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Abstract 
	
	 Disrupted	 in	 Schizophrenia	1	 (DISC1)	 is	 a	psychiatric	 disease	 risk	 gene	 implicated	 in	numerous	

mental	 disorders	 including	 schizophrenia.	Many	 isoforms	 of	 DISC1	 are	 found	 in	 the	 human	 brain,	 of	

which	the	 longest	contains	854	residues.	DISC1	 is	 involved	 in	all	major	stages	of	neurodevelopment;	

from	 proliferation	 of	 neural	 progenitor	 cells	 to	 neuronal	 migration	 and	 circuit	 integration.	 DISC1	

functions	 like	a	 scaffold,	 interacting	with	 several	protein	partners,	 like	Glycogen	Synthase	Kinase	3β	

(GSK3β)	 to	dynamically	 coordinate	different	 stages	of	brain	development.	GSK3β,	 a	 serine	 threonine	

kinase,	 plays	 an	 important	 role	 in	 the	 canonical	Wnt/β-catenin	 signaling	 pathway.	Mao	 et	 al.	 (2009)	

showed	 that	 DISC1	 directly	 interacts	 and	 inhibits	 GSK3β	 in	 neural	 progenitor	 cells,	 thus	 promoting	

neurogenesis	and	proliferation.	Our	lab	is	interested	in	understanding	the	nature	of	this	interaction	and	

the	residues	involved	in	it.	We	followed	two	strategies	to	generate	this	DISC1-GSK3β	complex	and	study	

its	biochemical	and	biophysical	characteristics.	In	the	first	method,	we	tried	expressing	and	purifying	the	

proteins	 individually	and	generating	a	stable	binary	complex	 in	vitro.	The	second	method	 involves	 the	

co-expression	of	DISC1	and	GSK3β	within	the	same	cell,	using	a	polycistronic	vector,	in	attempts	to	form	

the	interaction	complex	naturally.	This	thesis	showcases	the	work	done	in	optimizing	the	overexpression	

and	purification	protocols	for	obtaining	pure	DISC1	subdomains	and	as	a	stable	complex	illustrating	its	

interaction	with	GSK3β	as	its	protein	partner.	The	thesis	also	focuses	on	understanding	the	biochemical	

and	 biophysical	 characterization	 of	 DISC1	 independently	 as	 well	 as	 in	 its	 complex	 form.
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Chapter	1:	Introduction	
	
	 Psychiatric	 disorders	 arise	 as	 a	 consequence	 of	 a	 complex	 interplay	 between	 the	 effects	 of	

genetic	and	environmental	factors,	which	in	turn,	shape	the	development	and	functioning	of	the	brain1.	It	

is	reported	that	about	16%	of	the	world’s	total	population	is	affected	by	symptoms	and	signs	which	can	

be	characterized	as	criteria	 for	 the	diagnosis	of	a	mental	disorder2.	Schizophrenia	affects	around	1%	of	

the	total	population	worldwide,	causing	devastating	consequences	and	economic	burden	for	the	affected	

individuals	 and	 their	 family3.	 Understanding	 the	 underlying	 causes	 and	 mechanisms	 by	 which	 these	

neuropsychiatric	diseases	are	triggered	is	thus	critically	important	in	order	to	find	effective	detection	and	

potential	therapeutic	interventions.	Insights	and	knowledge	of	the	genes,	physiological	pathways	and	the	

influence	 of	 environmental	 stressors	 can	 help	 in	 understanding	 the	 etiology	 of	 these	 neuropsychiatric	

disorders4.	Advancements	in	technology	and	technical	know-how	of	brain	imaging,	molecular-cellular	as	

well	 as	 behavioral	 characterization	 is	 also	 vital	 to	 decode	 the	pathogenesis	 of	 these	mental	 and	mood	

disorders.	

1.1 DISC1 and psychiatric diseases 
	
	 DISC1	 was	 first	 discovered	 in	 a	 large	 Scottish	 pedigree	 in	 which	 a	 balance	 chromosomal	

translocation	between	chromosome	1	and	11	disrupts	 the	gene	and	co-segregates	with	various	mental	

diseases5.	This	translocation	event	leads	to	the	direct	disruption	of	both	the	protein	encoding	gene,	DISC1	

as	well	as	the	anti-sense	RNA	only	gene,	DISC26.	The	inheritance	of	this	balanced	translocation	has	been	

shown	to	be	causal	and	raises	the	chances	of	susceptibility	to	mental	disorders	by	~50%	when	compared	

to	that	of	the	general	population7,8.	These	findings	were	corroborated	by	the	other	independent	studies,	

which	showcased	similar	linkage	of	DISC1	locus	to	various	neuropsychiatric	disorders	in	other	countries9.	

Since	2000,	DISC1	has	been	identified,	by	numerous	genetic,	clinical	and	behavioral	association	studies,	as	

one	of	the	key	genetic	risk	factors,	which	is	responsible	for	the	predisposition	of	individuals	to	develop	a	

wide	spectrum	of	major	psychiatric	illnesses10.	This	association	and	linkage	of	the	psychotic	disorders	and	

the	 DISC1	 protein	 promoted	 researchers	 to	 look	 into	 the	 structure	 and	 function	 of	 this	 protein	 to	

understand	 the	 etiology	 of	 these	 diseases.	 The	 term	 “DISCopathies”	 have	 been	 coined	 to	 address	 and	

categorize	neuropsychiatric	disorders	related	to	DISC1	dysfunction11.	
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1.2 DISC1 schematic structure and bioinformatics information 
	
	 Although	the	DISC1	gene	and	its	mutated	protein	product	were	reported	in	20007,	no	3D	crystal	

structure	 of	 the	 full-length	 protein	 or	 its	 truncated	 sub	 domains	 is	 known	 till	 date.	 	 The	 human	DISC1	

protein	exists	in	the	brain	as	different	isoforms.	Human	DISC1	comprises	of	13	exons.	The	longest	isoform	

consists	 of	 854	 amino	 acids.	 The	 full-length	 DISC1	 protein	 has	 two	 notable	 regions	 (i)	 a	 disordered	N-

terminus	head	comprising	of	amino	acid	residues	1-325,	which	lacks	secondary	structural	elements7,9,12,13	

and	(ii)	a	coiled-coil	C-terminal	region	spanning	amino	acid	residues	351-854,	rich	in	α-helical	structures14	

(Fig.	1.1).	

	

	 The	N-terminal	region	is	less	conserved,	other	than	the	nuclear	localization	signal	(NLS)	sequence	

motif	and	a	serine-phenylalanine-rich	(SF-rich)	motif.	Point	mutations	changing	the	amino	acid	sequence	

in	 nuclear	 localization	 signal-1	 (NLS1;	 amino	 acids	 35-43)	 abolish	 nuclear	 localization	 of	 DISC1.	 The	

cellular/nuclear	 distribution	 of	 DISC1	 is	 controlled	 by	 NLS2	 (amino	 acids	 331–346)	 and	 nuclear	 export	

signals	 (NESs;	amino	acids	504-513,	546-555,	and	621-631,	respectively).	Patients	with	sporadic	 form	of	

schizophrenia	have	increased	amounts	of	nuclear	DISC1,	thereby	indicating	the	functional	significance	of	

nuclear	localization/export	signals	of	DISC1.	The	DISC1	N-terminus	is	referred	as	a	globular	head	domain	

even	though	it	is	intrinsically	disordered.	An	Intrinsically	Disordered	Protein	(IDP)	usually	refers	to	those	

segments	or	domains	or	even	the	complete	protein,	which	cannot	fold	itself	into	a	fixed	3D	structure15,16.	

	

	 The	 C-terminal	 of	 DISC1	 is	made	 up	 of	 regular	α-	 helices	 as	well	 as	 coiled-coil	 structures.	 The	

coiled-	coil	helices	are	characterized	by	a	unique	regular	seven-residue	sequence	pattern	known	as	 the	

heptad	repeat14,17.	These	are	often	labeled	as	“abcdefg”,	where	the	amino	acid	positions	“a”	and	“d”	are	

usually	occupied	by	non-polar	amino	acids.	These	residues	tend	to	provide	structural	stability	when	two	

or	more	helices	wind	around	each	other	to	form	“supercoils”	structures18.	The	other	positions	are	mostly	

exposed	 to	 solvent	 phase	 and	 usually	 provide	 surfaces	 for	 protein-protein	 interactions.	 These	 heptad	

repeats,	thus	identified	by	sequence	analysis,	structurally	represent	a	distorted	R-helix	where	the	seven-

residue	repeat	forms	two	turns.	So	here,	there	are	3.5	residues	per	turn	as	opposed	to	a	regular	R-helix,	

which	consists	of	3.6	residues	per	turn19.	Despite	this	apparent	simplicity	and	relatedness	at	the	sequence	

level,	 coiled-coils	 display	 a	 considerable	 degree	 of	 structural	 diversity;	 the	 helices	 may	 be	 arranged	

parallel	or	antiparallel	and	may	form	a	variety	of	oligomeric		states14.	
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	 The	C-terminal	consists	of	two	conserved	sequence	motifs	in	the	regions	343-394	and	574-62520.	

These	 have	 been	 identified	 to	 belong	 to	 the	 UVR-	 like	 globular	 domains.	 The	 UVR	 domains	 are	

characterized	as	two	small	globular	domains	that	constitute	two	anti-parallel	α-helices,	which	are	stacked	

against	 each	 other21.	 These	 UVR	 domains	 have	 been	 described	 as	 protein-protein	 interaction	 domains	

that	 are	 capable	 of	 self-association.	 Hence,	 prediction	 of	 multiple	 UVR-like	 globular	 repeats	 in	 DISC1	

provides	an	initial	insight	into	this	protein’s	modular	architecture.	These	were	the	first	globular	domains	

in	the	DISC1	protein	that	have	been	predicted,	and	in	turn,	can	permit	the	design	of	experiments	to	clarify	

both	 its	 role	 as	 a	molecular	 scaffold,	 forming	 a	 hub	 around	which	multiple	 proteins	 assemble,	 and	 its	

potential	roles	in	the	etiology	of	multiple	psychiatric	disorders20.	

	

	 DISC1	 C-terminus	 also	 certain	 other	 regions,	 which	 may	 explain	 its	 propensity	 to	 form	 higher	

order	 oligomers22.	 These	 regions	 have	 been	 identified	 as	 Self-Interaction	 Domain	 (403-504	 residues),	

Oligomerization	Domain	(668-744	residues)	and	Dimerization	Domain	(765-854	residues)23-25.	

	

	

	

Figure	1.1:	Schematic	diagram	of	DISC1	protein:	This	figure	depicts	a	cartoon	of	the	predicted	structure	
of	DISC1	protein.	Full-length	DISC1	comprises	of	a	disordered	N-terminal	head	of	350	amino	acids	and	a	
C-terminal	with	 predicted	 coiled	 coil	 structure,	 ranging	 from	 351	 to	 854	 residues.	 N-terminal	 region	 is	
characterized	with	highly	conserved	NLS1	(35-43)	and	NLS2	(331-346)	as	well	as	serine-phenylalanine	rich	
motif14,20.	Black	horizontal	bars	mark	the	disordered	regions.	The	C-terminus	is	rich	in	a-helical	and	coiled	
coil	motifs.	It	consists	of	two	highly	conserved	UVR	domains	(343-394;	574-625)14.	The	original	balanced	
translocation	mutation	observed	in	the	Scottish	pedigree	is	seen	at	the	amino	acid	position	5978.	Other	
regions	 include	a	self-interaction	domain	(403-504),	oligomerization	domain	(668-744)	and	dimerization	
domain	(765-854)23,24.	The	interaction	sites	for	the	different	DISC1	partner	proteins26	are	also	illustrated	
in	the	figure.	



	
	

4	

 

1.3 Functions of DISC1 in the brain 
	
	 DISC1	is	a	scaffold	protein	with	four	predicted	coiled-coil	domains14.	Numerous	studies	have	gone	

into	studying	the	role	of	DISC1	protein	 in	the	cell	with	the	goal	to	outline	 its	biological	 functions	within	

the	brain.	 It	has	been	noted	that	DISC1	does	not	possess	any	clear	 functional	domains,	such	as	specific	

enzymatic	domains	 (e.g.,	kinase	and	catalytic	domains)	and	trans-membrane	domains	 that	may	 imply	a	

possible	function	as	receptor	or	transporter27.	However,	one	of	the	defining	characteristics	of	DISC1	is	its	

ability	 to	 interact	 and	 form	 associations	 with	 multiple	 proteins	 involved	 for	 the	 workings	 of	 different	

cellular	and	molecular	pathways,	at	different	cellular	locations	and	differential	developmental	time	points	

in	the	brain28.	

	

	 Yeast	two-hybrid	studies,	carried	out	by	Camargo	et	al,	reported	that	the	DISC1	protein	network	

is	comprised	of	127	different	protein	and	158	interactions	between	them29.	A	majority	of	these	interactor	

proteins	are	themselves	considered	as	relevant	risks	factors	implicated	in	a	number	of	mental	disorders.	

Biochemical	 characterization	 of	 this	 DISC1	 network	 or	 interactome	 suggests	 that	 DISC1	 behaves	 like	 a	

protein	 scaffolds	 in	 the	 cell14,30.	 DISC1	 has	 been	 identified	 to	 play	 a	 connecting	 link	 between	 several	

divergent	 pathways	 such	 as	 the	 Wnt/β-catenin	 signaling	 pathway,	 Akt/mTOR	 pathway	 and	 some	

dopaminergic	pathways31.	 These	pathways	are	 in	 turn	 responsible	 for	 several	 cellular	 functions	 such	as	

proliferation	of	neural	progenitor	cells,	neuronal	migration,	synapse	formation,	many	functional	as	well	as	

maintenance	activities	in	the	brain.		

	

	 Thus,	DISC1-related	 psychiatric	 disorders	 are	 a	 result	 of	 simultaneous	 dysregulation,	 disruption	

and	malfunctioning	of	not	 just	one	but	numerous	protein-protein	 interactions,	physiological	 states	and	

cellular	 activities.	 Identifying	 how	 these	 proteins	 work	 together	 with	 DISC1	 and	 the	 roles	 of	 these	

molecular	complexes	in	the	brain	helps	in	understanding	the	devastating	nature	of	these	neuropsychiatric	

illnesses.	 Characterization	 of	 these	 downstream	 elements	 may	 contribute	 to	 the	 discovery	 of	 future	

pharmaceutical	treatments.	
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1.4 DISC1 interactome – the role of partner proteins in forming these 
interactions and their physiological  impact 
	
	 DISC1	binds	with	more	than	one	hundred	proteins,	which	include	both	structural	proteins	as	well	

as	 those	 involved	 in	critical	 signaling	pathways,	 thus	 forming	a	 rich	protein-protein	 interaction	network	

called	 DISC1	 interactome9,29.	 Learning	 how	 DISC1	 binds	 and	 interacts	 with	 its	 various	 protein	 partners	

forms	a	useful	platform	to	 investigate	and	study	the	cellular	processes	and	physiological	pathways	that	

are	 implicated	 in	 several	 neuropsychiatric	 disorders.	 The	 DISC1	 interactome	 can	 be	 subdivided	 into	

various	 categories	on	 the	basis	of	 their	 roles	 and	 functions	 in	neurodevelopment	within	 the	brain	 (Fig.	

1.2).	

	

Figure	 1.2:	 Classification	 of	 DISC1	 interactome	 according	 to	 their	 functions	 within	 the	 cell.	 This	
diagram32	 lists	out	the	effects	of	different	DISC1	partners	based	on	their	role	 in	neurodevelopment	and	
subcellular	functions32.	

	

	 Below,	I	will	discuss	four	partner	proteins	of	DISC1	and	their	role	in	the	DISC1	interactome.	

	

	 Glycogen	 synthase	 kinase	3β	 (GSK3β)	—	The	canonical	Wnt/	β-catenin	signaling	pathway	 is	an	

important	 cellular	 pathway,	 which	 is	 responsible	 for	 the	 regulation	 of	 the	 proliferation	 of	 neural	

progenitor	cells33-35.	One	of	the	central	players	 in	this	pathway	is	Glycogen	Synthase	Kinase	3β	(GSK3β).	

GSK3β	is	a	multifunctional	serine-threonine	kinase,	which	phosphorylates	hundreds	of	substrates	within	

the	cell36.	
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	 β-catenin	 is	 a	 major	 signal	 transducer	 in	 the	 Wnt/	 β-catenin	 pathway37.	 Cellular	 β-catenin	

translocates	 into	 the	 nucleus	 and	 activates	 cell	 proliferation	 genes	 under	 the	 control	 of	 T-Cell	

Factor/Lymphoid	 Elongation	 Factor	 (TCF/LEF)	 promoter38.	 GSK3β	 plays	 a	 vital	 role	 in	 maintaining	 the	

cellular	levels	of	β-catenin36.	At	the	basal	level,	GSK3β	is	constitutively	active	and	hyper-phosphorylates	β-

catenin39.	Hyper-phosphorylated	β-catenin	is	then	degraded	by	the	Ubiquitin-Proteosome	System	(UPS),	

thereby	 preventing	 its	 translocation	 into	 the	 nucleus40,41.	 This,	 in	 turn,	 results	 in	 suppressing	 the	

transcription	of	the	genes	required	for	the	proliferation	of	neural	stem	cells.	The	neural	progenitor	cells	

then	develop	and	differentiate	into	mature	neurons.		

	

	 Wnt	 molecules	 binds	 to	 a	 trans-membrane	 receptor,	 Frizzled	 (FZD)	 that	 spans	 the	 plasma	

membrane	seven	times42,43.	This	triggers	a	signaling	cascade	and	activates	the	Wnt	pathway.	An	interplay	

of	several	factors	leads	to	inactivation	of	the	enzymatic	activity	of	GSK3β44.	Consequently,	the	levels	of	β-

catenin	in	the	cell	go	up	and	this	helps	in	aiding	in	neurodevelopment.	

	

	 DISC1	is	shown	to	be	a	positive	regulator	of	the	Wnt/	β-catenin	pathway37,45.	DISC1	has	the	ability	

to	 interact	 and	 inhibit	 GSK3β’s	 activity	 on	 Wnt	 dependent	 substrates.	 Mao	 et	 al	 established	 a	 direct	

physical	 interaction	between	DISC1	and	GSK3β37.	Using	an	 in	vitro	binding	assay	with	purified	proteins,	

they	 showed	 that	 two	 DISC1	 domains,	 1-220	 (in	 the	 disordered	 N-terminus)	 and	 356-595	 (in	 the	 C-

terminus),	can	directly	bind	to	GSK3β.	A	44	amino	acid	DISC1	fragment	(195-238)	directly	binds	to	GSK3β	

and	modulates	 the	Wnt/β-catenin	 signaling	pathway	by	 inhibiting	 the	 catalytic	 activity	of	GSK3β37	 (Fig.	

1.3).		

	

Inactive	GSK3β	activates	Wnt	signaling	pathway	by	preventing	β-catenin	phosphorylation.	This	stabilizes	

β-catenin,	which	can	translocate	into	the	nucleus	and	trigger	the	transcription	of	cell	proliferation	genes.	

A	 specific	 GSK3	 inhibitor,	 SB-216763,	 has	 been	 observed	 to	 normalize	 the	 impairment	 of	 progenitor	

proliferation	 as	 well	 as	 schizophrenia-	 and	 depression-like	 behavioral	 defects	 induced	 by	 a	 DISC1	

knockdown	 in	 mouse	 model37.	 Thus,	 targeting	 the	 DISC1-GSK3β	 interaction	 may	 lead	 to	 possible	

therapeutic	interventions	for	mental	illnesses.	
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	 Nuclear	 distribution	 protein	 nudE-like	 1	 (Ndel1)—	The	 interaction	between	DISC1	and	nuclear	

distribution	 protein	 nudE-like	 1	 (Ndel1)	 at	 the	 centrosome	 regulates	 various	 neurodevelopment	

processes	 such	 as	 neurite	 outgrowth,	 neuronal	migration	 in	 cortical	 development,	 and	 adult	 newborn	

neuron	development	in	the	dentate	gyrus46,47.	Ndel1,	a	cysteine	protease,	binds	to	the	C-terminal	domain	

of	 DISC1	 (amino	 acids	 802–835)47.	 The	 putative	 truncated	 protein,	 formed	 by	 the	 DISC1	 translocation	

mutation	in	the	Scottish	pedigree,	did	not	have	this	binding	site48,49.	Ndel1	is	called	endo-oligopeptidase	A	

(EOPA)	because	of	 its	oligopeptidase	activity27.	 In	vitro	studies	have	shown	that	DISC1,	upon	interaction	

with	Ndel1,	 can	 inhibit	 this	 oligopeptidase	 activity	 of	Ndel1.	 A	 recent	 study	 has	 shown	 that	 the	 endo-

oligopeptidase	 activity	 of	 Ndel1	 plays	 a	 crucial	 role	 in	 the	 differentiation	 process	 of	 PC12	 cells	 to	

neurons27.	Thus,	inhibitors	for	Ndel1-EOPA	activity	can	be	good	candidate	target	for	mental	illnesses.		

	

Figure	 1.3:	 DISC1	 acts	 as	 a	 positive	 regulator	 of	 the	 Wnt/β -catenin	 pathway	 by	 inhibiting	 GSK3β 	
phosphorylation	of	 the	Wnt	dependent	substrates.	β-catenin	is	a	multifunctional	protein,	which	activates	
the	genes	responsible	for	the	proliferation	of	neural	stem	cells.	The	left	picture	depicts	how	GSK3β,	 in	the	
absence	of	Wnt	ligand,	hyper-phosphorylates	β-catenin	and	marks	it	for	Ubiquitin	mediated	proteolysis.	This	
prevents	 the	 nuclear	 translocation	 of	 β-catenin,	 which	 is	 required	 to	 trigger	 the	 transcription	 of	 cell	
proliferation	genes	under	control	of	TCF/	LEF	transcription	factors.	The	picture	on	the	right	illustrates	active	
Wnt	signaling	pathway	where	a	Wnt	ligand	binds	to	the	Frizzled	(FZD)	receptor.	The	two	DISC1	regions	have	
been	 shown	 to	 interact	 with	 GSK3β,	 of	 which	 a	 small	 44	 residues	 (195-238)	 region	 has	 the	 maximum	
inhibitory	 effect	 on	 GSK3β.	 This	 prevents	 GSK3β	 hyper-phosphorylation	 of	 β-catenin,	 which	 then	
translocates	into	the	nucleus.	Nuclear	β-catenin	interacts	with	TCF/	LEF	transcription	factors	to	activate	cell	
proliferation	genes37.	
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	 cAMP-dependent	phosphodiesterase	4	(PDE4)	—	cAMP-dependent	phosphodiesterase	4	(PDE4)	

is	an	enzyme	that	degrades	cyclic	adenosine	3ʹ,	5ʹ-monophosphate	(cAMP)50.	Cyclic	AMP	is	a	ubiquitous	

signaling	molecule	with	many	roles	throughout	the	whole	body,	in	particular	the	central	nervous	system.	

It	 is	 particularly	 relevant	 to	 cognitive	 functions	 via	 the	 prefrontal	 cortex	 (PFC),	 amygdala	 and	

hippocampus,	thus	playing	a	key	role	in	mental	illnesses51.	The	PDE4	family	of	proteins	is	encoded	by	four	

genes,	PDE4A/B/C/D52,53.	DISC1	has	two	common	binding	sites	for	all	isoforms	(amino	acids	190-230	and	

611-650)	and	three	PDE4B-specific	binding	sites	(amino	acids	31-61,	101-135,	and	266-290)27,54.	Residues	

190-230	 also	 have	 the	 overlapping	 binding	 sites	 for	 GSK3β,	 another	 key	 DISC1	 interactor.	 Cyclic	 AMP	

plays	 a	 key	 role	 in	 cognitive	 function	 and	 its	 impairment	 in	 mental	 illnesses.	 Thus,	 the	 DISC1/PDE4	

interaction	may	be	particularly	important	for	regulating	cAMP	signaling	in	the	pathophysiology	of	mental	

illnesses.	

	

	 Activating	 transcription	 factor	 4	 (ATF4)/cAMP	 response	 element	 binding	 protein	 2	 (CREB2)—	

DISC1	is	known	to	interact	with	Activating	Transcription	Factor	4	(ATF4)/cAMP	response	element	binding	

protein	 2	 (CREB2)	 and	 the	 nuclear	 receptor	 co-repressor	 (N-CoR),	 thereby	modulating	 cAMP	 response	

element	 (CRE)-mediated	 gene	 transcription55.	 CREB	 signaling	 is	 known	 to	 have	 an	 impact	 in	 regulating	

sleep	 homeostasis56.	 Nuclear	 expression	 of	 exogenous	 human	 DISC1	 in	 transgenic	 fruit	 flies	 show	

disturbances	 in	 sleep	 homeostasis55.	 These	 two	 independent	 observations	 may	 suggest	 the	 role	 of	

nuclear	DISC1	 in	sleep.	The	balance	of	nuclear	and	non-nuclear	DISC1	appears	to	be	regulated	by	three	

functional	cis	elements,	NLS1,	nuclear	export	signal	2	 (NES2)	and	the	 leucine	zipper	 (LZ)	domain,	 in	 the	

DISC1	protein57.	As	sleep	disturbances	are	observed	in	many	mental	illnesses,	these	cis	elements	may	be	

targeted	to	restore	the	appropriate	nuclear	localization	of	DISC1.	

	

1.5 Problems in solving DISC1 structure 
	
	 DISC1	 is	 thus	 shown	 to	 be	 involved	 in	 almost	 all	 the	 major	 aspects	 of	 neurodevelopment	 by	

interacting	with	different	subsets	of	protein	partners	in	the	human	brain.	The	interactions	are	formed	in	

different	 cell	 types	at	different	developmental	 time	points	 so	as	 to	 carry	out	 various	 cellular	processes	

and	ensure	proper	functioning	of	the	brain.	In	order	to	do	so,	DISC1	has	to	dynamically	change	its	shape	

to	 adapt	 to	 the	 different	 binding	 sites	 of	 its	 partner	 proteins	 throughout	 the	 various	 developmental	

stages.	While	this	conformational	flexibility	helps	DISC1	to	execute	its	various	functions,	it	acts	as	one	of	
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major	deterrent	in	solving	its	structure	by	conventional	structural	determination	techniques	such	as	x-ray	

crystallography.		

	

	 The	major	reason	why	the	crystal	structure	of	the	protein	 is	not	forthcoming	 is	because	89%	of	

the	 N-terminus	 is	 disordered.	 The	 disordered	 state	 of	 the	 N-terminus	 occurs	 in	 five	 major	 regions	 of	

greater	 than	 25	 continuous	 stretches	 of	 amino	 acid	 residues.	 These	 include	 residues	 at	 (i)	 1-35	 (35	

residues),	 (ii)	67-95	 (29	 residues),	 (iii)	146-205	 (60	 residues),	 (iv)	218-260	 (43	 residues)	and	 (v)	278-322	

(45	residues).		A	small	region	of	the	C-terminus	involving	residue	positions	710-741	is	also	predicted	to	be	

disordered14.		

	

	 Extended	 regions	 of	 disorder	 should	 preferably	 be	 excised	 or	 shortened	 by	 creating	 genetic	

constructs	 comprising	 of	 independently	 autonomous,	 stable	 and	 properly	 folded	 domains	 for	

recombinant	 protein	 expression,	 purification,	 and	 attempts	 at	 crystallization.	 Other	 strategies,	 such	 as	

using	 fusion	 protein	 tags	 to	 increase	 protein	 solubility	 or	 folding	 ability,	 and/or	 co-expression	 with	

partner	proteins	that	overlap	with	regions	of	predicted	disorder,	so	as	to	form	a	stable	complex,	can	also	

be	employed	for	this	purpose.	

	

	 Hence,	 it	 is	 important	 to	 devise	 novel	 strategies	 to	 capture	 DISC1	 protein	 in	 a	 single	

conformational	state	so	as	to	decode	and	characterize	its	structure.		

 

1.6 Hypothesis 
	
	 To	do	so,	we	formed	two	hypotheses,	which	are	as	follows;	

	

1. The	natively	disordered	state	of	N-terminus	of	the	full-length	protein	makes	it	difficult	to	generate	

protein	crystals.	A	surface	entropy	reduction	prediction	showed	that	residues	N-terminal	to	amino	

acid	 300	 are	 highly	 disordered	 (Fig.	 1.4).	 Therefore,	 we	 hypothesize	 that	 the	 truncation	 of	

disordered	N-terminal	 head	 (residues	 1-299)	 from	 the	 full	 length	DISC1	would	be	 instrumental	 in	

obtaining	stable	sample	of	DISC1.		
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Figure	1.4:	N-terminal	truncation	of	the	full	length	DISC1	protein.	Removal	of	the	intrinsically	disorder	N-
terminal	regions,	based	on	surface	entropy,	can	help	us	to	study	the	helical	C-terminus.	

	
2. Generation	of	 a	 stable	binary	 complex	between	DISC1	and	GSK3β	by	 their	 direct	 interaction	may	

help	to	lock	DISC1	in	a	single	conformational	state	(Fig.	1.5).	

	

	
	
	
Figure	1.5:	Capturing	DISC1	in	a	single	conformation	by	generating	a	binary	complex	with	GSK3β.	DISC1	
is	known	to	interact	with	GSK3β	at	two	different	sites;	1-238	in	the	N-terminus	and	356-595	(mouse)37.	
DISC1	acquires	a	specific	conformation	to	be	able	to	bind	to	GSK3β.	
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1.7 Goals of this project 
	
The	overall	aim	of	this	thesis	was	to	achieve	the	following	two	objectives:	

1. Objective	1:	Biochemical	and	structural	 investigation	of	a	N-terminal	 truncated	construct	of	DISC1,	

d300.	

2. Objective	 2:	 Biochemical	 characterization	 of	 the	 full	 length	 DISC1	 in	 the	 form	 of	 a	 stable	 binary	

complex	with	GSK3β.	
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Chapter 2:  Materials  and methods 
	
	 The	 materials	 and	 methods	 that	 were	 used	 to	 carry	 out	 the	 various	 sets	 of	 experiments	 to	

address	the	objectives	of	my	project	will	be	explained	in	detail	in	this	chapter.	This	chapter	will	focus	on	

the	 experimental	 setup	 pertaining	 to	 the	 overexpression,	 purification,	 biochemical	 and	 biophysical	

analysis	as	well	as	structural	investigation	of	all	different	proteins	studied	in	this	project.	

2.1 Constructs and Components 

2.1.1 MBP tagged N-terminal truncated DISC1 (MBPd300) 
	
	 The	plasmid	vector	(Fig.	2.1)	contains	codon	optimized	human	N-terminal	truncated	sequence	for	

DISC1,	which	will	be	referred	to	as	d300	henceforth	and	maltose	binding	protein	(MBP)	tag	following	a	T7	

promoter.	There	is	a	TEV	cleavage	site,	which	separates	the	MBP	tag	from	d300.	The	plasmid	contains	an	

ampicillin	resistance	(AmpR)	gene	for	ease	of	selection.	

	

Figure	2.1:	Plasmid	design	of	pMAL-c4E-DISC1-d300.	The	sequence	coding	for	the	C-terminal	region	(300-
854	aa)	of	human	DISC1	is	coded	into	plasmid	vector	pMAL-c4E.	The	plasmid	is	also	engineered	to	contain	
a	MBP	tag	to	solubilize	the	protein	and	aid	in	affinity	purification.	

2.1.2 MBP tagged ful l- length DISC1 
	
	 The	codon	optimized	human	full-length	DISC1	sequence	was	already	cloned	on	to	a	T7-promoter	

based	vector	 (pMAL-5cE)	with	an	N-terminal	MBP	 tag	before	 I	 joined	 the	 lab	 (Fig.	 2.2).	 The	 tag	 can	be	
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cleaved	off	the	target	protein	due	to	the	presence	of	the	enterokinase	cleavage	site.	

	

Figure	2.2:	Plasmid	design	of	pMAL-c5E-hDisc1fl.	The	gene	coding	for	the	full-length	human	DISC1	(1-854	
aa)	 is	 cloned	 into	 plasmid	 vector	 pMAL-c5E.	 The	 plasmid	 is	 also	 engineered	 to	 contain	 a	 MBP	 tag	 to	
solubilize	the	protein	and	aid	in	affinity	purification.	

2.1.3 Histidine tagged ful l- length GSK3β 
	
	 The	 codon	 optimized	 human	 GSK3β	 sequence	 was	 already	 cloned	 on	 to	 a	 T7-promoter	 based	

vector58	with	an	N-terminal	6xHis-tag	before	I	joined	the	lab.	

2.2 Cells  
	
	 We	 used	 the	 E.	 coli	 strain,	 BL21	 (DE3)	 Star	 as	 our	 host	 system	 to	 express	 this	 protein.	 The	

competent	 cells	 were	 supplemented	 with	 an	 additional	 plasmid,	 protein	 trigger	 factor	 (TF).	 It	 is	 a	

chaperone	 protein	 helps	 prevent	 the	misfolding	 and	 aggregation	 of	 proteins	 and	 is	 critical	 for	 DISC1’s	

expression	 due	 to	 DISC1’s	 propensity	 to	 aggregate.	 This	 plasmid	 contains	 chloramphenicol	 resistance	

(CamR)	gene	to	help	us	identify	the	transformants.	

2.3 Growth media 
	
	 E.	 coli	 transformed	with	 pMAL-c4E_d300	was	 grown	 in	 Luria-Bertani	 (LB)	 Broth	 (10	 g/L	 Bacto-

Tryptone,	5	g/L	NaCl,	10	g/L	yeast	extract)	with	ampicillin	(100	μg/mL)	and	chloramphenicol	(20	μg/mL).	

This	was	incubated	overnight	at	37˚C	to	make	the	seed	culture.	The	seed	culture	was	diluted	1:100	into	
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2xYT	 media	 (16	 g/L	 Bacto-Tryptone,	 5	 g/L	 NaCl,	 10	 g/L	 yeast	 extract)	 with	 ampicillin	 (100	 μg/mL),	

chloramphenicol	(20	μg/mL),	L-arabinose	(3	mg/mL)	and	D-glucose	(3	mg/ml).	

2.4 Overexpression of the different protein constructs 

2.4.1 MBP tagged N-terminal truncated DISC1 (MBPd300) 
	
	 The	 overexpression	 of	 the	 protein	 of	 interest,	MBPd300	was	 done	 by	 growing	 BL21	 (DE3)	 Star	

pTf16	 competent	 cells	 transformed	 with	 pMAL-c4E_d300	 DNA	 in	 2xYT	 media.	 Protein	 expression	 was	

induced	with	0.3	mM	IPTG	at	18°C	when	the	culture	reaches	an	OD600	of	0.6	(mid-log	phase	of	bacterial	

cell	cycle)	and	culture	was	grown	for	a	duration	of	16-18	hours.	The	presence	of	pTf16	plasmid,	induced	

with	L-arabinose	(3	g/L)	and	D-glucose	(3	g/L),	expresses	pTf16	chaperone,	which	helps	in	improving	the	

protein	folding	abilities	of	the	E.	coli	cells.	The	optimized	overexpression	conditions	are	listed	in	Table	2.1.	

	

Table	2.1.	Optimized	overexpression	for	MBPd300.	
Cell	strain	 Media	 Induction	

OD	
IPTG	

concentration	 
Temperature	 Duration	of	

growth	 
Post	induction	 

BL21	DE3	Star	pTf16	 2xYT	 0.6	 0.3	mM	 18	 ̊C	 ON 

 

2.4.2 MBP tagged ful l- length DISC1 
	
	 The	overexpression	of	the	protein	of	interest,	MBPDISC1-flwas	done	by	growing	BL21	(DE3)	Star	

pTf16	competent	cells	transformed	with	pMAL-c5E_hDisc1fl	DNA	in	2xYT	media.	Protein	expression	was	

induced	with	0.3	mM	IPTG	at	18°C	when	the	culture	reaches	an	OD600	of	0.6	(mid-log	phase	of	bacterial	

cell	cycle)	and	culture	is	grown	for	a	duration	of	16-18	hours.	The	presence	of	the	pTf16	plasmid,	induced	

with	L-arabinose	(3	g/L)	and	D-glucose	(3	g/L),	expresses	pTf16	chaperone,	which	helps	in	improving	the	

protein	folding	abilities	of	the	E.	coli	cells.	The	optimized	overexpression	conditions	are	listed	in	Table	2.2.	

	

Table	2.2.	Optimized	overexpression	for	MBPDISC1fl.	
Cell	strain	 Media	 Induction	

OD	
IPTG	

concentration	 
Temperature	 Duration	of	

growth	 
Post	induction	 

BL21	DE3	Star	pTf16	 2xYT	 0.6	 0.3	mM	 18	 ̊	C	 ON 
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2.4.3 Histidine tagged ful l- length GSK3β 
	
	 The	overexpression	protocol	for	this	construct	required	optimization	so	as	to	get	a	good	yield	of	

properly	 folded	 GSK3β	 consistently.	 Different	 induction	 and	 growth	 parameters	 were	 tested	 for	 the	

various	E.	coli	strains	available,	namely	BL21	(DE3)	Star,	Rosetta	2	(DE3)	and	BL21	(DE3)	Star	strain	with	an	

extra	plasmid	pLysS	(prevents	 leaky	expression),	LOBSTR	(low	background	mutant	strain	with	a	reduced	

polyhistidine-tag	 binding	 affinity	 of	 naturally	 histidine-rich	 E.	 coli	 proteins	 such	 as	 ArnA	 and	 SlyD)	 for	

achieving	 this	 goal.	 The	 expression	 of	 the	 target	 protein	 is	 based	 on	 Isopropyl	 β-D-1	

thiogalactopyranoside	(IPTG)	induction	mechanism.	Table	2.3	illustrates	the	different	growth	parameters	

that	we	tried	to	optimize	the	overexpression	process.	

Table2.3.	Overexpression	optimization	for	HisNGSK3β.	

Cell	strain	 Flask	
used	

Media	 Induction	
OD	

IPTG	
concentration	 

Temperature	 Duration	of	
growth	 

Post	induction	 
Rosetta	(DE3)	 Thomson	 TB	 0.2	 0.1	mM	 18	 ̊C	 48	hrs	 
BL21	DE3	Star	

pLysS 
Thomson	 TB	 0.2	 0.1	mM	 18	 ̊C	 48	hrs	 

LOBSTR Thomson	 TB	 0.2	 0.1	mM	 18	 ̊C	 48	hrs 
Rosetta	(DE3)		 Thomson	 TB	 1	 0.1	mM		 18		 ̊C		 48	hrs		
BL21	DE3	Star	

pLysS	
Thomson	 TB	 1	 0.1	mM		 18		 ̊C		 48	hrs		

LOBSTR	 Thomson	 TB	 1	 0.1	mM		 18		 ̊C		 48	hrs	
Rosetta	(DE3)		 Glass	 TB	 0.2	 0.1	mM		 18		 ̊C		 48	hrs		
BL21	DE3	Star	

pLysS	
Glass	 TB	 0.2	 0.1	mM		 18		 ̊C		 48	hrs		

LOBSTR	 Glass	 TB	 0.2	 0.1	mM		 18		 ̊C		 48	hrs	

 

2.4.4 Histidine tagged ful l- length GSK3β and streptactin tagged DISC1 co-
expression construct 
	
	 The	 protein	 construct	 containing	 both	 N-terminal	 His	 tagged	 GSK	 and	 C-terminal	 Strep	 tagged	

DISC1	was	expressed	in	various	E.	coli	strains.	The	E.	coli	strains	used	include	Nico	(DE3),	BL21	(DE3)	Star	

and	BL21	(DE3)	pLysS.	Pilot	study	cultures	of	5	ml	LB	media	with	suitable	antibiotics	(to	screen	and	select	

transformants	based	on	antibiotic	resistance)	were	induced	with	1	mM	IPTG	at	37°C	till	the	OD600	of	the	

culture	was	~0.6	(mid-log	phase	of	bacterial	cell	cycle)	and	grown	for	3	hours.		
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	 The	 induction	 protocol	 was	 tweaked	 to	 optimize	 the	 overexpression	 parameters	 to	 get	 the	

maximum	yield	of	soluble	proteins.	The	optimized	expression	levels	were	obtained	when	BL21	(DE3)	cells	

in	 the	presence	of	 an	additional	 chaperone,	pTf16	were	 induced	at	OD600	0.1-0.2	with	0.1	mM	 IPTG	at	

18°C	and	grown	for	a	period	of	16-18	hours.	Table	2.4	shows	all	the	different	conditions	used	to	optimize	

protein	expression.	

Table2.4.	Overexpression	optimization	for	coexpression	construct.	
Cell	strain	 Media	 Induction	

OD	
IPTG	

concentration	 
Temperature	 Duration	of	

growth	 
Post	induction	 

BL21	Star	(DE3)	 LB	 0.6	 1	mM	 37	 ̊	C	 3	hrs	 
Nico	(DE3)	 LB	 0.6	 1	mM	 37	 ̊	C	 3	hrs	 

BL21	DE3	Star	pLysS LB	 0.6	 1	mM	 37	 ̊	C	 3	hrs	 
BL21	DE3	Star	pTf16	 LB	 0.1-0.2	 0.1mM	 18	 ̊	C	 ON	 
	

	 The	pre	and	post	induction	samples	of	the	same	were	collected	and	run	on	a	10%	SDS	gel	which	

was	then	stained	with	Coomassie	stain	to	visualize	the	presence	of	the	two	proteins.	The	samples	were	

also	 subjected	 to	 western	 blot	 analysis	 by	 incubating	 them	 separately	 with	 Anti-PentaHis	 Alexa	 488	

antibody	(Qiagen,	Cat	No.	1019199)	and	Anti-Strep	MAB	HRP	conjugate	antibody	(IBA,	Cat.	No.	2-1509-

001)	to	verify	the	results.	

2.4.4.1 Solubility testing 
	
	 The	 cultures	were	 spun	down	 (at	 15000	 rpm,	 10	mins,	 4	 ̊C)	 to	 recover	 the	pellets,	which	were	

resuspended	in	a	Lysis	Buffer	(100	mM	Tris	pH	8,	150	mM	NaCl,	protease	inhibitor	tablet,	5	mM	BME)	and	

then	 subjected	 to	 sonication	 (Misonix	 sonicator	 3000	 ultrasonic	 liquid	 processor).	 The	 lysate	was	 then	

centrifuged	at	15000rpm	for	30	mins	at	4	 ̊	C	to	separate	the	soluble	fraction,	the	supernatant	as	well	as	

the	insoluble	fraction.	The	supernatant	and	pellet	samples	were	run	on	a	10%	SDS	gel.	Coomassie	results	

were	 verified	 by	 performing	western	 blot	 analysis	 for	 supernatant	 and	 pellet	with	 Anti-PentaHis	 Alexa	

488	 antibody	 (Qiagen,	 Cat	No.	 1019199)	 and	Anti-Strep	MAB	HRP	 conjugate	 antibody	 (IBA,	 Cat.	No.	 2-

1509-001).	

2.5 Purif ication of the different target proteins 

2.5.1 MBP tagged N-terminal truncated DISC1 (MBPd300) 
2.5.1.1 Cell lysis 
	
	 The	cell	pellets,	 stored	at	 -80	 ̊	C,	was	 lysed	 in	30	mL	of	Lysis	Buffer	 (50	mM	Tris	pH	8,	400	mM	

NaCl,	1	mM	EDTA,	10	mM	DTT)	by	sonication	to	isolate	soluble	target	proteins.	The	lysate	was	spun	down	
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at	 51,536	 g	 (22,000	 rpm	 using	 F50L-8x39)	 for	 an	 hour	 using	 an	 ultracentrifuge.	 The	 supernatant	 was	

collected,	and	pellet	was	resuspended	in	8	M	urea	(denaturant).		

2.5.1.2 Multi-column chromatography strategy 
	
	 We	used	an	already	published	protocol	 for	purifying	 the	protein,	MBPd30025.	 The	 supernatant,	

obtained	after	cell	lysis,	was	diluted	(1:5)	with	Buffer	A	(50	mM	Tris	pH	8,	200	mM	NaCl,	10	mM	MgCl2,	8%	

glycerol	 and	0.25%	NP-40).	 The	 sample	was	 loaded	onto	 two	MBP	HiTrap	5	mL	 columns	 (connected	 in	

series)	and	washed	with	20	column	volumes	of	Wash	Buffer	1	(50	mM	Tris	pH	8,	400	mM	NaCl,	10	mM	

MgCl2,	8%	glycerol	and	0.25%	NP-40),	Wash	Buffer	2	(50	mM	Tris	pH	8,	500	mM	Na2SO4,	10	mM	MgCl2)	

and	Wash	Buffer	3	(50	mM	Tris	pH	8,	150	mM	KCl,	10	mM	MgCl2	and	5	mM	ATP).	It	was	then	eluted	with	

maltose	elution	buffer	(50	mM	Tris	pH	8,	100	mM	NaCl,	5	mM	MgCl2,	0.5	mM	DTT	and	30	mM	maltose).	

The	samples	were	then	run	on	10%	SDS-PAGE	gels	and	were	stained	using	Coomassie	Brilliant	Blue	(CBB)	

stain.	 The	 eluted	 proteins	were	 diluted	with	 a	 Dilution	 Buffer	 (25	mM	 Tris	 pH	 8,	 5	mM	DTT	 and	 20%	

glycerol)	 to	 bring	 the	 final	 salt	 concentration	 to	 50	mM.	MBPd300	 protein	 was	 further	 purified	 using	

anion	exchange	chromatography.	The	protein	sample	was	applied	onto	a	Resource-Q	6	mL	column.	It	was	

washed	with	20	column	volumes	of	Resource-Q	Buffer	A	(25	mM	Tris	pH	8,	30	mM	NaCl,	5	mM	DTT	and	

20%	glycerol)	and	then	eluted	with	Resource-Q	Buffer	B	(25	mM	Tris	pH	8,	750	mM	NaCl,	5	mM	DTT	and	

20%	 glycerol).	 SDS	 PAGE	 was	 performed	 to	 analyze	 the	 eluted	 protein.	 The	 protein	 was	 then	

concentrated	 using	 a	 stirred	 ultrafiltration	 cell.	 SDS-PAGE	 gel	 was	 run	 and	 stained	 to	 observe	 the	

concentrated	protein.	The	concentrated	protein	was	then	loaded	onto	a	gel	filtration	column,	Superdex	

200	Increase	10/300	(MWCO	600	kDa).	The	protein	was	eluted	with	an	elution	buffer	(25	mM	Tris	pH	8,	

500	 mM	 KCl,	 5	 mM	 MgCl2,	 5	 mM	 TCEP).	 Later,	 Superdex	 200	 increase	 10/300	 GL	 column	 with	 a	

fractionation	 range	 of	 10-600	 kDa	 (from	 the	 last	 preparation)	 was	 replaced	 by	 Superose	 6	 Increase	

column	with	larger	fractionation	range	of	5	–	5000	kDa.	This	would	help	in	ensuring	that	the	proteins	are	

properly	 resolved	 through	 the	 column	 and	 since	 the	 size	 of	 the	 protein	 moieties	 fall	 within	 the	

fractionation	size	of	the	new	column,	they	do	not	come	out	in	the	void	volume.	The	elutions	were	then	

run	on	an	SDS	PAGE	gel	to	check	whether	the	impurity	was	removed	by	gel	filtration.		

2.5.1.3 Optimization of gel filtration (GF) buffer 
	
	 To	optimize	the	purification	profile,	we	tried	varying	the	buffer	composition	(salt	concentration,	

presence/absence	of	5%	glycerol	and	pH)	of	gel	filtration	buffer	and	observe	the	stability	of	protein	in	the	

GF	 buffer	 and	 the	 separation	 of	 its	 oligomerization	 states.	 Various	 gel	 filtration	 buffers	 were	 tried	 to	

standardize	the	existence	of	MBPd300	in	a	single	oligomerization	state.	
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2.5.1.4 Tag cleavage using TEV protease 
	
	 TEV	 cleavage	of	 the	Resource	Q	elution	was	done	using	TEV	protease	at	 an	enzyme	 to	protein	

ratio	 of	 1:5	 to	 remove	 the	MBP	 tag	 from	 the	 protein	 sample.	 Two	 different	 incubation	 periods	 were	

tested	to	check	for	the	complete	cleavage	of	MBPd300.	The	sample	was	tested	on	a	SDS	gel	prior	to	and	

after	TEV	treatment	to	confirm	the	enzymatic	cleavage	of	the	target	protein.	

2.5.1.5 Concentration of cleaved protein and gel filtration 
	
	 The	sample,	post	TEV	cleavage,	was	concentrated	using	an	Omega	43MM	30K	MWCO	membrane	

(OM030043)	 in	 a	Millipore	Amicon	 stirred	ultrafiltration	 cell	 (Model	8050,	Cat.	no.	5122)	 concentrator.	

Protein	sample	was	subjected	to	size	exclusion	chromatography	using	GF	buffer	#1	(25	mM	Tris	pH	8,	500	

mM	KCl,	5	mM	MgCl2,	5	mM	TCEP),	at	different	protein	concentrations,	on	a	Superose	6	Increase	10/300	

L	column	(GE:	29-0915-96).	

2.5.1.6 Concentration of pure N-terminal truncated DISC1 (d300) 
	
	 The	GF	fractions	containing	the	pure	protein	was	pooled	and	concentrated	with	an	Omega	43MM	

30K	MWCO	membrane	 (OM030043)	using	 the	Millipore	Amicon	stirred	ultrafiltration	cell	 (Model	8050,	

Cat.	no.	5122)	concentrator.	

2.5.2 MBP tagged ful l- length DISC1 
	
	 The	overall	scheme	for	purification	of	the	protein	construct,	MBPDISC1-fl	was	more	or	less	similar	

to	that	of	MBPd300	purification	with	the	following	modifications:	

2.5.2.1 Cell lysis 
	
	 30	ml	Lysis	buffer	(50	mM	Tris	pH	8,	400	mM	NaCl,	1	mM	EDTA,	10	mM	DTT,	protease	inhibitor	

tablet)	was	used	to	resuspend	8	g	of	cell	pellet	and	lysis	was	done	by	passing	it	through	a	cell	disrupter	

(Constant	cell	disruption	system:	E1061)	with	35	kPsi	 force	thrice	to	 isolate	soluble	target	proteins.	The	

lysate	is	then	spun	down	at	51,536	g	(22,000	rpm	using	F50L-8x39)	for	an	hour	using	an	ultracentrifuge	

and	the	supernatant	obtained	was	filtered	through	cheese-cloth	as	it	was	cloudy.	

2.5.2.2 Affinity chromatography 
	
	 One	volume	of	supernatant	was	diluted	with	5	volumes	of	MBP	buffer	A	(50	mM	Tris	pH	8,	400	

mM	NaCl,	1	mM	EDTA,	10	mM	DTT)	and	loaded	onto	a	MBPTrap	HP	2x5	ml	column	(bed	volume	10	ml)	

(GE:	28-9187-80).	The	sample	was	washed	with	20	column	volumes	(CV)	of	MBP	buffer	A	(50	mM	Tris	pH	
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8,	400	mM	NaCl,	1	mM	EDTA,	10	mM	DTT)	and	the	protein	was	eluted	with	elution	buffer,	MBP	buffer	B	

(50	mM	Tris	pH	8,	100	mM	NaCl,	1	mM	EDTA,	10	mM	DTT	and	30	mM	maltose).	

2.5.2.3 Anion exchange chromatography 
	
	 The	MBP	elutions	were	pooled	and	diluted	2	 times	with	a	dilution	buffer	 (25	mM	Tris	pH	8,	10	

mM	DTT)	to	bring	down	the	salt	concentration	from	100	mM	to	50	mM	NaCl.	The	salt	concentration	 is	

brought	 down	 so	 as	 to	 help	 the	 protein	 sample	 to	 bind	 to	 column.	 As	 the	 ionic	 strength	 is	 increased	

gradually	along	a	gradient	during	elution,	the	protein	sample	is	released	from	the	column	into	the	elution	

fractions.	The	MBP	sample	pool	was	loaded	onto	a	Resource	Q	column	(bed	volume	6	ml)	(GE:	17-1179-

01),	 equilibrated	with	 20CV	of	 Resource	Q	buffer	 A	 (25	mM	Tris	 pH	 8,	 30	mM	NaCl,	 10	mM	DTT)	 and	

washed	with	10%	of	Resource	Q	Buffer	B	(25	mM	Tris	pH	8,	750	mM	NaCl,	10	mM	DTT).	The	protein	was	

eluted	along	a	concentration	gradient	of	20%	to	70%	of	Buffer	B	for	35	CV.		

2.5.2.4 Concentration of resource Q elution and gel filtration 
	
	 The	 Resource	 Q	 elution	 was	 pooled	 and	 concentrated	 using	 an	 Omega	 43MM	 30K	 MWCO	

(OM030043)	 in	 a	Millipore	Amicon	 stirred	ultrafiltration	 cell	 (Model	8050,	Cat.	no.	5122)	 concentrator.	

Protein	sample	was	loaded	onto	a	Superose	6	Increase	10/300L	column	(GE:	29-0915-96)	for	gel	filtration.	

A	 solvent	 screen	 (Hampton	 Solubility	 &	 Stability	 Screen	 2,	 Cat	 No.	 HR2-413)	 optimized	 the	 buffer	

composition	 for	 size	 exclusion	 chromatography.	 The	 effect	 of	 pH	 and	 salt	 concentration	 on	

aggregation/oligomerization	state	of	MBP-DISC1fl	Resource	Q	elution	pool	was	analyzed.	This	was	done	

using	Dynamic	Light	Scattering	technique	(Wyatt	DynaPro	Plate	Reader	II).	

2.5.2.5 Gel filtration and concentration of GF fractions 
	
	 Size	exclusion	chromatography	was	repeated	for	the	concentrated	protein	sample	with	the	new	

GF	 buffer	 #7	 (50	mM	Tris	 pH	 7.5,	 0.8	M	NaCl,	 5	mM	MgCl2,	 0.01%	 Tween20,	 1	mM	TCEP),	which	was	

optimized	based	on	the	DLS	data.	The	GF	fractions	were	then	pooled	and	concentrated.	

2.5.3 Histidine tagged ful l- length GSK3β 
	
	 This	was	 a	 group	 project	 for	 the	whole	 lab	where	 I	was	 focused	 on	 doing	 a	 batch	 purification	

using	 loose	NiNTA	 resin	 at	 a	 small-scale	 level	 to	 evaluate	 the	 protein	 expression	 levels	 for	 each	 batch	

while	Dr.	Leung	and	Narsimha	Pujari,	another	student,	were	responsible	for	the	optimization	of	the	large-

scale	purification.	
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2.5.3.1Cell lysis 
	
	 1.5	ml	 lysis	 buffer	 (50	mM	Tris	 pH	7.5,	 300	mM	NaCl,	 20	mM	 imidazole,	 5%	glycerol,	 protease	

inhibitor	tablet)	was	used	to	resuspend	0.5	g	of	cell	pellet.	The	resuspension	was	subjected	to	sonication	

to	 isolate	soluble	target	proteins.	The	 lysate	was	then	spun	down	at	15,000	g	for	30	minutes.	The	total	

cell	lysate	and	supernatant	soluble	(fractions)	was	collected.	

2.5.3.2 Small scale batch purification using NiNTA resin 
	
	 The	 supernatant	was	 tumbled	with	50	µl	 of	 equilibrated	 loose	NiNTA	at	 4°C	 for	 1	hour.	 It	was	

then	spun	down	at	2000	g	and	flow-thorough	(FT)	was	collected.	The	protein,	which	should	be	bound	to	

the	resin,	was	washed	with	equilibration	buffer	(W)	(50	mM	Tris	pH	7.5,	300	mM	NaCl,	20	mM	imidazole,	

5%	glycerol)	and	a	low	salt	buffer	(LW)	(50	mM	Tris	pH	7.5,	50	mM	NaCl,	20	mM	imidazole,	5%	glycerol).	

The	protein	was	finally	eluted	5	times	with	50	µl	elution	buffer	 (50	mM	Tris	pH	7.5,	300	mM	NaCl,	250	

mM	 imidazole,	 5%	 glycerol)	 and	was	 pooled	 into	 a	 single	 tube.	 The	 samples:	 lysate	 (Lys),	 Supernatant	

(Sup)	and	Flow-through	(FT),	wash	(W),	 low	salt	wash	(LW)	and	Elutions	(E)	were	analyzed	by	SDS-PAGE	

(Lys,	Sup	and	FT	were	in	1:10	dilution).	

2.5.4 Histidine tagged ful l- length GSK3β and streptactin tagged DISC1 co-
expression construct 
	
2.5.4.1 Batch purification 
	
	 A	small-scale	gravity	flow	chromatography	was	performed	to	test	the	accessibility	of	the	affinity	

tags	present	on	GSK3β	and	DISC1	proteins,	namely	6xHistidine	(His)	and	streptavidin	(Strep)	respectively.	

The	agenda	was	 to	check	 the	accessibility	of	 these	 tags	 to	an	external	 column/resin	when	 the	proteins	

have	been	folded	into	stable	functional	and	native	conformations.	Here,	1.5	µml	of	supernatant	(obtained	

by	 the	 centrifuging	 the	 total	 cell	 lysate)	 was	 manually	 added	 to	 50µl	 equilibrated	 loose	 resin.	 Two	

separate	 resins,	 namely	 NiNTA	 and	 streptavidin,	 were	 used	 in	 this	 experiment.	 The	 sample	 was	 then	

washed	with	the	corresponding	equilibration	buffers	(composition	is	the	same	as	that	used	in	large	scale	

purification	described	below)	 and	 then	eluted	with	 the	 respective	 elution	buffers	with	 imidazole	being	

the	eluent	in	NiNTA	mediated	purification	and	desthiobiotin	in	the	Strep	based	purification.	

2.5.4.2 Cell lysis 
	
	 20	ml	lysis	buffer	(100	mM	Tris	pH	8,	150	mM	NaCl,	5	mM	β–mercaptoethanol	(BME),	protease	

inhibitor	tablet)	was	used	to	re-suspend	10	g	of	cell	pellet.	The	resuspension	was	subjected	to	sonication	
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to	isolate	soluble	target	proteins.	The	lysate	is	then	spun	down	at	51,536	g	(22,000	rpm	using	F50L-8x39)	

for	an	hour	using	an	ultracentrifuge	and	the	supernatant	is	recovered	for	further	processing.	

 
2.5.4.3 Affinity chromatography with Strep tag	
	 The	supernatant	was	loaded	onto	a	StrepTrap	HP	1	ml	column	(bed	volume	1	ml)	(GE:	28907546).	

The	MBP	Affinity	 chromatography	method	 consisted	 of	 two	 identical	washes	with	 40	 column	 volumes	

(CV)	 of	 equilibration	buffer,	 Streptavidin	Buffer	A	 (100	mM	Tris	 pH	8,	 150	mM	NaCl,	 5	mM	BME).	 The	

elution	 buffer,	 Streptavidin	 Buffer	 B	 (100	 mM	 Tris	 pH	 8,	 150	 mM	 NaCl,	 5	 mM	 BME,	 6.25	 mM	

desthiobiotin)	was	used	to	elute	the	protein	from	the	column.	

2.5.4.4 Affinity chromatography with His tag 
	
	 Selected	 elutions	 with	 maximum	 protein	 (based	 on	 the	 band	 thickness	 and	 intensity	 of	 the	

sample	when	run	on	a	10%	SDS	gel)	were	pooled	and	loaded	onto	a	HisTrap	FF	1	ml	column	(bed	volume	

1	ml)	(GE:	17531901)	and	equilibrated	with	20CV	of	NiNTA	Buffer	A	(50	mM	Tris	pH	8,	300	mM	NaCl,	20	

mM	imidazole,	5	mM	DTT).	The	protein	was	eluted	with	10	CV	of	elution	buffer,	NiNTA	Buffer	B	(50	mM	

Tris	pH	8,	300	mM	NaCl,	250	mM	imidazole,	5	mM	DTT).	

2.5.4.5 Dynamic light scattering 
	
	 A	DLS	test	was	performed	on	the	sample	to	analyze	the	nature	of	the	particles	within	the	sample	

at	 different	 stages	 of	 purification.	 These	 tests	 also	 give	 us	 the	 vital	 information	 regarding	 the	 buffer	

composition	 required	 to	 maintain	 the	 protein	 stability	 and	 integrity	 throughout	 the	 downstream	

processing	steps.	

2.5.4.6 Concentration of the protein sample and gel filtration 
	
	 The	sample,	post	NiNTA	purification,	was	concentrated	using	an	Amicon	ultra	0.5ml	concentrator	

with	 Molecular	 Weight	 Cut-Off	 (MWCO)	 of	 10	 K.	 Protein	 sample	 was	 subjected	 to	 size	 exclusion	

chromatography	using	GF	buffer	 (50	mM	Tris	pH	7.5,	150	mM	NaCl,	5	mM	MgCl2,	0.005%	Tween	20,	1	

mM	TCEP),	 at	 protein	 concentration	of	 ~1	mg/ml,	 on	 a	 Superose	 6	 Increase	 10/300	 L	 column	 (GE:	 29-

0915-96).	

2.6 Biophysical  and biochemical analysis of target proteins 

2.6.1 MBP tagged ful l- length DISC1 
2.6.1.1 Multi-angle light scattering size exclusion chromatography (MALS- SEC) 
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	 The	SEC-MALS	instrument	was	calibrated	with	Bovine	Serum	Albumin	(BSA).	We	loaded	our	pure	

protein	samples	onto	the	Superose	6	Increase	10/300	L	column	(GE:	29-0915-96).	The	gel	filtration	(GF)	

buffer	(25	mM	Tris	pH	8,	500	mM	KCl,	5	mM	MgCl2,	5	mM	TCEP)	was	used	as	the	mobile	phase	for	SEC.	As	

soon	 as	 the	 sample	 was	 injected,	 the	 Wyatt	 MiniDAWN	 Treos	 MALS	 Detector	 (Wyatt	 Technology)	

detected	 an	 auto-inject	 signal	 and	 started	 to	 collect	 the	 data.	 The	 data	 from	 the	 combined	 process	

correlated	 the	peaks	 in	 the	 chromatogram	 (SEC	based)	with	 the	 size	distribution	 curves	obtained	 from	

MALS.		

2.7 Structural  investigation of DISC1 subdomains 
	
2.7.1 Crystallization 
	
	 We	 set	 up	 two	 96	 well	 wide	 screen	 crystallization	 screens	 namely	 JCSG+	 suite	 (Molecular	

Dimensions,	 cat	 no:	MD1-37)	 and	 LMB	 screen	 (Molecular	 Dimensions,	 cat	 no:	MD1-98)	 for	 pure	MBP	

tagged	N-terminal	 truncated	DISC1	 sample.	 The	 Crystal	 Gryphon	 (ARI	 robot)	was	 used	 to	 dispense	 the	

screen	solution	as	well	as	the	sample	into	each	well	of	a	96	well	Intelli-plate.	
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Chapter 3:  Biochemical  and structural  investigation of a N-
terminal  truncated construct of  DISC1, d300 

3.1 Rationale 
	
	 The	 lack	 of	 homology	 with	 known	 proteins	 has	 hindered	 any	 attempts	 to	 define	 domain	

composition	and	the	native	structure	of	DISC1.	Understanding	the	biochemical	and	biophysical	properties	

of	DISC1	subdomains	will	allow	us	to	understand	its	function	as	a	scaffolding	protein	and	to	design	better	

DISC1	constructs	for	suitable	for	structural	investigation.	

3.2 Overview 
	
	 The	truncation	of	disordered	N-terminal	head	from	the	full	length	DISC1	would	be	instrumental	in	

characterizing	 the	 structure	 of	 the	 protein	 domains	 in	 the	 predicted	 coiled-coil	 C-terminal	 region.	 This	

chapter	 will	 focus,	 in	 detail,	 on	 the	 overexpression	 conditions	 required	 to	 express	 the	MBPd300	 in	 a	

soluble	form	and	the	optimization	of	the	purification	protocol	to	get	the	maximum	yield	of	relatively	pure	

protein.	The	biochemical	and	biophysical	characteristics	of	the	target	protein	will	also	be	discussed	in	this	

chapter.		

3.3 Results 

3.3.1 Overexpression of MBP-tagged N-terminal truncated DISC1, MBPd300 
	
	 MBPd300	was	overexpressed	 in	BL21DE3	Star	 cells	using	2xYT	media	 (100	µg/mL	ampicillin,	 20	

µg/mL	chloramphenicol,	3	g/L	arabinose	and	3	g/L	glucose)	as	the	growth	media	in	4	L	glass	Erlenmeyer	

flasks	as	the	growth	vessel.	The	competent	cells	were	supplemented	with	an	additional	plasmid,	protein	

trigger	 factor	 (TF).	 It	 is	 a	 chaperone	protein	 that	helps	 in	preventing	 the	misfolding	and	aggregation	of	

proteins	and	is	critical	for	DISC1’s	expression	due	to	DISC1’s	propensity	to	aggregate.	Protein	expression	

was	induced	at	OD600=0.6	with	0.15	mM	IPTG	and	growth	duration	of	24	hours.	12	L	of	the	above	culture	

produced	a	yield	of	72-75	g	(6-6.25	g/L)	of	cell	pellet.	We	were	able	to	harvest	about	231	µg	of	relatively	

pure	protein	 from	1	 L	of	bacterial	 cultures.	 Thus,	we	were	able	 to	optimize	 the	growth	 conditions	and	

parameters	for	the	target	protein	(Fig.	3.1).		
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Figure	3.1:	Confirmation	of	MBPd300	protein	expression	on	a	10%	SDS	gel.	The	band	corresponding	to	
MBPd300	(100	kDa)	can	be	clearly	observed	 in	the	post	 induction	sample	 in	the	Coomassie	stained	gel.	
There	is	no	leaky	protein	expression	as	seen	in	significant	difference	in	the	band	thickness	in	the	sample	
before	and	after	IPTG	induction.	

3.3.2 Purif ication of MBP-tagged N-terminal truncated DISC1 
	
3.3.2.1 Reproducing published protocol 
	
	 The	 purification	 protocol	 was	 adapted	 from	 a	 previously	 published	 paper25	 and	 consisted	 of	 a	

successive	 sequential	 multi-column	 chromatography	 strategy,	 which	 was	 successful	 in	 purifying	 full-

length	DISC1	with	an	associated	maltose	binding	protein	(MBP)	tag.	

	

	 Affinity	 chromatography	 of	 the	 protein	 sample	 on	MBP	 HiTrap	 (2x5mL)	 columns	 showed	 that	

MBPd300	was	eluted	at	30	mM	concentration	of	maltose.	A	single	peak	was	observed	during	the	elution.	

Subsequent	 SDS-PAGE	 gel	 electrophoresis	 (Fig.	 3.2)	 indicated	 good	 MBPd300	 expression,	 but	 75	 kDa	

contaminant	 remained	 stuck	 to	 the	 105	 kDa	 MBPd300	 protein.	 We	 tried	 washing	 the	 sample	 with	 3	

different	wash	buffers	WB1,	WB2	and	WB3.	Out	of	these,	only	WB2	(50	mM	Tris	pH	8,	500	mM	Na2SO4,	

10	mM	MgCl2)	seemed	to	make	the	elution	look	cleaner.	
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Figure	3.2:	Affinity	chromatography	of	MBPd300	using	two	5ml	MBP	column	connected	in	series:	The	
Coomassie	stained	SDS	gel	showed	that	high	levels	of	MBPd300	in	the	elutions	(2A1-2A5).	W1,	W2,	W3	
and	W4	 indicate	washes	with	MBP	 buffer	 A,	WB1,	WB2	 and	WB3	 respectively.	 The	washes	with	MBP	
buffer	A,	WB1,	WB3	do	not	 seem	 to	 remove	any	 impurities.	WB2	 is	effective	 in	 removing	 some	of	 the	
endogenous	E.coli	contaminants.	The	75	kDa	contaminant	persisted	even	after	the	purification.	

	
	 The	MBP	elutions	upon	anion	exchange	chromatography	using	Resource	Q	(RSQ)	column	showed	

a	single	steep	peak	indicating	the	elution	of	the	protein	from	the	column	(Fig.	3.3	A).	Coomassie	stained	

SDS	gel	 (Fig.	3.3	B)	of	the	Resource	Q	samples	showed	that	most	of	the	 impurities	were	still	associated	

with	 the	 target	 protein,	 MBPd300,	 suggesting	 that	 Resource	 Q	 purification	 step	 does	 not	 aid	 in	 the	

further	purification	of	the	sample.	

	
	

(A)	
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Figure	 3.3:	 Anion	 exchange	 chromatography	 of	 MBPd300	 using	 a	 6ml	 Resource	 Q	 (RSQ)	 column.	
MBPd300	is	eluted	along	a	linear	gradient	from	30%	to	70%	Resource	Q	Buffer	B	and	a	final	step	elution	
at	 100%	 B.	 The	 MBPd300	 protein	 comes	 out	 of	 the	 column	 as	 a	 single	 peak	 as	 shown	 in	 the	
chromatogram	(top	picture).	In	the	chromatogram,	the	blue	line	indicates	protein	UV	absorbance	(mAU)	
and	the	brown	line	indicates	conductivity	(mS/cm)	due	to	the	ionic	strength	of	the	buffers	passed	during	
through	the	AKTA	machine.	The	green	 line	denotes	the	concentration	of	the	elution	buffer	through	the	
system.	The	Coomassie	stained	SDS	gel	showed	that	most	of	MBPd300	eluted	in	the	elutions	(1A1,	1A2).	

	 We	attempted	size	exclusion	chromatography	using	Superdex	200	Increase	10/300	GL	column	to	

purify	MBPd300	and	remove	the	existing	contaminants	based	on	the	differences	in	their	molecular	size.	

Most	of	 the	MBPd300	protein	came	out	 in	 the	void	volume	of	 the	column	(Fig.3.4	A-B),	 thus	bypassing	

any	attempts	of	resolving	and	separating	our	protein	from	the	rest	of	the	impurities.		

	

	

	

(B)	

(A)	
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Figure	3.4:	Purification	of	concentrated	MBP	elutions	from	Resource	Q	column	by	gel	filtration.	The	GF	
chromatogram	 showed	 three	 distinct	 peaks,	 two	 of	 them	 came	 out	 in	 the	 void	 volume	 indicating	 the	
particles	are	bigger	than	the	resolution	limit	of	the	column.	The	large	size	of	the	particles	could	be	due	to	
either	 oligomerization	 or	 aggregation.	 The	 gel	 image	 showed	 that	 the	 remaining	 contaminants	 still	
associate	with	the	target	protein,	MBPd300	rendering	the	size	exclusion	chromatography	using	Superdex	
column	as	ineffective.	

	 	

The	post	GF	fractions	were	pooled	and	concentrated	to	10	mg/ml	using	the	stir	cell	and	the	concentrated	

sample	was	run	on	a	SDS	gel	(Fig.	3.5).	

	

Figure	3.5:	Coomassie	stained	SDS	gel	image	of	the	final	MBPd300	sample.	The	gel	confirmed	that	the	
concentrated	protein	is	relatively	pure	and	can	be	used	to	set	up	a	crystallization	screen.	

(B)	

GF	fractions	
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Summary of the first purification attempt from published protocol. 
	
	 Though	 we	 followed	 the	 previously	 published	 protocol25	 to	 purify	 MBPd300,	 we	 found	 that	

certain	 modifications	 were	 needed	 to	 make	 the	 purification	 process	 more	 efficient	 and	 less	 time-

consuming.	

	

Some	of	the	findings	from	this	attempt	include	the	likely	ineffectiveness	of	washes	WB1	(50	mM	Tris	pH	8,	

400	mM	NaCl,	10	mM	MgCl2,	8%	glycerol	and	0.25%	NP-40)	and	WB3	(50	mM	Tris	pH	8,	150	mM	KCl,	10	

mM	MgCl2	and	5	mM	ATP)	employed	during	MBP	purification	in	making	the	elutions	cleaner.	

	

	 It	was	also	noted	that	Resource	Q	did	not	significantly	 improve	the	overall	purity	of	the	protein	

sample	when	 compared	 to	 the	MBP	 elutions.	 So	 it	 would	 be	 useful	 to	 bypass	 the	 Resource	Q	 affinity	

purification	and	subject	the	MBP	elutions	directly	to	gel	 filtration	to	remove	further	contaminants.	This	

would	speed	up	the	purification	procedure.	

	

	 The	 protein	 sample,	 upon	 gel	 filtration	 using	 Superdex	 200	 Increase	 10/300GL	 column	 with	 a	

fractionation	 range	 of	 10-600	 kDa,	was	 found	 to	 be	 coming	 out	 in	 the	 void	 volume.	 The	 fact	 that	 the	

protein	 molecules	 were	 larger	 than	 the	 fractionation	 limit	 of	 the	 column	 made	 it	 difficult	 to	 identify	

whether	they	were	oligomers	or	aggregates.	Also,	DISC1	protein	has	the	tendency	to	associate	and	form	

higher	molecular	weight	oligomers,	which	may	not	be	conducive	to	the	resolving	power	of	the	Superdex	

column.	Hence	 the	 size	 exclusion	 chromatography	 of	 the	 protein	 sample	would	 require	 a	 gel	 filtration	

column	with	a	higher	fractionation	limit.	

	

3.3.2.2 Bypassing anion exchange chromatography and changing the gel filtration column 
	
	 Based	on	the	above	observations	that	wash	buffers,	WB1	and	WB3	did	not	improve	the	purity	of	

the	protein;	we	decided	to	remove	these	wash	buffers	when	comparing	the	purification	results.	MBPd300	

was	eluted	in	a	single	peak	after	MBP	affinity	chromatography	(Fig.	3.6)	and	was	run	on	a	10%	SDS	gel.	

The	gel	image	(Fig.	3.7)	shows	that	removing	the	washes	with	WB1	and	WB3	did	not	affect	the	purity	of	

the	elutions.	
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Figure	3.6:	MBP	affinity	chromatogram	of	MBPd300.	The	x-axis	of	the	graph	indicates	the	volume	(in	ml)	
and	y-axis	represents	the	absorbance	(measured	in	mAU).	The	protein	concentration	(UV280)	is	marked	
in	blue;	concentration	of	MBP	Buffer	B	is	shown	in	green	and	eluted	protein	fractions	are	colored	in	red.	
The	flow-thorough	(FT)	and	washes	with	MBP	Buffer	A	and	WB2	was	done	manually,	hence	not	shown	in	
the	 figure.	The	sample	was	washed	 immediately	with	a	 low	salt	wash	 (LW)	as	shown	 in	 the	 figure.	The	
protein	was	eluted	at	100%	MBP	Buffer	B.	Single	peak	indicating	the	elution	of	protein	was	observed.	

	

	

Figure	3.7:	MBP	elutions	run	on	a	10%	SDS	gel.	Thick	band	corresponding	to	105	kDa	is	observed	in	the	
elution	 A1.	 The	 elutions	 look	more	 diluted	 than	 the	 previous	 experiment	 because	 less	 amount	 of	 cell	
pellet	was	lysed.	
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	 The	 published	 purification	 protocol	 was	 also	 changed	 in	 the	 current	 trial	 so	 as	 to	 skip	 anion	

exchange	chromatography	after	affinity	purification	to	test	whether	it	improved	the	overall	purity	of	the	

sample,	when	 compared	 to	 the	MBP	 affinity	 purification.	MBP	 elutions	were	 thus	 pooled	 and	 directly	

subjected	to	size	exclusion	chromatography	to	resolve	and	separate	pure	MBPd300	from	the	remaining	

contaminants.	 The	 GF	 fractions	 had	 more	 contaminants	 than	 that	 obtained	 during	 previous	 attempt.	

Hence,	skipping	anion-exchange	chromatography	on	Resource	Q	prior	to	final	gel	filtration	proved	to	be	

detrimental	 to	 the	overall	 process	 (Fig.	 3.4	 vs.	 Fig.	 3.8	B).	On	 the	 contrary,	 the	 SDS	gel	 of	GF	 fractions	

without	a	preceding	anion	exchange	chromatography	showed	that	the	overall	purity	of	the	fractions	was	

detrimentally	affected,	as	there	was	considerable	amount	of	contamination	or	degradation	in	comparison	

with	the	previous	preparation,	which	included	a	Resource	Q	anion	exchange	chromatography,	prior	to	gel	

filtration.	

	

	 As	MBPd300	was	eluting	in	the	void	of	the	Superdex	200	Increase,	which	has	a	fractionation	limit	

of	200	kDa,	this	suggested	that	MBPd300	existed	in	a	higher	order	oligomer	(as	monomeric	should	be	105	

kDa)	or	it	had	aggregated.	Thus,	we	switched	the	gel	filtration	column	to	Superose	6,	which	has	a	higher	

fractionation	limit	of	5,000,000	kDa.	MBPd300	eluted	in	a	peak	with	2	shoulders	beyond	the	void	volume.	

Therefore,	MBPd300	was	not	aggregated	but	existed	 in	a	mixture	of	3	different	oligomerization	 states.	

The	 protein	 existed	 in	 the	 form	 of	 3	 different	 oligomerization	 states	 (indicated	 by	 3	 peaks	 in	 the	

chromatogram).	The	main	peak	(second)	eluted	at	volume	of	13.02	ml	and	had	two	shoulders	at	11.99	ml	

and	14.57	ml	respectively	(Fig.	3.8	A).	Upon	running	the	elutions	on	a	10%	SDS	gel,	MBPd300	can	be	seen	

in	almost	all	 the	 fractions	 (from	1E6	 to	2A11)	but	 fractions	1G9,	1G10	and	1G11,	 corresponding	 to	 the	

main	peak	at	13.02	ml,	gives	higher	band	intensity	(Fig.3.8	B).		
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Figure	 3.8:	 Size	 exclusion	 chromatography	 profile	 of	MBPd300	with	 a	 high	 salt	 buffer	 of	 pH	 8	 on	 a	
Superose6	 column.	 (A)	 The	 x-axis	 of	 the	 graph	 represents	 the	 volume	 (in	ml)	 and	 y-axis	 indicates	 the	
absorbance	 (measured	 in	 mAU).	 The	 protein	 concentration	 (UV280)	 is	 marked	 in	 blue	 and	 injection	
chromatogram	 is	 indicated	 in	 pink.	 The	 protein	 comes	 off	 the	 column	 in	 3	 peaks	 corresponding	 to	 its	
three	oligomerization	states.	The	first	and	third	peaks	are	more	like	shoulders	of	the	predominant	second	
peak.	The	highest	concentration	of	the	protein	is	observed	in	fraction	1G10.	(B)	The	gel	images	show	that	
MBPd300	 can	 be	 seen	 in	 all	 the	 elutions	 belonging	 to	 3	 peaks	 but	 fractions	 1G6	 to	 1G12	have	 thicker	
bands	at	105	kDa	indicating	the	presence	of	maximum	protein.	
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3.3.2.3 Optimization of buffer composition for gel filtration buffer 
	
	 Previous	bid	at	getting	the	pure	protein	via	gel	filtration	resulted	in	the	protein	coming	out	as	a	

mixture	 of	 population	 in	 different	 oligomeric	 states	 within	 the	 same	 fractions	 as	 indicated	 by	 the	

chromatogram	 (Fig.3.8	 A).	 The	 idea	 behind	 varying	 the	 gel	 filtration	 buffer	 ingredients	 and	 their	

concentration	was	to	optimize	the	buffer	used	for	size	exclusion	chromatography	so	as	to	get	the	protein	

in	a	homogenous	single	oligomerization	state.	This	would	help	to	analyze	the	biochemical	and	biophysical	

nature	of	the	C-terminal	region	of	DISC1	(MBPd300)	and	also	for	subsequent	structural	characterization.	

	

	 Buffer	 composition	 of	 the	 GF	 buffers	 was	 tested	 in	 terms	 of	 their	 salt	 concentration,	 pH	 and	

presence	 or	 absence	 of	 5%	 glycerol	 to	 study	 the	 stability	 of	 protein	 sample	 and	 the	 separation	 of	 its	

oligomerization.	Various	gel	filtration	buffers	were	tested	for	their	effect	on	isolating	a	single	oligomeric	

state	of	MBPd300.	

	

	

Figure	3.9:	Size	exclusion	chromatography	profile	of	MBPd300	with	a	high	salt	buffer	of	pH	8	having	5%	
glycerol	 on	 a	 Superose6	 column.	 The	 x-axis	 of	 the	 graph	 represents	 the	 volume	 (in	 ml)	 and	 y-axis	
indicates	the	absorbance	(measured	 in	mAU).	The	protein	concentration	(UV280)	 is	marked	 in	blue	and	
injection	chromatogram	is	indicated	in	pink.	Protein	oligomers	corresponding	to	the	first	two	peaks	are	in	
equilibrium	with	each	other	while	much	less	amount	of	protein	exist	in	the	3rd	oligomerization	state.	

	 Size	exclusion	chromatography	with	GF	buffer	2	(25	mM	Tris	pH	8,	500	mM	KCl,	5	mM	MgCl2,	10	

mM	DTT	and	5%	glycerol)	showed	that	the	oligomerization	states,	corresponding	to	the	first	two	peaks	at	

12	ml	and	12.91	ml	respectively	exist	in	similar	quantity	(Fig.	3.9).	
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Upon	 reducing	 the	 buffer	 salt	 concentration	 (from	500	mM	KCl	 to	 100	mM	KCl),	 the	 higher	molecular	

weight	oligomerization	state	at	first	peak	(11.71	ml)	is	dominant	over	the	lower	molecular	weight	one	at	

the	second	peak	when	the	sample	is	run	on	the	column	with	GF	buffer	3	(25	mM	Tris	pH	8,	100	mM	KCl,	5	

mM	MgCl2,	10	mM	DTT)	as	observed	in	Fig.	3.10.	There	was	a	smaller	3rd	peak	(shoulder)	at		

14.37	ml.	

	

	

	

	
	

Figure	 3.10:	 Size	 exclusion	 chromatography	 profile	 of	MBPd300	with	 a	 low	 salt	 buffer	 of	 pH	 8	 on	 a	
Superose6	 column.	 The	 x-axis	 of	 the	 graph	 represents	 the	 volume	 (in	 ml)	 and	 y-axis	 indicates	 the	
absorbance	 (measured	 in	 mAU).	 The	 protein	 concentration	 (UV280)	 is	 marked	 in	 blue	 and	 injection	
chromatogram	is	indicated	in	pink.	The	1st	peak	corresponding	to	the	higher	molecular	weight	oligomer	is	
predominant	over	that	of	intermediate	molecular	weight	represented	by	the	2nd	peak.	Few	amounts	of	
protein	still	exist	in	3rd	oligomerization	state.	
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Addition	 of	 5%	 glycerol	 at	 low	 salt	 concentration	 resulted	 in	 the	 precipitation	 of	 the	 protein	 on	 the	

column,	making	it	unsuitable	to	use	GF	buffer	4	(25	mM	Tris	pH	8,	100	mM	KCl,	5	mM	MgCl2,	10	mM	DTT	

and	5%	glycerol)	for	purification	(Fig.	3.11).	

	

	

	
	

Figure	3.11:	Size	exclusion	chromatography	profile	of	MBPd300	with	a	low	salt	buffer	of	pH	8	having	5%	
glycerol	 on	 a	 Superose6	 column.	 The	 x-axis	 of	 the	 graph	 represents	 the	 volume	 (in	 ml)	 and	 y-axis	
indicates	the	absorbance	(measured	 in	mAU).	The	protein	concentration	(UV280)	 is	marked	 in	blue	and	
injection	 chromatogram	 is	 indicated	 in	 pink.	 At	 low	 ionic	 strength,	 the	 protein	 is	 precipitated	 when	
glycerol	is	present	in	the	gel	filtration	buffer.	
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Bringing	the	buffer	pH	close	to	 isoelectric	point	(pI)	of	MBPd300	(5.26)	gave	surprising	but	encouraging	

results.	At	pH	5.5,	gel	filtration	with	GF	buffer	5	(25	mM	sodium	acetate	pH	5.5,	500	mM	KCl,	5	mM	MgCl2,	

10	mM	DTT)	gave	a	single	main	peak	at	12.40	ml	(Fig.	3.12).	However,	most	of	the	protein	remained	stuck	

on	the	column,	giving	very	low	absorbance	of	~7.5	mAU.	This	was	confirmed	by	the	observation	of	a	large	

UV	absorbance	during	the	reverse	flow	of	GF	buffer.	Thus,	it	may	be	suggested	that	the	protein	oligomer	

is	not	very	stable	at	high	ionic	concentration.	

	

	

	

Since	the	majority	of	the	protein	complex	was	lost	while	using	GF	buffer	5	with	a	high	salt	concentration,	

we	 tried	performing	gel	 filtration	at	a	 lower	salt	 concentration.	 	The	protein	was	observed	 to	have	 the	

optimal	 resolution	when	gel	 filtration	was	performed	with	GF	buffer	6	 (25	mM	sodium	acetate	pH	5.5,	

100	mM	KCl,	5	mM	MgCl2,	10	mM	DTT).	A	single	major	peak	was	obtained	at	12.18	ml	 (Fig.	3.13).	This	

suggests	that	MBPd300	exists	as	a	stable	oligomer	at	low	salt	concentration	in	a	buffer	of	pH	of	5.5.	

	

Figure	3.12:	Size	exclusion	chromatography	profile	of	MBPd300	with	a	high	salt	buffer	of	pH	5.5	on	a	
Superose6	 column.	 The	 x-axis	 of	 the	 graph	 represents	 the	 volume	 (measured	 in	 ml)	 and	 left	 y-axis	
indicates	 the	 absorbance	 (measured	 in	mAU).	 The	 right	 y-axis	 corresponds	 to	 the	 conductance	 of	 the	
mobile	phase,	indicating	the	ionic	strength	of	the	buffer.	The	protein	concentration	(UV280)	is	marked	in	
blue	and	injection	chromatogram	is	in	pink.	It	is	observed	that	when	the	pH	of	the	gel	filtration	buffer	is	
close	to	the	pH	of	MBPd300,	a	single	oligomeric	form	of	the	protein	predominates	but	high	ionic	strength	
of	the	buffer	makes	it	difficult	for	the	protein	to	come	out	of	the	column.	
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Figure	3.13:	Size	exclusion	chromatography	profile	of	MBPd300	with	a	 low	salt,	buffer	of	pH	5.5	on	a	
Superose6	 column.	 The	 x-axis	 of	 the	 graph	 represents	 the	 volume	 (in	ml)	 and	 left	 y-axis	 indicates	 the	
absorbance	 (measured	 in	mAU).	 The	 right	 y-axis	 corresponds	 to	 the	 conductance	of	 the	mobile	phase,	
indicating	 the	 ionic	 strength	 of	 the	 buffer.	 The	 protein	 concentration	 (UV280)	 is	 marked	 in	 blue	 and	
injection	chromatogram	is	in	pink.	The	majority	of	the	protein	was	resolved	as	a	single	oligomer,	which	is	
stable	at	low	ionic	concentration.	

	

Out	of	the	6	different	gel	filtration	buffers	tested	(Table	3.1),	GF	buffer	#6	(25	mM	Sodium	acetate	pH	5.5,	

100	mM	KCl,	5	mM	MgCl2,	10	mM	DTT)	proved	to	be	the	most	optimal	one	as	it	yielded	a	single	peak	for	

MBPd300,	indicating	that	protein	exists	as	a	single	oligomer	at	less	salt	concentration	at	a	pH	5.5.	
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Table	3.1:	Summary	of	optimization	of	size	exclusion	purification	by	changing	the	buffer	composition	of	

GF	buffer	

#	 GF	Buffer	

ID	

Buffer	Composition	 pH	 Peaks	 Elution	volume	(mL)	 Aggregation	

	 	 	 	 	 Peak	1	 Peak	2	 Peak	3	 	

1	 GF	buffer	1	 25	 mM	 Tris	 pH	 8,	 500	

mM	 KCl,	 5	 mM	 MgCl2,	

10	mM	DTT	

8	 3	 	 	 	 	

2	 GF	buffer	2	 25	 mM	 Tris	 pH	 8,	 500	

mM	 KCl,	 5	 mM	 MgCl2,	

10	 mM	 DTT	 and	 5%	

glycerol	

8	 3	 12	 12.91	 14.58	 Yes	

3	 GF	buffer	3	 25	 mM	 Tris	 pH	 8,	 100	

mM	 KCl,	 5	 mM	 MgCl2,	

10	mM	DTT	

8	 3	 11.71	 12.77	 14.37	 Yes	

4	 GF	buffer	4	 25	 mM	 Tris	 pH	 8,	 100	

mM	 KCl,	 5	 mM	 MgCl2,	

10	 mM	 DTT	 and	 5%	

glycerol	

8	 3	 Protein	precipitated	 	

5	 GF	buffer	5	 25	 mM	 NaOAc	 pH	 5.5,	

500	 mM	 KCl,	 5	 mM	

MgCl2,	10	mM	DTT	

5.5	 2	 12.40	 15.16	 No	

6	 GF	buffer	6	 25	 mM	 NaOAc	 pH	 5.5,	

100	 mM	 KCl,	 5	 mM	

MgCl2,	10	mM	DTT	

5.5	 2	 12.18	 15.03	 No	

	

	 	

3.3.2.4 Procuring enough sample for biochemical and biophysical studies 

	 As	our	hypothesis	that	Resource	Q	did	not	help	in	improving	the	overall	purity	of	MBPd300	was	

proven	wrong	(Fig.	3.8	B	and	3.4),	the	anion	exchange	chromatography	was	incorporated	back	into	the	

purification	methodology	(Fig.	3.14).	This	was	done	to	procure	enough	sample,	so	as	to	continue	with	the	

biochemical	and	structural	investigation.	
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Figure	3.14:	Coomassie	stained	SDS	gel	image	of	samples	post	anion-exchange	chromatography	on	the	
Resource	 Q	 column.	 Resource	 Q	 anion	 exchange	 chromatography,	 which	 separates	 the	 protein	 of	
interest	 from	 the	 impurities	 based	 on	 the	 difference	 in	 their	 isoelectric	 points,	 helps	 to	make	 protein	
sample	 purer	 by	 getting	 rid	 of	 some	 more	 impurities	 from	 post	 MBP	 sample	 pool.	 The	 washed	 off	
contaminants	can	be	observed	in	the	wash	fractions	and	MBPd300	can	be	seen	in	the	elutions.	

	 The	A1,	A2	fractions	from	the	Resource	Q	elutions	(Fig.	3.14)	were	pooled	and	quantified	to	be	3	

mg/ml.	 The	 sample	was	 subjected	 to	 size	exclusion	 chromatography	using	 the	previously	optimized	GF	

buffer	#6	(25	mM	Sodium	acetate	pH	5.5,	100	mM	KCl,	5	mM	MgCl2,	10	mM	DTT).	The	idea	was	to	see	if	

we	could	reproduce	resolving	the	protein	into	a	single	oligomerization	state.		

	

	 The	 chromatogram	 (Fig.	 3.15)	 of	 gel	 filtration	 done	 for	 100	 µl	 of	 Resource	 Q	 elution	 pool	

indicated	 less	amount	of	protein	 (low	absorbance)	 in	 the	 fractions	when	compared	 to	 the	previous	gel	

filtration	 method,	 which	 was	 optimized	 with	 GF	 buffer	 #6.	 	 It	 was	 likely	 that	 the	 protein	 might	 have	

precipitated	and	got	stuck	on	to	the	column.		The	difference	between	the	two	trials	was	the	buffer	of	the	

sample	 load.	 In	 the	 first	 trial	 (Fig.	3.13),	 the	sample	was	 in	 the	MBP	elution	buffer,	which	contains	100	

mM	 of	 NaCl,	 whereas	 in	 the	 current	 trial	 (Fig.	 3.15),	 the	 sample	 was	 in	 the	 resource	 Q	 buffer	 which	

contains	 246	 mM	 NaCl	 of	 salt.	 It	 was	 possible	 that	 differences	 in	 buffer	 composition	 affected	 the	

reproducibility	of	the	optimal	GF	result	(Fig.3.15).		
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Figure	3.15:	Chromatogram	showing	 the	gel	 filtration	of	MBPd300	post	Resource	Q	purification.	 	The	
peak	 corresponding	 to	 MBPd300	 is	 much	 smaller	 than	 that	 obtained	 for	 the	 earlier	 experiment.	 The	
protein	 seemed	 to	have	precipitated	on	 the	 column	 indicating	 that	 the	optimized	buffer	 (GF	#6	buffer	
with	 low	 salt	 concentration	 and	 low	 pH)	 may	 not	 be	 suitable	 for	 the	 sample	 post	 anion-exchange	
chromatography.	

	 To	verify	if	the	current	buffer	composition	was	not	conducive	to	the	stability	of	protein	sample,	I	

performed	 a	 buffer	 exchange	 from	 the	 resource	Q	 elution	 to	MBP	 buffer	 B.	 The	 desalting	method,	 by	

buffer	exchange	with	MBP	buffer	B,	was	pursued	to	bring	down	the	excess	salt.	We	ran	the	pre	and	post-	

desalting	samples	on	a	10%	SDS	gel	to	compare	the	protein	levels.	The	gel	image	(Fig.	3.16)	showed	that	

there	is	no	loss	of	quantity	and	quality	of	the	sample.	

	

Figure	 3.16:	 Gel	 image	 of	 protein	 sample	 prior	 and	 post	 desalting.	 	 The	 entire	 protein	 sample	 was	
recovered	after	performing	the	buffer	exchange	with	MBP	Buffer	A.	Pre	and	post-desalting	sample	had	
the	same	purity	when	compared	on	a	SDS	gel.	
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	 The	protein	sample	(after	buffer	exchange)	was	subjected	to	size	exclusion	chromatography	using	

GF	buffer	#6	(Fig.	3.17).	We	were	not	able	to	resolve	the	protein	sample	into	the	single	oligomeric	state	

despite	reducing	the	salt	concentration	of	Resource	Q	sample,	so	as	to	behave	like	a	MBP	elution	(low	salt	

concentration)	 during	 gel	 filtration.	 The	 possible	 reasons	 of	 why	 the	 purification	 profile	 was	 not	

reproducible	will	be	discussed	later.	

	

Figure	3.17:	Chromatogram	showing	the	gel	filtration	of	MBPd300	post	Resource	Q	purification,	buffer	
exchanged	 to	 have	 the	 same	 composition	 as	 that	 of	 a	 post	 MBP	 purification	 sample.	 	 The	 peak	
corresponding	 to	MBPd300	 is	much	 smaller	 than	 that	obtained	 for	 the	earlier	experiment.	 The	protein	
seemed	 to	 have	 precipitated	 on	 the	 column	 indicating	 that	 the	 purification	 using	 previously	 optimized	
buffer	(GF	buffer	#6	with	 low	salt	concentration	and	 low	pH)	might	not	be	suitable	for	the	sample	post	
anion-exchange	 chromatography	 even	 after	 eliminating	 glycerol	 and	 bringing	 salt	 level	 to	 match	 the	
previous	result.	

3.3.2.5 TEV cleavage of MBP tag 
	 Our	protein	construct,	MBPd300	consists	of	a	MBP	tag	at	the	N-terminal	end,	which	is	separated	

from	the	coding	region	of	the	C-terminal	DISC1	domain	by	a	TEV	cleavage	site.	While	this	42	kDa	tag	plays	

a	 vital	 role	 in	 the	 initial	 stages	 of	 purification	 using	 the	MBP	 affinity	 column,	 some	 of	 the	 unwanted	

contaminants	could	remain	associated	with	the	tag	during	the	later	steps	in	downstream	processing.	This	

is	not	desirable	and	could	hamper	the	purification	process.	Our	gel	filtration	results	have	always	showed	

the	contaminants	could	not	be	resolved	on	the	gel	 filtration	column	and	therefore,	separated	from	our	

protein.	These	contaminants	could	either	associate	with	the	d300	protein	or	the	MBP	tag.	We	wanted	to	

check	 if	 removing	the	tag	by	TEV	cleavage	could	alleviate	 this	problem	and	help	us	 in	getting	a	cleaner	

protein.		
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	 First,	we	assessed	whether	the	TEV	site	is	accessible	to	the	protease.	We	found	that	treating	the	

protein	sample	with	TEV	protease	was	successful	 in	cleaving	the	MBP	tag	from	the	target	protein,	d300	

(Fig.	 3.18).	 The	 two	 conditions	 were	 tested,	 namely	 incubation	 of	MBPd300	 protein	 sample	 with	 TEV	

protease	 at	 room	 temperature	 for	 30	minutes,	 and	 at	 4°C	 overnight.	 The	 pre	 and	 post-TEV	 treatment	

samples	were	run	on	a	gel	to	confirm	the	complete	cleavage	of	the	MBP	tag	from	the	protein	of	interest.	

TEV	protease	enzyme	was	successful	in	cleaving	MBPd300	(~100	kDa)	into	the	two	separate	entities,	d300	

(~64	kDa)	and	MBP	tag	(~42	kDa).	Both	conditions	yielded	complete	cleavage	of	MBPd300	protein,	so	we	

decided	to	pursue	the	30	minutes	incubation	at	room	temperature	to	avoid	delay	in	processing	time.	In	

the	future,	to	save	more	time,	the	duration	of	incubating	the	protein	sample	with	the	TEV	enzyme	can	be	

shortened	to	15	minutes	or	less	to	check	if	MBPd300	is	completely	cleaved	within	this	period.	

	

	

Figure	3.18:		Gel	image	of	the	protein	sample	after	treating	it	with	TEV	protease.	The	enzyme-mediated	
cleavage	 of	 the	MBPd300	 by	 TEV	 protease	was	 able	 to	 excise	 the	MBP	 tag	 (~42	 kDa)	 from	 the	 target	
protein,	d300	(~64	kDa).	

	 Next,	we	also	wanted	to	check	whether	the	MBP	tag	could	be	separated	from	the	cleaved	protein	

sample	after	TEV	cleavage.	Hence	 the	Resource	Q	elutions,	A1	and	A2,	was	 subjected	 to	TEV	cleavage,	

and	then	purified	by	size	exclusion	chromatography.		

	

	 To	 confirm	 whether	 post	 cleavage	 mixture	 can	 be	 resolved	 and	 separated	 into	 different	

independent	 fractions	 by	means	of	 gel	 filtration,	 the	post-TEV	 treated	 sample	 containing	 all	 3	 entities,	

d300	(~64	kDa),	MBP	tag	(~42	kDa)	and	TEV	protease	(27	kDa)	was	loaded	onto	the	Superose	column.	It	is	

important	to	resolve	the	sample	mixture	on	the	basis	of	their	molecular	size	and	separate	pure	d300	from	

the	MBP	tag	and	TEV	enzyme.		
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	 The	 gel	 filtration	 of	 the	 post	 TEV	 sample	 yielded	 chromatogram	 (Fig.	 3.19)	 showing	 two	major	

peaks,	indicating	that	there	were	two	populations	of	particles	with	different	molecular	weights.	

	

	

Figure	 3.19:	 Chromatogram	of	 the	 gel	 filtration	 of	 post	 TEV	 treated	 protein	 sample.	 The	 sample	was	
resolved	by	gel	filtration	into	two	distinct	peaks	corresponding	to	their	respective	fractions	namely	d300,	
MBP	tag.	

	 The	 fractions	 were	 then	 run	 on	 a	 SDS	 gel	 to	 confirm	 their	 identity.	 The	 gel	 image	 (Fig.	 3.20)	

showed	that	 the	gel	 filtration	of	 the	post	TEV	sample	was	able	 to	successfully	 resolve	and	 isolate	d300	

from	the	tag.	The	broad	first	peak	from	the	chromatogram	(Fig.	3.19)	corresponded	to	the	d300	fraction,	

eluting	first	due	to	its	higher	molecular	weight	(~64	kDa)	and	a	sharp	and	steep	middle	peak	constituting	

the	MBP	tag	and	TEV	enzyme.		The	protein	sample	looked	clean	without	any	of	the	persisting	impurities.	

The	pure	d300	after	TEV	cleavage	and	following	gel	filtration	was	pooled	and	concentrated	to	carry	out	

further	biochemical	and	structural	investigation.	
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Figure	 3.20:	 Gel	 image	 of	 the	 protein	 sample	 after	 post	 TEV	 cleavage	 followed	 by	 gel	 filtration.	 The	
sample	 containing	 d300	 (~64	 kDa),	 MBP	 tag	 (~42	 kDa)	 and	 TEV	 protease	 (27	 kDa)	 in	 a	 mixture	 was	
resolved	by	gel	filtration	and	the	MBP	tag	was	separated	from	the	target	protein,	d300.	

	 	

	

3.3.3 Biochemical ,  b iophysical  and structural  characterizat ion of  N-terminal  truncated 

DISC1 

3.3.3.1 Size exclusion chromatography multi-angle light scattering (SEC-MALS) 

	 To	characterize	the	size	distribution	of	the	MBPd300	sample	purified	with	the	original	published	

protocol,	 we	 performed	 size	 exclusion	 chromatography	 accompanied	 with	 multi	 angle	 light	 scattering	

(SEC-MALS).	Size	exclusion	chromatography	in	line	with	multi	angle	light	scattering	is	a	useful	technique	

to	 characterize	 a	 protein’s	 size	 and	 shape	 in	 native	 solution	 conditions.	 SEC	 or	 gel	 filtration	 separates	

molecules	based	on	the	relative	size	of	protein	moieties.		Meanwhile,	MALS	employs	the	intensity	and	the	

angular	 dependence	 of	 the	 scattered	 light	 to	measure	 absolute	molar	mass	 and	 size	 of	 the	molecules	

(root	mean	square	radius	of	gyration)	 in	solution.	 	Combining	SEC	and	MALS	 in	a	MALS-SEC	experiment	

allows	for	more	accurate	mass	measurements	than	that	of	either	method	alone.	This	simultaneous	light	

scattering	during	size	exclusion	chromatography	will	help	us	understand	the	size	distribution	of	protein	

particles	while	they	get	resolved	and	separated	on	the	basis	of	their	molecular	size.	
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	 The	data	from	SEC-MALS	(Fig.	3.21)	showed	that	MBPd300	is	present	in	a	mixture	of	oligomers,	

specifically	 as	 tetramer,	 trimer	 and	dimer	 units	within	 the	 same	peak.	 Presence	 of	multiple	 oligomeric	

states	 of	 the	 protein	 within	 the	 same	 peak	 is	 undesirable	 to	 pursue	 structural	 investigations	 via	

conventional	x-ray	crystallography	methods.	The	ideal	condition	here	would	be	to	achieve	the	protein	in	a	

single	oligomeric	form.		

	

Figure	3.21:	The	MALS-	SEC	data	of	the	pure	MBPd300.	The	blue	indicates	the	UV	absorbance	obtained	
from	 gel	 filtration	 (SEC)	 and	 the	 red	 denotes	 light	 scattering	 (MALS)	 to	 determine	 the	 hydrodynamic	
radius	(size)	and	oligomerization	state	of	the	samples.	

3.3.3.2 Crystallization trials of MBP-tagged N-terminal truncated DISC1 

	 The	 purified	 uncleaved	MBP-tagged	 N-terminal	 truncated	 DISC1	 sample	 was	 subjected	 to	 two	

wide-screen	crystallization	blocks	namely	JCSG+	suite	and	LMB	screen	(96	wells	each).	We	did	not	identify	

any	 obvious	 crystal	 hit	 from	 the	 192	 conditions	 in	 both	 screens.	 Nonetheless,	 a	 crystalline	 object	was	

observed	in	one	condition	from	the	JSCG+	screen	(0.05	M	CsCl,	0.1	M	MES	pH	6.5,	30%	w/v	Jeffamine	M-

600)	 (Fig.3.22).	 Future	 fine	 screening	 of	 this	 condition	 will	 be	 required	 to	 confirm	 if	 this	 can	 be	

reproduced.	
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Figure	 3.22:	 MBPd300	 forms	 a	 crystal-like	 structure.	 The	 protein	 at	 a	 concentration	 of	 10	 mg/ml	
produced	 a	 thin	 needle-like	 structure	 under	 one	 of	 the	 96	 conditions,	 given	 in	 the	 JSCG+	 screen,	
comprising	of	0.05		M	CsCl,	0.1	M	MES	pH	6.5,	30%	w/v	Jeffamine	M-600.	

3.3.3.3 Negative stain electron microscopy of MBP-tagged N-terminal truncated DISC1 

	 In	 addition	 to	 crystallization,	we	also	performed	negative	 stained	of	 the	MBPd300	 sample	 (Fig.	

3.23).	 Distinct	 individual	 particles	 could	 be	 observed	 (Fig.	 3.23	 –	 green	 circles).	 To	 further	 pursue	 its	

characterization,	comparison	with	the	cleaved	protein	would	be	necessary.	
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Figure	3.23:	EM	image	of	the	negatively	stained	MBPd300	(DISC1	C-terminal	domain	ranging	from	300	
to	 854	 aa)	 protein	 sample.	 The	 protein	 particles	 are	 highlighted	 in	 green	 circles,	 though	 whether	
structure	corresponds	to	the	target	protein	or	just	the	MBP	tag	needs	to	be	further	determined.	

 

3.4 Discussion 
	
	 We	successfully	purified	MBPd300	and	were	able	 to	obtain	 the	protein	 in	a	single,	 symmetrical	

peak	 from	 the	 gel	 filtration	 column.	 We	 required	 repeated	 attempts	 in	 optimizing	 the	 pH	 and	 salt	

concentration	of	the	gel	filtration	buffer	to	overcome	our	initial	challenges.	Our	first	GF	buffer	had	a	pH	of	

8	and	had	a	salt	concentration	of	500	mM.	Size	exclusion	chromatography	with	this	buffer	resulted	in	the	

protein	 coming	 out	 as	 a	 mixture	 of	 particles	 having	 different	 oligomerization	 states	 within	 the	 same	

fractions.	We	tried	standardizing	the	pH	and	 ionic	strength	of	 the	GF	buffer	to	ensure	that	the	protein,	

coming	out	within	the	same	fractions,	stayed	in	a	more	homogenous	state.	The	most	optimal	buffer	had	a	

pH	of	5.5	and	a	salt	concentration	of	100	mM.	But	then,	this	optimized	GF	buffer	6	(pH	5.5,	100	mM	salt)	

could	 not	 be	 reproduced	 due	 to	 a	 change	 in	 the	 buffer	 composition	 of	 the	 protein	 loaded	 on	 to	 the	

column.	 Since	 the	 sample	 was	 in	 a	 higher	 salt	 buffer,	 we	 thought	 the	 presence	 of	 higher	 salt	

concentration	and	greater	glycerol	content	could	be	the	main	reason	for	the	protein	to	behave	differently.	
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Despite	doing	a	buffer	exchange	 for	 this	 sample	 to	bring	down	 the	 salt	 and	glycerol	 concentration,	we	

were	not	able	to	replicate	the	result	obtained	previously	(Fig.	3.13).	

	

	 Hence,	 it	 is	 imperative	 to	 replicate	 the	 optimized	 gel	 filtration	 profile	 (Fig.	 3.13)	 where	 the	

MBPd300	protein	is	eluted	as	a	single	oligomer.	Since	the	sample	in	Resource	Q	elution	buffer	had	a	salt	

concentration	of	246	mM	NaCl,	we	needed	to	bring	down	the	ionic	strength	of	the	buffer.	The	optimized	

gel	 filtration	 result	 (Fig.	3.13)	 showed	 that	 the	protein	 remained	stable	at	 low	salt	 (100	mM	NaCl).	We	

speculate	that	the	previous	buffer	exchange	experiment	using	the	desalting	column	might	not	have	been	

effective	in	getting	rid	of	the	extra	salt	and	glycerol.	This	can	be	rectified	by	using	a	different	method	of	

performing	buffer	exchange,	such	as	dialyzing	the	sample	in	the	new	buffer	overnight.	It	should	be	then	

subjected	to	GF	using	GF	buffer	6	(pH	5.5,	100	mM	NaCl)	to	see	if	we	can	obtain	single	oligomer	species	

within	the	main	peak	in	the	chromatogram.	SEC-MALS	can	be	also	employed	to	study	the	identity	of	this	

oligomeric	species.	Negative	staining	of	the	sample	can	also	shed	more	light	on	the	structural	details	of	

MBPd300.	

	

	 Novel	tactics	were	searched	to	obtain	a	purer	form	of	our	protein.	Though	the	concentrated	GF	

pool	of	MBPd300	sample	(Fig.	3.5)	had	a	thick	band	for	MBPd300,	it	can	be	noted	that	there	were	some	

persisting	 impurities,	 which	 remained	 stuck	 to	 our	 protein.	 In	 order	 to	 understand	 whether	 these	

impurities	associated	with	d300	protein	or	the	MBP	tag,	the	tag	was	cleaved	from	the	remaining	protein	

by	the	action	of	TEV	protease	enzyme.	The	separation	of	d300	protein	from	the	cleaved	MBP	tag	and	the	

TEV	protease	on	a	GF	column	showed	that	we	succeeded	in	removing	the	contaminants	from	our	protein,	

d300	(Fig.	3.20).	The	gel	filtration	fraction	contained	d300	protein	sample	of	~90%	purity.	

	

	 Concentrating	 the	 post	 TEV	 treated	 sample	 mix	 prior	 to	 size	 exclusion	 chromatography	

purification	 was	 disadvantageous.	 It	 was	 observed	 that	 only	 the	 MBP	 tag	 and	 TEV	 protease	 were	

concentrated	while	 d300	 still	 remained	 at	 its	 initial	 low	 concentration.	 Cleaved	 d300	 could	 have	 been	

degraded	or	aggregated	at	high	concentrations.	 In	 future,	we	could	perform	structural	 investigation	via	

negative	staining	EM	without	concentrating	the	post	TEV	treated	mixture.	The	initial	pure	cleaved	d300	

we	obtained	without	concentration	(Fig.	3.20)	 is	sufficient	for	analysis	by	negative	stained	EM.	It	would	

be	interesting	to	examine	the	oligomeric	nature	of	the	purified	d300	domains	on	its	own.	
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	 However,	there	is	a	strong	need	to	estimate	the	maximum	protein	concentration	at	which	d300	

remains	 stable	 in	 the	 solution	 for	 longer	 periods.	 We	 may	 require	 optimizing	 the	 storage	 buffer	

composition	to	ensure	the	stability	of	d300	at	higher	concentrations.	This	could	pave	the	way	to	pursue	

other	structural	studies	that	is	only	possible	at	high	concentrations.	

	

	 The	 SEC-MALS	data	 of	MBPd300	purified	with	 the	 original	 published	protocol	 showed	 that	 the	

peak	 containing	 the	 MBPd300	 population	 had	 three	 different	 species	 of	 oligomers,	 namely	 a	

heterogeneous	mix	 of	 tetrameric,	 trimeric	 and	 dimeric	 forms.	 The	 crystallization	 trial	 of	 this	MBPd300	

sample	 was	 also	 not	 conclusive	 even	 though	 we	 got	 a	 crystalline	 object	 in	 one	 of	 the	 JSCG+	 screen	

conditions	(Fig.	3.22).	The	existence	of	the	MBPd300	protein	in	a	heterogeneous	form	is	not	suitable	for	

generating	stable	crystals	of	the	protein.	This	explains	the	failed	attempts	of	the	group	who	published	the	

original	protocol	 in	crystallizing	 this	protein.	The	new	knowledge	 I	have	obtained	 in	 this	 thesis	 shows	a	

few	promising	ways	to	obtain	a	higher	quality	sample	of	the	N-terminal	truncation	construct	of	DISC1	that	

is	more	amenable	for	structural	investigations.	
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Chapter 4:  Biochemical  and structural  characterization of a 
stable binary complex between the ful l  length DISC1 and 
GSK3β  

4.1 Rationale 

	 DISC1	binding	proteins	may	stabilize	its	flexible	regions.	Since	GSK3β	is	known	to	interact	with	the	

N-terminal	 region37,	 we	 believe	 that	 DISC1/GSK3β	 co-complex	 will	 be	 more	 amenable	 for	 structural	

investigation	than	DISC1	on	its	own.	

4.2 Overview 

	 This	chapter	deals	with	the	generation	of	a	stable	binary	complex	between	DISC1	and	one	of	its	

binding	partners,	GSK3β.	Two	strategies	were	pursued	to	obtain	the	stable	binary	complex	between	full-

length	DISC1	and	GSK3β.	They	are	as	follows:	

1) In	vitro	interaction	assay	between	individually	expressed	and	purified	full-length	DISC1	and	GSK3β.	

2) Co-expression	 and	 purification	 of	 both	 full-length	 DISC1	 and	 GSK3β,	 encoded	 by	 a	 single	

polycistronic	 plasmid,	 to	 generate	 the	 stable	 binary	 complex	 in	 vivo	 within	 the	 bacterial	 host	

system.	

4.3 Results  

4.3.1   Strategy 1:  To express the proteins indiv idual ly  and attempt in-v itro interact ion 

assays  

	 This	strategy	requires	the	availability	of	both	proteins,	DISC1	and	GSK3β	in	large	quantities	with	

an	 acceptable	 overall	 purity.	 Hence,	 it	 involves	 A)	 Overexpression	 and	 Purification	 of	 DISC1-fl	 and	 B)	

Overexpression	and	Purification	of	GSK3β.		

4.3.1.1 Overexpression of the MBP-tagged full-length DISC1 

	 MBPDISC1-fl	was	overexpressed	in	the	E.	coli	strain,	BL21	(DE3)	Star	with	a	trigger	factor,	pTf16	in	

2xYT	media.	Protein	expression	was	induced	with	0.3	mM	IPTG	at	18°C	when	the	culture	reaches	an	OD600	

of	 0.6	 (mid-log	 phase	 of	 bacterial	 cell	 cycle)	 and	 the	 culture	 is	 grown	 for	 a	 duration	 of	 16-18	 hours.	

Protein	 expression	 was	 confirmed	 by	 the	 presence	 of	 a	 clear	 band	 corresponding	 to	 the	 theoretical	

molecular	weight	of	MBPDISC1-fl	(~140	kDa)	in	the	post	induction	sample	(Fig.	4.1).	
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Figure	 4.1:	 Confirmation	 of	 protein	 expression	 on	 a	 10%	 SDS	 gel.	 The	 band	 corresponding	 to	
MBPDISC1(140	kDa)	can	be	clearly	observed	in	the	post	induction	sample	in	the	Coomassie	stained	gel.	

4.3.1.2 Purification of the MBP-tagged full-length DISC1 

	 The	 supernatant,	 obtained	 by	 ultracentrifugation	 of	 the	 total	 cell	 lysate,	 was	 purified	 to	 some	

extent	by	MBP	affinity	chromatography	(Fig.	4.2).	A	small	amount	of	protein	was	lost	in	the	flow-through	

of	the	column	and	in	the	wash	with	MBP	buffer	A.	But,	this	was	not	a	huge	concern	as	the	majority	of	the	

protein	 was	 found	 in	 the	 elutions.	 The	 main	 elution,	 2A1	 (with	 maximum	 protein),	 appeared	

contaminated.	The	MBP	elutions	were	pooled	and	diluted	(1:1)	with	Resource	Q	dilution	buffer	to	bring	

down	the	salt	concentration	of	the	sample.	Around	18	mg	of	protein	was	obtained	in	the	elutions.	

	

Figure	 4.2:	 Gel	 image	 of	 the	 sample	 after	 MBP	 affinity	 chromatography.	MBPDISC1	 (~140	 kDa)	 was	
observed	in	the	elutions.	The	protein	still	contained	considerable	amount	of	contamination	and	required	
further	purification.	
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	 The	protein	looked	cleaner	after	anion	exchange	chromatography	using	a	Resource	Q	column	(Fig.	

4.3).	All	the	Resource	Q	elutions	were	subsequently	pooled	and	concentrated	to	a	final	concentration	of	2	

mg/ml	before	subjecting	it	to	gel	filtration.	

	

Figure	4.3:	Gel	image	of	the	sample	after	anion	exchange	chromatography.	Resource	column	was	used	
to	 purify	MBPDISC1	 (~140	 kDa).	 The	 sample,	 post	 concentration	 after	 affinity	 purification,	was	 diluted	
with	equal	volume	of	resource	Q	buffer	A	and	was	eluted	with	a	gradient	of	20-70%	of	Resource	Q	Buffer	
B.	

	 We	used	the	concentrated	ResourceQ	sample	 for	a	DLS	experiment	and	 found	that	 the	protein	

sample	 was	 most	 stable	 at	 a	 pH	 of	 7.5	 and	 NaCl	 concentration	 of	 0.8	 M	 from	 Hampton	 screen	 DLS	

experiment.	 The	 stability	 was	 assessed	 using	 various	 parameters	 such	 as	 its	 hydrodynamic	 radius,	

percentage	polydispersity	(<15%	is	considered	as	acceptable	sample)	and	percentage	mass	(the	amount	

of	particles	present	 in	a	specific	homogenous	state	with	respect	 to	the	total	amount	of	particles).	A	GF	

buffer	(50	mM	Tris	pH	7.5,	0.8	M	NaCl,	5	mM	MgCl2,	0.01%	Tween20,	1	mM	TCEP)	was	prepared	based	on	

these	 findings	and	used	 to	do	size	exclusion	chromatography	 (Fig.	4.4	A)	 for	 the	sample.	Size	exclusion	

chromatography	was	able	to	remove	two	contaminants	(fraction	B11)	(Fig.	4.4B).		
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Figure	4.4:	The	chromatogram	and	gel	image	after	size	exclusion	chromatography	of	the	sample	using	
the	 optimized	 GF	 buffer.	 There	 are	 two	 main	 peaks	 in	 the	 chromatogram	 (A)	 with	 the	 first	 peak	
representing	 the	higher	molecular	weight	oligomer	 (near	 the	void	volume	region)	and	 the	second	peak	
corresponding	to	low	molecular	weight	oligomerization	state.	The	gel	image	(B)	showed	that	the	overall	
purity	of	the	protein	remains	similar	to	previous	trials.	

	 Fractions	were	pooled	and	 concentrated	using	 a	 spin	 column	concentrator	 (Fig.	 4.5).	 To	access	

the	 appropriate	 storage	 buffer,	 we	 performed	 a	 freeze/thaw	 test	 with	 and	 without	 glycerol	 using	

measurements	from	DLS	as	a	guide.	We	discovered	that	liquid	nitrogen	flash	frozen	protein	in	GF	buffer	

with	 10%	 glycerol	 remains	 mono-disperse	 upon	 thawing	 (Fig.	 4.6).	 Table	 4.1	 showed	 that	 the	 sample	

consisted	of	homogenous	particles	of	size	128	kDa	that	corresponded	to	the	theoretical	molecular	size	of	

MBPDISC1fl.	

	
	
	
	

	

	

	

Figure	 4.5:	 Purity	 of	 the	 final	 protein	 sample	 after	 purification.	 A	 single	 band	 was	 obtained	 for	
MBPDISC1fl	 sample	when	 run	 on	 a	 denaturing	 gel.	 This	 is	 the	maximum	purity	 that	we	were	 able	 to	
achieve.	
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Figure	 4.6:	 Testing	 the	 final	 state	 and	nature	of	 the	protein	 sample	 after	 purification	 and	optimizing	
storage	conditions.	The	DLS	data	was	analyzed	to	study	the	nature	of	protein	particles	when	the	sample	
is	stored	at	different	conditions	-	4°C	(B),	-80°C	(C)	and	-80°C	with	the	addition	of	10%	glycerol	(D).	The	
most	optimum	method	is	storing	the	sample	at	-80°C	with	the	presence	of	10%	glycerol	in	the	GF	buffer.	

	
	

Table4.1.	DLS	analysis	of	the	final	MBPDISC1fl	sample.	
Intensity	distribution	 Radius	(nm)	 Mw-R	 

(kDa)	 
%	Pd		 %	Intensity	 %	Mass	 %	Number	 

Peak	1	 4.732 128 3.5	 9.1 84.1 99.6	 

Peak	2	 19.022 3314 14.3	 90.9 15.9 0.4 

 

4.3.1.3 Overexpression of 6xHis-tagged GSK3β 

	 The	 major	 challenge	 we	 faced	 while	 optimizing	 overexpression	 of	 human	 recombinant	 GSK3β	

protein	 with	 6xHis	 at	 its	 N-	 terminus	 was	 that	 the	majority	 of	 the	 protein	 did	 not	 fold	 properly.	 This	

resulted	in	a	reduction	in	the	overall	protein	yield	from	the	culture.	

	 We	 tried	 and	 tested	 various	 strategies	 by	 modifying	 some	 of	 the	 overexpression	 and	 growth	

parameters	in	order	to	produce	a	good	amount	of	protein	on	a	consistent	basis.	The	expression	level	of	

GSK3β	was	compared	in	each	of	the	following	experimental	conditions.	

	 We	 tested	 the	 different	 growth	 parameters	 to	 optimize	 the	 HisGSK3β	 overexpression.	 Growth	

vessel	used,	namely	 glass	 and	Thomson	 flasks	were	 compared.	 Then,	we	analyzed	 the	 culture	OD600	 at	

which	the	protein	expression	was	induced	and	the	duration	of	growth	period:	High	OD	(~1-2),	32	hours	vs.	

Low	OD	(~0.1-0.2),	48	hours.	Different	strains	of	E.	coli	used	to	overexpress	the	protein	were	also	studied.		

	

The	results	are	as	follows:	

a) Type	of	culture	vessel	used:	Thomson	 flasks	proved	 to	be	more	effective	as	 it	allows	 for	better	

aeration	 for	 growing	 cultures.	 GSK3β	 expression	 level,	 keeping	 the	 bacterial	 strain	 (BL21	 (DE3)	
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pLysS),	induction	OD	(~0.2),	IPTG	concencentration	(0.1	mM),	growth	temperature	and	period	(48	

hours	 at	 18°C)	 and	 seed	 culture	OD600		 (~1)	 constant,	 is	 higher	when	 the	 culture	 is	 grown	 in	 a	

Thomson	flask	when	compared	to	that	in	a	glask	flask	(Fig.	4.7).	

	
	

	
Figure	4.7:	Comparison	of	expression	level	of	GSK3β 	in	BL21	(DE3)	pLysS	in	different	culture	vessels	by	
inducing	 the	culture	with	0.1	mM	IPTG	concentration	and	~0.2	 induction	OD.	Protein	expression	level	
(highlighted	in	red)	was	significantly	higher	when	Thomson	flask	is	used	instead	of	glass	flask.	

	

	

b)	 Induction	OD:	 Inducing	the	culture	at	 low	OD	(~0.2)	gave	a	better	yield	than	that	at	high	OD	

(~1-2)	when	the	other	parameters	were	kept	the	same(Fig.	4.8).	
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Figure	4.8:	Comparison	of	 the	expression	 level	of	GSK3β 	 in	BL21	 (DE3)	pLysS	by	 inducing	 the	 culture	
with	0.1	mM	 IPTG	at	different	 induction	OD600.	High	OD	 induction	denotes	 inducing	the	cultures	at	an	
OD600	 of	 ~1-1.5	 and	 low	 OD	 induction	 refers	 to	 induction	 at	 OD600	 of	 ~0.2.	 Protein	 expression	 level	
(highlighted	in	red)	was	significantly	higher	when	induce	at	low	OD600.	FT	stands	for	flow-through.	

	

c) E.	coli	strain	used:		Relatively	higher	amount	of	protein	was	observed	in	BL21	(DE3)	pLysS	while	

keeping	the	other	conditions	constant	(Fig.	4.9)	

	
Figure	4.9:	Expression	levels	of	GSK3β 	with	N-terminal	6xHis	tag	in	0.5g	of	cell	pellets	across	different	
strains	 of	 E.	 coli	 namely	 A)	 Rosetta	 2	 pLysS,	 B)	 BL21	 (DE3)	 pLysS	 and	 C)	 Lobstr.	 The	 protein	 level,	
expressed	with	low	OD	induction	(~0.2)	with	0.1	mM	IPTG	at	18°C	and	grown	for	48	hours,	was	compared	
across	3	strains.	FT-	flow	thorough,	W	–	wash	with	equilibration	buffer	and	LW	–	wash	with	low	salt	wash	
buffer.	GSK3β	was	highlighted	in	red	with	BL21	(DE3)	pLysS	having	maximum	and	Rosetta	2	pLysS	having	
minimum	expression	level.	

	 Thus,	we	were	 able	 to	 improve	protein	 yield	 by	 inducing	overexpression	 at	 low	OD.	When	 the	

protein	 expression	 was	 induced	 at	 the	 conventional	 mid-log	 phase	 (0.6-0.8	 OD)	 at	 37°C,	 the	 simple	

posttranslational	 machinery	 of	 the	 prokaryotic	 E.	 coli	 was	 unable	 to	 cope	 up	 with	 this	 load.	 We	
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hypothesized	that	inducing	the	over-expression	at	low	OD	allows	the	rate	of	translation	to	match	up	with	

the	rate	of	protein	folding59	as	there	were	fewer	proteins	to	fold	in	the	cell.	This	gives	the	cells	more	time	

to	 able	 to	 fold	 the	 proteins	 into	 their	 stable	 conformations.	 From	 12	 L	 of	 cell	 culture,	 we	 routinely	

obtained	around	80-100	g	of	cells.	Fig.	4.10	shows	a	small	purification	of	GSK3β	expression	levels	from	0.5	

g	of	cells.	Large-scale	purification,	optimized	by	other	members	of	the	lab,	showed	a	yield	of	~350	µg	of	

pure	crystallizable	protein	from	a	12	L	culture.		

	

Figure	4.10:	Optimized	GSK3β 	expression	level	in	BL21	(DE3)	pLysS.	Induction	parameters	are	as	follows:	
induction	OD600	of	0.2;	0.1	mM	IPTG	concentration;	induction	temperature	of	18°C	and	growth	period	of	
48	hours.	The	overexpression	protocol	is	optimized	and	gives	reproducible	results.		

4.3.1.4 Interaction assay using purified MBP-tagged full-length DISC1 and His-tagged GSK3β 

	 To	check	if	the	two	proteins	of	interest	formed	a	stable	complex,	pure	MBPDISC1fl	(200	nM)	was	

mixed	with	His-tagged	GSK3β	(200	nM)	in	a	molar	ratio	of	1:1	in	the	presence	of	the	reaction	buffer	(500	

mM	Tris	pH	7.5,	50	mM	MgCl2,	0.1%	Tween-20).	 The	 reaction	mix	was	 then	 subjected	 to	 loose	dextrin	

resin	 purification.	 While	 faint	 bands	 that	 may	 be	 MBPDISC1fl	 and	 HisGSK3β	 can	 be	 observed	 in	 the	

elution,	the	majority	of	the	proteins	eluted	in	the	flow	through	(Fig.	4.11).	Loose	NiNTA	resin	purification	

was	also	attempted.	MBPDISC1fl	was	observed	in	FT	while	GSK3β	came	out	in	the	elutions.	Thus,	we	were	

not	 able	 to	 confirm	 any	 interaction	 between	 the	 two	 proteins.	 Further	 optimization	 of	 the	 interaction	

assay	is	required	to	test	this	strategy.	Therefore,	we	decided	to	move	on	to	the	next	strategy.		
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Figure	 4.11:	 Interaction	 assay	 between	 purified	MBPDISC1fl	 and	 HisGSK3β 	 (subjected	 to	 small	 scale	
dextrin	purification).	The	samples	 (elutions)	were	separated	using	a	dextrin	column	and	run	on	an	SDS	
gel.	Most	 of	 the	MBPDISC1fl	 and	HisGSK3β	 came	 out	 in	 the	 flow-through,	 though	 faint	 traces	 of	 both	
proteins	can	be	seen	in	the	elutions.	

 

4 .3.2 Strategy 2:  To obtain a stable DISC1-GSK3βcomplex by co-expressing them using a 

polycistronic  vector 

	 In	this	strategy,	we	tried	to	express	and	purify	a	co-expressed	protein	construct	comprising	of	a	

N-terminal	 His	 tagged	 GSK3β	 and	 C-terminal	 strep	 tagged	 DISC1,	 thereby	 attempting	 to	 achieve	

intracellularly	formed	binary	complex.	

4.3.2.1 Overexpression of HisGSK3β _DISC1Str co-expression construct 

4.3.2.1.1 Bacterial strains optimization 

	 To	 test	whether	 the	binary	 complex	 could	be	overexpressed,	 the	 construct	was	 transformed	 in	

different	E.	coli	cell	strains.	Overexpression	was	induced	at	37°C	with	1	mM	IPTG	when	the	cultures	reach	

an	OD600	of	0.6.	The	pre	and	post	 induction	samples	of	the	same	were	collected	and	were	subjected	to	

SDS	gel	electrophoresis	followed	by	Coomassie	staining	(Fig.	4.12A)	and	western	blot	analysis	for	both	His	

tagged	 GSK3β	 (Fig.	 4.12B)	 and	 strep	 tagged	 DISC1	 (Fig.	 4.12C).	 The	 Coomassie	 stained	 SDS	 gel	 image	

showed	incompatible	amounts	of	total	cell	proteins	for	the	pre	and	post	 induction	comparisons	as	they	

were	not	normalized	on	the	basis	of	the	optical	density	of	the	cultures	at	the	time	of	collection.	But	the	

important	observation	here	was	that	all	 tested	strains	showed	similar	expression	 levels	 for	both	GSK3β	

and	DISC1	proteins.	This	was	also	confirmed	by	the	respective	western	blot	analyses.	
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Figure	4.12:	GSK3β	and	DISC1	Protein	Expression	in	Different	E.	coli	Cell	Strains.	Samples	were	collected	
before	and	after	inducing	the	cultures	with	1mM	IPTG.	The	pre	and	post	induction	samples	for	all	the	3	
strains	were	run	on	a	10%	SDS	gel.	A).	The	samples	were	stained	with	Coomassie	Brilliant	Blue	stain	to	
visualize	 the	proteins.	Western	blot	 analysis	was	done	by	 treating	 the	 samples	 separately	with	B)	 anti-
PentaHis	 Alexa	 488	 Antibody	 to	 visualize	 the	 N-terminal-His	 tagged	 GSK3β	 and	 C)	 Anti-Strep	 HRP	
conjugate	Antibody	 to	 observe	 the	 C-terminal-Strep	 tagged	DISC1.	 The	N-terminal-His	 tagged	GSK3β	 is	
highlighted	in	green	and	the	C-terminal-Strep	tagged	DISC1	is	shown	in	blue.	

	 	

	

Next,	analysis	of	 the	solubility	of	both	proteins	after	cell	 lysis	was	attempted	by	comparing	 the	soluble	

fraction	 (supernatant)	with	the	 insoluble	 fraction	 (pellet).	Western	blot	analyses	to	view	the	His-tagged	

GSK3β	 (Fig.	 4.13	 A)	 and	 Strep-tagged	 DISC1	 (Fig.	 4.13	 B)	 were	 performed.	 Both	 proteins	 were	

unfortunately	found	to	be	present	in	the	pellet,	indicating	that	they	were	not	soluble	in	the	lysis	buffer.	
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Figure	4.13:	Testing	the	solubility	nature	of	GSK3β	and	DISC1	proteins	expressed	in	different	E.	coli	cell	
strains.	The	cultures	were	spun	down	and	the	pellets	were	re-suspended	in	Lysis	Buffer	(50	mM	Tris	pH	
7.5,	 350	mM	NaCl,	 1	 Protease	 inhibitor	 tablet,	 Lysozyme).	 The	 total	 cell	 lysate	 was	 then	 subjected	 to	
centrifugation	 at	 15000	 rpm	 to	 get	 the	 supernatant.	 The	 pellet	 was	 re-suspended	 in	 8	 M	 urea.	 The	
supernatant	and	pellet	 samples	were	 subjected	 to	SDS-PAGE	 followed	by	western	blot	analysis	with	A)	
anti-PentaHis	 Alexa	 488	 Antibody	 to	 visualize	 the	 N-terminal-His	 tagged	 GSK3β	 and	 B)	 Anti-Strep	 HRP	
conjugate	Antibody	to	observe	the	C-terminal-strep	tagged	DISC1	respectively.	The	N-terminal-His	tagged	
GSK3β	 is	 highlighted	 in	 green	 and	 the	 C-terminal-strep	 tagged	DISC1	 is	 shown	 in	 blue.	 The	GSK3β	 and	
DISC1	proteins	were	found	to	be	in	the	insoluble	pellet	fraction.	

4.3.2.1.2 Solubility optimization 

	 Since	 it	 is	 preferable	 to	 purify	 soluble	 protein,	 as	 insoluble	 protein	 requires	 an	 additional	

refolding	step,	we	performed	optimization	to	 improve	the	solubility	of	DISC1.	Utilizing	the	 lesson	 learnt	

from	overexpressingHisGSK3β,	we	implemented	the	same	low	OD	induction	method	to	see	if	it	improved	

the	solubility	of	 the	complex.	This	was	 instrumental	 in	 improving	 the	solubility	of	GSK3β	but	DISC1	still	

came	out	in	the	pellet	(data	not	shown).		

	

	 To	improve	the	solubility	of	DISC1	as	well,	I	further	optimized	the	protocol	by	utilizing	the	same	

chaperone	 plasmid	 pTf16	 that	 helped	 the	 expression	 of	 DISC1	 constructs	 alone	 (See	 chapter	 3).	 The	

HisGSK_DISC1Str	recombinant	DNA	construct	was	transformed	to	BL21	(DE3)	Star	cells	in	the	presence	of	

A	 B	
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the	chaperone	plasmid	pTf16	in	LB	media.	Protein	expression	(Fig.	4.14A)	was	induced	using	0.1	mM	IPTG	

at	early-log	phase	(0.2OD)	at	18°C	and	harvested	after	a	period	of	18	hours.	Western	blot	analysis	using	

Anti-His	 (Fig.	 4.14B)	 and	 Anti-Strep	 (Fig.	 4.14C)	 confirmed	 the	 expression	 levels	 of	 both	 proteins,	

HisGSK3β	and	DISC1Str.	

	

Figure	4.14:	Overexpression	of	the	GSK3β	and	DISC1	proteins	using	BL21	(DE3)	Star	cells	with	an	extra	
chaperone	plasmid,	pTf16.	The	protein	expression	 is	 induced	at	0.1-0.2OD	(early	 log	phase	of	bacterial	
cell	cycle)	with	0.1mM	IPTG	at	a	temperature	of	18	o	C.	The	cells	were	harvested	after	18	hrs.	The	pre	and	
post-induction	samples	were	compared	to	evaluate	the	expression	 levels	of	both	proteins.	The	samples	
were	run	on	a	10%	SDS	gel	and	then	stained	with	Coomassie	dye	(left).	Western	blots	with	anti-His	and	
anti-Strep	antibodies	were	performed	to	visualize	GSK3β	(center)	and	DISC1	(right)	respectively.		

	 Incorporating	 the	 pTf16	 chaperone	 and	 changing	 the	 induction	 OD	 from	 0.6	 to	 <0.2	 was	

successful	 in	 keeping	 both	 proteins	 in	 the	 soluble	 fraction.	 Western	 blot	 analysis	 using	 Anti-His	 (Fig.	

4.15A)	and	Anti-Strep	(Fig.	4.15B)	confirmed	that	HisGSK3β	and	DISC1Str	were	found	in	the	supernatant.	

To	 summarize,	 we	were	 able	 to	 obtain	 soluble	 HisGSK3β	 and	 DISC1Str	 proteins	 by	 expressing	 the	 co-

expression	construct	in	the	E.coli	strain,	BL21	(DE3)	Star	supplemented	with	a	molecular	chaperone	pTf16	

and	inducing	protein	expression	at	early	log	phase	with	0.1	mM	IPTG.	
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Figure	4.15:	Solubility	test	of	GSK3β	and	DISC1.	The	cell	pellets	obtained	after	harvesting	the	cells	were	
resuspended	in	lysis	buffer	(100	mM	Tris	pH	8,	150	mM	NaCl,	5	mM	β–mercaptoethanol	(BME),	protease	
inhibitor	tablet)	and	subjected	to	sonication	in	order	to	lyse	the	cells.	The	lysate	is	then	spun	down	using	
the	 ultracentrifuge	 at	 22	 k	 rpm	 to	 recover	 the	 supernatant.	 Western	 blot	 analysis	 of	 the	 lysate	 and	
supernatant	with	anti-His	and	anti-Strep	antibodies	respectively	indicate	that	both	GSK3β	(left)	and	DISC1	
(right)	are	soluble.	

4.3.2.2 Purification of HisGSK3β_DISC1Str complex 

4.3.2.2.1 Small scale batch method purification  

	 To	 ensure	 that	 the	 affinity	 tags	 present,	 namely	 6xHis	 on	GSK3β	 and	 Strep	 tag	 on	DISC1	were	

accessible	for	column	binding	and	could	be	employed	in	attempts	to	purify	these	proteins	from	the	other	

contaminant	proteins	produced	by	E.	coli,	we	decided	to	pursue	small	scale	purification	trials	using	both	

NiNTA	as	well	as	Streptactin	loose	resins	respectively.	

	

	 A	schematic	representation	of	how	His	tagged	proteins	bind	to	the	NiNTA	resin	was	shown	below	

(Fig.	4.16A).	The	NiNTA	samples	when	run	on	a	10%	SDS	gel	(Fig.	4.16B)	suggested	that	though	some	of	

the	His	tagged	GSK3β	was	lost	in	the	flowthrough,	most	of	the	protein	could	be	observed	in	the	elution,	

thereby	confirming	 that	 the	6xHis	 tag	can	be	used	 for	affinity	purification.	What	was	 interesting	 in	our	

observations	was	to	note	that	DISC1	was	also	present	in	the	elutions.	We	wanted	to	confirm	that	this	is	

due	 to	 a	 favorable	 complex	 formation,	 and	 not	 a	 consequence	 of	 any	 undesired	 non-specific	 binding.	

Furthermore,	the	elutions	need	to	be	processed	further	so	as	to	improve	their	purity.	
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Figure	4.16:	Batch	method	purification	using	equilibrated	loose	NiNTA	resin	to	verify	the	accessibility	of	
6xHistidine	(His)	tag	on	GSK3β.	A	schematic	diagram	(left)	shows	how	His	tagged	recombinants	proteins	
bind	to	NiNTA	resin.	The	Coomassie	stained	SDS	gel	(right)	shows	the	presence	of	GSK3β	and	also	DISC1	in	
the	elutions,	thereby	pointing	out	that	the	tag	can	be	employed	to	pursue	affinity	purification	method	for	
these	proteins.	

	 	

Similarly,	a	small-scale	gravity	flow	column	chromatography	was	carried	out	with	equilibrated	Strep	resin	

to	assess	the	accessibility	of	Streptavidin	tag	on	DISC1.	The	cartoon	diagram	showing	the	mechanism	of	

Strep	purification	(Fig.	4.17A)	as	well	as	a	gel	image	(Fig.	4.17B)	of	the	same	is	listed	below.	To	summarize,	

both	 affinity	 tags	were	 found	 to	 be	 accessible	 for	 column	binding	 and	DISC1	 remains	 in	 complex	 form	

with	GSK3β.	
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Figure	 4.17:	 Batch	 method	 purification	 using	 equilibrated	 loose	 Streptactin	 resin	 to	 verify	 the	
accessibility	 of	 Streptavidin	 (Strep)	 tag	 on	 DISC1.	A	 schematic	 diagram	 (left)	 shows	how	Strep	 tagged	
recombinants	proteins	bind	to	Strep	resin.	The	Coomassie	stained	SDS	gel	(right)	shows	the	presence	of	
DISC1	 and	 also	 GSK3β	 in	 the	 elutions,	 thereby	 pointing	 out	 that	 the	 tag	 can	 be	 employed	 to	 pursue	
affinity	purification	method	for	these	proteins.	

	

4.3.2.2.2 Large scale purification  

	 To	obtain	sufficient	quantity	of	 the	sample	 for	subsequent	biochemical	 investigation,	we	scaled	

up	the	purification	process	using	the	AKTA	purification	system.	Purification	profile	of	the	sample	showed	

improvement	in	overall	purity	when	subjected	to	Strep	affinity	column	chromatography	using	the	AKTA.	

The	chromatogram	(Fig.	4.18A)	gave	a	single	peak	indicating	the	elution	of	the	proteins.	The	samples	from	

the	 Strep	 purification	 (Fig.	 4.18B)	 were	 then	 run	 on	 a	 10%	 SDS	 gel.	 The	 presence	 of	 DISC1	 as	 well	 as	

GSK3β	was	observed	in	the	elutions	indicating	potential	interaction	between	the	two	proteins	by	forming	

a	 complex.	 This	 chromatography	 method	 using	 the	 StrepTrap	 HP	 1	 ml	 column	 was	 also	 successful	 in	

getting	rid	of	a	majority	of	the	contaminants,	including	the	chaperone	protein	pTf16,	which	can	be	seen	in	

the	flowthrough.	We	also	observed	a	thick	band	at	25	kDa,	similar	to	the	band	that	was	seen	when	the	

supernatant	was	treated	with	anti-Strep	antibody	during	the	western	blot	experiment	(Fig.	45).	The	two	

results	suggest	that	this	fragment	could	be	a	DISC1	truncation	product,	probably	one	of	the	subdomains	

at	the	C-terminal	end	of	the	protein	to	which	the	Strep	tag	is	attached.	
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Figure	 4.18:	 Strep	 affinity	 column	 chromatography	 of	 DISC1	 and	 GSK3β	 proteins.	 The	 supernatant,	
obtained	by	ultracentrifugation	at	22k	 rpm,	was	 loaded	onto	a	1	ml	 StrepTrap	HP	 column.	The	 sample	
was	first	washed	with	20	CV	of	the	equilibration	buffer	(100	mM	Tris	pH	8,	150	mM	NaCl,	5	mM	BME)	and	
was	later	eluted	with	10	CV	of	the	elution	buffer	(100	mM	Tris	pH	8,	150	mM	NaCl,	5	mM	BME,	6.25	mM	
desthiobiotin).	A	backflow	of	5	CV	elution	buffer	was	performed	to	see	if	any	proteins	were	stuck	on	the	
column.	 The	 chromatogram	 (left)	 gave	 a	 single	 peak	 when	 the	 proteins	 were	 eluted	 with	 6.25	 mM	
desthiobiotin.	The	Coomassie	stained	SDS	gel	(right)	shows	the	presence	of	DISC1	and	also	GSK3β	in	the	
elutions,	which	are	relatively	cleaner	than	that	of	the	batch	method.	

	 Subsequent	NiNTA	affinity	column	chromatography	of	 the	pooled	Step	elutions	 (all	10	elutions)	

gave	a	single	peak	as	seen	in	the	chromatogram	(Fig.	4.19A).	When	the	samples	were	run	on	a	gel	(Fig.	

4.19B),	we	saw	that	 the	 two	proteins	were	still	acting	as	a	single	unit,	eluting	 together	at	an	 imidazole	

concentration	of	250mM.	The	presence	of	DISC1	and	GSK3β	proteins	 in	the	elutions	strongly	suggested	

that	a	putative	stable	binary	complex	was	formed.	However,	it	was	observed	that	we	could	recover	only	

around	30%	of	 the	proteins	 in	 the	elutions	 (E1-E4).	 Ideally,	 if	all	 the	proteins	were	 recovered,	 then	 the	

elutions	E2	(15	µl	of	1	ml	fraction)	and	E3	(15	µl	of	1	ml	fraction)	should	show	a	combined	band	intensity	

for	 GSK3β	 and	 DISC1	 of	 5	 times	 of	 that	 of	 the	 load	 (15	 µl	 of	 10	 ml	 sample).	 Unfortunately,	 the	

flowthrough	sample	(2	µl	of	a	40	ml	sample)	in	the	gel	was	too	diluted	to	give	us	an	actual	image	of	how	

much	of	the	proteins	were	lost	during	the	purification.		
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Figure	4.19:	NiNTA	affinity	column	chromatography	of	DISC1	and	GSK3β	proteins.	The	10	Strep	elutions	
were	pooled,	diluted	to	the	initial	lysate	volume	with	the	equilibration	buffer	and	were	loaded	onto	a	1ml	
HisTrap	FF	column.	The	sample	was	first	washed	with	20	CV	of	the	equilibration	buffer	(50	mM	Tris	pH	8,	
300	mM	NaCl,	20	mM	imidazole,	5	mM	DTT)	and	was	 later	eluted	with	10	CV	of	elution	buffer	(50	mM	
Tris	pH	8,	300	mM	NaCl,	250	mM	imidazole,	5	mM	DTT).	A	backflow	of	5	CV	elution	buffer	was	performed	
to	see	 if	any	proteins	were	stuck	on	the	column.	The	chromatogram	(left)	gave	a	single	peak	when	the	
proteins	were	eluted	with	250	mM	imidazole.	The	Coomassie	stained	SDS	gel	(right)	showed	that	GSK3β	
and	DISC1	still	remained	bound	to	each	other	in	the	elutions,	which	suggests	complex	formation.	When	
compared	to	load	sample	(strep	elution	pool),	there	are	no	signs	of	any	significant	reduction	of	impurities	
in	the	NiNTA	elutions.	

	 The	DLS	data	 (Fig.	 4.20	B	 and	 table	 4.2)	 of	 the	protein	 sample,	 E1	 –	 E4	NiNTA	elution	pool,	 at	

concentration	of	1	mg/ml	showed	that	the	sample	was	homogenous	with	similar	sized	particles,	implying	

that	 DISC1	 and	 GSK3β	 were	 binding	 to	 one	 another	 and	 behave	 as	 a	 single	 unit.	 The	 sample	 had	 a	

percentage	polydispersity	(%	Pd)	of	6.1	(a	sample	having	%	Pd	of	10%	or	less	is	considered	a	good	sample).	

The	stoichiometric	ratio	of	the	two	proteins	in	this	complex	needs	to	be	further	investigated.	
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Figure	 4.20:	 Analyzing	 the	 nature	 of	 the	 particles	 within	 the	 sample	 using	 dynamic	 light	 scattering	
(DLS).	The	schematic	diagram	(left)	depicts	the	mechanism	behind	this	technique.	The	angle	of	scattering	
of	the	laser	beam	would	be	different	for	differently	sized	particle	within	a	sample.	Hence	this	technique	
can	 used	 to	 assess	 whether	 the	 sample	 is	 homogenous	 or	 heterogeneous.	 The	 DLS	 data	 (left)	 for	 the	
NiNTA	pool	(E1	–E4	elutions)	show	that	both	proteins	exist	as	a	single	population	of	similar	particle	size	
(~4	MDa)	and	%	polydispersity	of	6.1,	which	proves	that	the	sample	is	homogenous.	

Table4.2.	DLS	analysis	of	HisGSK-DISC1Str	post	NiNTA	purification. 
Intensity	distribution	 Radius	(nm)	 Mw-R	 

(kDa)	 
%	Pd		 %	Intensity	 %	Mass	 %	Number	 

Peak	1	 20.5 3959.4 6.1	 95.9 95.1 100.0 

Peak	2	 310.4 2278358.1 11.9	 4.1 4.9 0.0 

	
	 The	NiNTA	pool,	when	subjected	to	size	exclusion	chromatography,	showed	contrasting	results	as	

compared	to	the	DLS	data	obtained	earlier.		Three	distinct	peaks	were	observed	in	the	chromatogram	(Fig.	

4.21).	This	points	out	that	the	different	fractions	of	the	sample,	when	resolved	on	a	size	exclusion	column,	

constitute	 for	different	 types	of	particles.	The	 first	and	biggest	peak	was	very	close	 to	 the	void	volume	

range.	When	the	GF	fractions	were	run	a	SDS	gel	(Fig.	4.21),	DISC1	and	GSK3β	were	observed	to	resolve	

together,	despite	their	different	individual	molecular	weights,	as	they	exist	as	a	putative	binary	complex.	

The	Superose	column	was	successful	in	separating	the	remaining	contaminants	such	as	the	75	kDa,	pTf16	

(56	kDa)	and	also	the	25	kDa	degradation	product,	giving	us	pure	DISC1-GSK3β	complex.		
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Figure	4.21:	Size	exclusion	chromatography	profile	of	NiNTA	elution	pool.	Passing	the	sample	(protein	
concentration:	1	mg/ml)	through	Superose	6	Increase	10/300	L	column	resolved	it	 into	3	distinct	peaks,	
indicating	 the	presence	of	multiple	particle	population	contradictory	 to	 the	single	peak	obtained	 in	 the	
DLS	 experiment.	 The	 Coomassie	 stained	 SDS	 gel	 confirmed	 that	 GSK3β	 (49	 kDa)	 and	 DISC1	 (100	 kDa)	
came	out	in	the	same	fractions	as	a	stable	binary	complex	while	removing	other	impurities.	

	 Though	gel	filtration	was	successful	in	obtaining	pure	DISC1-GSK3β	complex	in	the	same	fractions,	

about	one	fifth	of	the	total	protein	present	GF	load	was	lost	in	the	process.	We	presume	this	was	because	

the	protein	 sample	was	not	 stable	 in	 the	GF	buffer	and	hence	was	getting	precipitated	on	 the	column.	

There	was	a	deficit	of	 around	400	mM	salt	 in	 the	GF	buffer	 (50	mM	Tris	pH	7.5,	 150	mM	NaCl,	 5	mM	

MgCl2,	0.005%	Tween	20,	1	mM	TCEP)	when	compared	to	the	NiNTA	elution	buffer	(50	mM	Tris	pH	8,	300	

mM	NaCl,	250	mM	imidazole,	5	mM	DTT)	 (the	sample	buffer	of	GF	 load).	The	sample	was	shown	to	be	

stable	in	a	new	GF	buffer	with	increased	salt	concentration	(50	mM	Tris	pH	8,	600	mM	NaCl,	1	mM	TCEP)	

as	indicated	by	DLS	(Fig.	4.	22).	
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Figure	4.22:	Optimization	of	suitable	gel	filtration	buffer	for	the	HisGSK3β -DISc1Str	complex.	Deducing	
the	optimum	buffer	composition	with	the	necessary	salt	concentration	to	preserve	the	protein	stability,	
integrity	and	maximize	protein	recovery.	Protein	yield	was	better	in	the	buffer	(50	mM	Tris	pH	8,	600	mM	
NaCl,	1	mM	TCEP),	which	has	a	comparable	ionic	strength.	

	

	 Moreover,	 considerable	protein	was	 lost	during	NiNTA	purification.	Since	 the	SDS	gel	 results	of	

the	 NiNTA	 purification,	 for	 the	 previous	 batch,	 did	 not	 show	much	 improvement	 in	 the	 purity	 of	 the	

sample	 (Fig.	4.19B);	compare	 load	and	NiNTA	elution	(E2)),	we	attempted	to	remove	the	NiNTA	step	 in	

our	next	purification.	We	processed	another	batch	of	cells	(10	g)	and	passed	the	supernatant	through	the	

Strep	column.	We	proceeded	directly	to	size	exclusion	chromatography	with	the	modified	GF	buffer	(50	

mM	Tris	pH	8,	600	mM	NaCl,	1	mM	TCEP).	The	chromatogram	(Fig.	4.23)	showed	an	improvement	in	the	

amount	of	protein	recovered,	as	we	were	able	to	retrieve	twice	as	much	protein	in	a	single	distinct	peak	

than	 last	 time.	 The	 gel	 image	 (Fig.	 4.23)	 also	 depicts	 a	 clear	 separation	 of	 the	 pure	 putative	 protein	

complex	from	the	rest	of	the	impurities.	
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Figure	 4.23:	 Size	 exclusion	 chromatography	 profile	 of	 Strep	 elution	 pool.	 Passing	 the	 Strep	 elution	
sample	(protein	concentration:	200	µg/ml)	directly	through	Superose	6	Increase	10/300L	column,	without	
doing	 NiNTA	 purification,	 gave	 a	 tall	 distinct	 peak,	 corresponding	 to	 the	 DISC1-GSK3β	 complex.	 The	
Coomassie	 stained	 SDS	 gel	 confirmed	 that	GSK3β	 (49	 kDa)	 and	DISC1	 (100	 kDa)	 came	out	 in	 the	 same	
fractions	as	a	stable	binary	complex	while	removing	other	impurities.	

	
	 Although	 the	 Strep	elution,	 bypassing	NiNTA	had	 similar	 purity	 as	 assessed	 from	 the	 SDS	 gel,	 I	

was	unable	to	concentrate	the	GF	purified	fraction	to	beyond	1	mg/ml.	Subsequent	analysis	revealed	that	

the	sample	has	a	large	amount	of	nucleic	acid	contamination	as	indicated	by	the	main	UV	peak	at	260	nm.	

The	 NiNTA	 purification	 was	 essential	 in	 removing	 the	 nucleic	 acid	 contamination.	 Gel	 filtration	 of	

HisGSK3β/DISC1str	after	Strep	and	NiNTA	purification	with	the	optimized	GF	buffer	showed	that	NiNTA	

purification	was	essential	 in	 improving	the	purity	of	 the	protein	complex	 (Fig.	4.24).	Moreover,	 it	made	
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concentrating	the	GF	pool	to	1	mg/ml	of	pure	HisGSK3β-DISC1str	feasible.	

	

Figure	4.24:	Protein	complex	sample	on	a	SDS	gel	after	gel	filtration:	Without	NiNTA	(left);	With	NiNTA	
(right).	Subjecting	 the	protein	 sample	 to	NiNTA	purification	before	gel	 filtration	 improved	 the	purity	of	
HisGSK3β-DISC1str	complex.	PP	161-0363	–	Protein	ladder.	

	
	 The	 overall	 process	 of	 purifying	 the	 putative	 protein	 complex	 thus	 involves	 successive	 affinity	

chromatography	techniques,	first	using	a	Strep	column	followed	by	a	NiNTA	chromatography.	This	is	then	

subjected	 to	a	 size	exclusion	chromatography	 to	 remove	 the	 remaining	contaminants.	We	also	 tried	 to	

scale	up	 the	purification	setup,	by	 increasing	 the	column	size	 to	 increase	 the	 retention	 time	within	 the	

column	 and	 thus	 improving	 the	 binding	 efficiency.	 When	 we	 used	 bigger	 column	 for	 affinity	

chromatography,	5ml	StrepTrap	and	5ml	HisTrap	column,	we	were	able	to	recover	~700	µg	protein	from	

20	g	of	cells.		

4.4 Discussion 

	 DISC1,	being	a	 scaffold	protein	with	more	 than	200	different	protein	partners,	 has	 an	 inherent	

conformational	 flexibility	 that	 allows	 it	 to	 dynamically	 change	 its	 3D	 structure	 to	 adapt	 to	 the	 binding	

surface	of	its	interactors.	In	an	attempt	to	overcome	this	hurdle,	we	tried	to	capture	single	conformation	

of	DISC1	as	a	binary	 complex	with	GSK3β,	one	of	 its	binding	partners.	 Two	 strategies	were	adopted	 to	

achieve	this	DISC1-GSK3β	interaction.	Generation	of	this	binary	complex	was	attempted	both	by	setting	

up	 an	 interaction	 of	 the	 two	 proteins	 in	 an	 in	 vitro	 reaction	medium	 as	well	 as	 expressing	 DISC1	 and	

GSK3β	simultaneously	within	the	same	expression	host	using	a	polycistronic	vector.	

	

The	preliminary	in	vitro	interaction	assay	using	partially	purified	HisGSK3β	showed	promising	results	since	

faint	bands	for	both	MBPDISC1fl	and	HisGSK3β	were	observed	in	the	dextrin	elution.	The	identity	of	the	

proteins	 would	 need	 to	 be	 confirmed	 by	 western	 blot.	 If	 the	 proteins	 in	 the	 elution	 were	 indeed	
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MBPDISC1fl	and	HisGSK3β,	the	interaction	assay	would	require	further	optimization	and	scale-up	in	order	

to	obtain	a	higher	amount	of	the	binary	complex	for	subsequent	analysis.			

	

	 On	the	other	hand,	we	were	able	to	successfully	generate	a	stable	putative	DISC1-GSK3β	complex	

through	the	coexpression	method.	Optimization	of	the	purification	protocol	for	this	co-expressed	DISC1-

GSK3β	complex	ensured	that	sufficient	quantity	of	 the	pure	putative	protein	complex	was	obtained	 for	

further	characterization.	The	western	blots	using	Anti-His	and	Anti-Strep	antibodies	gave	a	positive	band	

for	the	His-tagged	GSK3β	and	the	Strep-tagged	DISC1	proteins	respectively.	The	presence	of	a	C-terminal	

Strep	 tag	 associated	 with	 DISC1	 and	 an	 N-terminal	 His	 tag	 attached	 to	 GSK3β	 allowed	 us	 to	 pursue	

successive	affinity	purification	strategy	with	Strep	and	NiNTA	affinity	columns.	DISC1	and	GSK3β	proteins	

remained	 together	 in	 the	 elutions	 during	 both	 sets	 of	 affinity	 chromatography.	 A	 subsequent	 size	

exclusion	chromatography	using	Superdex	column	removed	the	remaining	impurities	to	give	a	sample	of	

more	than	80%	purity.	Despite	having	different	molecular	weights,	DISC1	and	GSK3β	were	eluted	into	the	

same	fractions,	giving	us	a	strong	indication	for	the	stability	of	this	putative	binary	complex.	A	subsequent	

western	 blot	 with	 the	 aforementioned	 Anti-His	 and	 Anti-Strep	 antibodies	 would	 be	 useful	 to	 give	 a	

confirmation	regarding	the	identity	of	the	two	complex	partners.	We	have	not	attempted	to	concentrate	

the	GF	elution	from	the	current	optimized	purification	protocol	yet.	In	the	future,	it	will	be	important	to	

investigate	how	to	concentrate	the	complex	further	so	that	we	can	pursue	other	biochemical,	biophysical	

analysis	 and	 crystallization.	 The	 complex	 at	 the	 current	 concentration	 is	 sufficient	 for	 negative	 stained	

electron	microscopy,	which	could	be	utilized	as	an	additional	method	to	screen	for	conditions	that	would	

promote	a	more	homogeneous	sample.	

	

	 The	co-expression	strategy	also	 revealed	another	possible	 future	avenue	 to	 study	GSK3β/DISC1	

interactions.	A	25	kDa	fragment	was	consistently	observed	in	our	purification	steps.	This	same	fragment	is	

detected	 in	 the	 earlier	 western	 blot	 analysis	 of	 the	 total	 cell	 lysate,	 when	 incubated	 with	 anti-Strep	

antibody,	done	to	visualize	the	full	 length	DISC1	protein.	The	presence	of	this	specific	band	in	the	Strep	

elutions	strongly	suggests	that	it	might	correspond	to	the	truncated	subdomain(s)	in	the	C-terminal	end	

of	DISC1,	which	 is	attached	to	the	Strep	tag.	Based	on	analyzing	the	size	of	this	fragment,	 looking	at	 its	

attachment	 to	 strep	 tag	and	comparing	 in	 silico	with	 full-length	protein	 sequence,	we	hypothesize	 that	

this	 25	 kDa	 fragment	 might	 be	 a	 binding	 site	 for	 GSK3β	 as	 well.	 Therefore,	 a	 future	 project	 could	

investigate	 how	 the	 C-terminal	 fragment	 of	 DISC1	 may	 interact	 with	 GSK3β	 and	 how	 this	 interaction	

implicates	DISC1	function.	
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Conclusion and Future work 
	
	 Structural	 information	of	DISC1	has	been	elusive	since	 its	discovery	as	a	psychiatric	disease	risk	

factor	twenty	years	ago.	Obtaining	samples	suitable	for	structural	 investigation	has	been	the	bottleneck	

and	my	 thesis	has	contributed	 to	 the	goal	of	 this	monumental	 task.	My	 first	objective	 to	biochemically	

characterize	the	N-terminal	truncation	DISC1	gave	two	promising	results.	First,	an	optimal	condition	was	

found	 for	 the	 MBP-tagged	 construct	 (MBPd300)	 that	 resulted	 in	 a	 symmetrical	 peak	 from	 the	 size	

exclusion	column.	Second,	the	MBP-tag	cleaved	construct	(d300)	resulted	in	a	highly	pure	sample.	Future	

work	 needs	 to	 be	 done	 to	 reproduce	 the	MBPd300	 condition	 and	 to	 devise	 how	 to	 scale	 up	 d300	 for	

further	 investigation.	My	 second	objective	was	 to	biochemically	 characterize	 the	 full-length	DISC1	with	

one	 of	 its	 interactor	 GSK3β.	 I	 have	 shown	 that	 co-expression	 is	 a	 good	 strategy	 to	 obtain	 the	 binary	

complex	suitable	for	structural	investigation.	The	optimized	purification	procedure	for	the	co-expression	

construct	involving	successive	affinity	purifications	using	both	Strep	as	well	as	His	tag	and	a	consequent	

size	 exclusion	 chromatography	 ensured	 that	 proteins	 remained	 as	 a	 stable	 putative	 binary	 complex.	

Future	optimization	to	scale	up	would	be	required	to	obtain	sufficient	quantity	of	the	protein	complex	for	

structural	investigation.	Finally,	GSK3β	is	one	of	many	proteins	that	interact	with	DISC1.	Other	interactors	

could	be	used	as	a	“stabilizer”	in	our	continual	attempt	towards	the	structural	investigation	of	DISC1.	
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Appendix	

Reagent l ist  
Acrylamide	(Fisher	#	01065-500)	

Ampicillin	(VWR	#	CA97061-442)	

APS	(Sigma	#A3678-100G)	

Bacto-Agar	(Anachemia	#	02116-300)	

Bacto-Tryptone	(Fisher	#	BP1421-2)	

Chloramphenicol	(Amresco	#	0230-100G)	

Desthiobiotin	(Sigma	#	D141-1G)	 	

EDTA	(Fisher	#	PR-V4231)	

Glycerol	(Fisher	#	BP2291)	

Imidazole	(Fisher	#	BP30550)	

KH2PO4	(Fluka	#	60220)	

K2HPO4	(Fisher	BP363-1)	

L-Arabinose	(Goldbio	#	A-300-500)	

Magnesium	Chloride	(VWR	#	W1917603)	 	

Pierce	Protease	Inhibitor	(Thermo	Fisher#	88666)	

Precision	Plus	Protein	Unstained	Standard	(Biorad	#	161-0363)	

Sodium	Chloride	(VWR	#	CA71008-564)	

Sodium	Hydroxide	(Alfa	Aesar	#	AAA1603736)	

TCEP	HCl	(Fisher-Pierce	#	PI20491)	

TEMED	(Sigma	#	T9281-100ML)	

Tris	Base	(Fisher	#	BP1521)	

Tryptone	(Fisher	#	BP14212)	

Tween	20	(VWR	#	CA97062-332)	

Yeast	Extract	(Fisher	#BP14222)	

	

	


