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ABSTRACT	OF	THE	THESIS	
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Thesis	Director:	
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Collagen	is	the	most	abundant	protein	in	the	human	body.	There	are	several	

collagen‐binding	integrins,	which	exist	as	transmembrane	proteins	and	serve	to	

transmit	cellular	signals	via	inside‐out	and	outside‐in	pathways,	via	a	cascade	of	

conformational	changes.	Collagen	is	capable	of	initiating	outside‐in	signaling	by	

binding	to	the	extracellular	I‐domain	of	integrin,	in	a	cation‐dependent	manner.	

While	much	is	known	about	collagen	subtype	and	sequence	specificity	of	varying	

integrins,	the	mechanism	of	binding	has	yet	to	be	determined.	Our	lab	studies	the	

interaction	between	collagen	and	the	I‐domains	of	integrins	11	(1I),	and	21	

(2I),	via	molecular	biology	and	nuclear	magnetic	resonance	(NMR)	techniques.	We	

are	also	investigating	recombinant	collagen‐like	peptides	for	the	purpose	of	binding	

assays	between	collagen	and	integrin.	The	goal	is	to	determine	a	structural‐

functional	relationship	occurring	in	the	interaction,	and	to	use	this	in	order	to	

determine	the	mechanism	of	binding.	The	interaction	of	collagen	and	integrin	has	

roles	in	cancer	cell	proliferation	and	thrombosis,	making	the	determination	of	this	

mechanism	vital	to	the	generation	of	future	treatments	for	these	diseases.	
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Chapter	1	Introduction:	

Integrins	are	a	family	of	transmembrane	receptor	proteins	that	act	to	connect	

cytoskeletal	molecules	such	as	actin	and	talin	with	various	extracellular	matrix	

proteins	including	collagen,	laminin,	and	fibronectin	among	others.1‐6	This	

association	of	intracellular	and	extracellular	molecules	occurs	through	a	

bidirectional	signaling	cascade,	during	which	the	integrin	undergoes	various	

structural	rearrangements	rendering	the	molecule	active.1,	3‐4	Some	integrins,	

including	those	that	bind	collagen	(11,21,101,111),	have	an	inserted	domain	

(I‐domain)	in	the	‐subunit	of	their	extracellular	region	that	mediates	ligand	

binding.1‐2,	4,	6‐15	

	 Integrins	11	and	21	are	the	most	extensively	studied	of	the	collagen‐

binding	integrins.	The	binding	of	integrin	11	or	21	to	collagen	via	its	I‐domain	

(1I	and	2I	respectively),	induces	several	intracellular	signals	that	play	roles	in	

diverse	cellular	processes,	including	cellular	adhesion,	spreading,	and	migration.1,	3‐

4,	14‐17	Both	molecules	are	potentially	interesting	drug	targets	because	they	play	

important	roles	in	crucial	cellular	processes,	but	their	underexpression	does	not	

cause	severe	impact	on	the	body.16,	18‐21	While	the	crystal	structures	of	2I	alone22,	

and	bound	to	a	collagen	model	peptide	(CMP)	have	been	determined13,	23,	the	

mechanism	by	which	integrin	recognizes	and	specifically	binds	collagen	is	not	yet	

known.	Knowledge	of	this	recognition	mechanism	is	critical	for	the	development	of	

reaction	inhibitors.	Here,	we	propose	studies	that	will	aid	in	the	elucidation	of	this	

mechanism.		
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	 The	isolated	I‐domains	of	the	collagen‐binding	integrins	retain	all	of	the	

specificities	and	affinities	of	the	parent	integrin	for	collagen,	and	undergo	the	same	

structural	rearrangements	upon	ligand	binding.22‐23	They	can	therefore	be	used	as	a	

model	of	the	full	integrin	for	structural	and	functional	studies.6,	9,	12,	24	There	is	

increasing	evidence	that	protein	dynamics	and	conformational	flexibility	play	a	

critical	role	in	function,	recognition	and	interactions.25‐29	Therefore,	we	propose	to	

use	molecular	biology	techniques	and	solution	nuclear	magnetic	resonance	(NMR)	

experimentation	to	study	the	structural	and	dynamic	features	of	integrin	1I	and	

2I.	Recently,	various	models	of	protein‐protein	recognition	have	been	proposed.	

These	include	the	induced‐fit	model,	conformational	selection	model,	and	models	

that	combine	conformational	selection	recognition	followed	by	induced‐fit	

binding.26	Previous	studies	have	also	revealed	that	changes	in	the	strength	of	the	

collagen‐integrin	interaction	can	lead	to	dysfunction	and	disease23,	making	it	

essential	to	uncover	knowledge	of	the	integrin	recognition	mechanism	and	affinities	

for	various	collagen	sequences.	The	goal	of	this	proposal	is	to	uncover	the	

mechanism	by	which	integrins	11	and	21	bind	collagen,	using	NMR	as	our	

primary	tool	for	structural	and	dynamic	studies.	
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Chapter	2	Aims	and	Significance:		

2.1	Characterize	the	dynamics	of	integrin	1I	and	2I	in	solution	by	NMR:	Is	

there	evidence	for	a	conformational	selection	mechanism?		

Collagen	binding	to	1I	and	2I	is	divalent	cation	dependent,	and	occurs	at	the	

metal	ion‐dependent	adhesion	site	(MIDAS)	of	the	I‐domain7,	22	(Figure	1).	We	

propose	that	the	mechanism	of	collagen	binding	involves	a	conformational	selection	

process,	and	that	the	metal	may	play	a	role	in	I‐domain	activation.	A	small	

population	of	the	“excited”	conformation	may	exist	in	equilibrium	with	the	“resting”	

closed	form.	We	will	probe	for	these	conformationally	dynamic	residues	by:	1)	

producing	labeled,	recombinant	wild‐type	1I	and	2I;	2)	characterizing	the	motions	

of	the	proteins	in	solution,	using	NMR,	in	the	presence	and	absence	of	metal;	3)	

deriving	the	chemical	exchange	rates	for	the	dynamic	residues.	

	
Figure	1.	Structures	of	2I	in	the	
(A)	un‐bound	closed	and	(B)		
bound	open	forms.	There	are		
several	major	conformational		
rearrangements:	1)	the		
unwinding	of	helix‐C;	2)	a	gain		
of	a	turn	in	helix‐6;	3)	the		
downward	shift	of	helix‐7;	and	4)	
a	change	in	metal	coordination,	to		
include	the	direct	coordination	of		
the	side	chain	of	a	Glu	residue		
from	collagen.22‐23		
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2.2	Characterize	the	structure	and	dynamics	of	the	collagen‐integrin	1I	or	2I	

complex,	in	order	to	determine	the	biologically	relevant	sites.		

We	can	determine	the	residues	involved	in	the	protein‐protein	interaction	by:	1)	

exploring	the	binding	of	1I	and	2I	to	collagen	peptides	by	monitoring	NMR	peak	

perturbations;	2)	determining	the	impact	of	collagen	binding	on	1I	and	2I	

structure	and	dynamics	using	NMR;	3)	testing	the	biological	relevance	of	the	

residues	identified	by	NMR	as	dynamic,	or	critical	to	the	binding	interaction,	using	

ELISA	(enzyme‐linked	immunosorbent	assay).	

	
	
2.3	Characterize	the	role	of	the	I‐domain	in	regulating	integrins	affinities	for	

various	collagen	sequences.		

Further	insight	into	the	recognition	of	specific	collagen	sequences	by	1I	and	2I	will	

be	provided	by:	1)	elucidating	the	structure	of	recombinantly	produced	1I	and	2I	

variants	(containing	point	mutations	of	residues	of	interest	as	determined	by	NMR	

studies	of	the	wild‐type	protein);	2)	studying	the	dynamics	of	the	1I	and	2I	

variants	to	determine	if	the	mutants	have	different	conformational	heterogeneities	

from	wild‐type;	3)	test	these	mutants	against	our	collaborator	Richard	Farndale’s	

Collagen	Toolkits	in	order	to	determine	a)	differences	in	affinity	and	selectivity	and	

b)	the	biological	relevance	of	the	sites,	allowing	for	the	determination	of	the	

relationship	between	structure	and	function.	
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2.4	Develop	recombinant	collagen	peptides	for	NMR	studies.		

In	order	to	fully	investigate	the	mechanism	of	the	integrin‐collagen	binding	

interaction	by	NMR,	we	will	need	to	form	the	integrin‐collagen	complex.	Collagen,	

however,	is	an	extremely	large	protein	(~300‐400	kDa).	This	large	size	makes	the	

protein	difficult	to	study	by	solution	NMR,	because	the	effect	of	line	broadening	

increases	with	increasing	size,	making	individual	residues	difficult	to	find	and	

distinguish	from	one	another.	Collagen	model	peptides	(CMPs)	of	a	much	smaller	

molecule	weight	can	be	used	to	model	specific	regions	of	collagen.	They	have	been	

shown	to	be	good	models	of	collagen	in	structural	and	biological	studies.30‐32	The	

cost	of	ordering	the	labeled	peptides	required	for	NMR	studies,	however,	can	be	

extremely	high,	especially	if	attempting	to	complex	the	peptides	with	a	protein	that	

only	remains	stable	for	a	short	time.	Therefore,	the	ability	to	develop	recombinant	

collagen	peptides	would	be	extremely	useful	to	us.		
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Chapter	3	Results	and	Progress:	

3.1	Overexpression	and	purification	of	labeled	2I.		

The	recombinant	I‐domain	of	integrin	2	was	expressed	in	the	E.	coli	bacterial	

strain	BL21DE3	in	both	15N‐labeled	and	15N‐13C‐labeled	M9	minimal	media.	Two	

different	expression	plasmids	containing	the	2I	construct	were	expressed	

separately,	in	an	attempt	to	improve	yield	and	protein	stability.	Both	constructs	

included	a	His‐tag	at	the	N‐terminus,	to	aid	in	eventual	protein	purification.	The	first	

attempt	at	expression	was	made	using	the	Single	Protein	Production	(SPP)	system33.	

The	SPP	system	offered	a	benefit	of	reducing	cost	by	cutting	the	culture	volume,	and	

therefore	the	amount	of	isotopes	needed	for	the	expression	of	a	uniformly	labeled	

protein,	by	ten‐fold.	While	2I	was	successfully	expressed	using	this	construct,	the	

overall	yield	was	very	low.	Producing	an	NMR	sample	from	this	construct	would	

have	required	many	liters	of	growth,	thereby	negating	the	previously	mentioned	

cost	benefit.	The	construct	was	modified	by	truncating	the	final	eight	residues	from	

the	C‐terminus,	in	hopes	that	it	would	improve	expression	levels.	These	were	

“extra”	residues	beyond	what	was	contained	in	the	protein	secondary	structure	as	

determined	by	the	crystal	structure.	Expression	levels,	however,	remained	low,	and	

an	NMR	sample	could	not	be	made	from	these	conditions.	

	 Bacterial	expression	was	next	attempted	from	a	construct	in	the	pET	

expression	vector.	This	construct	maintained	the	full	length	of	the	original	SPP	

construct,	however	it	possessed	a	longer	His‐tag	at	the	N‐terminus,	followed	by	a	

shorter	linker	between	the	tag	and	protein	sequence.	With	this	construct,	

expression	yields	were	much	higher	for	both	15N‐labeled	and	15N‐13C‐labeled	
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cultures,	as	shown	by	SDS‐gel.	Protein	expressed	from	the	pET	construct	was	used	

in	all	future	studies.	

	 Prior	to	purification,	two	different	methods	of	extracting	the	protein	from	the	

bacterial	cells	were	employed,	in	order	to	determine	which	would	provide	the	

highest	protein	yield.	In	the	first	method,	the	protein	was	physically	removed	from	

the	bacterial	cells	by	homogenization.	This	method	was	quick,	but	involved	a	harsh,	

physical	breaking	of	the	cell	membranes	in	order	to	release	the	contents	of	the	cell.	

Since	this	method	completely	tore	apart	the	bacteria,	it	also	released	proteases	

capable	of	chopping	up	and	degrading	the	protein	of	interest.	A	second	method,	

involving	the	chemical	breakdown	of	the	cell	membrane	was	employed.	In	this	

chemical	method,	the	bacterial	cells	are	overwhelmed	with	sucrose	(in	a	TES	

solution	supplemented	with	lysozyme,	benzonase	nuclease	and	a	protease	inhibitor	

tablet),	so	much	so	that	the	contents	of	the	periplasm	(including	the	protein	of	

interest)	are	extracted,	but	the	cells	aren’t	degraded	any	farther,	preventing	the	

release	of	harmful	proteases.		

	 The	products	obtained	from	either	physical	or	chemical	method	were	loaded	

onto	Ni‐NTA	resin,	in	order	to	purify	2I.	While	purification	using	the	chemical	

breakdown	method	was	more	time	consuming,	the	final	purified	product	was	found	

by	SDS‐gel	to	be	more	pure,	more	concentrated,	and	possessed	greater	stability	in	

the	long‐term.	The	eluate	from	the	chemical	method	of	purification	was	analyzed	by	

SDS‐gel,	which	showed	a	single	band	indicating	a	pure	product.	Protein	identity	was	

confirmed	by	MALDI‐TOF	mass	spectrometry.	
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	 Multiple	buffer	conditions	were	employed	in	order	to	determine	how	best	to	

keep	the	protein	stable	in	suitable	conditions	for	NMR	studies.	Two	modes	of	buffer	

exchange	were	also	tested:	exchange	by	dialysis	and	exchange	by	desalting	columns.	

The	desalting	columns	were	found	to	be	both	quicker	and	more	effective	at	

completely	exchanging	the	buffer.	In	the	end,	the	conditions	chosen	for	producing	

labeled	sample	were	as	follows:	the	cells	from	two	liters	of	bacterial	culture	grown	

in	labeled	M9	minimal	media	were	broken	by	chemical	means	(TES);	protein	was	

purified	on	a	1mL	His‐Trap	column	(Ni‐NTA	resin),	and	exchanged	in	the	NMR	

buffer	(50mM	NaPi,	150mM	NaCl,	10mM	BME,	pH	7.0,	with	10%	D2O)	via	desalting	

column	The	buffer	contained	5mM	MgCl2	(metal‐bound	samples)	or	10mM	EDTA	

(metal‐free).	Samples	were	concentrated	to	~500M	for	NMR	experimentation.	

	
3.2	NMR	chemical	shift	assignments	of	2I.		

The	NMR	fingerprints	of	metal‐free	and	bound	2I,	found	from	the	transverse	

relaxation	optimized	heteronuclear	single	quantum	correlation	(1H‐15N‐TROSY‐

HSQC)	spectrum,	consistently	showed	high‐quality	spectra	having	well‐dispersed	

and	well‐defined	peaks	(Figure	2).	The	triple	resonance	experiments	HNCO,	

HN(CA)CO,	HNCA,	HN(CO)CA,	CBCACONH,	and	HNCACB,	in	addition	to	information	

obtained	from	previous	assignments	for	metal‐bound	2I34,		allowed	for	the	

assignment	of	95%	of	the	1HN,	13C,	13C,	and	13CO	chemical	shifts	for	metal‐bound	

2I	and	89%	for	metal‐free	2I.	



	

	

9

	

Figure	2.	Some	regions	of	2I	experience	chemical	shift	changes	as	a	result	of	metal	
binding.	The	overlay	of	15N‐TROSY‐HSQC	spectra	(left)	of	metal‐free	(red)	and	
metal‐bound	(black)	2I	reveals	multiple	residues	are	perturbed	by	the	metal	
coordination.	Spectra	were	taken	at	25C,	700	MHz.	A	plot	of	the	chemical	shift	
perturbations	(right)	quantifies	the	total	combined	shift	experienced	by	the	
backbone	amide	of	each	residue	upon	addition	of	Mg2+.	The	total	chemical	shift	was	
calculated	by	adding	the	changes	in	chemical	shifts	of	1H	(H)	and	15N	(N),	
according	to	the	equation	=	((H)2+	(N*0.154)2)1/2.	 	

	

3.3	15N	relaxation	experiments	probing	the	dynamics	of	2I.		

We	have	hypothesized	that	2I	possesses	a	dynamic,	rather	than	static,	structure.	

Relaxation	rates	of	the	15N‐labeled	protein	backbone	are	a	function	of	backbone	

motions,	on	a	s	to	ms	timescale25,	and	can	be	used	to	determine	the	dynamic	

regions	of	2I.	Results	from	preliminary	15N‐TROSY‐R2	experiments,	used	to	

measure	the	transverse	relaxation	rate,	indicated	to	us	that	the	metal‐bound	protein	

was	still	unstable.	Comparing	the	results	of	multiple	R2	experiments,	completed	on	

the	same	sample	but	at	various	field	strengths	over	time,	we	can	clearly	see	that	the	

baseline	of	the	relaxation	rate	is	rising	(Figure	3).	The	rise	is	greater	than	the	

variance	between	machines	of	different	field	strengths.	This	rise	in	the	baseline	is	

indicative	of	protein	aggregation.	A	similar	rise	in	the	baseline	was	experienced	for	

R2	data,	recorded	for	metal‐free	2I	(data	not	shown).	The	formation	of	aggregates	

was	confirmed	by	native	gel.	More	work	towards	stabilizing	the	protein	is	needed.	
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In	spite	of	the	rising	baseline,	we	can	see	clear	trends	in	the	spectra	taken	at	

all	three	field	strengths.	The	results	show	multiple	regions	having	elevated	

relaxation	rates	suggesting	that	2I	does	indeed	have	dynamic	heterogeneity,	and	

possibly	experiences	conformational	exchange	in	these	regions.	By	mapping	the	

high	R2	values	on	the	crystal	structure	of	2I,	it	can	be	seen	that	the	alpha	helices	

that	lie	on	the	exterior	experience	either	slower	backbone	motions	than	the	core,	or	

are	subject	to	conformational	exchange	on	the	micro	to	millisecond	timescale.	

Further	experiments	were	needed	in	order	to	determine	the	extent	of	

conformational	exchange	experienced	by	2I	in	solution.	

	

	

	

	

	

	

Figure	3.	15N‐R2	experiments	indicate	that	metal‐bound	2I	possesses	dynamic	
heterogeneity,	and	that	the	sample	may	be	experiencing	aggregation	over	time	
(left).	Spectra	were	recorded	first	on	the	700MHz	NMR.	There	is	an	upward		
baseline	shift	for	spectra	taken	in	the	following	days	on	both	the	600	and	800		
MHz	machines.	Data	from	all	machines	show	similar	trends.	Regions	having		
elevated	R2	values	have	been	highlighted	in	red	on	the	structural	representation		
of	2I	(right).	
	
	
	 In	order	to	determine	if	the	dynamic	regions	of	2I	were	subject	to	

conformational	exchange	on	the	microsecond	to	millisecond	timescale,	the	chemical	

exchange	rate	(Rex)	was	derived	for	each	residue27.	In	order	to	derive	the	Rex,	the	
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difference	between	the	relaxation	rates	determined	from	two	experiments	was	

required.	The	first	experiment,	the	transverse	relaxation	R2,	mostly	suppresses	the	

chemical	exchange	effects	to	relaxation	rates.	The	second	experiment,	the	Hahn‐

Echo	R2,	is	designed	to	measure	relaxation	rates	under	conditions	of	full	exchange.	

Rex	values	derived	from	the	differences	between	the	results	obtained	from	these	two	

experiments	should	allow	for	some	indication	of	the	extent	of	chemical	exchange	

experienced	by	individual	residues	of	the	protein.	

	 The	Rex	experiment	was	completed	in	our	lab,	by	Dr.	Ana	Monica	Nunes,	on	

the	I‐domain	of	11	in	both	the	presence	and	absence	of	the	Mg2+	ion	(Figure	4	

top).	Based	on	these	experiments,	it	can	be	seen	that	metal‐free	1I	experiences	

little	to	no	conformational	exchange	on	the	millisecond	to	microsecond	timescale.	It	

is	interesting	to	see,	however,	that	when	the	metal	ion	is	added	there	are	large	

jumps	in	the	value	of	Rex	in	several	regions	of	the	protein.	These	variations	indicate	

that	the	metal	induces	conformational	heterogeneity	in	some	residues	of	1I,	

activating	the	domain	dynamically,	on	this	timescale.		
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Figure	4.	Chemical	exchange	rates	experiences	by	1I	(top)	and	2I	(bottom)	in	the	
presence	(blue)	and	absence	(red)	of	the	Mg2+	ion.	Spectra	were	recorded	at	800	
MHz.	
	
	
	 Since	1I	and	2I	have	high	sequence	similarity	(66%),	nearly	identical	

structures	(95%),	and	perform	similar	roles	(although	are	localized	in	different	cell	

types),	we	hoped	to	see	similar	Rex	results	for	2I.	Rex	experiments	were	completed	

for	2I	in	the	presence	and	absence	of	metal	(Figure	4	bottom);	however,	the	data	

maintains	a	relatively	flat	line	in	both	cases.	This	might	indicate	that	2I	does	not	

experience	conformational	exchange	upon	the	addition	of	the	metal,	or	perhaps	the	

effect	of	chemical	exchange	is	only	hampered	by	the	aggregation	issues	we	are	

experiencing.	Rex	experiments	will	be	repeated	when	the	protein	is	stabilized.		
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3.4	Structure‐Function	relationship.	

	Upon	collagen	binding	to	the	I‐domain	of	2,	the	C‐helix	unwinds.13,	22,	23	This	

conformational	change	is	suspected	to	be	the	case	for	1I	as	well,	based	on	the	

crystal	structure	of	the	1I	activated	mutant,	E317A,	which	shows	the	absence	of	a	

wound	C‐helix.35	Furthermore,	the	amino	acid	sequence	of	the	C‐helix	differs	

between	1I	and	2I.	As	a	result,	we	hypothesize	that	the	C‐helix	may	play	a	role	in	

the	pre‐selection	of	collagen	sequences	or	subtypes	for	binding.	While	the	C‐helices	

of	both	1	and	2	have	a	tyrosine	residue	at	position	285,	this	position	exists	at	a	

different	place	on	the	helix	in	the	different	integrins.	We	believe	that	this	tyrosine	

may	be	the	element	that	acts	as	the	pre‐selector	of	the	C‐helix,	and	as	a	result	this	

residue	was	the	first	to	be	modified.	An	investigation	of	the	role	of	the	C‐helix	of	1I	

has	begun	in	our	lab,	in	order	to	determine	a	structure‐function	relationship.	The	

pET	1I	plasmid	was	modified	to	include	single‐point	mutations	at	the	Y285	

position.	Using	PCR	mutagenesis,	our	lab	has	developed	two	modified	plasmids.	

These	constructs	include	pET	1	Y285G	and	pET	1	Y285F.	Mutation	to	glycine	is	

known	to	weaken	helices.	Phenylalanine	is	a	large	steric	site,	similar	to	tyrosine	but	

without	the	hydroxyl	moiety.	This	mutation	in	2	results	in	total	loss	of	function	

including	the	inhibition	of	collagen	binding.36	These	new	mutant	constructs,	and	

others,	will	have	to	be	recombinantly	produced	in	our	lab	in	order	to	determine	the	

structure	and	allow	for	functional	studies.	
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3.5	Recombinant	collagen	peptides.		

The	bacterial	collagen	construct	was	also	designed	in	the	SPP	system,	in	the	pCOLD	

vector.	An	N‐terminal	His	tag	was	followed	by	the	V‐domain,	a	globular	protein	

known	to	aide	in	trimerization37‐38.	The	trimerization	domain	was	proceeded	by	a	

thrombin	cleavage	site,	and	finally	the	collagen‐like	sequence	(GPP)4‐GFPGER‐

(GPP)5GY,	which	includes	the	high	affinity	binding	sequence	(GFPGER)	for	2I.	The	

high	proline	content	was	necessary	in	order	to	make	up	for	the	stability	that	

bacterial	collagen	loses	as	a	result	of	it’s	inability	to	produce	hydroxyproline.	

Expression	was	attempted,	initially	failed	due	to	the	high	content	of	proline	in	the	

construct,	and	the	known	toxicity	of	proline	to	E.	coli	(personal	communication	with	

Dr.	M.	Inouye).	The	construct	was	inserted	into	a	different	vector,	the	pCOLD	

secretion	vector,	to	eliminate	this	toxicity.	The	secretion	vector	provided	the	

plasmid	with	an	additional	component	–	the	ompA	signaling	peptide,	prior	to	the	V‐

domain.	Upon	protein	expression	in	the	cell,	the	ompA	signaling	peptide	promotes	

the	secretion	of	the	protein	out	of	the	cytoplasm	and	into	the	periplasm	where	

proline	toxicity	is	no	longer	a	factor.	Upon	secretion,	the	ompA	signaling	peptide	is	

cleaved,	leaving	us	with	the	bacterial	collagen‐like	protein	composed	of	the	his‐tag,	

V‐domain,	thrombin	cleavage	site,	and	collagen‐like	sequence	as	described	above.	

This	secretion	vector	construct	is	known	as	V‐GFPGER,	and	was	used	in	all	

subsequent	experimentation	in	our	lab.		 Expression	conditions	were	optimized	in	

LB	media.	Bacterial	cells	were	broken	by	homogenization	and	the	protein	was	

purified	on	Ni‐NTA	resin.	The	bacterial	collagen	sequence	was	cleaved	from	the	V‐

domain.	Protein	identity	was	confirmed	by	MALDI‐TOF	mass	spectrometry.	Circular	
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Dichromism	(CD)	data	of	samples	before	and	after	thrombin	cleavage	revealed	that	

the	protein	was	alpha	helical	in	structure,	and	did	not	show	the	presence	of	a	triple	

helix	(Figure	5).	It	is	probable	that	the	spectrum	is	overwhelmed	by	the	presence	of	

the	helical	V‐domain	in	solution.	Further	purification	following	thrombin	cleavage	is	

necessary,	in	order	to	completely	remove	the	V‐domain	from	the	bacterial	collagen	

peptide.	Expression	of	the	V‐domain	peptide	construct	was	also	found	to	be	

successful	in	15N‐labeled	M9	minimal	media,	as	determined	by	SDS	gel.		

	

Figure	5.	Amino	acid	sequence	of	the	V‐domain	collagen‐like	peptide	construct	
(left),	after	ompA‐promoted	secretion,	indicates	the	location	of	thrombin	cleavage	
(*).	The	V	domain	is	shown	in	bold	and	the	His	Tag	is	italicized.	Circular		
dichromism	spectra	of	V‐GFPGER	(red,	right)	is	indicative	of	a	peptide	alpha		
helical	in	structure.	The	circular	dichromism	spectra	of	cleaved	GFPGER		
(blue,	right)	maintains	the	same	trend	as	the	helical	V‐domain	still	exists	in		
solution.	
	
	
	
	 Subsequent	purification	steps	on	a	Ni‐NTA	column	allowed	for	the	separation	

of	the	cleaved	peptide	from	the	V‐domain,	which	maintained	the	His	tag	after	

thrombin	cleavage.	However,	upon	MALDI	analysis,	it	was	seen	that	the	full	length	
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V‐GFPGER	is	a	major	component	of	the	Ni2+‐bound	product,	even	after	thrombin	

cleavage	(Figure	6,	left).	Therefore,	the	thrombin	cleavage	was	ineffective	and	the	

small	amount	of	peptide	that	had	been	cleaved	was	inadequate	for	CD	analysis,	

preventing	the	determination	of	its	helicity.	After	personal	communication	with	Dr.	

B.	Brodsky,	we	were	encouraged	to	try	cleavage	with	trypsin.	Trypsin	is	a	less	

specific	enzyme,	but	should	be	capable	of	cleaving	at	the	thrombin	cleavage	site	in	

our	V‐GFPGER	construct.	Cleavage	with	trypsin	was	effective	in	yielding	the	GFPGER	

peptide,	and	abolishing	the	presence	of	the	full‐length	V‐GFPGER.	However,	due	to	

its	unspecific	enzymatic	nature,	trypsin	also	cleaved	at	many	other	sites	resulting	in	

a	very	unclean	sample	seen	by	MALDI	(Figure	6,	right).	Unfortunately,	the	trypsin	

chopped	up	the	his‐tag	bound	V‐domain,	and	with	it	any	hope	of	further	purification	

by	Ni‐NTA	resin.		Further	examination	of	other	cleavage	or	purification	methods	

must	be	explored.	

	
Figure	6.	MALDI	spectra	of	V‐GFPGER	after	thrombin	cleavage	(left),	and	trypsin	
cleavage	(right).	Thrombin	cleavage	results	in	a	clean	spectrum	in	the	peptide	range	
(left	inset),	but	inefficient	cleavage	leaves	much	uncleaved	starting	product	at	
approximately	13,000	m/z.	Trypsin	eliminates	all	starting	product	but	results	in	
many	small	impurities	in	the	peptide	range	(right	inset).	
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	 Another	potential	route	for	peptide	production	is	to	express	the	peptide	as	a	

monomer,	eliminating	the	trimerization	domain	altogether.	If	the	peptide	is	

compotent,	meaning	capable	of	forming	the	triple	helix,	we	should	to	be	able	to	

express	and	purify	the	monomer,	and	then	allow	triple	helix	formation	in	a	suitable	

solution.	In	order	to	ensure	that	the	GFPGER	was	a	competent	peptide,	capable	of	

forming	the	triple	helix,	we	obtained	synthetic	GFPGER,	having	an	identical	

sequence	to	our	post‐cleavage	peptide	from	the	original	construct.	After	allowing	

the	peptide	to	incubate	at	4C	in	0.1M	acetic	acid	for	24	hours	at	a	concentration	of	

0.22mg/ml,	the	product	was	analyzed	by	CD.	The	resulting	spectra	indicate	a	

compound,	triple	helical	in	nature,	with	a	melting	temperature	of	around	22C	

(Figure	7).	These	results	indicate	that	GFPGER	does	not	pose	a	folding	problem	and	

a	competent	peptide.	

	 	
	
Figure	7.	The	CD	spectra	of	the	GFPGER	synthetic	peptide	(sequence:	
GSPGPPGPPGPPGPPGFPGERGPPGPPGPPGPPGPPGY),	with	a	maximum	around	224	
and	a	minimum	around	198,	is	indicative	of	the	triple	helix	structure	(left).	Melting	
of	the	synthetic	GFPGER	peptide	indicates	that	the	melting	point	of	triple	helix	to	
monomer	occurs	around	22C	(right).	
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	 In	another	effort	to	utilitze	the	V‐GFPGER	construct,	enzyme‐linked	

immunosorbent	assays	(ELISA)	were	used	to	test	the	ability	of	the	full‐length	

construct	to	be	used	as	a	2I	binding	ligand.	Casein,	at	a	concentration	of	0.5%	was	

used	as	an	effective	blocking	buffer	after	many	failed	attempted	with	BSA.	After	

many	trials,	coating	of	collagen	type	I	was	achieved	on	Nunc	96‐well	plates	(Thermo	

Scientific).	All	binding	assays	were	done	under	conditions	of	both	Mg2+	and	EDTA.	

EDTA	conditions	were	used	as	a	negative	control,	as	collagen	binding	to	the	I‐

domain	is	metal‐dependent.	Unfortunately,	in	all	cases	there	was	high	background	

signal	from	binding	under	EDTA	conditions.	Therefore,	it	was	not	possible	to	test	

the	binding	efficacy	of	2I	to	V‐GFPGER	versus	the	V	domain	alone	due	to	the	high	

background.		Further	work	towards	a	more	effective	assay	with	less	background	

signal	is	needed.		
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Chapter	4	Proposed	Research:		

The	way	in	which	ligand	and	target	recognize	and	bind	one	another	is	difficult	to	

determine	based	on	structural	information	alone.	Preliminary	results	from	NMR	

indicate	that	1I	and	2I	are	dynamic	in	solution.	This	leads	us	to	hypothesize	that	

collagen	recognition	and	binding	occurs	through	a	conformational	selection	process,	

and	there	is	a	small	amount	of	the	“excited”	state,	or	open	binding	conformation,	

present	in	equilibrium	with	the	unbound	conformation.	In	order	to	investigate	

mechanism	of	recognition	and	binding,	further	structural,	dynamic,	and	functional	

studies	are	needed.	

	

4.1	Characterize	the	dynamics	of	integrin	1I	and	2I	in	solution	by	NMR:	Is	

there	evidence	for	a	conformational	selection	mechanism?		

Further	work	towards	producing	stable	2I	is	needed,	in	order	to	determine	if	the	

incorporation	of	magnesium	produces	a	pre‐binding	“excited”	conformation	of	the	I‐

domain	in	solution.	Changes	to	the	protein	sequence	have	been	considered	in	order	

to	improve	protein	stability.	A	single	point	mutation	will	be	made	at	the	N‐terminus	

of	2I.	Site‐directed	mutagenesis	will	be	used	to	convert	Cys‐150	to	Leu.	This	

mutation	has	been	used	in	previous	NMR	studies	of	the	I‐domain39,	and	the	group	

was	able	to	obtain	stable	protein,	even	at	higher	concentrations	than	what	has	been	

used	in	our	dynamic	studies.	Additionally,	a	cleavage	site	will	be	added	between	the	

N‐terminal	His	Tag	and	the	2I	sequence,	by	insertion	mutagenesis.	Since	the	His	

tag	possesses	no	secondary	structure	and	is	extremely	flexible	in	solution,	its	

motions	may	be	disrupting	the	stability	of	the	protein.	Cleavage	of	the	tag	following	
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purification	should	aid	in	stabilizing	2I.	It	will	also	reduce	the	pI,	thereby	lowering	

the	allowable	pH	of	the	NMR	buffer	solution.	This	will	also	benefit	us	in	relaxation	

studies,	which	should	be	completed	at	lower	pHs	for	best	results	in	minimizing	

hydrogen	exchange.	

	 Since	2I	and	1I	have	high	sequence	and	structural	similarities	(66%	and	

95%	respectively),	we	expected	to	see	greater	similarities	in	the	results	of	the	

relaxation	and	chemical	exchange	experiments.	We	believe	that	the	lack	of	similarity	

may	be	due	to	the	aggregation	of	2I.	The	formation	of	aggregates	may	be	

preventing	the	molecule	from	experiencing	the	same	exchange	phenomena	as	a	

stable	monomer.	The	major	difference	in	the	conditions	of	the	experiments	was	the	

pH	of	the	buffer	solutions.	All	experimentation	for	2I	was	done	at	pH	7.0,	while	1I	

was	buffered	at	pH	6.7.	It	is	possible	that	the	slight	variation	in	pH	would	increase	or	

decrease	the	stability	of	the	proteins.	R2	and	Rex	experiments	will	be	repeated	for	

2I	at	pH	6.7	in	order	to	keep	the	conditions	constant	for	both	proteins,	for	a	better	

comparison	of	results	and	to	possibly	prevent	or	delay	protein	aggregation,	which	

may	be	causing	the	baseline	shift.	

	

4.2	Characterize	the	structure	and	dynamics	of	the	collagen‐integrin	2I	

complex,	in	order	to	determine	the	biologically	relevant	sites.		

GFOGER	is	a	high	affinity	binding	site	in	collagen,	capable	of	activating	integrin	upon	

binding	2I.22‐24	The	binding	occurs	via	the	divalent	cation	in	the	MIDAS.	The	crystal	

structure	of	2I	bound	to	a	triple	helical	collagen	peptide	containing	the	GFOGER	

sequence23	gives	detailed	information	on	the	conformational	changes	undergone	by	
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2I	as	it	binds	collagen,	including	changes	in	the	metal	position	and	coordination	

sphere.	However,	the	crystal	structure	can	only	reveal	static	information.	The	

structure	revealed	the	conformation	of	2I	in	it’s	activated	conformation,	however	

we	know	nothing	more	about	the	dynamic	binding	mechanism.	Using	NMR	we	will	

monitor	the	conformational	and	dynamic	changes	that	2I	undergoes	upon	binding	

to	the	GFOGER	motif,	and	investigate	the	role	of	the	metal	in	collagen	binding.	

	 The	2I‐GFOGER	complex	will	be	formed	by	adding	equimolar	amounts	of	

the	triple	helical	CMP,	(GPO)4GFOGER(GPO)5,	and	2I	in	a	buffer	solution	containing	

MgCl2.	The	use	of	the	CMP	is	necessary,	as	collagen	is	too	large	to	be	studied	by	

NMR.	The	formation	of	the	complex	will	be	confirmed	by	size	exclusion	

chromatography.	

	 The	solution	structure	of	the	2I‐GFOGER	complex	will	first	be	determined,	

to	confirm	the	structure	that	was	previously	solved	by	X‐ray	crystallography.	The	

crystal	structure	was	solved	using	a	2I	construct	truncated	at	the	C‐terminus.23	

This	deletion	removed	some	of	helix‐7	from	the	I‐domain.	We	will	need	to	confirm	

the	conformation	of	the	2I‐complex,	without	the	truncation,	in	solution.		

	 NMR	titration	experiments	will	reveal	further	information	about	the	location	

of	the	binding	residues	in	both	2I	and	the	CMP,	and	the	extent	of	non‐binding	

residues	also	influenced	by	complex	formation.	These	experiments	will	be	

completed	by	gradually	adding	small	amounts	of	non‐labeled	CMP	to	15N‐labeled	

2I.	15N‐TROSY‐HSQC	spectra	will	be	taken	at	each	ratio,	and	chemical	shift	

perturbations	will	be	measured.	R2	experiments	will	also	be	completed	at	each	ratio	

in	order	to	determine	if	collagen	binding	increases	or	decreases	the	flexibility	of	2I,	
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and	in	which	regions	these	changes	occur.	The	experiments	will	be	completed	in	the	

opposite	fashion	as	well,	where	non‐labeled	2I	is	added	to	15N‐labeled	CMP.	This	

will	allow	us	to	observe	which	are	the	binding	residues	in	collagen,	and	how	binding	

influences	collagen	dynamics.	

	 Various	single	point	mutations	will	be	introduced	into	the	2I	sequence	at	

the	residues	indicated	by	NMR	studies	to	be	dynamically	involved	in	the	mechanism	

of	collagen	binding.	Non‐labeled	mutant	proteins	will	be	expressed	in	LB	media	and	

purified	over	Ni‐NTA	resin	as	described	previously.	In	order	to	confirm	their	

biological	significance,	ELISA	will	be	performed	to	evaluate	their	binding	affinities	

towards	commercially	available	collagen.	The	observed	changes	in	activity	and	

affinity	of	these	variants,	relative	to	wild‐type	2I,	will	confirm	the	biological	

relevance	of	these	sites	in	the	regulation	of	the	selective	binding	of	2I	to	collagen.	

	

4.3	Characterize	the	role	of	the	I‐domain	in	regulating	integrins	affinities	for	

various	collagen	sequences.		

Our	collaborator,	Richard	Farndale,	has	developed	collagen	Toolkits,	made	up	of	

overlapping	collagen	peptides,	spanning	the	entire	collagen	sequence	of	human	

collagens	type	II	and	III.40	Using	the	toolkit	assays,	protein	binding	can	be	mapped	

against	specific	collagen	sequences.	This	allows	for	the	efficient	testing	of	a	protein’s	

selectivity	and	binding	affinity	towards	a	vast	number	of	collagen	peptide	

sequences.	Preliminary	results	from	Farndale’s	lab	have	shown	that	select	I‐domain	

mutants	have	varying	affinities	for	the	toolkit	peptides,	suggesting	that	mutants	can	

be	used	to	mimic	various	states	of	I‐domain	activation.	We	propose	that	the	changes	
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in	binding	affinities	for	the	various	mutants	may	arise	from	conformational	or	

dynamic	changes	that	effect	the	equilibrium	populations	of	closed	and	activated	I‐

domain	in	solution.	Complementary	NMR	structure	and	functional	studies	will	grant	

great	new	insights	into	the	molecular	mechanism	of	how	the	I‐domain	recognizes	

and	specifically	binds	collagen	sequences	with	varying	affinities.	

	 Recombinant	variants	of	1I	and	2I,	chosen	based	on	dynamic	information	

obtained	from	NMR	and	functional	information	from	ELISA,	will	be	produced	in	

labeled	M9	minimal	media	as	described	previously.	Triple	resonance	experiments	

will	be	performed	in	order	to	determine	the	13C,	13C,	and	13CO	chemical	shifts	of	

1I	and	2I	mutants.	These	chemical	shifts	will	be	compared	to	the	wild‐type	

protein	in	order	to	determine	changes	in	secondary	structure.	When	necessary,	full	

structure	determination	will	be	completed.	Our	lab	has	developed	a	list	of	potential	

1I	mutants	of	interest,	focusing	on	one	key	area:	the	C‐helix.	As	mentioned	above,	

the	C‐helix	is	suspected	to	unwind	upon	collagen	binding,	therefore	leading	us	to	

believe	that	is	plays	some	role	in	collagen	pre‐selection.	The	bulky	tyrosine	at	

position	285	may	play	a	large	role	in	this	pre‐selection.	So	far	we	have	developed	

the	constructs	for	1I	Y285G	and	Y285F.	For	further	analysis	of	the	C‐helix,	we	are	

proposing	several	other	point	mutations	to	examine	the	structure‐function	

relationship.	The	first	is	Y285A,	as	alanine	is	known	to	strengthen	helices.	The	next	

would	be	the	substitution	of	the	tyrosine	for	another	large	steric	site,	in	the	

mutation	Y285W.	Our	lab	has	the	primers	for	these	mutagens,	but	thus	far	PCR	has	

been	unsuccessful	to	produce	the	correct	plasmid	sequence.	The	final	proposed	

mutant	is	the	development	of	an	1I/2I	chimera,	in	which	the	C‐helix	of	1I	is	
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replaced	with	the	C‐helix	of	2I.	If	the	chimera	displays	binding	to	collagen	

characteristic	to	that	of	2I,	we	will	learn	the	extent	of	the	role	of	the	C‐helix	in	pre‐

selection.		

	 Relaxation	experiments	will	be	performed	to	determine	if	the	mutants	

express	any	changes	in	conformational	heterogeneity	from	wild‐type	1I	and	2I.	

These	experiments,	which	will	reveal	the	dynamics	of	the	protein	backbone,	will	

provide	insight	into	the	small	populations	of	1I	and	2I	that	may	exist	in	

equilibrium,	but	that	we	would	not	see	through	structure	determination	alone.	

Perhaps	it	is	these	small	populations	of	“excited”	1I	and	2I	that	regulate	the	

recognition	of,	and	affinity	towards,	collagen.	

	 These	mutants	will	be	tested	against	the	Toolkits	in	order	to	determine	their	

selectivities	and	affinities	towards	specific	collagen	peptide	sequences.	The	

observed	changes	in	secondary	structure	will	be	correlated	to	the	functional	results	

obtained	from	testing	against	the	Toolkits,	in	order	to	determine	which	structural	

features	are	important	for	regulating	the	affinity	of	1I	and	2I	towards	specific	

collagen	sequences.	Preliminary	results	from	the	Farndale	lab	have	indicated	that	

mutants	have	the	tendency	to	bind	a	greater	number	of	normally	low	affinity	

peptides.	We	will	study,	structurally	and	dynamically,	by	NMR	the	mutants	

complexed	with	peptides	of	various	binding	affinities	in	order	to	uncover	if	the	

mechanism	of	binding,	or	residues	involved	in	complex	formation,	change	for	

various	peptides.	The	results	will	grant	new	insight	into	the	recognition	and	binding	

mechanisms.	When	similar	studies	are	completed	for	the	I‐domain	of	1,	we	will	be	
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able	to	uncover	how	the	two	I‐domains	have	such	different	binding	specificities	and	

affinities,	despite	their	almost	identical	structure.	

	

4.4	Develop	recombinant	collagen	peptides	for	NMR	studies.	 	

Our	lab	was	one	of	the	first	to	study	collagen	by	biophysical	methods,	through	the	

use	of	CMPs.30,	32	Collagen	is	too	large	a	protein	to	be	studied	by	solution	NMR	

methods,	but	through	the	use	of	CMPs,	we	can	explore	the	molecular	structure	and	

dynamics	of	collagen	and	collagen‐ligand	complexes.	The	cost	of	producing	multiple	

synthetic,	labeled	CMPs	however	can	quickly	become	very	expensive.	For	this	

reason,	it	would	be	to	our	benefit	to	develop	methods	for	recombinantly	producing	

collagen‐like	peptides	in	a	bacterial	system.		

Collagen‐like	sequences	have	been	identified	in	prokaryotic	genomes,	and	

have	been	recombinantly	expressed,	are	triple	helical	in	structure,	and	maintain	a	

similar	thermal	stability	to	animal	collagens.37‐38	These	bacterial	collagen‐like	

proteins	contain	a	globular	domain,	located	either	at	the	N‐	or	C‐terminus,	that	is	

essential	for	protein	trimerization.	Our	goal	is	to	produce	short	collagen	model	

peptides,	recombinantly,	with	the	aid	of	these	globular	trimerization	domains.	

The	construct	used	for	our	preliminary	experiments	employs	the	N‐terminal	

V‐domain,	fused	with	the	collagen‐like	sequence	(GPP)4GFPGER(GPP)5.	Further	

trials	with	trypsin	cleavage	and	a	new	mode	of	purification	must	be	investigated	and	

employed	in	order	to	obtain	pure	peptide.	CD	studies	will	again	be	employed,	in	

order	to	determine	the	structure	and	thermal	stability	of	the	collagen‐like	domain.	

By	removing	the	V‐domain,	we	hope	to	see	CD	spectra	indicative	of	a	triple	helix.	
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If	the	V‐domain	constructs	will	not	produce	triple	helical	peptides,	we	

propose	to	try	another	known	trimerization	domain	to	aid	in	their	expression.	The	

N‐terminus	of	the	bacteriophage	T4	fibritin	contains	a	small	trimeric	globular	

domain,	known	as	the	foldon‐domain.41‐42	Fibritin	lacking	the	foldon	domain	does	

not	fold	correctly	into	its	triple	helical	coiled	coil	conformation.	Therefore,	it	is	

thought	that	that	function	of	the	foldon‐domain	is	to	aid	in	correct	strand	alignment	

and	subsequent	triple	helix	formation.	It	has	been	shown	that	the	foldon‐domain	

can	also	be	fused,	C‐terminally,	to	a	collagen‐like	peptide	in	order	to	increase	the	

peptides	thermal	stability.42	We	propose	to	develop	a	construct	in	which	we	fuse	the	

foldon‐domain	to	the	C‐terminus	of	our	collagen‐like	peptide	(GPP)4GFPGER(GPP)5.	

The	peptide‐foldon	construct	will	be	developed	in	the	pET	vector	system	that	we	are	

familiar	with	from	I‐domain	expression,	and	expressed	in	LB	media.	It	will	also	

contain	a	His‐Tag	for	purification	over	Ni‐NTA	resin,	and	thrombin	cleavage	sites	for	

the	removal	of	the	tag	and	foldon‐domain.	Conformation	will	again	be	confirmed	by	

CD	spectroscopy.	

We	believe	that	we	will	be	able	to	obtain	stable,	triple	helical,	collagen‐like	

peptides	from	one	or	both	of	the	above	mentioned	constructs.	Collagen‐like	peptides	

from	either	construct	can	easily	be	labeled	for	NMR	studies	via	expression	in	15N‐	or	

13C‐15N‐labeled	M9	minimal	media.	When	we	have	optimized	the	stability	of	the	

peptides,	they	can	be	used	in	place	of	synthetic	CMPs	for	many	of	the	structural,	

dynamic,	and	functional	studies	proposed	here.		
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Chapter	5	Conclusion	

The	interaction	of	integrins	11	and	22	with	collagen	is	of	critical	importance,	

due	to	its	implications	in	human	disease.	In	spite	of	this,	little	is	known	about	the	

mechanism	by	which	integrins	selectively	bind	collagen.	Our	approach	towards	the	

issue,	which	involves	the	integration	of	NMR	with	molecular	biology	techniques,	has	

the	potential	to	reveal	great	new	insight	into	the	interaction,	providing	new	targets	

for	drug	design	and	the	treatment	of	disease.	
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