aldrich,	St	Louis,	MO,	
USA	

C5070	

Chicken	egg	white	albumin	 Sigma	Aldrich,	St	Louis,	MO,	
USA	

A7642	
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Reagent	 Company	 Catalog	number	
Chloroform	 Sigma	Aldrich,	St	Louis,	MO,	

USA	
C2432	

Cholesterol	 Avanti	Polar	Lipids,	
Alabaster,	Alabama,	USA.	

700000P	

Clarity	Western	ECL	
Substrate	

Biorad	laboratories,	Inc.,	
Hercules,	CA,	USA.	

170-5061	

Complete	EDTA	free	
protease	inhibitors	

Roche,	Basel,	Switzerland	 11697498001	

Dansyl-PS	 Avanti	Polar	Lipids,	
Alabaster,	Alabama,	USA.	

810225P	

Dimethy-sulphoxide	
(DMSO)	

Sigma	Aldrich,	St	Louis,	MO,	
USA	

D5879	

Dithiothreitol	(DTT)	 Biorad	laboratories,	Inc.,	
Hercules,	CA,	USA.	

161-0611	

Di-sodium	hydrogen	
phosphate	(Na2HPO4)	

Scharlau	Laboratory	
Chemicals,	Barcelona,	
Spain.	

SO03371000	

EDTA	 Scharlau	Laboratory	
Chemicals,	Barcelona,	
Spain.	

AC09650500	

EGTA	 Sigma	Aldrich,	St	Louis,	MO,	
USA	

E4378	

Ethanol	(absolute,	analytical	
grade)	

Merk	Millipore,	Billerica,	
Massachusetts,	USA.	

100983	

Fetal	bovine	serum	(FBS)	 Moregate	Biotech,	
Queensland,	Australia	

48827103	

Hepes	 Sigma	Aldrich,	St	Louis,	MO,	
USA	

H4034	

HTRF	kit	 Merk	Millipore,	Billerica,	
Massachusetts,	USA.	

33-016	

Hydrochloric	acid	(HCl)	
37%	

Merk	Millipore,	Billerica,	
Massachusetts,	USA.	

100317.25	

γ33P-ATP	 Perkin	Elmer,	Waltham,	
Massachusetts,	USA.		

NEG602H001MC	

Glutathione	 Sigma	Aldrich,	St	Louis,	MO,	
USA	

G4251	

Glycerol	 Sigma	Aldrich,	St	Louis,	MO,	
USA	

G6279	

Glycine	 Sigma	Aldrich,	St	Louis,	MO,	
USA	

G7126	
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Reagent	 Company	 Catalog	number	
Imidazole	 Merk	Millipore,	Billerica,	

Massachusetts,	USA.	
1.04716.1000	

Insulin	 Sigma	Aldrich,	St	Louis,	MO,	
USA	

I1882	

Leupeptin	 Sigma	Aldrich,	St	Louis,	MO,	
USA	

L8511	

Magnesium	chloride	(MgCl2)	 Sigma	Aldrich,	St	Louis,	MO,	
USA	

M3624	

2-Mercaptoethanol	 Sigma	Aldrich,	St	Louis,	MO,	
USA	

M3148	

MonoQ	column	5/50	GL	 GE	Healthcare,	Little	
Chalfont,	UK.	

GE17-5166-01		

Nitrocellulose	membrane	 Biorad	laboratories,	Inc.,	
Hercules,	CA,	USA.	

162-0115	

Nonidet	P40	(NP40)	
substitute	

Sigma	Aldrich,	St	Louis,	MO,	
USA	

74385	

NP-40alt	 Calbiochem,	San	Deigo,	CA,	
USA	

492016	

Octyl	β-D-glucopyranoside		 Sigma	Aldrich,	St	Louis,	MO,	
USA	

O8001	

Ortho-phosphoric	acid	 Merk	Millipore,	Billerica,	
Massachusetts,	USA.	

1005731000	

RNAseA	 Roche,	Basel,	Switzerland	 10	109	142001	
Pierce	BCA	Protein	Assay	
Kit	

Thermo	Scientific,	
Waltham,	Massachusetts,	
USA.	

23225	

Penicillin/Streptomycin	 Gibco,	New	Zealand	Ltd.,	
Auckland,	New	Zealand	

10378-016	

Pepstatin	 Calbiochem,	San	Deigo,	CA,	
USA	

516451	

Pharmacia	Hi-trap	desalting	
column	

GE	Healthcare,	Little	
Chalfont,	UK.	

29-0486-84	

Phosphopeptide	(pY)	 EZBiolab,	Carmel,	IN,	USA	 Custom	
Porcine	brain	
phosphatidylcholine	(PC)	

Avanti	Polar	Lipids,	
Alabaster,	Alabama,	USA.	

840053P	

Porcine	brain	
phosphatidylethanolamine	
(PE)	

Avanti	Polar	Lipids,	
Alabaster,	Alabama,	USA.	

840022P	

Porcine	brain	
phosphatidylserine	(PS)	

Avanti	Polar	Lipids,	
Alabaster,	Alabama,	USA.	

840032P	

Porcine	brain	PIP2	 Avanti	Polar	Lipids,	
Alabaster,	Alabama,	USA.	

840046P	
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Reagent	 Company	 Catalog	number	
Porcine	brain	
sphingomyelin	

Avanti	Polar	Lipids,	
Alabaster,	Alabama,	USA.	

860062P	

Potassium	chloride	(KCl)	 Sigma	Aldrich,	St	Louis,	MO,	
USA	

P9541	

Potassium	phosphate	
(KH2PO4)	

Thermo	Scientific,	
Waltham,	Massachusetts,	
USA.	

BSPPL951.500	

Precast	4-15%	gradient	gel	 Biorad	laboratories,	Inc.,	
Hercules,	CA,	USA.	

567-8085	

Protein	molecular	weight	
marker	

Biorad	laboratories,	Inc.,	
Hercules,	CA,	USA.	

161-0374	

PVDF	membrane	 Merk	Millipore,	Billerica,	
Massachusetts,	USA.	

IPVH00010	

SDS	 Biorad	laboratories,	Inc.,	
Hercules,	CA,	USA.	

161-0302	

Sodium	chloride	(NaCl)	 Scharlau	Laboratory	
Chemicals,	Barcelona,	
Spain.	

SO0227005P	

Sodium	fluoride	(NaF)	 Sigma	Aldrich,	St	Louis,	MO,	
USA	

S6776	

Sodium	ortho	vanadate	 Sigma	Aldrich,	St	Louis,	MO,	
USA	

S6508	

Sodium	pyrophosphate	
tetrabasic	decahydrate	

Sigma	Aldrich,	St	Louis,	MO,	
USA	

S6422	

Sf9	cells	 Life	Technologies,	Carlsbad,	
California,	USA	

12659-017	

Talon-Co2+	Hi	Trap	
Superflow	column	

Clontech,	Mountain	View,	
CA,	USA	

635682	

TEMED	 Merk	Millipore,	Billerica,	
Massachusetts,	USA.	

1107320100	

Tris	 Invitrogen,	Carlsbad,	
California,	USA.	

15504-020	

Trypsin-EDTA	 Life	Technologies,	Carlsbad,	
California,	USA	

25200-072	

Tween-20	 Sigma	Aldrich,	St	Louis,	MO,	
USA	

T2700	
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Table	2.2	List	of	primary	antibodies.	
Antibody	 Company	 Catalog	number	
pAKT	(S473)		 Cell	Signaling	

Technology,	
Massachusetts,	USA.	

9271	

pAKT	(T308)		 Cell	Signaling	
Technology,	
Massachusetts,	USA.	

9275	

pS6	(S240/244)		 Cell	Signaling	
Technology,	
Massachusetts,	USA.	

2215	

pFOXO	(S256)	 Cell	Signaling	
Technology,	
Massachusetts,	USA.	

9461	

pCREB	(S133)	 Cell	Signaling	
Technology,	
Massachusetts,	USA.	

9198	

IKKalpha/beta	
(S180/181)	

Cell	Signaling	
Technology,	
Massachusetts,	USA.	

2681	

GSK3alpha/beta	
(pS21/9)	

Cell	Signaling	
Technology,	
Massachusetts,	USA.	

9331	

Total	AKT	(rabbit)	 Cell	Signaling	
Technology,	
Massachusetts,	USA.	

9272	

Total	AKT	(mouse)	 Cell	Signaling	
Technology,	
Massachusetts,	USA.	

2920	

Total	S6RBP	(5G10)	 Cell	Signaling	
Technology,	
Massachusetts,	USA.	

2217	

anti-β-Actin	
antibody,	Mouse	
monoclonal	

Sigma	Aldrich,	St	
Louis,	MO,	USA	

A1978	
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Table	2.3	List	of	secondary	antibodies.	
Antibody	 Company	 Catalog	number	
Polyclonal	goat	
anti-rabbit	
immunoglobulins-
HRP	(goat)	

Dako,	Santa	Clara,	
California,	USA.	

DAKP044801	

Anti-mouse	IgG-
peroxidase	
antibody	(rabbit)	

Sigma	Aldrich,	St	Louis,	
MO,	USA	

A9044	

	

2.2 	Methods	

2.2.1 	Molecular	modeling	

2.2.1.1 	Ligand	preparation	
All	 ligands	were	 created	 using	 the	 SKETCHER	module	 in	 SYBYLX2.1.1	 (Tripos)	 and	 a	

single	 3D	 conformer	 was	 generated	 using	 CONCORDv6.3.1	 (as	 implemented	 in	

SYBYLX2.1.1).	 The	 ligands	 were	 then	 minimized	 using	 the	 MAXMIN	 module	 within	

SYBYLX2.1.1	 using	 the	 Conjugate	 Gradient	 method	 with	 the	 Tripos	 force	 field	 and	

Gasteiger-Marsili	 charges.	 Minimization	 was	 performed	 until	 convergence	 at	 0.05	

kcal/(mol.A).	The	distance-dielectric	function	was	used,	with	the	dielectric	constant	set	

to	1.	

2.2.1.2 	Molecular	docking	

Molecular	docking	was	performed	using	GOLDv5.2	(132).		

2.2.1.2.1 ATP	pocket	

The	 human	 PI3Kα	 crystal	 structure	 (PDB	 entry	 2RD0)	 was	 prepared	 for	 docking	 by	

modifying	 the	 side	 chain	 orientations	 of	 amino	 acids	 Q60,	 Q137,	 N145,	 H213,	 Q269,	

Q630,	H701,	H759,	and	Q1014	based	on	MolProbity	analysis	(157).	Of	these,	H701	and	

H759	were	 part	 of	 the	 docking	 site,	 defined	 as	 an	 18	Å	 cavity	 centered	 on	 I800	 CD1	

atom,	 and	 the	 scoring	 function	 used	 was	 ChemScore	 modified	 for	 use	 with	 kinases	

(158).	 All	 protein	 and	 ligand	 atom	 types	were	 generated	 automatically	within	 GOLD.	

Protein	hydrogen	bond	constraints	were	used	for	docking	all	the	compounds	in	Chapter	

3.	All	compounds	except	GSK2126458	had	constraints	with	the	backbone	amide	of	V851	
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and	the	side	chain	carboxamide	group	of	Q859.	GSK2126458	used	constraints	with	the	

backbone	amide	of	V851	and	the	side	chain	amine	of	K802.	The	constraint	weight	was	

set	 at	 10	 with	 a	 minimum	 hydrogen	 bonding	 geometry	 weight	 of	 0.005.	 Ligand	

flexibility	settings	were	kept	as	default	except	for	the	Ring-NH2	and	Ring-NR1R2	terms,	

these	were	set	to	flip.	The	Genetic	Algorithm	run	was	set	at	20	for	each	ligand,	a	search	

efficiency	of	200%	was	used,	and	20	poses	were	kept	per	 ligand.	All	poses	were	 then	

rescored	 using	 ChemScore,	 and	 this	 included	 a	minimization	 step.	 The	 side	 chains	 of	

ATP	binding	site	amino	acids	K776,	 I800,	K802,	D810,	Y836,	and	D933	were	set	 to	be	

flexible,	with	movement	restricted	to	the	rotamer	library	available	in	GOLD	v5.2.	

	

2.2.1.2.2 Alternative	pocket	

The	 4A55	 crystal	 structure	 was	 prepared	 for	 docking	 by	 modifying	 the	 side	 chain	

orientations	 of	 amino	 acids	 Q205,	 Q731,	 N756,	 and	 Q809	 according	 to	 MolProbity	

analysis	(157),	and	ligands	from	the	crystal	structure	were	extracted.	The	docking	site	

was	defined	as	a	10	Å	cavity	centered	on	the	PIK-108	ligand	in	the	alternative	pocket.	

The	scoring	function	used	was	ChemPLP,	and	the	ligands	were	rescored	with	GoldScore.	

All	 protein	 and	 ligand	 atom	 types	were	 generated	 automatically	within	GOLD.	 Ligand	

flexibility	settings	were	kept	as	default	except	for	the	Ring-NH2	and	Ring-NR1R2	terms,	

these	were	set	to	flip.	The	Genetic	Algorithm	run	was	set	at	10	for	each	ligand,	a	search	

efficiency	of	100%	was	used,	and	10	poses	were	kept	per	ligand.	

	

2.2.1.3 Modeling	of	water	molecules	in	the	ATP	binding	site	

Two	protocols	were	used	to	model	water	molecules	 in	 the	PI3Kα	active	site.	Firstly,	a	

propensity	map	for	the	PDB	entry	2RD0	was	generated	by	Superstar	2.1.2	(CCDC)	for	a	

water	 oxygen	 probe,	 and	 a	 water	 molecule	 was	 positioned	 at	 the	 map	 peak	 in	 the	

affinity	 site	close	 to	amino	acids	Y836,	D810,	and	D933.	Secondly,	water	molecules	 in	

agreement	with	 the	propensity	map	were	extracted	 from	other	PI3K	PDB	entries	and	

included	 in	 the	 2RD0	 based	 docking	 receptor.	 All	 PI3K	 entries	 in	 the	 PDB	 were	

examined	 for	 the	 presence	 of	 water	 molecules	 in	 the	 ATP	 binding	 site	 around	 the	

affinity	 pocket.	 PDB	 entries	 2WXF	 (p110δ),	 3L54	 (p110γ)	 and	 4DK5	 (p110γ)	 were	

identified	 and	 then	 superimposed	 onto	 2RD0	 using	 the	 kinase	 domain	 only.	 Water	
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molecules	were	used	in	the	docking	calculations	individually	and	allowed	to	move	up	to	

either	1	Å	or	2	Å	from	its	original	position.	

	

2.2.2 	Protein	synthesis	

2.2.2.1 	Sf9	cells	
Sf9	 cells	 were	 cultured	 and	 transfected	 by	 Dr.	 James	 Dickson.	 For	 PI3Kα,	 β	 and	 δ	

production,	 recombinant	 baculovirus	 were	 designed	 containing	 coding	 sequences	 for	

both	the	full-length	p85α	regulatory	subunit	and	either	of	the	full-length	p110α,	β	or	δ	

subunits.	 For	 PI3Kγ	 production,	 recombinant	 baculovirus	 contained	 the	 coding	

sequence	for	the	p110γ	catalytic	subunit	alone.	These	baculoviruses	were	used	to	infect	

Sf9	 cells	 at	 a	 ratio	 of	 virus	 stock	 to	 cell	 culture	 volume	 empirically	 determined	 to	

produce	maximal	protein	expression	after	72	hours.	Cell	cultures	were	then	centrifuged	

at	666	xg	for	5	minutes	at	4	°C,	and	the	pellets	were	resuspended	in	an	equal	volume	of	

25	mM	Tris,	137	mM	NaCl,	pH	8.0,	flash	frozen	in	liquid	nitrogen	and	stored	frozen	at	-

20	°C.	

	

2.2.2.2 	Protein	purification	
The	frozen	cell	material	was	lysed	at	room	temperature	with	gentle	agitation	after	1:1	

addition	 of	 hypotonic	 lysis	 buffer	 (25	 mM	 Tris	 pH	 8.0,	 0.5%	 NP-40	 alternative	 and	

Complete	EDTA-free	protease	 inhibitors	 (1	 inhibitor	 tablet	per	50	mL	volume)).	Lysis	

was	assessed	by	light	microscopy	before	clarification	by	centrifugation	at	20,000	xg	for	

30	 minutes	 at	 4	 °C.	 	 The	 supernatant	 was	 removed	 and	 adjusted	 to	 give	 a	 final	

concentration	of	5%	v/v	glycerol,	150	mM	NaCl,	7.5	mM	imidazole	and	20	µg/ml	RNAse,	

and	 then	 passed	 through	 a	 0.45	 µm	 filter.	 Talon-Co2+	 resin	 beads	 were	 prepared	 by	

centrifugation	at	400	xg	for	5	minutes,	ethanol	was	removed	and	a	slurry	was	made	up	

to	 10	mL	with	MilliQ	water.	 The	 beads	were	mixed	 for	 60	minutes	 on	 a	 360	 degree	

rotating	mixer	at	4	°C.	Water	was	removed	and	the	resin	beads	were	then	added	to	the	

lysate	solution	and	mixed	for	another	60	minutes	at	4	°C	before	being	transferred	into	a	

disposable	column.	The	Talon-Co2+	resin	column	was	pre-equilibrated	with	wash	buffer	

A	(25	mM	Tris	pH	8.0,	100	mM	NaCl,	5%	v/v	glycerol,	7.5	mM	imidazole).	The	resin	was	

washed	with	ten	column	volumes	of	wash	buffer	B	(25	mM	Tris	pH	8.0,	150	mM	NaCl,	
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7.5	mM	imidazole	and	5%	glycerol).	Protein	was	eluted	 from	the	column	with	elution	

buffer	(25	mM	Tris	pH	8.0,	150	mM	NaCl,	150	mM	imidazole	and	5%	glycerol).	Eluted	

protein	was	dialyzed	overnight	 in	dialysis	buffer	(50	mM	Tris	pH	8.0,	100	mM	NaCl,	1	

mM	DTT	and	5%	glycerol)	at	4	°C	before	centrifugation	at	10,000	xg	for	10	minutes	at	4	

°C	 to	 remove	 any	 precipitated	material.	 In	 between	 processing	 steps	 the	 supernatant	

was	kept	on	ice.	The	GE	Healthcare	Hi-trap	desalting	column	was	prepared	by	washing	

with	MilliQ	water	for	10	minutes,	and	then	equilibrated	with	at	least	10	mL	of	low	salt	

buffer	(50	mM	Tris	pH	8.0,	25	mM	NaCl,	5%	glycerol,	1	mM	DTT).	The	protein	was	then	

desalted	 by	 loading	 1.4	 mL	 of	 protein	 followed	 by	 2	mL	 of	 low	 salt	 buffer,	 with	 the	

collection	 of	 this	 flow-through.	 The	 column	was	 then	washed	with	 10	mL	 of	 low	 salt	

buffer	before	repeating	the	process.		

	

The	desalted	protein	was	applied	to	a	MonoQ	column,	pre-equilibrated	 in	50	mM	Tris	

pH	8.0,	40	mM	NaCl,	1	mM	DTT,	5%	glycerol,	and	fractionated	over	a	gradient	from	40-

200	 mM	 NaCl	 in	 the	 same	 buffer.	 The	 fractions	 were	 collected	 and	 the	 protein	

concentration	determined	by	Nanodrop.	Protein	was	 then	aliquoted	and	stored	at	 -80	

°C.	

	

2.2.3 Lipid	vesicle	preparation	
Lipid	 components	were	dissolved	 in	 chloroform	and	 the	 aliquots	were	 kept	 at	 -80	 °C	

until	 required.	 Liposomes	 were	 prepared	 by	 mixing	 the	 lipid	 components	 at	 stated	

ratios	and	then	evaporating	the	solvent	under	a	stream	of	nitrogen	gas.	The	remaining	

lipid	 film	 was	 dried	 under	 a	 vacuum	 for	 2	 hours,	 then	 resuspended	 in	 either	 Tris	

liposome	buffer	(20	mM	Tris	pH	7.5,	100	mM	KCl	and	1	mM	EGTA)	or	Hepes	liposome	

buffer	 (20	mM	Hepes	 pH	 7.5,	 100	mM	KCl	 and	 1	mM	EGTA)	 followed	 by	 continuous	

vortexing	 for	 3	 minutes,	 then	 sonication	 in	 a	 water	 bath	 for	 2	 minutes	 at	 room	

temperature.	 The	 lipid	 solution	 was	 then	 subjected	 to	 11	 freeze-thaw	 cycles	 of	 snap	

freezing	in	liquid	nitrogen	followed	by	thawing	in	a	42	oC	water	bath.	Liposomes	were	

then	 created	by	extruding	11	 times	 through	a	100	nm	 filter,	 frozen	 in	 liquid	nitrogen	

and	stored	at	-80	°C.	They	were	thawed	at	room	temperature	before	use.	
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2.2.4 	Determination	of	inhibitor	activity	

2.2.4.1 	HTRF	assay		

2.2.4.1.1 Enzyme	titration	

All	 enzymes	 were	 titrated	 with	 the	 PI3K	 homogenous	 time-resolved	 fluorescence	

(HTRF)	 assay	 according	 to	 the	manufacturer’s	 instructions	 (Millipore,	 #33-017),	 and	

used	 at	 their	 EC65.	 Different	 Class	 I	 PI3K	 isoforms	 and	 mutants	 were	 2-fold	 serially	

diluted	 from	 a	 starting	 concentration	 of	 2.5	 μM	with	 13.8	 μM	 PIP2.	 Enzymes	 (15	 μL,	

various	concentrations)	were	added	in	triplicate	to	a	384-well	plate.	PIP2	(15	μL	of	13.8	

μM)	was	 added	 to	 each	well	 of	 the	minus	 controls.	 The	 final	 concentration	 of	 PIP2	 in	

each	well	in	the	assay	was	10	μM.	The	plate	was	then	pre-incubated	for	10	minutes	at	

room	temperature.	After	the	pre-incubation,	5	μL	of	40	µM	ATP	was	added	to	each	well	

to	achieve	a	10	μM	final	ATP	concentration.	The	plate	was	then	centrifuged	at	400	rpm	

at	 room	 temperature	 for	 30	 seconds	 and	 then	 incubated	 for	 45	 minutes	 at	 room	

temperature.	After	 the	 incubation,	5	μL	of	STOP	solution	was	added	 to	each	well.	The	

plate	was	then	centrifuged	at	400	rpm	at	room	temperature	for	30	seconds.	Detection	

mix	(5	μL)	was	added	to	each	well,	and	the	plate	was	again	centrifuged	at	400	rpm	at	

room	temperature	for	30	seconds.	The	plate	was	incubated	at	room	temperature	for	3-

20	 hours	 in	 the	 dark,	 and	 then	 read	 using	 a	 BioTek	 Synergy	 2	 multi-mode	 reader	

equipped	with	the	following	filters	and	settings:	

Excitation:	330-80	nm	(Filter:	360/40)	

Emission:	665	and	620	nm	(Filter:	665/7	and	620/40).		

Counting	delay:	50	μsec	

Integration	window:	400	μsec	

The	HTRF	ratio	was	determined	by:	(EM	665nm/	EM	620nm)	x	10000	

EC65	 was	 generated	 with	 GraphPad	 Prism	 6,	 nonlinear	 regression	 (curve	 fit),	

log(agonist)	vs.	response	–	Find	ECanything,	with	F	constraint	set	to	35.		

	

2.2.4.1.2 IC50	generation	

PI3K	 HTRF	 assays	 were	 performed	 to	 determine	 the	 IC50	 of	 the	 potential	 inhibitors	

based	on	the	manufacturer’s	instructions.	Inhibitor	(0.5	μL)	in	100%	DMSO	was	added	

to	each	well	of	a	384-well	plate	in	triplicate.	DMSO	(0.5	μL)	was	added	to	minus	enzyme	
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and	plus	enzyme	controls,	final	DMSO	%	in	the	assay	was	2.5%.	The	enzymes	were	used	

at	 EC65	 concentration	 and	 made	 up	 in	 13.8	 μM	 of	 PIP2	 before	 15	 μL	 of	 the	 enzyme	

solution	was	added	to	each	well	with	inhibitor	and	the	plus	enzyme	controls.	PIP2	(15	

μL	of	13.8	μM)	was	added	to	each	well	of	the	minus	controls.	The	final	concentration	of	

PIP2	in	the	assay	was	10	μM.	The	plate	was	then	pre-incubated	for	10	minutes	at	room	

temperature.	After	 the	pre-incubation,	 5	 μL	 of	 40	µM	ATP	was	 added	 to	 each	well	 to	

achieve	a	10	μM	final	ATP	concentration.	The	plate	was	then	centrifuged	at	400	rpm	at	

room	 temperature	 for	 30	 seconds,	 and	 then	 incubated	 for	 45	 minutes	 at	 room	

temperature.	After	 the	 incubation,	5	μL	of	STOP	solution	was	added	 to	each	well.	The	

plate	was	then	centrifuged	at	400	rpm	at	room	temperature	for	30	seconds.	Detection	

Mix	(5	μL)	was	added	to	each	well,	and	the	plate	was	again	centrifuged	at	400	rpm	at	

room	temperature	for	30	seconds.	The	plate	was	incubated	at	room	temperature	for	3-

20	hours	in	the	dark.	The	plate	was	read	with	the	same	settings	as	in	Section	2.2.4.1.1.	

	
Figure	 2.1	 Plate	 layout	 for	 screening	 inhibitors	 with	 the	 HTRF	 assay.	 Inhibitors	
were	 tested	 with	 3	 replicates.	 Plus	 and	 minus	 enzymes	 had	 8	 and	 12	 replicates	
respectively	per	plate.	The	figure	shows	part	of	a	384-well	plate.		
	

The	HTRF	ratio	was	determined	by:	(EM	665nm/	EM	620nm)	x	10000	

And	the	percentage	control	(activity)	was	determined	by:	

%	𝐶𝑜𝑛𝑡𝑟𝑜𝑙 =
𝑆𝑎𝑚𝑝𝑙𝑒 − 𝑀𝑖𝑛𝑢𝑠	𝑒𝑛𝑧𝑦𝑚𝑒

𝑃𝑙𝑢𝑠	𝑒𝑛𝑧𝑦𝑚𝑒 −𝑀𝑖𝑛𝑢𝑠	𝑒𝑛𝑧𝑦𝑚𝑒 ´	100	

IC50	 were	 then	 generated	 with	 GraphPad	 Prism	 6,	 nonlinear	 regression	 (curve	 fit),	

log(inhibitor)	vs.	response	–	Variable	slope	(four	parameters)	with	constraints	set	at	0	

(bottom)	and	100	(top).		
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2.2.4.2 	Protein	kinase	assay	
Inhibitors	(in	100%	DMSO)	were	diluted	in	protein	kinase	non-ATP	buffer	(50	mM	NaCl,	

5	mM	MgCl2,	20	mM	Tris,	0.1	mM	Na-orthovanadate,	5	mM	DTT)	and	DMSO	if	required	

to	2X	 final	desired	concentrations	 (20%	DMSO).	Various	enzymes	 (1	μL	of	0.5	μg/μL)	

and	8	μL	inhibitor	were	added	to	each	reaction	tube.	ATP	mixture	was	prepared	(50	mM	

NaCl,	5	mM	MgCl2,	20	mM	Tris,	0.1	mM	Na-orthovanadate,	12	μM	ATP,	5	mM	DTT,	2	μCi	

γ33P-ATP)	and	8	μL	were	added	to	each	reaction	tube.	Final	DMSO	concentration	in	the	

assay	was	 10%.	 From	 this	 point	 on	 all	 tubes	were	 radioactive	 and	 contain	 γ33P-ATP,	

therefore	the	experiment	was	carried	out	in	a	radioactive	room	and	care	was	taken	to	

increase	distance	and	shielding	from	the	tubes.	Reaction	tubes	were	incubated	at	32	°C	

for	20	minutes,	and	the	reactions	were	then	terminated	with	5	μL	of	5X	electrophoresis	

sample	 buffer	 (25	 mM	 Tris	 pH	 6.8,	 10%	 SDS	 (w/v),	 0.1%	 Bromophenol	 blue	 (w/v),	

glycerol	50%	(v/v),	and	8%	DTT	(w/v))	and	then	completely	denatured	at	99°C	 for	5	

minutes.	The	components	were	separated	by	SDS-PAGE	as	in	Section	2.2.6.2.3	with	the	

exception	that	gels	were	poured	into	1	mm	thickness	gels.	The	gels	were	then	stained	

with	 Coomassie-blue	 (0.08%	 Coomassie	 Brilliant	 Blue	 G250,	 1.6%	 ortho-phosphoric	

acid,	8%	ammonium	sulfate,	20%	methanol)	overnight	at	room	temperature,	and	then	

destained	in	dH2O	for	1-2	hours.	The	gel	was	then	incubated	at	room	temperature	in	gel	

drying	buffer	(5%	glycerol	and	15%	methanol)	for	15	minutes,	dried	between	2	layers	

of	cellophane	overnight,	and	then	analyzed	with	autoradiography	(Molecular	Dynamics	

Storm	680	PhosphorImager)	and	quantified	using	ImageQuantTL	software.	The	results	

were	graphed	with	GraphPad	Prism	6.		

	

2.2.4.3 	Lipid	kinase	assay	with	liposomes	

The	lipid	kinase	activity	was	determined	using	a	modified	membrane	capture	assay	by	

measuring	 the	 production	 of	 33P-labeled	 PIP3	 (159).	 Liposomes	 were	 prepared	 as	 in	

Section	2.2.3	with	PIP2:	PS:	PE:	PC:	Cholesterol:	Sphingomyelin	in	the	ratio	of	5:	20:	45:	

15:	10:	5	(160).	Each	reaction	point	consisted	of	0.025	μg	of	PI3K	in	4	μL	 lipid	kinase	

buffer	 (40	mM	Tris-Cl,	 200	mM	NaCl,	 1	mM	EDTA,	 pH	 7.4),	 Liposomes	 (4	 μL	 of	 0.42	

μg/μL	)	in	Tris	liposome	buffer	(20	mM	Tris	pH	7.5,	100	mM	KCl	and	1	mM	EGTA),	2	μL	

of	inhibitors	at	stated	concentrations	(5%	DMSO	final),	and	10	μL	ATP	mix	(5	mM	MgCl2,	

10	μM	ATP,	1	μCi	γ33P-ATP)	were	added	 to	give	a	 final	 reaction	volume	of	20	μL.	The	
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reaction	was	allowed	to	proceed	for	60	minutes	at	room	temperature	before	stopping	it	

with	2	μL	of	110	mM	EDTA	(10	mM	final).	The	solution	(10	μL)	was	then	spotted	onto	a	

nitrocellulose	 membrane	 (0.45	 μM)	 and	 air	 dried.	 The	 membrane	 was	 washed	 with	

three	rapid	washes	followed	by	three	20	minute	washes	with	wash	buffer	(1	M	NaCl,	1%	

(v/v)	 ortho-phosphoric	 acid)	 and	 then	 air	 dried	 before	 being	 analyzed	 with	

autoradiography	 (Molecular	 Dynamics	 Storm	 680	 PhosphorImager)	 and	 quantified	

using	ImageQuantTL	software.	The	results	were	graphed	using	GraphPad	Prism	6.		

	

2.2.5 	Determination	of	inhibitor	binding	

2.2.5.1 	FRET	membrane	binding	assay	

Liposomes	 were	 prepared	 as	 in	 Section	 2.2.3	 with	 PIP2:	 PS:	 PE:	 PC:	 Cholesterol:	

Sphingomyelin:	Dansyl	PS	 (Avanti	polar	 lipids)	 in	 the	 ratio	of	5:	20:	35:	15:	10:	5:	10	

(43).			

2.2.5.1.1 Enzyme	titration	

Enzyme	 solutions	 were	 titrated	 in	 the	 presence	 or	 absence	 of	 10	 minutes	 pre-

incubation	 with	 10	 μM	 pY	 (ESDGG(pY)MDMSKDESID(pY)VPMLDMKGDIKYADIE).	 The	

enzymes	were	then	2-fold	serially	diluted	with	dilution	buffer	(30	mM	Hepes	pH	7.5,	50	

mM	 NaCl)	 from	 a	 starting	 concentration	 of	 2	 μM.	 Liposome	 stock	 (2	 mg/mL)	 was	

diluted	to	100	μg/mL	in	dilution	buffer.	Liposomes	(5	μL)	were	then	mixed	with	5	μL	

protein	 per	 well	 in	 a	 384-well	 plate	 (final	 highest	 concentration	 of	 protein	 in	 the	

titration	was	1	μM	and	the	final	concentration	of	liposomes	was	50	μg/mL).	The	mixture	

was	 allowed	 to	 equilibrate	 at	 room	 temperature	 for	 10	minutes.	 The	 reactions	 were	

measured	 using	 a	 PHERAStar	HTS	microplate	 reader	 (BMG	 Labtech)	 using	 a	 280	 nm	

excitation	filter	with	350	nm	and	520	nm	emission	filters	to	measure	Trp	and	Dansyl-PS	

FRET	 emissions	 respectively.	 FRET	 signal	was	 shown	 as	 I-I0	 (intensity	 at	 520	 nm	 for	

protein	solution	–	intensity	at	520	nm	for	lipid	only	solution).	Data	was	then	analyzed	

with	GraphPad	Prism	6	using	a	one	site	specific	binding	curve.		
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2.2.5.1.2 	Compound	testing		

Compounds	were	 solubilized	 in	 100%	DMSO	and	diluted	 to	 10%	DMSO	with	dilution	

buffer,	 before	 being	 serially	 diluted	 to	 desired	 concentrations	 in	 dilution	 buffer	 with	

10%	DMSO	(so	that	DMSO	content	remains	at	10%	in	all	the	concentrations).	Based	on	

the	 titration	 results,	 PI3Kα	 WT	 was	 pre-incubated	 with	 10	 μM	 pY	 for	 10	 minutes,	

whereas	PI3Kα	H1047R	was	not	pre-incubated	with	pY.	Compound	(2	μL)	was	added	to	

5	μL	of	enzyme	(concentration	determined	by	enzyme	titration	in	Section	2.2.5.1.1)	in	a	

384-well	plate,	and	the	mixture	was	allowed	to	equilibrate	at	room	temperature	for	10	

minutes	on	a	SeaStar	Digital	Orbital	Shaker	(Diversified	Biotech)	at	100	rpm	with	a	seal	

on	 the	plate	 to	prevent	 liquid	 from	splashing	out	of	 the	wells.	Liposome	 (3	μL	of	167	

μg/mL)	 was	 then	 added	 to	 the	 mixture,	 and	 the	 plate	 was	 equilibrated	 at	 room	

temperature	 for	 another	 10	minutes	 before	 read	 using	 a	 PHERAStar	 HTS	microplate	

reader	(BMG	Labtech)	with	280	nm	excitation	filter	and	350	nm	and	520	nm	emission	

filters	 to	 measure	 Trp	 and	 Dansyl-PS	 FRET	 emissions	 respectively.	 FRET	 signal	 was	

shown	as	 I-I0	 (intensity	at	520	nm	for	protein	solution	–	 intensity	at	520	nm	for	 lipid	

only	 solution).	 Data	 was	 then	 graphed	 and	 analyzed	 with	 GraphPad	 Prism	 6.	 With	

experiments	involving	compounds,	the	compound	only	signal	was	subtracted.	

	

2.2.5.2 	BLI	membrane	binding	assay	

Biolayer		Interferometry	experiments	were	carried	out	with	a	BLItz®	System	(ForteBIO)	

using	 aminopropylsilane	 (APS)	 biosensors.	 The	 APS	 biosensors	 (ForteBIO	 #18-5045)	

were	hydrated	for	15-20	minutes	in	Tris	liposome	buffer	(20	mM	Tris	pH	7.5,	100	mM	

KCl	and	1	mM	EGTA	).	The	program	option	used	was	Advanced	Kinetics.	Two	protocols,	

A	and	B	were	used	for	this	thesis.		

	

For	 protocol	 A,	 liposome	 membrane	 preparation	 was	 performed	 using	 a	 2	 mg/mL	

liposome	solution	in	Tris	liposome	buffer	of	the	same	composition	as	detailed	in	Section	

2.2.5.1.	APS	biosensors	were	soaked	 in	 liposome	solution	using	a	4	μL	sample	holder,	

and	binding	was	monitored	for	500	seconds	after	a	30	seconds	baseline	recording.	This	

was	repeated	8	times.	The	liposome	bound	biosensor	tips	were	blocked	with	2	mg/mL	

chicken	egg	white	albumin	dissolved	in	Tris	liposome	buffer	in	the	tube	holder	for	4000	

seconds.	Full	 length	PI3Kα	WT	or	PI3Kα	H1047R	was	diluted	with	protein	Tris	buffer	
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(50	mM	Tris	pH	8,	140	mM	NaCl,	5%	glycerol	 (v/v),	1	mM	DTT).	pY	and	 inhibitor,	or	

DMSO	only	were	also	added	to	achieve	a	final	protein	concentration	of	200	μg/ml,	a	pY	

concentration	of	10	μM,	and	DMSO	content	of	5%,	the	mixture	was	preincubated	on	ice	

or	at	room	temperature	for	10-20	minutes	prior	to	the	protein	association	experiments.	

The	liposome	bound	biosensors	were	first	dipped	in	protein	Tris	buffer	containing	5%	

DMSO	 for	 30	 seconds	 to	 set	 an	 initial	 baseline,	 and	 then	 transferred	 to	 the	 protein	

solution	 in	 the	presence	or	 absence	of	 inhibitor.	 Protein	 association	was	 followed	 for	

300	seconds,	and	then	the	biosensors	were	dipped	in	protein	Tris	buffer	with	5%	DMSO	

again	 for	 60	 seconds	 for	 protein	 dissociation.	 The	 results	 of	 liposome	 loading	 and	

protein	 association	 were	 then	 analyzed	 and	 graphed	 using	 GraphPad	 Prism	 6.	

Accumulation	of	 liposome	 loading	over	8	runs	was	calculated,	and	protein	association	

was	 shown	 either	 in	 real	 time	 or	 as	 the	 total	 association	 at	 the	 end	 of	 300s	 as	 the	

wavelength	shift	in	nm.		

	

For	protocol	B,	liposomes	were	used	at	0.5	mg/mL	and	loaded	in	a	single	500	seconds	

run	onto	the	APS	biosensor	using	the	drop	holder	after	an	initial	baseline	of	30	seconds	

followed	 by	 120	 seconds	 of	 dissociation	 in	 Tris	 liposome	 buffer.	 After	 another	 30	

seconds	 of	 baseline,	 the	 APS	 biosensor	was	 dipped	 into	 2	mg/mL	 chicken	 egg	white	

albumin	 in	Tris	 liposome	buffer	 for	500	seconds,	 followed	by	another	120	seconds	of	

dissociation.	Finally,	protein	pre-incubated	with	10	μM	pY	was	associated	onto	the	APS	

biosensor	for	300	seconds	after	a	30	seconds	baseline	in	protein	Tris	buffer	containing	

5%	DMSO,	followed	by	300s	of	dissociation.		

	

2.2.6 	Cell	culture	

2.2.6.1 	Cell	line	culture	and	maintenance	

Cell	 lines	 used	 were	 SK-OV-3,	 T47D,	 MCF-7	 and	 NZM6.	 These	 were	 grown	 in	 MEMα		

(alpha-modified	minimal	essential	growth	medium)	supplemented	with	5%	(v/v)	FBS	

(fetal	bovine	serum;	Invitrogen),	100	units/mL	penicillin,	100	μg/mL	streptomycin,	and	

for	NZM6,	0.1%	of	Insulin	Transferrin	Selenium	at	5%	CO2	using	T75	flasks.	The	media	

was	changed	every	2-3	days	by	removing	all	the	media	and	then	washing	once	with	PBS	

(140	mM	NaCl,	8	mM	Na2HPO4,	2	mM	NaH2PO4,	pH	7.4),	before	replacing	with	10	mL	of	
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fresh	 media.	 The	 cells	 were	 passaged	 into	 new	 flasks	 when	 they	 reach	 80-90%	

confluence.	When	passaging	the	cells,	the	media	was	completely	removed	and	5	mL	of	

PBS	was	used	to	wash	the	cells.	The	PBS	was	then	completely	removed	and	2-3	mL	of	

0.05%	 trypsin/EDTA	 was	 added,	 and	 the	 flask	 was	 then	 incubated	 at	 37	 °C	 for	 2-3	

minutes.	The	cells	were	checked	under	the	microscope	to	ensure	all	cells	were	detached	

before	10	mL	of	MEMα/5%	FBS	media	was	used	to	transfer	the	cells	to	a	50	mL	conical	

falcon	 tube,	 which	 was	 then	 centrifuged	 at	 1,000	 rpm	 for	 5	 minutes.	 The	 trypsin-

containing	media	was	decanted	and	the	cell	pellet	was	resuspended	in	10	mL	of	 fresh	

MEMα/5%	FBS	media.	The	resuspended	cells	were	either	used	for	functional	analysis	or	

split	into	new	T75	flasks	with	10	mL	of	MEMα/5%	FBS	media	per	flask.		

	

2.2.6.2 	Determination	of	in	vitro	activity	of	inhibitor	using	Western	blotting	

2.2.6.2.1 Cell	treatment	

Twelve	well	tissue	culture	plates	were	seeded	at	500,000	cells	per	well.	A	day	later	they	

were	serum	starved	overnight.	The	cells	were	then	treated	with	compounds	for	15,	30	

or	60	minutes	at	37	°C	prior	to	stimulation	with	500	nM	insulin	for	5,	10	or	15	minutes	

as	stated.	

	

2.2.6.2.2 Protein	lysis		

Cells	were	washed	with	1	mL	ice-cold	PBS	and	exposed	to	120	μL	lysis	buffer	(50	mM	

Hepes,	150	mM	NaCl,	10	mM	EDTA	pH	8.0,	10	mM	Na2P2O7,	2	mM	Vanadate,	100	mM	

NaF,	1%	(v/v)	Nonidet	P40,	10	μM	 leupeptin,	15	μM	pepstatin	A,	1	mM	AEBSF	 [4-(2-

aminoethyl)benzenesulfonyl	 fluoride],	 0.6	 μM	aprotinin,	 30	μM	ALLN	and	1	mM	DTT,	

pH	 7.4)	 per	 well.	 Lysates	 were	 kept	 on	 ice	 and	 supernatants	 were	 collected	 after	

centrifugation	 at	 14,000	 xg	 for	 15	 minutes	 at	 4	 oC.	 Protein	 concentration	 was	

determined	 with	 Pierce	 BCA	 Protein	 Assay	 Kit	 according	 to	 the	 manufacturer’s	

instructions.	 The	 lysed	 protein	 samples	 were	 stored	 in	 -80	 °C	 for	 further	 use.	 For	

Western	blot	analysis,	5X	loading	dye	(200	mM	Tris	pH	6.8,	200	mM	DTT,	4%	SDS,	50%	

glycerol	(v/v),	and	1%	bromophenol	blue)	was	added	to	varying	volumes	of	cell	lysate	

to	provide	a	constant	amount	of	total	protein	(40	μg	per	sample).	
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2.2.6.2.3 Protein	separation	

Table	2.4	SDS	gel	composition	

Gel	Solutions	 Resolving	gel	(10%)	 Stacking	gel	(5%)	

MilliQ	Water	 7.2	mL	 4.35	mL	

40%	Acrylamide	 3.75	mL	 750	μL	

1.5	M	Tris	pH	8.8	 3.75	mL	 -	

1	M	Tris	pH	6.8	 -	 750	μL	

10%	SDS	 150	μL	 60	μL	

10%	APS	 150	μL	 60	μL	

TEMED	 6	μL	 6	μL	

Total	 15	mL	 6	mL	

	

Sodium	 dodecyl	 sulfate	 polyacrylamide	 gel	 electrophoresis	 (SDS-PAGE)	 was	 used	 to	

separate	protein	samples	according	 to	molecular	weight.	Polyacrylamide	resolving	gel	

components	were	mixed	and	poured	into	1.5	mm	gel	plates,	overlaid	with	70%	ethanol.	

The	 gel	 was	 allowed	 to	 set	 for	 40	 minutes	 at	 room	 temperature.	 Ethanol	 was	 then	

decanted	and	corners	were	dried	with	a	paper	towel.	The	stacking	gel	mixture	was	then	

poured	on	top	of	the	resolving	gel	and	a	comb	was	inserted,	and	the	gel	was	allowed	to	

set	for	another	30	minutes.	The	comb	was	then	removed	and	the	gel	plates	were	locked	

inside	 the	 holding	 apparatus	 of	 the	 gel	 electrophoresis	 chamber	 (Bio-Rad),	 before	

running	buffer	(50	mM	Tris,	500	mM	Glycine,	4%	SDS)	was	added	to	the	tank.	Protein	

samples	with	loading	dye	were	heated	at	99	°C	for	5	minutes	and	then	loaded	into	gel	

wells.	Protein	molecular	weight	markers	were	also	loaded.	The	gel	was	run	at	100-120	

V	for	90-120	minutes	until	the	dye	front	reached	the	bottom	of	the	gel.		

	

2.2.6.2.4 Protein	transfer	

Proteins	 were	 transferred	 onto	 polyvinylidene	 difluoride	 (PVDF)	 membranes	 (Pall	

Corporation)	 using	 Bio-Rad	 Trans-Blot	 Turbo	 semi-dry	 transfer	 machine.	 The	

membranes	 were	 soaked	 in	 methanol	 for	 30	 seconds	 and	 washed	 with	 membrane	

transfer	 buffer	 (300	 mM	 Tris,	 300	 mM	 Glycine,	 20%	 ethanol	 (v/v)),	 the	 gels	 were	

washed	with	gel	transfer	buffer	(300	mM	Tris,	300	mM	Glycine,	0.1%	SDS).	The	transfer	

sandwich	was	set	up	in	the	order	of	(starting	from	the	bottom	of	the	transfer	cassette)	
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filter	paper	soaked	in	membrane	transfer	buffer	–	membrane	–	gel	–	filter	paper	soaked	

in	gel	transfer	buffer.	The	transfer	machine	was	set	to	transfer	at	25	V	for	12	minutes.		

	

2.2.6.2.5 Antibody	incubation	

The	membranes	were	incubated	for	1	hour	in	3%	(w/v)	BSA	dissolved	in	TBS-T	(50	mM	

Tris,	 275	 mM	 NaCl,	 5	 mM	 KCl,	 and	 0.1%	 Tween)	 at	 room	 temperature,	 and	 then	

incubated	overnight	 in	3%	 (w/v)	BSA	 containing	primary	antibodies	 at	4	 °C.	Primary	

antibody	solution	was	removed	and	the	membrane	was	washed	3	times,	5	minutes	each	

with	TBS-T.	The	membranes	were	then	incubated	with	appropriate	secondary	antibody	

HRP	 (Horseradish	 peroxidase)-conjugate	 antibodies	 in	 TBS-T	 for	 1	 hour	 at	 room	

temperature.	The	membranes	were	then	washed	3	times,	5	minutes	each	with	TBS-T.	

	

2.2.6.2.6 Detection	with	ECL	and	reprobing	the	membrane	

Immunoreactive	 proteins	 were	 detected	 using	 ECL®	 (enhanced	 chemiluminescence).	

Bio-Rad	Clarity™	ECL	substrates	were	used	in	the	ratio	of	1:1	Substrate	A	/	Substrate	B.	

The	 membrane	 was	 incubated	 with	 substrate	 (100-200	 μL	 per	 protein	 strip)	 under	

cover	 for	 5	 minutes,	 and	 then	 transferred	 to	 a	 plastic	 sleeve	 with	 excess	 substrate	

removed.	 Signals	were	 detected	 using	 Fuji	 LAS4000,	 analyzed	with	 Fuji	 Image	 Gauge	

software	 and	 graphed	 with	 GraphPad	 Prism	 6.	 After	 visualization	 of	 phosphorylated	

proteins,	membranes	were	stripped	and	reprobed	for	non-phosphorylated	proteins	and	

β-actin.	 Membranes	 were	 incubated	 with	 stripping	 buffer	 (0.7%	 β-mercaptoethanol	

(v/v),	2%	SDS,	4	mM	Tris	pH	6.8)	in	a	55	°C	water	bath	for	20	minutes,	and	then	washed	

3	 times,	 5	 minutes	 each	 with	 TBS	 (50	 mM	 Tris,	 275	 mM	 NaCl,	 5	 mM	 KCl)	 at	 room	

temperature.	The	procedure	from	Section	2.2.6.2.5	was	then	repeated.			
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3 Structure-based	 design	 of	 new	 PI3Kα	

selective	inhibitors	
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3.1 Introduction	
The	Class	I	PI3K	ATP	binding	site	exists	as	a	cleft	between	the	N-	and	C-	terminal	lobes	

of	the	kinase	domain	within	the	p110	subunit.	Based	on	interactions	observed	in	the	X-

ray	 crystal	 structure	 data	 for	 known	 inhibitors,	 this	 cleft	 can	 be	 divided	 into	 four	

regions	that	serve	as	the	main	interaction	sites.	These	include	the	hinge	region	(adenine	

pocket),	affinity	pocket,	specificity	pocket/Trp-shelf	(20,	46,	53)	and	region	I	on	the	C-

terminal	lobe	wall	(56,	57,	66,	71).	Where	the	first	two	regions	are	common	to	all	PI3Ks,	

the	 latter	 two	 are	 exploited	 to	 achieve	 selectivity	 between	 PI3K	 isoforms	 and	 other	

kinases.		

	

The	X-ray	crystal	structure	of	BYL719	(56)	and	a	cyclized	analog	(72)	bound	in	the	ATP-

binding	site	of	PI3Kα,	along	with	predicted	binding	modes	for	related	inhibitors	(73,	75)	

including	 A66	 (57),	 combined	 with	 the	 ligand	 and	 protein	 based	 structure-activity	

relationships	(66)	clearly	show	that	this	inhibitor	type	occupies	the	interaction	regions	

present	in	a	conventional	active	site	conformation.	This	includes	two	hydrogen	bonds	to	

the	backbone	of	the	hinge	region,	occupancy	of	the	affinity	pocket,	as	well	as	exploiting	

region	 I	 by	making	 two	 hydrogen	 bond	 interactions	with	 the	 side	 chain	 of	 Q859.	 By	

contrast,	 PIK-75	 and	 related	 analogs	were	 predicted	 to	 use	 the	 hinge	 binding	 region	

with	a	single	hydrogen	bond,	make	a	single	hydrogen	bond	to	Q859	in	region	I,	occupy	a	

distinct	 region	called	 the	Trp-shelf,	and	 interact	with	 the	affinity	pocket	as	previously	

reported	(20,	54,	60).		

	

Based	 on	 the	 different	 binding	 modes	 for	 PIK-75	 and	 BYL719,	 and	 the	 effect	 of	 the	

carboxamide	unit	on	potency	in	both	A66	(57)	and	BYL719	(56),	the	hypothesis	formed	

was	that	fusing	the	central	5,6	core	of	PIK-75	with	the	carboxamide	of	the	latter	series	

might	 be	 sufficient	 to	maintain	 potency	 against	 PI3Kα	 and	 also	 impact	 selectivity	 for	

this	 enzyme	 over	 other	 related	 kinases.	 Germane	 to	 this	 is	 also	 understanding	 the	

contribution	to	potency	of	the	aromatic-nitro-sulfonamide	unit	within	the	5,6	fused	ring	

scaffold	 of	 the	 PIK-75/SN30992	 series,	 and	 if	 this	 is	 interchangeable	 with	 the	

pyrrolidine	carboxamide	of	A66.	Furthermore,	 there	are	examples	of	PI3Kγ	 inhibitors	

that	 share	 strong	 similarity	 with	 the	 biphenyl-like	 core	 of	 BYL719.	 This	 clearly	

illustrates	that	isoform-specific	inhibitors	are	successfully	developed	from	non-specific	
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scaffolds	by	making	specific	substitutions	targeting	non-conserved	regions	of	the	active	

site.	This	prompted	the	question	whether	the	addition	of	a	chemical	unit	able	to	interact	

with	Q859	could	override	the	selectivity	of	some	known	PI3Kγ	inhibitors.		

	

As	A66	and	PIK-75	have	comparable	activity,	44	nM	for	A66	compared	to	6	and	2.5	nM	

for	PIK-75	and	its	analog	SN30992	respectively	(Table	3.1),	a	new	fusion	scaffold	that	

substitutes	 the	 predicted	Trp-shelf	 interaction	 of	 PIK-75	 related	 compounds	with	 the	

carboxamide	interaction	with	Q859	is	proposed	to	generate	an	alternative	scaffold	that	

would	characterize	the	relative	potencies	of	the	two	different	active	site	interactions.		

	

3.2 Molecular	 docking,	 compound	 synthesis,	 and	

biochemical	characterization	

Molecular	docking	was	used	to	model	the	binding	modes	of	A66,	BYL719,	and	SN30992	

into	 the	 PI3Kα	 active	 site	 using	 the	 PDB	 entry	 2RD0.	 The	 predicted	 binding	 modes	

retrieved	as	 the	 top-ranked	poses	were	 similar	 to	 those	previously	 reported	 (54,	57).	

The	binding	mode	 for	 the	BYL719	 ligand	docked	 into	2RD0	was	1.240	Å	RMSD	when	

compared	 to	 its	 binding	mode	 in	 the	PDB	 entry	 4JPS	using	 the	 smart	RMS	 routine	 in	

GOLDv5.2.	This	routine	compares	ligand	binding	modes	in	the	docking	site.	Upon	closer	

inspection,	 the	 -CF3	 group	 of	 BYL719	 in	 the	 docked	 model	 was	 mispredicted,	 and	

excluding	 this	 from	 the	 comparison	 returned	 an	 RMSD	 of	 0.512	 Å	 for	 the	 rest	 of	 the	

compound.	 These	 showed	 that	 using	 the	 2RD0	 structure	 for	molecular	 docking	 could	

produce	results	in	agreement	with	crystallographic	data.	As	the	2RD0	structure	has	no	

small	molecule	 ligand	present	 in	 the	active	site,	 the	side	chains	of	amino	acids	 in	and	

around	 the	 affinity	 pocket	 including	 K776,	 I800,	 K802,	 D810,	 Y836,	 and	 D933	 were	

allowed	to	move	during	the	docking	calculation	to	better	accommodate	the	ligands.		

	

Based	on	the	structure-guided	inhibitor	alignment	from	the	predicted	binding	modes	of	

A66	and	SN30992	(Figure	3.1A	–	B),	a	chemotype	fusion	strategy	was	adopted	(Figure	

3.1C)	 that	 uses	 the	 pyrrolidine	 carboxamide	 of	 A66,	 the	 central	 bicyclic	 imidazo[1,2-

a]pyridine	 core	 of	 PIK-75	 and	 the	 cyano-group	 of	 SN30992.	 This	 could	 potentially	
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exploit	 the	 pyrrolidine	 carboxamide	 selectivity	 feature	 used	 by	 A66	 and	 BYL719-like	

molecules,	 along	with	 the	 linker	 and	 affinity	 pocket	 interactions	 of	 the	 fused	 5,6-ring	

system	 of	 PIK-75	 and	 SN30992.	 When	 docked	 into	 the	 2RD0	 ATP	 binding	 site,	 the	

hybrid	compound	SN36384	could	interact	with	the	hinge	region,	Q859	in	region	I,	and	

fit	the	affinity	pocket	to	a	similar	extent	as	predicted	for	SN30992	(Figure	3.1D	–	E).		

	

	
Figure	3.1	Design	strategy	 for	SN36384.	The	predicted	binding	modes	 for	A66	 and	
SN30992	are	shown	in	A)	and	B)	respectively.	C)	The	fusion	of	different	chemical	units	
based	 on	 the	 structure-guided	 alignment	 of	 A66,	 PIK-75,	 and	 SN30992	 leading	 to	
SN36384	are	shown	in	red.	Predicted	PI3Kα	ATP	site	contacts	are	indicated	by	arrows.	
D)	The	predicted	docking	mode	for	the	hybrid	compound	SN36384	is	shown	as	sticks,	
with	the	A66	derived	component	colored	magenta	and	that	from	PIK-75	and	SN30992	
colored	 blue.	 E)	 A	 superposition	 between	 SN30992	 (cyan	 carbons)	 and	 SN36384	
(magenta	carbons).	Figure	adapted	from	(161),	DOI:	10.1042/BCJ20161098. 
	
	
SN36384	 and	 its	 analogs	 were	 then	 synthesized	 by	 Dr.	 Jackie	 Kendall	 following	 the	

procedure	outlined	in	Section	8.1	and	assayed	against	the	PI3K	isoforms.	Inhibition	data	

for	SN36384	and	two	halide-substituted	forms,	SN36705	and	SN36756,	showed	that	the	

new	 series	were	 active	 against	 PI3Kα	 (Table	 3.1),	 and	were	 selective	 for	 PI3Kα	 over	

other	 Class	 I	 enzymes.	 These	 compounds	 were	 much	 less	 potent	 compared	 to	 A66,	

SN30992,	 and	 PIK-75,	with	 IC50	 values	 ranging	 from	 4	 to	 12	 μM	 for	 PI3Kα	WT.	 This	

clearly	 illustrated	 that	while	 both	 the	pyrrolidine	 carboxamide	 in	 the	PI3Kα	 selective	

compounds	and	the	nitroaromatic-sulfonamide	of	PIK-75	and	SN30992	affect	potency,	

they	differ	 substantially	 in	 their	 relative	 contributions	when	 combined	with	 the	 same	

scaffold.	
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Table	3.1	IC50	values	for	known	PI3Kα	selective	inhibitors	and	hybrid	inhibitors1.	
	
	 	 IC50	(nM)	
Inhibitor	 Structure	 PI3Kα	 PI3Kβ	 PI3Kδ	 p110γ	
A66	

	

44.3±21.8	 >12500	 2673±709	 2706±1466	

PIK-75	

	

5.6±2.4	 50.4±17.5	 171.9±57.2	 42.7±20.8	

GSK2126458	

	

0.8±0.4	 2.1±1.1	 0.6±0.5	 1.4±0.1	

SN30992	

	

2.4±1.6	 50.1±6.9	 103.4±43.6	 2.4±0.1	

SN36384	

	

5860±3800	 >12500	 >12500	 >12500	

SN36705	

	

11865±4622	 >12500	 >12500	 >12500	

SN36756	

	

4479±454	 >12500	 >12500	 >12500	

Shown	in	Mean	±	SD	(n³2).	Table	adapted	from	(161),	DOI:	10.1042/BCJ20161098.		
	
	
	 	

																																																								
1	SN36384	was	designed	by	Grace	Gong,	SN36705	and	SN36756	were	intermediates	in	
the	synthesis	procedure.	All	compounds	were	synthesized	by	Dr.	Jackie	Kendall.		
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3.2.1 Importance	 of	 pyrrolidine	 carboxamide	 for	 PI3Kα	 selectivity	

and	potency	
To	understand	the	 increase	 in	potency	associated	with	 the	addition	of	 the	pyrrolidine	

carboxamide,	a	series	of	fragment	intermediates	used	in	the	synthesis	of	analogs	within	

the	PIK-75/SN30992	series	were	tested	in	the	biochemical	assays	to	provide	a	level	of	

inhibition	 associated	with	 interacting	with	 the	 hinge	 region	 and	 affinity	 pocket	 only.	

Notably,	 most	 of	 the	 preparations	 containing	 these	 intermediate	 compounds	 (>95%	

purity,	 measured	 by	 1H	 NMR)	 did	 not	 show	 any	 activity	 at	 250	 μM,	 the	 highest	

concentration	 tested	 in	 the	 biochemical	 assays	 (Table	 3.2).	 This	 data	 clearly	

demonstrated	 that	 increasing	 the	 potential	 to	 interact	 with	 Q859	 by	 adding	 a	

pyrrolidine	 carboxamide	 group	 can	 improve	 both	 potency	 and	 selectivity.	 The	 most	

active	fragment	tested	was	SN36675.	This	compound	would	be	expected	to	more	fully	

occupy	 the	 affinity	 pocket,	 with	 estimated	 (from	 incomplete	 inhibition	 curves)	 IC50	

values	from	30	μM	to	45	μM	for	the	PI3Kα	isoforms	and	approximately	20	μM	for	the	

PI3Kδ	 isoform.	 Together,	 these	 data	 show	 that	 increasing	 interactions	 with	 different	

regions	 of	 the	 ATP	 binding	 site	 can	 increase	 potency	 with	 differential	 effects	 on	

selectivity.		

	
Table	3.2	IC50	of	fragment-like	compounds	(μM).		
	 	 IC50	(μM)	
Inhibitor	 Structure	 PI3Kα	WT	 PI3Kα	E545K	 PI3Kα	H1047R	 PI3Kδ	
SN36675	

	
44.5±1.1	 40.3±7.8	 32.0±10.3	 23.4±3.4	

SN36674	
	

>250	 >250	 >250	 >250	

SN36676	
	

>250	 >250	 >250	 >250	
SN36677	

	

>250	 >250	 >250	 >250	

SN36678	
	

>250	 >250	 >250	 >250	

Shown	in	Mean	±	SD	(n³2).		
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3.3 Improving	the	fit	to	the	PI3Kα	affinity	pocket	

3.3.1 Addition	of	known	chemical	units	to	SN36384	that	occupy	the	

PI3Kα	affinity	pocket	
The	 next	 step	 was	 to	 better	 engage	 the	 affinity	 pocket	 and	 connect	 with	 the	 p110α	

specific	amino	acid	Q859.	Crystal	structures	of	PI3K	with	ligands	bound	were	retrieved	

from	 the	protein	databank	and	 inspected	 for	 ligands	 that	occupied	 the	affinity	pocket	

and	were	within	hydrogen	bonding	distance	of	either	amino	acids	or	water	molecules	

within	the	site.	PDB	entries	3QK0,	3APC,	4DK5,	and	3L08	were	identified;	the	ligands	in	

3QK0,	 4DK5	 and	 3L08	 use	 a	water-mediated	 hydrogen	 bond	 between	 the	 ligand	 and	

amino	acid	side	chains	in	the	affinity	pocket,	while	the	ligand	in	3APC	forms	a	hydrogen	

bond	with	amino	acids	in	the	affinity	pocket	(Figure	3.2).		

	

Evident	 from	 these	 structures	 was	 that	 3-pyridyl	 units	 attached	 to	 both	 related	 and	

unrelated	core	scaffolds	can	hydrogen	bond	with	a	water	molecule	that	 interacts	with	

the	side	chains	of	affinity	pocket	amino	acids	Y836	and	D810	(p110α	numbering).	This	

prompted	 the	 attachment	 of	 3-pyridyl	 containing	 substituents	 to	 the	 imidazo[1,2-

a]pyridine	 core	 of	 SN36384,	 and	 molecular	 docking	 predicted	 that	 the	 pyridyl	

containing	 compounds	 SN36764,	 SN36784,	 SN36807	 and	 SN36828	 (Table	 3.3)	 can	

make	the	 isoform-specific	 interaction	with	Q859,	 interact	with	 the	backbone	amide	of	

V851	and	occupy	 the	affinity	pocket.	This	 indicated	 that	 they	 can	 fit	 the	PI3Kα	active	

site	and	were	synthesized	following	the	procedure	outlined	in	Section	8.1	by	Dr.	Jackie	

Kendall.		
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Figure	 3.2	 Different	 ligands	 that	 explore	 the	 affinity	 pocket	 of	 PI3K	 using	 a	
substituted	3-pyridyl	or	similar	core.	A)	Crystal	structure	of	p110γ	with	a	substituted	
benzothiazole	based	 inhibitor	bound	 (PDB	 code	3QK0).	 B)	Crystal	 structure	of	 p110γ	
with	 a	 substituted	 pyrazolo-pyrimidine	 based	 inhibitor	 bound	 (PDB	 code	 3APC).	 C)	
Crystal	 structure	 of	 p110γ	 in	 complex	 with	 a	 substituted	 pyridyl-triazine	 based	
inhibitor	 bound	 (PDB	 code	 4DK5).	 D)	 Crystal	 structure	 of	 p110γ	 in	 complex	 with	
GSK2126458	(PDB	code	3L08).	Crystallographic	waters	are	shown	as	red	spheres,	and	
hydrogen	 bonds	 as	 yellow	 dashed	 lines.	 Figure	 adapted	 from	 (161).	 DOI:	
10.1042/BCJ20161098.		
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Table	3.3	IC50	values	for	3-pyridyl	containing	PI3Kα	selective	and	pan	inhibitors2.		
	 	 IC50	(nM)	
Inhibitor	 Structure	 PI3Kα	 PI3Kβ	 PI3Kδ	 p110γ	
SN36764	

	

340±109	 >12500	 4646±2233	 3304±272	

SN36784	

	

322±87	 6689±2950	 2432±1439	 3871±282	

SN36807	

	

213±124	 8476±4772	 1375±650	 2232±884	

SN36828	

	

2.1±0.2	 10.2±4.4	 1.5±0.8	 2.2±1.5	

Shown	in	Mean	±	SD	(n³2).	Table	adapted	from	(161),	DOI:	10.1042/BCJ20161098.		
	

The	 enzyme	 inhibition	 data	 presented	 in	 Table	 3.3	 show	 that	 improving	 the	 affinity	

pocket	complementarity	 increased	the	potency	of	the	new	compound	series.	SN36764	

showed	a	35-fold	and	13-fold	decrease	 in	 IC50	value	 for	PI3Kα	WT	when	compared	to	

SN36705	and	SN36756	respectively.	The	data	also	showed	that	replacing	the	3-pyridyl	

unit	with	a	2-aminopyrimidine	(SN36784)	or	modifying	the	3-pyridyl	unit	by	adding	a	

6-OMe	(SN36807)	had	comparable	increases	in	potency,	with	IC50	values	ranging	from	

340	to	213	nM	respectively	for	the	wild	type	PI3Kα	enzyme.	The	inhibition	data	for	the	

different	 Class	 IA	 and	 IB	 enzymes	 showed	 that	 these	 pyridyl	 compounds	 were	 also	

better	inhibitors	of	the	PI3Kβ,	PI3Kδ,	and	p110γ	enzymes	compared	to	the	compounds	

in	Table	3.1,	with	IC50	values	ranging	from	1	to	8	μM.	The	selectivity	between	PI3Kα	and	

the	 other	 isoforms	 ranged	 from	 10	 to	 over	 37-fold	 for	 SN36764,	 7	 to	 21-fold	 for	

SN36784,	 and	 6	 to	 40-fold	 for	 SN36807.	 The	 data	 for	 SN36828	 showed	 that	 it	 is	

substantially	 more	 potent	 than	 the	 other	 compounds	 in	 Table	 3.3;	 with	 a	 100-fold	

decrease	 in	 IC50	 value	 compared	 to	 SN36807.	 This	 compound	 is	 however	 no	 longer	

selective	 for	 PI3Kα,	 an	 outcome	 consistent	 with	 the	 inclusion	 of	 an	 ionizable	

sulfonamide	 unit	 that	 is	 contained	 in	 GSK2126458	 (162),	 and	 suggest	 that	 this	

																																																								
2	SN36764,	SN36784,	SN36807	and	SN36828	were	designed	by	Grace	Gong	and	
synthesized	by	Dr.	Jackie	Kendall.		
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interaction	 can	 override	 the	 PI3Kα	 selectivity	 achieved	 by	 interacting	 with	 Q859.	

Compared	to	the	data	presented	in	Table	3.1	for	A66,	this	new	series	was	less	selective	

across	 the	Class	 I	enzymes,	but	was	 improved	compared	to	PIK-75	and	SN30992.	The	

compounds	were	also	tested	against	the	PI3Kα	oncogenic	mutants	E545K	and	H1047R,	

and	were	able	to	inhibit	these	isoforms	to	similar	extents	as	the	WT	enzyme	(Table	3.4).	

	

Table	3.4	IC50	values	for	inhibitors	against	the	PI3Kα	oncogenic	mutants.	
	 IC50	(nM)	
Inhibitor	 PI3Kα	E545K	 PI3Kα	H1047R	
A66	 48.9±1.5	 36.0±22.0	
PIK-75	 3.7±0.7	 2.4±0.1	
GSK2126458	 0.9±0.03	 0.55±0.07	
SN30992	 1.5±0.9	 1.3±1.1	
SN36384	 4901±1020	 3763±817	
SN36705	 7383±1986	 2860±548	
SN36756	 4510±379	 3218±15	
SN36764	 152±124	 106±38	
SN36784	 180±69	 101±25	
SN36807	 154±88	 72±36	
SN36828	 4.4±4.2	 1.7±0.6	
Shown	in	Mean	±	SD	(n³2).		
	

The	 new	 series	 of	 inhibitors	 became	more	 potent	 with	 improved	 interactions	 in	 the	

affinity	pocket.	The	use	of	water	molecules	in	molecular	docking	has	been	shown	to	be	

important	 in	 predicting	 protein-ligand	 interactions	 (141,	 154).	 Furthermore,	 crystal	

structures	of	inhibitors	in	p110γ	(Figure	3.2)	clearly	show	that	water	is	present	in	the	

affinity	 pocket	 and	 is	 suggested	 to	mediate	 hydrogen	 bonds	 between	 the	 ligand	 and	

amino	 acid	 side	 chains.	 Therefore	 in	 order	 to	more	 fully	 understand	 the	 interactions	

this	new	series	might	make	 in	 the	ATP	site,	 an	accurate	model	of	 ligand	binding	with	

water	molecules	in	the	active	site	is	needed.		

	

3.3.2 Predicting	a	water	binding	site	in	the	affinity	pocket	of	PI3Kα	
As	water	molecules	are	not	observed	in	the	ATP	site	of	the	PDB	entry	2RD0,	likely	water	

binding	 sites	 were	 identified	 from	 a	 propensity	 map	 generated	 using	 Superstar	 and	

used	to	guide	the	placement	of	water	molecules.	Six	molecules	were	positioned	in	and	

around	 the	 propensity	 peak	 in	 the	 affinity	 pocket	 between	 Y836	 and	 D810	 (Figure	

3.3A),	 and	 were	 either	 maintained	 in	 the	 ATP	 binding	 site	 during	 the	 docking	
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calculations	 or	 considered	 displaceable	 and	 allowed	 to	 turn	 on	 and	 off	 during	 the	

calculation.	They	were	also	allowed	to	move	up	to	either	1	or	2	Å.	The	waters	were	then	

ranked	 based	 on	 how	 well	 they	 predicted	 1)	 an	 interaction	 between	 the	 3-pyridyl	

nitrogen	atom	and	the	affinity	pocket,	and	2)	the	fitness	scores	for	the	proposed	binding	

modes	 for	 SN36764,	 SN36784,	 SN36807,	 and	 SN36828.	 Of	 the	 six	 water	 molecules	

tested	 in	 the	different	 protocols,	 those	 extracted	 from	PDB	entries	 4DK5	 (HOH1312),	

3L54	(HOH30)	and	2WXF	(HOH2163)	were	ranked	1,	2	and	3	respectively.	The	water	

molecule	 placed	 at	 the	 center	 of	 the	 propensity	 peak	 generated	 by	 Superstar	 was	

ranked	4,	 and	 the	 two	 remaining	water	molecules	HOH2147	and	HOH2242	extracted	

from	2WXF	were	 ranked	5	 and	6.	 The	 best	 performing	water	molecule,	water	 1,	was	

positioned	2.2	Å	 from	the	Superstar	propensity	peak,	while	waters	2,	3,	5	and	6	were	

2.7,	0.5,	3.1	and	2.4	Å	from	the	peak	respectively	(Figure	3.3A).	

	

As	SN36705,	SN36756	and	A66	are	not	able	to	 form	hydrogen	bonds	with	the	affinity	

pocket,	 yet	 should	 occupy	 the	 affinity	 pocket	 to	 differing	 extents,	 these	 compounds	

provided	an	opportunity	to	investigate	if	GOLD	could	identify	a	water-binding	site	in	the	

un-liganded	enzyme	affinity	pocket.	Considering	the	highest	scoring	pose	with	the	most	

appropriate	binding	mode	for	SN36705,	SN36756,	and	A66,	water	2	was	maintained	in	

the	ATP	site	 interacting	with	different	 combinations	of	 the	 side	 chains	of	Y836,	D810	

and	D933	(Table	3.5),	indicating	that	water	2	is	not	predicted	as	displaceable	by	these	

ligands.	The	predicted	water-binding	 site	was	2.2,	1.3	 and	1.1	Å	 from	 the	peak	of	 the	

propensity	map,	 and	2.0,	1.0	 and	0.8	Å	 from	a	 similarly	placed	water	molecule	 in	 the	

4JPS	 crystal	 structure	 for	 SN36705,	 SN36756,	 and	 A66	 respectively.	 The	 binding	 site	

between	Y836	and	D933	was	also	identified	in	the	top	scoring	solution	for	these	three	

ligands	with	waters	1,	3,	4,	5	and	6	 (Table	8.1	–	Table	8.6).	The	data	 for	BYL719	also	

indicates	 that	water	 is	maintained	 in	 the	affinity	pocket	 in	 the	absence	of	 a	hydrogen	

bond	with	the	ligand.	Taken	together,	these	data	indicate	that	the	GOLD	water	docking	

routine	supports	the	presence	of	a	water-binding	site	in	the	PI3Kα	ATP	pocket.		
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Figure	 3.3	 Position	 of	 water	 molecules	 used	 in	 docking	 and	 predicted	 binding	
modes	of	 inhibitors	overlaid	with	 crystal	 structure	matching	 the	affinity	pocket	
unit.	A)	Six	water	molecules	were	used	for	docking:	water	1	PDB	code	4DK5,	HOH1312	
(magenta),	 water	 2	 PDB	 code	 3L54,	 HOH30	 (orange),	 water	 3	 PDB	 code	 2WXF,	
HOH2163	(yellow),	water	4	(built	at	the	peak	of	the	propensity	map	(blue),	water	5	PDB	
code	2WXF,	HOH2147	(green),	water	6	PDB	code	2WXF,	HOH2242	(pink).	B)	SN36764	
(purple)	overlaid	with	3QK0	(yellow).	C)	SN36784	(purple)	overlaid	with	3APC	(cyan).	
D)	SN36807	(purple)	overlaid	with	4DK5	(magenta).	E)	SN36828	(purple)	overlaid	with	
3L08	(pink).	Water	from	docked	model	shown	in	red	and	water	from	crystal	structure	
shown	 in	 cyan.	 Predicted	 hydrogen	 bonds	 are	 shown	 as	 yellow	 dashed	 lines.	 Figure	
adapted	from	(161),	DOI:	10.1042/BCJ20161098.		
	

This	docking	method	was	also	applied	to	the	3-pyridyl	containing	compounds	in	Table	

3.3.	 The	 top	 scoring	 pose	 retrieved	 for	 SN36764	 was	 achieved	 when	 water	 2	 was	

treated	as	displaceable	and	allowed	to	move	by	up	to	2	Å	from	its	initial	position	(Table	

3.5).	In	this	model,	the	water	moved	1.3	Å	and	mediated	a	contact	between	the	pyridyl	

nitrogen	and	the	side	chain	hydroxyl	of	Y836,	and	is	in	good	agreement	with	a	similar	

ligand	 in	 the	 p110γ	 crystal	 structure	 (Figure	 3.3B).	 A	 similar	 binding	mode	was	 also	

found	 for	 the	 top-ranked	pose	generated	with	water	1	under	 the	same	conditions.	By	

comparison,	 the	 top-ranked	 poses	 generated	 with	 waters	 3,	 4,	 5	 and	 6	 predicted	 a	

water-binding	site	between	Y836	and	D933,	or	D810	and	D933	instead	of	an	interaction	

with	the	inhibitor.	

	

Table	3.5	Summary	of	top	scoring	solutions.		

Inhibitor	 ChemScore	
Fitness	

Water	
number	

Water	
ON/OFF	 Docking	conditions	

Amino	
acid	
interacting	
with	water	

Ligand-
Water	
interaction	

A66	 28.8063	 2	 ON	 2	Å	allowed	to	toggle	 Y836,	D933	 NO	
BYL719	 26.3903	 2	 ON	 2	Å	turned	on	 Y836,	D933	 NO	
GSK2126458	 30.1438	 1	 ON	 1	Å	turned	on	 Y836	 YES	
SN30992	 18.1787	 1	 ON	 1	Å	allowed	to	toggle	 Y836,	D933	 NO	
SN36384	 31.5100	 1	 ON	 1	Å	allowed	to	toggle	 Y836,	D933	 NO	
SN36705	 24.9172	 2	 ON	 2	Å	turned	on	 D810,	D933	 NO	
SN36756	 25.6609	 2	 ON	 2	Å	allowed	to	toggle	 Y836,	D933	 NO	
SN36764	 34.2847	 2	 ON	 2	Å	allowed	to	toggle	 Y836	 YES	
SN36784	 32.2077	 2	 ON	 1	Å	turned	on	 Y836	 YES	
SN36807	 35.3053	 1	 ON	 1	Å	allowed	to	toggle	 Y836	 YES	
SN36828	 21.8740	 3	 ON	 1	Å	allowed	to	toggle	 Y836	 YES	

	

The	 top	 scoring	model	 for	 SN36784	 across	 all	 docking	 protocols	was	 generated	with	

water	 2	 constantly	 present	 and	 allowed	 to	 move	 up	 to	 1	 Å	 (Table	 3.5).	 The	 model	
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indicated	that	the	water	moved	1.0	Å	and	mediated	an	interaction	between	the	ligand’s	

3-pyridyl	 unit	 and	 Y836	 (Figure	 3.3C).	 A	 similar	 result	 was	 observed	 with	 the	 top	

scoring	pose	using	water	1	and	3,	however,	in	the	highest	scoring	most	relevant	poses	

with	waters	4,	5	 and	6,	 the	water	molecule	was	not	predicted	 to	mediate	a	hydrogen	

bond	between	the	ligand	and	the	affinity	site.	

	

The	 highest	 scoring	 pose	 for	 SN36807	 was	 found	 when	 water	 1	 was	 considered	

displaceable	and	allowed	to	move	up	to	1	Å	(Table	3.5).	The	water	moved	0.6	Å	and	was	

predicted	 to	mediate	an	 interaction	between	 the	 inhibitor	pyridyl	nitrogen	and	Y836.	

The	model	also	suggested	an	 interaction	between	the	 ligand’s	methoxy	group	and	 the	

side	 chain	 of	 K802.	 The	 location	 of	 the	 ligand’s	 pyridyl	 group	 and	 the	water	were	 in	

good	 agreement	 to	 a	 compound	 with	 similar	 chemical	 units	 occupying	 the	 affinity	

pocket	in	the	4DK5	crystal	structure	(Figure	3.3D).	While	a	similar	interaction	was	also	

predicted	with	the	top	scoring	pose	of	water	3,	the	other	water	molecules	were	either	

predicted	to	interact	with	Y836	and	D933	only	(water	4),	or	displaced	(water	5	and	6).	

Water	2	was	predicted	to	be	displaceable,	but	when	it	was	kept	constant	and	allowed	to	

move	up	to	1	Å,	it	was	able	to	mediate	an	interaction	between	the	3-pyridyl	N	and	Y836.		

	

By	contrast,	the	top	scoring	pose	across	all	protocols	for	SN36828	was	generated	with	

water	3	treated	as	displaceable	and	allowed	to	move	up	to	1	Å	(Table	3.5).	This	model	

predicted	a	water-mediated	 interaction	between	 the	 ligand’s	3-pyridyl	unit	and	Y836,	

along	with	an	 interaction	between	the	sulfonamide	unit	and	K802,	which	agreed	with	

the	crystal	structure	of	p110γ	with	GSK2126458	bound	(Figure	3.3E).	A	similar	binding	

mode	was	also	observed	with	water	1	allowed	to	move	up	to	either	1	or	2	Å,	The	water-

mediated	interaction	was	also	predicted	in	the	highest	scoring	solutions	generated	with	

waters	2	and	4,	but	not	for	waters	5	and	6	(Table	8.1	–	Table	8.6).			
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Table	3.6	Rescoring	ligands	in	the	absence	of	water.		

Inhibitor	
1	Å	on	water	
present	

1	Å	on	water	
absent	

2	Å	on	water	
present	

2	Å	on	water	
absent	

SN30992	 17.0048	 11.8658	 17.9912	 11.6808	
SN36384	 29.5419	 23.8007	 30.721	 25.0254	
SN36705	 24.0235	 18.1078	 17.3325	 11.6119	
SN36756	 16.5805	 10.855	 16.7015	 11.6399	
A66	 26.009	 22.8925	 27.7392	 22.1126	
BYL719	 23.3829	 17.5624	 25.7666	 20.2116	
The	docking	calculation	used	ChemScore	Kinase	with	water	1	kept	constant	and	allowed	
to	move	by	either	1	Å	or	2	Å,	and	rescoring	used	ChemScore	with	minimisation.	
	

Notably,	 rescoring	 the	 top	 ranked	 poses	 in	 the	 absence	 of	 water	 1	 for	 SN30992,	

SN36384,	 SN36705,	 SN36756,	 A66,	 and	 BYL719	 suggested	 that	 occupying	 the	 water	

binding	 site	 between	 amino	 acids	 Y836	 and	 D933	 improved	 the	 fitness	 score	 (Table	

3.6).	

	

3.4 Addition	 of	 pyrrolidine	 carboxamide	 gives	 PI3Kα	

selectivity	to	a	PI3Kγ	inhibitor	

The	similarity	between	the	substructure	of	the	new	series	designed	in	this	chapter	and	

that	 of	 a	 recently	 described	 p110γ	 selective	 inhibitor	 SN37793	 (163)	 prompted	 the	

replacement	 of	 the	 imidazolyl	 urea	 group	 from	 SN37793	 with	 a	 pyrrolidine	

carboxamide	 to	 create	 the	 hybrid	 SN37796	 (Figure	 3.4).	 The	 lipid	 kinase	 IC50	 data	

presented	in	Table	3.7	confirmed	the	p110γ	selectivity	of	SN37793	with	an	IC50	of	11.5	

nM,	and	showed	that	 the	 two	scaffolds	SN38487	and	SN38486	were	also	selective	 for	

p110γ.	The	data	 showed	 that	 SN37796	could	 inhibit	both	PI3Kα	and	p110γ	with	 IC50	

values	 of	 approximately	 1000	 and	 1200	 nM	 respectively,	 indicating	 that	 isoform	

selectivity	is	not	easily	switched	by	improving	the	interaction	with	the	PI3Ka	ATP	site.	
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Table	3.7	IC50	values	for	PI3Kγ	and	PI3Kα	selective	inhibitors3.		
	 	 IC50	(nM)	
Inhibitor	 Structure	 PI3Kα	 PI3Kβ	 PI3Kδ	 p110γ	
SN37793	

	

>12500	 1600±270	 4300±720	 12±5.5	

SN37796	

	

990±450	 >12500	 8800±1100	 1200±680	

SN38487	

	

>12500	 >12500	 6700±80	 2600±53	

SN38486	

	

2800±1000	 1400±170	 950±140	 600±60	

Shown	in	Mean	±	SD	(n³2).		
	
	

	
Figure	3.4	Design	strategy	for	SN37796.	An	alignment	of	SN36764	and	SN37793.	The	
units	 fused	 from	each	 compound,	 leading	 to	 compound	SN37796	are	 colored	 red	and	
blue.	 Predicted	polar	PI3Kα	active	 site	 contacts	 are	 indicated	by	 arrows	 for	 SN36764	
and	 known	 polar	 p110γ	 active	 site	 contacts	 are	 indicated	 by	 arrows	 for	 SN37793.	
Figure	adapted	from	(161),	DOI:	10.1042/BCJ20161098.		

																																																								
3	SN37796	was	designed	by	Dr.	Jack	Flanagan,		SN38487	and	SN38486	were	
intermediates	of	SN37793	and	SN37796.	The	compounds	were	synthesized	by	A/Prof.	
Gordon	Rewcastle.		
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3.5 Inhibition	of	pAKT	and	pS6	in	vitro	
To	 investigate	 the	 effect	 of	 the	 new	 series	 of	 compounds	 on	 PI3K	 cell	 signaling,	 the	

ability	of	 these	compounds	to	 inhibit	 insulin-stimulated	AKT	phosphorylation	of	T308	

(pAKT)	 as	 a	 proximal	marker	 of	 PI3K	 pathway	 activation,	 and	 phosphorylation	 of	 S6	

Ribosomal	 Protein	 (S6RBP),	 pS6	 as	 a	 distal	 marker	 of	 pathway	 activation	 was	

determined.	 Cell	 lines	 harboring	 different	 PI3Kα	 oncogenic	 mutations	 including	 two	

with	the	H1047R	mutation	(SK-OV-3,	T47D),	and	one	with	the	E545K	mutation	(MCF-7)	

were	 used,	 as	 previous	 studies	 by	 Jamieson	 et	al.	showed	 that	 the	 sensitivity	 of	 AKT	

phosphorylation	 to	 PI3Kα	 inhibition	 is	 related	 to	 the	 type	 of	 oncogenic	 mutation	

present	(57).		
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Figure	3.5	Effects	of	PI3Kα	selective	and	pan	PI3K	inhibitors	on	phosphorylation	
of	 AKT	 and	 the	 downstream	 S6RBP	 in	 cell	 lines.	 Representative	 western	 blots	
showing	 levels	 of	 AKT	 and	 S6RBP	 phosphorylation	 in	 A)	 SK-OV-3	 (H1047R	 PI3Ka	
mutant),	B)	T47D	(H1047R	PI3Ka	mutant),	and	C)	MCF-7	(E545K	PI3Ka	mutant)	cell	
lines.	The	cells	were	serum	starved	overnight,	 inhibited	for	60	minutes	(10	μM	for	SN	
compounds,	1	μM	for	A66,	PIK-75,	and	GSK2126458)	and	then	stimulated	with	500	nM	
of	insulin	for	15	minutes.	The	positive	controls	are	cells	stimulated	with	insulin	in	the	
absence	 of	 inhibitor	 and	 negative	 controls	 are	 cells	 without	 insulin	 stimulation	 or	
inhibitor	treatment.	The	cells	were	then	lysed	and	analyzed	for	pAKT	(T308),	AKT,	pS6,	
and	 S6RBP.	 Graphs	 summarize	 n³3	 experiments	 (Mean	 ±	 SEM).	 *P<0.05,	 **P<0.01,	
***P<0.001,	 ****P<0.0001,	one-way	ANOVA	with	Dunnett’s	multiple	 comparisons	 test.	
Figure	adapted	from	(161),	DOI:	10.1042/BCJ20161098.			
	

The	 data	 presented	 in	 Figure	 3.5	 confirmed	 that	 AKT	 phosphorylation	 and	 the	

subsequent	 downstream	 S6RBP	 phosphorylation	 in	 the	 two	 cell	 lines	 harboring	 the	

PI3Kα	 H1047R	 mutation	 were	 more	 sensitive	 to	 inhibition	 by	 A66	 than	 the	 PI3Kα	

E545K	mutant	cell	line	MCF-7,	while	all	3	cell	lines	were	sensitive	to	treatment	with	the	

pan-PI3K	 inhibitor	 GSK2126458	 at	 1	 μM.	 The	 data	 showed	 that	 at	 10	 μM,	 all	 the	
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inhibitors	were	able	to	block	insulin-stimulated	phosphorylation	of	AKT	in	SK-OV-3	and	

T47D.	 Compounds	 SN36807	 and	 SN36828	 were	 the	 most	 potent,	 and	 were	 able	 to	

inhibit	 AKT	 phosphorylation	 by	 more	 than	 90%	 (P=0.0001).	 Compounds	 SN36705,	

SN36756,	SN36764,	SN36807,	and	SN36828	were	also	able	to	 inhibit	phosphorylation	

of	 the	 downstream	 S6RBP	 in	 the	 SK-OV-3	 cell	 line,	 but	 only	 SN36807	 and	 SN36828	

were	able	to	shut	down	S6RBP	phosphorylation	in	the	T47D	cell	line.	SN36828	was	the	

only	 effective	 inhibitor	 at	 inhibiting	 AKT	 phosphorylation	 in	 the	MCF-7	 cell	 line,	 and	

decreased	 AKT	 phosphorylation	 by	 86%	 (P=0.0001),	 but	 it	 did	 not	 affect	 S6RBP	

phosphorylation.	 Agreeing	 with	 previous	 studies	 by	 Jamieson	 et	 al.	 (57),	 the	 lack	 of	

inhibition	 by	PI3Kα	 selective	 inhibitors	 show	 that	 this	 E545K	bearing	 cell	 line	 is	 less	

sensitive	to	PI3Kα	selective	inhibition.	SN36784	had	similar	IC50	values	to	SN36764	and	

SN36807,	but	were	less	active	in	cells,	giving	only	50%	(P=0.0001)	and	45%	(P=0.0001)	

inhibition	on	AKT	phosphorylation	in	the	SK-OV-3	and	T47D	cell	lines	respectively.	This	

may	be	related	to	the	relatively	high	polar	surface	area	and	low	lipophilicity	(estimated	

by	 cLogP)	 of	 this	 compound	 compared	 to	 the	 other	 compounds	 tested	 (Table	 3.8).	

Others	 have	 shown	 that	 high	 polar	 surface	 area	 correlates	 with	 reduced	 cell	

permeability	 and	 absorption	 (164-166).	A	 summary	of	 the	western	blotting	 results	 is	

shown	in	Table	8.7.	

	
Table	3.8	Calculated	Polar	Surface	Area	and	Log	P	values.	
Name	 Polar	Surface	Area	(Å2)	 CLogP	
A66	 185.737	 2.5326	
GSK2126458	 169.274	 4.0679	
SN30992	 225.927	 2.344	
SN36384	 206.134	 0.225	
SN36705	 147.747	 1.5232	
SN36756	 147.785	 1.7832	
SN36764	 166.067	 1.0431	
SN36784	 257.621	 0.0755	
SN36807	 162.74	 1.8631	
SN36828	 225.129	 3.3292	
Values	calculated	with	SYBYLX	2.1.1.	
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Figure	3.6	PI3Kα	selective	and	pan	inhibitors	tested	at	10x	or	100x	IC50	in	SK-OV-
3	 and	 T47D	 cell	 lines.	 Representative	 western	 blots	 showing	 levels	 of	 AKT	
phosphorylation	at	T308	in	A)	SK-OV-3	and	B)	T47D	cells.	The	cells	were	serum	starved	
overnight,	 inhibited	 for	15	minutes	 and	 then	 stimulated	with	500	nM	of	 insulin	 for	5	
minutes.	C)	Representative	western	blots	showing	AKT	phosphorylation	at	T308	in	SK-
OV-3	 cells	when	 inhibited	 for	 60	minutes	 and	 stimulated	with	 500	nM	 insulin	 for	 15	
minutes.	 The	 positive	 controls	 are	 cells	 stimulated	 with	 insulin	 in	 the	 absence	 of	
inhibitor	 and	 negative	 controls	 are	 cells	 without	 insulin	 stimulation	 or	 inhibitor	
treatment.	 Graphs	 summarize	 n³2	 experiments	 (Mean	 ±	 SEM).	 *P<0.05,	 **P<0.01,	
***P<0.001,	 ****P<0.0001,	one-way	ANOVA	with	Dunnett’s	multiple	 comparisons	 test.	
Figure	adapted	from	(161),	DOI:	10.1042/BCJ20161098.			
	

To	 compare	 the	 inhibitor	 potency	 in	 the	 cell-based	 assays	 relative	 to	 the	 IC50	 values	

retrieved	from	the	enzyme	assay,	the	three	most	potent	inhibitors	(SN36764,	SN36807,	

and	SN36828)	were	tested	at	10-fold	and	100-fold	IC50	in	SK-OV-3	and	T47D	cell	lines.	

The	western	blot	data	presented	 in	Figure	3.6A	–	B	show	that	SN36764	and	SN36828	

did	not	inhibit	AKT	phosphorylation	at	10-fold	IC50	(3.4	μM	and	20	nM	respectively)	in	

SK-OV-3	 cells,	 and	 although	 SN36807	 inhibited	 AKT	 phosphorylation	 (2.1	 μM),	 the	

inhibition	was	only	38%	(P=0.0067).	Compounds	SN36764	and	SN36807	were	able	to	
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block	 AKT	 phosphorylation	 at	 100-fold	 IC50	 (34	 μM	 and	 21	 μM	 respectively),	 but	

SN36828	 remained	 inactive.	 In	 the	 T47D	 cell	 line,	 all	 inhibitors	 decreased	 AKT	

phosphorylation	at	10-fold	and	100-fold	IC50	except	SN36828.	A66	only	 inhibited	AKT	

phosphorylation	by	30%	(P=0.0462)	and	32%	(P=0.0031)	at	10-fold	IC50	(0.4	μM)	in	SK-

OV-3	and	T47D	cells	respectively.	At	100-fold	IC50	(4	μM)	A66	was	able	to	inhibit	AKT	

phosphorylation	by	97%	 (P=0.0001)	 and	88%	 (P=0.0001)	 in	 SK-OV-3	 and	T47D	 cells	

respectively.	Although	 SN36764	 and	 SN36807	both	 inhibited	AKT	phosphorylation	 at	

100-fold	IC50,	greater	inhibition	was	achieved	with	SN36807	in	both	SK-OV-3	and	T47D	

cell	 lines.	 This	 activity	 comparison	 showed	 that	 the	 sulfonamide-containing	 SN36828	

was	 the	 least	 efficacious	 compound	 tested	 from	 the	 new	 series	 in	 both	 cell	 lines.	

However,	 when	 the	 inhibitor	 incubation	 time	 was	 increased	 from	 15	 to	 60	 minutes,	

SN36828	 inhibited	AKT	phosphorylation	by	70%	(P=0.0001)	at	100-fold	 IC50	 (0.2	μM,	

Figure	3.6C),	suggesting	that	 it	required	a	 longer	time	to	exert	 its	effect	 in	cells.	From	

this	data,	it	appears	that	within	the	new	series,	SN36807	is	the	most	effective	compound	

that	exhibits	PI3Kα	selective	signaling	blockade	in	cell-based	assays.	A	summary	of	the	

results	for	Figure	3.6	is	shown	in	Table	8.8.		

	

3.6 Selectivity	for	PI3K	
To	characterize	more	comprehensively	the	selectivity	of	this	class	of	compounds	within	

the	 PI3K/AKT	 signaling	 pathway,	 SN36764	 and	 SN36807	 were	 tested	 against	 a	

selection	of	kinases	able	to	phosphorylate	AKT	(167-175).	This	included	a	selection	of	

receptor	 tyrosine	 kinases	 along	with	 the	 insulin	 receptor,	DNA-PK,	mTOR,	 and	PDK1.	

The	kinome	screening	results	are	shown	in	Table	8.15.	Both	compounds	showed	little	if	

any	inhibition	when	tested	at	10	μM,	with	the	exception	of	DNA-PK	and	FRAP1	(mTOR),	

where	SN36764	 inhibited	DNA-PK	and	FRAP1	(mTOR)	by	43%	and	37%	respectively,	

while	SN36807	inhibited	DNA-PK	and	FRAP1	(mTOR)	by	40%	and	67%	respectively	at	

10	μM.			
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3.7 Discussion	
This	chapter	describes	the	structure-guided	design	and	synthesis	of	a	class	of	pyridyl-

substituted	imidazopyridine	PI3K	inhibitors	from	the	central	5,6-fused	imidazopyridine	

core	of	PIK-75.	This	series	of	inhibitors	demonstrated	selectivity	for	the	PI3Kα	enzyme	

in	biochemical	assays,	and	have	a	PI3K	cell	signaling	pathway	blockade	consistent	with	

other	established	PI3Kα	selective	inhibitors.	The	un-liganded	PI3Kα	structure	(21)	has	

progressed	the	discovery	of	molecular	mechanisms	controlling	isoform	selectivity	when	

combined	 with	 molecular	 docking	 (56,	 57,	 176)	 and	 site-directed	 mutagenesis	 (66).	

Using	 molecular	 docking	 and	 the	 un-liganded	 PI3Kα	 ATP	 binding	 site,	 selectivity	 is	

predicted	to	be	mediated	by	a	hydrogen	bond	to	the	p110α	specific	amino	acid	Q859,	an	

interaction	also	used	to	great	effect	by	A66	and	the	clinically	used	inhibitor	BYL719	(56,	

57,	 74,	 77).	 Unlike	 A66	 and	 BYL719,	 the	 PIK-75	 interaction	 with	 PI3Kα	 was	 more	

complex	 (55,	 66).	 The	 binding	 mode	 for	 this	 class	 of	 compound	 presented	 here	

recapitulates	 those	 published	 earlier	 (54,	 177),	where	 it	 is	 proposed	 to	 interact	with	

both	the	linker	region	via	a	hydrogen	bond	acceptor	of	the	central	5,6-fused	system,	and	

the	Trp-shelf	identified	by	PI3Kδ	inhibitors	(20,	178)	via	the	hydrazine	sulfonamide	and	

the	 nitro-aromatic	 ring.	 The	 data	 showed	 that	 fragment-like	 compounds	 without	 the	

potential	to	engage	the	Trp-shelf	site	are	mostly	devoid	of	activity,	even	when	screened	

at	 high	 concentrations	 (Table	 3.2).	 This	 supports	 an	 essential	 function	 for	 the	

sulfonamide-substituted	nitro-aromatic	unit	in	binding	to	the	ATP	site.	

	

One	of	 the	strengths	of	structure-guided	design	 is	 that	units	 from	different	compound	

classes	 that	 perform	 the	 same	 function	 when	 interacting	 with	 the	 target	 can	 be	

identified	along	with	those	that	make	dissimilar	interactions.	This	information	can	then	

be	recombined	into	different	chemical	series.	The	superimposition	of	SN30992	and	A66	

illustrated	 that	 both	 inhibitors	 used	 distinct	 and	 non-overlapping	 binding	 sites	 along	

with	commons	ones	(Figure	3.1).	The	IC50	data	showed	that	recombining	these	different	

interactions	by	merging	the	pyrrolidine	carboxamide	feature	onto	the	central	5,6-fused	

core	 of	 PIK-75,	 activity	 towards	 PI3Kα	 could	 be	 reinstated	 (Table	 3.1).	 These	

compounds	were	much	less	active	than	either	of	the	parent	compounds	indicating	that	

the	 Q859	 hydrogen	 bond	 interaction	 and	 the	 potential	 Trp-shelf	 binding	 site	 are	 not	
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interchangeable	on	the	5,6-fused	imidazopyridine	core	scaffold	of	compounds	related	to	

PIK-75.		

	

Central	5,6-fused	heterocyclic	ring	systems	form	the	core	of	many	PI3K	inhibitors	(179).	

Inhibitors	 based	 on	 the	 central	 pyridyl-imidazopyridine	 (137)	 scaffold	 like	 the	 series	

characterized	 in	 this	study,	or	 the	related	pyridyl-triazolopyridine	 (136,	180,	181),	 its	

benzothiazole	based	analogs	(182),	and	some	built	on	the	smaller	imidazopyridine	core	

are	 known,	 discovered	 by	 HTS	 of	 a	 fragment-like	 compound	 library	 (183),	 chemo-

proteomic	screens	against	PI3Kγ	(180),	and	scaffold	hopping	(182,	184).	Targeting	the	

affinity	 pocket	was	 successfully	 used	 to	 improve	 the	 potency	 for	 these	 examples	 and	

also	 PI3Kα	 selective	 inhibitors	 (56,	 63,	 72,	 73,	 75).	 The	 types	 of	 interactions	 have	

included	targeting	electrostatic	interactions	with	the	catalytic	lysine	(162,	183)	leading	

to	 the	discovery	of	 some	very	potent	pan-PI3K	 inhibitors,	hydrogen	bond	donors	and	

acceptors	present	in	the	affinity	pocket	(136,	137)	as	well	as	hydrophobic	regions	in	the	

affinity	pocket	(72,	73)	and	around	the	P-loop	(63,	184).	For	some	PI3K	inhibitors,	X-ray	

crystal	data	revealed	that	water	molecules	were	able	to	mediate	an	interaction	between	

the	inhibitor	and	enzyme	affinity	pocket.	Chemical	scaffolds	that	project	a	3-pyridyl	unit	

into	the	p110γ	affinity	pocket	were	able	to	hydrogen	bond	to	a	single	water	(139,	162,	

163,	 182,	 184,	 185),	 while	 three	 water	 molecules	 connected	 by	 a	 hydrogen	 bonding	

network	 were	 observed	 in	 the	 PI3Kα	 affinity	 pocket	 with	 4-pyridyl	 small	 molecule	

inhibitors	bound	(56,	184).	

	

The	 activity	 across	 all	 four	 PI3K	 isoforms	 could	 be	 improved	 by	 substituting	 the	

imidazopyridine	core	of	SN36384	with	a	3-pyridyl	unit	(Table	3.3).	Including	a	methoxy	

substituted	 3-pyridyl	 improved	 the	 potency,	 while	 the	 inclusion	 of	 a	 larger	 ionizable	

sulfonamide	group	showed	a	more	dramatic	increase	that	also	quenched	the	selectivity	

between	isoforms.	This	 leap	in	potency	 is	a	response	that	might	be	expected	from	the	

ionic	 interaction	 between	 the	 catalytic	 lysine	 and	 the	 ionizable	 group,	 and	 provides	

strong	support	 for	 the	docking	based	model	of	 these	 ligands.	 It	also	clearly	 illustrates	

that	 the	 hydrogen	 bond	 interaction	 between	 the	 ligand	 and	 Q859	 that	 controls	

selectivity	can	be	overridden.	A	study	by	Rutaganira	et	al.	also	showed	that	inclusion	of	

a	sulfonamide	group	on	a	thiazole-based	molecule	can	increase	the	potency	of	inhibitors	

against	PI3Kγ	and	PI3Kδ,	and	creates	inhibitors	that	are	equally	potent	against	PI4KIIIβ	
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and	VPS34,	yet	different	chemical	units	occupying	a	non-conserved	region	can	affect	the	

potency	of	inhibitors	against	PI3Kγ	and	PI3Kδ	(186).	The	data	presented	in	this	chapter	

also	show	that	the	pyridyl-imidazopyridine	scaffold	is	less	selective	than	A66	across	the	

PI3K	enzymes	tested,	and	potentially	other	kinases	like	mTOR.	This	may	be	a	function	of	

isoform	selectivity	intrinsic	to	the	5,6-fused	core.	Bell	et	al.	reported	that	IC50	values	for	

PI3Kγ,	 PI3Kα	 and	 PI3Kδ	 enzymes	 were	 influenced	 by	 the	 pyridyl	 isomer	 on	 a	

triazolopyridine	scaffold,	with	 the	PI3Kγ	enzyme	more	accepting	of	 the	3	 isomer	than	

either	PI3Kα	or	PI3Kδ,	while	PI3Kα	and	PI3Kγ	were	equally	tolerant	of	a	4-pyridyl	unit	

(136).	The	data	also	show	that	some	compounds	selective	for	the	p110γ	protein	engage	

the	hinge	binding	region	and	occupy	the	affinity	pocket	with	a	3-pyridyl	unit.	However,	

this	 isoform	preference	can	be	overridden,	potentially	by	 isoform-specific	 interactions	

at	other	locations	in	the	ATP	binding	site.	

	

Binding	 models	 for	 this	 imidazo-pyridine	 compound	 series	 showed	 that	 at	 least	 one	

water	binding	site	observed	 in	PI3K	enzymes	can	be	predicted	by	docking,	even	 in	an	

ATP	binding	site	where	crystallographic	waters	were	absent,	such	as	the	small	molecule	

free	ATP	site	in	PI3Ka	structure	2RD0.	The	data	presented	in	this	study	does	question	

the	role	of	water	 in	achieving	 isoform	selectivity,	 indicating	 that	while	3-pyridyl	units	

can	be	used	to	improve	affinity	the	water-mediated	interaction	is	better	suited	to	p110γ	

selectivity.	There	are	many	methods	 that	predict	water	binding	sites	and	displaceable	

waters.	 In	 this	 study,	 the	use	of	 a	 Superstar	water	map	 combined	with	 several	water	

molecules	around	the	propensity	peak	of	interest	and	the	GOLD	water	docking	method	

(187)	were	able	to	predict	a	water	binding	site	consistent	with	those	observed	in	X-ray	

crystal	 data	 for	 p110γ	 and	 PI3Kα	 proteins.	 Confirmation	 of	 the	 model	 for	 the	

compounds	described	here	would	require	crystallography.	

	

Cell	signaling	data	showed	that	some	of	 the	new	compounds	were	able	to	 inhibit	AKT	

phosphorylation	 in	 cell	 lines	 harboring	 the	 H1047R	 oncogenic	 mutation,	 and	 that	

blockade	 at	 the	 proximal	 part	 of	 the	 signaling	 pathway	was	 propagated,	 leading	 to	 a	

decrease	in	phosphorylation	at	a	distal	pathway	marker,	S6RBP,	consistent	with	the	in	

vivo	 effects	 of	 A66	 on	 the	 pathway	 in	 xenograft	 studies	 (57).	 The	 PI3Kα	 selective	

inhibitor	SN36807	was	less	active	in	the	E545K	harboring	MCF-7	cell	line	compared	to	

the	H1047R	haboring	SK-OV-3	and	T47D	cell	lines,	in	agreement	with	previous	studies	
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with	A66	 (57).	A	 screen	of	 SN36764	and	SN36807	against	 a	 small	 set	 of	 kinases	 that	

affect	 AKT	 phosphorylation	 at	 a	 single	 high	 concentration	 showed	 little	 off-target	

activity,	indicating	that	activity	is	likely	by	inhibition	of	PI3Kα.	When	inhibitor	efficacy	

was	explored	 in	more	detail	by	 comparing	AKT	phosphorylation	blockade	 in	SK-OV-3	

and	T47D	cells	at	concentrations	related	to	the	IC50	values	against	the	purified	enzyme,	

the	most	potent	 compound	 in	 the	 series	SN36828,	was	one	of	 the	 least	 effective.	One	

striking	 finding	was	 that	at	a	high	concentration	 the	pan-PI3K	 inhibitor	SN36828	was	

able	to	sustain	some	blockade	of	AKT	phosphorylation	over	one	hour	in	both	H1047R	

and	E545K	harboring	cell	 lines	consistent	with	other	pan	 inhibitors	GSK2126458	and	

PIK-75.	 Yet	 unlike	 PIK-75	 and	 GSK2126458,	 propagation	 of	 the	 blockade	 was	 less	

obvious	in	downstream	signaling	proteins	in	the	MCF-7	cell	line.		

	

In	summary,	this	study	used	a	chemotype	fusion	strategy	to	design	a	series	of	inhibitors	

that	 combine	 features	of	 two	known	PI3Kα	 inhibitors	 from	different	 classes.	This	has	

illustrated	 that	 the	 potency	 of	 PIK-75	 is	 dependent	 on	 the	 aromatic	 sulfonamide	 and	

shown	that	an	interaction	with	Q859	also	requires	a	more	complete	occupancy	with	the	

affinity	pocket	to	achieve	potent	compounds.	Importantly,	this	study	shows	that	isoform	

selectivity	 is	 not	 simply	 controlled	 by	 interactions	with	 isoform-specific	 amino	 acids.	

Spatially	related	water	molecules	across	different	enzymes	bound	in	the	affinity	pocket	

and	 targeted	 by	 ligand	 hydrogen	 bond	 acceptors	 have	 different	 functional	 outcomes.	

Finally,	the	results	showed	that	some	compounds	able	to	inhibit	the	lipid	kinase	activity	

of	PI3Kα,	 can	also	block	PI3Kα	signaling	 in	cells.	Together	 this	 study	describes	a	new	

strategy	 to	 define	 the	 factors	 that	 are	 important	 for	 developing	 selective	 and	 potent	

inhibitors	of	PI3K	isoforms.		
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4 Investigating	the	effect	of	ATP-competitive	

inhibitors	on	PI3Kα	membrane	binding		
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4.1 Introduction	
Class	 I	 PI3K	 must	 bind	 to	 the	 lipid	 membrane	 to	 access	 its	 substrate,	 PIP2,	 hence	

interacting	with	 the	 lipid	membrane	 is	 essential	 for	 the	 function	 of	 PI3K.	 The	 kinase	

domain	of	PI3K	is	shown	to	be	important	in	membrane	binding.	The	two	main	regions	

in	 the	 kinase	 domain	 proposed	 to	 be	 involved	 in	 lipid	 binding	 in	 p110α	 are	 the	 C-

terminus	of	the	kinase	domain	including	the	WIF	motif	which	is	hydrophobic	in	nature,	

and	the	polybasic	activation	loop	which	is	electrostatic	in	nature	(46).	The	C2	domain	of	

p110α	is	also	proposed	to	play	a	role	in	membrane	binding,	but	this	will	be	covered	in	

the	next	chapter.	The	PI3Kα	oncogenic	mutant	H1047R	in	the	C-terminus	of	the	kinase	

domain	has	increased	lipid	binding	capability	compared	to	the	WT	enzyme	(46,	47).		

	

A	study	by	Hon	et	al.	indicated	that	the	inhibitory	contact	formed	between	the	nSH2	and	

the	p110α	C2/helical/kinase	domains	 inhibits	membrane	binding	 and	 suppresses	 the	

basal	kinase	activity	of	p110α.	This	 inhibition	 is	 relieved	upon	pY	binding,	and	 this	 is	

suggested	to	result	in	a	conformational	change	propagating	from	the	helical	domain	to	

the	kinase	C-terminus,	which	subsequently	allows	the	C-terminus	of	the	kinase	domain	

and	the	activation	loop	to	adopt	conformations	competent	for	lipid	binding	(46).		

	

ATP-competitive	 inhibitors	 bind	 to	 the	 active	 site	 in	 the	 kinase	 domain,	 the	 kinase	

domain	 is	 known	 to	 be	 important	 for	membrane	 binding,	 and	 both	HDx	 and	 binding	

experiments	showed	that	the	kinase	domain	mutant	H1047R	has	increased	affinity	for	

the	membrane	 (43,	46).	This	 raised	 the	question	whether	binding	of	ATP-competitive	

inhibitors	 at	 the	 active	 can	 affect	 how	 PI3K	 interacts	with	 the	 lipid	membrane.	 Until	

now,	there	have	been	no	studies	on	how	small	molecules	can	affect	the	PI3K-membrane	

interaction,	 therefore	 this	 study	 aims	 to	 investigate	 the	 effect	 of	 ATP-competitive	

inhibitors	on	PI3K-membrane	binding	using	two	different	biophysical	methods.		
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Figure	4.1	ATP-competitive	inhibitors	occupy	different	areas	of	the	active	site.	A)	
Model	 of	 A66	 docked	 into	 the	 active	 site	 of	 PI3Kα	 (PBD:	 2RD0).	 B)	Model	 of	 PIK-75	
analog	 docked	 into	 the	 active	 site	 of	 PI3Kα	 (PDB:	 2RD0).	 C)	 Crystal	 structure	 of	
GSK2126458	 bound	 to	 the	 active	 site	 of	 p110γ	 (PDB:	 3L08).	 D)	 Crystal	 structure	 of	
ZSTK474	bound	to	the	active	site	of	p110δ	(PDB:	2WXL).		
	
Four	ATP-competitive	 inhibitors	were	selected	 for	 investigation,	and	although	they	all	

bind	to	the	hinge	region,	a	ligand-protein	interaction	observed	in	all	known	PI3K	crystal	

structures,	 these	 inhibitors	differ	 slightly	 in	 the	way	 they	occupy	other	 regions	of	 the	

active	site	(Figure	4.1).	A66	interacts	with	region	I	making	hydrogen	bonds	to	a	p110α	

specific	 residue	 Q859,	 and	 as	 discussed	 in	 Chapter	 3,	 contact	with	 this	 residue	 gives	

PI3Kα-selectivity.	PIK-75	is	also	predicted	to	interact	with	the	side	chain	of	Q859,	and	

this	 might	 contribute	 to	 its	 observed	 PI3Kα-selectivity,	 but	 in	 addition,	 it	 has	 a	

nitrobenzene	 unit	 that	 is	 predicted	 to	 engage	 a	 region	 in	 the	 N-terminal	 wall	 of	 the	

kinase	 domain	 known	 as	 the	 Trp	 shelf.	 By	 contrast,	 GSK2126458	 does	 not	 make	

interactions	with	 region	 I,	 the	 specificity	pocket	or	 the	Trp	shelf,	 instead,	 it	makes	an	

ionic	interaction	with	K833	in	the	affinity	pocket	of	the	human	p110γ	protein,	or	K802,	

its	 equivalent	 in	 the	 p110α	 structure,	 via	 a	 sulfonamide	 group.	 In	 addition,	 the	

difluorophenyl	group	fills	a	hydrophobic	region	extending	out	from	the	affinity	pocket.	
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This	hydrophobic	region	has	not	been	previously	assigned	a	name	or	a	functional	role.	

Similarly,	 ZSTK474	 also	 occupies	 the	 affinity	 pocket,	 and	 as	 determined	 by	 X-ray	

crystallography	in	p110δ,	makes	a	hydrogen	bond	with	K779.	However,	ZSTK474	does	

not	extend	out	of	the	affinity	pocket	like	GSK2126458.		

	

4.2 Effect	of	ATP-competitive	inhibitors	on	the	PI3Kα-

membrane	interaction	

To	 study	 how	ATP-competitive	 small	molecule	 inhibitors	 affect	 the	 PI3Kα-membrane	

interaction,	the	four	selected	PI3K	inhibitors	were	investigated	for	their	ability	to	affect	

PI3Kα-membrane	 interactions	 using	 the	 Fluorescence	 (Förster)	 Resonance	 Energy	

Transfer	(FRET)	membrane	binding	assay	as	described	by	Burke	et	al.	(43).	These	four	

inhibitors	are	potent	blockers	of	the	catalytic	activity	of	the	enzyme,	and	the	IC50	values	

are	shown	in	Table	4.1.		

	
Table	4.1	IC50	values	(nM)	for	known	ATP-competitive	PI3K	inhibitors.		

		 IC50	(nM)	

Inhibitor	
PI3Kα	
WT	

PI3Kα	
E545K	

PI3Kα	
H1047R	 PI3Kβ	 PI3Kδ	 p110γ	

A66*	 44.3±21.8	 48.9±1.5	 36.0±22.0	 >12500	 2673±709	 2706±1466	
PIK-75*	 5.6±2.4	 3.7±0.7	 2.4±0.1	 50.4±17.5	 171.9±57.2	 42.7±20.8	
GSK2126458*	 0.8±0.4	 0.9±0.03	 0.55±0.07	 2.1±1.1	 0.6±0.5	 1.4±0.1	
ZSTK474	 14.5±10.4	 16.5±2.5	 10.8±5.5	 7.3±3.6	 1.7±1.3	 7.6±1.3	

Data	shown	in	Mean	±	SD	(n≥2).	*	Data	already	presented	in	Chapter	3.		
	

The	FRET	membrane	binding	assay	measures	a	transfer	of	energy	from	Trp	residues	in	

the	protein	to	dansyl	groups	in	the	synthetic	membrane,	and	provides	a	direct	readout	

of	 the	 physical	 association	 between	 protein	 and	membrane.	 For	 incorporation	 of	 the	

dansyl	 group,	 PS	 containing	 a	 dansyl	 label	 at	 the	 headgroup	 was	 included	 in	 the	

liposome	mixture	with	composition	as	stated	in	Section	2.2.5.1.		
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Figure	 4.2	 Effect	 of	 ATP-competitive	 small	 molecule	 inhibitors	 on	 PI3Kα	 WT-
membrane	 interactions.	 Inhibitors	were	 tested	 at	 a	 starting	 concentration	 of	 2	 μM,	
followed	by	a	2-fold	dilution	for	each	subsequent	point.	FRET	signal	calculated	as	 I-I0,	
where	I	 is	 the	signal	at	520	nm	and	I0	 is	 the	background	fluorescence	from	liposomes	
only.	 The	 fluorescence	 of	 compounds	 was	 then	 subtracted	 from	 the	 FRET	 signals	 of	
compounds	and	protein.	The	FRET	signals	were	then	converted	to	a	percentage	of	the	
maximum	 FRET	 signal.	 Figure	 shown	 for	 1	 representative	 experiment,	 and	 the	
experiment	was	repeated	at	least	2	times.	Data	shown	in	Mean	±	SEM	(n=3).	
	

The	data	presented	in	Figure	4.2	showed	that	titrating	ATP-binding	site	blockers	against	

the	 pY	 activated	 PI3Ka	 WT	 enzymes	 caused	 a	 decrease	 in	 FRET	 signal,	 with	 the	

different	 inhibitor	 classes	 showing	 a	 range	 of	 outcomes.	 Of	 the	 inhibitors	 tested,	

GSK2126458	 decreased	 the	 FRET	 signal	 the	most,	 by	 approximately	 80%,	 suggesting	

that	in	addition	to	inhibiting	the	catalytic	activity	of	the	enzyme,	GSK2126458	was	also	

able	 to	 affect	 how	PI3Kα	 interacts	with	 the	 lipid	membrane,	 therefore	 suggesting	 full	

antagonism	of	 the	FRET	detectable	membrane	 interaction.	 IC50	values	were	generated	

with	GraphPad	Prism	6,	 nonlinear	 regression	 (curve	 fit),	 log(inhibitor)	 vs.	 response	–	

Variable	slope	(four	parameters)	without	any	constraints.	No	constraints	were	set	 for	

the	analysis	hence	the	IC50	values	generated	for	these	curves	should	only	be	interpreted	

as	the	mid-point	of	 the	curves	 instead	of	a	 true	IC50	value,	as	the	 inhibitors	decreased	

the	FRET	signal	to	different	extents	at	2	μM.	Strikingly,	the	mid-point	of	the	sigmoidal	

curve	 created	 by	 GSK2126458	 was	 approximately	 0.25	 μM	 (Table	 4.2),	 half	 the	

concentration	 of	 PI3Ka	WT	 used	 in	 the	 experiment,	 suggesting	 that	 the	 reduction	 in	

FRET	 signal	may	 be	 due	 to	 a	 state	 change	 in	 the	 inhibitor	 bound	 enzyme	 that	 is	 no	

longer	FRET	competent,	hence	the	presence	of	two	populations	of	protein	that	is	either	

FRET	 competent	 or	 FRET	 incompetent.	 ZSTK474	 caused	 the	 next	 most	 pronounced	
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effect,	with	an	obvious	sigmoidal	response	ranging	from	no	effect	to	an	approximately	

50%	decrease	in	FRET	signal	at	0.5	μM.	The	mid-point	of	the	curve	was	similar	to	that	of	

GSK2126458,	 at	 approximately	0.25	μM	suggesting	an	effect	on	 the	PI3Kα-membrane	

interacting	state	responsible	for	the	FRET.		The	inability	of	this	compound	to	reduce	the	

FRET	signal	to	the	same	level	of	GSK2126458	would	indicate	partial	antagonism	of	the	

FRET	detectable	membrane	interaction.	

	

Table	 4.2	 Mid-point	 IC50	 values	 for	 ATP-competitive	 inhibitors	 in	 the	 FRET	
membrane	binding	assay.		
Inhibitor	 Mean	IC50	(nM)	 SD	
A66	 233.5	 7.8	
PIK-75	 416.0	 99.0	
GSK2126458	 257.7	 13.6	
ZSTK474	 262.7	 55.4	
Each	experiment	was	done	at	least	three	times.		

	

While	 this	 is	 a	 small	 set	 of	 inhibitors,	 GSK2126458	 and	 PIK-75	 have	 dramatically	

different	 effects	 in	 the	 biophysical	 assay	 even	 though	 they	 are	 the	 two	 most	 potent	

inhibitors	 (Table	4.1).	PIK-75	decreased	 the	FRET	signal	by	only	15%,	and	 the	PI3Kα	

selective	 inhibitor	A66	decreased	 the	FRET	signal	by	25%,	showing	 that	 they	are	 less	

effective	in	the	FRET	membrane	binding	assay	compared	to	GSK2126458	and	ZSTK474.	

This	suggested	that	the	decrease	 in	FRET	signal	did	not	necessarily	correlate	with	the	

potency	of	the	inhibitors.	

	

The	 different	 binding	modes	 of	 the	 inhibitors	 shown	 in	 Figure	 4.1	 suggest	 that	 polar	

contacts	with	the	affinity	pocket	may	be	sufficient	to	partially	antagonise	the	membrane	

interaction	 generating	 the	 FRET	 signal,	 consistent	 with	 the	 data	 for	 ZSTK474,	 while	

stronger	ionic	interactions,	particularly	with	the	catalytic	lysine	residue	K802	are	more	

consistent	with	a	 stronger	antagonism	of	 the	FRET	generating	membrane	 interaction,	

shown	by	the	data	for	GSK2126458.		
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4.3 Using	biolayer	interferometry	to	confirm	effects	of	

ligands	on	PI3Kα-membrane	interaction	

As	 an	 alternative,	 non-fluorescent,	 method	 of	 detecting	 membrane	 binding,	 biolayer	

interferometry	 (BLI)	 was	 selected.	 This	 method	 involves	 dipping	 a	 biosensor	 into	 a	

solution	 containing	 liposomes	 or	 protein	 and	measures	 the	 change	 in	 wavelength	 of	

reflected	light	compared	to	an	internal	reference	to	give	an	indication	of	the	change	in	

the	thickness	of	the	biological	layer	at	the	tip	of	the	biosensor	(188).	It	also	differs	from	

the	FRET	membrane	assay	in	that	the	liposomes	are	immobilized.	

	

4.3.1 Determining	parameters	for	the	BLI	membrane	binding	assay	
The	BLI	membrane	binding	assay	is	a	new	system	that	has	not	been	used	previously	in	

our	laboratory,	or	in	a	published	study	investigating	PI3Kα-membrane	interactions.	The	

protocol	 developed	 involved	 coating	 aminopropylsilane	 (APS)	 biosensors	 with	

liposomes,	 and	 then	 blocking	 any	 free	 sites	 with	 chicken	 egg	 white	 albumin.	 APS	

biosensors	allow	hydrophobic	based	immobilization	of	proteins	and	lipids.	Meanwhile,	

the	protein	was	pre-incubated	with	phosphopeptide	(pY)	in	the	presence	or	absence	of	

GSK2126458,	 and	 then	 association	 onto	 the	 immobilized	 liposomes	 was	 recorded.	

However,	in	order	to	determine	whether	GSK2126458	affects	protein	association	onto	

liposomes,	it	is	important	to	test	whether	GSK2126458	affects	protein	association	onto	

the	naked	APS	biosensors	and	APS	biosensors	blocked	with	chicken	egg	white	albumin	

only,	because	these	could	contribute	to	false	results	in	the	assay.		

	

4.3.1.1 Determining	 whether	 GSK2126458	 affects	 protein	 association	 onto	

naked	or	albumin-coated	APS	biosensors		

Firstly,	 PI3Kα	 WT	 association	 onto	 APS	 biosensors	 in	 the	 presence	 or	 absence	 of	

GSK2126458	was	studied.	This	 is	 to	 investigate	whether	GSK2126458	affects	how	the	

protein	 interacts	 with	 the	 APS	 surface.	 The	 results	 showed	 that	 association	 of	 1	 μM	

PI3Kα	 onto	 naked	 APS	 biosensors	 was	 not	 affected	 by	 the	 presence	 of	 15	 μM	

GSK2126458,	14	fold	excess	of	the	PI3Kα	protein	(Figure	4.3A).		Secondly,	association	of	
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PI3Kα	WT	onto	APS	biosensors	bound	with	chicken	egg	white	albumin	in	the	presence	

or	 absence	 of	 GSK2126458	was	 studied.	 The	 results	 showed	 that	 protein	 association	

onto	 APS	 biosensors	 bound	with	 chicken	 egg	white	 albumin	was	 not	 affected	 by	 the	

presence	of	15	μM	GSK2126458,	 in	addition,	there	was	minimal	association	of	protein	

onto	 these	 albumin	 coated	 APS	 biosensors,	 suggesting	 that	 PI3Kα	 has	 minimal	 non-

specific	 interactions	 with	 chicken	 egg	 white	 albumin	 (Figure	 4.3B).	 Together	 these	

results	show	that	if	GSK2126458	is	able	to	decrease	PI3Kα	association	onto	liposomes,	

then	GSK2126458	 is	 affecting	 the	PI3Kα-liposome	 interaction,	 instead	of	 affecting	 the	

interaction	of	PI3Kα	with	 the	hydrophobic	 surface	of	APS	biosensors	or	with	 chicken	

egg	white	albumin.		
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Figure	4.3	GSK2126458	does	not	affect	the	non-specific	interaction	of	PI3Kα	with	
the	hydrophobic	surface	of	APS	biosensors	or	interaction	with	chicken	egg	white	
albumin.	Figure	shows	results	from	one	experiment,	each	experiment	was	done	at	least	
3	 times.	 A)	 Sensorgram	 for	 PI3Kα	 association	 in	 the	 presence	 or	 absence	 of	 15	 μM	
GSK2126458	 onto	 naked	 APS	 biosensors.	 B)	 Sensorgram	 for	 PI3Kα	 association	 onto	
APS	biosensors	blocked	with	chicken	egg	white	albumin.		
	

4.3.1.2 Determining	parameters	for	liposome	binding	

Liposomes	 at	 2	mg/mL	were	 bound	 onto	 APS	 biosensors	 in	 8	 individual	 500	 second	

runs.	Based	on	the	data	collected,	the	majority	of	the	cumulative	wavelength	shifts	for	

the	8	 liposome	binding	 steps	were	between	2	nm	 to	5	nm	 (Figure	4.4),	 hence	2nm	–	

5nm	 was	 used	 as	 a	 cutoff,	 and	 biosensors	 with	 liposome	 binding	 shifts	 outside	 this	

range	were	excluded.	In	addition,	the	majority	of	biosensor	tips	had	a	liposome	binding	

response	 of	 less	 than	 2	 nm	 for	 the	 first	 500	 seconds,	 and	 this	 was	 used	 as	 another	

selection	criterion.	APS	biosensors	that	did	not	meet	this	criterion	were	also	excluded.	
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The	 data	 generated	 under	 these	 liposome	 binding	 criteria	 were	 considered	 more	

reproducible.		

	
Figure	4.4	Cumulative	liposome	binding	sensorgrams	for	8×500	seconds	onto	APS	
biosensors.	The	majority	of	 liposome	binding	was	between	2	nm	to	5	nm,	hence	 this	
was	used	as	 the	cutoff	 for	 future	experiments	and	those	 that	did	not	satisfy	 this	were	
excluded.	Biosensors	were	also	excluded	if	the	initial	500	seconds	of	liposome	binding	
was	above	2	nm.	
	

4.3.2 GSK2126458	affects	PI3Kα	WT	association	onto	liposomes	

The	 FRET	 membrane	 binding	 assays	 demonstrated	 that	 GSK2126458	 was	 able	 to	

decrease	 the	 FRET	 signal	 by	 80%,	 suggesting	 that	 GSK2126458	 was	 able	 to	 affect	

binding	of	PI3Kα	to	the	lipid	membrane.	To	further	characterize	this,	GSK2126458	was	

tested	in	the	BLI	assay	for	the	ability	to	affect	protein	association	onto	liposomes	using	

protocol	A	as	described	in	Section	2.2.5.2.			

	
Figure	 4.5	 15	 μM	 GSK2126458	 decreased	 the	 wavelength	 shift	 of	 PI3Kα	 WT	
association	onto	APS	biosensors	bound	with	 liposomes.	PI3Kα	was	 pre-incubated	
with	 pY	 in	 the	 presence	 or	 absence	 of	 15	 μM	 GSK2126458	 on	 ice.	A)	 Mean	 protein	
association	in	the	presence	or	absence	of	15	μM	GSK2126458	(no.	of	biosensors	≥3).	B)	
Final	protein	association	after	300s	in	the	presence	or	absence	of	15	μM	GSK2126458	
(no.	of	biosensors	≥3,	shown	as	Mean	±	SEM).	**P<0.01,	unpaired	two-tailed	t-test.	
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Figure	4.5A	shows	the	mean	association	sensorgram	for	PI3Kα	WT	protein	association	

in	the	presence	and	absence	of	GSK2126458	at	15	μM,	14	fold	excess	of	the	protein.	The	

results	clearly	showed	that	GSK2126458	affected	PI3Kα	WT	association	onto	the	 lipid	

membrane	as	inferred	from	the	reduction	in	wavelength	shift	compared	to	PI3Kα	WT	in	

the	absence	of	the	inhibitor.	The	change	in	wavelength	shifts	at	the	end	of	300	seconds	

recording	time	is	shown	in	Figure	4.5B.		

	

To	provide	supporting	evidence	that	this	decrease	in	binding	of	PI3Kα	was	not	due	to	

differences	in	liposome	binding,	liposome	binding	onto	APS	biosensors	that	were	used	

for	PI3Kα	only	were	compared	with	those	used	for	PI3Kα	incubated	with	GSK2126458.	

The	 results	 showed	 that	 there	 was	 no	 significant	 difference	 between	 the	 cumulative	

wavelength	 shift	 for	 liposome	binding	 in	 the	 two	groups	 (Figure	4.6),	 suggesting	 that	

the	decrease	in	wavelength	shift	observed	in	the	presence	of	GSK2126458	was	unlikely	

to	be	due	to	a	difference	in	liposome	binding.		

	

	
Figure	 4.6	 Liposome	 binding	 for	 APS	 biosensors	 used	 for	 PI3Kα	 protein	
association	in	the	presence	or	absence	of	15	μM	GSK2126458.	Data	shown	as	Mean	
±	SEM	(no.	of	biosensors	≥3).		
	

In	 the	 FRET	 membrane	 binding	 assay,	 0.5	 μM	 of	 protein	 was	 used	 and	 2	 μM	 of	

GSK2126458	was	able	to	decrease	the	FRET	signal	by	80%.	Therefore	in	order	to	keep	

the	same	protein	to	 ligand	ratio	 in	the	BLI	assay,	 the	experiment	was	repeated	with	1	

μM	of	protein	and	4	μM	of	GSK2126458.		
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Figure	 4.7	 4	 μM	 GSK2126458	 decreased	 the	 wavelength	 shift	 of	 PI3Kα	 WT	
association	onto	APS	biosensors	bound	with	 liposomes.	PI3Kα	was	 pre-incubated	
with	pY	in	the	presence	or	absence	of	4	μM	GSK2126458	at	room	temperature.	A)	Mean	
protein	association	in	the	presence	or	absence	of	4	μM	GSK2126458	(no.	of	biosensors	
≥3).	 B)	 Final	 protein	 association	 after	 300s	 in	 the	 presence	 or	 absence	 of	 4	 μM	
GSK2126458	 (no.	 of	 biosensors	 ≥3,	 shown	 as	Mean	 ±	 SEM).	 **P<0.01,	 unpaired	 two-
tailed	t-test.	
	

Agreeing	with	the	results	from	the	FRET	membrane	binding	assay,	these	results	showed	

that	4	μM	GSK2126458	was	able	to	affect	PI3Kα	WT	association	onto	liposomes	(Figure	

4.7).	However,	when	GSK2126458	was	used	at	both	15	μM	and	4	μM	in	the	BLI	assay,	

the	 decrease	 in	 the	wavelength	 shift	was	 not	 equivalent	 to	 the	 decrease	 in	 the	 FRET	

signal.		

	

4.3.3 PIK-75	did	not	affect	PI3Kα	WT	association	onto	liposomes	

As	a	control,	PIK-75	was	also	tested	for	the	ability	to	decrease	membrane	binding.	PIK-

75	caused	a	15%	decrease	 in	FRET	signal	 at	2	μM,	and	had	an	 inhibition	profile	very	

different	to	GSK2126458,	therefore	it	was	not	expected	to	decrease	association	of	PI3Kα	

to	the	membrane	in	the	BLI	assay.		
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Figure	 4.8	 4	 μM	 PIK-75	 did	 not	 decrease	 the	 wavelength	 shift	 of	 PI3Kα	 WT	
association	 onto	 APS	 biosensors	 bound	 with	 liposomes.	 PI3Kα	 WT	 was	 pre-
incubated	with	pY	in	the	presence	or	absence	of	4	μM	PIK-75	at	room	temperature.	A)	
Mean	 PI3Kα	 WT	 association	 in	 the	 presence	 or	 absence	 of	 4	 μM	 PIK-75	 (no.	 of	
biosensors	≥3).	B)	Final	PI3Kα	WT	association	after	300s	in	the	presence	or	absence	of	
4	μM	PIK-75	(no.	of	biosensors	≥3,	shown	as	Mean	±	SEM).		
	
In	 agreement	 with	 the	 FRET	 assay	 results,	 4	 μM	 PIK-75	 did	 not	 affect	 the	 final	

wavelength	shift	of	PI3Kα	WT	binding	onto	the	liposomes	(Figure	4.8),	suggesting	that	

specific	 interactions	 between	 GSK2126458	 and	 PI3Kα	 WT	 may	 be	 important	 in	

changing	the	conformation	and	how	PI3Kα	WT	interacts	with	the	lipid	membrane.		

	

4.4 Protein-ligand	 interactions	 that	 contribute	 to	

decreased	FRET	signal	

To	 test	 whether	 the	 efficacy	 in	 quenching	 the	 FRET	 signal	 is	 related	 to	 the	 ionic	

interaction	with	K802	and/or	occupancy	of	the	affinity	pocket,	the	series	of	compounds	

designed	 in	 Chapter	 3	 that	 differed	 in	 the	 way	 they	 explore	 and	 occupy	 the	 affinity	

pocket	were	selected	for	further	investigation	(Figure	4.9).	As	explained	in	Section	4.1,	

the	 ionic	 interaction	with	K802	 is	a	key	 interaction	 for	GSK2126458	compared	 to	 the	

other	 inhibitors,	 and	 interactions	 with	 the	 affinity	 pocket	 were	 observed	 for	

GSK2126458	 and	 ZSTK474.	 Of	 the	 compounds	 designed	 in	 Chapter	 3,	 SN36705	

occupied	 the	affinity	pocket	 the	 least,	while	SN36828	occupied	 the	affinity	pocket	 the	

most.	SN36828	was	predicted	 to	 interact	with	Y836	via	a	water-mediated	 interaction,	

and	 also	 interact	 with	 K802	 via	 an	 ionic	 interaction	 similar	 to	 that	 observed	 for	

GSK2126458.	These	 compounds	were	 tested	 in	 the	FRET	membrane-binding	assay	 to	

investigate	the	effect	of	occupying	the	affinity	pocket	on	 inhibition	of	FRET	signals.	Of	
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the	 inhibitors	 tested,	 the	 background	 fluorescence	 from	 SN36807	 at	 10	 μM	was	 very	

high	(Figure	4.10)	suggesting	that	it	will	most	likely	interfere	with	the	FRET	signal	and	

will	 not	 provide	 a	 reliable	 indication	 of	 membrane	 binding.	 Therefore	 SN36807	was	

excluded	from	future	FRET	membrane	binding	experiments.		
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Figure	 4.9	 Docked	models	 of	 ATP-competitive	 inhibitors	 that	 only	 differ	 in	 the	
way	they	occupy	the	affinity	pocket.	The	 inhibitors	were	docked	 into	human	PI3Kα	
WT	active	site	(PDB:	2RD0),	water	molecules	are	shown	as	red	spheres,	and	predicted	
hydrogen	bonds	shown	as	yellow	dashed	lines.	A)	SN36705	explores	the	affinity	pocket	
with	a	bromine	group.	B)	SN36764	explores	the	affinity	pocket	with	a	3-pyridyl	group.	
C)	SN36784	explores	the	affinity	pocket	with	an	NH2-substituted	3-pyridyl	group	that	is	
predicted	 to	 interact	 with	 the	 side	 chains	 of	 D933.	 D)	 SN36807	 explores	 the	 affinity	
pocket	with	an	OMe-substituted	3-pyridyl	group	 that	 is	predicted	 to	 interact	with	 the	
side	chains	of	K802.	E)	In	addition	to	the	OMe-substituted	3-pyridyl	group,	SN36828	is	
predicted	 to	 make	 an	 ionic	 interaction	 with	 K802,	 and	 explores	 outside	 the	 affinity	
pocket	with	a	difluorophenyl	 sulfonamide.	The	design	and	docking	of	 these	 inhibitors	
with	water	molecules	are	covered	in	Chapter	3.	
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Figure	 4.10	 FRET	 signals	 from	 inhibitors	 designed	 in	 Chapter	 3.	 Inhibitors	 were	
tested	at	0.1	μM	and	10	μM	for	background	fluorescence.	FRET	signal	calculated	as	I-I0,	
where	I	 is	 the	signal	at	520	nm	and	I0	 is	 the	background	fluorescence	from	liposomes	
only.	The	experiment	was	done	once	with	4	replicates	per	inhibitor,	shown	as	Mean	±	
SEM	(n=4).		
	

	
Figure	4.11	Effect	of	inhibitors	that	occupy	the	affinity	pocket	to	different	extents	
on	PI3Kα	WT-membrane	interaction.	Inhibitors	were	tested	at	a	concentration	range	
between	8	μM	and	125	nM.	FRET	signal	calculated	as	I-I0,	where	I	is	the	signal	at	520	nm	
and	 I0	 is	 the	 background	 fluorescence	 from	 liposomes	 only.	 The	 fluorescence	 of	
compounds	was	then	subtracted	from	the	FRET	signals	of	compounds	and	protein.	The	
FRET	signals	were	then	converted	to	a	percentage	of	the	maximum	FRET	signal.	Figure	
shown	for	1	experiment,	and	the	experiment	was	repeated	at	least	2	times.	Data	shown	
in	Mean	±	SEM	(n=3).	
	

The	remaining	four	inhibitors	(SN36705,	SN36764,	SN36784	and	SN36828)	were	tested	

over	a	concentration	range	between	8	μM	and	125	nM.	The	results	presented	in	Figure	

4.11	 showed	 that	 SN36828	 was	 able	 to	 decrease	 the	 FRET	 signal	 by	 70%	 with	 an	
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inhibition	 profile	 similar	 to	 that	 observed	 for	 GSK2126458,	 whereas	 the	 other	

inhibitors	 did	 not	 decrease	 the	 FRET	 signal	 to	 the	 same	 extent.	 The	mid-point	 of	 the	

curves	from	the	FRET	membrane	binding	experiments	are	shown	in	Table	4.3.	Although	

the	 inhibition	 profiles	 of	 GSK2126458	 and	 SN36828	 are	 similar,	 the	mid-point	 of	 the	

SN36828	curve	was	0.6	μM,	approximately	the	same	as	the	concentration	of	protein	(0.5	

μM)	used,	instead	of	half	the	protein	concentration	like	that	of	GSK2126458	(Table	4.2).	

The	 structures	 of	 GSK2126458	 and	 SN36828	 are	 similar	 in	 that	 they	 both	 have	 a	

sulfonamide	group	that	can	make	an	ionic	interaction	with	the	catalytic	K802,	and	they	

also	 share	 the	 same	 difluorophenyl	 group	 extending	 from	 the	 sulfonamide	 (Figure	

4.12).	 This	 suggested	 that	 the	 antagonism	 of	 the	 FRET	 signal	 may	 be	 partially,	 or	

entirely	due	to	an	ionic	interaction	with	K802.	Although	SN36828	and	GSK2126458	also	

share	 a	 common	hydrogen	 bond	 interaction	with	 the	 hinge	 region,	 this	 interaction	 is	

common	with	all	other	inhibitors	tested	and	therefore	is	unlikely	to	be	contributing	to	

the	decrease	in	the	FRET	signal.		

	

Table	 4.3	Mid-point	 IC50	 values	 for	 inhibitors	 that	 occupy	 the	 affinity	 pocket	 to	
different	extents	in	the	FRET	membrane	binding	assay	
Inhibitor	 Mean	IC50	(μM)	 SD	
SN36705	 1.2	 0.71	
SN36764	 0.65	 0.21	
SN36784	 2.45	 2.05	
SN36828	 0.6	 0.12	
A66	 0.15	 0.07	
Each	inhibitor	was	tested	at	least	twice.		
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Figure	 4.12	 SN36828	 and	 GSK2126458	 have	 common	 chemical	 units.	 Docked	
model	of	SN36828	in	PI3Kα	(docking	protein:	2RD0)	overlaid	with	the	crystal	structure	
of	 GSK2126458	 in	 p110γ	 (PDB:	 3L08).	 Residues	 numbered	 according	 to	 PI3Kα.	 Red	
sphere	 represents	 water	 molecule	 from	 docked	 model	 of	 SN36828,	 cyan	 sphere	
represents	water	molecule	from	the	crystal	structure	(3L08).		
	
To	 explore	 the	 role	 of	 the	 sulfonamide	 group	 in	 affecting	 the	 FRET	 signal,	 several	

inhibitors	 that	 have	 a	 sulfonamide	 group	 but	 do	 not	 have	 the	 difluoro-substituted	

aromatic	 group	 were	 tested	 for	 their	 ability	 to	 inhibit	 the	 FRET	 signal.	 These	

compounds4	are	predicted	to	occupy	the	affinity	pocket	in	a	similar	way	as	GSK2126458	

and	 SN36828	 (Figure	 4.13),	 however,	 their	 calculated	 pKa5	was	 8.8,	 making	 them	

unlikely	 to	 make	 an	 ionic	 interaction	 with	 K802.	 In	 addition,	 they	 do	 not	 have	 the	

substituted	difluorophenyl	group	that	 fills	a	hydrophobic	region	 in	 the	back	pocket	of	

the	enzyme.	These	compounds	were	tested	for	background	fluorescence	signals,	and	the	

results	showed	that	all	the	inhibitors	had	high	fluorescence	signals,	but	SN37875	had	a	

relatively	 low	signal	 (Figure	4.14).	Therefore	SN37875	was	 selected	 for	 testing	 in	 the	

FRET	membrane	binding,	and	the	results	showed	that	SN37875	did	not	give	the	same	

FRET	signal	profile	as	GSK2126458	(Figure	4.15A).	 It	 is	possible	that	the	fluorescence	

signal	 from	 the	 compound	 only	 (Figure	 4.15B)	 interfered	 with	 the	 results.	 Although	

within	the	set	of	compounds	available,	SN37875	had	the	lowest	FRET	signal,	it	would	be	

desirable	 to	 test	 more	 sulfonamide-containing	 compounds	 of	 lower	 FRET	 signal	 to	

confirm	the	results	observed	in	Figure	4.15,	and	to	test	compounds	that	are	more	likely	

to	make	an	ionic	interaction	with	K802.		

																																																								
4	These	compounds	were	designed	and	synthesized	by	Dr.	Jackie	Kendall.		
5	pKa	was	calculated	by	Dr.	Jackie	Kendall	using	Marvin	Beans	from	ChemAxon	
(http://www.chemaxon.com).	
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Figure	 4.13	 Structures	 of	 sulfonamide-containing	 compounds.	 These	 compounds	
share	 the	 same	 core	 and	 sulfonamide	 group,	 but	 differ	 in	 the	 chemical	 units	 used	 to	
occupy	region	I.		
	
	
	

	
Figure	 4.14	 Fluorescence	 signals	 from	 sulfonamide-containing	 inhibitors.	
Inhibitors	were	 tested	 at	 5	 μM	 and	 10	 μM	 for	 background	 fluorescence.	 FRET	 signal	
calculated	as	I-I0,	where	I	is	the	signal	at	520	nm	and	I0	is	the	background	fluorescence	
from	 liposomes	 only.	 The	 experiment	was	 done	 once	with	 4	 replicates	 per	 inhibitor,	
shown	as	Mean	±	SEM	(n=4).	
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Figure	4.15	Effect	of	SN37875	on	FRET	signal.	Inhibitor	was	tested	at	a	concentration	
range	between	10	μM	and	41	nM.	FRET	signal	calculated	as	I-I0,	where	I	is	the	signal	at	
520	nm	and	I0	is	the	background	fluorescence	from	liposomes	only.	A)	The	fluorescence	
of	 compounds	 was	 subtracted	 from	 the	 FRET	 signals	 of	 compounds	 and	 protein.	 B)	
Background	 fluorescence	 from	compounds	only.	The	experiment	was	done	once.	Data	
shown	as	Mean	±	SEM	(n=3).		
	

4.5 Membrane	 binding	 of	 the	 oncogenic	 PI3Kα	

H1047R	mutant	is	less	sensitive	to	binding	of	ATP-

competitive	small	molecules	

These	interesting	results	led	to	the	investigation	of	whether	ATP-competitive	inhibitors	

can	 affect	 membrane	 binding	 of	 the	 H1047R	 oncogenic	 mutant	 which	 has	 greater	

affinity	 for	 the	 membrane.	 Based	 on	 the	 enzyme	 titration,	 H1047R	 mutant	 was	 not	

incubated	with	pY	for	the	FRET	assay,	therefore	it	was	in	a	different	state	to	the	PI3Kα	

WT	 pY	 activated	 protein.	 These	 differences	may	mean	 that	 the	 two	 enzymes	 are	 not	

directly	comparable.	In	the	presence	of	0.5	μM	protein,	GSK2126458	only	caused	a	24%	

decrease	 in	FRET	signal	at	2	μM	for	 the	H1047R	oncogenic	mutant	 (Figure	4.16).	The	

two	isoforms	are	in	different	states,	and	inhibition	profiles	from	the	FRET	experiments	

for	 the	 two	 isoforms	 are	 distinctly	 different.	 Based	 on	 the	 IC50	 data	 using	 protein	

expressed	and	purified	by	Dr.	James	Dickson	at	the	University	of	Auckland	(Table	4.1),	

GSK2126458	 inhibited	 the	 catalytic	 activity	 of	 the	 PI3Kα	WT	and	H1047R	 enzyme	 to	

similar	extents,	 indicating	that	 the	different	FRET	effects	are	unlikely	 to	be	due	to	the	

inhibitors	being	selective	of	PI3Kα	WT	over	H1047R.	However,	IC50	data	is	not	available	

for	 the	H1047R	protein	used	 in	the	FRET	assay,	which	was	expressed	and	purified	by	

Dr.	Glenn	Masson	in	the	Laboratory	of	Molecular	Biology.	Taken	together,	this	suggests	

that	 binding	 of	 GSK2126458	 at	 the	 active	 site	 causes	 a	 conformational	 change	 that	
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results	 in	 loss	 of	 FRET	 signal	 in	 the	 pY	 activated	 PI3Kα	 WT,	 whereas	 the	 H1047R	

mutant	without	pY	activation	is	in	a	membrane-binding	state	that	is	much	less	effected	

by	binding	of	GSK2126458.		

	

	
Figure	 4.16	 Effect	 of	 ATP-competitive	 small	 molecule	 inhibitors	 on	 PI3Kα	
H1047R-membrane	interactions.	Inhibitors	were	tested	at	a	starting	concentration	of	
2	μM,	followed	by	a	2-fold	dilution	for	each	subsequent	point.	FRET	signal	calculated	as	
I-I0,	 where	 I	 is	 the	 signal	 at	 520	 nm	 and	 I0	 is	 the	 background	 fluorescence	 from	
liposomes	 only.	 The	 fluorescence	 of	 compounds	 was	 then	 subtracted	 from	 the	 FRET	
signals	 of	 compounds	 and	 protein.	 The	 FRET	 signals	 were	 then	 converted	 to	 a	
percentage	 of	 the	 maximum	 FRET	 signal.	 Figure	 shown	 for	 1	 experiment,	 and	 the	
experiment	was	done	twice.	Data	shown	as	Mean	±	SEM	(n=3).	
	

The	FRET	assay	showed	that	GSK212648	was	able	to	decrease	the	membrane	binding	

signal	by	80%	 for	PI3Kα	WT,	but	only	24%	 for	 the	H1047R	oncogenic	mutant,	hence	

this	needed	to	be	confirmed	with	the	BLI	membrane	binding	assay.	In	the	BLI	assay,	the	

H1047R	 oncogenic	mutant	was	 pre-incubated	with	 10	 μM	 pY	 in	 a	 similar	manner	 to	

PI3Kα	WT.	Agreeing	with	the	FRET	assay	results	in	Figure	4.2	and	Figure	4.16,	the	effect	

of	GSK2126458	on	H1047R	binding	to	liposomes	was	smaller	for	the	oncogenic	mutant	

compared	to	PI3Kα	WT,	and	at	the	end	of	300	seconds	protein	association,	the	decrease	

in	protein	binding	was	non-significant	 (Figure	4.17).	As	 the	catalytic	activity	of	PI3Kα	

WT	and	the	H1047R	oncogenic	mutant	was	inhibited	to	similar	extents	by	GSK2126458,	

the	 BLI	 results	 suggest	 that	 PI3Kα	 WT	 and	 the	 H1047R	 oncogenic	 mutant	 have	

membrane	binding	properties	that	are	differentially	affected	by	GSK2126458.	PIK-75	at	

4	μM	also	did	not	affect	H1047R	association	onto	the	liposomes	(Figure	4.18).		
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Figure	 4.17	 4	 μM	 GSK2126458	 did	 not	 decrease	 the	 wavelength	 shift	 of	 PI3Kα	
H1047R	 association	 onto	 APS	 biosensors	 bound	with	 liposomes.	 PI3Kα	 H1047R	
was	 pre-incubated	with	 pY	 in	 the	 presence	 or	 absence	 of	 4μM	GSK2126458	 at	 room	
temperature.	 A)	 Mean	 protein	 association	 in	 the	 presence	 or	 absence	 of	 4	 μM	
GSK2126458	(n≥3).	B)	Final	protein	association	after	300s	in	the	presence	or	absence	
of	4	μM	GSK2126458	(no.	of	biosensors	≥3,	shown	as	Mean	±	SEM).		
	

	
Figure	4.18	4	μM	PIK-75	did	not	decrease	the	wavelength	shift	of	PI3Kα	H1047R	
association	 onto	 APS	 biosensors	 bound	with	 liposomes.	PI3Kα	 H1047R	 was	 pre-
incubated	with	pY	in	the	presence	or	absence	of	4	μM	PIK-75	at	room	temperature.	A)	
Mean	 PI3Kα	 H1047R	 association	 in	 the	 presence	 or	 absence	 of	 4	 μM	 PIK-75	 (no.	 of	
biosensors	 ≥3).	 B)	 Final	 PI3Kα	 H1047R	 association	 after	 300s	 in	 the	 presence	 or	
absence	of	4	μM	PIK-75	(no.	of	biosensors	≥3,	shown	as	Mean	±	SEM).	
	

4.6 Discussion	
This	 study	 presents	 the	 first	 evidence	 that	 ATP-competitive	 inhibitors	 can	 affect	 the	

PI3Kα-membrane	 interaction	 using	 two	 orthologous	 biophysical	 methods.	 The	 FRET	

membrane	 binding	 assay	 measures	 a	 transfer	 of	 energy	 from	 Trp	 residues	 in	 the	

protein	to	dansyl	groups	on	the	synthetic	membrane	free	in	solution	when	they	are	in	

proximity	 to	each	other.	Hence	a	decrease	 in	FRET	signal	or	energy	 transfer	 suggests	

increased	distance	between	the	Trp	residue(s)	responsible	for	the	energy	transfer	and	

the	dansyl	groups	on	the	membrane.	The	results	showed	that	GSK2126458	was	able	to	
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inhibit	 the	 FRET	 signal	 by	 80%,	 indicating	 that	 GSK2126458	 affected	 how	 PI3K	

interacts	with	the	lipid	membrane	(Figure	4.2).	This	was	also	observed	in	the	BLI	assay	

that	 has	 a	 different	 experimental	 setup.	 Liposomes	 were	 immobilized	 onto	 APS	

biosensors,	the	biosensors	were	then	blocked	with	chicken	egg	white	albumin	to	cover	

free	binding	sites,	and	 then	protein	was	associated	onto	 the	 liposomes.	The	BLI	assay	

also	 showed	 that	 pre-incubation	 with	 GSK2126458	 significantly	 decreased	 the	

wavelength	shift	of	PI3Kα	WT	associating	onto	 the	 liposomes	compared	 to	PI3Kα	WT	

alone,	 suggesting	 that	 GSK2126458	 can	 affect	 the	 PI3Kα-membrane	 interaction.	

However,	 the	 decrease	 in	 wavelength	 shift	 can	 either	 be	 due	 to	 reduced	 number	 of	

protein	molecules	binding	to	the	liposomes,	or	potentially	a	change	in	the	shape	of	the	

protein	at	the	liposome	surface,	resulting	in	reduced	apparent	thickness	of	the	protein.		

	

GSK2126458	makes	an	ionic	interaction	with	the	catalytic	lysine	in	the	affinity	pocket,	

and	ZSTK474	which	decreased	the	FRET	signal	by	50%	also	interacts	with	this	catalytic	

lysine	via	a	hydrogen	bond.	This	 led	 to	 the	hypothesis	 that	compounds	occupying	 the	

affinity	pocket	interacting	with	the	catalytic	lysine	may	affect	how	PI3Kα	interacts	with	

the	 lipid	 membrane.	 Indeed,	 SN36828,	 which	 is	 also	 predicted	 to	 make	 an	 ionic	

interaction	with	the	catalytic	 lysine,	decreased	the	FRET	signal	by	70%.	The	next	step	

was	 to	 investigate	 specific	protein-ligand	 interactions	 that	 are	 important	 for	 affecting	

PI3Kα	 membrane	 binding,	 and	 the	 obvious	 one	 was	 the	 ionic	 interaction	 with	 the	

catalytic	 lysine.	 A	 series	 of	 inhibitors	 that	 have	 a	 sulfonamide	 group	 similar	 to	

GSK2126458	and	SN36828	were	tested	in	the	FRET	membrane	binding	assay,	however,	

as	 they	 have	 a	 calculated	 pKa	 of	 8.8,	 they	 are	 unlikely	 to	 be	 able	 to	 make	 ionic	

interactions	with	K802.	The	results	showed	that	this	series	of	inhibitors	did	not	cause	a	

reduction	in	the	FRET	signal	like	that	of	GSK2126458	and	SN36828,	this	highlights	the	

need	 to	 test	 inhibitors	 that	 are	 also	 capable	 of	 making	 an	 ionic	 interaction	 with	 the	

catalytic	lysine	in	order	to	explore	whether	this	interaction	is	the	critical	determinant	of	

whether	an	ATP-competitive	inhibitor	affects	PI3Kα	membrane	binding	or	not.	Another	

difference	between	this	series	of	sulfonamide-containing	compounds	(Figure	4.13)	and	

GSK2126458	 (Figure	 4.12)	 is	 the	 lack	 of	 a	 difluorophenyl	 group	 that	 occupies	 the	

hydrophobic	 region	 above	 the	 affinity	 pocket	 of	 the	 enzyme.	 According	 to	 known	

literature,	 this	 region	 has	 not	 yet	 been	 assigned	 a	 name	 or	 a	 functional	 role.	 Results	

from	this	study	suggest	that	occupancy	of	this	region	may	be	an	important	determinant	
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of	whether	an	ATP-competitive	inhibitor	can	affect	the	PI3Kα-membrane	interaction	or	

not.			

	

There	 are	 two	 main	 regions	 in	 the	 PI3Kα	 kinase	 domain	 that	 are	 proposed	 to	 be	

important	in	membrane	binding:	the	C-terminal	tail	of	the	kinase	domain	including	the	

WIF	motif	and	the	polybasic	activation	loop	(46).	The	activation	loop	is	part	of	the	ATP	

binding	 site	 (24),	 and	 HDx	 experiments	 showed	 that	 there	 are	 decreased	 solvent	

exchange	 in	 the	 activation	 loop	 upon	 binding	 of	 GSK2126458	 and	 ZSTK474	 (189),	

providing	evidence	that	binding	of	GSK2126458	and	ZSTK474	can	potentially	affect	the	

conformation	 of	 the	 activation	 loop.	 However,	 there	 is	 no	 evidence	 in	 the	 literature	

showing	that	binding	of	GSK2126458	at	the	active	site	can	affect	the	membrane	binding	

region	in	the	C-terminus	of	the	kinase	domain.		

	

Unlike	 the	WT	enzyme,	membrane	binding	of	 the	H1047R	oncogenic	mutant	was	 less	

sensitive	 to	GSK2126458,	with	only	a	24%	decrease	 in	 the	FRET	signal	 (Figure	4.16),	

and	no	significant	decrease	in	protein	association	onto	liposomes	in	the	BLI	membrane	

binding	 assay	 (Figure	 4.17).	 This	 difference	 was	 not	 due	 to	 GSK2126458	 having	

different	potencies	against	the	WT	and	oncogenic	protein,	as	shown	by	the	similar	IC50	

values	 in	Table	4.1.	However,	 the	PI3Kα	WT	protein	was	tested	 in	the	presence	of	pY,	

and	the	H1047R	mutant	was	tested	in	the	absence	of	pY	in	the	FRET	membrane	binding	

assay,	 therefore	 the	 two	 enzymes	 were	 in	 different	 states	 and	 may	 not	 be	 directly	

comparable.	 Although	 the	 BLI	 membrane	 binding	 assay	 results	 showed	 that	 4	 μM	

GSK2126458	 did	 not	 decrease	 association	 of	 H1047R	 onto	 the	 liposomes	 in	 the	

presence	of	pY,	 it	 is	yet	unknown	whether	the	differences	 in	FRET	signal	between	the	

two	 isoforms	were	 due	 to	 the	 different	 states	 of	 the	 enzyme.	 For	 this	 reason,	 future	

studies	 would	 include	 investigating	 the	 effect	 of	 GSK2126458	 on	 the	 H1047R	 FRET	

signal	in	the	presence	of	pY.	

	

The	H1047R	mutation	 is	 located	 in	the	C-terminus	of	 the	kinase	domain,	 in	the	elbow	

formed	 between	 kα11	 and	 kα12	 helices	 (5,	 40,	 47),	 and	 has	 increased	 membrane	

binding	potential	compared	to	the	WT	enzyme	(46,	47).	The	crystal	structure	of	PI3Kα	

H1047R	shows	that	the	R1047	mutation	orders	the	p110α	residues	1050-1062	in	the	C-

terminus	 into	 a	 loop	 positioned	 to	 interact	 with	 the	 lipid	 membrane	 (47).	 HDx	
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experiments	 also	 show	 that	 there	 is	 increased	 exposure	 of	 the	 C-terminal	 end	 of	 the	

activation	 loop	which	 is	 involved	 in	 lipid	binding	 and	 is	 situated	directly	beneath	 the	

H1047R	mutation	 (43).	These	 together	with	 the	 results	 of	 this	 study	 suggest	 that	 the	

H1047R	mutation	remodels	the	lipid	binding	surface	of	PI3Kα	at	the	C-terminus	into	a	

membrane	binding	ensemble	 that	 is	no	 longer	 sensitive	 to	binding	of	GSK2126458	at	

the	ATP-binding	site.	In	other	words,	unlike	in	the	WT	enzyme,	there	is	a	decoupling	of	

events	for	the	H1047R	mutant,	where	the	conformational	change	caused	by	binding	of	

GSK2126458	at	the	active	site	no	longer	affects	membrane	binding.				

	

In	summary,	this	study	gives	the	first	evidence	of	ATP-competitive	inhibitors	affecting	

how	PI3Kα	interacts	with	the	membrane,	and	this	effect	may	be	dependent	on	specific	

protein-ligand	 interactions	 that	 could	be	explored	 for	drug	discovery.	 In	addition,	 the	

results	 revealed	 that	PI3Kα	WT	and	 its	oncogenic	H1047R	mutant	occupies	distinctly	

different	 conformational	 ensembles,	 one	 being	 sensitive	 to	 alterations	 of	 membrane	

binding	by	GSK2126458	and	 the	other	 is	not.	 In	addition	 to	 investigating	 the	effect	of	

GSK2126458	on	the	H1047R-membrane	interaction	in	the	presence	of	pY	in	the	FRET	

membrane	 binding	 assay,	 future	 directions	 also	 include	 investigating	 the	 effect	 of	

GSK2126458	 on	 PI3Kα-membrane	 binding	 in	 the	 flotation	 assay	 as	 described	 by	

Ceccato	et	al.	 (190).	This	 is	 because	neither	 the	FRET	nor	 the	BLI	membrane	binding	

assay	 provides	 conclusive	 evidence	 that	 GSK2126458	was	 able	 to	 inhibit	 the	 PI3Kα-

membrane	interaction,	while	the	flotation	assay	can	provide	direct	evidence	of	the	loss	

of	protein-membrane	interactions.		
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5 Investigating	 the	 effect	 of	 coagulation	

factor	V	and	factor	VIII	membrane	binding	

inhibitors	on	PI3Kα	membrane	binding	
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5.1 Introduction	
Interactions	 between	 the	 membrane	 and	 the	 C2	 domain	 of	 coagulation	 factor	 V	 and	

factor	VIII	have	been	an	area	of	interest	for	many,	and	several	groups	have	discovered	

inhibitors	 of	 factor	 V	 and/or	 factor	 VIII	 C2	 domain-membrane	 interactions.	 The	 C2	

domain	 of	 PI3K	 is	 also	 proposed	 to	 be	 involved	 in	 membrane	 binding	 (21,	 46),	 and	

Walker	et	al.	showed	that	the	isolated	PI3Kγ	C2	domain	was	able	to	bind	multilamellar	

phospholipid	vesicles	similarly	to	the	full-length	enzyme	(23).	Although	the	C2	domain	

is	the	least	conserved	domain	among	Class	I	isoforms,	with	only	27%	sequence	identity	

between	 p110α	 and	 p110γ,	 the	 characteristic	 eight-stranded	 antiparallel	 β-sandwich	

topology	is	preserved	(21).	Similar	to	the	p110γ	C2	domain,	the	CBR3	of	p110α	contains	

basic	 residues	 K410,	 R412,	 K413	 and	 K416	 that	 are	 proposed	 to	 be	 involved	 in	

membrane	binding	(21).		

	

The	 C2	 domains	 of	 coagulation	 factor	 V	 and	 Class	 I	 PI3K	 are	 unrelated	 at	 a	 primary	

sequence	 level,	 with	 the	 highest	 sequence	 identity	 being	 32%.	 However,	 visual	

inspection	 reveals	 some	 structural	 similarity	 even	 though	 the	 direction	 of	 the	

antiparallel	 strands	 are	 different	 (Figure	 1.6).	 In	 addition,	 both	 C2	 domains	 interact	

with	 the	 membrane	 in	 a	 calcium-independent	 manner	 (81),	 suggesting	 that	 known	

small	 molecule	 inhibitors	 of	 coagulation	 factor	 V	 and/or	 factor	 VIII	 C2	 domain-

membrane	 interaction	may	 also	 affect	 how	PI3Kα	 interacts	with	 the	 lipid	membrane.	

Hence	 twenty-five	 of	 these	 small	 molecule	 inhibitors	 were	 tested	 in	 the	 FRET	

membrane	 binding	 assay,	 and	 will	 be	 referred	 to	 as	 C2	 blockers	 from	 this	 point	

onwards.	These	 inhibitors	were	discovered	using	a	combination	of	methods	 including	

structure-based	 virtual	 ligand	 screening,	 SPR	 and	 ELISA	 assay	 with	 PS-immobilized	

plates.	In	this	thesis,	these	compounds	were	investigated	for	effects	on	PI3Kα	function	

using	 FRET	membrane	 binding	 assay,	 lipid	 kinase	 assay,	 and	 BLI	membrane	 binding	

assay.		
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5.2 Known	 C2	 blockers	 can	 decrease	 the	 FRET	 signal	

for	PI3Kα	WT	

Known	C2	blockers	were	made	up	to	10	mM	stock	solutions	in	100%	DMSO,	and	tested	

at	50	μM	in	the	FRET	assay	with	2%	DMSO,	0.3	μM	protein	and	50	μg	of	liposomes	of	the	

same	composition	as	described	 in	Section	2.2.5.1.	Based	on	known	 literature,	 it	 is	 the	

first	 time	 these	 C2	 blockers	 have	 been	 tested	 in	 the	 FRET	membrane	 binding	 assay.	

Some	of	these	compounds	have	poor	solubility.	Compound	12	precipitated	at	10	mM	in	

100%	DMSO	even	after	vortexing	and	sonicating	 the	solution,	 likely	reducing	 the	 true	

concentration	of	the	inhibitor	to	less	than	10	mM.	Compounds	2,	4,	9,	11,	12,	15,	16,	17	

and	18	precipitated	at	250	μM	in	10%	DMSO.		

	

From	 this	 single	 screening	 experiment,	 10,	 14,	 20,	 21,	 23,	 24	 and	 25	 have	 high	

background	fluorescence	signals	of	greater	than	13000	(Figure	5.1A)	that	may	interfere	

with	 the	 experiment.	 These	 compounds	 were	 excluded	 from	 further	 analysis	 and	

experiments	(Figure	5.1B).	The	remaining	signals	had	fluorescence	background	signals	

of	less	than	13000	units.		
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Figure	5.1	Known	C2	blockers	of	factor	V	and	factor	VIII-membrane	interactions	
tested	against	PI3Kα.	A)	The	inhibitors	were	tested	at	50	μM.	FRET	signal	calculated	
as	 I-I0,	 where	 I	 is	 the	 signal	 at	 520	 nm	 and	 I0	 is	 the	 background	 fluorescence	 from	
liposomes	only.	B)	Compounds	with	high	fluorescence	signals	were	removed	from	the	
graph.	ZSTK474	is	abbreviated	as	ZSTK,	GSK2126458	is	abbreviated	as	GSK,	and	DMSO	
only	control	is	abbreviated	as	buffer.	The	experiment	was	done	once	with	4	replicates.	
Data	shown	as	Mean	±	SEM.		
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Figure	5.2	C2	blockers	tested	at	25	μM	against	PI3Kα.	FRET	signal	calculated	as	I-I0,	
where	I	 is	 the	signal	at	520	nm	and	I0	 is	 the	background	fluorescence	from	liposomes	
only.	 The	 fluorescence	 of	 compounds	 was	 then	 subtracted	 from	 the	 FRET	 signals	 of	
compounds	and	protein.	The	FRET	signals	 for	each	 inhibitor	were	 then	normalized	to	
the	FRET	signal	of	the	protein	only	control	in	2%	DMSO.	This	experiment	was	done	once	
with	4	replicates.	Data	shown	in	Mean	±	SEM	(n=4).		
	

The	C2	blockers	were	tested	at	a	lower	concentration	of	25	μM	in	the	attempt	to	reduce	

the	background	 fluorescence	and	 improve	the	solubility	of	 the	compounds.	Given	that	

all	the	compounds	have	background	fluorescent	signals,	it	was	difficult	to	interpret	the	

change	 in	 FRET	 signal	 in	 the	 presence	 of	 inhibitors.	 Hence	 the	 fluorescence	 of	

compounds	 was	 subtracted	 from	 the	 FRET	 signals,	 and	 the	 FRET	 signals	 of	 each	

inhibitor	were	 then	 normalized	 to	 that	 of	 the	 protein	 only	 control	 in	 2%	DMSO.	 The	

normalized	 signals	 suggest	 that	 7	 (ChemBridge	 no.	 5740628),	 12	 (ChemBridge	 no.	

5992471),	 13	 (ChemBridge	 no.	 6043266),	 15	 (ChemBridge	 no.	 6126765),	 and	 16	

(ChemBridge	 no.	 6168356)	 could	 decrease	 the	 normalized	 FRET	 signal	 to	 below	 1	

(Figure	5.2).	The	next	step	was	to	generate	concentration-response	curves	for	these	five	

selected	 compounds	 that	 decreased	 the	 FRET	 signal	 the	 most.	 Their	 structures	 are	

shown	 in	 Figure	 5.3.	 For	 the	 initial	 screen	 in	 the	 FRET	 assay,	 the	 compounds	 were	

abbreviated	 as	 1-25;	 Table	 8.18	 contains	 the	 corresponding	 full	 ChemBridge	 catalog	

numbers.	Compounds	will	be	referred	to	by	their	ChemBridge	catalog	number	from	this	

point	onwards.		
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Figure	5.3	Structures	of	selected	C2	compounds.		
	

The	FRET	results	presented	in	Figure	5.4A	for	the	five	compounds	5740628,	5992471,	

6043266,	6126765	and	6168356	showed	 that	 they	can	decrease	 the	FRET	signal	 in	a	

concentration-dependent	 manner,	 with	 the	 IC50	 mid-points	 shown	 in	 Table	 5.1.	

Compound	6168356	had	the	lowest	IC50	mid-point,	but	as	shown	in	Figure	5.4B,	at	20	

μM	all	the	compounds	were	able	to	decrease	the	FRET	signal	by	approximately	40-50%.	

Figure	 5.4C	 shows	 the	 background	 fluorescence	 of	 compounds.	 The	 substantial	

decrease	 in	 signal	 for	 6168356	 compound-only	 suggests	 that	 this	 compound	may	 be	

interfering	with	the	readout	of	the	assay,	therefore	the	FRET	results	for	this	compound	

may	not	be	reliable.	All	compounds	except	6168356	were	tested	at	least	twice,	6168356	

was	tested	once.	These	results	suggest	that	the	other	selected	C2	blockers	may	affect	the	

membrane	interaction	of	PI3Kα.		
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Figure	5.4	Concentration-response	curves	for	selected	C2	blockers.	Inhibitors	were	
tested	 at	 a	 starting	 concentration	 of	 20	 μM,	 followed	 by	 a	 2-fold	 dilution	 for	 each	
subsequent	point.	A)	FRET	signal	for	C2	blockers	and	PI3Kα.	FRET	signal	calculated	as	I-
I0,	where	I	is	the	signal	at	520	nm	and	I0	is	the	background	fluorescence	from	liposomes	
only.	 The	 fluorescence	 of	 compounds	 was	 then	 subtracted	 from	 the	 FRET	 signals	 of	
compounds	and	protein.	B)	Data	shown	as	%	FRET	signal	normalized	to	the	maximum	
FRET	 signal.	 C)	 FRET	 signal	 shown	 as	 I-I0	 for	 compounds	 only.	 Figure	 shows	 results	
from	a	representative	experiment.	Data	shown	in	Mean	±	SEM	(n=3).		
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Table	5.1	Mid-point	IC50	values	for	C2	blockers	in	FRET	assay	
Compound	 Mean	IC50	(μM)	 SD	
5740628	 7.85	 2.19	
5992471	 10.3	 0.60	
6043266	 5.57	 0.99	
6126765	 9.85	 0.21	
6168356	 2.3	 NA	
	

5.3 Known	 C2	 blockers	 can	 decrease	 lipid	 kinase	

activity	of	PI3Kα	WT	

5.3.1 Testing	 C2	 blockers	 in	 lipid	 kinase	 assay	 using	 liposomes	

containing	5%	PIP2	as	the	substrate	
The	FRET	assay	results	suggest	that	these	C2	blockers	may	affect	how	PI3Kα	interacts	

with	the	lipid	membrane,	and	hence	access	of	PI3Kα	to	its	substrate	PIP2.	Therefore	the	

next	 step	 was	 to	 investigate	 whether	 these	 compounds	 could	 inhibit	 PI3Kα	 activity	

using	liposomes	containing	5%	PIP2	as	the	substrate.	The	liposomes	were	prepared	as	

in	Section	2.2.4.3.	The	C2	blockers	were	tested	at	a	final	concentration	of	10	μM	in	5%	

DMSO	to	improve	solubility	and	reduce	potential	precipitation.		

	

The	lipid	kinase	assay	results	presented	in	Figure	5.5	show	that	all	five	inhibitors	were	

able	 to	 significantly	 decrease	 PI3Kα	 WT	 lipid	 kinase	 activity,	 with	 5740628	 and	

6126765	 being	 the	most	 potent	 inhibitors	 of	 PI3Kα	WT,	 giving	 72%	 (P=0.0001)	 and	

80%	 (P=0.0001)	 inhibition	 respectively.	 The	 other	 inhibitors	 5992471,	 6043266,	 and	

6168356	inhibited	PI3Kα	WT	lipid	kinase	activity	by	35%	(P=0.0040),	32%	(P=0.0063),	

and	 33%	 (P=0.0050)	 respectively.	 All	 compounds	 except	 6168356	 were	 able	 to	 also	

inhibit	 the	 H1047R	 oncogenic	 mutant	 lipid	 kinase	 activity,	 compounds	 5740628,	

5992471,	 6043266	 and	 6126765	 gave	 63%	 (P=0.0002),	 39%	 (P=0.0434),	 60%	

(P=0.0003),	 and	 64%	 (P=0.0002)	 inhibition	 respectively.	 Based	 on	 these	 results,	

6126765	was	 the	most	 potent	 inhibitor	 at	 inhibiting	 lipid	 kinase	 activity	 of	 both	 the	

PI3Kα	WT	and	the	H1047R	oncogenic	mutant,	followed	by	5740628.		
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Figure	 5.5	 Effect	 of	 C2	 blockers	 on	 lipid	 kinase	 activity	 of	 PI3Kα	 WT	 and	 its	
H1047R	oncogenic	mutant	using	5%	PIP2	containing	liposomes	as	the	substrate.	
Lipid	 kinase	 activity	 is	 shown	 as	 relative	 intensity	 of	 autoradiography	 units	 in	 the	
presence	 of	 inhibitors	 normalized	 to	 control	 without	 inhibitor.	 A)	 Inhibitors	 tested	
against	 PI3Kα	WT.	 B)	 Inhibitors	 tested	 against	 PI3Kα	 H1047R	 oncogenic	mutant.	 C2	
blockers	were	tested	at	10	μM	and	GSK2126458	was	tested	at	100	nM.	The	reaction	was	
carried	out	at	room	temperature	for	60	minutes	and	the	reaction	stopped	by	addition	of	
EDTA.	Graphs	 summarize	 the	 results	of	n³3	 independent	 experiments	 (Mean	±	SEM).	
*P<0.05,	**P<0.01,	***P<0.001,	****P<0.0001,	one-way	ANOVA	with	Dunnett’s	multiple	
comparisons	test.	
	

Inhibition	 of	 enzyme	 activity	 can	 result	 from	 specific	 and	 non-specific	 ligand	

interactions.	 One	 non-specific	 interaction	 is	 through	 the	 formation	 of	 colloidal	

aggregates.	 These	 compound	 complexes	 can	 absorb	 proteins	 onto	 its	 surface	 and	

partially	 denature	 the	 protein,	 leading	 to	 non-specific	 inhibition	 (100,	 101).	 For	 this	

reason,	 the	 C2	 blockers	 were	 tested	 at	 http://advisor.bkslab.org,	 an	 on-line	 tool	

developed	by	Irwin	et	al.	(108)	that	can	be	used	to	advise	whether	these	compounds	are	

potential	aggregators	based	on	topological	similarity	to	known	aggregators,	calculated	

lipophilicity,	 and	 observed	 affinity	 range.	 According	 to	 the	 results	 of	 this	 tool,	

compounds	 5740628	 and	 6126765	 were	 not	 identified	 as	 aggregators,	 and	 have	

relatively	 low	 cLogP	 values	 (1.8	 and	 1.4	 respectively).	 The	 compounds	 5992471,	

6043266	 and	 6168356,	 although	 not	 previously	 known	 to	 be	 aggregators,	 have	

relatively	high	cLogP	values	(3.9,	4.1	and	3.3	respectively),	a	property	that	is	common	to	

aggregators.	 However,	 this	 tool	 developed	 by	 Irwin	 et	al.	will	most	 likely	 give	 rise	 to	

false	negatives	and	 false	positives,	as	aggregation	 is	not	only	dependent	on	molecular	
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properties,	but	other	conditions	such	as	concentration,	type	of	buffer,	temperature	and	

pH	will	also	contribute	to	aggregation	of	small	molecules	(108).	Therefore	this	tool	can	

only	be	used	 to	 give	 an	 indication	of	whether	 the	 compounds	 are	 likely	 to	 aggregate.	

Detergents	 are	 known	 to	 disrupt	 aggregates,	 but	may	 not	 necessarily	 fully	 eliminate	

aggregation	(104).	Hence	the	effect	of	the	C2	blockers	on	PI3Kα	lipid	kinase	activity	was	

tested	for	detergent	sensitivity.			

	

5.3.2 Testing	 C2	 blockers	 in	 lipid	 kinase	 assay	 in	 the	 presence	 of	

detergents	
The	 addition	 of	 non-ionic	 detergents	 in	 enzyme	 assays	 is	 known	 to	 diminish	 non-

specific	 inhibition	 by	 aggregators	 (105).	 Two	 detergents,	 octyl	 β-D-glucopyranoside	

(non-ionic)	 and	 CHAPS	 (zwitterionic)	 were	 selected,	 as	 they	 are	 non-denaturing	

detergents	frequently	used	to	solubilize	and	purify	membrane	proteins	(191-193).	If	the	

inhibition	 by	 C2	 blockers	 on	 PI3Kα	 activity	 is	 due	 to	 non-specific	 inhibition	 by	

aggregation,	this	inhibition	should	be	decreased	in	the	presence	of	detergent.	

		
Figure	 5.6	 Titration	 of	 detergents	 using	 5%	 PIP2	 containing	 liposomes	 as	 the	
substrate	 with	 PI3Kα	 WT.	 Lipid	 kinase	 activity	 is	 shown	 as	 relative	 intensity	 of	
autoradiography	units,	normalized	to	control	 in	 the	absence	of	detergent.	A)	Titration	
for	octyl	β-D-glucopyranoside	from	a	starting	concentration	of	2.5	mM,	and	then	3-fold	
serially	diluted	down	to	1.1	μM.	B)	Titration	for	CHAPS	from	a	starting	concentration	of	
600	 μM,	which	 is	 then	 3-fold	 serially	 diluted	 down	 to	 0.27	 μM.	 The	 concentration	 of	
detergent	selected	based	on	 the	 titration	 is	shown	by	 the	red	circle.	The	reaction	was	
carried	out	at	room	temperature	for	60	minutes	and	the	reaction	stopped	by	addition	of	
EDTA.	The	experiment	was	done	once	at	a	final	DMSO	concentration	of	5%	DMSO,	data	
shown	as	Mean	±	SEM	(n=3).		
	

The	titration	results	of	octyl	β-D-glucopyranoside	(Figure	5.6A)	showed	that	increasing	

concentrations	 of	 octyl	 β-D-glucopyranoside	 can	 decrease	 PI3Kα	 lipid	 kinase	 activity.	
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Based	 on	 these	 results,	 a	 final	 octyl	 β-D-glucopyranoside	 concentration	 of	 10	 μM	 as	

indicated	 by	 the	 red	 circle	 was	 selected	 to	 determine	 whether	 the	 decrease	 in	 lipid	

kinase	 activity	 was	 sensitive	 to	 octyl	 β-D-glucopyranoside.	 The	 titration	 results	

presented	 in	 Figure	 5.6B	 showed	 that	 increasing	 concentrations	 of	 CHAPS	 also	

decreased	PI3Kα	lipid	kinase	activity.	Based	on	the	results	a	final	CHAPS	concentration	

of	2.5	μM,	as	indicated	by	the	red	circle	was	selected	to	determine	whether	the	decrease	

in	lipid	kinase	activity	was	sensitive	to	CHAPS.		

	
Figure	 5.7	 Effect	 of	 C2	 blockers	 at	 10	 μM	 on	 lipid	 kinase	 activity	 of	 PI3Kα	WT	
using	 5%	PIP2	 containing	 liposomes	 as	 the	 substrate	 in	 the	 presence	 of	 10	 μM	
octyl	 β-D-glucopyranoside.	 Lipid	 kinase	 activity	 is	 shown	 as	 relative	 intensity	 of	
autoradiography	units	 in	 the	presence	of	 inhibitors	normalized	 to	control	with	10	μM	
octyl	β-D-glucopyranoside,	which	is	 labeled	as	control	with	detergent	 in	the	graph.	C2	
blockers	were	tested	at	10	μM	and	GSK2126458	was	tested	at	100	nM.	The	reaction	was	
carried	out	at	room	temperature	for	60	minutes	and	the	reaction	stopped	by	addition	of	
EDTA.	The	experiment	was	done	once,	data	shown	as	Mean	±	SEM	(n=3).	 ***P<0.001,	
****P<0.0001,	one-way	ANOVA	with	Dunnett’s	multiple	comparisons	test.	

The	 results	 showed	 that	 all	 compounds	 except	 6168356	 were	 able	 to	 significantly	

inhibit	lipid	kinase	activity	of	PI3Kα	WT,	with	5740628,	5992471,	604266	and	6126765	

giving	 74%	 (P=0.0001),	 46%	 (P=0.0003),	 44%	 (P=0.0004)	 and	 69%	 (P=0.0001)	

inhibition	 respectively	 (Figure	 5.7).	 These	 values	 are	within	 12%	 difference	 to	 those	

observed	in	the	absence	of	octyl	β-D-glucopyranoside	(Table	5.2),	suggesting	that	octyl	

β-D-glucopyranoside	at	10	µM	did	not	affect	the	activity	of	these	compounds.		
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Figure	 5.8	 C2	 blockers	 tested	 at	 10	 μM	 in	 lipid	 kinase	 assay	 using	 5%	 PIP2	
containing	 liposomes	 as	 the	 substrate	 in	 the	 presence	 of	 2.5	 μM	CHAPS	 against	
PI3Kα	WT.	Lipid	kinase	activity	is	shown	as	relative	intensity	of	autoradiography	units	
in	 the	 presence	 of	 inhibitors	 normalized	 to	 control	 with	 2.5	 μM	 CHAPS,	 labeled	 as	
control	with	detergent.	C2	blockers	were	tested	at	10	μM	and	GSK2126458	was	tested	
at	100	nM.	The	reaction	was	carried	out	at	room	temperature	 for	60	minutes	and	the	
reaction	stopped	by	addition	of	EDTA.	The	experiment	was	done	twice.	Data	shown	as	
Mean	±	 SEM	 (n=6).	 **P<0.01,	 ****P<0.0001,	 one-way	ANOVA	with	Dunnett’s	multiple	
comparisons	test.	
	

The	inhibitors	were	then	tested	in	the	presence	of	2.5	μM	CHAPS.	The	results	in	Figure	

5.8	 showed	 that	 all	 compounds	 significantly	 inhibited	PI3Kα	WT	 lipid	 kinase	 activity,	

with	 the	 most	 potent	 inhibitors	 5740628,	 6043266	 and	 6126765	 giving	 75%	

(P=0.0001),	77%	(P=0.0001),	and	87%	(P=0.0001)	inhibition	respectively	(Figure	5.8).	

The	less	potent	inhibitors	5992471	and	6168356	decreased	PI3Kα	WT	activity	by	59%	

(P=0.0001)	 and	 36%	 (P=0.0062)	 respectively.	 The	 difference	 in	 percent	 inhibition	 of	

PI3Kα	 WT	 in	 the	 presence	 and	 absence	 of	 2.5	 μM	 CHAPS	 is	 within	 7%	 for	 all	 the	

compounds	 except	 5992471	 and	6043266.	 But	 for	 both	 of	 these	 compounds,	 percent	

inhibition	were	higher	in	the	presence	of	CHAPS	(Table	5.2).			

	

These	results	showed	that	at	the	concentrations	tested,	octyl	β-D-glucopyranoside	and	

CHAPS	did	not	abolish	the	 inhibitory	activity	of	 the	C2	blockers	on	PI3Kα	 lipid	kinase	

activity.	There	are	two	potential	explanations,	1)	these	compounds	are	not	aggregating	

Contro
l

Contro
l w

ith
 d

et
er

gen
t

10
0 n

M G
SK21

26
45

8

10
 µ

M 57
40

62
8

10
 µ

M 59
92

47
1

10
 µ

M 60
43

26
6

10
 µ

M 61
26

76
5

10
 µ

M 61
68

35
6

0

20

40

60

80

100

120
%

 A
ut

or
ad

io
gr

ap
hy

 u
ni

ts

****
****

****

****
****

**



	

	
	

116	

at	the	concentration	tested,	therefore	inhibitory	activity	is	not	affected	by	detergent,	2)	

these	compounds	form	aggregates	that	are	resistant	to	detergent,	and	the	concentration	

of	detergent	used	is	not	high	enough	to	disrupt	the	aggregates.		

		

	
Figure	 5.9	 Concentration-response	 curves	 for	 5740628	 and	 6126765	 in	 the	
presence	 of	 2.5	 μM	 CHAPS.	 Lipid	 kinase	 activity	 is	 shown	 as	 relative	 intensity	 of	
autoradiography	units	 in	the	presence	of	 inhibitors	normalized	to	control	with	2.5	μM	
CHAPS.	C2	blockers	were	tested	at	a	starting	concentration	of	20	μM,	which	is	then	2-
fold	serially	diluted	down	to	313	nM.	The	reaction	was	carried	out	at	room	temperature	
for	 60	 minutes	 and	 the	 reaction	 stopped	 by	 addition	 of	 EDTA.	 This	 experiment	 was	
done	once.	Data	shown	as	Mean	±	SEM	(n=3).		

	

Compounds	 5740628	 and	 6126765	 were	 selected	 for	 further	 investigation	 as	 they	

consistently	gave	greater	than	60%	inhibition	across	all	the	different	conditions	tested	

using	5%	PIP2	containing	liposome	as	the	substrate	(Table	5.2).	Concentration-response	

curves	 were	 generated	 for	 these	 compounds	 in	 the	 presence	 of	 2.5	 μM	 CHAPS	 at	 a	

starting	concentration	of	20	μM,	which	is	then	2-fold	serially	diluted	down	to	313	nM.	

The	results	showed	that	both	5740628	and	6126765	were	able	to	decrease	lipid	kinase	

activity	of	PI3Kα	in	a	concentration-dependent	manner	(Figure	5.9).		 	
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Figure	 5.10	 C2	 blockers	 tested	 at	 10	 μM	 in	 lipid	 kinase	 assay	 using	 PI	 as	 the	
substrate	in	the	presence	of	2.5	μM	CHAPS	against	PI3Kα	WT.	Lipid	kinase	activity	
is	 shown	 as	 relative	 intensity	 of	 autoradiography	 units	 in	 the	 presence	 of	 inhibitors	
normalized	 to	 control	 with	 2.5	 μM	 CHAPS,	 labeled	 as	 control	 with	 detergent	 in	 the	
graph.	C2	blockers	were	tested	at	10	μM	and	GSK2126458	was	tested	at	100	nM.	The	
reaction	was	carried	out	at	room	temperature	for	60	minutes	and	the	reaction	stopped	
by	addition	of	EDTA.	The	experiment	was	done	twice.	Data	shown	as	Mean	±	SEM	(n=6).	
**P<0.01,	****P<0.0001,	one-way	ANOVA	with	Dunnett’s	multiple	comparisons	test.	

	

The	 next	 step	was	 to	 determine	whether	 the	 inhibitory	 effect	 of	 the	 compounds	was	

liposome	specific.	 L-α-Phosphatidylinositol	 (PI)	was	used	as	 the	alternative	 substrate,	

and	the	lipids	were	prepared	by	sonication	without	extrusion.	If	the	inhibitory	effects	of	

these	compounds	were	specific	to	the	liposomes	used,	then	this	inhibition	might	have	a	

different	profile	compared	with	the	alternative	PI	substrate.	The	results	in	Figure	5.10	

showed	that	of	the	five	C2	compounds	tested,	only	6126765	inhibited	PI3Kα	activity	by	

more	than	50%.	Of	note,	5740628	which	was	able	to	inhibit	PI3Kα	activity	by	more	than	

60%	under	all	conditions	when	using	liposomes	as	the	substrate,	only	inhibited	PI3Kα	

activity	by	35%	with	PI	as	the	substrate	(P=0.0023,	Table	5.2).	
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Table	5.2	Effect	of	C2	blockers	on	PI3Kα	lipid	kinase	activity.		

	 	
Inhibitor	

	
Condition	of	
experiment	 GSK2126458	 5740628	 5992471	 6043266	 6126765	 6168356	

Liposome	
with	5%	
PIP2	as	
substrate	

PI3Kα	WT	 90	 72	 35	 32	 80	 33	
PI3Kα	H1047R	 91	 63	 39	 60	 64	 ns	
PI3Kα	WT	with	
10	μM	octyl	β-D-
glucopyranoside	

95	 74	 46	 44	 69	 ns	

PI3Kα	WT	with	
2.5	μM	CHAPS	 89	 75	 59	 77	 87	 36	

	 	 	 	 	 	 	 	

	
	 Inhibitor	

	
Condition	of	
experiment	 GSK2126458	 5740628	 5992471	 6043266	 6126765	 6168356	

PI	as	
substrate	

PI3Kα	WT	with	
2.5	μM	CHAPS	 99	 35	 33	 23	 59	 11	

Data	shown	as	the	mean	percentage	inhibition	of	PI3Kα	lipid	kinase	activity	relative	to	
the	control	of	each	condition	for	n≥1	independent	experiments.	
	

5.4 Known	C2	blockers	affect	protein	association	onto	

liposomes	

Results	 from	 Figure	 5.7	 and	 Figure	 5.8	 showed	 that	 the	 C2	 compounds	were	 able	 to	

decrease	PI3Kα	lipid	kinase	activity	in	the	presence	of	both	octyl	β-D-glucopyranoside	

and	 CHAPS.	 Therefore	 5740628	 and	 6126765	 were	 tested	 for	 effects	 on	 the	 PI3Kα-

membrane	interaction	by	BLI	using	protocol	B	as	described	in	Section	2.2.5.2.		
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Figure	 5.11	 At	 10	 μM	 C2	 blockers	 affect	 the	 association	 of	 PI3Kα	WT	 onto	 APS	
biosensors	bound	with	 liposomes.	PI3Kα	WT	was	pre-incubated	with	pY	 and	4	μM	
GSK2126458,	 10	 μM	 5740628	 or	 10	 μM	 6126765.	 A)	 Mean	 protein	 association	 and	
dissociation	 in	 the	 presence	 or	 absence	 of	 inhibitor	 (no.	 of	 biosensors	 ≥3).	 B)	 Final	
protein	association	after	300s	in	the	presence	or	absence	of	inhibitor	(no.	of	biosensors	
≥3).	*P<0.05,	***P<0.001,	one-way	ANOVA	with	Dunnett’s	multiple	comparisons	test.	
	

The	results	showed	that	both	compounds	5740628	and	6126765	significantly	increased	

the	 wavelength	 shift	 for	 PI3Kα	 WT	 association,	 whereas	 the	 control	 inhibitor	

GSK2126458	 decreased	 the	 wavelength	 shift	 of	 PI3Kα	 WT	 associating	 onto	 the	

liposomes,	 recapitulating	 the	 main	 finding	 of	 Chapter	 4	 (Figure	 5.11).	 This	 was	

unexpected	 as	 5740628	 and	 6126765	 were	 both	 able	 to	 decrease	 the	 FRET	 signal	

generated	by	PI3Kα	WT	membrane	association,	and	the	lipid	kinase	activity	of	PI3Kα	in	

both	 the	 presence	 and	 absence	 of	 detergent.	 The	 steeper	 dissociation	 for	 5740628	

compared	 to	 both	 PI3Kα	 WT	 only	 and	 PI3Kα	 WT	 in	 the	 presence	 of	 GSK2126458	

suggest	that	the	complex	formed	may	be	less	stable	on	the	liposome	surface	and	is	more	

readily	dissociated.	This	is	supported	to	some	extent	by	the	larger	dissociation	constant	

Kd	of	1.24e-3	M	for	5740628,	compared	with	6.16e-4	M	and	5.86e-4	M	for	PI3Kα	WT	

and	WT	in	the	presence	of	GSK2126458	respectively.	Whilst	6126765	had	a	Kd	of	6.09e-

4	M,	similar	to	PI3Kα.		

	

To	 determine	 whether	 the	 altered	 membrane	 association	 profile	 of	 PI3Kα	 with	

5740628	or	6126765	was	due	to	compounds	affecting	the	membrane,	the	sensorgram	

of	 compound-only	 associating	 onto	 APS	 biosensors	 bound	 with	 liposomes,	 or	 APS	

biosensors	 bound	 with	 liposomes	 and	 chicken	 egg	 white	 albumin	 are	 presented	 in	
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Figure	5.12.	The	results	showed	that	5740628	and	6126765	caused	a	wavelength	shift	

of	 approximately	 0.1	 nm	when	 associated	 onto	 liposomes	 only,	 similar	 to	 that	 of	 the	

control	 inhibitor	GSK2126458	(Figure	5.12A).	The	wavelength	shift	of	 the	compounds	

associating	onto	APS	biosensors	bound	with	liposomes	and	chicken	egg	white	albumin	

were	 less	 than	 0.05	 nm.	 These	 wavelength	 shifts	 are	 minimal	 compared	 to	 the	

approximately	 1	 nm	 increase	 in	 PI3Kα	 association	 caused	 by	 5740628	 and	 6126765,	

suggesting	 that	 the	 wavelength	 shift	 increase	 is	 not	 due	 to	 compounds	 directly	

interacting	with	 the	 liposomes	 and	 albumin,	 but	 is	 likely	 to	 be	mediated	 by	 a	 larger	

complex.	 In	 addition,	 the	 liposome	 binding	 for	 APS	 biosensors	 used	 was	 not	

significantly	 different	 between	 groups	 (Figure	 5.12B),	 showing	 that	 the	 apparent	

average	increase	in	protein	association	is	not	due	to	more	liposomes	being	present	on	

the	APS	biosensors.		

	
Figure	 5.12	 Wavelength	 shifts	 of	 PI3Kα	 associating	 onto	 liposomes	 in	 the	
presence	 of	 C2	 compounds	 were	 not	 due	 to	 compounds	 binding	 directly	 to	
liposomes	and/or	chicken	egg	white	albumin,	or	differences	in	liposome	binding.	
A)	Inhibitor	association	onto	APS	biosensor	tips	bound	with	liposomes,	or	bound	with	
liposomes	and	chicken	egg	white	albumin	(n≥1).	B)	Liposome	binding	after	300s	(n≥3).		
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Figure	5.13	At	10	μM	C2	compounds	affect	the	association	of	PI3Kα	WT	onto	APS	
biosensors	bound	with	liposomes	in	the	presence	of	5	μM	CHAPS.	PI3Kα	WT	was	
pre-incubated	 with	 5	 μM	 CHAPS	 and	 4	 μM	 GSK2126458,	 10	 μM	 5740628	 or	 10	 μM	
6126765.	A)	Mean	protein	 association	 in	 the	 presence	 or	 absence	 of	 inhibitor	 (no.	 of	
biosensors	 ≥3).	 B)	 Final	 protein	 association	 after	 300s	 in	 the	 presence	 or	 absence	 of	
inhibitor	(no.	of	biosensors	≥3).	**P<0.01,	***P<0.001,	one-way	ANOVA	with	Dunnett’s	
multiple	comparisons	test.	
	

The	 compounds	were	 then	 tested	 in	 the	 BLI	 system	 in	 the	 presence	 of	 5	 μM	 CHAPS	

Figure	5.13.	The	lipid	kinase	assay	results	showed	that	2.5	μM	CHAPS	did	not	reduce	the	

inhibitory	activity	of	the	C2	blockers,	and	the	increased	protein	association	observed	in	

Figure	 5.11	 suggested	 the	 possible	 presence	 of	 a	 larger	 aggregator-like	 complex.	

Therefore	 the	 CHAPS	 concentration	 was	 increased	 to	 5	 μM	 in	 the	 BLI	 membrane	

binding	 assay.	 An	 initial	 experiment	 showed	 that	 5	 μM	 CHAPS	 did	 not	 affect	 the	

sensorgram	profile	 for	 PI3Kα	 association	 onto	 APS	 biosensors	 bound	with	 liposomes	

and	 chicken	 egg	 white	 albumin.	 Results	 presented	 in	 Figure	 5.13	 show	 that	 in	 the	

presence	of	5	μM	CHAPS,	PI3Kα	WT	 in	complex	with	5740628	or	6126765	still	had	a	

higher	wavelength	shift	compared	to	PI3Kα	WT	alone.	When	CHAPS	was	used,	 the	Kd	

increased	 from	6.16e-4	 to	1.77e-3	M	 for	 the	WT,	5.86e-4	 to	1.49e-3	M	and	1.24e-3	 to	

2.09e-3	 M	 for	 GSK2126458	 and	 5740628	 respectively,	 suggesting	 that	 5	 μM	 CHAPS	

caused	 more	 rapid	 dissociation	 of	 protein	 from	 the	 liposomes.	 The	 Kd	 for	 6166765	

decreased	 from	 6.09e-4	 to	 1.61e-4	 M	 suggesting	 a	 slower	 dissociation	 for	 this	

compound.		
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5.5 Discussion	
The	 results	 presented	 in	 Chapter	 4	 provide	 the	 first	 evidence	 that	 ATP-competitive	

small	 molecule	 inhibitors	 could	 affect	 membrane	 binding	 of	 PI3Kα.	 This	 lead	 to	 the	

hypothesis	 that	 small	molecules	 potentially	 binding	 outside	 of	 the	 ATP	 site	may	 also	

affect	the	PI3K-membrane	interaction.	Hence	small	molecules	known	to	inhibit	protein-

membrane	interactions	were	identified	from	published	literature,	and	compounds	that	

inhibited	the	human	coagulation	factor	V	and/or	factor	VIII-membrane	interaction	were	

of	 particular	 interest	 due	 to	 the	 relatively	 large	 number	 of	 published	 inhibitors.	

Although	the	C2	domain	of	PI3K	and	that	of	the	coagulation	factor	is	unrelated,	and	the	

highest	primary	sequence	identity	between	coagulation	factor	V	C2	domain	and	PI3Kα	

C2	domain	is	only	32%	as	calculated	by	the	BLAST	alignment	using	the	human	sequence	

(86),	upon	visual	inspection	the	tertiary	structures	are	similar,	except	with	the	direction	

of	the	antiparallel	strands	being	different	(Figure	1.6B).	The	C2	domain	of	PI3Kα	is	also	

proposed	to	be	involved	in	membrane	binding	(46),	and	like	that	of	PI3Kα,	the	protein-

membrane	 interactions	 for	coagulation	 factor	V	and	VIII	 is	also	proposed	 to	contain	a	

hydrophobic	 component	 and	 an	 electrostatic	 component	 (89,	 93).	 These	 similarities	

suggested	 that	 inhibitors	 of	 the	 coagulation	 factor	 V	 and/or	 factor	 VIII-membrane	

interaction	may	also	affect	the	PI3Kα-membrane	interaction.		

	

To	 test	 if	 compounds	 proposed	 to	 block	membrane	 binding	 of	 coagulation	 factors	 by	

binding	to	their	membrane	interacting	C2	domains	can	also	block	the	PI3Kα	interaction	

through	its	structurally	similar	C2	domain,	twenty-five	known	inhibitors	of	the	factor	V	

and/or	VIII	C2	domain-membrane	interactions	were	selected	for	investigation	based	on	

the	 studies	 by	 Segers	 et	 al.,	 Spiegel	 et	 al.,	 and	 Nicolaes	 et	 al.	 (89,	 109,	 110).	 These	

compounds	were	firstly	screened	in	the	FRET	membrane-binding	assay	for	decreases	in	

the	FRET	signal,	indicating	decreased	energy	transfer	from	the	protein	to	dansyl	groups	

in	 the	synthetic	 liposomes.	Of	 the	 twenty-five	compounds	 tested,	 seven	had	very	high	

background	 signals	 (Figure	5.1)	 indicating	 that	 the	 compounds	 are	highly	 fluorescent	

and	can	interfere	with	the	FRET	signal,	these	were	subsequently	removed	from	further	

testing.	Concentration-response	curves	were	then	generated	for	the	top	five	compounds	

at	decreasing	the	FRET	signal,	and	all	five	compounds	were	able	to	decrease	the	FRET	

signal	in	a	concentration-dependent	manner,	suggesting	that	they	may	be	affecting	the	
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PI3Kα-membrane	 interaction	 (Figure	 5.4).	 However,	 6168356	 had	 high	 background	

fluorescence	signals	that	may	have	interfered	with	the	results	of	the	FRET	assay.	These	

compounds	had	slightly	different	mid-point	 IC50	values	 in	 the	FRET	assay	 (Table	5.1),	

but	 at	 20	 μM	 all	 five	 compounds	 were	 able	 to	 decrease	 the	 FRET	 signal	 by	

approximately	40-50%.		

	

These	compounds	were	then	tested	at	10	μM	in	the	lipid	kinase	assay	using	liposomes	

containing	5%	PIP2	as	the	substrate.	The	results	showed	that	all	five	compounds	were	

able	 to	 inhibit	 lipid	 kinase	 activity	 of	 PI3Kα	 WT,	 with	 the	 most	 potent	 inhibitors	

5740628	 and	 6126765	 giving	 72%	 and	 80%	 inhibition	 respectively.	 Compound	

5740628	was	 discovered	 by	Nicolaes	 et	al.	 through	 structure-based	 virtual	 screening	

and	 tested	using	SPR	 (110),	 and	 compound	6126765	was	discovered	by	Spiegel	et	al.	

through	 high-throughput	 screening	 (109).	 This	 inhibition	 was	 maintained	 at	

approximately	the	same	levels	 in	the	presence	of	2.5	μM	CHAPS	and	10	μM	octyl	β-D-

glucopyranoside	(Table	5.2).	suggesting	that	these	compounds	may	be	resistant	to	2.5	

μM	CHAPS	and	10	μM	octyl	β-D-glucopyranoside.		

	

Literature	 has	 shown	 that	 aggregate	 formation	 and	 aggregation-based	 inhibition	may	

still	occur	at	 low	levels	of	detergent,	therefore	it	 is	desirable	to	conduct	concentration	

response	experiments	at	multiple	detergent	concentrations	(105).	Future	experiments	

include	 generation	 of	 concentration-response	 curves	 for	 these	 C2	 blockers	 with	

different	concentrations	of	detergent.	It	is	expected	that	the	IC50	value	of	an	aggregator	

will	 increase	 with	 increasing	 amounts	 of	 detergent,	 but	 those	 of	 a	 competitive	

reversible	inhibitor	should	not	be	affected.		

	

These	 C2	 blockers	 are	 known	 to	 block	 protein-membrane	 interactions,	 and	 they	 also	

decreased	 the	 FRET	 signal	 which	 reports	 on	 membrane	 binding.	 Therefore	 one	

hypothesis	 is	that	the	inhibition	of	 lipid	kinase	activity	 is	due	to	decreased	membrane	

binding	of	the	protein,	and	hence	decreased	access	of	the	protein	to	its	PIP2	substrate.	

To	 investigate	 this,	 biolayer	 interferometry	 (BLI)	 was	 used	 to	 measure	 protein	

association	 onto	 liposomes	 in	 the	 presence	 or	 absence	 of	 inhibitor.	 This	method	 has	

been	used	by	many	groups	to	study	protein-membrane	interactions	(194-197).	Of	these,	

Dennison	 et	al.,	 Fouda	 et	al.,	 and	 Zhang	 et	al.	 used	 the	 ForteBio	 OctetRed	 instrument	
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(similar	 to	 the	 BLItz®	 machine)	 and	 APS	 biosensors	 to	 measure	 binding	 of	 human	

immunodeficiency	 virus	 proteins	 to	 liposomes	 (194,	 195,	 197),	 using	 similar	

procedures	 to	 this	 study	 of	 first	 binding	 the	 liposomes	 onto	 APS	 biosensors,	 then	

blocking	free	sites	with	albumin	followed	by	protein	association.	Wallner	el	al.	however,	

immobilized	protein	onto	streptavidin	biosensors	and	measured	binding	of	 liposomes	

onto	 the	 protein	 (196).	 The	 advantage	 of	 this	 procedure	 is	 that	 liposomes	 are	 not	

expected	to	directly	bind	to	the	streptavidin	biosensors,	thereby	reducing	the	need	for	

blocking	 free	 binding	 sites	 with	 albumin,	 however,	 the	 disadvantage	 is	 that	 when	

immobilized,	 the	 membrane	 binding	 region	 of	 the	 protein	 must	 be	 exposed	 and	

available.	Although	lipid-binding	regions	have	been	proposed	in	PI3Kα,	great	effort	will	

be	needed	to	ensure	that	all	the	lipid-binding	regions	are	exposed	and	available	to	bind	

liposomes.		

	

Compounds	 5740628	 and	 6126765	 were	 selected	 for	 testing	 in	 the	 BLI	 membrane	

binding	 assay	 at	 10	 μM,	 the	 same	 concentration	 used	 in	 the	 biochemical	 assays.	

Unexpectedly,	 the	 results	 showed	 that	 the	 wavelength	 shift	 caused	 by	 PI3Kα	 WT	

association	 onto	 liposomes	 in	 the	 presence	 of	 either	 5740627	 or	 6126765	 were	

significantly	higher	than	those	of	PI3Kα	WT	alone	(Figure	4.16),	and	a	similar	result	was	

observed	when	 the	 experiment	was	 repeated	 in	 the	presence	of	 5	μM	CHAPS	 (Figure	

4.18).	These	results	are	different	to	those	observed	by	Nicolaes	et	al.	and	Spiegel	et	al.,	

where	 both	 compounds	were	 able	 to	 inhibit	membrane	 binding	 of	 coagulation	 factor	

VIII	 with	 IC50	 values	 of	 approximately	 10	 μM	 as	 detected	 by	 SPR	 and	 binding	 ELISA	

assays	 respectively	 (109,	 110),	 however,	 neither	 Nicolaes	 et	al.	 or	 Spiegel	 et	al.	 used	

detergent	in	their	assays.		

	

This	increase	in	wavelength	shift	may	be	due	to	several	reasons.	Firstly,	the	C2	blockers	

5740628	and	6126765	enhance	association	of	PI3Kα	onto	the	liposomes.	Secondly,	the	

C2	 blockers	 can	 change	 the	 orientation	 of	 PI3Kα	 WT	 at	 the	 membrane.	 As	 the	 BLI	

membrane	binding	assay	measures	a	change	 in	the	thickness	of	 the	biological	 layer	at	

the	tip	of	the	APS	biosensor,	a	change	in	conformation	of	the	protein	could	potentially	

lead	to	an	increase	in	the	apparent	thickness	of	material	at	the	tip	of	the	biosensor	and	

therefore	 an	 increase	 in	wavelength	 shift.	 This	 could	 potentially	 be	 investigated	with	

cryo-electron	 microscopy	 with	 lipid	 nanodiscs	 and	 molecular	 dynamics	 simulations,	
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and	 will	 be	 discussed	 further	 in	 Chapter	 7.	 Thirdly,	 the	 C2	 blockers	 may	 be	 causing	

aggregation	of	the	protein,	and	the	sensorgram	has	detected	the	binding	of	aggregated	

protein	complexes.	The	association	of	a	larger	complex	is	supported	to	some	extent	by	

the	greater	Kd	for	5740628	compared	with	WT	or	WT	in	the	presence	of	GSK2126458.	

Lastly,	the	C2	blockers	could	be	affecting	the	protein	or	liposomes	through	an	unknown	

mechanism.		

	

Baell	 et	 al.	 (198)	 developed	 the	 Pan	 Assay	 Interference	 Compounds	 (PAINS)	

substructure	 filter	 to	 remove	 problematic	 compounds	 that	 may	 potentially	 interfere	

with	 bioassays	 by	 forming	 aggregates	 or	 reacting	 with	 proteins,	 and	 hence	 be	 less	

desirable	 for	 drug	 development.	 All	 five	 C2	 blockers	 selected	 for	 testing	 in	 the	 lipid	

kinase	 assay	 failed	 the	 PAINS	 filter	 (199),	 suggesting	 that	 the	 inhibition	 of	 PI3Kα	

activity	 may	 be	 non-specific.	 Baell	 et	 al.	 noted	 that	 the	 PAINS	 filter	 identified	

compounds	 published	 in	 the	 literature	 that	 are	 shown	 to	 be	 active	 in	 a	 number	 of	

different	 assays,	 and	 explained	 that	 this	 is	 mostly	 likely	 due	 to	 the	 ability	 of	 the	

compound	classes	to	react	with	the	protein,	and	therefore	may	be	active	in	any	bioassay	

(198).	This	may	also	be	the	case	for	these	published	C2	blockers,	therefore	testing	the	

inhibitory	activity	of	 these	compounds	 in	other	proteins	 that	do	not	 interact	with	 the	

membrane	and	is	unrelated	to	either	PI3K	or	coagulation	factors	may	be	desirable.			

	

The	 inhibitory	 activity	of	5740628	on	PI3Kα	 lipid	kinase	 activity	 could	potentially	be	

due	to	effects	on	the	liposomes,	as	when	PI	was	used	as	an	alternative	substrate	instead	

of	 liposomes,	 inhibition	 of	 PI3Kα	 activity	 by	 5740628	 decreased	 from	 75%	 to	 35%,	

showing	that	the	inhibition	might	have	an	element	that	is	liposome-dependent	(Figure	

5.10),	 although	 the	 association	 of	 5740628	 onto	 liposomes	 and	 chicken	 egg	 white	

albumin	was	minimal	 as	measured	 in	 the	BLI	membrane	binding	assay	 (Figure	5.12).	

Compound	 5740628	 was	 tested	 in	 the	 presence	 of	 detergent	 in	 attempt	 to	 reduce	

potential	aggregate	formation,	however,	there	still	remains	the	possibility	that	5740628	

can	 cause	 aggregation	 of	 PI3Kα.	 Compound	 5740628	 was	 not	 advised	 to	 be	 an	

aggregator	 by	 the	 web-based	 tool	 developed	 by	 Irwin	 et	 al.	 based	 on	 topological	

similarities	 to	 known	 aggregators	 and	 calculated	 lipophilicity	 (108).	 However,	 in	

addition	 to	 the	 factors	 above,	 aggregation	 is	 also	 dependent	 on	 many	 other	 factors	

including	 concentration,	 solvent	 pH	 and	 ionic	 strength	 that	 were	 not	 accounted	 for	
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(100,	 107,	 200).	 Therefore	 5740628	 cannot	 be	 excluded	 as	 an	 aggregator	 that	 is	

working	via	non-specific	mechanisms,	especially	as	it	failed	the	PAINS	filter.	Similar	to	

5740628,	the	increased	wavelength	for	protein	association	in	the	presence	of	6126765	

compared	 to	 protein	 alone	 suggested	 that	 6126765	 may	 cause	 aggregation	 of	 the	

protein.	 Therefore	 dynamic	 light	 scattering	 (DLS)	 experiments	 will	 need	 to	 be	

performed	to	determine	whether	these	compounds	form	aggregates	in	solution	or	not.				

	

In	addition	to	DLS	experiments,	these	compounds	will	need	to	be	tested	using	the	lipid	

kinase	 assay	 in	 the	 presence	 of	 excess	 ATP	 to	 determine	 whether	 they	 are	 ATP-

competitive	 inhibitors.	 If	 the	 decrease	 in	 PI3Kα	 catalytic	 activity	 observed	 in	 this	

chapter	 is	 due	 to	 these	 inhibitors	 affecting	 membrane	 binding	 of	 PI3Kα,	 then	 this	

inhibition	should	not	be	affected	by	increasing	concentrations	of	ATP.	However,	if	these	

inhibitors	are	ATP-competitive,	then	inhibition	of	PI3Kα	catalytic	activity	should	be	lost	

with	increasing	concentrations	of	ATP.	Furthermore,	these	C2	domain	blockers	should	

be	 tested	 in	 the	 presence	 of	 reducing	 agents	 such	 as	 glutathione,	 DTT,	 and	 TCEP.	 As	

there	are	cysteine	residues	in	PI3Kα,	there	is	the	potential	for	some	of	these	C2	blockers	

to	 interact	 with	 cysteine	 residues	 in	 the	 protein	 causing	 non-specific	 inhibition.	

Although	a	study	by	Lee	et	al.	showed	that	the	use	of	different	reducing	agents	in	high	

throughput	screening	assay	had	different	effects	on	the	potency	of	compounds,	and	this	

difference	cannot	yet	be	explained	(201).	Hence	it	 is	 important	to	test	the	C2	blockers	

with	multiple	reducing	agents.		

	

In	summary,	these	known	inhibitors	of	coagulation	factor	V	and	factor	VIII-membrane	

interactions	 can	 affect	 the	 lipid	 kinase	 activity	 of	 PI3Kα,	 through	 an	 undetermined	

mechanism.	 These	 compounds	 decreased	 the	 FRET	 signal	 suggesting	 that	 they	 may	

affect	the	PI3Kα-membrane	interaction,	but	they	did	not	decrease	association	of	PI3Kα	

onto	 the	 membrane	 as	 measured	 by	 the	 BLI	 assay.	 Activity	 for	 four	 of	 the	 five	

compounds	tested	is	not	abolished	by	the	presence	of	detergent.	Investigating	the	role	

of	these	compounds	in	inhibition	of	PI3K	signaling	may	be	of	great	interest.		
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6 Exploring	a	new	drug	binding	pocket	in	the	

PI3Kα	kinase	domain	
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6.1 Introduction	
Protein	 kinase	 inhibitors	 have	 been	 classified	 into	 four	 types	 based	 on	 their	 binding	

modes.	Type	I	inhibitors	bind	to	the	active	state	of	the	kinase,	type	II	inhibitors	bind	to	

the	 inactive	 state	 of	 the	 kinase	 by	 occupying	 an	 adjacent	 binding	 pocket	 to	 the	 ATP-

binding	site,	type	III	inhibitors	bind	outside	the	ATP	site	and	do	not	compete	with	ATP	

binding,	 and	 type	 IV	 inhibitors	 bind	 to	 surface	 pockets	 and	 interfere	 with	 protein-

protein	 interactions	 (117).	 Lipid	 kinase	 inhibitors	 could	 also	 potentially	 fit	 into	 this	

classification.	Allosteric	modulators	bind	 to	 less	conserved	sites	 than	 the	ATP	binding	

site,	and	hence	may	have	greater	specificity	(114-116).	The	crystal	structure	of	PI3Kα	

co-crystallized	with	the	PI3Kβ/δ	selective	inhibitor	PIK-108	(PBD:	4A55)	revealed	that	

in	 addition	 to	 the	 ATP	 binding	 site,	 there	 was	 density	 observed	 for	 what	 was	

interpreted	as	 a	 second	PIK-108	molecule	 in	 an	alternative,	 new	drug	binding	pocket	

(Figure	 6.1).	 This	 pocket	 is	 close	 to	 the	 C-terminal	 tail	 of	 the	 kinase	 domain	 and	 is	

surrounded	 by	 the	 C-terminal	 end	 of	 the	 activation	 loop	 (46).	 To	 date,	 no	 allosteric	

inhibitors	of	PI3K	have	been	 reported,	 and	 the	 release	of	 this	 crystal	 structure	 raised	

the	possibility	that	in	addition	to	being	a	type	I	or	type	II	inhibitor,	PIK-108	may	also	be	

a	type	III	 inhibitor.	This	led	to	the	interest	in	1)	designing	analogs	of	PIK-108	that	are	

predicted	to	be	better	suited	to	this	alternative	pocket	and	2)	investigating	the	effect	of	

these	analogs	on	the	activity	of	purified	PI3K	and	in	cell	signaling.		

	
Figure	 6.1	 Crystal	 structure	 of	 PI3Kα	 co-crystallized	 with	 PIK-108	 (PDB	 code	
4A55).	In	addition	to	the	PIK-108	molecule	(cyan)	in	the	ATP	binding	site	that	interacts	
with	 the	 valine	 linker	 (green),	 a	 second	 PIK-108	molecule	 (yellow)	was	 proposed	 to	
bind	 in	 an	 alternative	 pocket	 close	 to	 the	 C-terminal	 tail	 of	 the	 kinase	 domain.	 The	
mutation	hotspot	residue	H1047	in	the	kinase	domain	is	shown	in	magenta.		
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6.2 Removing	the	hydrogen	bonding	potential	of	PIK-

108	

All	 known	 PI3K	 inhibitors	 bind	 to	 the	 ATP	 site	 by	 hydrogen	 bonding	with	 the	 V851	

backbone	linker	(p110α	numbering),	PIK-108	does	this	via	a	morpholine	oxygen.	If	this	

oxygen	atom	is	replaced	by	another	atom	with	no	hydrogen	bonding	potential,	then	the	

analog	would	be	predicted	to	not	bind	to	the	ATP	binding	site,	or	binds	with	low	affinity.	

As	the	importance	of	the	interaction	between	PIK-108	and	this	new	site	is	not	known,	

designing	compounds	unlikely	 to	competently	bind	 the	ATP	site	may	give	rise	 to	new	

compounds	able	 to	selectively	 function	at	 the	alternative	new	site.	This	will	allow	the	

investigation	of	how	compounds	only	predicted	to	bind	to	the	alternative	pocket	affects	

the	activity	of	PI3K.		

	

PIK-108	 was	 divided	 into	 3	 regions	 (Figure	 6.2),	 and	 the	 first	 generation	 of	 analogs	

modified	region	1	to	remove	the	hydrogen	bonding	potential	of	PIK-108.	Three	analogs	

of	PIK-108	(referred	from	now	on	as	SN35644)	were	designed:	SN35647	was	designed	

by	 Dr.	 Jack	 Flanagan	 where	 the	morpholine	 oxygen	 was	 replaced	 by	 a	 carbon	 atom,	

SN35705	was	 also	 designed	 by	 Dr.	 Jack	 Flanagan	where	 the	morpholine	 oxygen	was	

replaced	 by	 a	 sulfur	 atom,	 and	 SN36419	 was	 designed	 by	 Grace	 Q.	 Gong	 where	 the	

entire	morpholine	group	was	 replaced	by	an	aromatic	 group	 to	 remove	any	potential	

stereoisomer	 complications.	 The	 compounds	 were	 synthesized	 by	 A/Prof.	 Gordon	

Rewcastle.	 SN35647	 and	 SN36419	 have	 no	 hydrogen	 bonding	 potential,	 whereas	

SN35705	has	partial	hydrogen	bonding	potential.		
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Figure	6.2	Structures	of	SN35644	and	its	first-generation	analogs	used	in	this	
study.	SN35644	was	divided	into	three	regions,	the	first	generation	analogs	modified	
region	1	(red)	to	remove	the	hydrogen	bonding	potential.	SN35647	and	SN36419	have	
no	hydrogen	bonding	potential,	whereas	SN35705	has	partial	hydrogen	bonding	
potential.		
	

6.2.1 Hydrogen	 bonding	 potential	 corresponds	 with	 the	 ability	 to	

inhibit	the	catalytic	activity	of	PI3K	
SN35644	and	its	three	analogs	were	then	tested	for	their	ability	to	inhibit	PI3K	catalytic	

activity	using	PIP2	as	 the	substrate	 in	 the	HTRF	assay	(Table	6.1).	These	data	showed	

that	replacement	of	 the	morpholine	unit	 in	SN35644	increased	the	IC50.	SN35644	was	

active	 against	 PI3Kα	 and	 its	 two	 oncogenic	 mutants	 E545K	 and	 H1047R.	 When	 the	

morpholine	was	 replaced	 by	 units	 with	 no	 hydrogen	 bonding	 capacity,	 including	 the	

basic	piperidine	in	SN35647,	and	a	phenyl	unit	in	SN36419,	only	SN35647	retained	any	

inhibitory	activity	at	up	to	250	µM.	The	IC50	 for	SN35647	increased	by	more	than	18-

fold	 for	 PI3Kα	WT	 and	 its	 oncogenic	mutants	 compared	 to	 SN35644,	 and	 the	 PI3Kα	

H1047R	enzyme	showed	 the	 largest	 increase	 in	 IC50	at	75-fold.	When	 the	morpholine	

oxygen	was	replaced	with	a	thio-morpholine	in	SN35705,	the	increase	in	IC50	was	only	

between	 3	 to	 14-fold,	 consistent	 with	 the	 retention	 of	 a	 weak	 hydrogen	 bonding	

capacity.	Overall,	these	data	indicated	that	there	is	a	correlation	between	the	ability	of	

inhibitors	to	hydrogen	bond	with	the	valine	linker	and	the	ability	to	inhibit	the	catalytic	

activity	of	the	enzyme.		
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Table	6.1	IC50	of	SN35644	and	its	first	generation	analogs	(μM).			
	 IC50	
Inhibitor	 PI3Kα	 PI3Kα	

E545K	
PI3Kα	
H1047R	

PI3Kβ	 PI3Kδ	 PI3Kγ	

SN35644	 0.97±0.03	 3.5±2.6	 1.8±0.8	 0.034±0.01	 0.64±0.25	 14.8±2.6	
SN35647	 37.9±13.5	 62.4±15.5	 135±79	 27.3±0.4	 120±43	 61±42	
SN35705	 6.2±1.0	 10.1±8.5	 25.9±9.2	 1.1±0.4	 11.8±0.01	 33.8±0.7	
SN36419	 >250	 >250	 >250	 >250	 >250	 >250	

*	Data	shown	as	Mean	±	SD	(n≥3).		
	

6.2.2 Hydrogen	 bonding	 potential	 correlates	 with	 the	 ability	 to	

inhibit	the	protein	kinase	activity	of	PI3K	
While	PI3K	is	principally	a	lipid	kinase,	it	can	also	function	as	a	protein	kinase	and	can	

autophosphorylate	 its	 own	 subunits	 along	 with	 other	 proteins.	 As	 the	 proteins	

represent	a	radically	different	substrate,	and	likely	to	have	different	types	of	molecular	

recognition	 features	 compared	 to	 the	 PIP2	 lipid,	 if	 these	 compounds	 can	 bind	 to	 the	

second	 site	 they	 may	 show	 a	 different	 activity	 profile	 in	 the	 protein	 kinase	 assay	

compared	 to	 the	 HTRF	 lipid	 kinase	 assay.	 Hence	 these	 analogs	were	 tested	 for	 their	

ability	to	inhibit	the	protein	kinase	activity	of	PI3Kα	WT	and	its	oncogenic	mutants.	

	

The	data	presented	 in	Figure	6.3	showed	that	 the	 inhibition	profiles	of	protein	kinase	

activity	were	similar	 to	 that	of	 the	 lipid	kinase	activity.	LY294002,	an	 inhibitor	highly	

similar	 to	 SN35644	 in	 structure	 was	 used	 as	 the	 control	 inhibitor	 (202).	 At	 10	 μM,	

SN35644	was	able	to	inhibit	phosphorylation	of	p110	subunit	by	56%	(P=0.0001),	51%	

(P=0.0005)	and	82%	(P=0.0001)	 for	 the	PI3Kα	WT,	E545K,	and	H1047R	respectively.	

SN35644	 inhibited	 phosphorylation	 of	 the	 p85	 subunit	 by	 79%	 (P=0.0001),	 79%	

(P=0.0001)	and	77%	(P=0.0001)	for	the	WT,	E545K,	and	H1047R	isoforms	respectively.	

Consistent	with	 its	effect	on	 lipid	kinase	activity,	SN35647	and	SN36419	had	reduced	

inhibition	 on	 the	 protein	 kinase	 activity	 of	 any	 PI3K	 enzyme.	 SN35705	 inhibited	

phosphorylation	of	the	p110	subunit	by	25%	(P=0.0201)	and	36%	(P=0.0001)	for	WT	

and	H1047R	respectively,	and	inhibited	phosphorylation	of	the	p85	subunit	by	32%	for	

both	PI3Kα	E545K	(P=0.0003)	and	H1047R	(P=0.0001).	SN35705	did	not	significantly	

inhibit	 phosphorylation	of	 the	E545K	p110	 subunit	 or	 the	WT	p85	 subunit.	 SN35647	

and	SN36419	did	not	significantly	inhibit	any	of	the	isoforms.		
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Figure	 6.3	 Effects	 of	 SN35644	 and	 analogs	 on	 PI3Kα	 protein	 kinase	 activity.	
Representative	autoradiograph	scans	showing	relative	 intensity	of	phosphorylation	 in	
the	 presence	 of	 inhibitors	 (top)	 and	 coomassie	 stained	 gels	 showing	 protein	 content	
(bottom)	 for	 A)	 PI3Kα	 WT,	 its	 oncogenic	 mutants	 B)	 PI3Kα	 E545K	 and	 C)	 PI3Kα	
H1047R.	SN35644	and	analogs	were	tested	at	10	μM,	and	LY294002	was	tested	at	100	
μM.	 The	 reactions	 were	 carried	 out	 at	 32	 °C	 for	 20	 minutes.	 Graphs	 summarize	 the	
results	 of	 n³3	 independent	 experiments	 (Mean	 ±	 SEM).	 *P<0.05,	 ***P<0.001,	
****P<0.0001,	one-way	ANOVA	with	Dunnett’s	multiple	comparisons	test.			
	

These	data	suggest	that	compounds	become	ineffective	at	inhibiting	PI3K	protein	kinase	

activity	if	the	hydrogen	bond	to	V851	in	the	linker	region	of	the	ATP	site	is	disrupted,	

showing	 that	 if	a	key	ATP	binding	site	 interaction	 is	compromised	 then	 the	activity	 is	

decreased.	
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6.3 Designing	 second	 generation	 analogs	 that	 are	

predicted	 to	 be	 better	 suited	 for	 the	 alternative	

site	

The	 decrease	 in	 inhibitory	 activity	 of	 SN35647	 and	 lack	 of	 inhibitory	 activity	 of	

SN36419	 in	 the	 HTRF	 assay	 suggest	 that	 the	 inhibitory	 potential	 of	 SN35644	 is	

dependent	 on	 binding	 to	 the	 ATP	 site,	 however,	 two	 other	 points	 can	 also	 be	

considered:	 1)	 the	 compounds	 may	 bind	 to	 the	 alternative	 pocket	 but	 this	 does	 not	

affect	enzyme	activity	 in	the	HTRF	assay,	which	uses	the	supplied	PIP2	solution	as	the	

substrate,	 or	 2)	 SN35647	 and	 SN36419	 do	 not	 bind	 or	 are	 poorly	 suited	 to	 the	

alternative	 pocket,	 implying	 that	 the	 same	 interaction	 governing	 the	 function	 with	

respect	to	the	ATP	site	may	also	be	a	feature	of	the	alternate	binding	site.		

	

6.3.1 Generating	per	atom	scores	for	each	atom	in	SN35644	

The	SN35644	ligand	in	the	alternative	pocket	was	extracted	from	the	crystal	structure	

and	 then	 rescored	 in	 the	 same	 position	 with	 the	 GoldScore	 scoring	 function	 using	

GOLD5.2,	to	generate	the	contributions	of	each	atom	to	the	final	fitness	score.	The	blue	

atoms	 indicate	 atoms	 that	 are	well	 suited	 to	 the	 alternative	 site	 and	make	 a	 positive	

contribution	 to	 the	 fitness	 score,	 and	 the	 red	 atoms	 indicate	 atoms	 that	 are	 less	well	

suited	to	the	alternative	site	and	either	make	a	negative	contribution,	or	contribute	the	

least	excluding	hydrogens	(Figure	6.4A).	Detailed	GoldScore	per	atom	scores	are	listed	

in	 Table	 6.2,	 with	 the	 negatively	 contributing	 atoms	 or	 lowest	 contributing	 atoms	

coloured	 in	 red.	GoldScore	was	selected	because	 it	was	 the	only	 scoring	 function	 that	

provided	per	atom	scores	for	all	the	atoms	including	hydrogens.		

	

To	design	new	analogs	that	may	be	better	suited	to	the	alternative	pocket,	regions	2	and	

3	 in	 Figure	 6.4	 were	modified	 by	 replacing	 the	 red	 atoms	with	 alternatives	 likely	 to	

increase	 the	 contribution	 to	 the	 score.	 New	 analogs	 were	 designed	 and	 docked	with	

GOLDv5.2	 using	 ChemPLP	 and	 then	 rescored	 with	 GoldScore.	 Of	 these	 analogs,	 two	
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were	selected	for	synthesis6	based	on	the	fitness	scores	and	the	likely	ease	of	synthesis.	

These	analogs	SN36731	and	SN36732	kept	the	piperidine	of	SN35647,	and	replaced	the	

4H-chromen-4-one	 core	 with	 a	 naphthalene	 core	 in	 region	 2.	 The	 piperidine	 was	

selected	 instead	 of	 a	 benzene	 group	 in	 order	 to	 increase	 the	 solubility	 of	 the	

compounds.	 These	 analogs	 also	 removed	 the	 methyl	 group	 from	 region	 3	 as	 it	 was	

negatively	contributing	to	the	fitness	score,	and	SN36732	uses	an	oxygen	atom	instead	

of	 a	 nitrogen	 atom	 in	 region	3	 to	 explore	 the	 effect	 of	 having	 an	oxygen	 atom	 in	 this	

position	(Figure	6.4B).		

	

	
Figure	6.4	Designing	second	generation	analogs	of	SN35644	that	are	predicted	to	
be	better	suited	to	the	alternative	pocket.	A)	Generating	GoldScore	per	atom	scores	
for	all	atoms	of	SN35644	in	the	alternative	pocket,	the	positively	contributing	atoms	are	
coloured	 in	 blue	 and	 the	 negatively	 contributing	 and	 lowest	 contributing	 atoms	
excluding	 hydrogens	 are	 coloured	 in	 red.	 B)	 Analogs	with	modified	 regions	 2	 and	 3,	
while	 keeping	 the	 region	 1	 piperidine	 the	 same	 as	 SN35647,	 and	 were	 selected	 for	
synthesis	based	on	fitness	scores	and	the	likely	ease	of	synthesis.		
	
	 	

																																																								
6	SN36731	and	SN36732	were	designed	by	Grace	Q.	Gong	and	synthesized	by	A/Prof.	
Gordon	Rewcastle.		



	

	
	

136	

Table	6.2	GoldScore	per	atom	scores	for	SN35644.	

	
Atom	
number	 Atom	type	

Atom	
score	

Atom	
number	 Atom	type	

Atom	
score	

1	 C	 1.54	 27	 C	 1.66	
2	 C	 0.95	 28	 H	 0.64	
3	 O	 0.82	 29	 H	 0.52	
4	 C	 1.77	 30	 H	 0.3	
5	 C	 1.87	 31	 H	 0.36	
6	 N	 1.25	 32	 H	 0.47	
7	 C	 2.26	 33	 H	 0.62	
8	 C	 2.32	 34	 H	 0.18	
9	 C	 1.35	 35	 H	 0.81	
10	 O	 0.86	 36	 H	 0.84	
11	 O	 1.1	 37	 H	 0.21	
12	 C	 1.96	 38	 H	 0.99	
13	 C	 2.44	 39	 H	 1.1	
14	 C	 2.84	 40	 H	 0.73	
15	 C	 2.76	 41	 H	 0.32	
16	 C	 3.85	 42	 H	 0.62	
17	 C	 1.79	 43	 H	 0.73	
18	 C	 1.67	 44	 H	 -3.25	
19	 C	 1.21	 45	 H	 0.38	
20	 C	 1.96	 46	 H	 0.72	
21	 N	 1.34	 47	 H	 1.02	
22	 C	 1.47	 48	 H	 0.3	
23	 C	 2.03	 49	 H	 0.83	
24	 C	 2.88	 50	 H	 0.69	
25	 C	 2.5	 51	 H	 1.35	
26	 C	 2.34	
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6.3.2 Analogs	 SN36731	 and	 SN36732	 did	 not	 inhibit	 the	 catalytic	

activity	of	PI3K	
The	 second	 generation	 analogs	 were	 then	 tested	 in	 the	 HTRF	 assay	 for	 inhibition	 of	

PI3K	lipid	kinase	activity.	The	data	in	Table	6.3	showed	that	these	new	compounds	did	

not	 inhibit	 the	 catalytic	 activity	 of	 PI3Kα	 up	 to	 4	 μM.	 Although	 the	 compounds	were	

tested	 up	 to	 250	 μM,	 they	 gave	 a	 high	 background	 fluorescent	 signal	 that	 may	 have	

interfered	with	the	results	of	the	HTRF	assay	at	the	higher	concentrations,	therefore	the	

data	was	excluded.	The	compounds	were	soluble	at	4	μM	in	2.5%	DMSO.		 

		

Table	6.3	IC50	of	second	generation	analogs	(μM).		
	
	 IC50	
Inhibitor	 PI3Kα	 PI3Kα	E545K	 PI3Kα	H1047R	
SN36731	 >4	 >4	 >4	
SN36732	 >4	 >4	 >4	
Data	shown	as	Mean	(n=2).	
	

6.3.3 Analogs	of	SN35644	have	reduced	inhibition	of	PI3Kα	WT	and	

H1047R	activity	in	lipid	kinase	assay	with	liposomes	
As	PI3Kα	interacts	with	the	membrane,	these	compounds	were	also	tested	for	effects	on	

catalysis	 that	 included	 a	membrane	binding	 component,	 an	 aspect	 not	 covered	 in	 the	

HTRF	assay.	Liposomes	containing	5%	PIP2	were	used	as	the	substrate	to	better	mimic	

the	 endogenous	 substrate	 environment,	 and	 PI3Kα	WT	 and	 its	H1047R	mutant	were	

tested.		
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Figure	6.5	Effect	of	SN35644	and	analogs	on	lipid	kinase	activity	of	PI3Kα	WT	and	
its	 H1047R	 oncogenic	 mutant	 using	 5%	 PIP2	 containing	 liposomes	 as	 the	
substrate.	Lipid	kinase	activity	is	shown	as	relative	intensity	of	autoradiography	units	
in	the	presence	of	 inhibitors	normalized	to	control.	A)	 Inhibitors	tested	against	PI3Kα	
WT.	 B)	 Inhibitors	 tested	 against	 PI3Kα	 H1047R	 oncogenic	 mutant.	 SN35644	 and	
analogs	were	tested	at	10	μM,	and	GSK2126458	was	tested	at	100	nM.	The	reaction	was	
carried	out	at	room	temperature	for	60	minutes	and	the	reaction	stopped	by	addition	of	
EDTA.	Graphs	 summarize	 the	 results	of	n³3	 independent	 experiments	 (Mean	±	SEM).	
**P<0.01,	****P<0.0001,	one-way	ANOVA	with	Dunnett’s	multiple	comparisons	test.			

	

The	results	showed	a	similar	 inhibition	profile	to	that	observed	in	the	HTRF	assay	for	

PI3Kα	WT.	SN35644	and	SN35705	significantly	inhibited	PI3Kα	WT	lipid	kinase	activity	

by	 70%	 (P=0.0001)	 and	 65%	 (P=0.0001)	 respectively	 (Figure	 6.5A).	 Similar	 results	

were	 observed	 with	 the	 H1047R	 mutant	 (Figure	 6.5B),	 SN35644	 and	 SN35705	

significantly	inhibited	PI3Kα	H1047R	lipid	kinase	activity	by	79%	(P=0.0001)	and	53%	

(P=0.0047)	 respectively.	 SN35647,	 SN36419,	 SN36731	 and	 SN36732	 did	 not	

significantly	inhibit	lipid	kinase	activity	for	PI3Kα	WT	or	the	H1047R	mutant.		

	

6.4 Investigating	 SN35644	 and	 analogs	 in	 the	 FRET	

membrane	binding	assay	

The	alternative	pocket	 formed	upon	SN35644	binding	 is	 in	 the	C-terminal	 lobe	of	 the	

kinase	domain,	a	region	proposed	to	be	 involved	 in	membrane	binding,	 indicating	the	

possibility	 that	 these	analogs	might	affect	how	PI3K	binds	 to	 the	 lipid	membrane	and	
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therefore	access	of	PI3K	to	its	substrate.	Although	results	of	the	lipid	kinase	assay	with	

liposomes	 indicated	 that	 these	 analogs	 did	 not	 affect	 PIP3	 production,	 they	 were	

investigated	 for	 effects	 on	 membrane	 binding	 of	 PI3Kα.	 Membrane	 binding	 can	 be	

separated	from	catalysis	using	biophysical	assays	such	as	the	FRET	and	BLI	membrane	

binding	assays	described	in	Chapter	4	and	Chapter	5.		

	

6.4.1 Ability	 of	 inhibitors	 to	 decrease	 the	 FRET	 signal	 correlated	

with	its	hydrogen	bonding	potential	to	the	ATP	binding	site	
Liposomes	were	prepared	 in	 the	 composition	 as	 stated	 in	 Section	2.2.5.1.	 The	 results	

presented	in	Figure	6.6	show	that	 increasing	the	concentration	of	SN35644	decreased	

the	FRET	signal	(I-I0).	SN35705	was	also	able	to	decrease	the	FRET	signal	although	to	a	

lesser	 extent,	 whereas	 SN35647	 had	 an	 almost	 negligible	 effect	 on	 the	 FRET	 signal	

(Figure	 6.6).	 This	 suggested	 that	 there	 is	 a	 correlation	 between	 the	 ability	 of	 the	

inhibitor	to	form	a	key	hydrogen	bond	in	the	ATP	site,	the	ability	to	inhibit	the	catalytic	

activity	 of	 the	 enzyme,	 and	 the	 ability	 to	 decrease	 the	 FRET	 signal	 associated	 with	

membrane	 binding	 of	 PI3K.	 This	 agreed	 with	 the	 results	 presented	 in	 Chapter	 4,	

showing	that	compounds	binding	at	the	ATP	site	can	affect	the	FRET	signal.		

	

	 	
Figure	 6.6	 Effect	 of	 SN35644	 and	 analogs	 on	 the	 PI3Kα	 WT-membrane	
interactions.	Inhibitors	were	tested	at	a	starting	concentration	of	25	μM,	followed	by	a	
2-fold	dilution	for	each	subsequent	point.	Signal	shown	as	I-I0,	where	I	 is	the	signal	at	
520	 nm	 and	 I0	 is	 the	 background	 fluorescence	 from	 liposomes.	 The	 fluorescence	 of	
compounds	was	then	subtracted	from	the	FRET	signals	of	compounds	and	protein.	The	
figure	 shows	 data	 for	 a	 representative	 experiment	 as	 Mean	 ±	 SEM	 (n=3),	 and	 the	
experiment	was	repeated	once.		
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6.5 Investigating	the	effect	of	SN35644	and	analogs	on	

PI3K	cell	signaling	

As	some	inhibitors	had	an	effect	on	catalysis,	SN35644	and	analogs	were	also	tested	for	

effects	 on	 cell	 signaling	 in	 the	 SK-OV-3	 ovarian	 cancer	 cell	 line	 bearing	 the	 H1047R	

mutation,	the	MCF-7	breast	cancer	cell	line	bearing	the	E545K	mutation,	and	the	NZM6	

melanoma	 cell	 line	 with	 PIK3CA	 WT	 to	 assess	 any	 outcomes	 unanticipated	 from	 the	

biochemical	data.	The	cells	were	inhibited	for	either	15,	30	or	60	minutes	before	being	

stimulated	with	500	nM	insulin	for	5,	10,	or	15	minutes	as	stated.	The	phosphorylation	

status	of	AKT	at	T308	and	S6RBP	were	assessed	as	a	readout	of	pathway	activation	by	

Western	blot	analysis.		

	

6.5.1 SN35644	and	analogs	affect	 cell	 signaling	 in	 SK-OV-3	ovarian	

cancer	derived	cell	line	
	

SN35644	and	analogs	were	 tested	at	10	μM	and	50	μM	for	effects	on	AKT	and	S6RBP	

phosphorylation.	The	control	inhibitors	GSK2126458,	A66,	TGX-221	and	IC87114	were	

tested	at	1	μM.	GSK2126458	is	a	pan	inhibitor,	A66	is	a	PI3Kα-selective	inhibitor,	TGX-

221	is	a	PI3Kβ-selective	inhibitor,	and	IC87114	is	a	PI3Kδ	selective	inhibitor.		

	

The	 data	 presented	 in	 Figure	 6.7A	 showed	 that	 at	 10	 μM,	 SN35644	 and	 its	 analogs	

SN35647,	 SN35705,	 SN36419,	 SN36731,	 and	 SN36732	 did	 not	 significantly	 inhibit	

phosphorylation	 of	 AKT	 (T308)	 after	 15	 minutes	 of	 inhibitor	 treatment.	 When	 the	

inhibitor	 incubation	 time	was	 increased	 to	 30	minutes,	 SN35647,	 SN35705,	 SN36419	

and	 SN36732	 was	 able	 to	 inhibit	 AKT	 phosphorylation	 by	 17%	 (P=0.0006),	 22%	

(P=0.0001),	68%	(P=0.0001)	and	11%	(P=0.0347)	respectively	(Figure	6.7B).	Although	

SN35644	did	not	 significantly	 inhibit	phosphorylation	of	AKT,	 it	was	able	 to	decrease	

phosphorylation	of	S6RBP	by	38%	(P=0.0169),	 a	distal	marker	of	 the	pathway.	When	

the	 inhibitor	 incubation	 time	 was	 increased	 to	 60	 minutes,	 SN36419	 significantly	
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inhibited	AKT	phosphorylation	by	69%	(P=0.0001,	Figure	6.7C).	Similar	to	the	data	for	

30	minutes	incubation,	SN35644	treatment	for	60	minutes	did	not	significantly	inhibit	

phosphorylation	 of	 AKT	 but	 caused	 a	 39%	 decrease	 in	 phosphorylation	 of	 S6RBP	

(P=0.0002).	 Of	 the	 control	 inhibitors	 tested,	 GSK2126458	 was	 the	 most	 potent	 at	

inhibiting	phosphorylation	of	AKT	in	SK-OV-3	cells,	decreasing	AKT	phosphorylation	by	

99%	 at	 15	 (P=0.0001),	 30	 (P=0.0001)	 and	 60	 (P=0.0001)	 minutes	 of	 inhibitor	

treatment.	A66	was	also	able	to	 inhibit	AKT	phosphorylation	 in	SK-OV-3	cells	by	62%	

(P=0.0001),	 97%	 (P=0.0001)	 and	 81%	 (P=0.0001)	 at	 15,	 30	 and	 60	 minutes	

respectively,	 an	 observation	 consistent	 with	 the	 data	 in	 Chapter	 3	 and	 previously	

published	data	showing	that	cell	lines	bearing	the	H1047R	mutation	are	more	sensitive	

to	 PI3Kα-selective	 inhibition	 (57).	 At	 30	 minutes	 incubation,	 TGX-221	 and	 IC87114	

were	able	 to	decrease	AKT	phosphorylation	by	52%	(P=0.0001)	and	36%	(P=0.0001)	

respectively,	less	than	that	of	A66,	suggesting	that	the	SK-OV-3	cell	line	is	less	sensitive	

to	PI3Kβ/PI3Kδ-selective	 inhibition.	A	 summary	of	 the	 results	 for	 10	μM	of	 SN35644	

and	analogs	in	SK-OV-3	cells	is	shown	in	Table	8.9.		
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Figure	6.7	Effects	of	 SN35644	and	analogs	at	10	μM	on	phosphorylation	of	AKT	
and	the	downstream	S6RBP	in	the	SK-OV-3	cell	 line.	Representative	blots	showing	
AKT	and	S6RBP	phosphorylation	after	A)	15	minutes	treatment	with	inhibitor	followed	
by	5	minutes	of	insulin	stimulation,	B)	30	minutes	treatment	with	inhibitor	followed	by	
10	minutes	of	insulin	stimulation,	and	C)	60	minutes	treatment	with	inhibitor	followed	
by	15	minutes	of	 insulin	stimulation.	The	cells	were	serum	starved	overnight,	 treated	
with	 10	 μM	 of	 SN35644	 and	 its	 analogs,	 and	 1	 μM	 of	 control	 inhibitors	 A66,	
GSK2126458,	TGX-221	and	IC87114,	all	at	a	final	DMSO	concentration	of	0.5%,	and	then	
stimulated	with	500	nM	of	 insulin.	 The	positive	 control	 is	 cells	with	no	 inhibitor	 and	
stimulated	with	 insulin;	 the	 negative	 control	 is	 cells	with	 no	 inhibitor	 and	 no	 insulin	
stimulation.	 The	 cells	 were	 then	 lysed	 and	 analyzed	 by	Western	 blotting	 with	 pAKT	
T308,	AKT,	pS6,	and	S6RBP.	β-actin	was	used	as	the	loading	control.	Graphs	summarize	
n³2	 experiments	 (Mean	±	 SEM).	 *P<0.05,	 ***P<0.001,	 ****P<0.0001,	 one-way	ANOVA	
with	Dunnett’s	multiple	comparisons	test.			
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When	the	concentration	of	inhibitors	was	increased	to	50	μM,	AKT	phosphorylation	at	

T308	was	inhibited	by	SN35644,	SN35647,	SN35705,	and	SN36419	by	70%	(P=0.0001),	

66%	(P=0.0001),	67%	(P=0.0001),	and	55%	(P=0.0001)	respectively	after	15	minutes	

inhibitor	 incubation	 (Figure	 6.8A).	 SN35644	 and	 SN35705	 caused	 a	 41%	 (P=0.0001)	

and	 27%	 (P=0.0072)	 decrease	 in	 phosphorylation	 of	 S6RBP.	 Unexpectedly,	 SN36732	

caused	 a	 34%	 increase	 in	 AKT	 phosphorylation	 (P=0.0086)	 but	 a	 27%	 decrease	 in	

S6RBP	 phosphorylation	 (P=0.0079).	 This	 increase	 in	 AKT	 phosphorylation	 was	 not	

observed	 at	 any	 other	 time	 point	 or	 inhibitor	 concentration.	 After	 30	 minutes	

incubation,	 SN35644,	 SN35647,	 SN35705,	 SN36419	 and	 SN36732	 were	 able	 to	

significantly	 inhibit	 AKT	 phosphorylation	 by	 51%	 (P=0.0001),	 73%	 (P=0.0001),	 74%	

(P=0.0001),	75%	(P=0.0001),	and	37%	(P=0.0003)	respectively	(Figure	6.8B).	SN35644	

and	 SN35705	 significantly	 decreased	 phosphorylation	 of	 S6RBP	 by	 72%	 (P=0.0001)	

and	29%	(P=0.0023)	respectively.	When	the	inhibitor	incubation	time	was	increased	to	

60	minutes,	SN35644	no	longer	inhibited	AKT	phosphorylation,	but	phosphorylation	of	

S6RBP	was	inhibited	by	86%	(P=0.0001).	SN35647,	SN35705,	SN36419,	SN36731	and	

SN36732	 inhibited	 AKT	 phosphorylation	 by	 73%	 (P=0.0001),	 80%	 (P=0.0001),	 77%	

(P=0.0001),	 32%	 (P=0.0095)	 and	 29%	 (P=0.0266)	 respectively	 (Figure	 6.8C).	 There	

was	also	a	48%	(P=0.0090)	decrease	in	phosphorylation	of	S6RBP	with	SN35705,	while		

SN35647	 and	 SN36419	 did	 not	 affect	 S6RBP	 phosphorylation.	 SN36731	 increased	

phosphorylation	of	S6RBP	by	40%	(P=0.0426).	A	summary	of	the	results	for	50	μM	of	

SN35644	and	analogs	in	SK-OV-3	cells	is	shown	in	Table	8.10.	

	

Taken	together,	these	data	suggest	that	SN36419	is	the	most	potent	analog	at	inhibiting	

AKT	phosphorylation,	as	 it	was	the	only	analog	that	 inhibited	AKT	phosphorylation	at	

T308	 by	 more	 than	 50%	 at	 10	 μM.	 At	 50	 μM,	 SN35647	 and	 SN35705	 could	 also	

significantly	 inhibit	phosphorylation	of	AKT.	However,	SN35647	and	SN36419	did	not	

affect	phosphorylation	of	S6RBP	even	after	60	minutes	of	inhibitor	treatment.			
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Figure	6.8	Effects	of	 SN35644	and	analogs	at	50	μM	on	phosphorylation	of	AKT	
and	the	downstream	S6RBP	in	the	SK-OV-3	cell	 line.	Representative	blots	showing	
AKT	and	S6RBP	phosphorylation	after	A)	15	minutes	treatment	with	inhibitor	followed	
by	5	minutes	of	insulin	stimulation,	B)	30	minutes	treatment	with	inhibitor	followed	by	
10	minutes	of	insulin	stimulation,	and	C)	60	minutes	treatment	with	inhibitor	followed	
by	15	minutes	of	 insulin	stimulation.	The	cells	were	serum	starved	overnight,	 treated	
with	 50	 μM	 of	 SN35644	 and	 its	 analogs,	 and	 1	 μM	 of	 control	 inhibitors	 A66,	
GSK2126458,	TGX-221	and	IC87114,	all	at	a	final	DMSO	concentration	of	0.5%,	and	then	
stimulated	with	500	nM	of	 insulin.	 The	positive	 control	 is	 cells	with	no	 inhibitor	 and	
stimulated	with	 insulin;	 the	 negative	 control	 is	 cells	with	 no	 inhibitor	 and	 no	 insulin	
stimulation.	 The	 cells	 were	 then	 lysed	 and	 analyzed	 by	Western	 blotting	 with	 pAKT	
T308,	AKT,	pS6,	and	S6RBP.	β-actin	was	used	as	the	loading	control.	Graphs	summarize	
n³3	experiments	(Mean	±	SEM).	*P<0.05,	**P<0.01,	***P<0.001,	****P<0.0001,	one-way	
ANOVA	with	Dunnett’s	multiple	comparisons	test.			
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Figure	6.9	Representative	blot	showing	the	phosphorylation	status	of	AKT	at	S473	
after	 60	 minutes	 inhibitor	 incubation	 followed	 by	 15	 minutes	 of	 insulin	
stimulation.	The	cells	were	serum	starved	overnight,	 treated	with	50	μM	of	SN35644	
and	 its	 analogs,	 and	 1	 μM	 of	 control	 inhibitors	 A66,	 GSK2126458,	 TGX-221	 and	
IC87114,	all	at	a	final	DMSO	concentration	of	0.5%,	and	then	stimulated	with	500	nM	of	
insulin.	The	positive	control	 is	cells	with	no	 inhibitor	and	stimulated	with	 insulin;	 the	
negative	control	is	cells	with	no	inhibitor	and	no	insulin	stimulation.	The	cells	were	then	
lysed	and	analyzed	by	Western	blotting	with	pAKT	S473,	and	AKT.	β-actin	was	used	as	
the	 loading	 control.	 This	 experiment	 was	 done	 once.	 **P<0.01,	 ***P<0.001,	
****P<0.0001,	one-way	ANOVA	with	Dunnett’s	multiple	comparisons	test.			
	
There	 are	 two	 main	 phosphorylation	 sites	 on	 AKT,	 T308	 and	 S473,	 and	 both	 are	

commonly	used	 in	Western	blotting	analysis	 to	 readout	PI3K	cell	 signaling.	Therefore	

the	SK-OV-3	cell	lysates	were	also	blotted	for	AKT	phosphorylation	at	S473	following	60	

minutes	 of	 inhibitor	 treatment	 at	 50	 μM	 and	 15	 minutes	 stimulation	 of	 500	 nM	 of	

insulin.	The	results	showed	that	SN35644,	SN35647,	SN35705,	SN36419,	SN36731	and	

SN36732	 decreased	 AKT	 phosphorylation	 at	 S473	 by	 55%	 (P=0.0001),	 62%	

(P=0.0001),	73%	(P=0.0001),	75%	(P=0.0001),	49%	(P=0.0001)	and	44%	(P=0.0001)	

respectively	 (Figure	 6.9).	 These	 are	 similar	 to	 the	 results	 observed	 at	 the	 T308	
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phosphorylation	 site,	 with	 the	 exception	 that	 SN35644	 significantly	 decreased	 AKT	

phosphorylation	 at	 S473.	 The	 Western	 blotting	 results	 shown	 in	 Figure	 6.9	 are	

summarized	in	Table	8.11.	

	
Figure	 6.10	 Concentration-response	 for	 SN36419	 in	 SK-OV-3	 cell	 line.	
Representative	 blots	 showing	 AKT	 and	 S6RBP	 phosphorylation	 after	 60	 minutes	
treatment	with	inhibitor	followed	by	15	minutes	of	 insulin	stimulation.	The	cells	were	
serum	 starved	 overnight,	 then	 treated	with	 200	 nM	 to	 5	 μM	 of	 SN36419	 or	 1	 μM	 of	
GSK2126458,	all	at	a	final	DMSO	concentration	of	0.5%,	and	then	stimulated	with	500	
nM	of	insulin.	The	positive	control	is	cells	with	no	inhibitor	and	stimulated	with	insulin;	
the	negative	control	is	cells	with	no	inhibitor	and	no	insulin	stimulation.	The	cells	were	
then	lysed	and	analyzed	by	Western	blotting	with	pAKT	T308,	AKT,	pS6,	and	S6RBP.	β-
actin	 was	 used	 as	 the	 loading	 control.	 Graphs	 summarize	 n³2	 experiments	 (Mean	 ±	
SEM).	*P<0.05,	one-way	ANOVA	with	Dunnett’s	multiple	comparisons	test.			
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Based	on	the	Western	blotting	data	presented	in	Figure	6.7	which	showed	that	SN36419	

was	the	only	analog	that	inhibited	AKT	phosphorylation	(T308)	by	more	than	50%	at	10	

μM,	a	concentration	response	study	was	conducted	using	the	SK-OV-3	cell	 line	 from	5	

μM	 SN36419	 down	 to	 200	 nM.	 The	 results	 presented	 in	 Figure	 6.10	 show	 that	 at	 60	

minutes	 incubation,	 5	 μM	 of	 SN36419	 significantly	 inhibited	 AKT	 phosphorylation	 at	

T308	 by	 63%	 (P=0.0423),	 but	 inhibition	 was	 lost	 at	 lower	 concentrations.	 Agreeing	

with	results	from	Figure	6.7	and	Figure	6.8,	SN36419	did	not	affect	phosphorylation	of	

S6RBP.	These	results	are	summarized	in	Table	8.12.		

	

6.5.2 	Analogs	of	SN35644	had	reduced	effects	on	PI3K	cell	signaling	

in	the	MCF-7	breast	cancer	cell	line	
The	 first	 and	 second	 generation	 analogs	 of	 SN35644	 were	 then	 tested	 in	 the	 MCF-7	

breast	cancer	cell	line	bearing	the	PI3Kα	E545K	mutation.	Previous	studies	showed	that	

cell	 lines	 bearing	 the	 E545K	mutation	 are	 less	 sensitive	 to	 PI3Kα	 selective	 inhibition	

than	 the	 H1047R	 cell	 lines	 (57),	 and	 this	 was	 confirmed	 by	 the	 results	 presented	 in	

Chapter	3.	The	control	inhibitor	A66	had	reduced	inhibition	of	AKT	phosphorylation	in	

the	 MCF-7	 cell	 line	 compared	 to	 the	 SK-OV-3	 cell	 line,	 and	 the	 pan	 PI3K	 inhibitor	

GSK2126458	 remained	 the	 most	 potent	 inhibitor	 in	 the	 MCF-7	 cell	 line.	 After	 15	

minutes	incubation	at	50	μM,	SN35705	decreased	AKT	phosphorylation	at	T308	by	43%	

(P=0.0124,	 Figure	 6.11A).	 When	 the	 inhibitor	 incubation	 time	 was	 increased	 to	 30	

minutes,	SN35705	and	SN36419	were	able	to	significantly	inhibit	AKT	phosphorylation	

by	53%	(P=0.0026)	and	49%	(0.0064,	Figure	6.11B)	respectively.	When	the	incubation	

time	 was	 increased	 to	 60	 minutes,	 SN35705,	 SN36419,	 and	 SN36731	 were	 able	 to	

significantly	 inhibit	 AKT	 phosphorylation	 by	 65%	 (P=0.0001),	 68%	 (P=0.0001)	 and	

51%	 (P=0.0026)	 respectively	 (Figure	 6.11C).	 A	 summary	 of	 the	 results	 for	 50	 μM	 of	

SN35644	and	analogs	in	MCF-7	cells	is	shown	in	Table	8.13.	The	greater	inhibition	at	60	

minutes	also	suggests	 that	 the	effect	of	 these	 inhibitors	are	 time-dependent.	Unlike	 in	

the	 SK-OV-3	 cell	 line	 where	 all	 inhibitors	 decreased	 AKT	 phosphorylation,	 SN35644,	

SN35647,	 and	 SN36732	 had	 no	 effect	 in	 MCF-7	 cells,	 and	 although	 SN35705	 and	

SN36419	 were	 able	 to	 decrease	 AKT	 phosphorylation	 in	 MCF-7	 cells,	 the	 percent	

inhibition	 was	 always	 less	 than	 that	 observed	 for	 SK-OV-3	 cells	 under	 the	 same	

treatment	 conditions.	 The	 only	 analog	 that	 caused	 greater	 inhibition	 of	 AKT	
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phosphorylation	 in	 MCF-7	 cells	 compared	 to	 SK-OV-3	 cells	 was	 SN36731.	 SN36731	

decreased	 AKT	 phosphorylation	 by	 51%	 in	 MCF-7	 following	 60	 minutes	 of	 inhibitor	

treatment	 at	 50	 μM,	 compared	 to	 32%	 in	 SK-OV-3.	 However,	 neither	 SN35644	 or	 its	

analogs	 affected	 S6RBP	phosphorylation	 in	MCF-7	 cells.	 Taken	 together,	 these	 results	

suggest	that	the	MCF-7	cell	 line	is	 less	sensitive	to	 inhibition	by	SN35644	and	analogs	

compared	to	the	SK-OV-3	cell	line.		
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Figure	 6.11	 Effects	 of	 SN35644	 and	 its	 analogs	 at	 50	 μM	on	 phosphorylation	 of	
AKT	 and	 the	 downstream	 S6RBP	 in	 the	 MCF-7	 cell	 line.	 Representative	 blots	
showing	AKT	and	S6RBP	phosphorylation	after	A)	15	minutes	treatment	with	inhibitor	
followed	 by	 5	minutes	 of	 insulin	 stimulation,	 B)	 30	minutes	 treatment	with	 inhibitor	
followed	 by	 10	 minutes	 of	 insulin	 stimulation,	 and	 C)	 60	 minutes	 treatment	 with	
inhibitor	 followed	by	15	minutes	of	 insulin	stimulation.	The	cells	were	serum	starved	
overnight,	 treated	 with	 50	 μM	 of	 SN35644	 and	 its	 analogs,	 and	 1	 μM	 of	 control	
inhibitors	A66,	GSK2126458,	TGX-221	and	IC87114,	all	at	a	final	DMSO	concentration	of	
0.5%,	and	then	stimulated	with	500	nM	of	insulin.	The	positive	control	is	cells	with	no	
inhibitor	and	stimulated	with	insulin;	the	negative	control	is	cells	with	no	inhibitor	and	
no	insulin	stimulation.	The	cells	were	then	lysed	and	analyzed	by	Western	blotting	with	
pAKT	 T308,	 AKT,	 pS6,	 and	 S6RBP.	 β-actin	 was	 used	 as	 the	 loading	 control.	 Graphs	
summarize	 n³3	 experiments	 (Mean	 ±	 SEM).	 *P<0.05,	 **P<0.01,	 ***P<0.001,	
****P<0.0001,	one-way	ANOVA	with	Dunnett’s	multiple	comparisons	test.			
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6.5.3 Analogs	 of	 SN35644	 did	 not	 affect	 PI3K	 cell	 signaling	 in	 the	

NZM6	melanoma	cell	line	
Analogs	 of	 SN35644	 significantly	 decreased	 AKT	 phosphorylation	 in	 the	 H1047R	

mutant	 bearing	 cell	 line	 SK-OV-3	 that	 is	more	 sensitive	 to	 PI3Kα	 selective	 inhibition,	

and	 the	 inhibitory	 effect	 was	 reduced	 in	 the	 E545K	mutant	 bearing	 MCF-7	 cell	 line.	

Therefore	 they	 were	 also	 tested	 in	 the	 NZM6	 melanoma	 cell	 line	 that	 harbors	 no	

mutation	in	the	PIK3CA	gene	and	is	considered	WT.	The	results	showed	that	SN35644	

significantly	 inhibited	AKT	phosphorylation	by	44%	(P=0.0484)	 following	60	minutes	

incubation	 with	 inhibitor	 at	 50	 μM,	 and	 also	 caused	 a	 63%	 (P=0.0029)	 reduction	 in	

phosphorylation	of	S6RBP.	However,	none	of	the	other	analogs	were	active	in	the	NZM6	

cell	 line	 (Figure	 6.12),	 suggesting	 that	 the	 NZM6	 cell	 line	 is	 even	 less	 sensitive	 to	

inhibition	by	analogs	of	SN35644	than	the	MCF-7	cell	line.	A	summary	of	the	results	for	

50	μM	of	SN35644	and	analogs	in	NZM6	cells	is	shown	in	Table	8.14.		
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Figure	 6.12	 Effects	 of	 SN35644	 and	 its	 analogs	 at	 50	 μM	on	 phosphorylation	 of	
AKT	 and	 the	 downstream	 S6RBP	 in	 the	 NZM6	 cell	 line.	 Representative	 blots	
showing	 AKT	 and	 S6RBP	 phosphorylation	 after	 60	minutes	 treatment	 with	 inhibitor	
followed	by	15	minutes	of	insulin	stimulation.	The	cells	were	serum	starved	overnight,	
treated	with	 50	 μM	 of	 SN35644	 and	 its	 analogs,	 and	 1	 μM	 of	 control	 inhibitors	 A66,	
GSK2126458,	TGX-221	and	IC87114,	all	at	a	final	DMSO	concentration	of	0.5%,	and	then	
stimulated	with	500	nM	of	 insulin.	 The	positive	 control	 is	 cells	with	no	 inhibitor	 and	
stimulated	with	 insulin;	 the	 negative	 control	 is	 cells	with	 no	 inhibitor	 and	 no	 insulin	
stimulation.	 The	 cells	 were	 then	 lysed	 and	 analyzed	 by	Western	 blotting	 with	 pAKT	
T308,	AKT,	pS6,	and	S6RBP.	β-actin	was	used	as	the	loading	control.	Graphs	summarize	
n³2	 experiments	 (Mean	 ±	 SEM).	 *P<0.05,	 **P<0.01,	 	 ****P<0.0001,	 one-way	 ANOVA	
with	Dunnett’s	multiple	comparisons	test.			
	

Taken	together,	the	cellular	data	suggested	that	PI3K	signaling	in	the	SK-OV-3	cell	line	

bearing	the	H1047R	mutation	was	the	most	sensitive	to	inhibition	by	SN35644	and	its	

analogs,	and	the	inhibitory	effect	is	both	time	and	concentration	dependent.	The	MCF-7	
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cell	 line	bearing	 the	E545K	mutation	was	 less	sensitive	 to	 inhibition	by	SN35644	and	

analogs,	 and	 the	 NZM6	 cell	 line	 (PIK3CA	 WT)	 was	 insensitive	 to	 inhibition	 of	 AKT	

phosphorylation	by	analogs	of	SN35644.	This	suggested	that	sensitivity	of	cell	 lines	to	

inhibition	 by	 SN35644	 and	 analogs	 may	 be	 dependent	 on	 the	 presence	 of	 PIK3CA	

mutations,	although	more	cell	lines	will	need	to	be	tested.		

	

6.6 Kinome	Screen	for	analogs	of	SN35644		

To	 determine	whether	 the	 analogs	 of	 SN35644	 have	 off-target	 activity,	 SN35647	 and	

SN35705	were	screened	against	a	panel	of	9	kinases	 (Table	8.16)	at	50	μM.	SN35705	

inhibited	 DNA-PK	 by	 96%	 at	 50	 μM,	 however,	 SN35647	 did	 not	 inhibit	 DNA-PK,	

suggesting	 that	 DNA-PK	 is	 not	 responsible	 for	 the	 decrease	 in	 pAKT	 levels	 following	

treatment	of	SN35644	and	analogs	in	SK-OV-3	and	MCF-7	cells.		

	

SN36419	was	screened	against	all	the	available	kinases	known	to	phosphorylate	AKT	at	

T308	as	 identified	by	 the	on-line	resource	GPS	3.0	 (203).	SN36419	was	screened	at	5	

μM,	the	lowest	concentration	that	inhibited	pAKT	in	SK-OV-3	cells	against	these	kinases	

in	an	attempt	to	determine	the	cause	of	inhibition	of	pAKT.	The	results	showed	that	at	5	

μM	SN36419	did	not	inhibit	any	of	the	kinases	by	more	than	40%	(Table	8.17).		

	

6.7 Discussion	
Allosteric	modulators	 have	 been	 explored	 for	 effects	 on	GPCRs,	 kinases,	 ion	 channels	

and	phospholipases.	As	they	bind	to	less	conserved	sites	than	the	ATP-binding	site,	they	

may	 have	 superior	 specificity	 to	 the	 standard	 ATP-competitive	 inhibitors	 (114-116).	

Inhibitors	 of	 kinases	 can	 be	 classified	 into	 four	 classes,	 and	 allosteric	 inhibitors	 are	

classified	as	the	type	III	inhibitors	(117).	The	discovery	of	the	new	drug	binding	pocket	

in	PI3Kα	by	Hon	et	al.	sparked	the	interest	of	investigating	the	potential	effects	of	small	

molecule	inhibitors	binding	to	this	pocket	on	PI3Kα	signaling	(46).	The	crystal	structure	

of	 PI3Kα	 in	 complex	with	 a	 PI3Kβ/δ-selective	 inhibitor	 SN35644,	 now	 referred	 to	 as	

PIK-108	 (PDB:	 4A55)	 revealed	 that	 in	 addition	 to	 the	 ATP-binding	 site,	 there	 was	
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observed	density	for	a	second	PIK-108	molecule	found	in	a	hydrophobic	pocket	at	the	C-

terminus	 of	 the	 kinase	 domain	 (46).	 Of	 note,	 this	 crystal	 structure	 used	 the	 murine	

p110α	subunit	and	the	human	p85α	subunit.	BLAST	alignment	was	performed,	and	the	

results	showed	that	murine	p110α	had	99%	sequence	identity	with	human	p110α	(86).	

Upon	 closer	 inspection	 of	 amino	 acids	 within	 10	 Å	 of	 the	 PIK-108	 molecule	 in	 the	

alternative	site,	the	only	differences	were	residues	971	and	1040,	approximately	9	and	

5	 Å	 from	 the	 inhibitor	 respectively.	 More	 specifically,	 the	 aromatic	 residue	 Y971	 in	

murine	 p110α	was	 replaced	 by	 a	 polar	 cysteine	 in	 human,	 and	 the	 polar	 T1040	was	

replaced	by	a	non-polar	methionine.	It	is	yet	unknown	whether	these	differences	affect	

properties	of	this	newly	identified	drug	binding	site	in	the	human	protein	compared	to	

the	 murine	 protein.	 Nevertheless,	 this	 discovery	 led	 to	 the	 investigation	 of	 whether	

compounds	 predicted	 to	 bind	 to	 this	 new	 drug	 binding	 site	 can	 act	 as	 allosteric	

modulators	of	PI3Kα	and	affect	PI3K	signaling.		

	

MD	simulation	data	by	Gkeka	et	al.	showed	that	motions	of	the	alternative	pocket	upon	

binding	of	PIK-108	were	not	correlated	with	motions	of	the	ATP	pocket	(122).	Allosteric	

inhibitors	do	not	bind	to	the	ATP-binding	site	and	compete	with	ATP-binding,	hence	the	

inhibitory	 activity	 of	 allosteric	 inhibitors	 should	 be	 less	 affected	 by	 increasing	

concentrations	of	ATP.	When	Gkeka	et	al.	tested	PIK-108	using	in	vitro	assays,	inhibition	

of	 PI3Kα	 activity	 was	 lost	 with	 increasing	 concentrations	 of	 ATP,	 showing	 that	 the	

inhibitory	 effects	were	 due	 to	PIK-108	binding	 at	 the	ATP-binding	 site	 instead	 of	 the	

alternative	 pocket,	 and	 provide	 some	 evidence	 that	 this	 drug	 binding	 pocket	may	 be	

silent	 (122).	 To	 probe	 this	 from	 a	 chemistry	 perspective,	 analogs	 of	 PIK-108	 were	

designed	by	removing	the	hydrogen	bonding	potential	so	that	the	compounds	are	less	

capable	 of	 hydrogen	 bonding	 to	 the	 V851	 linker.	 This	 means	 that	 these	 analogs	 are	

predicted	 to	 not	 bind	 at	 the	 ATP-binding	 site,	 but	 may	 still	 bind	 to	 the	 alternative	

pocket.	The	second	generation	of	analogs	 that	are	predicted	 to	be	better	suited	 in	 the	

alternative	 pocket	were	 also	 designed	 by	 generating	 atom	 scores	 for	 each	 atom,	 and	

then	 replacing	 the	 lowest	 contributing	 atoms	 excluding	 hydrogens,	 or	 negatively	

contributing	 atoms	with	 alternatives.	 Testing	 the	 analogs	 of	 PIK-108	 in	HTRF	 assays,	

protein	 kinase	 assays	 and	 lipid	 kinase	 assays	 using	 liposomes	 as	 the	 substrate	

suggested	that	inhibition	of	PI3K	catalytic	activity	is	dependent	on	the	ability	of	PIK-108	

and	its	analogs	to	form	hydrogen	bond	interactions	with	the	valine	linker	regardless	of	
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substrate,	 this	 agreed	 with	 the	 MD	 simulation	 and	 in	 vitro	 data	 by	 Gkeka	 et	 al.	

Interestingly,	an	early	study	by	Vlahos	et	al.	on	the	development	of	an	inhibitor	similar	

to	 PIK-108	 in	 structure,	 LY294002,	 also	 involved	 substituting	 the	morpholine	 oxygen	

with	other	atoms	(202).	Agreeing	with	results	from	this	chapter,	Vlahos	et	al.	found	that	

when	 the	 morpholine	 oxygen	 atom	 of	 LY294002	 was	 changed	 to	 a	 sulfur	 atom,	

inhibition	of	PI3K	activity	decreased	from	99%	to	50%	using	PI	as	the	substrate.	When	

the	 oxygen	 atom	was	 replaced	 by	 CH2	 or	 N-H	 groups,	 inhibition	was	 reduced	 to	 less	

than	10%,	 further	 indicating	 that	 the	ability	of	 a	 compound	 to	 inhibit	PI3K	activity	 is	

largely	dependent	on	a	group	capable	of	hydrogen	bonding	to	the	linker	in	the	ATP	site.		

	

It	was	reported	by	Hon	et	al.	that	binding	of	PIK-108	in	the	new	site	rearranges	the	C-

terminal	tail	of	the	kinase	domain	into	an	ordered	structure	that	resembles	the	H1047R	

mutant.	This	new	drug	binding	cavity	 in	PI3Kα	 is	 surrounded	by	helices	kα6-8,	kα11,	

and	the	C-terminal	end	of	the	activation	loop	(46).	The	kα11	and	kα12	helices	and	the	

activation	 loop	 are	 shown	 to	 be	 involved	 in	 membrane	 binding,	 these	 together	 with	

rearrangement	of	the	C-terminal	tail	suggest	that	 inhibitors	binding	to	this	alternative	

pocket	may	 affect	 how	 PI3Kα	 interacts	 with	 the	 lipid	membrane.	MD	 simulations	 by	

Gkeka	et	al.	using	the	full	length	proteins	also	showed	that	upon	binding	of	PIK-108	at	

the	alternative	pocket,	 the	C-terminal	tail	of	the	kinase	domain	adopts	a	conformation	

that	is	closer	to	the	kα11	helix,	and	also	caused	movements	in	residues	proposed	to	be	

involved	 in	 membrane	 binding	 (721-727,	 863-873,	 and	 966-974)	 (122).	 However,	

testing	 PIK-108	 and	 analogs	 in	 the	 FRET	 membrane	 binding	 assay	 showed	 that	 the	

ability	 of	 the	 inhibitor	 to	 decrease	 the	 FRET	 signal	 correlated	with	 the	 ability	 of	 the	

inhibitor	to	bind	to	the	valine	linker	in	the	ATP-binding	site.	The	analog	SN35647	which	

cannot	hydrogen	bond	to	the	valine	linker	was	incapable	of	decreasing	the	FRET	signal.	

Future	 studies	 include	 investigating	 the	 effect	 of	 PIK-108	 and	 analogs	 on	membrane	

binding	of	PI3Kα	using	the	BLI	membrane	binding	assay.		

	

Testing	PIK-108	and	analogs	in	the	SK-OV-3	cell	line,	which	harbors	the	PI3Ka	H1047R	

mutation	unexpectedly	showed	that	these	analogs	were	able	to	inhibit	phosphorylation	

of	 AKT	 at	 both	 T308	 and	 S473	 in	 a	 time	 and	 concentration-dependent	 manner.	

Phosphorylation	 of	 AKT	 at	 T308	 by	 PDK-1	 and	 S473	 by	 mTORC2	 results	 in	 full	

activation	 of	 AKT	 (Figure	 1.2)	 (30).	 When	 tested	 at	 10	 μM,	 SN36419	 was	 able	 to	
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decrease	phosphorylation	of	AKT	 (T308)	by	more	 than	50%	after	30	minutes	and	60	

minutes	 incubation.	Furthermore,	when	the	concentration	was	increased	to	50	μM,	all	

the	 analogs	 were	 able	 to	 inhibit	 AKT	 phosphorylation,	 but	 SN35647,	 SN35705,	 and	

SN36419	were	able	to	decrease	AKT	phosphorylation	by	more	than	50%,	suggesting	an	

inhibitory	effect	on	 the	PI3K	signaling	pathway.	However,	 the	analogs	did	not	cause	a	

decrease	in	phosphorylation	of	S6RBP,	a	distal	marker	of	the	pathway	(Figure	1.2).	This	

was	 different	 to	 the	 control	 inhibitors	 GSK2126458	 and	 A66,	 where	 a	 decrease	 in	

phosphorylation	of	S6RBP	followed	a	decrease	in	AKT	phosphorylation.	This	suggested	

that	these	analogs	may	be	less	efficacious	than	GSK2126458	and	A66,	as	observed	with	

the	 decreased	 ability	 of	 SN36828	 designed	 in	 Chapter	 3	 to	 inhibit	 S6RBP	

phosphorylation	 in	MCF-7	cells,	 and	 the	decreased	ability	of	TGX-221	and	 IC87114	 to	

inhibit	 S6RBP	 phosphorylation	 in	 SK-OV-3	 and	 MCF-7	 cells	 in	 this	 chapter.	 Another	

possible	explanation	is	that	the	analogs	of	PIK-108	may	be	inhibiting	phosphorylation	of	

AKT	via	an	alternative	mechanism	from	the	standard	ATP-competitive	inhibitors.		

	

Unlike	SN36419,	PIK-108	was	able	to	significantly	inhibit	phosphorylation	of	S6RBP	but	

not	 AKT	 at	 T308	 in	 SK-OV-3	 cells	 with	 10	 μM	 of	 inhibitor	 treatment	 for	 30	 and	 60	

minutes	(Table	8.9).	In	this	study	a	kinome	screen	was	not	conducted	for	PIK-108,	but	

Ni	et	al	 showed	 that	KIN-193,	an	 inhibitor	similar	 to	PIK-108	 in	structure	had	an	 IC50	

against	mTOR	and	DNA-PK	of	3930	nM	and	54	nM	respectively,	compared	to	0.69	nM	

for	 PI3Kβ	 and	 136	 nM	 for	 PI3Kα	 (204).	 This	 may	 suggest	 to	 some	 extent	 that	 the	

decrease	 in	 S6RBP	 phosphorylation	 following	 PIK-108	 treatment	 may	 be	 due	 to	 the	

inhibition	of	other	kinases	such	as	mTOR	and	DNA-PK	in	addition	to	PI3K.	However,	a	

kinome	 screen	 for	 PIK-108	will	 need	 to	 be	 conducted	 before	 any	 conclusions	 can	 be	

drawn.		

	

A	dose	response	of	SN36419	in	SK-OV-3	cells	showed	that	the	lowest	concentration	of	

SN36419	required	to	inhibit	phosphorylation	of	AKT	was	5	μM,	and	as	SN36419	did	not	

inhibit	 PI3Kα	 activity	 in	 biochemical	 assays	 at	 10	 μM,	 this	 further	 suggested	 that	

SN36419	is	not	affecting	phosphorylation	of	AKT	by	binding	to	the	ATP-binding	site	of	

PI3K.		
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The	analogs	were	less	active	in	the	MCF-7	cell	line	harboring	the	E545K	mutation,	with	

SN35705	and	SN36419	being	 the	most	potent	 inhibitors.	Similar	 to	 the	SK-OV-3	cells,	

inhibition	of	AKT	phosphorylation	in	MCF-7	cells	was	time	dependent.	Of	the	three	cell	

lines	tested,	the	NZM6	cell	line	with	PIK3CA	WT	was	the	least	sensitive	to	inhibition	of	

AKT	phosphorylation,	with	an	inhibitory	effect	observed	with	only	PIK-108	and	none	of	

its	 analogs.	 This	 suggested	 that	 the	 PIK3CA	 mutant	 bearing	 cell	 lines,	 especially	 the	

H1047R	mutant	SK-OV-3	cell	 line,	 are	more	sensitive	 to	 inhibition	by	PIK-108	and	 its	

analogs.		

	

SN35647	and	SN36419	decreased	AKT	phosphorylation	in	SK-OV-3	cell	more	than	PIK-

108,	 but	were	 less	 active	 in	both	 lipid	 and	protein	kinase	 assays.	This	 suggested	 that	

SN35647	and	SN36419	may	be	 affecting	AKT	phosphorylation	 through	an	 alternative	

mechanism.	 In	 addition	 to	 the	 PI3K	 pathway,	 there	 are	 other	 complex	 signaling	

pathways	 in	 the	 cell,	 hence	 the	 analogs	were	 screened	 for	 activity	 against	 a	 panel	 of	

kinases	known	to	phosphorylate	AKT	(Table	8.16	–	Table	8.17).	The	results	showed	that	

SN35647	 at	 50	 μM	 and	 SN36419	 at	 5	 μM	 did	 not	 greatly	 inhibit	 any	 of	 the	 kinases	

tested.	 This	 provided	 some	 evidence	 that	 SN36419	 is	 not	 acting	 by	 blocking	 other	

upstream	targets	in	cell	signaling	pathways	that	lead	to	AKT	activation.	Therefore	it	 is	

important	to	determine	whether	the	decrease	in	AKT	phosphorylation	observed	in	SK-

OV-3	 cells	 and	 MCF-7	 cells	 are	 related	 to	 PI3K,	 and	 future	 directions	 include	

investigating	whether	these	inhibitors	affect	PIP3	production	and/or	PIP2	levels	in	cells.	

Although	phosphorylation	of	AKT	has	been	 the	 standard	 readout	 of	PI3K	 signaling	 in	

cell-based	 assays,	 the	 readout	 is	 not	 always	 accurate,	 and	 there	 have	 been	 examples	

where	a	decrease	in	PIP3	did	not	translate	to	a	decrease	in	AKT	phosphorylation	(76).	

Therefore	 a	 direct	 measurement	 of	 PIP2	 and	 PIP3	 levels	 is	 important	 to	 determine	

whether	these	inhibitors	are	affecting	PI3K	activity.		

	

In	 summary,	 the	 present	 study	 showed	 the	 design	 and	 characterization	 of	 a	 series	 of	

analogs	of	the	known	ATP-competitive	inhibitor	PIK-108,	that	were	designed	to	target	a	

new	 drug	 binding	 pocket	 induced	 within	 the	 C-terminal	 lobe	 of	 the	 PI3Kα	 kinase	

domain.	These	analogs	did	not	affect	the	lipid	kinase	or	protein	kinase	activity	of	PI3Kα,	

and	neither	did	 they	affect	how	PI3Kα	 interacted	with	 the	 lipid	membrane.	However,	

the	analogs,	and	especially	SN36419,	were	active	 in	the	SK-OV-3	and	MCF-7	cell	 lines,	
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and	 were	 able	 to	 inhibit	 phosphorylation	 of	 AKT	 T308	 in	 a	 time	 and	 concentration-

dependent	manner.	The	mechanism	of	this	inhibition	and	relationship	to	PI3Kα	activity	

at	the	level	of	PIP2	and	PIP3	levels	in	the	cell	is	yet	unknown,	and	further	investigation	

will	be	required.		
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7 Discussion	
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7.1 Discussion	
Since	 the	 first	 discovery	 of	 phosphatidylinositol	 kinases	 in	 1985	 (205),	 the	

identification	of	PI3K	in	1988	(206)	by	Cantley	and	co-workers,	and	the	elucidation	of	

the	role	of	PI3K	in	oncogenesis	(8),	PI3K	has	grown	to	be	a	major	target	for	anticancer	

drug	development,	and	many	PI3K	inhibitors	are	currently	in	clinical	trials	(37).	Initial	

drug	discovery	efforts	focused	on	developing	ATP-competitive	small	molecule	pan-PI3K	

inhibitors	that	were	potent	against	all	Class	I	isoforms,	however,	more	recently	research	

efforts	have	concentrated	on	developing	either	inhibitors	that	are	selective	for	a	single	

isoform,	or	inhibitors	with	selectivity	for	two	or	three	isoforms	(140,	207).	As	PI3Kα	is	

the	isoform	most	commonly	dysregulated	in	cancer,	this	Ph.D.	thesis	is	dedicated	to	1)	

probing	the	PI3Kα	active	site	for	factors	that	contribute	to	PI3Kα	selectivity	and	affinity,	

by	designing	new	inhibitors	to	use	as	tool	compounds	for	the	investigation	of	different	

protein-ligand	interactions,	2)	characterizing	the	broader	effect	of	active	site	occupancy	

on	PI3Kα-membrane	 interactions	by	 investigating	how	a	selection	of	ATP-competitive	

inhibitors	 differentially	 affect	 membrane	 binding	 of	 PI3Kα,	 3)	 consideration	 of	 the	

protein-membrane	interface	as	a	new	target	to	inhibit	PI3Kα	with	small	molecules,	and	

the	 investigation	of	 the	 effects	 of	 compounds	proposed	 to	 block	 calcium-independent	

membrane	binding	of	the	coagulation	factor	V	and	VIII,	4)	the	characterization	of	a	new	

drug	 binding	 pocket	 outside	 of	 the	 PI3Kα	 ATP	 binding	 site	 by	 combining	 structure-

based	design	with	biochemical,	biophysical	and	cellular	assays	that	explore	all	aspects	

of	PI3K	catalytic	activity.		

	

7.1.1 Effects	on	PI3K	function	by	ATP-competitive	inhibitors	

The	earlier	generation	of	PI3K	inhibitors	such	as	wortmannin	and	LY294002	had	poor	

selectivity	between	PI3K	classes	and	isoforms,	and	also	 inhibited	many	other	proteins	

(202,	 208).	 Ongoing	 research	 led	 to	 the	 development	 of	 more	 potent	 pan-inhibitors	

such	 as	GSK2126458	 and	 ZSTK474,	 and	 isoform-selective	 inhibitors	 such	 as	A66	 and	

BYL719	(48,	56,	162,	209).	The	PI3Kα	isoform	is	most	 implicated	in	cancer,	and	there	

has	 been	 intense	 effort	 around	 selectively	 inhibiting	 PI3Kα	 activity,	 as	 this	 may	 be	

expected	to	have	greater	benefit	than	the	inhibition	of	all	Class	I	PI3Ks	(58).		
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At	 the	 time	 of	 starting	 this	 doctoral	 research,	 there	were	 only	 two	 classes	 of	 known	

PI3Kα-selective	 inhibitors,	 giving	 rise	 to	 the	 need	 of	 developing	 new	 PI3Kα	 selective	

inhibitors.	 Here,	 structure-based	 design	 was	 used	 to	 create	 new	 PI3Kα	 selective	

inhibitors	 by	 fusing	 chemical	 units	 from	 known	 PI3K	 inhibitors.	 Not	 only	 was	 this	

approach	 taken	 to	develop	new	 tool	 compounds	 that	 could	be	used	 to	 investigate	 the	

effects	 of	 PI3Kα	 selective	 inhibition,	 but	 also	 to	 provide	 valuable	 insight	 into	 the	

contributions	of	different	regions	of	the	active	site	on	isoform	selectivity	and	potency	of	

compounds.	Agreeing	with	previous	literature,	this	study	showed	that	interacting	with	

the	 p110α-specific	 residue	 Q859	 is	 essential	 for	 PI3Kα	 selectivity,	 and	 also	 makes	

significant	contributions	to	potency	(56,	57,	66).	The	strategy	of	fusing	chemical	units	to	

achieve	PI3Kα	 selectivity	 by	 interacting	with	Q859	was	 also	 used	by	Heffron	et	al.	 to	

design	GDC-0326	(62).	Class	I	PI3Ks	achieve	selectivity	by	different	mechanisms.	PI3Kα	

inhibitors	 achieve	 selectivity	 by	 directly	 interacting	 with	 Q859,	 whereas	 PI3Kδ	

inhibitors	achieve	selectivity	by	inducing	the	formation	of	a	specificity	pocket	gated	by	

the	P-loop	M772,	or	by	interacting	with	the	Trp-shelf	(20).	Comparison	of	IC50	values	of	

SN30992	 and	 SN36384	 showed	 that	 occupancy	 of	 the	 Trp-shelf	 also	 contributes	 to	

potency	of	the	compounds,	and	this	potency	is	not	replaceable	by	interacting	with	Q859.	

The	 addition	 of	 a	 3-pyridyl	 unit	 onto	 the	 5,6-fused	 imidazopyridine	 core	 improved	

potency	against	all	Class	 I	PI3K	 isoforms,	and	molecular	modeling	showed	 that	 the	3-

pyridyl	 unit	 could	 engage	 with	 Y836	 in	 the	 affinity	 pocket	 via	 a	 water-mediated	

interaction,	 showing	 that	 occupancy	 of	 the	 affinity	 pocket	 improves	 potency	 of	 the	

compounds.	 The	 attachment	 of	 a	 larger	 ionizable	 sulfonamide	 group	 like	 that	 of	

GSK2126458	(162)	resulted	in	a	dramatic	increase	in	potency	that	may	be	explained	by	

the	interaction	with	the	catalytic	K802.	However,	this	compound	is	no	longer	selective	

for	PI3Kα,	 suggesting	 that	 the	 ionic	 interaction	between	 the	 sulfonamide	and	K802	 is	

able	 to	 override	 PI3Kα	 selectivity	 achieved	 by	 interacting	 with	 Q859.	 Agreeing	 with	

published	literature,	cellular	data	showed	that	the	H1047R	mutant	bearing	cell	lines	SK-

OV-3	 and	T47D	were	more	 sensitive	 to	 PI3Kα-selective	 inhibition	 of	 AKT	 and	 S6RBP	

phosphorylation	compared	with	the	E545K	mutant	bearing	MCF-7	cell	line,	whereas	the	

pan-inhibitor	was	potent	in	all	three	cell	lines	tested	(57).		
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ATP-competitive	 inhibitors	 are	 known	 to	 inhibit	 the	 catalytic	 activity	 of	 kinases.	

However,	the	data	in	Chapter	4	provides	the	first	evidence	that	in	addition	to	inhibiting	

the	enzymatic	activity,	ATP-competitive	 inhibitors	can	also	affect	how	PI3Kα	 interacts	

with	the	lipid	membrane.	At	2	μM,	GSK2126458	was	able	to	decrease	the	FRET	signal	by	

80%	 in	 the	FRET	membrane	binding	assay,	 and	also	 significantly	decrease	PI3Kα	WT	

association	 onto	 liposomes	 in	 the	 BLI	 membrane	 binding	 assay	 at	 4μM.	 Testing	 the	

series	of	5,6-fused	 imidazopyridine	 compounds	designed	 in	Chapter	3	 and	a	 series	of	

sulfonamide	compounds	suggested	that	occupancy	of	the	affinity	pocket	and	making	an	

ionic	 interaction	 with	 K802	 may	 contribute	 to	 whether	 an	 inhibitor	 affects	 PI3Kα-

membrane	interactions	or	not.	However,	compounds	lacking	the	difluorophenyl	group	

but	 are	 still	 capable	 of	 making	 ionic	 interactions	 with	 K802	 need	 to	 be	 tested.	 In	

addition,	occupancy	of	a	hydrophobic	region	above	the	affinity	pocket	of	the	enzyme	by	

a	 difluorophenyl	 group	 may	 potentially	 be	 important	 in	 causing	 the	 conformational	

change	 in	 PI3Kα	 to	 affect	 membrane	 binding.	 Inhibitors	 binding	 to	 the	 catalytic	 site	

have	 also	 been	 discovered	 for	 membrane-binding	 proteins	 such	 as	 cPLA2,	 however,	

unlike	PI3Kα,	HDx	experiments	by	Burke	et	al.	 suggested	 that	binding	of	 the	 inhibitor	

MAFP	at	the	catalytic	site	did	not	affect	binding	of	cPLA2	to	the	membrane	(210).	

	

There	was	a	point	of	difference	between	the	FRET	and	BLI	assay	results.	GSK2126458	

decreased	the	FRET	signal	 to	near	baseline	 in	 the	FRET	membrane	binding	assay,	but	

only	decreased	PI3Kα	association	by	approximately	50%	in	the	BLI	membrane	binding	

assay.	These	differences	suggest	that	the	FRET	assay	may	be	more	sensitive	to	changes	

in	the	lipid-binding	regions	in	PI3Kα	WT	and	this	data	provides	new	insight	in	that	the	

determinants	 of	 the	 FRET	 signal	 are	 influenced	 by	 ligand	 binding	 although	 the	

conformational	 detail	 is	 unknown.	 This	 also	 suggests	 that	 the	 loss	 of	 FRET	 signal	

reports	 on	 an	 increase	 in	 distance	 between	 the	 Trp	 residue(s)	 responsible	 for	 the	

energy	 transfer	 and	 the	 dansyl	 group	 in	 the	 lipid	membrane,	 but	may	 not	mean	 that	

PI3K	is	no	longer	binding	on	the	membrane.		

	

A	 study	by	Hao	et	al.	 showed	 that	 the	 p110α	E545K	mutant	 is	 able	 to	 associate	with	

IRS1	 independent	 of	 the	 p85	 regulatory	 subunit	 (45).	 This	 interaction	 is	 proposed	 to	

activate	p110α	E545K	catalytic	activity	in	two	ways:	firstly	it	brings	the	E545K	mutant	

complexes	 to	 the	 plasma	membrane	 from	 the	 cytosol,	 and	 secondly,	 it	 stabilizes	 the	
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p110α	 E545K	 protein	 (211).	 This	 protein-protein	 interaction	 can	 be	 disrupted	 by	 a	

stapled	 peptide	 derived	 from	 p110α	 E545K,	 leading	 to	 a	 decrease	 in	 AKT	

phosphorylation	in	vitro	(45).	This	raises	the	question	of	whether	the	disruption	of	the	

PI3Kα-membrane	interaction	affects	stability	of	the	protein	in	cells.	The	discovery	that	

GSK2126458	can	affect	the	PI3Kα-membrane	interaction	means	that	GSK2126458	can	

now	be	used	as	a	tool	compound	to	investigate	this.		

	

Altering	the	PI3K-membrane	interaction	with	small	molecules	may	affect	the	function	of	

PI3K	in	two	ways.	Firstly,	it	may	affect	access	to	PIP2	and	therefore	PIP3	production	at	

the	lipid	membrane.	Production	of	PIP3	at	the	lipid	membrane	allows	recruitment	of	PH	

domain-containing	 proteins	 such	 as	 PDK-1,	 AKT,	 Bruton’s	 Tyr	 kinase,	 guanine	

nucleotide	 exchange	 factors	 and	 GTPase-activating	 proteins	 to	 the	 lipid	 membrane,	

these	are	important	in	regulating	a	number	of	downstream	signaling	pathways	involved	

in	gene	expression,	cell	growth,	vesicular	and	T	cell	trafficking,	and	metabolism	(7,	212).	

Secondly,	altering	the	PI3K-membrane	interaction	may	affect	the	formation	of	the	PI3K	

signalosome.	 PI3K	 is	 involved	 in	 protein-protein	 interactions	 at	 the	 lipid	 membrane	

including	those	with	Ras,	Gβγ,	and	Rab5.	PI3Kα	can	directly	interact	with	Ras	via	is	RBD	

(51),	and	 this	 interaction	activates	PI3Kα,	 increasing	 its	enzymatic	activity	potentially	

by	 changing	 the	 conformation	 of	 PI3Kα	 at	 the	 lipid	 membrane	 and	 enhancing	 its	

membrane	binding	ability	(34,	213).	Ras	synergizes	with	the	E545K	mutant	to	increase	

transforming	 potential	 of	 cells,	 but	 has	 a	much	 smaller	 effect	 on	 the	H1047R	mutant	

(42).	 In	 addition,	 Chaussade	 et	 al.	 showed	 that	 PI3Kα	 activity	 was	 significantly	

increased	by	Ras	 for	WT	and	 the	E545K	mutant,	 but	not	 the	H1047R	mutant	using	 a	

mixture	 of	 PI:PS:PC	 as	 the	 substrate	 (52).	 Together,	 these	 data	 suggest	 that	 Ras	

increases	 the	 membrane	 interaction	 of	 PI3Kα,	 and	 it	 is	 of	 interest	 to	 understand	

whether	 GSK2126458	 can	 affect	 the	 PI3Kα-membrane	 interaction	 in	 the	 presence	 of	

Ras,	or	if	the	observations	in	this	study	only	relate	to	the	purified	enzyme	in	isolation.	

	

Two	main	regions	in	the	p110α	kinase	domain	have	been	proposed	to	be	important	in	

membrane	binding:	 the	polybasic	activation	 loop	and	 the	C-terminal	 tail	of	 the	kinase	

domain	(46).	Although	the	activation	loop	is	part	of	the	active	site,	the	C-terminal	tail	is	

further	away	from	the	active	site.	Hence	leading	from	this,	future	research	would	be	to	

investigate	how	inhibitors	binding	at	the	ATP	site	may	affect	membrane	binding	regions	
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in	PI3Kα	using	methods	such	as	HDx.	The	data	from	Chapter	4	potentially	opens	up	new	

research	 opportunities	 for	 drug	 development,	 as	 it	 showed	 that	 it	 is	 possible	 to	

determine	 effects	 of	 small	molecules	 on	more	 than	 just	 the	 catalytic	 activity	 of	 PI3K	

enzymes.	This	has	the	potential	to	lead	to	the	discovery	of	compounds	that	can	inhibit	

the	 catalytic	 activity	 by	 affecting	 access	 of	 PI3K	 to	 its	 substrate	 PIP2	 at	 the	 lipid	

membrane.	In	addition,	membrane	binding	of	H1047R	is	not	affected	by	GSK2126458,	

therefore	by	understanding	how	and	why	the	membrane	binding	regions	in	PI3Kα	WT	

are	affected	by	GSK2126458,	and	the	differences	in	those	regions	between	the	WT	and	

the	H1047R	mutant,	 this	may	provide	a	point	of	difference	 that	might	be	 targeted	 for	

controlling	oncogenic	signaling.		

	

7.1.2 Effects	on	PI3Kα	function	by	undetermined	mechanisms	

The	discovery	 that	ATP-competitive	 inhibitors	 can	affect	membrane	binding	of	PI3Kα	

sparked	great	interest	in	investigating	whether	small	molecules	binding	outside	of	the	

active	 site	 could	 affect	 this	 protein-membrane	 interaction.	 Small	 molecules	 that	 can	

inhibit	 the	 human	 coagulation	 factor	 V	 and/or	 factor	 VIII	 C2	 domain-membrane	

interaction	have	been	studied	by	a	few	groups	(89,	109,	110).	PI3K	also	has	a	C2	domain	

that	has	a	highest	sequence	identity	of	32%	with	coagulation	factor	V,	but	is	structurally	

similar	to	the	C2	domain	of	coagulation	factor	V	upon	visual	inspection.	The	C2	domain	

of	PI3K	is	also	proposed	to	play	a	role	 in	the	calcium-independent	membrane	binding	

(46),	 therefore	 these	 known	 inhibitors	 of	 coagulation	 factor-membrane	 interactions	

were	 tested	 for	effects	on	PI3Kα	membrane	binding	and	activity.	According	 to	known	

literature,	 this	 is	 the	 first	 time	 these	 C2	 blockers	 were	 tested	 against	 PI3K.	 The	

compounds	were	initially	screened	in	the	FRET	membrane	binding	assay,	and	those	that	

could	decrease	the	FRET	signal	were	selected	for	testing	in	lipid	kinase	assays	using	5%	

PIP2	containing	liposomes	as	the	substrate.	The	results	showed	that	the	five	selected	C2	

blockers	were	all	able	to	significantly	decrease	PI3Kα	WT	lipid	kinase	activity.	However,	

it	 is	 yet	 unknown	 whether	 this	 decrease	 in	 kinase	 activity	 is	 caused	 by	 non-specific	

aggregation	of	compounds.	Two	compounds,	5740628	and	6126765	were	tested	in	the	

BLI	 membrane	 binding	 assay,	 and	 the	 results	 showed	 that	 there	 was	 increased	

wavelength	 shift	 upon	 binding	 of	 PI3Kα	 WT	 to	 the	 membrane	 in	 the	 presence	 of	

inhibitor	compared	to	PI3Kα	WT	only.	These	results	are	different	to	those	observed	by	
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Nicolaes	et	al.	and	Spiegel	et	al.,	where	both	compounds	were	able	to	inhibit	membrane	

binding	of	coagulation	factor	VIII	with	IC50	values	of	approximately	10	μM	as	detected	

by	SPR	and	ELISA	binding	assays	respectively	(109,	110),	however,	detergent	was	not	

included	in	these	assays.	This	suggested	that	5740628	and	6126765	do	not	decrease	the	

protein-membrane	interaction	in	PI3K	like	that	of	the	coagulation	factors	and	raised	the	

possibility	 that	 the	 C2	 blockers	 cause	 aggregation	 of	 PI3K	 thereby	 increasing	 the	

number	 of	 protein	 molecules	 associating	 onto	 the	 membrane	 while	 decreasing	 its	

catalytic	activity	by	enzyme	denaturation.	These	compounds	decreased	the	signal	in	the	

FRET	 membrane	 binding	 assay,	 but	 the	 high	 background	 fluorescence	 of	 the	 C2	

blockers	may	have	interfered	with	the	FRET	results.	 In	addition,	aggregation	may	also	

affect	 the	 FRET	 signal	 and	 therefore	 better	 assays	 for	 potential	 aggregators	 may	 be	

required.			

	

The	identification	of	an	induced	drug	binding	pocket	in	the	C-terminus	of	PI3Kα	by	Hon	

et	al.	lead	to	great	interest	to	investigate	the	functional	role	of	this	pocket	(46).	Protein	

kinase	inhibitors	have	been	classified	into	type	I,	type	II,	type	III		and	type	IV	inhibitors.	

Type	 III	 inhibitors	are	allosteric	 inhibitors	 that	bind	outside	 the	ATP	site	 and	 type	 IV	

inhibitors	bind	outside	of	the	catalytic	domain	(117).	Lipid	kinase	assay	inhibitors	are	

yet	 to	 be	 classified.	 The	 presence	 of	 allosteric	 inhibitors	 for	 protein	 kinases	 and	 the	

discovery	of	 this	new	drug	binding	pocket	 in	PI3Kα	 lead	 to	 the	 interest	 to	 investigate	

how	inhibitors	potentially	binding	outside	of	the	active	site	can	affect	PI3K	function	and	

signaling,	as	allosteric	modulators	of	PI3K	are	not	yet	known.	As	allosteric	sites	are	less	

conserved,	 allosterism	as	a	mechanism	 for	 inhibiting	PI3K	may	provide	opportunities	

for	 more	 selective	 inhibition.	 Analogs	 of	 PIK-108	 were	 designed	 by	 replacing	 the	

morpholine	 oxygen	 with	 other	 atoms	 that	 have	 reduced	 or	 no	 hydrogen	 bonding	

potential,	 thereby	 reducing	 the	 interaction	with	 the	valine	 linker.	These	analogs	were	

less	potent	than	PIK-108	at	decreasing	both	the	lipid	and	protein	kinase	activity	of	PI3K,	

with	inhibition	correlating	with	the	ability	of	the	compound	to	hydrogen	bond	with	the	

valine	 linker.	 This	 suggested	 that	 the	 inhibitory	 activity	 of	 PIK-108	 on	 the	 purified	

enzyme	is	mainly	dependent	on	binding	of	PIK-108	at	the	active	site.	This	agreed	with	

the	study	by	Gkeka	et	al.	showing	that	although	PIK-108	was	predicted	to	be	stable	in	

this	new	binding	pocket,	the	inhibitory	activity	of	PIK-108	was	due	to	it	binding	at	the	

ATP-binding	site	(122).	As	this	new	drug	pocket	is	in	the	C-terminal	lobe	of	the	PI3Kα	
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kinase	domain	it	might	affect	regions	proposed	to	be	important	in	membrane	binding.	

However	 the	FRET	membrane	binding	assay	results	showed	that	analogs	proposed	to	

bind	 at	 this	 new	 pocket	 did	 not	 affect	 the	 FRET	 signal,	 and	 are	 therefore	 unlikely	 to	

affect	 membrane	 binding	 of	 PI3K.	 However,	 unexpectedly,	 cellular	 data	 showed	 that	

these	analogs	were	able	to	inhibit	phosphorylation	of	AKT	phosphorylation	in	both	SK-

OV-3	 and	 MCF-7	 cells.	 A	 counter	 screen	 of	 kinases	 known	 to	 phosphorylate	 AKT	

returned	no	hits,	therefore	these	analogs	need	to	be	tested	for	effects	on	PIP2	and	PIP3	

levels	 in	 cells	 to	 determine	 whether	 the	 decrease	 in	 AKT	 phosphorylation	 is	 due	 to	

effects	on	PI3K	function.		

	

In	 summary,	 of	 the	 three	 different	 groups	 of	 inhibitors	 tested,	 unexpectedly	 only	 the	

ATP-competitive	inhibitors	provided	clear	evidence	for	an	effect	on	membrane-binding.	

The	 possibility	 of	 a	 C2	 domain	 directed	 blocker	 is	 clouded	 by	 non-specific	 binding	

behavior	of	the	literature	compounds,	and	even	though	the	new	drug	binding	site	may	

affect	the	conformation	of	the	membrane-binding	surface	of	the	PI3Kα	kinase	domain,	

evidence	of	a	function	has	yet	to	be	uncovered.		

	

7.1.3 Future	Directions	
	

The	findings	 in	this	thesis	are	 intriguing,	but	several	challenges	remain.	These	include	

investigating	 the	 mechanism	 by	 which	 PI3K-membrane	 interactions	 are	 affected	 by	

ATP-competitive	 inhibitors.	 This	 is	 best	 achieved	 by	 studying	 the	 conformational	

changes	involved	in	binding	of	different	ATP-competitive	inhibitors	that	are	either	able	

or	 unable	 to	 affect	 PI3Kα	membrane	binding;	 using	 a	 combination	 of	 techniques	 that	

might	 include	 molecular	 dynamics	 simulations	 to	 investigate	 whether	 GSK2126458	

differentially	 affects	 the	 conformation	 of	 PI3Kα	 WT	 and	 the	 H1047R	 mutant	 at	 the	

membrane;	 cryo-electron	microscopy	with	 lipid	 nanodiscs	 to	 investigate	whether	 the	

changes	inflicted	by	GSK2126458	and	the	C2	blockers	in	the	FRET	and	BLI	membrane	

binding	assays	are	due	to	changes	 in	orientation	of	PI3Kα	at	 the	 lipid	membrane;	and	

HDx	experiments	with	lipids	to	investigate	how	membrane	binding	regions	of	PI3Kα	are	

affected	 by	 binding	 of	 GSK2126458.	 These	 outcomes	 could	 also	 contribute	 to	

understanding	 the	 specific	 ligand-protein	 interactions	 that	are	 important	 for	 inducing	

this	change.	In	turn,	this	may	potentially	lead	to	the	development	of	inhibitors	that	are	
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more	 effective	 at	 interfering	 with	 the	 PI3Kα-membrane	 interaction,	 potentially	 by	

mechanisms	that	do	not	include	ATP	site	occupancy.		

	

There	 are	 two	 components	 to	 PI3Kα	membrane	 binding,	 an	 electrostatic	 component	

and	a	hydrophobic	component.	Hon	et	al.	and	Mandelker	et	al.	showed	that	membrane	

binding	of	PI3Kα	and	 its	oncogenic	mutants	can	be	affected	by	the	composition	of	 the	

liposomes	(46,	47),	and	binding	increases	with	higher	percentage	of	PS.	Hence	to	better	

understand	 whether	 GSK2126458	 affects	 membrane	 binding	 of	 one	 component	 or	 a	

combination	of	both	components,	 it	will	be	desirable	 to	 investigate	how	GSK2126458	

affects	PI3Kα	membrane	binding	under	different	liposome	compositions	using	the	FRET	

and	BLI	membrane	binding	assays.		

	

The	mechanisms	by	which	C2	blockers	and	PIK-108	affect	PI3K	function	will	also	need	

to	 be	 investigated.	 To	 understand	 whether	 the	 inhibitory	 effects	 of	 the	 C2	 blockers	

observed	are	related	to	inhibition	of	PI3K	activity,	it	would	involve	examination	of	the	

C2	blockers	for	aggregation	using	dynamic	light	scattering,	and	binding	of	the	inhibitors	

to	 PI3K	 using	 differential	 scanning	 fluorimetry.	 The	 C2	 blockers	 are	 not	 selective	 for	

PI3K,	 so	 by	 understanding	 the	 specific	 protein-ligand	 interactions	 involved	 using	

crystallography	 or	 molecular	 modeling,	 more	 selective	 inhibitors	 of	 PI3K	 may	 be	

discovered.	 The	 PIK-108	 analogs	will	 also	 need	 to	 be	 investigated	 for	 effects	 on	 PIP3	

production	 in	 cells	 and	 the	 potential	 to	 be	 selective	 for	 PI3Kα	 mutant	 cell	 lines.	 In	

addition,	it	will	be	important	to	test	for	direct	binding	of	PIK-108	analogs	to	PI3K	using	

techniques	 such	 as	 differential	 scanning	 fluorimetry	 and	 crystallography;	 although	

these	compounds	were	modeled	into	the	new	drug	site	with	molecular	docking,	there	is	

no	direct	evidence	to	show	that	they	bind	to	PI3K	and	occupy	this	pocket.	In	addition,	if	

the	analogs	are	binding	 to	 the	alternative	pocket,	mutagenesis	of	 amino	acids	 around	

this	 pocket	 could	 potentially	 provide	 information	 on	 important	 protein-ligand	

interactions.	It	would	also	be	desirable	to	test	the	PIK-108	analogs	in	a	wider	range	of	

cell	 lines	 to	determine	whether	the	 inhibitory	effects	on	AKT	phosphorylation	are	cell	

line	or	PIK3CA	mutation	specific.		
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7.2 Conclusion		
Since	 the	discovery	of	PI3K,	 a	great	deal	of	 effort	has	been	 invested	 to	develop	drugs	

that	 inhibited	 PI3K	 activity.	 These	 drugs	 are	 focused	 on	 competing	with	 ATP	 for	 the	

active	site,	thereby	preventing	phosphate	transfer	and	the	generation	of	PIP3.	The	major	

outcomes	of	this	study	include	the	identification	of	how	different	regions	of	the	active	

site	 contribute	 to	 inhibitor	 selectivity	 and	 affinity,	 and	 how	 this	 can	 be	 utilized	 to	

develop	new	PI3Kα	selective	 inhibitors;	 the	discovery	that	ATP-competitive	 inhibitors	

can	also	affect	membrane	binding	of	PI3Kα	WT	but	not	the	H1047R	oncogenic	mutant,	

hence	providing	a	point	of	difference	that	may	be	exploited	in	the	discovery	of	mutant-

selective	inhibitors,	and	possibly	a	more	detailed	understanding	of	PI3K	pharmacology.		

	

In	 addition,	 this	 study	 identified	 compounds	 with	 unknown	 binding	 sites	 that	 could	

affect	PI3K	cell	signaling	pathways	through	as	yet	undetermined	mechanisms,	and	may	

provide	a	starting	point	to	develop	new	allosteric	inhibitors	of	PI3K.	This	effort	to	gain	

insight	into	targeting	PI3K	from	different	aspects	will	broaden	the	knowledge	in	current	

PI3K	 drug	 discovery,	 and	 will	 hopefully	 provide	 new	 approaches	 to	 anticancer	 drug	

development	in	the	future.		

	
	 	



	

	
	

173	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

8 Appendix	

	
	
	
	
	
	
	
	 	



	

	
	

174	

8.1 Synthesis	of	chemical	compounds	
	
NMR	 spectra	 were	 recorded	 in	 d6-DMSO	 or	 CDCl3	 solution	 on	 a	 Bruker	 Avance	 400	
spectrometer.		Low	resolution	mass	spectra	were	recorded	on	a	Thermo	Finnigan	MSQ	
single	quadrupole	mass	spectrometer.		High	resolution	mass	spectra	were	obtained	on	a	
Bruker	micrOTOF-QII	mass	spectrometer	using	electrospray	ionization	(ESI).		HPLC	was	
carried	 out	 using	 an	 Agilent	 HP1100	 equipped	 with	 a	 diode-array	 detector,	 with	 an	
Altima	 C18	 5	 μm	 reverse	 phase	 column,	 150	 ×	 3.2	 mm	 (Alltech	 Associated,	 Inc.,	
Deerfield,	 IL)	 eluting	 with	 an	 acetonitrile:	 water	 aqueous	 ammonium	 formate	 buffer	
gradient.	 	 Analyses	 were	 carried	 out	 in	 The	 Campbell	 Microanalytical	 Laboratory,	
University	of	Otago,	Dunedin,	New	Zealand.		Yields	have	not	been	optimized.		A66	(57),	
PIK-75	 (177),	 GSK2126458	 (162),	 SN30992	 (54),	 SN37793	 (163),	 SN38486	 (182),	
SN38487	(163),	SN36675	(54),	SN36674	(54),	SN36676	(214),	and	SN36678	(54),	were	
made	according	to	published	procedures.	
		
	

	
Scheme	 S1.	 	 Reagents:	 a:	 K2CO3	 or	 LiOH,	 MeOH,	 H2O;	 b:	 CDI,	 NEt3,	 CH2Cl2	 then	 L-
prolineamide;	 c:	 Zn(CN)2,	 Pd(PPh3)4,	 DMF,	 100	 °C;	 d:	 boronic	 acid	 or	 ester,	
PdCl2(dppf).CH2Cl2,	K2CO3,	H2O,	DME,	reflux.	
	
SN36384:	 (S)-N-(6-Cyanoimidazo[1,2-a]pyridin-2-yl)pyrrolidine-1,2-
dicarboxamide.	
	
Step	1:	A	suspension	of	1a	 (500	mg,	1.62	mmol)	and	Zn(CN)2	(228	mg,	1.94	mmol)	 in	
dry	DMF	(10	mL)	was	purged	with	N2,	then	Pd(PPh3)4	(187	mg,	0.16	mmol)	was	added,	
and	 the	 resulting	 suspension	heated	 to	100	 °C	 for	18	h.	 	The	solvent	was	 removed	 in	
vacuo.	 	 Chromatography	 (CH2Cl2:	 MeOH	 99:1	 to	 98:2	 to	 97:3	 to	 95:5)	 gave	 N-(6-
cyanoimidazo[1,2-a]pyridin-2-yl)-2,2,2-trifluoroacetamide	 1b	 as	 a	 pale	 yellow	 solid	
(147	mg,	36%).	 	 1H	NMR	(d6-DMSO)	δ	ppm	12.69	 (s,	1H),	9.37	 (dd,	 J	1.7,	1.0	Hz,	1H),	
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8.34	(s,	1H),	7.69	(d,	J	9.3	Hz,	1H),	7.57	(dd,	J	9.3,	1.7	Hz,	1H).		LCMS	(APCI+)	255	(MH+,	
100%).	
	
Step	2:	Asolution	of	1b	(109	mg,	0.43	mmol)	and	K2CO3	(593	mg,	4.29	mmol)	in	THF	(2	
mL),	MeOH	(2	mL)	and	water	(2	mL)	was	stirred	at	room	temperature	for	7	days,	and	
then	the	solvents	removed	in	vacuo.		Chromatography	(EtOAc:	MeOH:	c.	NH3	99:1:0.1	to	
98:2:0.2)	gave	2-aminoimidazo[1,2-a]pyridine-6-carbonitrile	(2b)	as	a	yellow	solid	(61	
mg,	90%).		1H	NMR	(d6-DMSO)	δ	ppm	9.00	(dd,	J	1.6,	1.0	Hz,	1H),	7.29	(d,	J	9.1	Hz,	1H),	
7.25	(dd,	J	9.1,	1.6	Hz,	1H),	7.06	(s,	1H),	5.48	(br	s,	2H).		LCMS	(APCI+)	159	(MH+,	100%).	
	
Step	3:	1,1’-Carbonyldiimidazole	(94	mg,	0.58	mmol)	was	added	to	a	suspension	of	2b	
(61	mg,	0.39	mmol)	and	NEt3	 (0.13	mL,	0.93	mmol)	 in	CH2Cl2	 (10	mL),	and	stirred	at	
room	temperature.	 	After	1	h,	more	1,1’-carbonyldiimidazole	(94	mg,	0.58	mmol)	was	
added,	 and	 then	 stirring	 continued	 for	 a	 further	 2	 h.	 	 L-Prolinamide	 (132	 mg,	 1.16	
mmol)	 was	 then	 added,	 and	 the	 reaction	 stirred	 for	 18	 h	 before	 the	 solvent	 was	
removed	in	vacuo.	 	Chromatography	twice	(firstly	using	CH2Cl2:	MeOH	98:2	to	97:3	to	
95:5	to	90:10,	and	secondly	using	EtOAc:	MeOH:	c.	NH3	98:2:0.2	to	97:3:0.3	to	95:5:0.5)	
gave	SN36384	 as	 an	 off-white	 solid	 (27	mg,	 23%).	 	 HPLC	 purity	 91%.	 	 1H	NMR	 (d6-
DMSO)	δ	ppm	9.24	–	9.29	(m,	2H),	8.00	(s,	1H),	7.51	(d,	J	9.2	Hz,	1H),	7.42	(dd,	J	9.2,	1.7	
Hz,	1H),	7.32	(br	s,	1H),	6.92	(br	s,	1H),	4.28	(m,	1H),	3.61	(m,	1H),	3.45	(m,	1H),	2.05	(m,	
1H),	1.80	–	1.93	(m,	3H).		LCMS	(APCI+)	299	(MH+,	100%).	
	
SN36705:	 (S)-N-(6-Bromoimidazo[1,2-a]pyridin-2-yl)pyrrolidine-1,2-
dicarboxamide.	
	
Step	 1:	 N-(6-Bromoimidazo[1,2-a]pyridin-2-yl)-2,2,2-trifluoroacetamide	 (215)	 (1a,	
1.322	g,	0.43	mmol)	and	LiOH	(206	mg,	8.60	mmol)	in	THF	(5	mL),	MeOH	(5	mL)	and	
water	 (5	mL)	was	heated	 to	50	 °C	 for	6	h,	 and	 then	 the	 reaction	mixture	was	diluted	
with	water	and	extracted	three	times	with	CH2Cl2.	 	The	combined	organic	 layers	were	
dried	(Na2SO4)	and	the	solvent	removed	in	vacuo.	 	Chromatography	(CH2Cl2:	MeOH:	c.	
NH3	99:1:0.1	to	98:2:0.2	to	97:3:0.1)	gave	6-bromoimidazo[1,2-a]pyridin-2-amine	(2a)	
as	a	yellow	solid	(740	mg,	81%).		1H	NMR	(CDCl3)	δ	ppm	8.07	(dd,	J	1.9,	0.8	Hz,	1H),	7.22	
(d,	J	9.4	Hz,	1H),	7.11	(dd,	J	9.4,	1.9	Hz,	1H),	6.89	(s,	1H),	3.93	(br	s,	2H).		LCMS	(APCI+)	
212/214	(MH+,	100%).	
	
Step	2:	A	solution	of	2a	(730	mg,	3.44	mmol)	and	NEt3	(1.20	mL,	8.61	mmol)	in	CH2Cl2	
(50	mL)	was	added	to	a	solution	of	CDI	(838	mg,	5.17	mmol)	in	CH2Cl2	(50	mL)	at	0	°C	
over	ca	10	mins.		After	1	h,	the	reaction	mixture	was	warmed	to	room	temperature,	and	
after	a	further	1	h,	more	CDI	(838	mg,	5.17	mmol)	was	added.		After	stirring	overnight,	
L-prolineamide	(1.18	g,	10.3	mmol)	was	added	and	the	reaction	refluxed	overnight.		The	
solvent	was	then	removed	in	vacuo.		Chromatography	twice	(firstly	using	CH2Cl2:	MeOH	
99:1	to	98:2	to	97:3,	and	secondly	using	EtOAc:	MeOH	99:1	to	98:2	to	97:3	to	97:3:0.3	
(c.	NH3)	 to	 96:4:0.4	 to	 95:5:0.5)	 gave	SN36705	 as	 a	 yellow	 solid	 (258	mg,	 21%).	 	 1H	
NMR	(d6-DMSO)	δ	ppm	9.06	(s,	1H),	8.84	(dd,	J	1.9,	0.8	Hz,	1H),	7.92	(s,	1H),	7.34	(d,	J	9.4	
Hz,	1H),	7.31	(br	s,	1H),	7.26	(dd,	J	9.4,	1.9	Hz,	1H),	6.91	(br	s,	1H),	4.27	(m,	1H),	3.60	(m,	
1H),	 3.44	 (m,	 1H),	 2.05	 (m,	 1H),	 1.80	 –	 1.92	 (m,	 3H).	 	 LCMS	 (APCI+)	 352/354	 (MH+,	
100%).	
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SN36756:	 (S)-N-(6-Iodoimidazo[1,2-a]pyridin-2-yl)pyrrolidine-1,2-
dicarboxamide.	
	
Step	1:	LiOH	(840	mg,	35.1	mmol)	was	added	to	a	solution	of	2,2,2-trifluoro-N-(6-iodo-
imidazo[1,2-a]pyridin-2-yl)acetamide(216)	 1c,	 (4.15	 g,	 11.7	 mmol)	 in	 THF	 (20	 mL),	
MeOH	(20	mL)	and	water	(10	mL),	and	the	reaction	mixture	heated	to	60	°C	for	18	h.		
The	solvents	were	removed	in	vacuo.		Chromatography	(CH2Cl2:	MeOH:	c.	NH3	99:1:0.1	
to	98:2:0.2	to	97:3:0.3)	gave	6-iodoimidazo[1,2-a]pyridin-2-amine	(2c)	as	a	pale	brown	
solid	(2.12	g,	70%).		1H	NMR	(d6-DMSO)	δ	ppm	8.62	(dd,	J	1.7,	0.8	Hz,	1H),	7.16	(dd,	J	9.1,	
1.7	Hz,	1H),	7.01	(d,	J	9.1	Hz,	1H),	6.96	(s,	1H),	5.16	br	(s,	2H).		LCMS	(APCI+)	260	(MH+,	
100%).			
	
Step	2:	1,1’-Carbonyldiimidazole	(1.077	g,	6.64	mmol)	was	added	to	a	suspension	of	2c	
(860	mg,	 3.32	mmol)	 and	NEt3	 (1.16	mL,	 8.32	mmol)	 in	 CH2Cl2	 (20	mL),	 and	 stirred	
overnight	at	room	temperature.		Next,	L-prolineamide	(1.516	g,	13.3	mmol)	and	DMF	(1	
mL)	were	added	and	the	reaction	mixture	stirred	for	a	further	1	h	before	the	solvents	
were	 removed	 in	 vacuo.	 	 Chromatography	 (CH2Cl2:	 MeOH:	 conc	 aq	 NH3	 99:1:0.1	 to	
98:2:0.2)	 followed	 by	 crystallisation	 from	MeOH	 gave	 SN36756	 as	 a	 cream-coloured	
solid	(472	mg,	36%).		1H	NMR	(d6-DMSO)	δ	ppm	9.03	(s,	1H),	8.86	(dd,	J	1.7,	0.8	Hz,	1H),	
7.88	(s,	1H),	7.37-7.27	(m,	2H),	7.21	(d,	J	9.2	Hz,	1H),	6.91	(br	s,	1H),	4.26	(m,	1H),	3.60	
(m,	 1H),	 3.42	 (m,	 1H),	 2.05	 (m,	 1H),	 1.79	 –	 1.93	 (m,	 3H).	 	 LCMS	 (APCI+)	 400	 (MH+,	
100%).		Anal.	Calcd	for	C13H14IN5O2:	C,	39.11;	H,	3.53;	N,	17.54.		Found	C,	38.92;	H,	3.59;	
N,	17.38.	
	
SN36764:	 (S)-N-(6-(Pyridin-3-yl)imidazo[1,2-a]pyridin-2-yl)pyrrolidine-1,2-
dicarboxamide.	
	
N2	was	bubbled	through	a	suspension	of	SN36756	(200	mg,	0.50	mmol)	and	3-pyridine-
boronic	acid	(92	mg,	0.75	mmol)	in	2M	aqueous	K2CO3	(2	mL)	and	1,2-dimethoxyethane	
(4	mL).		PdCl2(dppf).CH2Cl2	(61	mg,	0.075	mmol)	was	added,	then	the	reaction	mixture	
refluxed	 for	 12	 h.	 	 After	 cooling	 to	 room	 temperature,	 the	 solvents	were	 removed	 in	
vacuo.		Chromatography	(CH2Cl2:	MeOH:	conc	aq	NH3	98:2:0.2	to	97:3:0.3	to	95:5:0.5	to	
90:10:1)	followed	by	a	second	chromatography	(EtOAc:	MeOH:	conc	aq	NH3	95:5:0.5	to	
90:10:1)	gave	SN36764	as	a	pale	brown	solid	(44	mg,	25%).	 	HPLC	purity	98.9%.	 	 1H	
NMR	(d6-DMSO)	δ	ppm	9.03	(s,	1H),	8.97	(dd,	 J	1.8,	0.9	Hz,	1H),	8.93	(dd,	 J	2.4,	0.7	Hz,	
1H),	8.58	(dd,	J	4.8,	1.6	Hz,	1H),	8.11	(ddd,	J	8.0,	2.4,	1.6	Hz,	1H),	7.94	(s,	1H),	7.56	(dd,	J	
9.3,	1.8	Hz,	1H),	7.51	(ddd,	J	8.0,	4.8,	0.7	Hz,	1H),	7.48	(d,	J	9.3	Hz,	1H),	7.33	br	(s,	1H),	
6.93	(br	s,	1H),	4.29	(m,	1H),	3.63	(m,	1H),	3.46	(m,	1H),	2.06	(m,	1H),	1.81	–	1.95	(m,	
3H).	 	 LCMS	 (APCI+)	 351	 (MH+,	 100%).	 	 HRMS	 (ESI+)	 Calcd	 for	 C18H19N6O2:	 351.1564.	
Found	351.1569	(MH+,	100%).	
	
SN36784:	 (S)-N-(6-(2-Aminopyrimidin-5-yl)imidazo[1,2-a]pyridin-2-
yl)pyrrolidine-1,2-dicarboxamide.	
	
N2	 was	 bubbled	 through	 a	 suspension	 of	 SN36756	 (80	 mg,	 0.20	 mmol)	 (2-
aminopyrimidin-5-yl)boronic	 acid	 pinacol	 ester	 (66	 mg,	 0.30	 mmol)	 in	 2M	 aqueous	
K2CO3	 (1	 mL)	 and	 1,2-dimethoxyethane	 (2	 mL).	 	 PdCl2(dppf).CH2Cl2	 (25	 mg,	 0.031	
mmol)	was	 added,	 then	 the	 reaction	mixture	 refluxed	 for	 1	 h.	 	 After	 cooling	 to	 room	
temperature,	 the	 solvents	 were	 removed	 in	vacuo.	 	 Chromatography	 (CH2Cl2:	 MeOH:	
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conc	 aq	 NH3	 97:3:0.3	 to	 95:5:0.5	 to	 90:10:1	 to	 80:20:2)	 followed	 by	 trituration	with	
MeOH	gave	SN36784	as	an	off-white	solid	(68	mg,	93%).		HPLC	purity	96.9%.		1H	NMR	
(d6-DMSO)	δ	ppm	8.98	(s,	1H),	8.80	(s,	1H),	8.57	(s,	2H),	7.87	(s,	1H),	7.45	(dd,	J	9.2,	1.7	
Hz,	1H),	7.41	(d,	J	9.2	Hz,	1H),	7.32	(br	s,	1H),	6.92	(br	s,	1H),	6.79	br	(s,	2H),	4.28	(m,	
1H),	3.62	(m,	1H),	3.45	(m,	1H),	2.05	(m,	1H),	1.81	–	1.95	(m,	3H).	 	LCMS	(APCI+)	367	
(MH+,	 60%),	 253	 (MH+-prolinamide,	 100%).	 	 HRMS	 (ESI+)	 Calcd	 for	 C17H18N8NaO2:	
389.1445.	Found	389.1444	(MNa+,	100%).	
	
SN36807:	 (S)-N-(6-(6-Methoxypyridin-3-yl)imidazo[1,2-a]pyridin-2-
yl)pyrrolidine-1,2-dicarboxamide.	
	
N2	 was	 bubbled	 through	 a	 suspension	 of	 SN36756	 (70	 mg,	 0.18	 mmol)	 2-
methoxypyridine-5-boronic	acid	(40	mg,	0.26	mmol)	in	2M	aqueous	K2CO3	(1	mL)	and	
1,2-dimethoxyethane	(2	mL).		PdCl2(dppf).CH2Cl2	(29	mg,	0.036	mmol)	was	added,	then	
the	reaction	mixture	refluxed	for	0.5	h.		After	cooling	to	room	temperature,	the	solvents	
were	 removed	 in	 vacuo.	 	 Chromatography	 (CH2Cl2:	 MeOH:	 conc	 aq	 NH3	 97:3:0.3	 to	
95:5:0.5)	 followed	by	 trituration	with	MeOH	gave	SN36807	 as	 an	 off-white	 solid	 (43	
mg,	64%).		HPLC	purity	97.8%.		1H	NMR	(d6-DMSO)	δ	ppm	8.99	(s,	1H),	8.85	(dd,	J	1.6,	
1.0	Hz,	1H),	8.50	(d,	J	1.6	Hz,	1H),	8.03	(dd,	J	8.6,	2.6	Hz,	1H),	7.91	(s,	1H),	7.49	(dd,	J	9.2,	
1.8	Hz,	1H),	7.44	(d,	J	9.2	Hz,	1H),	7.33	(s,	1H),	6.91	-	6.96	(m,	2H),	4.28	(m,	1H),	3.90	(s,	
3H),	3.63	(m,	1H),	3.46	(m,	1H),	2.05	(m,	1H),	1.81	 -	1.94	(m,	3H).	 	LCMS	(APCI+)	381	
(MH+,	 100%),	 267	 (MH+-prolinamide,	 50%).	 	 HRMS	 (ESI+)	 Calcd	 for	 C19H21N6O3:	
381.1670.	Found	381.1667	(MH+,	100%).		Anal.	Calcd	for	C19H20N6O3.0.33H2O:	C,	59.07;	
H,	5.39;	N,	21.75.		Found	C,	59.11;	H,	5.30;	N,	21.63.	
	
SN36828:	 (S)-N-(6-(5-(2,4-Difluorophenylsulfonamido)-6-methoxypyridin-3-
yl)imidazo[1,2-a]pyridin-2-yl)pyrrolidine-1,2-dicarboxamide.	
	
N2	was	bubbled	through	a	suspension	of	SN36756	(50	mg,	0.13	mmol)	and	2,4-difluoro-
N-(2-methoxy-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridin-3-
yl)benzenesulfonamide	 	 (80	 mg,	 0.19	 mmol)	 in	 2M	 aqueous	 K2CO3	 (1	 mL)	 and	 1,2-
dimethoxyethane	(2	mL).		PdCl2(dppf).CH2Cl2	(29	mg,	0.036	mmol)	was	added,	then	the	
reaction	mixture	refluxed	for	1	h.		After	cooling	to	room	temperature,	the	solvents	were	
removed	 in	 vacuo.	 	 Chromatography,	 firstly	 on	 silica	 (CH2Cl2:	 MeOH:	 conc	 aq	 NH3	
97:3:0.3	 to	 95:5:0.5	 to	 90:10:1	 to	 85:15:1.5),	 followed	by	 chromatography	 on	neutral	
alumina	 (CH2Cl2:	 MeOH	 99:1	 to	 98:2	 to	 97:3	 to	 95:5	 to	 90:10	 to	 80:20),	 and	 then	
filtration	of	a	CH2Cl2-MeOH	solution	of	the	residue	through	a	plug	of	celite	and	removal	
of	the	solvent	gave	SN36828	as	a	pale	brown	solid	(26	mg,	36%).		HPLC	purity	95.8%.		
1H	NMR	(d6-DMSO)	δ	ppm	10.30	(br	s,	1H),	9.01	(s,	1H),	8.85	(s,	1H),	8.33	(d,	J	2.00	Hz,	
1H),	7.93	(s,	1H),	7.90	(d,	J	2.30	Hz,	1H),	7.76	(td,	J	8.6,	6.3	Hz,	1H),	7.57	(m,	1H),	7.47-
7.40	(m,	2H),	7.33	(br	s,	1H),	7.20	(td,	 J	8.5,	2.3	Hz,	1H),	6.93	(br	s,	1H),	4.29	(m,	1H),	
3.68-3.57	(m,	4H),	3.46	(m,	1H),	2.06	(m,	1H),	1.81	–	1.95	(m,	3H).	 	LCMS	(APCI+)	572	
(MH+,	 60%),	 458	 (MH+-prolinamide,	 100%).	 	 HRMS	 (ESI+)	 Calcd	 for	 C25H24F2N7O5S:	
572.1522.	Found	572.1507	(MH+,	100%).			
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SN36677:	5-Bromopyrazolo[1,5-a]pyridine-3-carbonitrile		
	

	
Scheme	S2.	 	Reagents:	a:	NaOH,	H2O,	EtOH;	b:	SOCl2	then	CH2Cl2,	conc	aqueous	NH3;	c:	
SOCl2,	DMF.	
	
Step	1:	Ethyl	5-bromopyrazolo[1,5-a]pyridine-3-carboxylate	(54)	(400	mg,	1.49	mmol),	
NaOH	(4.5	mL	of	a	1	M	aqueous	solution)	and	EtOH	(10	mL)	were	refluxed	for	1	h.		After	
cooling	 to	 room	 temperature,	 the	 EtOH	 was	 removed	 in	 vacuo.	 	 The	 residue	 was	
acidified	to	pH	1	with	1	M	aqueous	HCl,	and	then	the	precipitated	product	was	filtered	
off,	washed	with	water	and	dried	to	leave	5-bromopyrazolo[1,5-a]pyridine-3-carboxylic	
acid	as	an	off-white	solid	(349	mg,	97%).	 	1H	NMR	(d6-DMSO)	δ	ppm	12.61	(br	s,	1H),	
8.82	 (d,	 J	7.3	Hz,	 1H),	 8.42	 (s,	 1H),	 8.21	 (d,	 J	1.9	Hz,	 1H),	 7.29	 (dd,	 J	7.3,	 2.2	Hz,	 1H).		
LCMS	(APCI+)	239/241	(MH+,	100%).	
	
Step	2:	The	carboxylic	acid	(301	mg,	1.25	mmol)	was	refluxed	in	SOCl2	(5	mL)	for	1	h.		
The	solvent	was	removed	in	vacuo.	 	The	residue	was	taken	up	in	CH2Cl2	(10	mL)	then	
added	to	concentrated	aqueous	NH3	(5	mL)	at	0	°C.	 	A	white	precipitate	formed	which	
was	 stirred	 overnight	 at	 room	 temperature.	 	 The	 solid	was	 filtered	 off,	 washed	with	
water	 and	 dried	 to	 leave	 5-bromopyrazolo[1,5-a]pyridine-3-carboxamide	 as	 a	 cream-
coloured	solid	(268	mg,	89%).	 	 1H	NMR	(d6-DMSO)	δ	ppm	8.74	(dd,	 J	7.3,	0.7	Hz,	1H),	
8.55	(s,	1H),	8.37	(dd,	J	2.3,	0.7	Hz,	1H),	7.73	(br	s,	1H),	7.20	(dd,	J	7.3,	2.3	Hz,	1H),	7.14	
(br	s,	1H).		LCMS	(APCI+)	240/242	(MH+,	100%).	
	
Step	3:	SOCl2	(0.16	mol,	2.2	mmol)	was	added	to	a	solution	of	the	amide	(170	mg,	0.71	
mmol)	in	DMF	(3	mL),	and	the	resulting	solution	stirred	for	3	h	before	pouring	onto	ice.		
After	 the	 ice	 melted,	 the	 reaction	 mixture	 was	 extracted	 twice	 with	 CH2Cl2,	 dried	
(Na2SO4)	 and	 the	 solvent	 removed	 in	 vacuo	 to	 leave	SN36677	 as	 a	 pale	 brown	 solid	
(157	mg,	100%).	 	1H	NMR	(CDCl3)	δ	ppm	8.40	(dd,	J	7.3,	0.8	Hz,	1H),	8.22	(s,	1H),	7.97	
(dd,	J	2.0,	0.8	Hz,	1H),	7.12	(dd,	J	7.3,	2.0	Hz,	1H).		LCMS	(APCI+)	222/224	(MH+,	100%).	
	
	
SN37796:	 (S)-N1-(5-(6-methoxypyrazin-2-yl)-4,5,6,7-tetrahydrothiazolo[5,4-
c]pyridin-2-yl)pyrrolidine-1,2-dicarboxamide	
	

	
	
Scheme	S3.	Reagents:	a:	CDI,	Et3N,	then	L-prolineamide.	
	
A	 mixture	 of	 5-(6-methoxypyrazin-2-yl)-4,5,6,7-tetrahydrothiazolo[5,4-c]pyridin-2-
amine	(Collier	et		al.,	2015b)	(SN38487)	(0.263	g,	1.0	mmol),	NEt3	(200	mg,	2.0	mmol)	
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and	CDI	(0.324	g,	2.0	mmol)	in	THF	(30	ml)	was	stirred	at	room	temperature	overnight,	
and	 L-prolineamide	 (0.57	 g,	 5.0	mmol)	was	 added.	 The	 reaction	mixture	was	 heated	
under	 reflux	 for	 4	 h,	 and	 the	 solvent	 was	 removed	 under	 vacuum.	 The	 residue	 was	
triturated	 with	 water	 and	 the	 solid	 was	 collected	 and	 dried.	 Recrystallization	 from	
CH2Cl2/MeOH	gave	SN37796	as	a	white	solid	(134	mg,	33%):	mp	190-192	°C;	1H	NMR	
(d6-DMSO)	δ	ppm	10.57	(br	s,	1H),	7.92	(s,	1H),	7.49	(s,	1H),	7.36	(br	s,	1H),	6.94	(br	s,	
1H),	4.68	(s,	2H),	(br	d,		1H),		J	1.8,	0.9	Hz,	1H),	4.27	(br	d,	J	6.3	Hz,	1H),	3.96	(t,	J	5.7	Hz,	
2H),	 3.85	 (s,	 3H),	 3.61-3.54	 (m,	 1H),	 3.45-3.38	 (m,	 1H),	 2.71	 (br	 s,	 2H),	 2.12-2.02	 (m,	
1H),	1.90-1.80	(m,	3H).	LCMS	(APCI+)	402.1	(M-H+,	100%).		Anal.	Calcd	for	C17H21N7O3S:	
C,	50.61;	H,	5.25;	N,	24.30.	Found	C,	50.79;	H,	5.25;	N,	24.53.	
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8.2 Summary	of	docking	results	

Table	8.1	Docking	summary	for	water	1	(PDB	code	4DK5,	HOH1312).	
		 1	Å	allowed	to	toggle	on	or	off	 1	Å	turned	on	

Inhibitor	 ChemScore	
Fitness	 Rank	 Water	

Amino	 acid	
interacting	
with	water	

Ligand-
Water	
interaction	

ChemScore	
Fitness	 Rank	

Amino	 acid	
interacting	
with	water	

Ligand-
Water	
interaction	

A66	 28.3278	 1	 ON	 Y836,	D933	 NO	 26.009	 1	 Y836,	D810	 NO	
BYL719	 21.4357	 1	 OFF	 -	 NO	 23.3829	 1	 Y836,	D933	 NO	
GSK	 27.2498	 2	 ON	 Y836	 YES	 30.1438	 1	 Y836	 YES	
SN30992	 18.1787	 1	 ON	 Y836,	D933	 NO	 17.0048	 1	 Y836,	D933	 NO	
SN36384	 31.51	 1	 ON	 Y836,	D933	 NO	 29.5419	 1	 Y836,	D933	 NO	
SN36705	 17.5795	 1	 ON	 Y836,	D933	 NO	 24.0235	 1	 Y836,	D933	 NO	
SN36756	 17.8754	 1	 ON	 Y836,	D933	 NO	 16.5805	 1	 Y836,	D933	 NO	
SN36764	 31.8374	 1	 ON	 Y836	 YES	 33.6891	 1	 Y836	 YES	
SN36784	 30.2923	 1	 ON	 Y836	 NO	 32.0965	 1	 Y836	 YES	
SN36807	 35.3053	 1	 ON	 Y836	 YES	 30.4771	 1	 Y836	 YES	
SN36828	 17.9968	 2	 ON	 Y836	 YES	 20.4798	 1	 Y836	 YES	

	 	 	 	 	 	 	 	 	 			 2	Å	allowed	to	toggle	on	or	off	 2	Å	turned	on	

Inhibitor	 ChemScore	
Fitness	 Rank	 Water	

Amino	 acid	
interacting	
with	water	

Ligand-
Water	
interaction	

ChemScore	
Fitness	 Rank	

Amino	 acid	
interacting	
with	water	

Ligand-
Water	
interaction	

A66	 27.9785	 1	 ON	 Y836,	D933	 NO	 27.7392	 1	 D810,	D933	 NO	
BYL719	 23.9938	 1	 ON	 D810	 NO	 25.7666	 1	 Y836,	D933	 NO	
GSK	 27.4454	 1	 ON	 Y836	 YES	 18.7336	 1	 D810	 YES	
SN30992	 16.2673	 1	 ON	 Y836,	D933	 NO	 17.9912	 1	 D810,	D933	 NO	
SN36384	 31.4208	 1	 ON	 Y836	 YES	 30.721	 1	 Y836,	D933	 NO	
SN36705	 15.2348	 1	 ON	 D810,	D933	 NO	 17.3325	 1	 D810,	D933	 NO	
SN36756	 16.4923	 1	 ON	 Y836,	D933	 NO	 16.7015	 1	 Y836,	D933	 NO	
SN36764	 33.6955	 1	 ON	 Y836	 YES	 29.7375	 2	 D810,	D933	 NO	
SN36784	 30.3161	 1	 ON	 D810,	D933	 NO	 31.3706	 1	 D810	 YES	
SN36807	 34.407	 1	 ON	 Y836	 YES	 34.7237	 1	 Y836	 YES	
SN36828	 14.7332	 3	 ON	 Y836	 YES	 20.0619	 1	 Y836	 YES	

An	 interaction	 is	 defined	 as	 a	 heavy	 atom	 distance	 of	 3.2	 Å	 or	 less,	 with	 the	 proton	
pointing	towards	the	hydrogen	bond	acceptor.		
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Table	8.2	Docking	summary	for	water	2	(PDB	code	3L54,	HOH30).		
		 1	Å	allowed	to	toggle	on	or	off	 1	Å	turned	on	

Inhibitor	 ChemScore	
Fitness	 Rank	 Water	

Amino	 acid	
interacting	
with	water	

Ligand-
Water	
interaction	

ChemScore	
Fitness	 Rank	

Amino	 acid	
interacting	
with	water	

Ligand-
Water	
interaction	

A66	 20.131	 1	 OFF	 -	 NO	 22.887	 1	 Y836,	D933	 NO	
BYL719	 18.1035	 1	 OFF	 -	 NO	 23.9855	 1	 Y836	 NO	
GSK	 20.4808	 4	 OFF	 -	 NO	 NA	 	 	 	
SN30992	 15.3562	 2	 ON	 D810,	D933	 NO	 14.0384	 2	 Y836,	D933	 NO	
SN36384	 24.0108	 1	 OFF	 -	 NO	 24.8599	 1	 Y836,	D933	 NO	
SN36705	 11.776	 1	 OFF	 -	 NO	 15.2386	 1	 Y836,	D933	 NO	
SN36756	 18.8191	 1	 OFF	 -	 NO	 15.9107	 1	 Y836,	D933	 NO	
SN36764	 26.7517	 1	 OFF	 -	 NO	 34.2313	 1	 Y836	 YES	
SN36784	 25.3325	 1	 OFF	 -	 NO	 32.2077	 1	 Y836	 YES	
SN36807	 26.5596	 1	 OFF	 -	 NO	 32.1849	 1	 Y836	 YES	
SN36828	 16.7261	 1	 OFF	 -	 NO	 18.291	 1	 Y836	 YES	

	 	 	 	 	 	 	 	 	 			 2	Å	allowed	to	toggle	on	or	off	 2	Å	turned	on	

Inhibitor	 ChemScore	
Fitness	 Rank	 Water	

Amino	 acid	
interacting	
with	water	

Ligand-
Water	
interaction	

ChemScore	
Fitness	 Rank	

Amino	 acid	
interacting	
with	water	

Ligand-
Water	
interaction	

A66	 28.8063	 1	 ON	 Y836,	D933	 NO	 23.3712	 1	 Y836	 NO	
BYL719	 22.7558	 1	 ON	 D810	 NO	 26.3903	 1	 Y836,	D933	 NO	
GSK	 20.1372	 9	 OFF	 -	 NO	 27.7833	 1	 D810	 YES	
SN30992	 16.9451	 1	 ON	 Y836,	D933	 NO	 17.5647	 1	 D810,	D933	 NO	
SN36384	 27.9672	 1	 ON	 D810,	D933	 NO	 27.2327	 1	 D810,	D933	 NO	
SN36705	 16.1575	 1	 ON	 D810,	D933	 NO	 24.9172	 1	 D810,	D933	 NO	
SN36756	 25.6609	 1	 ON	 Y836,	D933	 NO	 17.2681	 1	 Y836,	D933	 NO	
SN36764	 34.2847	 1	 ON	 Y836	 YES	 34.1422	 1	 Y836	 YES	
SN36784	 30.8208	 1	 ON	 D810,	D933	 NO	 31.2846	 1	 D810	 YES	
SN36807	 26.4154	 1	 OFF	 -	 NO	 29.7707	 1	 D810,	D933	 NO	
SN36828	 18.466	 1	 OFF	 -	 NO	 13.591	 1	 Y836,	D810	 NO	

An	 interaction	 is	 defined	 as	 a	 heavy	 atom	 distance	 of	 3.2	 Å	 or	 less,	 with	 the	 proton	
pointing	towards	the	hydrogen	bond	acceptor.		
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Table	8.3	Docking	summary	for	water	3	(PDB	code	2WXF,	HOH2163).	
		 1	Å	allowed	to	toggle	on	or	off	 1	Å	turned	on	

Inhibitor	 ChemScore	
Fitness	 Rank	 Water	

Amino	 acid	
interacting	
with	water	

Ligand-
Water	
interaction	

ChemScore	
Fitness	 Rank	

Amino	 acid	
interacting	
with	water	

Ligand-
Water	
interaction	

A66	 24.0769	 1	 ON	 Y836	 NO	 21.8373	 1	 Y836	 NO	
BYL719	 22.2073	 1	 ON	 Y836	 NO	 20.7116	 1	 Y836,	D933	 NO	
GSK	 25.0308	 3	 ON	 Y836,	D933	 NO	 20.0655	 12	 Y836	 YES	
SN30992	 15.951	 1	 ON	 Y836,	D933	 NO	 15.9456	 1	 Y836,	D933	 NO	
SN36384	 31.1557	 1	 ON	 Y836,	D933	 NO	 27.4532	 1	 Y836,	D933	 NO	
SN36705	 16.8665	 1	 ON	 Y836,	D933	 NO	 15.8539	 1	 Y836,	D933	 NO	
SN36756	 17.7635	 1	 ON	 Y836,	D933	 NO	 16.8925	 1	 Y836,	D933	 NO	
SN36764	 28.3393	 1	 ON	 Y836,	D933	 NO	 31.4299	 1	 Y836,	D933	 NO	
SN36784	 28.7789	 1	 ON	 Y836	 YES	 27.4331	 1	 Y836	 NO	
SN36807	 29.2937	 1	 ON	 Y836	 YES	 30.2177	 1	 Y836	 YES	
SN36828	 21.874	 1	 ON	 Y836	 YES	 15.3007	 1	 Y836	 YES	

	 	 	 	 	 	 	 	 	 			 2	Å	allowed	to	toggle	on	or	off	 2	Å	turned	on	

Inhibitor	 ChemScore	
Fitness	 Rank	 Water	

Amino	 acid	
interacting	
with	water	

Ligand-
Water	
interaction	

ChemScore	
Fitness	 Rank	

Amino	 acid	
interacting	
with	water	

Ligand-
Water	
interaction	

A66	 28.5352	 1	 ON	 Y836,	D933	 NO	 24.0795	 1	 D810,	D933	 NO	
BYL719	 26.3704	 1	 ON	 D810,	D933	 NO	 22.3045	 1	 Y836,	D933	 NO	
GSK	 21.1076	 2	 OFF	 -	 NO	 NA	 	 	 	
SN30992	 17.268	 1	 ON	 Y836,	D933	 NO	 16.7329	 2	 Y836,	D933	 NO	
SN36384	 30.0259	 1	 ON	 Y836,	D933	 NO	 30.1136	 1	 Y836,	D933	 NO	
SN36705	 17.4984	 1	 ON	 Y836,	D933	 NO	 16.5012	 1	 Y836,	D933	 NO	
SN36756	 17.4997	 1	 ON	 Y836,	D933	 NO	 14.425	 1	 Y836,	D933	 NO	
SN36764	 31.6618	 1	 ON	 Y836,	D933	 NO	 27.5614	 1	 Y836,	D933	 NO	
SN36784	 29.7435	 1	 ON	 Y836,	D933	 NO	 26.8041	 1	 Y836	 YES	
SN36807	 26.1986	 1	 OFF	 -	 NO	 28.326	 1	 Y836	 YES	
SN36828	 20.8921	 1	 ON	 Y836	 YES	 18.7486	 1	 Y836	 YES	

An	 interaction	 is	 defined	 as	 a	 heavy	 atom	 distance	 of	 3.2	 Å	 or	 less,	 with	 the	 proton	
pointing	towards	the	hydrogen	bond	acceptor.		
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Table	8.4	Docking	summary	for	water	4	(Positioned	at	the	peak	of	the	propensity	
map	close	to	the	known	water	binding	site	in	the	affinity	pocket).	

		 1	Å	allowed	to	toggle	on	or	off	 1	Å	turned	on	

Inhibitor	 ChemScore	
Fitness	 Rank	 Water	

Amino	 acid	
interacting	
with	water	

Ligand-
Water	
interaction	

ChemScore	
Fitness	 Rank	

Amino	 acid	
interacting	
with	water	

Ligand-
Water	
interaction	

A66	 25.3435	 1	 ON	 Y836,	D933	 NO	 27.6993	 1	 Y836,	D933	 NO	
BYL719	 23.7944	 1	 ON	 Y836,	D933	 NO	 NA	 	 	 	
GSK	 21.2444	 12	 ON	 Y836,	D933	 NO	 22.8135	 9	 Y836	 YES	
SN30992	 16.7803	 1	 ON	 Y836,	D933	 NO	 15.3114	 2	 Y836,	D933	 NO	
SN36384	 29.5715	 1	 ON	 Y836	 YES	 27.2199	 1	 Y836,	D933	 NO	
SN36705	 15.7861	 1	 ON	 Y836,	D933	 NO	 14.9448	 1	 Y836,	D933	 NO	
SN36756	 15.0434	 1	 ON	 Y836,	D933	 NO	 15.6059	 1	 Y836,	D933	 NO	
SN36764	 29.0501	 1	 ON	 Y836,	D933	 NO	 27.6095	 1	 Y836,	D933	 NO	
SN36784	 15.9613	 2	 OFF	 -	 NO	 25.5451	 1	 Y836,	D933	 NO	
SN36807	 26.2047	 1	 ON	 Y836,	D933	 NO	 29.0527	 1	 Y836,	D933	 NO	
SN36828	 16.1369	 2	 ON	 Y836,	D933	 NO	 18.0727	 1	 Y836,	D933	 NO	

	 	 	 	 	 	 	 	 	 			 2	Å	allowed	to	toggle	on	or	off	 2	Å	turned	on	

Inhibitor	 ChemScore	
Fitness	 Rank	 Water	

Amino	 acid	
interacting	
with	water	

Ligand-
Water	
interaction	

ChemScore	
Fitness	 Rank	

Amino	 acid	
interacting	
with	water	

Ligand-
Water	
interaction	

A66	 22.988	 1	 OFF	 -	 NO	 25.2086	 1	 Y836,	D933	 NO	
BYL719	 21.8616	 1	 ON	 Y836,	D933	 NO	 21.1612	 1	 Y836	 YES	
GSK	 23.5095	 8	 ON	 Y836	 YES	 21.2617	 12	 Y836	 YES	
SN30992	 16.7628	 1	 ON	 Y836,	D933	 NO	 14.5247	 4	 Y836,	D933	 NO	
SN36384	 29.8702	 1	 ON	 Y836,	D933	 NO	 13.5987	 3	 Y836,	D933	 NO	
SN36705	 14.2782	 1	 ON	 Y836,	D933	 NO	 13.895	 2	 Y836,	D933	 NO	
SN36756	 15.4916	 1	 ON	 Y836,	D933	 NO	 14.6353	 1	 Y836,	D933	 NO	
SN36764	 28.1822	 1	 ON	 Y836,	D933	 NO	 28.0899	 1	 Y836,	D933	 NO	
SN36784	 25.8823	 1	 OFF	 -	 NO	 28.3303	 1	 Y836,	D933	 NO	
SN36807	 30.0957	 1	 ON	 Y836,	D933	 NO	 30.8906	 1	 Y836,	D933	 YES	
SN36828	 17.9217	 1	 ON	 Y836	 YES	 20.7044	 1	 Y836	 YES	

An	 interaction	 is	 defined	 as	 a	 heavy	 atom	 distance	 of	 3.2	 Å	 or	 less,	 with	 the	 proton	
pointing	towards	the	hydrogen	bond	acceptor.		
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Table	8.5	Docking	summary	for	water	5	(PDB	code	2WXF,	HOH2147).	
		 1	Å	allowed	to	toggle	on	or	off	 1	Å	turned	on	

Inhibitor	 ChemScore	
Fitness	 Rank	 Water	

Amino	 acid	
interacting	
with	water	

Ligand-
Water	
interaction	

ChemScore	
Fitness	 Rank	

Amino	 acid	
interacting	
with	water	

Ligand-
Water	
interaction	

A66	 23.518	 1	 OFF	 -	 NO	 22.8426	 1	 Y836,	D810	 NO	
BYL719	 10.5458	 2	 OFF	 -	 NO	 18.9435	 1	 D933	 NO	
GSK	 21.8387	 1	 OFF	 -	 NO	 22.6956	 1	 Y836,	D810	 NO	
SN30992	 9.9806	 1	 OFF	 -	 NO	 10.8637	 1	 Y836	 NO	
SN36384	 20.6041	 1	 OFF	 -	 NO	 23.7109	 1	 Y836	 NO	
SN36705	 11.8986	 1	 OFF	 -	 NO	 19.234	 1	 Y836,	D933	 NO	
SN36756	 10.5711	 1	 OFF	 -	 NO	 9.8662	 1	 D933	 NO	
SN36764	 27.1537	 1	 OFF	 -	 NO	 26.1465	 1	 Y836,	D810	 NO	
SN36784	 26.4883	 1	 OFF	 -	 NO	 25.364	 1	 Y836	 NO	
SN36807	 26.0674	 1	 OFF	 -	 NO	 26.0995	 1	 Y836,	D810	 NO	
SN36828	 13.1982	 1	 OFF	 -	 NO	 8.7521	 3	 D810,	D933	 NO	

	 	 	 	 	 	 	 	 	 			 2	Å	allowed	to	toggle	on	or	off	 2	Å	turned	on	

Inhibitor	 ChemScore	
Fitness	 Rank	 Water	

Amino	 acid	
interacting	
with	water	

Ligand-
Water	
interaction	

ChemScore	
Fitness	 Rank	

Amino	 acid	
interacting	
with	water	

Ligand-
Water	
interaction	

A66	 23.4982	 1	 OFF	 -	 NO	 24.9815	 1	 D810,	D933	 NO	
BYL719	 25.2303	 1	 OFF	 -	 NO	 33.8847	 1	 D810,	D933	 NO	
GSK	 28.2459	 1	 ON	 Y836	 YES	 17.5888	 15	 D810,	D933	 NO	
SN30992	 12.109	 2	 ON	 D810,	D933	 NO	 13.5474	 1	 D810,	D933	 NO	
SN36384	 21.545	 1	 OFF	 -	 NO	 28.2549	 1	 Y836,	D810	 NO	
SN36705	 13.1322	 2	 OFF	 -	 NO	 16.6701	 1	 Y836,	D933	 NO	
SN36756	 13.3545	 1	 ON	 D810,	D933	 NO	 13.9597	 1	 D810,	D933	 NO	
SN36764	 31.1734	 1	 ON	 Y836,	D933	 NO	 26.8371	 1	 D810,	D933	 NO	
SN36784	 30.0918	 1	 ON	 D810,	D933	 NO	 29.6084	 1	 D810,	D933	 NO	
SN36807	 28.7865	 1	 OFF	 -	 NO	 27.737	 1	 D933	 YES	
SN36828	 15.4748	 2	 OFF	 -	 NO	 14.744	 2	 Y836	 NO	

An	 interaction	 is	 defined	 as	 a	 heavy	 atom	 distance	 of	 3.2	 Å	 or	 less,	 with	 the	 proton	
pointing	towards	the	hydrogen	bond	acceptor.		
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Table	8.6	Docking	summary	for	water	6	(PDB	code	2WXF,	HOH2242).	
		 1	Å	allowed	to	toggle	on	or	off	 1	Å	turned	on	

Inhibitor	 ChemScore	
Fitness	 Rank	 Water	

Amino	 acid	
interacting	
with	water	

Ligand-
Water	
interaction	

ChemScore	
Fitness	 Rank	

Amino	 acid	
interacting	
with	water	

Ligand-
Water	
interaction	

A66	 22.3946	 1	 OFF	 -	 NO	 17.8469	 1	 Y836,	D933	 NO	
BYL719	 30.7297	 1	 OFF	 -	 NO	 NA	 	 	 	
GSK	 20.8682	 3	 OFF	 -	 NO	 12.1443	 17	 Y836,	D933	 NO	
SN30992	 15.3898	 1	 ON	 Y836,	D933	 NO	 13.9728	 1	 Y836,	D933	 NO	
SN36384	 21.4775	 1	 OFF	 -	 NO	 27.2101	 1	 Y836,	D933	 NO	
SN36705	 10.8341	 2	 OFF	 -	 NO	 10.8737	 2	 Y836,	D933	 NO	
SN36756	 12.1616	 1	 OFF	 -	 NO	 8.7437	 2	 Y836,	D933	 NO	
SN36764	 28.7789	 1	 OFF	 -	 NO	 25.3274	 1	 Y836,	D933	 NO	
SN36784	 25.0436	 1	 OFF	 -	 NO	 21.2332	 1	 Y836,	D933	 NO	
SN36807	 26.5866	 1	 OFF	 -	 NO	 16.6501	 1	 Y836,	D933	 NO	
SN36828	 15.2776	 2	 OFF	 -	 NO	 10.5329	 1	 Y836,	D933	 NO	

	 	 	 	 	 	 	 	 	 			 2	Å	allowed	to	toggle	on	or	off	 2	Å	turned	on	

Inhibitor	 ChemScore	
Fitness	 Rank	 Water	

Amino	 acid	
interacting	
with	water	

Ligand-
Water	
interaction	

ChemScore	
Fitness	 Rank	

Amino	 acid	
interacting	
with	water	

Ligand-
Water	
interaction	

A66	 23.6556	 1	 OFF	 -	 NO	 18.1983	 2	 Y836	 NO	
BYL719	 32.2402	 1	 OFF	 	 		 28.6532	 1	 Y836,	D933	 NO	
SN30992	 21.9543	 4	 OFF	 -	 NO	 14.0823	 18	 Y836,	D933	 NO	
SN36384	 14.6495	 2	 ON	 Y836,	D933	 NO	 16.5455	 1	 Y836,	D933	 NO	
SN36705	 23.511	 1	 OFF	 -	 NO	 28.1796	 1	 Y836,	D933	 NO	
SN36756	 11.1415	 4	 OFF	 -	 NO	 15.5916	 1	 Y836,	D933	 NO	
SN36764	 20.0799	 1	 OFF	 -	 NO	 NA	 	 	 	
SN36784	 25.82	 1	 OFF	 -	 NO	 29.8967	 1	 Y836,	D933	 NO	
SN36807	 26.7663	 1	 OFF	 -	 NO	 27.9948	 1	 Y836,	D933	 NO	
SN36828	 28.4876	 1	 OFF	 -	 NO	 27.9029	 1	 Y836,	D933	 NO	
SN30992	 14.3307	 1	 OFF	 -	 NO	 17.4497	 1	 Y836,	D933	 NO	

An	interaction	is	defined	as	a	heavy	atom	distance	of	3.2	Å	or	less,	with	the	proton	
pointing	towards	the	hydrogen	bond	acceptor.		
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8.3 Summary	of	Western	blot	analysis	

Table	8.7	Effect	of	PI3Kα-selective	and	pan	inhibitors	on	AKT	(T308)	and	S6RBP	
phosphorylation.	

	
SK-OV-3	

	AKT	(T308)	
	

S6RBP	
Compound	 %	Inhibition	 P	value	

	
Compound	 %	Inhibition	 P	value	

SN36384	 49	 0.0001	
	
SN36384	 -	 ns	

SN36705	 63	 0.0001	
	
SN36705	 22	 0.0326	

SN36756	 78	 0.0001	
	
SN36756	 27	 0.0047	

SN36764	 80	 0.0001	
	
SN36764	 29	 0.0011	

SN36784	 50	 0.0001	
	
SN36784	 -	 ns	

SN36807	 96	 0.0001	
	
SN36807	 91	 0.0001	

SN36828	 97	 0.0001	
	
SN36828	 92	 0.0001	

A66	 92	 0.0001	
	
A66	 57	 0.0001	

PIK75	 97	 0.0001	
	
PIK75	 95	 0.0001	

GSK2126458	 98	 0.0001	
	
GSK2126458	 96	 0.0001	

Neg	control	 71	 0.0001	
	
Neg	control	 24	 0.0142	

	
T47D	

	AKT	(T308)	
	

S6RBP	
Compound	 %	Inhibition	 P	value	

	
Compound	 %	Inhibition	 P	value	

SN36384	 24	 0.0002	
	
SN36384	 -	 ns	

SN36705	 30	 0.0001	
	
SN36705	 -	 ns	

SN36756	 47	 0.0001	
	
SN36756	 -	 ns	

SN36764	 85	 0.0001	
	
SN36764	 -	 ns	

SN36784	 45	 0.0001	
	
SN36784	 -	 ns	

SN36807	 95	 0.0001	
	
SN36807	 71	 0.0029	

SN36828	 99	 0.0001	
	
SN36828	 88	 0.0001	

A66	 71	 0.0001	
	
A66	 -	 ns	

PIK75	 92	 0.0001	
	
PIK75	 80	 0.0001	

GSK2126458	 100	 0.0001	
	
GSK2126458	 95	 0.0001	

Neg	control	 83	 0.0001	
	
Neg	control	 -	 ns	

	
MCF-7	

	AKT	(T308)	
	

S6RBP	
Compound	 %	Inhibition	 P	value	

	
Compound	 %	Inhibition	 P	value	

SN36384	 -	 ns	
	
SN36384	 -	 ns	

SN36705	 -	 ns	
	
SN36705	 -	 ns	

SN36756	 -	 ns	
	
SN36756	 -	 ns	

SN36764	 -	 ns	
	
SN36764	 -	 ns	

SN36784	 -	 ns	
	
SN36784	 -	 ns	

SN36807	 -	 ns	
	
SN36807	 71	 0.0029	

SN36828	 86	 0.0001	
	
SN36828	 88	 0.0001	

A66	 -	 ns	
	
A66	 -	 ns	

PIK75	 91	 0.0001	
	
PIK75	 80	 0.0001	

GSK2126458	 99	 0.0001	
	
GSK2126458	 95	 0.0001	

Neg	control	 97	 0.0001	
	
Neg	control	 -	 ns	
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Table	8.8	 Inhibition	of	AKT	(T308)	phosphorylation	by	PI3Kα-selective	and	pan	
inhibitors	tested	at	10-fold	or	100-fold	IC50	in	SK-OV-3	and	T47D	cell	lines.	
	
SK-OV-3	15	minutes	incubation	
Compound	and	concentration	 %	Inhibition	 P	value	
SN36764	10-fold	 -	 ns	
SN36764	100-fold	 55	 0.0001	
SN36807	10-fold	 38	 0.0067	
SN36807	100-fold	 97	 0.0001	
SN36828	10-fold	 -	 ns	
SN36828	100-fold	 -	 ns	
A66	10-fold	 30	 0.0462	
A66	100-fold	 97	 0.0001	
GSK2126458	10-fold	 82	 0.0001	
GSK2126458	100-fold	 98	 0.0001	
Neg	control	 -	 ns	

	 	 	T47D	15	minutes	incubation	
Compound	and	concentration	 %	Inhibition	 P	value	
SN36764	10-fold	 31	 0.0008	
SN36764	100-fold	 78	 0.0001	
SN36807	10-fold	 39	 0.0001	
SN36807	100-fold	 80	 0.0001	
SN36828	10-fold	 -	 ns	
SN36828	100-fold	 -	 ns	
A66	10-fold	 32	 0.0031	
A66	100-fold	 88	 0.0001	
GSK2126458	10-fold	 81	 0.0001	
GSK2126458	100-fold	 95	 0.0001	
Neg	control	 55	 0.0001	

	 	 	SK-OV-3	60	minutes	incubation	
Compound	and	concentration	 %	Inhibition	 P	value	
SN36764	10-fold	 32	 0.0001	
SN36764	100-fold	 93	 0.0001	
SN36807	10-fold	 55	 0.0001	
SN36807	100-fold	 96	 0.0001	
SN36828	10-fold	 -	 ns	
SN36828	100-fold	 70	 0.0001	
A66	10-fold	 57	 0.0001	
A66	100-fold	 94	 0.0001	
GSK2126458	10-fold	 96	 0.0001	
GSK2126458	100-fold	 99	 0.0001	
Neg	control	 62	 0.0001	
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Table	8.9	Effect	of	10	μM	SN35644	and	analogs	on	AKT	(T308)	and	S6RBP	
phosphorylation	in	SK-OV-3	cells.	
		

	
10	μM	15	minutes	incubation	

	AKT	(T308)	
	

S6RBP	
Compound	 %	Inhibition	 P	value	

	
Compound	 %	Inhibition	 P	value	

SN35644	 -	 ns	
	
SN35644	 -	 ns	

SN35647	 -	 ns	
	
SN35647	 -	 ns	

SN35705	 -	 ns	
	
SN35705	 -	 ns	

SN36419	 -	 ns	
	
SN36419	 -	 ns	

SN36731	 -	 ns	
	
SN36731	 -	 ns	

SN36732	 -	 ns	
	
SN36732	 -	 ns	

GSK2126458	 99	 0.0001	
	
GSK2126458	 80	 0.0001	

A66	 62	 0.0001	
	
A66	 58	 0.0001	

TGX221	 -	 ns	
	
TGX221	 -	 ns	

IC87114	 -	 ns	
	
IC87114	 -	 ns	

Neg	control	 -	 ns	
	
Neg	control	 -	 ns	

	
10	μM	30	minutes	incubation	

	AKT	(T308)	
	

S6RBP	
Compound	 %	Inhibition	 P	value	

	
Compound	 %	Inhibition	 P	value	

SN35644	 -	 ns	
	
SN35644	 38	 0.0169	

SN35647	 17	 0.0006	
	
SN35647	 -	 ns	

SN35705	 22	 0.0001	
	
SN35705	 -	 ns	

SN36419	 68	 0.0001	
	
SN36419	 -	 ns	

SN36731	 -	 ns	
	
SN36731	 -	 ns	

SN36732	 11	 0.0347	
	
SN36732	 -	 ns	

GSK2126458	 99	 0.0001	
	
GSK2126458	 69	 0.0001	

A66	 97	 0.0001	
	
A66	 52	 0.0006	

TGX221	 52	 0.0001	
	
TGX221	 -	 ns	

IC87114	 36	 0.0001	
	
IC87114	 -	 ns	

Neg	control	 46	 0.0001	
	
Neg	control	 -	 ns	

	
10	μM	60	minutes	incubation	

	AKT	(T308)	
	

S6RBP	
Compound	 %	Inhibition	 P	value	

	
Compound	 %	Inhibition	 P	value	

SN35644	 -	 ns	
	
SN35644	 39	 0.0002	

SN35647	 -	 ns	
	
SN35647	

	
ns	

SN35705	 -	 ns	
	
SN35705	

	
ns	

SN36419	 69	 0.0001	
	
SN36419	

	
ns	

SN36731	 -	 ns	
	
SN36731	

	
ns	

SN36732	 -	 ns	
	
SN36732	

	
ns	

GSK2126458	 99	 0.0001	
	
GSK2126458	 76	 0.0001	

A66	 81	 0.0001	
	
A66	 52	 0.0001	

TGX221	 -	 ns	
	
TGX221	

	
ns	

IC87114	 -	 ns	
	
IC87114	

	
ns	

Neg	control	 -	 ns	
	
Neg	control	

	
ns	
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Table	8.10	Effect	of	50	μM	SN35644	and	analogs	on	AKT	(T308)	and	S6RBP	
phosphorylation	in	SK-OV-3	cells.	
	

	
50	μM	15	minutes	incubation	

	AKT	(T308)	
	

S6RBP	
Compound	 %	Inhibition	 P	value	

	
Compound	 %	Inhibition	 P	value	

SN35644	 70	 0.0001	
	
SN35644	 41	 0.0001	

SN35647	 66	 0.0001	
	
SN35647	 -	 ns	

SN35705	 67	 0.0001	
	
SN35705	 27	 0.0072	

SN36419	 55	 0.0001	
	
SN36419	 -	 ns	

SN36731	 -	 ns	
	
SN36731	 -	 ns	

SN36732	 -34	 0.0086	
	
SN36732	 27	 0.0079	

GSK2126458	 96	 0.0001	
	
GSK2126458	 67	 0.0001	

A66	 94	 0.0001	
	
A66	 54	 0.0001	

TGX221	 46	 0.0002	
	
TGX221	 27	 0.0061	

IC87114	 -	 ns	
	
IC87114	 -	 ns	

Neg	control	 -	 ns	
	
Neg	control	 -	 ns	

	
50	μM	30	minutes	incubation	

	AKT	(T308)	
	

S6RBP	
Compound	 %	Inhibition	 P	value	

	
Compound	 %	Inhibition	 P	value	

SN35644	 51	 0.0001	
	
SN35644	 72	 0.0001	

SN35647	 73	 0.0001	
	
SN35647	 -	 ns	

SN35705	 74	 0.0001	
	
SN35705	 29	 0.0023	

SN36419	 75	 0.0001	
	
SN36419	 -	 ns	

SN36731	 -	 ns	
	
SN36731	 -	 ns	

SN36732	 37	 0.0003	
	
SN36732	 -	 ns	

GSK2126458	 99	 0.0001	
	
GSK2126458	 86	 0.0001	

A66	 99	 0.0001	
	
A66	 78	 0.0001	

TGX221	 55	 0.0001	
	
TGX221	 30	 0.0015	

IC87114	 36	 0.0003	
	
IC87114	 26	 0.0067	

Neg	control	 49	 0.0001	
	
Neg	control	 36	 0.0001	

	
50	μM	60	minutes	incubation	

	AKT	(T308)	
	

S6RBP	
Compound	 %	Inhibition	 P	value	

	
Compound	 %	Inhibition	 P	value	

SN35644	 -	 ns	
	
SN35644	 86	 0.0001	

SN35647	 73	 0.0001	
	
SN35647	 -	 ns	

SN35705	 80	 0.0001	
	
SN35705	 48	 0.009	

SN36419	 77	 0.0001	
	
SN36419	 -	 ns	

SN36731	 32	 0.0095	
	
SN36731	 -40	 0.0426	

SN36732	 29	 0.0266	
	
SN36732	 -	 ns	

GSK2126458	 97	 0.0001	
	
GSK2126458	 94	 0.0001	

A66	 85	 0.0001	
	
A66	 85	 0.0001	

TGX221	 35	 0.0001	
	
TGX221	 -	 ns	

IC87114	 45	 0.0001	
	
IC87114	 -	 ns	

Neg	control	 68	 0.0001	
	
Neg	control	 -	 ns	
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Table	8.11	Effect	of	50	μM	SN35644	and	analogs	on	AKT	phosphorylation	at	S473	
in	SK-OV-3	cells.	
	

AKT	(S473)	
Compound	 %	Inhibition	 P	value	
SN35644	 55	 0.0001	
SN35647	 62	 0.0001	
SN35705	 73	 0.0001	
SN36419	 75	 0.0001	
SN36731	 49	 0.0001	
SN36732	 44	 0.0001	
GSK2126458	 94	 0.0001	
A66	 81	 0.0001	
TGX221	 30	 0.0065	
IC87114	 35	 0.0009	
Neg	control	 62	 0.0001	
	

Table	8.12	Dose	response	of	SN36419	in	SK-OV-3	cells.	
	

	
60	minutes	incubation	

	AKT	(T308)	
	

S6RBP	
Compound	 %	Inhibition	 P	value	

	
Compound	 %	Inhibition	 P	value	

SN36419	5	
μM	 63	 0.0423	

	

SN36419	5	
μM	 -	 ns	

SN36419	2	
μM	 -	 ns	

	

SN36419	2	
μM	 -	 ns	

SN36419	1	
μM	 -	 ns	

	

SN36419	1	
μM	 -	 ns	

SN36419	500	
nM	 -	 ns	

	

SN36419	
500	nM	 -	 ns	

SN36419	200	
nM	 -	 ns	

	

SN36419	
200	nM	 -	 ns	

GSK2126458	 88	 0.0185	
	
GSK2126458	 75	 0.0345	

Neg	control	 -	 ns	
	
Neg	control	 -	 ns	
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Table	8.13	Effect	of	50	μM	SN35644	and	analogs	on	AKT	(T308)	and	S6RBP	
phosphorylation	in	MCF-7	cells.	
	

	
50	μM	15	minutes	incubation	

	AKT	(T308)	
	

S6RBP	
Compound	 %	Inhibition	 P	value	

	
Compound	 %	Inhibition	 P	value	

SN35644	 -	 ns	
	
SN35644	 -	 ns	

SN35647	 -	 ns	
	
SN35647	 -	 ns	

SN35705	 43	 0.0124	
	
SN35705	 -	 ns	

SN36419	 -	 ns	
	
SN36419	 -	 ns	

SN36731	 -	 ns	
	
SN36731	 -	 ns	

SN36732	 -	 ns	
	
SN36732	 -	 ns	

GSK2126458	 97	 0.0001	
	
GSK2126458	 75	 0.0001	

A66	 70	 0.0001	
	
A66	 -	 ns	

TGX221	 55	 0.0006	
	
TGX221	 -	 ns	

IC87114	 -	 ns	
	
IC87114	 -	 ns	

Neg	control	 95	 0.0001	
	
Neg	control	 -	 ns	

	
50	μM	30	minutes	incubation	

	AKT	(T308)	
	

S6RBP	
Compound	 %	Inhibition	 P	value	

	
Compound	 %	Inhibition	 P	value	

SN35644	 -	 ns	
	
SN35644	 -	 ns	

SN35647	 -	 ns	
	
SN35647	 -	 ns	

SN35705	 53	 0.0026	
	
SN35705	 -	 ns	

SN36419	 49	 0.0064	
	
SN36419	 -	 ns	

SN36731	 -	 ns	
	
SN36731	 -	 ns	

SN36732	 -	 ns	
	
SN36732	 -	 ns	

GSK2126458	 93	 0.0001	
	
GSK2126458	 74	 0.0001	

A66	 61	 0.0005	
	
A66	 -	 ns	

TGX221	 48	 0.0073	
	
TGX221	 -	 ns	

IC87114	 -	 ns	
	
IC87114	 -	 ns	

Neg	control	 93	 0.0001	
	
Neg	control	 -	 ns	

	
50	μM	60	minutes	incubation	

	AKT	(T308)	
	

S6RBP	
Compound	 %	Inhibition	 P	value	

	
Compound	 %	Inhibition	 P	value	

SN35644	 -	 ns	
	
SN35644	 -	 ns	

SN35647	 -	 ns	
	
SN35647	 -	 ns	

SN35705	 65	 0.0001	
	
SN35705	 -	 ns	

SN36419	 68	 0.0001	
	
SN36419	 -	 ns	

SN36731	 51	 0.0026	
	
SN36731	 -	 ns	

SN36732	 -	 ns	
	
SN36732	 -	 ns	

GSK2126458	 97	 0.0001	
	
GSK2126458	 90	 0.0001	

A66	 71	 0.0001	
	
A66	 -	 ns	

TGX221	 58	 0.0005	
	
TGX221	 -	 ns	

IC87114	 37	 0.0466	
	
IC87114	 -	 ns	

Neg	control	 94	 0.0001	
	
Neg	control	 43	 0.0001	
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Table	8.14	Effect	of	50	μM	SN35644	and	analogs	on	AKT	(T308)	and	S6RBP	
phosphorylation	in	NZM6	cells.		
	

	
60	minutes	incubation	

	AKT	(T308)	
	

S6RBP	
Compound	 %	Inhibition	 P	value	

	
Compound	 %	Inhibition	 P	value	

SN35644	 44	 0.0484	
	
SN35644	 63	 0.0029	

SN35647	 -	 ns	
	
SN35647	 -	 ns	

SN35705	 -	 ns	
	
SN35705	 -	 ns	

SN36419	 -	 ns	
	
SN36419	 -	 ns	

SN36731	 -	 ns	
	
SN36731	 -	 ns	

SN36732	 -	 ns	
	
SN36732	 -	 ns	

GSK2126458	 58	 0.0046	
	
GSK2126458	 97	 0.0001	

A66	 -	 ns	
	
A66	 -	 ns	

TGX221	 -	 ns	
	
TGX221	 -	 ns	

IC87114	 -	 ns	
	
IC87114	 -	 ns	

Neg	control	 -	 ns	
	
Neg	control	 -	 ns	

		

	 	



	

	
	

193	

8.4 Kinome	screen	for	inhibitors	

	
Table	 8.15	 SN36764	 and	 SN36807	 screened	 against	 a	 panel	 of	 kinases	 that	 are	
known	to	activate	AKT.	

Compound	
Name	

Test	
Compound	
Concentration	
(nM)	

Kinase	Tested	 %	 Inhibition	
(Mean)	

Kinase																		
Part#	/	Lot#	

SN36764	 10000	 DNA-PK	 43	 PV5864/727478	
SN36764	 10000	 ERBB2	(HER2)	 3	 PV3366/1320117	
SN36764	 10000	 ERBB4	(HER4)	 2	 PV3626/32657	
SN36764	 10000	 FRAP1	(mTOR)	 37	 PV4753/873345	
SN36764	 10000	 IGF1R	 3	 PV3250/35957	
SN36764	 10000	 INSR	 -4	 PV3781/1314127	
SN36764	 10000	 MAPKAPK2	 -1	 PV3317/1308236	
SN36764	 10000	 PDK1	 7	 P3001/1502836	
SN36764	 10000	 PRKACA	(PKA)	 -1	 P2912/37377	
SN36807	 10000	 DNA-PK	 40	 PV5864/727478	
SN36807	 10000	 ERBB2	(HER2)	 -6	 PV3366/1320117	
SN36807	 10000	 ERBB4	(HER4)	 -1	 PV3626/32657	
SN36807	 10000	 FRAP1	(mTOR)	 67	 PV4753/873345	
SN36807	 10000	 IGF1R	 0	 PV3250/35957	
SN36807	 10000	 INSR	 -2	 PV3781/1314127	
SN36807	 10000	 MAPKAPK2	 -4	 PV3317/1308236	
SN36807	 10000	 PDK1	 -5	 P3001/1502836	
SN36807	 10000	 PRKACA	(PKA)	 -1	 P2912/37377	

Compound	
Name	

Test	
Compound	
Concentration	
(nM)	

Kinase	Tested	
%	
Displacement	
(Mean)	

Kinase																		
Part#	/	Lot#	

SN36764	 10000	 TNK2	(ACK)	 11	 PV4807/897689	
SN36807	 10000	 TNK2	(ACK)	 14	 PV4807/897689	
All	 kinases	 except	 TNK2	 (ACK)	 were	 tested	 via	 Z’-LYTE.	 TNK2	 was	 tested	 via	
LanthaScreen.	 Testing	 conducted	 using	 SelectScreen	 Kinase	 Profiling	 Services	
(ThermoFisher	Scientific).		
Kinases	with	greater	than	40%	inhibition	are	highlighted	in	blue.		
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Table	8.16	SN35647	and	SN35705	screened	against	a	panel	of	kinases	known	to	
phosphorylate	AKT.	

Compound	
Name	

Test	
Compound	
Concentration	 Kinase	Tested	 %	Inhibition	

Kinase		
Part#	/	Lot#	

	 (nM)	 	 mean	 	
SN35647	 50000	 DNA-PK	 16	 PV5864/727478	
SN35647	 50000	 ERBB2	(HER2)	 -4	 PV3366/1320117	
SN35647	 50000	 ERBB4	(HER4)	 7	 PV3626/32657	
SN35647	 50000	 FRAP1	(mTOR)	 9	 PV4753/873345	
SN35647	 50000	 IGF1R	 5	 PV3250/35957	
SN35647	 50000	 INSR	 3	 PV3781/1314127	
SN35647	 50000	 MAPKAPK2	 -14	 PV3317/1308236	
SN35647	 50000	 PDK1	 1	 P3001/1502836	
SN35647	 50000	 PRKACA	(PKA)	 2	 P2912/37377	
SN35705	 50000	 DNA-PK	 96	 PV5864/727478	
SN35705	 50000	 ERBB2	(HER2)	 -3	 PV3366/1320117	
SN35705	 50000	 ERBB4	(HER4)	 11	 PV3626/32657	
SN35705	 50000	 FRAP1	(mTOR)	 21	 PV4753/873345	
SN35705	 50000	 IGF1R	 -3	 PV3250/35957	
SN35705	 50000	 INSR	 4	 PV3781/1314127	
SN35705	 50000	 MAPKAPK2	 -8	 PV3317/1308236	
SN35705	 50000	 PDK1	 10	 P3001/1502836	
SN35705	 50000	 PRKACA	(PKA)	 -3	 P2912/37377	

Compound	
Name	

Test	
Compound	
Concentration	 Kinase	Tested	

%	
Displacement	

Kinase		
Part#	/	Lot#	

	
(nM)	

	
mean	

	SN35647	 50000	 TNK2	(ACK)	 12	 PV4807/897689	
SN35705	 50000	 TNK2	(ACK)	 12	 PV4807/897689	
All	 kinases	 except	 TNK2	 (ACK)	 were	 tested	 via	 Z’-LYTE.	 TNK2	 was	 tested	 via	
LanthaScreen.	 Testing	 conducted	 using	 SelectScreen	 Kinase	 Profiling	 Services	
(ThermoFisher	Scientific).		
Kinases	with	greater	than	80%	inhibition	are	highlighted	in	red.	
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Table	8.17	SN36419	Screened	against	a	panel	of	kinases	known	to	phosphorylate	
AKT	at	T308.	

Compound	
Name	

Test	
Compound	
Concentration	

Kinase	Tested	 %	
Inhibition	

Kinase				
Part#	/	Lot#	

	 (nM)	 	 (Mean)	 	
SN36419	 5000	 AMPK	(A1/B2/G3)	 11	 A30485/53366	
SN36419	 5000	 CAMK2D	(CaMKII	delta)	 6	 PV3373/31647	
SN36419	 5000	 CHEK2	(CHK2)	 2	 PV3367/1571415	
SN36419	 5000	 GRK7	 1	 PV3823/34013	
SN36419	 5000	 GSK3A	(GSK3	alpha)	 16	 PV6126/1308877	
SN36419	 5000	 GSK3B	(GSK3	beta)	 3	 PV3365/371501	
SN36419	 5000	 IKBKB	(IKK	beta)	 16	 PV3836/1545240	
SN36419	 5000	 MAP2K1	(MEK1)	 24	 PV3303/1502834	
SN36419	 5000	 MAPK11	(p38	beta)	 3	 PV3679/1131827	
SN36419	 5000	 MAPK12	(p38	gamma)	 12	 PV3654/1430571	
SN36419	 5000	 MAPK13	(p38	delta)	 5	 PV3656/1466230	

SN36419	 5000	
MAPK14	 (p38	 alpha)	
Direct	 33	 PV3304/1727438	

SN36419	 5000	 MELK	 5	 PV4823/819467	
SN36419	 5000	 MST4	 25	 PV3690/1515330	
SN36419	 5000	 PDK1	Direct	 5	 P3001/1721609	
SN36419	 5000	 PKN1	(PRK1)	 12	 PV3790/1790986	
SN36419	 5000	 PRKCA	(PKC	alpha)	 30	 P2232/1752926	
SN36419	 5000	 PRKCD	(PKC	delta)	 -6	 P2293/39038	
SN36419	 5000	 PRKCH	(PKC	eta)	 39	 P2633/1783381	
SN36419	 5000	 ROCK1	 8	 PV3691/37178	
SN36419	 5000	 STK25	(YSK1)	 19	 PV3657/1636852	
SN36419	 5000	 TAOK2	(TAO1)	 1	 PV3760/1549090	
The	above	were	tested	via	Z’-LYTE.	
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Compound	
Name	

Test	
Compound	
Concentration	 Kinase	Tested	

%	
Displacement	

Kinase																		
Part#	/	Lot#	

	 (nM)	 	 (Mean)	 	
SN36419	 5000	 AMPK	(A1/B1/G2)	 3	 PV6238/1578461	
SN36419	 5000	 AMPK	(A1/B1/G3)	 3	 PV6241/1629373	
SN36419	 5000	 AMPK	(A1/B2/G1)	 1	 PV6244/1578463	
SN36419	 5000	 BMPR2	 1	 PV6256/1739612	
SN36419	 5000	 CAMKK1	(CAMKKA)	 -2	 PV4670/1559214	
SN36419	 5000	 CAMKK2	(CaMKK	beta)	 13	 PV4206/35319	
SN36419	 5000	 DMPK	 1	 PV3784/1296960	
SN36419	 5000	 MAP2K1	(MEK1)	 2	 PV3303/1502834	
SN36419	 5000	 MAP3K2	(MEKK2)	 4	 PV3822/1171755	
SN36419	 5000	 MAP3K5	(ASK1)	 7	 PV3809/1624156	
SN36419	 5000	 MAPK15	(ERK7)	 -3	 PV6181/1733480	
SN36419	 5000	 RIPK3	 9	 PV6397/1762760	
SN36419	 5000	 STK39	(STLK3)	 -11	 PV6412/1745838	
SN36419	 5000	 TAOK1	 7	 PV6415/1576240	
SN36419	 5000	 TGFBR2	 1	 PV6122/1745179	
SN36419	 5000	 WNK3	 -4	 PV4342/36047	
The	above	were	tested	via	LanthaScreen.	
	

Compound	
Name	

Test	
Compound	
Concentration	 Kinase	Tested	

%	
Inhibition	

Kinase																		
Part#	/	Lot#	

	 (nM)	 	 mean	 	
SN36419	 5000	 CAMK1	(CaMK1)	 10	 PV4391/1703731	
The	above	was	tested	via	Adapta.	All	testing	was	conducted	using	SelectScreen	Kinase	
Profiling	 Services	 (ThermoFisher	 Scientific).
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8.5 List	 of	 Compounds	 and	 ChemBridge	 catalog	

numbers	

	
Table	8.18	List	of	ChemBridge	catalog	numbers	for	known	C2	blockers		
Compound	
number	

ChemBridge	
catalog	number	

1	 5247489	
2	 5523453	
3	 5651006	
4	 5731791	
5	 5737176	
6	 5739991	
7	 5740628	
8	 5843746	
9	 5898659	
10	 5924029	
11	 5941257	
12	 5992471	
13	 6043266	
14	 6072484	
15	 6126765	
16	 6168356	
17	 6190013	
18	 6209549	
19	 6446853	
20	 6656941	
21	 6844287	
22	 7364519	
23	 7687521	
24	 7688319	
25	 7971347	
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