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Summary	
	

	
	 The	nucleosome	consists	of	a	core	complex	of	two	copies	each	of	 four	histone	proteins	

wrapped	by	about	1.65	turns	of	DNA.	The	DNA	arms	entering	and	leaving	the	core	are	known	as	

linker-DNA	(L-DNA)	arms.	The	linker	histone,	H1,	associates	with	the	nucleosome	at	the	region	

bounded	by	the	two	ends	of	the	DNA	leaving	the	core.	The	nucleosome	in	conjunction	with	the	H1	

forms	the	chromatosome,	the	smallest	repeating	unit	of	the	chromatin.	How	does	H1	associate	

with	the	nucleosome?	Are	there	any	contributions	from	the	L-DNA	stretches	flanking	the	core	to	

H1	association?	Does	the	length	or	the	sequence	of	the	L-DNA	affect	the	way	H1	associates	with	

the	 nucleosome?	 Does	 the	 binding	 mode	 of	 H1	 affect	 the	 higher-order	 structuring	 of	 the	

chromatin?	The	work	presented	in	this	thesis	aims	to	address	these	questions.	

	 Chromatosomes	were	reconstituted	from	core	histone	octamers	(Xenopus	laevis),	linker	

histone	of	subtype	H1.0b	(X.	laevis),	and	226	bp	DNA	containing	the	strongly	positioning	Widom	

601	sequence.	The	 linker	histone	was	 labelled	with	the	fluorophore	Alexa	488	on	the	globular	

domain	or	the	upstream	end	of	the	C-terminal	tail	domain	(CTD),	and	the	DNA	was	labelled	with	

Alexa	594	on	either	one	or	the	other	L-DNA	arm.	Single-pair	FRET	(Förster	Resonance	Energy	

Transfer)	spectroscopy	was	used	to	measure	the	proximity	of	the	globular	domain	or	the	CTD	to	

one	or	the	other	L-DNA.	First,	it	was	determined	how	the	length	and	the	sequences	of	the	L-DNA	

flanking	 the	 H1	 affect	 the	 location	 of	 the	 H1	 on	 the	 nucleosome.	 It	 was	 observed	 that	 the	

structured	 globular	 domain	 of	 the	H1	was	 proximal	 to	 L-DNA	 arms	 that	 contained	 an	A-tract	

consisting	 of	 eleven	 contiguous	 adenines.	However,	 the	 globular	 domain	was	 not	 proximal	 to	

either	a	purely	GC	tract	or	a	mixed	sequence	having	a	64%	AT	content.	The	fluorophore	on	the	

disordered	CTD	was	equidistant	 from	both	the	L-DNAs,	despite	sequence	variations.	Distances	

extracted	 from	 the	 single-pair	 FRET	 measurements	 were	 used	 to	 build	 models	 of	 A-tract-

containing	nucleosomes.	It	was	observed	that	the	globular	domain	of	the	H1	associated	in	an	on-

dyad	fashion	on	the	nucleosomes,	and	two	conserved	arginine	residues	on	the	globular	domain	of	

H1	were	proximal	to	the	characteristically	narrow	minor	groove	of	the	A-tract.	To	experimentally	

check	whether	the	A-tract	recognition	was	mediated	via	the	minor	grooves	as	observed	in	the	

models,	 or	 via	 hydrophobic	 interactions	 with	 the	 thymine	methyl	 groups,	 a	 nucleosome	was	

reconstituted	with	two	A-tracts,	one	complementary	to	thymine	and	the	other	complementary	to	

methyl-group-lacking	deoxy-uridine.	The	globular	domain	showed	similar	proximity	to	both	the	

A-tracts,	proving	the	role	of	the	A-tract	minor	groove	in	its	recognition.		
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	 Finally,	I	studied	how	linker	histones	compact	two	types	of	trinucleosomes	containing	A-

tracts	 flanking	 the	 first	and	 the	 third	nucleosome	either	on	 the	 inner	or	 the	outer	L-DNA.	The	

extent	 of	 compaction	was	measured	 by	 single-pair	 FRET	 between	 the	 two	 inner	 L-DNAs,	 one	

joining	the	first	and	second,	and	the	other	joining	the	second	and	third	nucleosomes.	Based	on	the	

mononucleosome	models,	linker	histones	associating	with	the	first	and	the	third	nucleosome	are	

expected	 to	 be	 oriented	 towards	 the	 A-tracts	 on	 the	 outer	 or	 the	 inner	 L-DNAs.	 Both	 the	

trinucleosome	types	were	highly	compacted	in	the	presence	of	linker	histones.	However,	there	

was	no	difference	in	the	extent	of	compaction	between	the	two	types	of	trinucleosomes.	

 Overall,	this	thesis	shows	a	new	mode	of	DNA	sequence	recognition	by	the	linker	histone	

that	may	affect	the	compaction	of	AT-	and	A-tract-rich	heterochromatin.	However,	trinucleosome	

compaction	by	linker	histones	was	not	observed	to	be	affected	by	the	location	of	A-tracts.		
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Zusammenfassung	
	

	
	 Das	Nukleosom	setzt	sich	aus	einem	Kernkomplex	bestehend	aus	jeweils	zwei	Kopien	der	

vier	Histonproteine	zusammen,	um	die	etwa	1,65	Umdrehungen	DNS	(Desoxyribonukleinsäure,	

engl.	 Deoxyribonucleic	 acid)	 aufgewickelt	 sind.	 Das	 Linker	 histone	 H1	 assoziiert	 an	 das	

Nukleosom	an	der	Schnittstelle	der,	vom	Kernkomplex	überhängenden	DNS.	Nukleosom	und	H1	

bilden	 dabei	 das	 Chromatosom,	 die	 kleinste,	 sich	wiederholende	 Einheit	 des	 Chromatins.	Wie	

bindet	 H1	 an	 das	 Nukleosom?	 Sind	 die	 Abschnitte	 der	 DNS,	 die	 den	 Kernkomplex	 flankieren	

(Linker-DNS/L-DNS)	 funktional	entscheidend	 für	die	Bindung	an	H1?	Beeinflussen	Länge	oder	

Sequenz	der	L-DNS	die	Art	der	Bindung	von	H1	an	das	Nukleosom?	Wenn	dem	so	ist:	wie	würde	

die	 Art	 der	 Bindung	 von	 H1	 sich	 dann	 auf	 die	 übergeordneten	 Strukturen	 des	 Chromatins	

auswirken?	Die	vorliegende	Arbeit	befasst	sich	mit	der	Beantwortung	dieser	Fragen.	

	 Chromatosomen	wurden	aus	den	Kernhistooktameren	(aus	Xenopus	laevis),	dem	Linker	

Histon	 (Subtyp:	 H1.0b	 (aus	 X.	 laevis)),	 sowie	 einer	 226	 bp	 langen	 DNS	 rekonstruiert.	 Das	

Linkerhiston	wurde	mit	dem	Fluorophor	Alexa488	an	der	globulären	Domäne	oder	vor	der	C-

terminalen	Armdomäne	(engl.	C-terminal	tail	domain;	CTD)	markiert.	Die	DNS,	welche	die	Histon-

positionierende	Widom	601	Sequenz	enthält,	wurde	im	Bereich	der	L-DNS	einseitig	mit	Alexa584	

markiert.	Einzelpaar-FRET	(Förster	Resonanzenergietransfer)	Spektroskopie	wurde	verwendet	

um	die	Nähe	der	globulären	Domäne,	beziehungsweise	der	CTD	zur	L-DNS	zu	bestimmen.	Dabei	

wurde	zunächst	untersucht,	 inwiefern	Länge	und	Sequenz	der	L-DNS	die	Lokalisierung	von	H1	

am	Nukleosom	beeinflussen.	Es	wurde	gezeigt,	dass	die	globuläre	Domäne	von	H1	proximal	zu	

einer	 Ansammlung	 von	 11	 konsekutiven	 Adeninen,	 des	 A-Trakts,	 positioniert.	 Die	 globuläre	

Domäne	hat	sich	jedoch	niemals	proximal	zu	einem	reinen	GC-Abschnitt,	oder	einer	gemischten	

Sequenz	mit	64%	AT-Anteil	angeordnet.	Das	Fluorophor	der	ungeordneten	CTD	befand	sich	in	

gleicher	Distanz	zu	beiden	L-DNS-Abschnitten,	unabhängig	von	Sequenzvartiationen.	Anhand	der	

mittels	Einzelpaar-FRET	ermittelten	Distanzen	wurden	Modelle	des	von	A-Trakt	 enthaltenden	

Nukleosomen	erstellt.		

	 Es	 wurde	 beobachtet,	 dass	 die	 globuläre	 Domäne	 von	 H1	 sich	 auf	 der	 Dyade	 am	

Nukleosom	positioniert	 und,	 dass	 zwei	 konservierte	 Arginin-Residuen	 auf	 der	 globulären	H1-

Domäne	proximal	der	kleinen	Furche	des	A-Traktes	liegen.	Um	zu	zeigen,	dass	die	Erkennung	des	

A-Traktes	 nicht	 über	 hydrophobe	 Wechselwirkungen	 mit	 den	 Thymin-Methylgruppen	

kontrolliert	 wird,	 wurde	 ein	 Nukleosom	mit	 zwei	 A-Trakten	 generiert,	 die	 eine	 zum	 A-Trakt	

komplementäres	Thymin	und	ein	deoxy-Uridin	ohne	Methylrest	enthielten.	Die	globuläre	Domäne	
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positioniert	sich	hierbei	nahe	den	beiden	A-Trakten,	was	die	Bedeutung	der	schmalen	Furche	des	

A-Traktes	in	der	Erkennung	der	globulären	Domäne	unterstreicht.	

	 Abschließend	 wurde	 untersucht,	 inwiefern	 die	 linker	 histone	 zwei	 Arten	 von	

trinukleosom-enthaltenden	 A-Trakten	 komprimieren,	 welche	 das	 erste	 und	 dritte	 Nukleosom	

entweder	in	der	Inneren	oder	Äußeren	L-DNS	flankieren.	Das	Ausmaß	der	Kompression	wurde	

über	Einzelpaar-FRET	zwischen	den	beiden	inneren	L-DNS	gemessen.	Eine	L-DNS	verbindet	dabei	

das	erste	und	zweite	Nukleosom,	die	Zweite	das	zweite	und	dritte	Nukleosom.	Basierend	auf	den	

Modellen	 der	 Einzelnukleosomen,	 sollten	 sich	 die	 Linker	 histone	 des	 ersten	 und	 dritten	

Nukleosoms	in	Richtung	der	A-Trakte	an	den	äußeren	oder	inneren	L-DNS	ausrichten.	

	 Beide	 Arten	 von	 Trinukleosom	 waren	 in	 Anwesenheit	 des	 Linker	 histones	 maximal	

komprimiert.	Es	konnte	dabei	keine	Varianz	im	Ausmaß	der	Kompression	zwischen	den	Arten	des	

Trinukleosoms	quantifiziert	werden.	

	 Zusammenfassend	 zeigt	 diese	 Dissertation	 eines	 neuen	 Modus	 der	 DNS-

Sequenzerkennung	 durch	 das	 Linker	 histone,	 der	 die	 Komprimierung	 von	 AT	 und	 A-Trakt-

reichem	Heterochromatin	beeinflusst.	Die	Komprimierung	von	Trinukleosomen	ist	dabei	jedoch	

unabhängig	von	der	Anordnung	der	A-Trakte.	
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Chapter	1	
	

Introduction	
	
	
	

1.1	Chromatin:	‘particles	on	a	string’		

	

	
	
Figure	1.1:	Illustration	of	a	generic	eukaryotic	cell.	The	chromatin	(in	pale-green)	is	in	the	nucleus.	The	close-up	reveals	
that	the	chromatin	has	a	‘bead	on	a	string’	structure.		

	
	 In	the	17th	century	an	entire	world	that	was	previously	unseen	came	into	view	with	the	
invention	of	the	microscope.	While	studying	cork	slices	using	his	compound	microscope,	Robert	
Hooke	(1635-1703)	observed	a	‘honey-comb’-like	structure	that	he	called	‘cells’	(1).	Around	the	
same	 time,	 Antonie	 van	 Leeuwenhoek	 (1632-1723)	 observed	 single-celled	 organisms,	 that	 he	
called	‘animalcules’.	The	following	century	marked	some	of	the	most	important	landmarks	leading	
to	the	foundations	of	cell	biology.	In	1831,	Robert	Brown	(1773-1858),	studying	orchid	tissues,	
observed	and	named	the	‘nucleus’	of	the	cell	(for	a	historical	overview	see	reference	(2)).	The	race	
began	to	understand	its	contents.	
	 Nearly	two	hundred	years	later	the	precise	arrangement	of	the	contents	of	the	cell	nucleus,	
or	the	lack	thereof,	remains	a	puzzle	to	this	day.		
	
	 In	the	late	19th	century,	Walther	Flemming	observed	‘fibrous’	structures	within	the	cell	
nucleus	that	could	be	stained	by	aniline	dyes	(3–6).	He	termed	them	‘chromatin’	or	stainable.	In	
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the	next	few	years	he	observed	‘threadlike	metamorphosis	of	the	nucleus’	during	cell	division	(6),	
coined	the	term,	and	formally	described	‘mitosis’.		
	 A	hundred	years	later,	Donald	and	Ada	Olins	ruptured	the	nuclei	of	rat	thymus	cells	and	
chicken	erythrocytes	and	stained	the	chromatin	spilling	out	from	it	using	phosphotungstic	acid	
(7).	 Using	 electron	microscopy,	 they	 observed	 structures	 resembling	 strings	 of	 pearls,	 calling	
them	‘beads’	or	‘particles	on	a	string’.	They	coined	the	term	‘n	bodies’	to	describe	these	beads	and	
estimated	their	diameters	 to	be	about	6	 to	8	nm.	 In	1975,	Oudet	showed	that	 these	beads	are	
repeating	units	and	likely	the	monomers	of	the	chromatin,	and	coined	the	term	‘nucleosome’	to	
describe	the	bead	(8).	
	

1.2	Nucleosome	&	Chromatosome	
	
	 The	chemical	composition	of	the	chromatin	garnered	a	great	deal	of	attention	since	the	
beginning	of	the	20th	century.	With	the	development	and	improvement	of	protein	purification	
techniques,	highly	positively	charged	histone	proteins	were	purified	and	their	fractions	estimated	
by	numerous	groups	from	the	1920s	(9)	right	up	to	the	late	60s	(9–13).		
	 In	addition	to	the	four	types	of	histone	fractions	purified,	an	additional	lysine-rich	fraction	
was	obtained	(9,	11)	as	well.	Termed	as	the	‘fraction	1’,	or	F1	(14),	this	protein	fraction	was	found	
to	comprise	about	one	fifth	of	the	total	histone	content	of	the	cell	(15).	An	important	observation	
noted	by	Mirsky	et	al.	(1968)	(16)	showed	that	this	 lysine-rich	histone	cross-linked	chromatin	
fibers	during	metaphase	and	interphase,	to	condense	the	chromatin.	
	
How	do	all	the	histone	proteins	and	DNA	come	together	to	build	the	bead	on	the	string?	
	
	 In	 the	 mid-70s,	 Roger	 Kornberg	 (17,	 18)	 described	 some	 possible	 models	 of	 the	
ultrastructure	 of	 the	 nucleosome,	 based	 on	 results	 obtained	 from	 sedimentation	 coefficient	
studies.	He	proposed	that	the	nucleosomes	are	composed	of	two	copies	of	four	histone	proteins,	
forming	an	octamer,	and	that	the	chromatin	comprises	of	a	chain	of	these	octamers.	Digestion	by	
micrococcal	nuclease	enabled	isolation	of	single	nucleosomes	for	structural	studies	(19,	20).	By	
performing	 micrococcal	 nuclease	 digestion	 assays,	 Simpson	 noted	 (21)	 that	 one	 F1	 protein	
associated	with	166	bp	of	DNA,	and	the	histone	octamer.	He	coined	the	term	‘chromatosome’	to	
describe	this	particle.	In	the	same	work,	he	reported	that	the	DNA	ends	diverged	in	the	absence	
of	F1	and	proposed	that	F1	associates	on	the	outside	of	the	nucleosome.	Further	work	confirmed	
the	 stoichiometries	 of	 the	 various	histone	proteins	 (named	H2A,	H2B,	H3,	H4,	 and	H1)	 in	 the	
chromatosome	 (22).	The	 first	 x-ray	 crystallographic	measurements	of	 the	nucleosome	 (at	7	Å	
resolution	from	Richmond	et	al.	(1984)	(23)	and	at	2.8	Å	from	Luger	et	al.	(1997)	(24))	ultimately	
solved	its	structure.	This	structure	showed	that	two	copies	each	of	the	histones	H2A,	H2B,	H3	and	
H4	formed	the	core	octamer,	around	which	about	146	bp	of	DNA	wrapped	in	1.65	turns	of	left-
handed	superhelix.	Also	called	nucleosome	core	particle	(ncp),	its	diameter	was	estimated	to	be	
11	nm.	In	this	thesis,	the	word	chromatosome	will	be	used	to	mean	nucleosome	associated	with	
the	LH.	In	case	of	absence	of	the	LH,	it	will	be	referred	to	as	the	nucleosome	(e.g.,	LH	associated	
with	the	nucleosome).	
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But	how	does	the	lysine-rich	F1,	or	H1	(linker	histone	(LH))	associate?	

	

	
Figure	1.2:	Chromatosome	and	linker	histone.	A.	The	chromatosome.	The	DNA	is	shown	in	pale	green.	The	grey	core	histone	
octamer	(left)	is	comprised	(right)	of	the	core	histones	H3	(blue),	H4	(green),	H2A	(yellow),	H2B	(red).	Linker	histone	(LH)	
is	shown	in	beige.	Globular	domain	is	represented	as	a	surface.	B.	The	linker	histone.	The	globular	domain	is	shown	in	
ribbon	representation	(top)	and	in	a	linear	representation	(bottom).	Three	alpha	helices	are	marked	as	a1	(black),	a2	
(dark	grey),	and	a3	(light	grey).	Two	beta	strands	are	depicted	as	b1	(dark	blue)	and	b2	(light	blue).	There	are	4	‘loops’	
connecting	the	helices	and	sheets:	1	(pink),	2	(orange),	3	(beige),	4	(red).	Loop	4	is	a	b-hairpin	motif	connecting	the	two	b-
sheets.	The	intrinsically	disordered	N	and	C-terminal	domains	(NTD	and	CTD)	are	denoted	as	dotted	beige	lines.	//	denotes	
stretches	of	the	CTD	not	shown	in	the	picture.	

		
	 The	structure	of	the	linker	histone	(LH),	or	H1	(the	avian	variant	is	called	H5	in	case	of	
Gallus	 gallus),	 in	 isolation	 (25)	 shows	 a	 structured	 globular	 (gH)	 domain	 having	 a	 conserved	
sequence	of	about	80	amino	acids.	It	is	a	winged-helix	comprising	of	three	alpha	helical	stretches	
connected	by	loops	(Figure	1.2B),	followed	by	two	beta-strands,	connected	by	a	turn,	forming	the	
beta-hairpin	motif.	This	crystal	structure	lacks	about	50%	of	the	LH	which	are	the	unstructured	
N-terminal	domain	of	20	amino	acids	and	the	unstructured	C-terminal	domain	of	ca.	100	amino	
acids	(Figure	1.2B).	Both	Simpson’s	work	(21)	and	subsequent	cryo-Electron	Microscopic	(cryo-
EM)	studies	(26)	suggested	that	the	LH	associating	on	the	outside	of	the	nucleosome,	brought	the	
two	 incoming	 and	 outgoing	DNA	 strands	 (termed	 as	 linker-DNA	 or	 L-DNA)	 close	 together	 by	
charge	neutralisation,	forming	a	stem-like	structure.		
	 Since	X-ray	crystallography	is	unable	to	capture	intrinsically	disordered	regions,	the	first	
structures	of	the	chromatosome	involved	only	the	gH	domain	(27,	28)	of	the	LH.	Very	recently,	by	
complementing	X-ray	 crystallographic	measurements	with	 cryo-EM,	 the	CTD	was	observed	 to	
associate	with	either	one	or	both	L-DNA	(29,	30).	
	



Chapter	1	 	 Introduction	

 16 

	
	
Figure	1.3:	Modes	of	association	of	the	LH	and	its	implication	in	higher-order	structure.	A.	Schematic	of	on-dyad	and	off-
dyad	association	of	the	gH	domain	of	the	LH	on	the	nucleosome.	Core	histones	denoted	in	grey	surface	representation.	LH	
represented	as	beige	surface.	DNA	in	pale	green	ribbon.	Green	arrow	denotes	the	pseudo-dyad	axis.		B.	(i)	and	(iii)	shows	
on-dyad	 association	 and	 (ii)	 and	 (iv)	 off-dyad.	 Top:	How	 either	 on-dyad	mode	 (i)	 or	 off-dyad	mode	 (ii)	 can	 increase	
compaction	 in	 higher-order	 structures.	 Bottom:	 How	 either	 on-dyad	 mode	 (iii)	 or	 off-dyad	 mode	 (iv)	 can	 decrease	
compaction	in	higher-order	structures.	

	
	 Structures	 of	 the	 chromatosome	 show	 that	 the	 gH	domain	 is	 associated	with	 the	DNA	
wrapped	around	the	core	octamer	at	a	region	bound	by	the	incoming	and	outgoing	Linker-DNA	
(L-DNA)	 (Figure	 1.2A).	 If	 the	 gH	 is	 associated	with	 the	 pseudo-dyad	 axis	 passing	 through	 the	
center	of	this	stretch	of	DNA,	the	gH	is	said	to	be	associated	‘on-dyad’	(27–30)	(Figure	1.3A	left).	
This	 mode	 of	 association	 has	 been	 observed	 in	 X-ray	 crystal	 and	 cryo-EM	 structures	 of	
mononucleosomes.	If	the	gH	is	associated	with	the	DNA	between	this	dyad	axis	and	one	of	the	L-
DNA	 arms,	 the	mode	 of	 association	 is	 termed	 as	 ‘off-dyad’	 (Figure	 1.3A	 right).	 This	mode	 of	
association	 has	 been	 observed	 by	 employing	 Nuclear	 Magnetic	 Resonance	 spectroscopy	 on	
mononucleosomes	associated	with	Drosophila	melanogaster	H1	(31).	This	mode	of	association	has	
also	been	suggested	in	chromatosomal	arrays	observed	using	cryo-EM	(32).	There	is	more	than	
one	isoform	of	the	LH	in	every	organism,	each	differing	slightly	from	the	other	in	its	amino	acid	
sequences.	Experiments	using	LHs	of	two	different	isoforms	from	two	different	organisms	(Gallus	
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gallus	H5	and	Drosophila	melanogaster	H1)	suggested	that	these	two	modes	of	association	of	the	
gH	domain	are	driven	by	its	amino	acid	sequence	(31).	
	 The	two	modes	of	association	of	the	LH	have	been	suggested	to	play	an	important	role	in	
the	 compaction	 of	 the	 chromatin	 at	 larger	 scales	 (Figure	 1.3B).	 Zhou	 et	 al.	 (2015)	 (27)	 used	
analytical	ultracentrifugation	measurements	to	suggest	that	an	on-dyad	bound	LH	would	lead	to	
a	higher	compaction	(Figure	1.3B	(i))	and	off-dyad	bound	LH	would	lead	to	a	lower	compaction	of	
chromatosome	arrays	(Figure	1.3B	(iv)).	This	suggestion	is	in	contrast	with	the	suggestion	from	
Perišić	et	al.	 (2019)	 (33)	whose	mesoscale	modeling	suggested	 that	off-dyad	bound	LH	would	
result	in	the	highest	compaction	of	chromatosome	arrays	(Figure	1.3B	(ii)).	Evidence	for	the	latter	
proposition,	i.e.,	an	off-dyad	bound	LH	leads	to	maximum	compaction	of	the	chromatin,	also	came	
from	cryo-EM	studies	(32).	These	contradictory	observations	make	 it	crucial	 to	study	how	the	
positioning	of	the	LH	could	affect	the	compaction	of	the	chromatin.	
	 As	mentioned	before,	certain	amino	acid	residues	on	the	gH	domain	determine	how	the	
gH	will	 associate	with	 the	 nucleosome.	What	 about	 the	 sequence	 of	 DNA	 associated	with	 the	
nucleosome?	Do	certain	DNA	sequences	play	any	role	in	the	positioning	of	the	LH?	
	

1.3	The	sequence	of	DNA	associated	with	the	nucleosome	
	 	

The	thirteen	year	long,	multi-national	Human	Genome	Project	resulted	in	the	sequencing	
of	 the	entire	human	chromatin.	This	 led	 to	 the	observation	 that	 the	ca.	30,000	protein	coding	
genes	 in	 the	human	genome	(34)	make	up	only	up	to	1	 to	2%	of	 the	 total	DNA	present	 in	 the	
chromatin,	 suggesting	 that	 apart	 from	 encoding	 proteins,	 the	 DNA	 sequence	 also	 has	 other	
functions.		
	 The	 sequence	of	DNA	affect	 its	 physical	 parameters	 such	 as	 the	pitch	 (35),	minor	 and	
major	groove	widths	 (36,	37),	 the	bendability	and	 flexibility	of	 the	DNA	 (38,	39).	This	 in	 turn	
affects	biologically	relevant	protein-DNA	interactions	(37,	40).	In	chapters	4	and	5	of	the	thesis,	
we	will	focus	mainly	on	the	sequence-dependent	structural	properties	of	the	DNA	and	how	the	LH	
can	exploit	this	to	recognize	certain	DNA	sequences.	
	 To	form	a	nucleosome	the	DNA	has	to	curve	around	the	core	octameric	histone	proteins.	
The	capacity	of	a	strand	of	DNA	to	bend	depends	upon	its	sequence.	GC-rich	DNA	can	curve	more	
than	the	more	rigid	AT-rich	DNA	(41,	42),	making	GC-rich	favorable	for	 incorporation	into	the	
NCP.	In	contrast,	rigid	A-tracts	(series	of	adenines	(43))		are	excluded	from	the	core	or	NCP.	In	
contrast	to	this,	the	LH	has	been	observed	to	have	a	preference	for	AT-rich	DNA	and	A-tracts	in	
particular	(44–50),	and	no	preference	for	GC-rich	DNA	(30,	47,	51).	Is	this	an	adaptation	to	enable	
nucleosome	stability	in	GC-rich	regions	(52)?	Entry-exit	sites	(EE	site)	bounding	the	NCP	(Figure	
1.2A)	 show	 a	 high	 AT-content	 (49).	 Does	 this	 prevent	 nucleosome	 sliding	 and	 additionally	
promote	LH	binding	as	proposed	by	Cui	and	Zhurkin	(2009)	(49).	In	this	thesis,	we	have	explored	
how	DNA	sequences,	specifically	A-tracts	on	the	L-DNA	may	affect	the	positioning	of	the	LH.	To	
do	this	we	used	a	strongly	positioning	DNA	sequence:	the	147	bp	‘Widom	601’	sequence	(53).	This	
sequence	strongly	prevents	the	sliding	of	 the	core	histone	octamer,	and	is	 thus	widely	used	in	
structural	studies	(29,	30).	We	have	modified	the	L-DNA	arm	right	above	the	entry-exit	site	to	
include	AT-rich	DNA	or	A-tracts	to	observe	its	effect	on	the	LH.	
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But	how	is	the	DNA,	amounting	to	2	meters	per	cell,	is	packaged?	
	

1.4	Chromatin	packaging:	hierarchical	folding	or	not?	
	
	 	The	remarkable	feat	of	packing	a	2	meters	(54)	long	DNA	into	a	volume	a	million	times	
smaller	is	achieved	by	neutralising	the	negative	charges	on	the	DNA	backbone	by	the	positively	
charged	histone	proteins.	But	how	exactly	this	packaging	takes	place	is	a	matter	of	much	debate.	
Although	the	work	presented	in	this	thesis	mainly	concerns	studies	on	a	single	chromatosome,	
Chapter	6	describes	a	study	on	trichromatosomes	where	we	have	modeled	a	zig-zag	arrangement	
of	the	three	chromatosomes.	Therefore,	I	will	briefly	describe	the	study	of	chromatin	packaging	
in	this	section.	
	 In	 the	 late	 70s,	 Finch	 and	 Klug	 (55)	 obtained	 electron	micrographs	 of	 the	 chromatin	
extracted	from	cell	nuclei.	They	observed	a	condensed	filamentous	structure	with	a	diameter	of	
30	nm.	They	also	observed	that	in	the	absence	of	LH,	the	condensed	30	nm	fibre	unspooled	into	
an	 extended	 chain-like	 form	 (55,	 56).	 They	 proposed	 that	 this	 30	 nm	 nucleofilament	 was	
composed	of	nucleosomes	arranged	in	a	1-start	solenoid	and	that	the	central	bore	of	this	solenoid	
was	lined	with	LHs	(Figure	1.4A	top).	Evidence	for	this	one-start	solenoidal	folding	also	came	from	
electron	microscopic	 (57)	 and	 force	 spectroscopic	 studies	 (58)	 on	 reconstituted	 nucleosomal	
arrays.	
	 A	second	type	of	higher-order	folding	was	suggested	in	which	nucleosomes	adjacent	to	
each	other	when	arranged	linearly	were	opposite	to	each	other	when	arranged	around	a	central	
bore.	This	was	the	two-start	or	zig-zag	model	of	the	30	nm	fibre	(Figure	1.4A	bottom).	This	type	
of	higher-order	folding	was	first	suggested	from	cryo-EM	images	of	purified	chromatin	obtained	
by	Bednar	et	al.	(1998)	(26)	and	in	in	silico	modeling	studies	(59,	60).	The	crystal	structure	of	an	
in	vitro	reconstituted	tetranucleosome	(61)	showed	for	the	first	time	a	zig-zag	arrangement	of	the	
four	nucleosomes.	Further	evidences	of	zig-zag	folding	or	a	2-start	arrangement	also	came	from	
cryo-EM	studies	(32,	62).	
	 So	far,	the	30	nm	fibre	has	only	been	observed	in	vitro	either	in	chromatin	extracted	or	
purified	from	cell	nuclei	or	in	reconstituted	chromatosomal	and	nucleosomal	arrays.	Although	in	
vivo	 fragmentation	studies	suggested	2-start	 folding	of	 the	chromatin	 in	vivo	(63,	64),	 further	
evidence	of	hierarchical	folding	of	the	chromatin	in	vivo	is	still	largely	lacking	(65,	66).	
	 How	is	the	chromatin	arranged	in	vivo?	It	was	suggested	by	Grosberg	et	al.	(1993)	(67)	
that	 the	chromatin	existed	as	a	 fractal	globule	 in	 the	nucleus.	Very	nicely	 reviewed	by	Leonid	
Mirny	 (2011)	 (68),	 this	model	 is	described	as	a	 ‘hierarchy	of	 crumples’	 (69).	 	 In	vivo	 imaging	
studies	(70)	and	Hi-C	mapping	(71,	72)	have	shown	that	the	chromatin	indeed	shows	a	fractal	
form.			
	 A	 highly	 advanced	 electron	microscopy	 tomography	method	 (73)	 was	 used	 to	 obtain	
images	of	the	nucleus	in	vivo.	It	did	not	reveal	any	30	nm	fibre.	The	chromatin	was	observed	to	be	
disordered	 with	 variably	 dense	 regions:	 likely	 the	 transcriptionally	 inactive,	 denser	
heterochromatin,	and	the	transcriptionally	active	euchromatin	of	less	density.		
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Figure	1.4:	How	is	the	chromatin	packaged?	A.	Hierarchical	packaging	of	the	chromatin	into	30nm	fibre:	Top:	one-start	
solenoidal	model,	Bottom:	 two-start	 zig-zag	model.	 Left	 shows	 side	 views	and	 right	 shows	 top	 views.	 	B.	 Clustering	of	
stretches	 of	 nucleosomes	 (coloured	 circles)	 into	 domains,	 domains	 into	 phase	 separated	 droplets,	 and	 finally	 into	
chromosome	territories	in	the	nucleus.		

	
	 Recently,	the	possible	role	of	phase	separation	in	chromatin	organisation	(74–78)	(Figure	
1.4B)	has	taken	the	chromatin	world	by	storm.	The	underlying	principle	of	this	phenomenon	is	
that	 chromatin	 binding	 proteins	 of	 different	 types	 can	 induce	 segregation	 of	 parts	 of	 the	
chromatin	they	are	acting	upon	into	phase	separated	droplets.	Thus,	by	this	model,	proteins	acting	
on	the	chromatin	drive	its	compartmentalization.	The	LH	has	been	observed	to	promote	(77,	78)	
phase	 separation	 of	 the	 chromatin	 both	 in	 vivo	 and	 in	 vitro.	 L-DNA	 lengths	 have	 also	 been	
implicated	in	regulating	the	properties	of	phase	separated	droplets	(77).		
	

1.5	Linker	histones	and	cancer	
	
	 The	LH	has	been	implicated	in	numerous	diseases	including	cancer,	Alzheimer’s	disease	
(79)	and	aberrant	immune	response	(reviewed	in	Ye	et	al	(2017)	(80)).	However,	the	role	of	the	
LH	in	the	pathology	of	any	disease	is	not	universal	but	differs	between	different	subtypes	of	the	
LH	(80).	Different	disease	types	that	involve	the	LH	are	either	caused	by	mutations	on	the	LH	or	
an	aberrant	expression	that	 leads	to	low	or	high	levels	of	the	LH	in	the	diseased	cell	(80).	The	
cellular	levels	of	LH	often	serve	as	biomarkers	for	cancer	prognosis	(81–84).		
	 A	recent	work	by	Torres	et	al.	(2016)	(85)	explored	a	possible	mechanism	by	which	low	
levels	 of	 LH	 of	 the	 subtype	H1.0	mediate	 cancer	 progression.	 In	 this	work	 they	 show	 that	 an	
absence	of	 the	H1.0	LH	 selectively	destabilises	nucleosomes	present	 in	AT-rich	 regions	of	 the	
genome,	but	not	 the	ones	present	 in	 the	GC-rich	regions	of	 the	genome.	This	 is	because	of	 the	
inability	 of	 AT-rich	 DNA	 to	 bend	 and	 wrap	 around	 the	 NCP	 resulting	 in	 the	 instability	 of	
nucleosomes	found	in	AT-rich	regions	of	the	chromatin,	in	the	absence	of	H1.0.	In	the	absence	of	
nucleosomes	and	H1.0	to	silence	these	portions	of	the	chromatin,	oncogenes	that	are	present	in	
these	regions	are	upregulated.	This	work	clearly	showed	how	the	interplay	between	AT-rich	DNA	
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and	H1.0	can	result	in	cancer	progression.		
	 Their	observation	that	LHs	of	H1.0	subtype	can	selectively	stabilise	nucleosomes	in	AT-
rich	regions	is	of	no	less	importance.	This	sheds	some	light	on	the	biological	function	of	H1.0.	How	
does	the	LHs	recognize	AT-rich	DNA,	to	execute	this	function?	This	question	is	dealt	with	in	this	
thesis	(Chapter	4	and	5).	
	

1.6	Plan	of	the	thesis	
	 	

	
	
Figure	1.5:	Plan	of	the	thesis.		

	
The	main	aims	of	the	thesis	(Figure	1.5):	

a. To	observe	possible	effects	of	certain	L-DNA	sequences,	specifically	A-tracts,	on	the	gH	and	
the	C-terminal	tail	domain	of	the	LH.	

b. To	find	out	how	LHs	can	recognize	A-tracts,	and	
c. To	 find	 out	 if	 different	 placements	 of	 A-tracts	 in	 trichromatosomal	 arrays	 affect	 its	

compaction	by	the	LH.	
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	 For	these	purpose,	LH	of	subtype	H1.0	(Xenopus	laevis	H1.0b)	had	been	used.	Using	single-
pair	 Förster/Fluorescence	 Resonance	 Energy	 Transfer,	 the	 effect	 of	 pure	 GC-tracts,	 A-tracts	
(continuous	 stretch	 of	 adenines),	 and	 mixed	 sequences	 having	 64%	 AT-content,	 on	 the	
positioning	 of	 the	 H1.0b	 on	 mononucleosomes.	 Computational	 modeling	 based	 on	 the	 FRET	
results	helped	us	uncover	a	mechanism	by	which	LHs	can	recognize	A-tracts.	It	also	showed	how	
A-tracts	present	on	the	L-DNA	flanking	the	globular	domain	of	the	LH	can	reorient	the	globular	
domain.	 But	 how	 does	 this	 A-tract	 induced	 gH	 domain	 reorientation	 affect	 higher-order	
structures?	A	preliminary	study	was	designed	to	this	end.	Single-pair	FRET	measurements	were	
performed	on	trichromatosomes	labelled	on	the	two	inner	L-DNAs.	These	trichromatosomes	were	
designed	to	contain	A-tracts	either	on	the	outer	or	inner	L-DNA	arms.	The	compaction	of	the	two	
types	of	trichromatosomes	were	measured	in	the	presence	of	LHs.	Single-pair	FRET	and	modeling	
showed	that	despite	orientational	effects	of	the	LH	induced	by	A-tracts,	these	structural	changes	
do	not	affect	the	compaction	of	the	trichromatosomes.	Chapter	7	deals	with	the	conclusion	and	
future	perspectives	of	the	thesis.	
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Chapter	2	
	

Using	FRET	as	a	molecular	ruler	
	
	
2.1	Förster/Fluorescence	Resonance	Energy	Transfer	

In	 the	 early	 1920s,	 the	 Perrins	 observed	 a	 decrease	 in	 the	 polarization	 of	 fluorescent	
molecules	 in	 solution.	 This	 led	 them	 to	 formulate	 a	model	 (86)	where	 the	 fluorophores	were	
treated	 as	 oscillating	 electric	 dipoles.	 According	 to	 this	model,	 if	 the	 fluorophores	were	 close	
enough,	 the	 energy	 could	 be	 transferred	 from	 one	 fluorophore	 to	 the	 other	 non-radiatively.	
Building	 upon	 the	 works	 of	 the	 Perrins,	 Theodor	 Förster	 	 (87)	 gave	 the	 first	 mathematical	
description	of	this	non-radiative	energy	transfer	between	closely	spaced	fluorescent	molecules	in	
solution.		

	

	
	

Figure	2.1:	Förster	Resonance	Energy	Transfer.	A.	Jablonski	diagram	showing	absorption	(1	and	5),	emission	(3	and	7)	
and	FRET	(4)	between	donor	and	acceptor	 fluorophores.	B.	Absorption	and	emission	spectra	of	donor	(blue	and	green	
plots)	 and	 acceptor	 (orange	 and	 red	 plots)	 showing	 three	 types	 of	 spectral	 overlaps	 (i-iii)	 explained	 in	 the	 text.	 C.	
Relationship	between	FRET	efficiency	and	distance	D.	How	FRET	can	be	used	as	a	molecular	ruler	to	measure	distance	
between	 fluorophores	 attached	 to	 a	 macromolecular	 complex.	 E	 =	 FRET	 Efficiency,	 R0	=	 Förster	 distance,	 R	 =	 inter-
fluorophore	 distance,	 P	 =	 Proximity	 ratio,	 g =	 gamma	 factor	 or	 detection	 factor,	 ND	 =	 Number	 of	 photons	 of	 donor	
fluorophore	(represented	by	green	pentagon)	and	NA	=	number	of	photons	of	acceptor	fluorophore	(represented	by	red	
pentagon).		
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This	non-radiative,	distance	dependent	energy	transfer	between	two	fluorophores	came	
to	 be	 termed	 as	 Fluorescence	 or	 Förster	 Resonance	 Energy	 Transfer	 (FRET).	 The	 distance	
dependence	of	this	phenomenon	has	made	it	a	widely	used	tool	in	structural	biology	(88).	

The	 phenomenon	 of	 absorption	 and	 emission	 of	 radiation	 and	 non-radiative	 energy	
transfer	 can	be	described	by	 a	 standard	 Jablonski	diagram	(88)	 as	 shown	 in	Figure	2.1A.	The	
singlet	ground	state	levels	of	the	donor	and	the	acceptor	fluorophores	have	a	lower	energy	and	
are	denoted	as	S0,	and	the	higher	energy	singlet	excited	states	of	the	fluorophores	are	denoted	as	
S1.	When	a	photon	of	higher	energy	and	lower	wavelength	(depicted	by	blue-green	wavy	arrow,	
Figure	2.1A)	strikes	the	donor	fluorophore,	originally	in	the	ground	state,	the	fluorophore	absorbs	
the	photon	and	begins	to	oscillate	with	a	higher	energy	(event	1,	Figure	2.1A),	thereby	getting	
‘elevated’	to	the	S1	level.	Independently,	the	acceptor	fluorophore	also	can	absorb	a	photon	(event	
5,	 Figure	 2.1A)	 having	 a	 lesser	 energy	 than	 the	 blue-green	 photon	 used	 to	 excite	 the	 donor	
fluorophore.	Fluorophores	in	the	excited	singlet	S1	level	undergo	vibrational	relaxation	and	lose	
energy	non-radiatively	(events	2	for	donor	fluorophore	and	6	for	acceptor,	Figure	2.1A).	When	
the	 fluorophores	 de-excite	 to	 their	 ground	 singlet	 state,	 they	 emit	 a	 photon	 that	 has	 a	 lower	
energy,	and	higher	wavelength	than	that	absorbed	by	that	fluorophore	(event	3	green	arrow	for	
donor	 and	 event	7	 and	 red	 arrow	 for	 acceptor,	 Figure	 2.1A).	 This	 photon	 emission	 upon	
transitioning	back	to	the	ground	singlet	state	from	the	excited	singlet	state	is	fluorescence	and	its	
lifetime	is	in	the	order	of	10ns	(88).		

In	Figure	2.1B,	the	excitation	(or	absorption)	and	emission	spectra	of	the	donor	and	the	
acceptor	 fluorophores	 are	 illustrated.	 The	 photon	 absorbed	 by	 the	 donor	 has	 the	 lowest	
wavelength	(blue-green	peak)	and	the	highest	energy.	The	wavelengths	of	the	photons	emitted	by	
the	donor,	absorbed	by	the	acceptor	and	emitted	by	the	acceptor	progressively	increases,	and	the	
energy	decreases.	The	emission	spectra	of	 the	donor	(green,	Figure	2.1B)	sufficiently	overlaps	
with	the	acceptor	absorption	spectra	(orange),	with	this	overlap	region	denoted	by	the	number	
(i)	 in	 Figure	 2.1B.	 This	 overlap	 between	 the	 donor	 emission	 and	 the	 acceptor	 absorption	 is	
essential	 for	 resonance	 energy	 transfer	 to	 take	 place	 when	 the	 donor	 and	 the	 acceptor	 are	
separated	by	a	small	distance.	Event	4	on	Figure	2.1A	depicts	this	non-radiative	transfer	of	energy	
by	dipole-dipole	coupling	from	the	donor	fluorophore	oscillating	in	the	excited	singlet	state	to	the	
acceptor	 fluorophore	at	 the	ground	state.	This	elevates	 the	acceptor	 fluorophore	 to	 its	excited	
singlet	 state.	 The	 subsequent	 de-excitation	 of	 the	 acceptor	 back	 to	 its	 ground	 state	 occur	
radiatively	by	emission	of	the	red	photon	(event	7).		

The	efficiency	of	the	energy	transfer	is	inversely	proportional	to	the	sixth-power	of	the	
distance	between	the	two	fluorophores.	As	shown	in	Figure	2.1C,	smaller	the	inter-fluorophore	
distance	 R,	 higher	 the	 FRET	 efficiency	 and	 vice-versa.	 At	 a	 certain	 distance	 R0,	 known	 as	 the	
Förster	 distance,	 the	 transfer	 efficiency	 is	 half	 of	 its	maximum.	 The	 relationship	 between	 the	
transfer	efficiency	E	and	the	inter-fluorophore	distance	R	is	given	by	the	formula:	

	 E = 	
R!"

R!" + R"
	 (a)	

	
	 The	Förster	distance	for	standard	FRET	(donor-acceptor)	pairs	fall	in	the	range	between	
30	 to	 60Å,	 making	 it	 highly	 useful	 for	 measuring	 intra-molecular	 distances	 in	 biological	
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macromolecular	 complexes	 (88).	 The	 efficacy	 of	 FRET	 to	 measure	 distances	 in	 biological	
molecules	was	first	demonstrated	on	poly-L-proline	chains	by	Stryer	and	Haugland	(1967)	(89)	
who	called	this	technique	a	‘spectroscopic	ruler’.	Complementing	high	resolution	techniques	to	
study	macromolecular	structures,	such	as	X-ray	crystallography,	FRET	quickly	gained	popularity	
due	to	its	suitability	to	studying	macromolecular	dynamics.	

The	nucleosome	has	a	diameter	of	110Å.	By	placing	suitable	FRET	pairs	on	different	parts	
of	the	nucleosome,	as	illustrated	in	Figure	2.1D,	distances	can	be	efficiently	measured	with	a	very	
high	resolution.	FRET	began	to	be	widely	used	in	the	study	of	nucleosome	structure	and	dynamics	
since	the	early	2000s	(90–94).			

The	 term	 proximity	 ratio	 is	 introduced	 in	 the	 section	 ‘Single-pair	 FRET’	 later	 in	 this	
chapter.	Two	other	spectral	overlaps	shown	in	Figure	2.1B	(ii	and	iii)	are	also	explained	in	that	
section.	
	

	2.2	Calculating	Förster	distance	
	

The	Förster	distance	for	a	standard	FRET	(donor-acceptor)	pair	is	known	for	fluorophores	
in	 water.	 However,	 in	 protein	 and	 DNA	 containing	 samples	 samples,	 different	 buffers	 and	
presence	of	proteins	and	DNA	in	the	solution	change	the	refractive	index	of	the	solvent	and	the	
quantum	 yield	 of	 the	 fluorophore.	 This	 can	 significantly	 change	 the	 R0,	 thus	 warranting	 its	
measurement	in	the	sample	under	study	(95).	

The	 R0	 of	 a	 FRET	 pair	 is	 calculated	 via	 a	 multi-step	 procedure	 that	 involved	 bulk	
measurements	of	absorption	and	fluorescence.	The	formula	used	to	calculate	Förster	distance	(in	
Å)	of	a	FRET	pair	is	(96):	

	 R! = 0.211*κ#. n$%. Q&'. J(λ)2
(/"	 (b)	

	 Here,	κ#	is	the	dipole	orientation	factor,	n	is	the	refractive	index	of	the	solvent,	QDO	is	the	
quantum	yield	of	donor	fluorophore	(in	our	experiments,	Alexa	488),	in	samples	containing	only	
the	donor	fluorophore,	also	referred	to	as	‘donor-only’	samples.	J(λ)	refers	to	the	overlap	integral	
calculated	from	the	spectral	overlap	region	(Figure	2.1B	overlap	i)	between	the	emission	of	the	
donor	fluorophore	in	a	donor-only	sample	and	the	absorption	of	the	acceptor	fluorophore	(Alexa	
594	in	our	experiments)	in	an	acceptor-only	sample	(97).	Each	of	the	parameters	of	equation	(b)	
are	separately	described	below.	

The	refractive	index	of	the	sample	buffer	is	assumed	to	be	1.4	(88).	For	calculating	each	of	
the	parameters,	bulk	absorption	and	fluorescent	spectroscopy	were	performed.	The	instruments	
for	measuring	absorption	and	fluorescence	are	detailed	in	Appendix	C.	
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2.2.1	Quantum	yield	estimation		
	

To	obtain	the	Förster	distance	of	the	Alexa	488-Alexa	594	fluorophore	pair	in	the	samples,	
the	quantum	yield	of	Alexa	488	or	donor	fluorophore	(QDO)	was	measured	in	a	chromatosome	
containing	only	Alexa	488	label	(donor-only).		

The	 quantum	 yield	 of	 a	 fluorophore	 is	 defined	 as	 the	 ratio	 of	 the	 number	 of	 photons	
emitted	by	 the	 fluorophore	 to	 the	number	of	photons	absorbed	(88).	 In	order	 to	calculate	 the	
quantum	yield	of	a	fluorophore,	the	absorption	and	emission	spectra	of	a	reference	fluorophore	
are	measured	with	the	same	instrument	setting.	The	reference	is	chosen	so	as	to	have	a	known	
quantum	yield,	and	the	same	absorption	and	emission	maxima	as	the	fluorophore	under	study.	
The	equation	for	measuring	the	quantum	yield	of	Alexa	488	in	the	donor-only	sample	 is	given	
below:	

	 Q&' = Q*+,
n&'#

n*+,#
	
F&'
OD&'

	
OD*+,
F*+,

	 (c)	

	 Here	QDO	is	the	quantum	yield	of	Alexa	488	in	the	donor-only	sample,	Qref	is	the	quantum	
yield	of	the	reference,	which	in	this	case	was	fluorescein	isothiocyanate	(FITC)	in	0.1M	NaOH.	The	
Qref	is	known	to	be	0.95	(88).	The	refractive	index	of	the	sample	buffer	(nDO)	was	assumed	to	be	
1.4	 (88),	 while	 that	 of	 0.1M	 NaOH	 (nref)	 was	 assumed	 to	 be	 1.33	 (98).	 FDO	 is	 the	 integrated	
fluorescence	 intensity	of	Alexa	488	and	ODDO	 referred	to	the	absorption	maxima	of	Alexa	488.	
Similarly,	the	integrated	fluorescence	integrity	and	the	absorption	maxima	for	the	reference	are	
denoted	by	Fref	and	ODref.		

A	 wavelength	 range	 from	 220	 to	 750	 nm	 (UV-visible)	 was	 used	 to	 obtain	 absorption	
spectra	of	Alexa	488	and	fluorescein	isothiocyanate.	For	obtaining	emission	spectra,	a	wavelength	
range	of	500	to	750	nm	was	scanned.	
	
Table	2.1:	Absorption	and	emission	maxima	for	flurorophores	
	

	 Absorption	maxima	(nm)	 Emission	maxima	(nm)	
Donor:	Alexa	488	 494	 517	

FITC	(reference	for	donor)	 495	 518	
Acceptor:	Alexa	594	 590	 617	
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2.2.2.	Spectral	overlap	estimation	
	

	
	

Figure	2.2:		Calculating	spectral	overlap.	Plot	showing	fluorescence	emission	spectra	of	Alexa	488	in	a	donor–only	sample	
(green	trace),	the	absorption	spectra	of	Alexa	594	in	an	acceptor-only	sample	(orange	trace),	and	the	spectral	overlap	
integral	J	(l)	in	black	bars.	The	emission	and	absorption	spectra	are	height-normalised.	The	left	axis	denotes	the	height	
normalised	intensities	of	emission	and	absorbance.	The	right	axis	denotes	the	overlap	integral.	

	
The	spectral	overlap	between	 the	donor	emission	and	 the	acceptor	absorption	 (Figure	

2.1B	overlap	(i))	is	what	determines	resonance	energy	transfer.	The	spectral	overlap	integral	J(l)	
is	calculated	as	follows	(88):	

	 J(λ) = 	
∫ F&'(λ). ε-'(λ). λ%dλ
.
!

∫ F&'(λ)dλ
.
!

 

	
(d)	

	 In	this	equation	FDO(l)	refers	to	the	fluorescence	intensity	of	the	donor	fluorophore	in	the	
donor	only	chromatosome	(donor	label	on	the	LH)	in	the	wavelength	range	500	to	640	nm,	eAO	
refers	to	the	molar	extinction	coefficient	of	the	acceptor	in	the	acceptor-only	chromatosome	(97)	
in	the	same	wavelength	range	of	500	to	640	nm.	e	or	molar	extinction	coefficient	is	related	to	the	
absorbance	(OD)	by	the	following	equation:	OD	=	e	x	molar	concentration	x	path	length	(cm).	Its	
unit	is	M-1cm-1.	The	wavelength	l	has	the	unit	of	nm.	FDO	has	no	unit.	The	unit	of	J	(l)	or	overlap	
integral	 is	 cm-1M-1nm4.	 The	 integral	 of	 the	 product	 of	 fluorescence	 intensity,	molar	 extinction	
coefficient	and	wavelength	in	the	range	of	500	to	640	nm	(equation	(d)	numerator)	is	divided	by	
the	 integrated	 fluorescence	 intensity	 of	 the	 donor	 in	 that	 wavelength	 range	 (equation	 (d)	
denominator).	This	 is	 to	normalise	 the	area	of	 the	emission	or	 fluorescence	spectrum	to	unity	
(88).	 	
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2.2.3	The	dipole	orientation	factor	k2	
	

	
	

Figure	2.3:	 	Donor	and	Acceptor	 fluorophores	described	as	dipoles.	The	unit	vectors	𝑑" 	and	𝑎$	 represent	 the	donor	and	
acceptor	dipoles.	�̂�	is	the	unit	vector	in	the	direction	from	donor	to	acceptor.	Planes	containing	the	vectors	𝑑" 	and	𝑎$	are	
denoted	as	donor	and	acceptor	plane	respectively.	f	=	angle	between	donor	and	acceptor	plane,	QD	=	angle	between	𝑑"	and	
�̂�,	QA	=	angle	between		𝑎$	and	�̂�,	bDA	=	angle	between		𝑑" 	and	𝑎$.	Illustration	adapted	from	references	(96,	99).		

	
The	dipole	orientation	factor	k2	in	equation	(b)	describes	the	relative	orientation	of	the	

donor	dipole	moment	with	respect	to	the	acceptor	dipole	moment	(88,	99).		Its	value	ranges	from	
0	to	4,	with	0	denoting	randomly	oriented	dipoles,	1	denoting	dipoles	that	are	parallel	to	each	
other,	and	4	denoting	dipoles	that	are	aligned	in	a	head	to	tail	orientation	(88).	The	k2	is	defined	
by	the	following	equation	(96,	99,	100):	

	 k# = (cos b&- − 3 cosΘ&cosΘ-)
#	 (e)	

	
with	
	 cosbDA	=	cosQAcosQD	+	sinQAsinQDcosfDA	 (f)	
	
The	angles	in	the	equations	(e)	and	(f)	are	explained	graphically	in	Figure	2.3.		

To	obtain	the	R0	and	consequently,	inter-fluorophore	distances	(R),	the	value	of	the	dipole	
orientation	 factor	was	 assumed	 to	 be	 2/3.	 This	 average	 value	 of	 the	 dipole	 orientation	 factor	
denotes	that	the	orientations	of	the	donor	and	acceptor	dipoles	become	random	due	to	rotational	
diffusion	before	energy	transfer	can	occur.	This	value	is	standardly	used	in	the	calculation	of	the	
Förster	distance	(88,	101).		
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2.2.4	Obtaining	the	Förster	distance	
	

After	each	parameter	of	equation	(b)	was	measured	and	calculated	separately,	the	Förster	
distance	R0	for	the	Alexa	488-Alexa	594	fluorophore	pair	was	calculated	for	the	AG	and	the	GA	
chromatosomes.	The	k2	was	assumed	to	be	2/3	and	the	refractive	index,	1.4	(96).	These	values	are	
tabulated	below:	
	
Table	2.2:	Parameters	calculated	for	R0	estimation,	assuming	a	k2	value	of	2/3	
	

Construct	 Labeling	
specifications	 QYDO		 k2 

(assumed)	
J	(l)	

(cm-1M-1nm4)	
Refractive	index	

(assumed)	 R0	(Å)	

AG	 Alexa	488–C5-maleimide	(LH	T77C)	
Alexa	594–C6-dT	(L-DNA	at	+94)	 0.88	 2/3	 1.46	x	1015	 1.4	 52.0	

GA	 Alexa	488–C5-maleimide	(LH	T77C)	
Alexa	594–C6-dT	(L-DNA	at	+94)	 0.88	 2/3	 1.45	x	1015	 1.4	 52.0	

	
The	R0	of	the	FRET	pairs	on	the	chromatosomes	were	calculated	to	be	52Å.	This	value	was	

compared	to	two	other	values	of	Förster	distance	for	Alexa	488-594	pair	obtained	by	Cristóvão	et	
al.	(2012)	(102)	and	by	Reinartz	et	al.	(2018)	(103)	(see	Table	2.3).	The	apparent	discrepancy	
between	 the	R0	 value	used	 in	 this	 thesis	and	 that	obtained	 from	these	works	 is	 caused	by	 the	
assumption	of	the	refractive	indices.	Reconverting	the	reported	R0	values	for	a	refractive	index	of	
1.4	resulted	in	values	close	to	52Å.	
	
Table	2.3:	R0	values	obtained	from	literature	for	comparison		

Article	 Sample	
type	 solvent	 FRET	pair	 QYDO	 k2 Refractive	

index	(RI)	

R0	(Å)	
Reported	
by	the	
authors	

R0	(Å)	
converted	

(for	
RI=1.4)	

Cristóvão	
et.	al.	
NAR	
2012	
(102)	

DNA	 water	

Alexa	488–
C6-dT	

Alexa	594–
C6-dT	

0.60	 2/3	 1.33		 53.2	 52.3	

Reinartz	
et.al.	

J.	Chem.	
Phys.	2018	

(16)		

Protein	
water	 Alexa	488–

C5-maleimide	
Alexa	594–
C5-maleimide	

0.92	 2/3	
1.33	 54.0	 53.0	

GdmCl*	 1.465		 51.0	 52.0	

*GdmCl:	Guanidium	hydrochloride	

	
2.3	Single-pair	FRET	
	

Bulk	or	ensemble	FRET	experiments	yield	fluorescence	signals	that	are	averaged	over	a	
wide	range	of	conformations	of	macromolecules.	Individual	conformations	cannot	be	detected	by	
this	 procedure.	 Single-molecule	 (or	 single-pair)	 FRET	 (104,	 105)	 was	 developed	 to	 measure	
conformational	heterogeneity	present	in	the	sample	(106,	107).	Different	approaches	to	perform	
single-pair	 FRET	 are	 very	 nicely	 described	 in	 the	work	 of	 Roy	 et	 al.	 (2008)	 (106).	 The	work	
presented	in	this	thesis	has	been	performed	on	a	diffusion-based	spFRET	setup.	
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2.3.1	Single	and	Dual-laser	excitation	
	

Instrumentations	and	in-house	developed	softwares	(FRETtchen	and	AlexEval)	for	the	in-
house	single-pair	FRET	setup	are	detailed	in	the	dissertations	of	Dr.	Alexander	Gansen	(single-
laser	excitation)	 (108)	and	Dr.	Kathrin	Lehmann	(single-	and	dual-laser	excitation)	 (109).	The	
AlexEval	software	developed	by	Dr.	Sebastian	Isbaner	can	be	found	at	this	link:		
https://github.com/sisbaner/AlexEval. Instrumentation	details	are	added	in	Appendix	C.	 
In	this	thesis	the	concepts	of	proximity	ratio,	stoichiometry	and	the	detection	factor	are	detailed,	
leading	up	to	the	extraction	of	distance	information.	
	

	
Figure	2.4:	SpFRET	setup.	A.	Setup	of	single-laser	excitation	FRE	.	B.	Setup	of	dual	excitation	ALEX-spFRET.		
	

The	 in-house	 setup	 for	 single-pair	 FRET	 built	 by	 Dr.	 Gansen	 contained	 a	 confocal	
microscope	 that	 focused	 the	 excitation	 laser	 beam	 to	 a	 point	 that	 resulted	 in	 an	 observation	
volume	in	the	range	of	 femtoliters.	To	ensure	detection	at	single-molecule	or	single	FRET-pair	
levels,	 the	 labelled	 macromolecule,	 i.e.,	 chromatosomes	 or	 chromatosomes,	 were	 diluted	 to	
picomolar	 concentrations	 for	 the	 measurement.	 The	 sample	 buffer	 (Appendix	 B)	 with	 a	
physiological	 pH	 of	 7.5	 contained	 1xTE,	 an	 NaCl	 concentration	 of	 25	 mM	 for	 standard	
measurements	or	up	to	750	mM	in	salt-series	experiments	as	shown	in	chapter	6.	It	also	contained	
ascorbic	acid	of	a	concentration	of	0.8	mM	to	scavenge	free	radicals	generated	by	photobleaching	
of	the	fluorophores	(92).	About	0.01	mM	of	the	surfactant	nonidet-P40	was	added	to	the	buffer	to	
maintain	 the	 stability	 of	 the	 chromatosomes	 (93).	 In	 order	 to	 improve	 the	 stability	 of	 the	
chromatosomes	further	unlabelled	chromatosomes	were	added	at	a	greater	concentration	than	
the	labelled	chromatosome.	The	concentration	of	 labelled	chromatosomes	was	50-100	pM	and	
that	of	the	unlabelled,	200-250	pM.	The	total	concentration	of	chromatosomes	was	300	pM.	

In	this	setup,	labelled	and	unlabelled	chromatosomes	freely	diffuse	in	and	out	of	the	focus	
as	described	graphically	in	Figure	2.4.	The	observational	volume	gets	illuminated	by	either	the	
‘donor’	laser	having	a	wavelength	of	491nm	(Figure	2.4A)	in	the	single-laser	excitation	mode.	In	
ALEX	(Alternating	Laser	Excitation)	(95,	110)	both	the	donor	laser	and	the	‘acceptor’	laser	having	
a	wavelength	of	561	nm	(Figure	2.4B)	were	alternately	illuminated	at	intervals	of	100	µs	with	20	
µs	pauses.		The	laser	power	at	the	objective	was	maintained	at	40	µW.		
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Labelled	chromatosomes	diffusing	through	the	ellipsoidal	observation	volume	fluoresce	
when	 excited	by	 the	 laser.	Resonance	 energy	 transfer	 also	 occur	depending	on	how	 close	 the	
fluorophores	are	to	each	other.	The	emitted	photons	are	detected	by	the	donor	and	the	acceptor	
avalanche	photodiodes.	Here,	instead	of	FRET	efficiency,	the	term	proximity	ratio	comes	to	play.	
Proximity	 ratio	 is	directly	proportional	 to	 the	FRET	efficiency.	 It	 is	 the	 ratio	of	 the	number	of	
photons	detected	 in	 the	acceptor	 channel	 (NA)	 to	 the	 total	number	of	photons	detected	 in	 the	
donor	(ND)	and	the	acceptor	channels	(NA).	The	equation	describing	proximity	ratio	in	terms	of	
the	number	of	photons	in	the	acceptor	detection	channels	vs.	the	total	is:	

	 P = 	
N-

N& + N-
	 (g)	

	
2.3.2	Detecting	unwanted	spectral	overlaps	
	

The	spectral	overlap	between	donor	emission	and	acceptor	absorbance	is	the	requirement	
for	 resonance	 energy	 transfer	 to	 occur.	 But	 there	 are	 two	 other	 overlap	 regions	 between	 the	
emission	and	absorbance	spectra	of	a	FRET	pair.		

The	first	one	is	termed	‘direct	excitation	of	acceptor’	(95,	108).	This	is	an	overlap	between	
the	 donor	 excitation	 and	 the	 acceptor	 excitation	 spectra	 (denoted	 as	 (ii)	 in	 Figure	 2.5A).	 The	
second	 one,	 termed	 ‘crosstalk’	 (95,	 108,	 111)	 (denoted	 as	 (iii)	 in	 Figure	 2.5A)	 is	 an	 overlap	
between	the	donor	emission	and	the	acceptor	emission.	These	two	overlaps	can	be	detected	in	
FRET	 histograms	 obtained	 from	 both	 single	 and	 dual	 laser	 excitation	 (ALEX)	 spFRET,	 as	
illustrated	in	Figure	2.5.	
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Figure	2.5:	Overlap	detection	by	single-laser	excitation	and	ALEX-spFRET.	A.	Spectral	overlap	regions	in	the	excitation	
and	 emission	 spectra	 of	 donor	 and	 acceptor	 fluorophore	 denoted	 as	 (ii)	 and	 (iii)	 B.1	 Schematic	 of	 a	 proximity	 ratio	
histogram	plot	obtained	in	single-laser	excitation	spFRET	B.2	Same	plot	as	B.1.	However	spectral	overlap	(iii)	causes	the	
plot	to	shift	to	the	right.	C.	Schematic	of	a	plot	obtained	from	ALEX-spFRET	showing	both	stoichiometry	and	proximity	
ratio.	Donor	only	and	Acceptor	only	peaks	have	different	 stoichiometry.	D.	A	part	 selected	 in	plot	C.	 (black	 rectangle)	
replotted.	A	stoichiometry	range	of	0.25	to	0.75	and	the	entire	proximity	ratio	range	from	0	to	1	is	plotted	showing	absence	
of	donor-only	and	acceptor-only	peaks	that	were	present	in	the	histograms	obtained	from	single-laser	excitation	in	B.1	and	
B.2.	
	

In	 single-laser	 excitation,	 the	 sample	 is	 excited	 only	 by	 the	 donor	 laser	 (Figure	 2.4A).	
Ideally	only	the	donor	fluorophore	should	fluoresce.	In	presence	of	an	acceptor	fluorophore	in	
close	proximity,	 energy	 transfer	 can	occur	 and	 the	 acceptor	 fluorophore	 can	 fluoresce	 too.	 So	
ideally	 photons	 emitted	 by	 the	 donor	 in	 absence	 of	 the	 acceptor	 fluorophore	 would	 have	 a	
proximity	ratio	of	0,	because	NA	or	number	of	photons	in	the	acceptor	channel	would	be	0	(refer	
to	equation	(j)).	In	the	presence	of	an	acceptor	fluorophore,	the	acceptor	fluorophore	would	be	
able	to	fluoresce	only	after	resonance	energy	transfer	from	the	donor	fluorophore.	However,	if	an	
overlap	of	type	(ii)	(Figure	2.5A)	exists	between	donor	and	acceptor	excitation,	a	small	fraction	of	
the	acceptor	fluorophore	would	be	able	to	become	‘directly	excited’	by	the	donor	laser	and	thus	
would	fluoresce	even	in	absence	of	resonance	energy	transfer	(95).	This	direct	excitation	of	the	
acceptor	in	the	absence	of	a	donor	would	result	in	a	proximity	ratio	of	1	(equation	(j)).	This	shows	
up	 as	 the	 small	 peak	 to	 the	 extreme	 right	 in	 Figure	 2.5	 B.1.	 Typically,	 acceptor	 labelled	
nucleosomes	where	the	donor	 labelled	LH	has	dislodged,	or	acceptor	 labelled	 free	DNA	would	
represent	this	small	peak.	How	do	we	know	that	this	small	peak	represents	the	‘acceptor-only’	
fraction	due	to	direct	excitation	and	is	not	a	high	FRET	peak	due	to	very	close	proximity	of	the	
donor	 and	acceptor?	This	 can	be	 concluded	by	 the	height	of	 the	peak.	 If	 the	 fluorophores	 are	
indeed	very	close	 to	each	other	 they	would	be	so	 in	a	substantial	 fraction	of	 the	 total	double-
labelled	population,	if	not	the	whole,	resulting	in	a	taller	peak	(represented	by	a	pink	peak	termed	
‘FRET-highest’	 in	the	schematic	B.1	in	Figure	2.5).	On	the	contrary,	overlap	(ii)	 involves	only	a	
small	fraction	of	the	donor	excitation	spectrum.	This	means	that	only	a	very	small	percentage	of	
acceptor-only	samples	would	get	directly	excited,	resulting	in	a	much	smaller	peak.	Examples	of	
very	high	FRET	peak	(not	acceptor-only)	can	be	found	in	chapter	6	for	the	trichromatosome	study.	

The	second	type	of	overlap,	numbered	(iii)	involves	the	emission	spectra	of	the	donor	and	
the	emission	spectra	of	the	acceptor	(Figure	2.5A).	This	indicates	that	the	donor	can	emit	partly	
in	the	acceptor	emission	range	and	can	therefore	be	picked	up	in	the	acceptor	detector	channel.	
This	type	of	overlap,	or	‘crosstalk’	(95,	108,	111)	would	mean	that	even	in	the	complete	absense	
of	acceptor,	the	donor-only	peak	would	have	a	proximity	ratio	greater	than	0	(Figure	2.5	B.2).	This	
crosstalk	shifts	the	entire	plot	to	the	right	and	requires	correction	(111).	

In	ALEX-spFRET	(Alternating	Laser	Excitation),	(95,	110,	112),	the	output	consists	of	not	
just	the	proximity	ratio	but	the	stoichiometry	(Figure	2.5C)	of	the	fluorophores.	The	stoichiometry	
is	defined	as	the	relative	proportion	of	the	donor	and	the	acceptor	fluorophores.	Thus,	donor-only,	
double	labelled	and	acceptor-only	species	are	well	separated	in	terms	of	stoichiometry	(Figure	
2.5C).	 The	 stoichiometries	 of	 all	 double-labelled	 FRET	 populations,	 including	 the	 pink	 ‘FRET-
highest’,	 are	 0.5	 whereas	 the	 acceptor-only	 have	 a	 stoichiometry	 of	 0	 and	 the	 donor-only,	 a	
stoichiometry	 of	 1.	 A	 stoichiometry	 range	 of	 0.25	 to	 0.75	 are	 selected	 to	 capture	 the	 double-
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labelled	population	and	exclude	the	donor	and	acceptor	only	populations.	This	chosen	region	can	
then	be	plotted	(Figure	2.5D).		

In	the	ALEX	setup	the	donor	and	the	acceptor	lasers	are	alternately	allowed	to	excite	the	
sample	volume.	The	sequence	is	100µs	donor	excitation	-	20µs	gap	-	100µs	acceptor	excitation	-	
20µs	gap	and	so	on.	The	events	that	occur	during	this	sequence,	and	consequently,	the	formulae	
for	calculating	stoichiometry	and	proximity	ratio	are	described	as	follows	(95,	111):	
‘N’	refers	to	photon	counts	for	a	single	FRET	pair.	The	subscript	Dex	or	Aex	refers	to	excitation	by	
donor	or	acceptor.	Similarly,	the	superscript,	Dem	or	Aem	refers	to	emission	by	donor	or	acceptor.		
	
N&+/&+0	=	Donor	emission	during	donor	excitation	
	
N&+/-+0	=	Acceptor	emission	during	donor	excitation:	occurs	due	to	FRET	and	direct	excitation	of	
acceptor	(overlap	(ii)).	Overlap	(iii)	or	emission	by	donor	in	the	acceptor	emission	range	can	also	
contribute	to	this.	
	
N-+/-+0	 =	 Acceptor	 emission	 during	 acceptor	 excitation.	 Here,	 despite	 the	 overlap	 (ii)	 between	
donor	and	acceptor	excitations,	the	donor	is	not	excited.	This	is	because	the	acceptor	laser	excites	
the	sample	with	a	wavelength	higher	than	that	covered	by	the	overlap	region.	
	
The	proximity	ratio	can	be	calculated	by	the	following	formula	(95,	111):	

	 P = 	
N&+/-+0

N&+/-+0 +	N&+/&+0	 (h)	

	
	 Histograms	 were	 plotted	 from	 the	 proximity	 ratios	 obtained	 from	 a	 measurement,	
comprising	of	50	bins	with	a	bin	width	of	0.02.	These	plots	were	fitted	to	multiple	Gaussian	peaks	
in	Matlab.	The	mean	proximity	 ratio	of	 the	peak	major	population	peak,	 the	 full	width	at	half	
maximum	 (FWHM)	 and	 the	 relative	 area	 under	 the	 peak	 are	 reported	 (Supplementary	
Information	Chapter	4	and	6).		

	
Figure	2.6:	Histogram	of	proximity	ratios	fitted	to	multiple	Gaussian	peaks.	The	grey	arrow	denotes	the	full	width	at	half	
maximum	(FWHM).	The	dashed	black	line	denotes	mean	proximity	ratio	of	the	peak.	The	relative	area	under	the	peak	
denotes	the	population	of	the	particular	species	represented	by	the	peak.	

	
The	full-width	at	half	maximum	describes	the	heterogeneity	of	a	species	represented	by	

the	peak	or	the	dynamics	of	the	macromolecule	that	happens	faster	than	the	observation	time	
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(113).	The	stoichiometry	or	the	relative	proportions	of	the	fluorophores	can	be	calculated	by	the	
following	formula	(95,	111):	 	

	
S = 	

N&+/-+0 + γN&+/&+0

γN&+/&+0 + N&+/-+0 + N-+/-+0	

	
(i)	

Here	g	refers	to	the	instrument	detection	factor	that	will	be	described	in	the	next	section.	
	
2.3.3	g-factor	correction		
	 The	relation	between	experimentally	derived	proximity	ratio	P	and	the	FRET	efficiency	E	
hinges	on	the	detection	factor	g (95, 108)	.	

	 E =
P

γ − P(γ − 1)
	 (j)	

	
Where,		

	 g	 = 	
Q-η-
Q&η&

	 (k)	

	 Here	QA	or	D	refers	to	quantum	yield	of	acceptor	and	donor	in	the	sample	measured	and	 hA	
or	D	refers	to	the	detection	efficiency	in	the	acceptor	and	donor	channel.	Thus,	the	detection	factor	
depends	both	upon	the	detection	efficiencies	and	the	alignment	of	the	detectors	and	the	optics,	
and	on	the	chemical	environment	of	the	sample	solvent	that	governs	the	quantum	yield	of	the	
fluorophore.			

Calculation	of	the	g	factor	is	described	in	Lee	et	al.	(2005)	(95).	Two	FRET	standards	or	
DNA	oligomers	having	Alexa	488	(green	pentagon	Figure	2.6A)	and	594	(red	pentagon	Figure	
2.6A)	separated	by	10	bp	or	21	bp	were	measured	prior	to	each	measurement	day	to	calculate	the	
g	factor.		
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Figure	2.7:	g-factor	calculation	by	ALEX-FRET.	A.	Top	left	shows	a	proximity	ratio	(x-axis)	vs.	stoichiometry	(y-axis)	plot	
obtained	from	ALEX-spFRET	measurement	of	FRET	standards	(oligonucleotides	having	Alexa	488	and	594,	10	bp	apart	
and	21	bp	apart)	mixed	in	a	1:1	ratio.	The	mean	stoichiometries	of	the	two	peaks,	low	FRET	for	21	bp	apart	and	high	FRET	
for	10	bp	apart	are	on	a	slope.	The	g-factor	can	be	found	out	by	the	equation	(95)	in	B.	

	
This	calculation	(95,	108)	is	based	on	observations	that	due	to	instrument	misalignment,	

the	double	 labelled	sample	peaks	 that	 should	 ideally	 fall	on	 the	stoichiometry	0.5	 line	 (Figure	
2.6A)	fall	on	a	slope	instead.	By	exploiting	this,	the	g	factor	can	be	found	out	on	each	measurement	
day.	 The	 g	 factors	 calculated	 for	 each	 measurement	 day	 are	 tabulated	 in	 Supplementary	
Information	under	Chapter	2.	

	
2.4	Calculating	inter-fluorophore	distance	
	

	
	
Figure	2.8:		Extracting	distance	from	proximity	ratio.	A.	ALEX-spFRET	experiments	yield	proximity	ratio	P	and	g	factor.	
FRET	efficiency	E	can	be	obtained.	Extreme	right	shows	the	P	histogram	for	stoichiometry	range	0.25	to	0.75	(within	black	
rectangle	in	S	vs.	P	plot	in	A.	B.	Bulk	spectroscopy	to	obtain	Förster	distance	R0.	FRET	efficiency	and	Förster	distance	is	used	
to	calculate	distance	R.	Thus,	in	C.	proximity	ratio	histogram	can	be	converted	to	distance	histograms.	Here	distance	values	
are	given	arbitrarily	for	illustration.		
	

Once	P	and	g	obtained	from	single-molecule	experiment	are	used	to	calculate	E,	and	R0	is	obtained	
from	bulk	experiments,	inter-fluorophore	distance	R	can	be	found	out	using	equation	(a).	In	this	
thesis,	inter-fluorophore	distances	were	extracted	from	proximity	ratios	obtained	from	spFRET	
measurements.	These	distances	were	used	to	build	models	as	described	in	Chapter	3.	
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Chapter	3	

	

Materials	and	methods:	experiment	and	modeling	

	
	
Table	 3.1:	 Decription	 of	 chromatosome	 constructs.	 Mono	 and	 Trichromatosome	 construct	 information	 chart	

containing	type	of	construct	(symmetric,	asymmetric	monochromatosome	or	trichromatosome),	length	of	L-DNA,	sequence	

of	flank	(for	detailed	sequences	see	Chapter	4	Table	4.1	and	Appendix	A1),	and	FRET	pairs	studied.	

	

Name	of	
construct	 Type	 L-DNA	length	 Flank	sequences	 FRET	pairs	

	 LH-gH-Don	 LH-CTD-Don	
	 	 Minus	 Plus	 Minus	 Plus	 -Acc	 +Acc	 -Acc	 +Acc	

AsyMG	 Asymmetric	
monochromatosome	 24	 40	 mixed	 GC-tract	 ü	 ü	 ü	 ü	

AsInvMG	 Asymmetric	
monochromatosome	 40	 24	 mixed	 GC-tract	 ü	 ü	 ü	 ü	

MG	 Symmetric	
monochromatosome	 40	 40	 mixed	 GC-tract	 ü	 ü	 ü	 ü	

GM	 Symmetric	
monochromatosome	 40	 40	 GC-tract	 mixed	 ü	 ü	 ü	 ü	

AG	 Symmetric	
monochromatosome	 40	 40	 A(T)-

tract	 GC-tract	 ü	 ü	 ü	 ü	

GA	 Symmetric	
monochromatosome	 40	 40	 GC-tract	 A(T)-

tract	 ü	 ü	 ü	 ü	

TU	 Symmetric	
monochromatosome	 40	 40	 A(T)-

tract	
A(U)-
tract	 ü	 ü	 û	 û	

A-far	 Trichromatosome	 All	40	

Nuc	1:	
outer:	
A(T)-
tract	
Inner:	
GC-tract	

Nuc	3:	
outer:	
A(T)-
tract	
Inner:	
GC-tract	 L-DNA	between	

Nuc	1	and	2:	Don	
L-DNA	between	
Nuc	2	and	3:	Acc	

A-near	 Trichromatosome	 All	40	

Nuc	1:	
outer:	
GC-tract	
Inner:	
A(T)-
tract	

Nuc	3:	
outer:	
GC-tract	
Inner:	
A(T)-
tract	
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3.1	DNA	preparation	for	monochromatosomes	
Monochromatosomes	 were	 reconstituted	 from	 either	 212	 bp	 (asymmetric	

chromatosomes)	 or	 226	 bp	 (symmetric	 chromatosomes)	 DNA.	 Fluorescent	 labels	 attached	 to	

specific	thymine	residues	on	the	primer	(IBA	Lifesciences,	Göttingen,	Germany)	via	a	C6	linker	

were	incorporated	to	the	DNA	by	PCR.		All	the	DNA	constructs	contained	the	highly	positioning	

Widom	 601	 (53)	 sequence	 40bp	 from	 one	 (asymmetric	 chromatosome)	 or	 both	 (symmetric	

chromatosome)	the	DNA	ends.	The	asymmetric	DNA	(AsyMG	and	AsInvMG)	and	the	symmetric	

DNA	MG	have	the	same	sequence.	These	DNA	constructs	were	amplified	from	the	pGEM-3z/601	

vector	 (53).	 For	 the	 other	 constructs,	 226	 bp	DNA	 templates	were	 bought	 from	Biolegio	 B.V.	

(Nijmegen,	 Netherlands).	 Entire	 sequences	 of	 the	 constructs	 and	 the	 primers	 are	 given	 in	

Appendix	A1.	

Typically,	1ml	PCR	reaction	mix	comprised	of	10ng	of	226bp	DNA	template	 (Bioloegio	

B.V.),	4µg	of	each	of	 the	 forward	and	reverse	primers	 (IBA	Lifesciences),	 and	Taq-polymerase	

containing	master	mix	(Thermo	Scientific).	4ml	of	PCR	reactions	were	carried	out	for	each	DNA	

construct.		

	

Figure	 3.1:	HPLC	 purified	 226	 and	 212bp	 DNA	 for	 monochromatosome	 reconstitution.	 Left:	 8%	 polyacrylamide	 gel	

showing	labelled	226	bp	DNA	for	symmetric	chromatosomes.	Right:	8%	polyacrylamide	gel	showing	labelled	212	bp	DNA	

for	asymmetric	chromatosomes.	8%	gels	are	run	at	150V	(15V/cm)	for	1	hour.	Both	the	gels	were	stained	with	EtBr	and	

visualised	under	UV	light.	The	numbers	represent	the	fractions	from	HPLC	that	are	pooled	and	concentrated.	

	

DNA	were	amplified	and	labelled	using	PCR	and	were	purified	by	Nathalie	Schwarz	using	

Gen-Pak	FAX	HPLC	(Waters).	8%	polyacrylamide	gel	electrophoresis	were	performed	to	check	the	

size	of	the	final	product	(Figure	3.1).	The	HPLC	fractions	were	pooled	together	and	further	passed	

through	 DNA	 purification	 columns	 NAP-10	 and	 NAP-5	 and	 the	 resultant	 solution	 was	

concentrated	using	UNIVAPO	vacuum	concentrators	(Progen	Scientific).	
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3.2	DNA	preparation	for	trichromatosomes	
	

Trichromatosomes	were	 reconstituted	 from	600	bp	DNA	 containing	 three	Widom	601	

sequence	 separated	by	40bp	L-DNA	 stretches.	 The	 flank	 sequences	 of	 chromatosome	1	 and	3	

contain	the	A-tract	either	on	the	outer	L-DNA	arms	(A-far)	or	on	the	inner	L-DNA	arms	(A-near)	

(see	Appendix	A	for	full	sequences).	The	final	600bp	long	DNA	was	built	from	three	separate	DNA	

fragments.	To	ensure	that	the	fragments	were	ligated	in	the	correct	orientation,	a	Golden-Gate	

assembly	(114,	115)	was	performed	in	vitro.	This	procedure	involves	a	type	IIs	restriction	enzyme	

BsaI-HF-v2,	that	recognizes	a	non-palindromic	DNA	sequence	5’-GGTCTC-3’	and	cleaves	the	DNA	

five	 base	 pairs	 away	 from	 the	 recognition	 site,	 producing	 a	 four	 base	 pair	 sticky	 end.	 The	

advantage	of	a	non-palindromic	recognition	site	is	that	the	enzyme	can	cleave	the	DNA	only	on	

one	 side	 of	 the	 recognition	 site.	 The	 advantage	 of	 cleaving	 a	 few	 base	 pairs	 away	 from	 the	

recognition	site	is	that	unique	sticky	ends	could	be	generated.	These	two	features	of	BsaI-HF-v2	

ensure	that	the	DNA	fragments	are	joined	in	a	specific	orientation	(Figure	3.2).			

	

	
Figure	3.2:	Preparing	600	bp	DNA	for	trichromatosome	reconstitution.	A.	shows	mode	of	action	of	BsaI-HF-v2.	B.	Golden-

Gate	assembly	for	preparing	600	bp	DNA.	Green:	DNA.	Grey:	Widom	601	ncp	DNA	sequence	termed	as	Nuc	1,	2,	and	3.	Black	

line	denotes	recognition	site	for	BsaI-HF-v2.	NNNN	and	FFFF	are	unique	4bp	sticky	ends.	The	orange	and	blue	rectangles	

on	either	side	of	Nuc	1	Widom	601	and	Nuc	3	Widom	601	denote	flank	regions	in	general.	The	colour	coding	is	done	to	

denote	a	specific	orientation	of	ligation.	Top:	Nuc	1,	2	and	3	are	separately	amplified	by	PCR	from	labelled	or	unlablled	

primers.	Bottom:	600bp	DNA	after	the	digestion	and	ligation	steps	of	Golden-gate	assembly.	C.	1%	agarose	gel	run	at	116	

V	for	1h.	Lanes	1	and	12	are	1	kbp	ladders.	Lanes	2	and	11	are	a	mix	of	two	marker	DNA	of	lengths	600	bp	and	226	bp.	Lane	

3	shows	600	bp	A-far	DNA.	Lanes	4	and	5	are	the	reaction	mix	for	A-far	preparation,	showing	a	mix	of	600	bp	DNA	and	

incompletely	ligated	products	of	lengths	~400bp,	~200bp	and	unligated	150bp	fragment.	Lane	6	shows	A-near	DNA.	Lanes	

7-10	 shows	 reaction	mix	 for	 A-near	 preparation	with	 completely	 ligated	 product	 (600bp)	 and	 similarly	 incompletely	

ligated	(~400	and	~200bp)	or	unligated	(~150bp)	products.	
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The	modified	 in-vitro	Golden-Gate	 assembly	 protocol	was	 developed	 jointly	with	Gabriele	

Müller.	The	assembly	protocol	is	as	follows:	

v PCR	 of	 fragments	 1,	 2	 and	 3:	 To	 amplify	 fragments	 1,	 2,	 and	 3,	 and	 simultaneously,	 to	

incorporate	 BsaI-HF-v2	 recognition	 site	 and	 fluorescent	 labels,	 PCRs	 of	 individual	

fragments	 were	 performed	 separately.	 The	 PCR	 reaction	 mix	 comprised	 of	 20ng/ml	

templates,	4µg/ml	of	each	of	the	forward	and	reverse	primers	(sequence	in	Appendix	A).	

On	incorporation	of	the	recognition	sequences	plus	the	overhangs,	the	PCR	products	were	

of	length	242	bp	(fragments	1	and	3)	and	172	bp	(fragment	2).	The	PCR	products	were	

cleaned	up	using	 the	Macherey-Nagel	 PCR	 clean-up	protocol	 (NucleoSpin	Gel	 and	PCR	

cleanup).	

v Digestion	of	 fragments:	Each	fragment	was	separately	digested	using	1.5	to	3.0	units	of	

BsaI-HF-v2	 (New	 England	 Biolabs)/µg	 DNA/20	 µl	 of	 reaction	 volume.	 The	 digestion	

reaction	was	carried	out	at	37°C	for	a	minimum	of	18	hours	to	a	maximum	of	36	hours.	

After	 the	 reaction,	 the	 products	 were	 cleaned	 up	 using	 Macherey-Nagel	 protocol	

(NucleoSpin	Gel	and	PCR	cleanup).	Digestion	was	checked	by	running	8%	polyacrylamide	

gels	 for	 1.5	 hours	 at	 120	 V.	 Digested	 products	 had	 lower	 molecular	 weights	 than	

undigested	 products	 and	 migrated	 faster.	 Incomplete	 digestion	 was	 suggested	 by	 the	

presence	 of	 ladders	 (Figure	 3.3)	 instead	 of	 one	 low	 molecular	 weight	 band,	 and	 re-

digestion	was	carried	out	if	necessary.	

v Ligation	of	fragments:	All	three	well	digested	fragments	were	added	together	in	the	ratio	

of	1.00:0.65:1.25	by	molecular	weight.	Bulk	ligation	was	performed	using	500	units	of	T4	

ligase	(New	England	Biolabs)/µg	DNA/300	µl	of	reaction	volume.	Ligation	was	carried	out	

under	15°C	for	a	minimum	of	24	hours.	Ligation	products	were	checked	by	1%	agarose	

gel	run	at	116	V	for	1	hour	(Figure	3.2).	
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Figure	3.3:	Digested	and	undigested	fragments.	8%	polyacrylamide	gel	run	at	120	V	for	1.5h.	Lanes	1	and	2	show	fragment	

Nuc	1	undigested	(Lane	1)	and	digested	(Lane	2).	Lanes	3	and	4	show	fragment	Nuc	2	undigested	(Lane	3)	and	digested	

(Lane	4).	Lane	4	shows	a	ladder	of	incompletely	digested	DNA.	Lanes	5	and	6	show	fragment	Nuc	3	undigested	(Lane	5)	

and	digested	(Lane	6).	Lane	7	shows	a	226	bp	DNA	molecular	weight	marker.			

	

The	600	bp	fragment	was	gel-extracted	from	the	mix	of	unligated	and	incompletely	ligated	

products	 (Figure	 3.2C),	 and	Macherey	 Nagel	 gel-extraction	 cleanup	 (NucleoSpin	 Gel	 and	 PCR	

cleanup)	was	performed.	Since	the	DNA	sample	was	to	be	studied	by	fluorescence,	EtBr	wsas	not	

used	 to	 stain	 the	 bands	prior	 to	 gel	 extraction.	 Instead,	 Typhoon	 (Typhoon	9400	 scanner,	 GE	

Healthcare)	scanning	of	the	gels	were	done	to	determine	the	600	bp	band	that	was	to	be	excised	

from	 the	 gel.	 DNA	 was	 quality	 controlled	 by	 UV-Vis	 spectroscopy,	 to	 check	 for	 particulates.	

Particulates	were	 removed	by	centrifugation	steps	 to	 finally	yield	a	 clean	product	 suitable	 for	

spectroscopy.	

	

3.3	Linker	histone	purification	
	

Core	 histone	 (full-length	X.	 laevis	 recombinant	 core	 histones)	 used	 for	 chromatosome	

reconstitution	were	purchased	 from	Planet	Protein	(Colorado	State	University,	USA).	The	core	

histone	octamer	reconstitution	has	been	described	previously	(92,	116)	and	was	done	by	Nathalie	

Schwarz.	In	this	section,	the	purification	of	LHs	will	be	discussed.	Full	length	Xenopus	laevis	H1.0b	

LH	was	 used	 to	 reconstitute	mono	 and	 trichromatosomes.	 For	monochromatosomes,	 the	 full-

length	 LH	 was	 either	 labelled	 on	 the	 gH	 domain	 (T77C)	 or	 at	 the	 CTD	 (G101C).	 For	

trichromatosomes,	unlabelled	wild-type	H1.0b	was	used.	Prof.	Jeffrey	Hayes	and	Dr.	Amber	Cutter	

(University	of	Rochester	Medical	Center)	kindly	gifted	us	the	purified	mutant	G101C	protein,	and	

the	plasmids	for	the	T77C	mutant	and	the	wild-type.	Plasmid	amplification	and	protein	expression	

steps	were	carried	out	together	with	Maria	Mildenberger	and	Gabriele	Müller.	Nathalie	Schwarz	

operated	the	FPLC.	
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3.3.1	Purifying	H1.0b	T77C	mutant	

	

Plasmid	amplification:	

The	plasmid	containing	the	X.	laevis	H1.0b	T77C	mutant	gene	was	a	pET-3d	vector	(containing	

the	gene	for	b-lactamase,	AmpR,	that	confers	resistance	to	carbenicillin)	that	was	transformed	to	

E.	coli	XL-1	Blue	competent	cells	for	amplification.	Transformation	steps	were:	

Ø To	10	µl	of	cells	on	ice,	1µl	of	plasmid	dissolved	in	PCR	grade	ribonuclease	free	water	was	

added.	

Ø 20	minutes	of	incubation	in	ice	was	followed	by	a	heat	shock	for	3	minutes	at	37°C.	After	

this	the	cells	were	kept	for	1min	in	ice.	

Ø 400	µl	SOC	medium	(Thermo	Fischer	Scientific)	was	added	to	the	cells	and	the	cells	were	

kept	for	a	further	1	minute	in	ice.	

Ø Cells	were	incubated	at	37°C	for	1	hour	

LB	(Luria-Bertani)	agar	plates	with	carbenicillin	(50	µg/ml)	were	prepared	while	 the	cells	

were	being	incubated.	After	incubation	of	the	cells,	about	100	µl	of	cells	were	plated	per	plate.	The	

plates	were	incubated	for	37°C	overnight.	

A	single	colony	was	selected	 from	the	 incubated	plates	and	 transferred	 to	10	ml	 liquid	LB	

medium	 containing	 carbenicillin	 (50	 µg/ml).	 The	 medium	 was	 mixed	 well	 to	 ensure	 proper	

distribution	of	the	cells	in	the	medium.	The	cells	were	incubated	at	37°C	overnight,	shaking	at	170	

rpm.	

	

Restriction	digestion	to	check	the	presence	of	H1.0b	gene:	

The	amplified	plasmid	was	purified	following	standard	protocol	(Macherey-Nagel	GmbH)	

and	subjected	to	restriction	digestion	to	check	for	the	presence	of	the	insert.		Restriction	

enzymes	and	buffer	were	purchased	from	Thermo	Fischer	Scientific.	

	

Type	of	reaction	 Enzymes	 Amount	of	plasmid	DNA	(µg)	 Enzyme	units	

Single	digestion	 BamHI	 10	 10	

Double	digestion	 BamHI	and	NcoI	 10	 10	each	

	

The	 digestion	 reaction	was	 carried	 under	 37°C	 for	 overnight.	 Digested	 products	were	

visualised	by	1.2%	agarose	gel	electrophoresis.	The	purified	plasmid	was	also	sequenced	to	check	

for	the	presence	of	the	correct	sequence	of	the	inserts.	
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	Figure	3.4:	Presence	of	insert	in	plasmid.	1.2%	agarose	gel	run	at	120V	for	1h.	Lane	1:	2kbp	ladder,	Lane	2:	1kbp	ladder,	

Lane	 3:	 undigested	 plasmid	 showing	 supercoiled	 plasmid.	 Lane	 4:	 single	 digestion.	 Lane	 5:	 double	 digestion	 showing	

plasmid	free	of	insert	(slower	migrating	band	on	top)	and	insert	(faster	migrating)	of	a	size	of	~600bp.			

	

Protein	expression:		

Purified	plasmid	was	used	to	transform	protein	expressing	E.	coli	BL21(DE3)	cells	using	

the	same	protocol	used	 to	 transform	XL-1	Blue	cells.	To	check	 for	protein	expression	an	 IPTG	

induction	test	was	performed	as	advised	in	the	histone	purification	protocol	by	Luger,	Rechsteiner	

and	Richmond	(1999)	(117)		on	an	aliquot	of	the	culture,	using	0.2	mM	to	0.4	mM	of	IPTG	and	

protein	expression	was	compared	with	a	control	uninduced	culture.	Cell	growth	was	measured	at	

an	OD	(optical	density)	of	595	nm.	IPTG	induction	test	was	carried	out	at	different	time	points	

between	OD	0.35	and	0.5.	Aliquots	from	induced	cultures	were	centrifuged	at	12000	rpm	for	2	

minutes	and	15%	SDS-PAGE	was	performed	to	check	for	protein	expression.	
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Figure	3.5:	IPTG	induction	test.	15%	SDS-PAGE	run	for	1	hours	at	150	V	(21.4	V/cm).	Lane	1	and	5	are	controls	without	

IPTG	treatment.	Lane	2-4	0.4	mM	IPTG	was	added.	Lanes	6-8	0.2	mM	IPTG	was	added.	Lane	9:	21	kDa	Mus	musculus	H1.0	

LH.	2-4	and	6-8:	the	IPTG	was	added	at	different	times	during	the	growth,	between	OD595	0.35	to	0.5.	

	

After	standardising	the	amount	of	IPTG	to	be	added,	0.2	mM	of	IPTG	was	added	to	bulk	

culture	at	OD	(at	595	nm)	0.5,	for	protein	expression	and	purification	in	bulk.	

	

Protein	purification:		

After	 bulk	 IPTG	 induction,	 the	 culture	was	 pelleted	down	 and	 the	 bacterial	 pellet	was	

homogenised	by	sonication	(Branson	Sonifier	250)	in	lysis	buffer	(composition	in	Appendix	B).	

Using	 Vivaspin	 2	 columns	 (Sartorius,	 10	 kDa	 molecular	 weight	 cutoff),	 the	 supernatant	 was	

concentrated	and	its	buffer	was	exchanged	to	unfolding	buffer	(composition	in	Appendix	B).	After	

this	 step,	 the	 concentrated	 supernatant	was	 first	 subjected	 to	 size-exclusion	 chromatography	

using	Sephacryl	S-200	(109)	that	was	pre-equilibrated	with	SAU-1000	buffer.	The	flow	rate	was	

3	ml	per	minute.		

The	 fractions	 eluted	 were	 pooled	 together	 and	 using	 Vivaspin	 20	 (Sartorius,	 10	 kDa	

molecular	 weight	 cutoff),	 was	 concentrated	 and	 buffer	 exchanged	 to	 SAU-50	 (composition	 in	

Appendix	 B).	 After	 buffer	 exchange	 the	 protein	 solution	 was	 subjected	 to	 cation–exchange	

chromatography	using	Mono-S-HR	10/10	FPLC	(Amershan	GP250,	Pharmacia)	(109)	column	that	

was	equilibrated	with	SAU-50	and	SAU-1000	buffers	prior	to	passing	the	protein	solution.	Protein	

fractions	were	eluted	with	SAU-1000.	Fractions	were	pooled	together,	concentrated	and	refolded	

by	exchanging	the	buffer	with	2M	NaCl	1xTE,	pH	7.5.		

	

3.3.2	Purifying	H1.0b	wild-type	

	

Prof.	Jeffrey	Hayes	and	Dr.	Amber	Cutter	kindly	gifted	us	with	a	H1.0b	mutant	that	had	a	

cysteine	residue	 instead	of	a	 lysine	at	 the	195th	position.	The	K195C	was	mutated	back	 to	 its	

original	wild-type,	containing	lysine	instead	of	cysteine.	This	protein	was	purified	to	reconstitute	

unlabeled	 chromatosomes	 and	 trichromatosomes.	 This	 work	 was	 done	 jointly	 with	 Gabriele	
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Müller.	

	

Mutagenesis	of	K195C	to	K:		

Primers	were	designed	to	contain	restriction	sites	for	NdeI	and	NotI	and	the	codon	for	

lysine	at	position	195	(see	Appendix	A	for	sequences).	The	software	Serial	Cloner	2.6.1	was	used	

to	design	the	primers.	

PCR	was	performed	to	amplify	the	insert	from	the	original	plasmid.	The	amplified	insert	

contained	 the	 lysine	 codon.	 The	 PCR	 product	was	 extracted	 from	 a	 1%	 agarose	 gel	 using	 the	

Macherey-Nagel	protocol.	The	gel	extracted	 insert	was	digested	simultaneously	with	NdeI	and	

NotI	to	generate	sticky	ends.	Simultaneously,	amplified	pET-17b	vector	(Novagen)	were	purified	

by	standard	protocol	(Macherey-Nagel	GmbH)	and	digested	with	NdeI	and	NotI	to	generate	sticky	

ends.	To	remove	the	original	smaller	fragment	generated	by	the	digestion,	the	larger	cut	plasmid	

was	gel	extracted	following	Macherey-Nagel	protocol.	While	gel-extracting	the	cut	plasmid	or	the	

C195K	insert,	EtBr	staining	was	not	performed.	Instead,	markers	of	the	same	size	adjacent	to	the	

main	well	were	stained	with	Etbr,	the	exact	band	positions	were	marked	and	the	corresponding	

area	was	cut	out	from	the	unstained	gel.	The	cut	pET-17b	vector	and	the	insert	were	ligated	with	

T4	ligase	overnight	under	15°C.	The	20	µl	ligation	reaction	comprised	of:	50	ng	cut	plasmid,	250	

ng	insert,	0.5	µl	T4	ligase	(New	England	Biolabs	M0202).	The	ligation	reaction	was	carried	out	

overnight	at	4°C.	

	

Transforming	pET-17b	C195K	for	plasmid	amplification:	

The	newly	ligated	plasmid	was	transformed	to	E.	coli	XL-10-Gold	(Agilent)	cells	following	the	

protocol:	

Ø To	the	cells	on	ice,	the	plasmid	mix	was	pipetted.	Incubation	was	for	30	minutes	in	ice.	

Ø Heat	shock	for	40	seconds	at	42°C.	

Ø Cells	were	again	placed	back	in	ice	for	1	minute.	

Ø 300µl	of	SOC	medium	was	added.	

Ø Incubation	for	1	hour	at	37°C.	

Ø Plating	was	done	on	carbenicillin	containing	plates	(50	µg/ml).	

Ø Incubation	for	overnight	under	37°C.	

	

Colony	was	transferred	to	10	ml	carbenicillin	(50	µg/ml)	containing	Luria-Bertani	medium	

and	incubated	at	37°C	overnight.	Amplified	plasmids	were	purified	(Macherey-Nagel)	and	were	

subjected	to	restriction	digestion	with	NdeI	and	NotI	enzymes,	to	check	for	the	presence	of	insert.	

Additionally,	 sequencing	 was	 performed	 to	 check	 for	 the	 presence	 of	 insert	 and	 to	 ascertain	

presence	of	the	C195K	mutation.		
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Protein	expression:	

The	purified	plasmid	was	transformed	to	protein	expressing	E.	coli	BL21(DE3)	following	

standard	transformation	protocol	described	earlier.	An	IPTG	induction	test	was	performed	by	Dr.	

Kathrin	Lehmann,	as	described	for	the	T77C	mutant,	prior	to	bulk	protein	expression.	

	

Protein	purification:	

Protein	extraction	and	purification	protocol	was	followed	in	the	same	way	as	described	

for	the	T77C	LH.	The	FPLC	was	operated	by	Nathalie	Schwarz.	

	

3.4	Linker	histone	labelling	
	

The	LH	was	labelled	with	the	donor	fluorophore	Alexa	488	C5	maleimide	on	either	the	gH	

domain	at	residue	77	or	at	the	C-terminal	domain	at	residue	101.	The	corresponding	residues,	

threonine	at	77	and	glycine	at	101	were	mutated	to	cysteine	for	the	labelling.		
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Figure	3.6:	Labelled	linker	histone.	A	and	B	show	15%	SDS-PAGE	showing	labelled	T77C	and	G101C	mutants	and	the	wild	

type	H1.0b.	The	gel	shown	on	A.	was	run	at	150	V	(21.4	V/cm)	for	40	minutes.	Both	Ai	and	Aii	gel	are	the	same	and	show	

the	T77C	mutant	that	was	passed	through	sephacryl	S200	after	labelling.	Ai	shows	Coomassie	blue	staining	of	the	gel	that	

stains	both	labelled	(a	to	f	and	j)	and	unlabeled	proteins	(lane	k).	Aii	show	the	same	gel	prior	to	Coomassie	blue	staining,	

and	imaged	by	Typhoon	9400	(GE	Healthcare)	scanner	(excitation	488	nm,	emission	500	to	540	nm).	In	Aii	only	labelled	

protein	(a	to	f	and	j)	and	unbound	fluorophores	are	seen	(g	to	i).	B.	the	gel	was	run	at	150	V	(21.4	V/cm)	for	1	hour	and	

was	Coomassie	stained.	This	shows	the	G101C	mutant	labelled	(lane	a),	unlabeled	(lane	b)	and	the	wild	type	protein	on	

lane	c.	Ai	Lane	k	and	B	lane	b	showing	unlabeled	proteins	show	the	presence	of	two	bands.	The	higher	molecular	weight	

band	is	formed	by	LH	dimerization	due	to	the	free	cysteine	residue.	Due	to	absence	of	cysteines	on	the	wild-type,	it	shows	

up	as	one	band.		

	

For	 labelling,	purified	cysteine-containing	protein	was	diluted	 to	about	0.4	µg/µl	using	

labelling	 buffer	 (composition	 in	 Appendix	 B)	 containing	 the	 reducing	 agent	 TCEP	 at	 a	 molar	

concentration	10	times	higher	than	that	of	the	protein	to	prevent	formation	of	protein-protein	

dimers	via	disulphide	linkages.	The	donor	fluorophore	Alexa	488	C5	maleimide	(Thermo	Fischer	

Scientific)	was	dissolved	in	N’N’-dimethyl	formamide	at	a	stock	concentration	of	10	mM.	Aliquots	

of	 this	 fluorophore	was	 added	 to	 the	unfolded	protein	 shaking	 at	 room	 temperature,	 in	 three	

batches	every	hour,	to	achieve	a	final	molar	concentration	10	times	that	of	the	protein.	The	entire	

reaction	was	carried	out	in	the	dark	to	prevent	photodegradation	of	the	fluorophore.	At	the	end	

the	mix	was	stored	at	4°C	overnight.	The	next	day,	the	maleimide	reaction	was	stopped	by	adding	

L-cysteine	at	a	molar	concentration	10	times	that	of	the	protein.	To	remove	unbound	fluorophore,	

the	 labelled	 protein	 was	 dialysed	 into	 SAU-1000	 buffer	 (Appendix	 B	 for	 composition)	 at	 4°C	

overnight.	Then	it	was	passed	through	a	sephacryl	S200	column.	The	labelled	protein	was	then	

refolded	by	multiple	dialysis	steps	in	2M	NaCl	1xTE	buffer	(pH	7.5).	The	dialysis	step	removed	the	

unfolding	buffer	and	also	residual	unbound	fluorophores.	The	removal	of	free	fluorophores	was	

ascertained	by	performing	an	SDS-PAGE	(Figure	3.6).	
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3.5	Reconstituting	mono	and	trichromatosomes:	
	

	

	
	
Figure	3.7:	Workflow	for	monochromatosome	reconstitution	by	salt	dialysis.	Dashed	lines	on	chamber	A	and	B	indicate	

dialysis	membranes.	
	

Monochromatosomes	 and	 trichromatosomes	 were	 reconstituted	 from	 Widom	 601	

containing	labelled	or	unlabelled	DNA,	full-length	Xenopus	laevis	core	histone	octamers	and	the	

full-length,	labelled	or	unlabelled	Xenopus	laevis	linker	histone	of	the	H1.0b	subtype.	A	two-step	

dialysis	protocol	was	followed	to	gradually	lower	the	concentration	of	the	NaCl	in	the	solution	

thus	enabling	the	reconstitution.		

For	 monochromatosome	 reconstitution	 core	 octamers	 were	 added	 at	 a	 molar	

concentration	1.65	 times	 that	of	DNA,	whereas	 the	LH	 (labelled	or	unlabeled)	was	added	at	 a	

molar	concentration	of	1.6	times	that	of	DNA	(116,	118,	119).	For	trichromatosome	reconstitution	

core	octamers	were	added	at	a	molar	concentration	of	8	times	that	of	DNA	whereas	unlabeled	LH	

was	added	at	a	molar	concentration	of	3.2	times	that	of	DNA.	Aside	from	the	molar	ratios	of	protein	

to	DNA,	 the	protocol	 for	 reconstituting	both	mono	and	 trichromatosomes	were	 the	 same,	 and	

described	graphically	in	Figure	3.7.	DNA	and	core	histone	octamers	were	added	in	the	specific	

ratio	with	2M	NaCl	1xTE	buffer	(pH	7.5)	and	the	contents	were	allowed	to	mix	by	gently	rocking	

back	and	forth	at	4°C	for	half	an	hour.	This	mix,	having	a	volume	of	25µl,	was	then	transferred	to	

chamber	A,	a	Slide-A-Lyzer	MINI	Dialysis	unit	(Thermo	Fischer)	having	a	molecular	weight	cutoff	

of	7kDa.	Using	a	floatation	device,	the	Chamber	A	was	placed	into	a	larger	dialysis	bag,	chamber	

B,	containing	15ml	of	2M	NaCl	1xTE	(pH	7.5).	The	chamber	B	was	placed	into	a	1	litre	1xTE	(pH	
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7.5)	buffer	containing	a	NaCl	concentration	of	0.6M	(chamber	C).	A	magnetic	stirrer	was	placed	in	

the	chamber	C	to	stir	the	contents	gently.	Dialysis	was	performed	at	4°C	for	4	hours.	At	this	stage	

the	 LH	 was	 added	 to	 the	 mix	 in	 chamber	 A,	 after	 diluting	 the	 LH	 to	 reduce	 its	 original	 salt	

concentration	from	2M	to	0.6M.		The	chamber	A	and	B	was	placed	on	1	litre	of	1xTE	(pH	7.5)	buffer	

(chamber	D),	containing	no	NaCl.	Dialysis	with	gentle	stirring	was	performed	for	12	to	15	hours	

at	4°C.	The	juncture	between	the	first	and	the	second	dialysis	steps	differ	for	trichromatosome	

reconstitution.	 For	 trichromatosome	 reconstitution	 the	 first	 dialysis	 step	 was	 carried	 out	 for	

greater	than	7	hours	 in	4°C	accompanied	by	slow	stirring.	A	slow	lowering	of	 the	NaCl	was	to	

ensure	the	proper	reconstitution	of	the	three	octamers	with	the	600bp	DNA.	The	second	dialysis	

step	was	the	same	as	that	of	the	monochromatosomes.	

Reconstitution	 was	 checked	 by	 polyacrylamide	 gel	 electrophoresis	 to	 estimate	

chromatosomes	 and	 free	 DNA.	 For	 double	 labelled	 monochromatosomes,	 spFRET-ALEX	 was	

performed	to	check	for	the	amount	of	1:1	donor:acceptor	labelled	samples	(119).	
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Figure	3.8:	Checking	reconstitution	of	mono	and	trichromatosomes.	A	B	and	C	shows	native	6%	polyacrylamide	gels	run	

at	70V	for	1.5	hours	and	stained	with	EtBr.	The	high	molecular	weight	bands	correspond	to	monochromatosomes	while	

the	low	molecular	weight	bands	correspond	to	free	DNA.	A.	Left	to	right:	226	bp	singly-labelled	DNA,	ladder	200	to	1000bp,	

and	GA	and	AG	constructs	with	CTD-labelled	LH.	B.	Left	to	right:	TU,	GA	and	AG	constructs	with	gH	labelled	LH,	and	singly	

labelled	226	bp	DNA.	C.	shows	reconstituted	samples	with	and	without	LH.	D.	1%	agarose	gel	with	trichromatosomes	A-far	

and	 A-near	 with	 LH	 (green	 tick)	 and	 without	 LH	 (cross).	 E.	 AFM	 images	 obtained	 by	 Martin	 Würtz	 showing	

trichromatosomes.	White	arrow	in	A-near	and	A-far	(without	LH)	denotes	free	DNA,	black	arrow	denotes	dinucleosomes	

(no	LH	in	these	samples)	and	blue	arrow	denotes	mononucleosome	(A-far	without	LH	sample).	

	

Figure	3.8C	shows	reconstituted	samples	with	and	without	LH.	The	monochromatosome	

bands	 with	 LH	 migrate	 faster	 than	 the	 ones	 without	 LH.	 This	 is	 because,	 despite	 the	 added	

molecular	weight,	the	LH	compacts	the	monochromatosome	to	enable	it	to	migrate	faster	through	

the	 pores	 of	 the	 gel.	 Figure	 3.8D	 shows	 a	 1%	 agarose	 gel	 with	 trichromatosomes.	 The	

trichromatosomes	migrate	slower	on	addition	of	the	LH	(green	tick).	

Atomic	 force	microscopic	 images	 (Figure	3.8E)	of	 trichromatosomes	were	obtained	by	

Martin	Würtz	(for	original	images	see	Supplementary	Information	Chapter	3).	The	methodology	

of	AFM	sample	preparation	and	image	acquisition	using	NanoScope	V	(Digital	Instruments)	and	

NanoScope	software	(version	7.13),	are	detailed	in	the	work	by	Würtz	et	al.	(118).	The	various	

species	observed	 in	 the	AFM	 images	are	 free	DNA	 (Figure	3.8E	white	arrow)	and	mono	 (blue	

arrow),	di	(black	arrow),	trichromatosomes	or	trinucleosomes.	Fully	reconstituted	products	show	

up	as	three	core	histone	octamers.		
	

3.6	Modeling	monochromatosomes	
	

Starting	structures	of	the	chromatosomes	were	modeled	in	Chimera	(120)	from	the	X-ray	

crystallographic	structure	5NL0	(29)	and	the	cryo-EM	structure	7K5X	(30).	The	reason	these	two	

structures	were	used	was	because	of	the	similarity	in	the	experimental	system	studied.	Both	this	

structures,	 as	well	 as	 our	 experimental	 system	 comprised	 of	X.	 laevis	 full	 length	 core	 histone	

octamers,	and	X.	laevis	full-length	LH	of	the	H1.0b	subtype.	These	two	structures	differ	mostly	in	

the	extent	of	L-DNA	arm	opening.	These	two	PDB	structures	were	first	modified	using	Chimera.		

Modifications	first	involved	stripping	the	structures	of	additional	proteins,	such	as	the	scFv20	in	

7K5X,	keeping	intact	the	core	histone	octamers,	and	the	DNA.	The	gH	too	were	removed	and	saved	

as	separate	PDBs.	After	this	first	step,	the	‘swapna’	command	in	UCSF	Chimera	(120)	was	used	to	

mutate	 the	 DNA	 to	 match	 the	 AG	 and	 the	 GA	 constructs.	 For	 experiments,	 chromatosomes	

reconstituted	with	226	bp	of	DNA	comprised	of	40bp	L-DNA	arms	with	the	fluorophores	attached	

at	the	midpoints	of	the	arms,	i.e.,	20bp	from	the	entry/exit	sites	and	20bp	from	the	ends.	The	PDB	

structures	5NL0	and	7K5X	both	have	23bp	L-DNA	arms.	The	fluorophore	attachment	positions	at	

20bp	from	the	entry/exit	sites	were	3	bp	from	the	ends	in	these	structures.	Since	no	positional	
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information	was	obtained	for	the	20	bp	stretch	of	DNA	above	the	fluorophores	in	the	AG	and	GA	

construct,	the	L-DNA	arms	in	the	models	were	not	further	extended.	

	

	
Figure	3.9:	Modeling	of	AG	and	GA	chromatosome	ensembles.	A.	full-width	at	half	maxima	(FWHM)	of	the	distance	peaks,	

above	the	shot	noise	 limit	(113),	may	reflect	L-DNA	dynamics.	B.	L-DNA	conformations	sampled	by	using	two	different	

starting	structures	(5NL0	(29)	and	7K5X(30))	and	performing	normal	mode	analysis	on	the	5NL0	structure	(mode	7	frame	

51	and	mode	8	frame	1).	The	L-DNA	arms	of	constructs	AG	and	GA	modeled	using	cgDNA	webserver	(121)	were	overlayed	

onto	the	four	different	conformers.	(i)	shows	view	from	the	side	and	(ii)	shows	view	from	the	top	showing	that	the	DNA	

bending	induced	by	A-tracts	can	be	sampled	by	modeling	the	four	different	L-DNA	arm	opening	conformations.	
	

After	mutation	 of	 the	 DNA,	 the	 two	 PDBs	were	 protonated	 in	 Chimera.	 Keeping	 the	 core	

histone	 octamers	 fixed,	 the	DNA	of	 both	 the	 structures	were	minimised	 in	 Chimera	 using	 the	

ff99bsc0	force	field	(122).	This	was	done	to	remove	possible	clashes	arising	from	mutating	the	

DNA.	The	minimisation	protocol	was	as	follows:	

• Steepest	descent	steps	=	100.	Step	size	=	0.02Å	

• Conjugate	gradient	steps	=	10.	Step	size	=	0.02Å	

After	 the	minimisation	 the	mutated	 DNA	was	 visually	 inspected	 for	 presence	 of	 kinks	 or	

clashes.	Further	inspection	using	the	webserver	3DNA	(123)	was	performed	to	check	for	presence	

of	any	A-DNA	step.	The	AG	and	GA	models	contained	91%	B-DNA	after	minimisation.		

The	minimised	AG	and	GA	constructs	of	the	5NL0	type	were	then	subjected	to	elastic	network	

normal	mode	analysis	using	the	elNémo	webserver	(124)	using	an	amplitude	range	(DQMIN	to	

DQMAX)	of	-100	to	+100	with	an	increment	(DQSTEP)	of	20	steps.	This	was	performed	to	sample	

further	arm-opening	conformations	(125,	126)	that	can	lead	to	broadening	of	the	proximity	ratio	

peak	above	the	shot	noise	level	(113).	Mode	7	frame	51	and	mode	8	frame	1	was	selected	because	

they	 showed	 maximum	 arm	 deviations.	 This	 resulted	 in	 four	 different	 conformations	 of	

nucleosomes	(Figure	3.9),	each	with	a	different	extent	of	arm-opening.	For	the	TU	construct	only	

the	5NL0-type	conformer	was	mutated	in	Chimera	and	L-DNA	dynamics	was	not	sampled.	

A-tracts	 have	 been	 observed	 to	 induce	 bending	 in	 the	 DNA	 (127,	 128).	 To	 take	 sequence	

dependent	bending	into	account,	the	cgDNA	webserver	(121)	was	used	to	model	the	two	L-DNA	



Chapter	3																																																																																																										Materials	and	methods 

 50 

arms	of	AG	and	GA,	using	paramset+	1	(129).	New	nucleosomes	were	built	from	one	of	the	models,	

by	removing	the	old	L-DNAs	and	attaching	the	new	L-DNAs	built	on	cgDNA.	Figure	3.9B	shows	

that	 sequence	 dependent	 DNA	 bending	 (blue	 and	 grey	 L-DNA)	 can	 be	 sampled	 by	 the	 four	

different	arm-opening	conformations	I	modeled.		

The	gH	was	separately	mutated	in	Chimera	using	the	‘swapaa’	command,	to	contain	a	cysteine	

residue	instead	of	the	threonine	at	position	77.	After	mutation,	the	gH	was	minimised	separately	

using	the	ff14SB	(130)	force	field	in	Chimera	(120).	Minimisation	protocol	was	same	as	that	for	

nucleosomes.	 The	 minimised	 gH	 was	 then	 replaced	 onto	 the	 four	 different	 nucleosome	

conformations	(5NL0-type,	7K5X-type,	NMA	of	5NL0-mode	7	frame	51	type	and	the	mode	8	frame	

1)	in	different	orientations	and	positions,	generating	an	ensemble	of	structures,	with	differently	

oriented	 or	 positioned	 gH	 per	 nucleosome	 arm-opening	 conformation.	 Trichromatosome	

modeling	is	detailed	in	Chapter	6.	

	

3.7	Computing	theoretical	inter-fluorophore	distances	

	

	
Figure	 3.10:	 Computing	 theoretical	 inter-fluorophore	 distance.	 A.	 Top:	 shows	 a	 schematic	 of	 the	 accessible	 volume	

simulation	 of	 the	 fluorophores	 in	 the	 software	 FRET	Positioning	 and	 Screening	 or	 FPS	 (131,	 132).	 Bottom	 shows	 one	

chromatosome	with	the	fluorophores	generated	from	FPS.	Alexa	488	accessible	volume	sphere	is	shown	in	green	while	that	

for	Alexa	594	is	shown	in	red.		B.	General	workflow	from	single-pair	FRET	to	modeling	as	described	in	this	thesis.	
	

The	ensemble	of	nucleosome	structures	generated	were	screened	by	using	the	software	

FRET	 Positioning	 and	 Screening	 (FPS)	 (131).	 The	 distances	 derived	 from	 experiments	 (see	

Chapter	2	for	methodology	and	Figure	3.10	B	for	workflow)	and	the	Förster	distance	calculated	

(see	Chapter	2)	were	used	as	the	input.	In	this	software,	the	fluorophores	Alexa	488	and	594	are	

represented	by	accessible	volume	spheres	(131,	132).	These	spheres,	represented	in	green	and	

red	in	Figure	3.10	encompass	all	the	allowed	and	equally	probable	positions	that	the	fluorophore	
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can	 sample	 without	 encountering	 any	 steric	 clash.	 The	 inter-fluorophore	 distance	 is	 thus	

represented	in	three	ways	(131,	132):	

Rmp	=	distance	between	the	mean	positions	of	donor	and	acceptor	fluorophore.	This	parameter	is	

solely	obtained	from	the	model	and	is	independent	of	experimentally	derived	parameters	like	R0.		

<RDA>	=	overall	average	of	distances	between	each	allowed	positions	of	donor	and	acceptor	

<RDA>E	 =	 distance	 derived	 from	FRET	 experiments.	 To	 theoretically	 calculate	 this,	 the	 Förster	

distance	is	required.	

For	 screening	of	 the	ensembles,	 the	 input	distances	are	 thus	designated	as	<RDA>E	and	

screening	 is	 carried	 out.	 In	 the	 input	 file	 for	 FPS,	 apart	 from	 R0	 and	 experimentally	 derived	

distances,	the	atom	number	where	the	fluorophore	is	attached	(dT-C7	atom	for	DNA	and	cysteine	

sulphur	for	protein),	and	the	fluorophore	parameters	are	also	given	as	inputs.	The	fluorophore	

parameters	are	graphically	shown	in	Figure	3.10A	(adapted	from	the	works	of	Kalinin	(131)	and	

Sindbert	(132))	and	tabulated	in	Table	3.2	below.	

The	 R1	 to	 3	 represent	 three	 different	 fluorophore	 radii	 from	 the	 central	 atom	 of	 the	

fluorophore.	 Linker	 length	 is	 the	 length	 between	 attachment	 atom	 on	 DNA	 or	 protein	 to	 the	

central	atom	on	the	fluorophore	and	the	linker	width	is	the	width	of	this	linker	arm.		
	

Table	3.2:	Fluorophore	parameters	used	in	the	FPS	software.	A	graphic	description	of	these	parameters	is	given	in	Figure	

3.10A.	A.	All	values	are	in	Å.	

Fluorophore Linker length Linker width R1 R2 R3 

Donor: 
Alexa 488-C5-maleimide-Cys 

(S atom) [protein label] 
(FPS 1.1 software (131)) 

20.5 4.5 5.0 4.5 1.5 

Acceptor: 
Alexa 594-C6-dT (C7 atom) 

[DNA label] 
(101) 

20.0 4.5 8.1 3.2 2.6 
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Computed	distances	were	compared	to	experimentally	derived	distances.	In	Chapter	5	the	

modeling	 results	 are	 described.	 While	 only	 one	 frame	 from	 the	 ensemble	 of	 conformers	

represents	the	mean	distance,	the	peak	width	of	the	distance	histogram	represents	arm	flexibility.	

For	the	TU	construct,	since	distances	were	not	experimentally	measured,	the	FRET	efficiency	was	

computed	using	FPS.	
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Chapter	4	
	

Role	of	the	linker-DNA	on	the	positioning	of		
the	linker	histone	

	
	
4.	1	Introduction	
	

	
	

Figure	 4.1:	 Experimental	 designs	 for	 monochromatosome	 study.	 A.	 Schematic	 of	 a	 monochromatosome.	 Grey	 disc	
represents	full-length	core	histone	octamers.	The	DNA	wrapped	around	is	denoted	in	grey	and	purple.	The	central	base	
pair	is	numbered	0	and	termed	as	the	dyad	base	pair.	DNA	on	the	grey	arm	is	numbered	with	negative	values	and	DNA	on	
the	purple	arm	is	numbered	with	positive	values.	L-DNA	length	could	be	40bp	or	24bp.	The	chromatosome	is	labelled	with	
Alexa	594	acceptor	fluorophore	either	on	the	grey	minus,	or	purple	plus	arm,	at	positions	-93	or	+94.	Acceptor	fluorophore	
labelling	positions	are	denoted	by	red	pentagons.		B.	Schematic	of	the	full-length	linker	histone	(LH)	showing	the	~80	amino	
acid	globular	domain	(gH),	the	100	amino	acid	long,	intrinsically	disordered	CTD	and	the	shorter,	disordered	NTD	(both	
represented	 by	 dashed	 lines).	 The	 LH	 is	 labelled	with	 donor	 fluorophore,	 Alexa	 488	 (green	 arrows	 denoting	 labelling	
positions)	either	on	the	gH	at	the	position	T77C,	or	on	the	tail,	at	the	position	G101C.			

	
About	147	bp	of	DNA	wraps	around	the	core	histone	octamers	in	1.65	turns,	forming	the	

nucleosome	core	particle	 (ncp).	The	 two	DNA	strands	emerging	out	of	 the	 core	are	 called	 the	
linker-DNA	(L-DNA)	arms.	The	junctions	at	which	the	DNA	‘enters’	or	‘exits’	the	core	is	termed	as	
the	 ‘entry-exit’	 (EE)	 sites	 (Figure	 4.1A).	 These	 L-DNA	 stretches	 link	 one	 nucleosome	with	 its	
neighbouring	nucleosomes,	and	further	on,	to	subsequently	build	up	the	chromatin	polymer.		

The	LH	associates	with	the	nucleosomal	DNA	in-between	the	two	emerging	L-DNA	arms,	
forming	 the	 chromatosome	 (21).	 Depending	 upon	whether	 it	 associates	 in	 an	 on-	 or	 off-dyad	
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mode,	 the	 gH	domain	 can	 interact	with	both	 or	 one	 of	 the	 L-DNA	arms.	The	highly	positively	
charged	C-terminal	domain	of	the	LH	neutralizes	the	negative	charges	of	the	L-DNA	when	the	LH	
is	associated	with	the	nucleosome.	The	CTD	has	been	observed	to	electrostatically	interact	with	
either	one	or	both	of	the	L-DNA	arms(29,	133–137).	
	
L-DNA	length	
	

The	nucleosome	free	L-DNA	stretches	vary	in	length	from	about	10	to	100	bp	in	different	
organisms,	(138)(139),	with	an	average	of	41	bp	as	observed	in	HeLa	cells	(140)(141).	The	length	
of	 the	 L-DNA	 and	 its	 uniformity	 over	 an	 array	 of	 nucleosomes	 in	 vitro	 play	 a	 key	 role	 in	
determining	whether	the	array	will	be	organised	into	a	one-start	or	two-start	30nm	fibre,	or	have	
a	 disordered	 arrangement	 (57,	 58,	 133,	 142–144).	 The	 length	 of	 the	 L-DNA	 has	 a	 major	
implication	on	LH	binding.	As	summarised	in	the	review	by	Woodcock	et.	al	(145),	the	length	of	
the	L-DNA	correlates	with	the	number	of	LHs	bound	to	the	nucleosome.	Less	than	one	LH	per	
nucleosome	is	found	in	vivo	for	L-DNA	lengths	of	ca.	25	bp,	whereas	for	lengths	of	ca.	10	bp	or	less,	
LHs	appear	to	not	bind	to	nucleosomes.	This	was	experimentally	demonstrated	by	White	et.	al	
(146)	on	monochromatosomes	(mononucleosome	with	LH)	having	L-DNAs	of	different	lengths,	
concluding	that	the	LH	needs	at	least	one	L-DNA	having	a	minimum	of	11	bp	of	length,	to	associate	
with	the	nucleosome.	
	
L-DNA	sequence	
	

The	 sequence	 of	 the	 DNA	 determines	 its	 intrinsic	 curvature	 (147)	 which	 further	
determines	whether	such	a	sequence	can	wrap	around	the	core	histone	octamer	or	not	(53,	148,	
149).	Sequences	that	favour	core	histone	octamer	binding	are	termed	as	‘positioning’	sequences,	
of	which	the	147	bp	‘601’	(53)	is	a	very	strongly	positioning	sequence.	While	GC-rich	DNA,	due	
their	flexibility,	favour	core	octamer	binding	(42),	AT-rich	DNA	on	the	other	hand	disfavour	core	
octamer	binding	due	to	their	rigidity	(150–152).	Thus,	AT-rich	DNA,	mostly	excluded	from	the	
core	octamer,	are	largely	found	in	the	linker-DNA	regions	(148).	AT-rich	L-DNA	sequences	play	a	
major	role	in	structuring	higher-order	chromatin	by	introducing	bends	(128),		and	also	may	have	
a	major	implication	in	the	binding	of	the	LH	as	proposed	by	Cui	et	al.	(49).	Contrary	to	the	core	
histone	octamers,	the	LH	has	been	observed	to	have	an	affinity	towards	AT-rich	sequences	(43–
48).	However,	the	possible	role	that	the	sequence	of	the	L-DNA	may	have	on	the	LH	location	or	
orientation,	is	largely	overlooked.	In	this	chapter	we	will	focus	on	whether	(a)	the	length	or	(b)	
the	sequence	of	L-DNA	plays	a	role	in	the	positioning	of	the	LH.		

For	the	first	purpose,	we	designed	an	asymmetric	chromatosome	(AsyMG,	see	chapter	3,	
Table	3.1	for	a	description	of	the	constructs,	and	Appendix	A	for	sequences)	with	a	24bp	and	a	
40bp	L-DNA,	and	a	symmetric	chromatosome	in	which	both	the	L-DNA	were	40bp	long	(MG).	As	
a	control,	we	designed	another	asymmetric	chromatosome	in	which	the	lengths	of	the	two	L-DNA	
arms	were	swapped	(AsInvMG),	such	that	the	formerly	short	24bp	arm	was	extended	to	40bp	and	
the	formerly	long	40bp	arm	was	shortened	to	24bp.		

To	address	the	second	question,	we	designed	symmetric	chromatosomes,	each	having	two	
40bp	 long	 L-DNA	 arms.	 The	 chromatosomes	 differed	 from	 each	 other	 only	 on	 the	 L-DNA,	 at	
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regions	we	term	as	flanks.	These	are	just	above	the	EE	site,	and	extend	for	about	11bp	(Figure	
4.1A).	The	DNA	sequences	of	the	two	flank	regions	differ	between	the	constructs,	and	are	either	
an	A-tract,	or	a	purely	GC	tract,	or	a	mixed	DNA	sequence	having	64%	AT	content.	Chapter	3	details	
the	DNA	preparation	protocol.	

Each	chromatosome	is	 labelled	with	one	Alexa	594	acceptor	fluorophore,	either	on	the	
minus	(denoted	in	grey,	Figure	4.1A)	L-DNA	arm,	or	the	plus	(purple)	L-DNA	arm,	at	about	20	bp	
from	the	two	EE	sites.	To	detect	the	position	of	the	LH,	the	LH	was	labelled	either	on	the	gH	domain	
at	residue	77	(T77C	site,	Figure	4.1B),	or	on	the	CTD	at	residue	101	(G101C	site),	with	Alexa	488	
donor	fluorophore.	Proximity	ratio	was	measured	between	the	gH	domain	and	either	of	the	L-
DNA	arms	or	the	CTD	and	either	of	the	L-DNA	arms.		
	
Table	4.1:	Chromatosome	construct	information	chart.	The	length	of	the	minus	and	plus	L-DNA	are	given,	along	with	the	
11bp	flank	sequences.	For	TU	construct,	see	chapter	5.		
	

Construct		 Minus	L-DNA	 Plus	L-DNA	

AsyMG		
Length:	24	bp	

5’	–	ATACATGCACA	–	3’	
3’	–	TATGTACGTGT	–	5’	

Length:	40	bp	
5’	-		GGGCGGCCGCG	–	3’	
3’	-			CCCGCCGGCGC	–	5’	

AsInvMG	
Length:	40	bp	

5’	–	ATACATGCACA	–	3’	
3’	–	TATGTACGTGT	–	5’	

Length:	24	bp	
5’	-		GGGCGGCCGCG	–	3’	
3’	-			CCCGCCGGCGC	–	5’	

MG	
Length:	40	bp	

5’	–	ATACATGCACA	–	3’	
3’	–	TATGTACGTGT	–	5’	

Length:	40	bp	
5’	-		GGGCGGCCGCG	–	3’	
3’	-			CCCGCCGGCGC	–	5’	

GM	
Length:	40	bp	

5’	–	CGCGGCCGCC	–	3’	
3’	-		GCGCCGGCGG	–	5’	

Length:	40	bp	
5’	–AGGCATGTAT	-3’	
3’	-	TCCGTACATA	-5’	

AG	
Length:	40	bp	

5’-AAAAAAAAAAA-3’	
3’-	TTTTTTTTTTT	-5’	

Length:	40	bp	
5’	–	GGGCGGCCGCG	–	3’	
3’	-		CCCGCCGGCGC	–	5’	

GA	
Length:	40	bp	

5’	–	CGCGGCCGCCC	–	3’	
3’	-		GCGCCGGCGGG	–	5’	

Length:	40	bp	
5’	–		TTTTTTTTTTT	–	3’	
3’	-		AAAAAAAAAAA	–	5’	
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4.2	Lengthening	L-DNA	from	24	to	40	bp	does	not	affect	the	orientation	of	
the	LH		
	

	
	
Figure	4.2:	L-DNA	length	does	not	affect	the	gH	location.	Top	and	middle	rows	show	average	proximity	ratio	(P)	histogram	
between	minus	arm	and	the	gH	(top)	or	plus	arm	and	the	gH	(bottom),	with	the	fits.	The	black	trace	is	the	data	averaged	
from	replicates.	Blue	dashed	lines	are	the	subpopulations	obtained	on	fitting	the	histogram.	The	red	trace	is	the	summation	
of	the	fits.	L-DNA	specifications,	such	as	the	length	are	denoted	on	the	top	of	each	plot.	The	bottom	row	shows	just	the	major	
population	peaks	(height	normalised	for	comparison)	from	the	fitted	data,	colour	coded	to	represent	the	minus	arm	(grey)	
or	the	plus	arm	(purple).	From	left	to	right,	construct	AsyMG,	AsInvMG	and	MG	are	shown.		
	

	
Table	4.2:	Between	the	gH	and	minus	and	plus	L-DNA	arms	for	constructs	AsyMG,	AsInvMG	and	MG.	Standard	deviations	
calculated	 from	 the	mean	 proximity	 ratio	 of	 the	major	 peaks	 from	 replicates	 (See	 Supplementary	 Information	 under	
Chapter	4	for	replicates)	are	given	as	errors.	The	relative	population	of	the	major	peak	is	represented	as	percentages	and	
its	range	is	obtained	from	replicates.			
	

construct	 Minus	label	 Plus	label	

AsyMG	 0.54	±	0.01	 0.70	±	0.01	
Relative	population	(%)	 48.6-70.0	 61.0-72.0	

AsInvMG	 0.61	±	0.01	 0.680	±	0.006		

Relative	population	(%)	 62.5-68.0	 55.1-60.0	

MG	 0.55	±	0.01	 0.72	±	0.02		

Relative	population	(%)	 53.0-74.0	 55.0-67.2	
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To	 investigate	 whether	 the	 length	 of	 the	 L-DNA	 had	 any	 effect	 on	 the	 location	 or	
orientation	of	the	LH,	two	asymmetric	chromatosomes	were	constructed.	In	both	the	cases	one	of	
the	L-DNA	arm	was	24bp	and	the	other,	40bp.	In	AsyMG,	the	minus	arm	was	the	short	arm.	In	
AsInvMG,	the	lengths	were	inversed,	i.e.,	the	minus	arm	was	extended	to	40bp	and	the	plus	arm	
(denoted	in	dashed	purple	line)	was	shortened.	The	MG	construct	was	symmetric,	with	two	40bp	
L-DNA	arms	 (Table	4.1).	 LH	 labelled	 on	 the	 gH	domain	or	 the	CTD	domain	 (site	T77C	or	 site	
G101C)	was	added	to	the	nucleosomes	labelled	20bp	from	the	EE	site,	on	one	or	the	other	L-DNA	
arm,	 during	 reconstitution	 (Chapter	 3	 details	 sample	 preparation).	 The	 proximity	 ratio	
histograms	obtained,	were	fitted	into	multiple	Gaussian	peaks,	with	each	peak	corresponding	to	
a	particular	species.	The	mean	proximity	ratios	of	the	dominant	peaks	are	tabulated	in	Table	4.2.	

Overlaying	the	proximity	ratio	histograms	obtained	between	the	gH	and	the	minus	(grey),	
and	plus	(purple)	L-DNA	arms	shows	that	the	gH	is	closer	to	the	40bp	plus	L-DNA	than	to	the	24bp	
minus	L-DNA	in	AsyMG	chromatosome	(Figure	4.2	first	column).	The	preference	of	LH	for	a	longer	
L-DNA	arm	could	be	due	to	the	energetic	favourability	of	associating	electrostatically	with	a	longer	
arm	with	respect	to	a	shorter	one.	However,	on	testing	with	AsInvMG,	we	found	that	the	gH	was	
not	 similarly	 closer	 to	 the	now	40bp	minus	arm,	with	 respect	 to	 the	now	shortened	plus	arm	
(Figure	4.2	second	column).	In	fact,	it	was	still	slightly	closer	to	the	shortened	plus	arm	(purple	
plot	at	the	bottom	of	second	column)	than	with	the	elongated	minus	arm,	although	this	difference	
is	slight	(DPmean=0.07,	see	Table	4.2).	On	extending	both	the	arms	to	40bp	(MG	construct,	Figure	
4.2	third	column),	we	expected	the	gH	to	prefer	both	the	arms	equally	and	the	proximity	ratio	
histograms	to	overlap.	But	the	proximity	ratio	histogram	of	the	gH	with	the	plus	arm	is	once	again	
shifted	to	the	right.	Thus,	the	40bp	plus	arm	of	the	AsyMG	shows	a	similar	proximity	ratio	profile	
as	that	of	the	40bp	plus	arm	of	the	MG	construct,	and	the	24bp	plus	arm	of	the	AsInvMG	construct	
(Table	4.2).		
This	shows	that	the	gH	prefers	the	plus	arm	irrespective	of	its	length.		
	
Table	4.3:	Between	the	CTD	and	minus	and	plus	L-DNA	arms	

construct	 Minus	label	 Plus	label	

AsyMG	 0.700	±	0.006	 0.63	±	0.01	

Relative	population	(%)	 72.2-80.0	 62.2-68.6	

AsInvMG		 0.69	±	0.02	 0.66	±	0.01	

Relative	population	(%)	 76.0-86.4	 58.0-72.0	

MG	 0.690	±	0.006	 0.67	±	0.01	

Relative	population	(%)	 68.0-84.0	 64.0-83.0	
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Figure	 4.3:	 L-DNA	 length	 does	 not	 affect	 the	 CTD	 location.	Top	 and	middle	 rows	 show	 average	 proximity	 ratio	 (P)	
histogram	between	minus	arm	and	the	CTD	(top)	or	plus	arm	and	the	CTD	(bottom),	with	subpopulations.	The	black	trace	
is	the	data	averaged	from	replicates.	Blue	dashed	lines	are	the	subpopulations	obtained	on	fitting	the	histogram.	The	red	
trace	is	the	summation	of	the	subpopulations.	L-DNA	specifications,	such	as	the	length	are	denoted	on	the	top	of	each	plot.	
The	bottom	row	shows	just	the	major	population	peaks	(height	normalised	for	comparison)	from	the	fitted	data,	colour	
coded	to	represent	the	minus	arm	(grey)	or	the	plus	arm	(purple).	From	left	to	right,	construct	AsyMG,	AsInvMG	and	MG	
are	shown.		

	

As	 seen	 in	 Figure	 4.3,	 in	 all	 the	 constructs,	 the	 proximity	 ratio	 profiles	 of	 the	 tail	
fluorophore	 (site	 G101C	 on	 CTD)	 with	 the	 minus	 and	 plus	 arms	 nearly	 overlap.	 The	 DPmean	
between	the	minus	and	plus	arms	are	0.03	to	0.04.	This	shows	that	the	tail	fluorophore	is	nearly	
equidistant	from	the	minus	and	the	plus	arms.	
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4.3	Neither	the	gH	nor	the	CTD	have	any	preference	for	AT-rich	sequence	
over	GC-tracts		
	
Table	4.4:	Between	the	gH	or	CTD	and	minus	and	plus	L-DNA	arms	in	GM	construct.	
	

GM	construct	 Minus	label	 Plus	label	

gH	 0.57	±	0.02	 0.60	±	0.03	

Relative	population	(%)	 58.0-68.0	 58.0-68.0	

CTD	 0.68	±	0.02	 0.70	±	0.01	

Relative	population	(%)	 54.3-71.3	 74.0-79.0	

	

	
Figure	4.4:	gH	and	CTD	does	not	prefer	GC-tracts	over	AT-rich	mixed	DNA	sequences.	Proximity	ratio	histograms	from	the	
GM	construct	is	shown.	Left	column	shows	proximity	ratio	histograms	between	minus	arm	(top)	and	the	gH,	and	between	
plus	arm	(middle)	and	the	gH.	Right	column	shows	proximity	ratio	histograms	between	the	L-DNA	arms	and	the	CTD.	
Averaged	proximity	ratio	histograms	on	the	top	and	the	middle	show	the	averaged	data	(black),	 subpopulations	(blue	
dashed	lines),	and	the	summation	of	subpopulations	(red	trace).	L-DNA	specifications,	such	as	the	sequence	(mixed/GC-
tract)	are	mentioned	on	the	extreme	left.	The	bottom	row	shows	just	the	major	population	peaks	(height	normalised	for	
comparison)	from	the	fitted	data,	colour	coded	to	represent	the	minus	arm	(grey)	or	the	plus	arm	(purple).	

	
	 	



Chapter	4	 	 Role	of	Linker	DNA	
   

  60 

The	Widom	601	sequence	used	for	the	constructs	contains	on	the	plus	arm	just	outside	
the	ncp,	a	purely	GC	stretch	of	about	11bp	(Table	4.1).	On	the	minus	arm,	the	same	length	of	DNA	
emerging	 from	 the	ncp	has	a	mixed	sequence	with	a	pyrimidine-purine	base	 step.	This	mixed	
sequence	is	64%	AT	and	36%	GC.	To	make	sure	that	the	observed	high	proximity	ratio	peaks	in	
the	plus	 arm	plots	 (Figure	4.2)	was	not	 caused	by	 any	 sequence	preference	of	 gH	 for	GC-rich	
stretches,	we	swapped	the	two	‘flank’	sequences	on	the	plus	and	minus	arm	for	the	MG	construct,	
resulting	in	a	new	construct,	GM,	where	the	minus	arm	has	the	pure	GC	stretch	and	the	plus	arm	
has	the	mixed	64%	AT-rich	stretch.		Figure	4.4	first	column	shows	the	proximity	ratio	histograms	
for	the	minus	and	plus	L-DNA	with	the	gH	and	second	column	shows	that	with	the	CTD	label.	Each	
of	the	plots	show	a	dominant	population,	and	minus	and	plus	arm	plots	are	nearly	overlayed	both	
in	the	case	of	the	gH	fluorophore	as	well	as	the	CTD-fluorophore.	This	shows	that	the	gH	as	well	
as	 the	 CTD	 fluorophore	 sit	 equidistant	 from	 the	 two	 L-DNA	 arms.	 Thus,	 neither	 the	 gH	
fluorophore,	nor	the	CTD	fluorophore	show	any	preference	for	either	the	pure	GC	stretch,	or	the	
64%	AT-rich	mixed	DNA	stretch.	

	
4.4	L-DNA	flank	sequences	do	not	affect	the	CTD		
	

	
	

Figure	4.5:	L-DNA	sequence	does	not	affect	the	CTD	location.	Proximity	ratio	histograms	from	the	AG	construct	(left)	and	
the	GA	construct	(right)	is	shown.	Top	row	show	proximity	ratio	histograms	between	minus	arm	and	the	CTD,	and	between	
plus	arm	(middle)	and	the	CTD.	Averaged	proximity	ratio	histograms	on	the	top	and	the	middle	show	the	averaged	data	
(black),	subpopulations	(blue	dashed	lines),	and	the	summation	of	subpopulations	(red	trace).	L-DNA	specifications,	such	
as	the	sequence	(A-/GC-tract)	are	mentioned	on	the	tops	of	the	averaged	proximity	ratio	plots.	The	bottom	row	shows	just	
the	major	population	peaks	(height	normalised	for	comparison)	from	the	fitted	data,	colour	coded	to	represent	the	minus	
arm	(grey)	or	the	plus	arm	(purple).		
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Table	4.5:	Between	the	CTD	and	minus	and	plus	L-DNA	arms	
constructs	 Minus	label	 Plus	label	

AG	 0.65	±	0.01	 0.73	±	0.01		

Relative	population	(%)	 60.0-81.0	 70.2-84.0	

GA	 0.70	±	0.02	 0.65	±	0.02	

Relative	population	(%)	 37.0-57.6	 55.0-81.0	
	

The	asymmetric	constructs	and	the	symmetric	constructs	MG	and	GM	revealed	that	the	
LH	(both	gH	and	CTD)	showed	no	preference	 for	 the	pure	GC	stretch.	This	was	expected	 from	
previous	studies	showing	that	the	LH	does	not	have	any	affinity	for	GC-rich	sequences	(47,	51,	
134).	But	contrary	to	earlier	studies	showing	that	the	LH	has	affinity	towards	AT-rich	sequences	
(44,	45),	our	experiments	showed	no	preference	of	the	gH	or	the	CTD	for	the	64%	AT-rich	region.	
New	 constructs	 were	 built	 from	 the	 DNA	 templates	 of	 MG	 and	 GM,	 replacing	 the	 11bp	 64%	
AT/36%	GC	mixed	 sequence	 flanks	with	 an	 A-tract,	 i.e.,	 a	 series	 of	 11	 adenines	 paired	 to	 11	
thymines	on	the	complementary	strand.	The	pure	GC-tract	flank	on	the	other	L-DNAs	were	left	
unchanged.	These	new	constructs	are	the	AG	and	GA	(detailed	in	Table	3.1	in	Chapter	3	and	Table	
4.1).	The	effect	of	 the	A-tracts	on	 the	CTD	was	 first	 investigated.	As	we	see	 in	Figure	4.5,	 first	
column,	the	CTD	fluorophore	is	closer	to	the	GC-tract	containing	plus	L-DNA	arm	in	AG.	When	the	
flank	sequences	are	swapped	in	the	GA	construct,	the	proximity	ratio	profiles	of	the	minus	and	
plus	L-DNA	arms	with	the	CTD	fluorophore	nearly	overlap.	This	states	that	for	the	GA	construct,	
the	CTD	fluorophore	is	nearly	equidistant	from	both	the	arms.		

Thus,	the	high	FRET	population	exhibited	by	the	GC-tract	plus	arm	in	AG	is	not	reproduced	
by	 the	 GC-tract	 minus	 arm	 in	 GA	 construct,	 suggesting	 that	 this	 could	 just	 be	 a	 non-specific	
orientational	effect	of	 the	 fluorophore.	We	next	study	 if	 the	A-tracts	have	any	effect	on	the	gH	
domain.	
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4.5	gH	shows	a	higher	preference	for	A-tracts		
	

	
	
Figure	4.6:	gH	shows	a	higher	FRET	 for	A-tracts.	Proximity	 ratio	histograms	 from	the	AG	construct	 (left)	and	 the	GA	
construct	(right)	is	shown.	Top	row	show	proximity	ratio	histograms	between	minus	arm	and	the	gH,	and	between	plus	
arm	(middle)	and	the	gH.	Averaged	proximity	ratio	histograms	on	the	top	and	the	middle	show	the	averaged	data	(black),	
subpopulations	(blue	dashed	lines),	and	the	summation	of	subpopulations	(red	trace).	L-DNA	specifications,	such	as	the	
sequence	(A-/GC-tract)	are	mentioned	on	the	tops	of	the	averaged	proximity	ratio	plots.	The	bottom	row	shows	just	the	
major	population	peaks	(height	normalised	for	comparison)	from	the	fitted	data,	colour	coded	to	represent	the	minus	arm	
(grey)	or	the	plus	arm	(purple).		

	
Table	4.6:	Between	the	gH	and	minus	and	plus	L-DNA	arms	
	
	

construct	 Minus	label	 Plus	label	

AG	 0.710	±	0.005	 0.540	±	0.005	

Relative	population	(%)	 51.0-69.0	 61.0-67.0	

GA	
0.55	±	0.01	[I]	
0.89	±	0.02	[II]	

	
0.80	±	0.01	

Relative	population	(%)	 55.0-61.0	[I]	
19.0-24.0	[II]	

57.6-83.0	

	
LH	 labelled	 at	 site	 T77C	 or	 the	 gH	 domain	 was	 used	 to	 reconstitute	 AG	 and	 GA	

chromatosomes	to	study	the	possible	effect	of	A-tracts	on	the	gH	domain.	We	clearly	observed	
that	the	gH	fluorophore	showed	higher	proximity	ratio	with	L-DNA	arms	that	contained	A-tracts,	
such	as	the	minus	arm	of	the	AG	and	the	plus	arm	of	the	GA	constructs	(Figure	4.6	left	and	right).	
Each	of	the	proximity	ratio	histograms	of	AG	chromatosome	(Figure	4.6	left)	show	a	dominant	
population.	The	DP	between	 the	plus	or	minus	arm	 labels	and	 the	gH	 is	nearly	0.2	units.	This	
translates	 to	 a	DR	 of	 5Å	 (chapter	 5	 table	 5.1	 lists	 distance	 values).	 This	 is	 quite	 a	 significant	
difference	and	could	be	a	result	of	different	positioning	of	 the	gH	with	respect	to	the	plus	and	
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minus	L-DNA	arms.	
In	 the	 GA	 chromatosome,	 the	 GC-tract	 containing	 minus	 L-DNA	 arm	 shows	 two	

populations	(Figure	4.6	right).	However,	the	low	FRET	peak	with	a	mean	proximity	ratio	of	0.58	
(Table	4.6)	shows	up	as	the	major	population	and	the	high	FRET	peak	(P	=	0.89)	shows	up	as	20%	
of	the	total	population.	The	plus	arm	also	shows	a	dominant	and	one	minor	population,	with	the	
minor	peak	varying	between	13	to	38%	of	the	total	population	in	the	replicates.		
The	consistent	high	proximity	ratio	shown	by	the	gH	fluorophore	for	the	A-tracts	as	opposed	to	
the	GC-tracts	reflect	earlier	observations	suggesting	that	the	LH	has	a	preference	for	not	just	AT-
rich	DNA	but	also	to	A-tract	regions	having	adenines	continuously	for	over	4	to	6	base	pairs	(43,	
44,	46–48,	128).	

To	find	out	whether	the	observed	differences	in	the	proximity	ratio	histograms	between	
the	 plus	 and	 the	minus	 arms	 of	 AG	 and	 GA	 constructs	 and	 the	 gH	 is	 due	 to	 a	 change	 in	 the	
orientation	of	 the	gH	or	 its	binding	mode,	we	modeled	 the	constructs	AG	and	GA	with	 the	gH	
domain.	Using	the	software	FRET	Positioning	and	Screening	(FPS)	(131),	we	modeled	the	inter-
fluorophore	distances	as	obtained	from	our	FRET	experiments,	to	explain	our	observations.	This	
is	detailed	in	chapter	5.	Modeling	details	are	written	in	chapter	2	and	3.	
	

4.6	Concluding	remarks	
	

From	our	observations	we	conclude	the	following	aspects	of	DNA	dependent	LH	binding.	
Although	the	gH	domain	shows	a	higher	proximity	ratio	for	the	longer,	40	bp	plus	arm	in	AsyMG	
construct,	a	shortening	in	its	length	to	24	bp	(AsInvMG)	does	not	affect	the	gH	domain.	The	gH	
domain	does	not	show	a	higher	proximity	ratio	for	the	minus	arm	elongated	to	40	bp.	

The	CTD	fluorophore	is	also	unaffected	by	the	differences	in	L-DNA	length	and	lies	nearly	
equidistant	 from	both	 the	L-DNA	arms.	However,	 the	CTD-fluorophore	 is	 just	6	residues	away	
from	 the	gH	domain	and	 cannot	 account	 for	 the	nearly	100	 residue,	disordered	 tail.	Thus,	we	
cannot	conclude	how	the	rest	of	the	tail	may	associate	with	the	L-DNA	arms.		

The	sequence	of	the	L-DNA	arms	affects	the	proximity	of	the	gH	domain,	but	once	again,	
not	 the	 CTD	 fluorophore.	 The	 gH	 shows	 an	 apparent	 proximity	 towards	 GC-tracts	 when	 the	
opposite	arm	contained	a	mixed	DNA	sequence	that	was	64%	AT-rich.	However,	the	proximity	
towards	GC-tract	was	ruled	out	by	inversing	the	flank	sequences.	By	replacing	the	64%	AT-rich	
flanks	with	A-tracts,	we	observed	that	the	gH	showed	proximity	towards	the	A-tract	sequences.	
According	to	the	Modeling	studies	from	Cui	and	Zhurkin	(49),	and	later,	from	Öztürk	et	al.	(153),	
the	gH	should	interact	with	the	thymine	methyl	groups	hydrophobically.	If	this	is	indeed	the	only	
basis	of	recognition	of	AT-rich	DNA	by	the	LH,	then	why	does	our	observation	with	64%	AT-rich	
mixed	DNA	(construct	MG	and	GM)	show	otherwise?	To	target	this	problem,	we	modeled	the	AG	
and	GA	chromatosomes.	Additionally,	we	studied	whether	the	LH	recognizes	A-tracts	solely	by	
hydrophobic	interactions.	These	studies	are	detailed	in	Chapter	5.	
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Chapter	5	

	
How	does	the	linker	histone	recognize	A-tracts?	

	
	
5.1	Introduction	

	
Figure	5.1:	DNA	interacting	zones	on	the	globular	domain	of	LH.	A.	Linear	representation	of	the	full-length	LH.	Alpha	
helices	a1,	a2,	a3,	are	represented	as	cylinders	and	beta	sheets	b1	and	b2	is	represented	by	arrows.	Labelling	positions,	
T77C	 (gH-fluorophore)	 and	 G101C	 (CTD-fluorophore)	 are	 denoted	 in	 green.	 The	 different	 DNA	 interaction	 zones	 are	
coloured	as:	A	in	sea-green,	B	in	pink,	and	C	in	blue.	B.	Folded	full-length	linker	histone	showing	the	globular	domain	(gH),	
the	100	amino	acid	long,	intrinsically	disordered	CTD	(represented	by	maroon	dashed	line),	and	the	shorter,	disordered	
NTD	(purple	dashed	line).	DNA	interacting	zones	with	certain	residues	are	shown:	Zone	A	or	a3	helix	with	the	R74	residue,	
Zone	B	comprising	of	loop	1	and	b2	with	arginines	42	and	94,	and	Zone	C	beta-hairpin	loop	containing	the	hydrophobic	
‘GVGA’	motif.	

	
A	 large	 number	 of	 isoforms	 of	 the	 LH	 exist	 in	 different	 organisms.	While	 the	 general	

tripartite	 structure	 of	 the	 LH	 remains	 unchanged,	 and	 the	 amino	 acid	 sequence	 is	 largely	
conserved,	especially	in	the	gH	domain,	there	are	subtler	changes	in	the	amino	acid	sequence	in-
between	the	subtypes.	These	subtle	changes	can	bring	about	very	 large	effects	on	how	the	LH	
associates	 with	 the	 nucleosome,	 as	 was	 demonstrated	 by	 Bai	 and	 colleagues	 (31)	 using	 LH	
mutated	 at	 certain	 residues	 that	 determined	 on	 vs.	 off-dyad	 binding.	 Earlier	 FRAP	 and	
mutagenesis	 studies	 of	 the	 LH	 also	 clearly	 established	 the	 importance	 of	 certain	 amino	 acid	
residues	on	the	binding	of	the	LH	to	the	nucleosome	(154–156).		

High	resolution	x-ray	crystallographic	studies,	complemented	with	advancements	in	cryo-
electron	microscopy	complemented	these	studies	to	establish	a	comprehensive	understanding	of	
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how	the	amino	acid	residues	aid	in	the	association	of	the	LH.	XRC	and	cryoEM	structures	(27,	29,	
134,	157)	(PDB	ID	5NL0,	4QLC,	5WCU,	7K5X)	of	on-dyad	positioned	gH	domains	show	three	DNA	
binding	domains	on	the	LH	(Figure	5.1B).	The	zone	A	on	the	a3	helix	and	the	zone	B	on	the	loop	1	
and	b2	have	been	observed	to	associate	with	the	two	L-DNAs	while	the	zone	C	has	been	observed	
to	 associate	 with	 the	 dyad	 DNA	 (25,	 27,	 29,	 134,	 157).	 The	 zone	 C,	 contains	 a	 stretch	 of	
hydrophobic	‘GVGA’	motif.	Although	this	motif	has	largely	been	observed	to	associate	with	the	ncp	
DNA,	it	was	proposed	that	this	hydrophobic	region	could	interact	with	thymine	methyl	groups,	
thereby	identifying	AT-rich	region	that	are	found	mostly	at	the	entry-exit	sites	of	nucleosomes	
(49,	50).		

In	chapter	4	we	observed	that	the	gH	consistently	showed	high	FRET	for	A-tracts	but	not	
so	for	a	mixed	DNA	sequence	that	was	64%	AT-rich.	In	this	chapter	we	address	how	the	LH	can	
identify	A-tracts,	why	cannot	it	identify	any	other	mixed	sequence,	and	whether	it	is	just	the	zone	
C	 hydrophobic	 region	 involved	 in	 the	 A-tract	 recognition	 or	 are	 there	 any	 other	mechanisms	
involved.	

	
5.2	Conserved	arginines	in	H1.0	subtypes	recognize	A-tracts		

	
Figure	5.2:	AG	(A.)	and	GA	(B.)	chromatosomes:	distance	histograms	(i)	and	FRET-restrained	models	(ii	and	iii,	zoomed	
in).	Four	different	L-DNA	arm	opening	(Aii	and	Bii)	were	modeled	to	account	for	the	L-DNA	dynamics	shown	by	the	peak	
width	at	half	maxima	(Ai	and	Bi).	Both	the	models	show	that	the	zone	B	of	the	gH	is	oriented	towards	and	proximal	to	the	
A-tract	minor	grooves.	The	DNA	is	colour	coded	as	in	the	plots,	i.e.,	minus	arm	is	grey	and	plus	arm	is	purple.	The	flank	
sequences	are	shown	as	sticks	and	are	colour	coded	according	to	the	type	of	base:	blue	for	thymine,	orange	for	adenine,	
deep	blue	for	guanine,	cyan	for	cytosine.	Thymine	methyl	groups	are	shown	as	blue	spheres.	The	gH	is	coloured	according	
to	that	shown	in	Figure	5.1B.	
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Table	 5.1:	 Comparison	 of	 inter-fluorophore	 distances	 calculated	 from	 proximity	 ratio	 plots	 (see	 Supplementary	
Information	under	Chapter	5)	(standard	deviation	obtained	from	replicates)	and	model	shown	in	Figure	5.2.	Values	in	bold	
are	the	computed	distances	from	the	model	shown	in	5.2Aiii	and	Biii.	All	values	are	in	Å.	
	 	

	 AG	(-93)	gH-
T77C	

AG	(+94)	gH-
T77C	

GA	(-93)	gH-
T77C	

GA	(+94)	gH-
T77C	

Experiment	
Rmean	(replicates)	

±	standard	
deviation	of	Rmean	

44.2±0.84	 50.0±0.24	 49.0±0.74	 41.0±0.74	

Experiment	
half-width	at	half	

maxima		
6.0	 6.0	 7.0	 6.0	

Model:	5NL0-type	
44.6	
46.6	
47.7	

51.1	
53.3	
54.3	

47.4	
54.4	

42.5	
48.5	

Model:	7K5X-type		
48.2	
50.3	
51.6	

54.4	
57.3	
56.6	

44.9	
53.0	

42.8	
50.0	

Model:	NMA-
mode	7	frame	51		

43.5	
45.0	
46.3	

54.0	
56.2	
57.0	

50.2	
58.0	

40.6	
46.0	

Model:	NMA-
mode	8	frame	1		

50.2	
52.0	
54.1	

53.6	
56.5	
56.0	

50.0	
57.1	

46.0	
53.0	

	

The	extreme	left	column	of	Figure	5.2	A	and	B	show	only	the	major	population	peaks	of	
the	distance	histograms	that	are	obtained	from	the	proximity	ratio	histograms.	Detailed	workflow	
of	how	the	inter-fluorophore	distances	were	obtained	from	the	proximity	ratio	plots	are	given	in	
chapter	2	and	3.	The	right	column	shows	the	AG	(A)	and	GA	(B)	chromatosomes	modeled	using	
Chimera	(120)	and	FPS	(131).		For	the	GA	chromatosome,	only	the	major	population	was	modeled.		

To	 account	 for	 the	 peak	 width	 of	 the	major	 populations	 in	 the	 distance	 plots,	 L-DNA	
opening	dynamics	were	captured	by	using	chromatosome	structures	having	two	different	types	
of	L-DNA	arm	conformations	 (5NL0	(29)	and	7K5X	(30)).	Two	more	arm	conformations	were	
generated	by	subjecting	the	5NL0	to	normal	mode	analysis.	Chimera	(120)	was	used	to	place	the	
gH	 in	 different	 orientations	 on	 the	 nucleosomes,	 generating	 different	 configurations	 of	
chromatosomes	of	each	arm-opening	type.	Using	FPS,	the	entire	ensemble	of	conformations	was	
screened	with	the	experimental	distances	as	input.	Table	5.1	shows	that	the	models	conform	well	
to	our	experimental	results.		
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We	observe	that	for	both	the	AG	and	GA	models,	the	gH	associates	in	an	on-dyad	binding	
mode.	Since	we	use	a	LH	of	H1.0	subtype,	this	binding	mode	is	expected,	as	evidenced	in	numerous	
previous	 studies	 (27,	 29,	 134,	 157,	 158).	 To	 prove	 this	 further,	 some	 alternate	 off-dyad	
conformations	were	 also	modeled	 (Figure	 5.3C	 and	 D).	 In	 these	 off-dyad	models	 the	 gH	was	
positioned	in	a	way	as	to	make	the	Zone	C	proximal	to	the	major	groove	(49,	50)	of	the	A-tract	on	
the	minus	arm	of	AG	(in	grey,	Figure	5.3C)	or	the	plus	arm	of	GA	(in	purple,	Figure	5.3D).	The	
computed	inter-fluorophore	distances	did	not	conform	with	our	experimentally	derived	distances	
(Table	5.3),	suggesting	that	our	results	do	not	show	an	off-dyad	binding	mode.	

	
	

Figure	5.3:		AG	and	GA	chromatosomes:	alternate	models.	A.	AG	and	B.	GA	AG(i)	and	GA	(ii)	with	the	Zone	A	(R74)	of	the	
gH	placed	proximal	to	the	A-tract	minor	groove,	and	the	Zone	B	facing	the	opposite	L-DNA	flank.		C.	AG	and	D.	GA	with	the	
gH	placed	off-dyad,	proximal	to	A-tract,	and	the	Zone	C	poised	to	interact	with	the	thymine	methyl	groups	[blue	spheres]	
on	the	major	groove.		
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Table	5.2:	Distances	(in	Å)	computed	from	alternate	model	ensembles	(Figure	5.3A	and	B)	not	fitting	with	the	experiment.		

construct	
L-DNA	

conformation	
Minus	label	 Plus	label	

AG	[zone	A	R74-A(T)-tract]	

5NL0-type	 60.0±1.0	 54.0±1.0	
7K5X-type	 59.0±1.0	 56.0±0.6	

Mode	7	frame	51	 63.0±1.1	 51.0±1.0	
Mode	8	frame	1	 62.5±1.6	 59.4±1.0	

GA	[zone	A	R74-A(T)-tract]	

5NL0-type	 52.0±1.6	 59.0±1.4	
7K5X-type	 56.0±1.7	 61.0±1.4	

Mode	7	frame	51	 49.2±1.5	 61.4±1.3	
Mode	8	frame	1	 59.0±1.8	 61.0±1.6	

	
Table	5.3:	Distances	(in	Å)	computed	from	alternate	off-dyad	models	(Figure	5.3C	and	D).	

AG	[gH	off-dyad,	A-tract	minor	groove]	 56.0	with	minus	label	

GA	[gH	off-dyad,	A-tract	minor	groove]	 57.0	with	plus	label	

	
The	AG	and	GA	models	in	Figure	5.2	show	that	although	the	gH	domain	binds	on-dyad	it	

has	a	specific	orientation	in	both.	The	zone	B	(in	pink,	Figure	5.2Aiii	and	Biii)	of	the	gH	is	proximal	
to	the	minor	groove	of	the	A-tracts.	But	what	if	this	orientation	is	an	artefact	brought	about	by	
repulsion	between	the	negatively	charged	Alexa	488	fluorophore	on	the	a3	helix	and	the	L-DNA	
backbone	that	forces	the	fluorophore	attachment	site	into	the	gap	between	the	two	L-DNAs,	on	
the	plane	of	the	chromatosome,	and	turns	the	Zone	B	towards	the	A-tracts	and	not	the	other	L-
DNA	interacting	Zone	A.	To	rule	this	out	we	thus	modeled	another	set	of	alternatives,	turning	the	
gH	180°	opposite	to	that	shown	in	Figure	5.2A	and	B,	to	position	the	Zone	A	proximal	to	the	A-
tract.	In	this	pose	too	the	fluorophore	is	free	to	rotate,	being	mostly	situated	in	the	gap	between	
the	 two	L-DNAs,	 suggesting	 that	our	 results	are	not	biased	by	 the	 labelling	position	of	 the	gH	
fluorophore.	These	two	alternate	models	are	shown	in	Figure	5.3A	and	B.	The	computed	inter-
fluorophore	distances	in	these	models	do	not	conform	with	our	experimentally	derived	distances	
(table	 5.2).	 This	 proves	 that	 the	 orientation	 of	 gH	 that	 satisfies	 our	 experimental	 results	 is	 a	
significant	and	possibly	a	biologically	relevant	observation	and	is	not	an	artefact.		

DNA	sequences	are	recognized	by	proteins	either	directly,	via	interactions	with	the	bases	
at	the	major	groove,	or	indirectly,	exploiting	the	sequence	induced	geometric	parameters	of	the	
DNA	(159).	One	such	indirect	sequence	recognition	mechanism	involves	the	minor	groove.	A-tract	
regions	 have	 the	 smallest	 minor	 groove	 widths,	 while	 GC-tracts	 have	 the	 widest	 (160).	 The	
narrowing	 of	 the	minor	 groove	 brings	 the	 two	 sugar-phosphate	 backbone	 in	 close	 proximity,	
increasing	the	negative	charge	density	in	A-tracts	and	making	it	ideal	for	recognition	by	positive	
amino	acid	residues.	Among	the	positive	amino	acid	residues	that	can	interact	electrostatically	
with	the	highly	negative	narrow	minor	groove	of	A-tracts,	arginines	are	observed	to	be	ideally	
suited	(43,	159,	161,	162).	This	could	be	because	the	side	chain	of	arginine	contains	a	guanidium	
group	that	can	form	multiple	hydrogen	bonds	with	the	DNA,	more	than	that	formed	by	the	side	
chain	of	 lysine	(159,	161,	163,	164).	Additionally,	Rohs	et	al.	 (159)	came	up	with	an	alternate	
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theory	of	arginine-minor	groove	interactions	that	does	not	involve	hydrogen	bonding,	stating	that	
the	energy	penalty	of	removing	the	charged	guanidium	group	of	arginines	from	water	is	less	than	
that	required	to	remove	the	amino	group	of	lysine.			

It	is	therefore	not	surprising	that	the	zone	B	that	reproducibly	orients	towards	the	minor	
groove	of	the	A-tracts	contain	two	highly	conserved	arginine	residues	(R42	and	R94)	positioned	
in	a	pincer-like	motif	(Figure	5.2).	All	H1.0	subtypes	contain	these	two	arginines	in	the	zone	B	
region	(Figure	5.1	and	Chapter	7	Table	7).	The	arginine	on	the	loop	1	region	(R42)	is	conserved	in	
all	 LH	 subtypes	 across	organisms.	These	 two	arginine	 residues	have	been	observed	 to	have	 a	
major	effect	in	the	LH	binding	to	the	nucleosome,	as	demonstrated	by	Brown	et	al.	in-vivo,	using	
FRAP	(154),	and	subsequently	also	by	Öztürk	et	al.	in	silico	(165).	It	was	suggested	by	Zhou	et	al	
(2021)	 (30)	 that	 the	 Zone	A	 arginine	 could	 also	 identify	At-rich	DNA.	However,	 our	 alternate	
model	with	the	Zone	A	proximal	to	the	A-tract	show	that	this	is	not	the	case.			

The	 fact	 that	 the	 on-dyad	 associating	H1.0b	 interacts	with	 the	 A-tract	with	 the	minor	
groove	explains	why	it	could	not	recognize	the	64%	AT-rich	mixed	DNA	flanks	on	the	asymmetric,	
MG,	and	GM	constructs	(chapter	4).	The	minor	grooves	of	a	mixed	DNA	sequence	are	not	as	narrow	
as	A-tracts	(160)	and	therefore	has	less	negative	charge	density.	This	rendered	it	unrecognizable	
by	the	arginines	on	zone	B.		

To	test	our	theory	that	A-tracts	are	recognized	via	their	minor	grooves	and	not	the	methyl	
groups,	we	reconstituted	a	 final	construct	(TU)	containing	A-tracts	base	paired	to	thymines	as	
well	as	A-tracts	base	paired	to	deoxy-uridines.	This	is	detailed	in	the	next	section.	
	

5.3	gH	shows	the	same	preference	for	both	A-tracts	paired	to	thymines	as	
well	as	to	deoxyuridines		
	

A	possible	mode	of	recognition	of	AT-rich	sequences	by	the	LH	was	speculated	by	Cui	and	
Zhurkin	 in	2009	 (49)	and	was	 then	 shown	 in	 silico	 by	Öztürk	et	al.	 (50).	 In	 this	mode	 the	LH	
associates	 off-dyad	 with	 the	 nucleosome.	 The	 non-polar	 residues	 on	 the	 Zone	 C	 interact	
hydrophobically	with	the	thymine	methyl	groups	that	protrude	on	the	major	groove	of	the	L-DNA	
which	can	be	accessed	by	the	gH	when	it	is	associating	in	an	off-dyad	mode.	Since	our	LH,	H1.0b	
has	been	demonstrated	to	associate	with	an	on-dyad	binding	mode	(27,	29,	134,	157),	this	could	
be	a	reason	why	the	gH	showed	no	preference	for	the	mixed,	64%	AT-rich	flank	on	the	asymmetric	
constructs	and	on	the	symmetric	MG	and	GM	chromatosomes	(chapter	4).	On	replacing	the	64%	
AT-rich	mixed	flank	with	an	A-tract,	the	gH	domain	showed	a	consistent	preference	towards	the	
A-tract	 in	the	AG	and	GA	chromatosomes	(chapter	4).	The	question	here	is,	 if	 the	LH	is	 indeed	
associating	 in	an	on-dyad	 fashion,	how	can	 it	 interact	with	 the	 thymine	methyl	groups	on	 the	
major	groove	of	the	A-tract.	Does	this	mean	that	there	could	be	another	mode	of	interaction	of	AT-
rich	sequences,	depending	on	the	mode	of	association	of	the	gH?	
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Table	5.4:	TU	construct	studied.		

Construct		 Minus	L-DNA	 Plus	L-DNA	

TU	
Length:	40	bp	

5’-AAAAAAAAAAA-3’	
3’-	TTTTTTTTTTT	-5’	

Length:	40	bp	
5’-AAAAAAAAAAA-3’	
3’-	UUUUUUUUUUU	-5’	

	
	
	

	
Figure	5.4:	Further	evidence	of	minor-groove	based	recognition	of	A-tracts.	On	the	left	are	proximity	ratio	histograms	
between	the	gH	and	the	L-DNA	arms	in	the	TU	chromatosomes,	with	their	fitted	plots.	On	the	right	are	the	two	possible	
models	of	the	TU	chromatosome	that	correspond	to	the	subpopulations	seen	in	both	the	proximity	ratio	histograms.	Shown	
on	the	top	is	subpopulation	I	which	shows	higher	FRET	with	A(T)-tract	(complementary	to	thymine)	and	lower	FRET	with	
the	A(U)-tract	(complementary	to	deoxyuridine).	On	the	bottom	is	subpopulation	II	which	shows	lower	FRET	with	A(T)-
tract	and	higher	FRET	with	A(U)-tract.	
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Table	5.5:	Experimental	FRET	efficiency	of	construct	TU	(standard	deviations	of	mean	P	obtained	 from	replicates,	 see	
Supplementary	Information	Chapter	5),	compared	to	computed	FRET	efficiencies	
	

construct	 Minus	label	 Plus	label	

TU	gH	label	
0.54	±	0.03	[II]	
0.75	±	0.03	[I]	

0.52	±	0.03	[I]	
0.74	±	0.02	[II]	

Relative	population	(%)	
28.0-42.0	[II]	
30.0-36.0	[I]	

30.0-40.0	[I]	
38.0-50.0	[II]	

Computed	P	Model	I	 0.77	 0.53	
Computed	P	Model	II	 0.55	 0.72	

	
This	problem	prompted	us	to	investigate	whether	the	gH	was	indeed	interacting	with	the	

methyl	group	of	thymine.	To	do	this,	we	modified	the	AG	construct	by	replacing	the	GC-tract	on	
the	plus	L-DNA	with	another	A-tract,	but	this	one	complementary	to	a	stretch	of	11	deoxyuridines.	
In	this	chromatosome,	the	minus	arm	has	a	continuous	stretch	of	thymine	methyl	groups	lining	
the	major	groove	but	the	deoxy-uridine	containing	plus	arm	lacks	the	methyl	groups.	

If	the	gH	domain	recognized	A-tracts	or	AT-rich	region	by	the	thymine	methyl	groups	then	
we	would	have	observed	higher	FRET	for	the	minus	arm	and	a	lower	FRET	for	the	plus	arm.	Figure	
5.4	first	column	shows	that	it	is	not	so.	The	proximity	ratio	profiles	between	the	gH	domain	and	
the	plus	 (in	purple)	and	minus	 (in	grey)	arms	exactly	overlap.	However,	 these	chromatosome	
peaks	 (P	 0.3	 to	 0.9)	 for	 both	 the	minus	 and	 plus	 arms	 are	 broad	 and	 can	 be	 fitted	 into	 two	
populations	modeled	in	the	second	column	of	Figure	5.4.	In	the	proximity	ratio	plot	between	the	
A(T)-tract	minus	arm	and	the	gH,	the	high	FRET	peak	corresponds	to	a	population	where	the	gH	
is	oriented	towards	the	A(T)-tract.	This	peak	is	numbered	I.	In	the	proximity	ratio	plot	between	
the	A(U)-tract	plus	arm	and	 the	gH,	 this	subpopulation	corresponds	 to	 the	 intermediate	FRET	
peak	(Figure	5.4	first	column	bottom).	Similarly,	the	subpopulation	of	chromatosomes	with	the	
gH	oriented	towards	the	A(U)-tract	would	have	a	higher	FRET	peak	in	the	proximity	ratio	plot	
between	A(U)-tract	and	gH	and	an	intermediate	FRET	peak	in	the	proximity	ratio	plot	between	
A(T)-tract	 and	 gH.	 These	 subpopulations	 are	 numbered	 II.	 The	 chromatosome	models	 in	 the	
second	column	show	the	corresponding	subpopulations.	Model	I	show	the	TU	chromatosome	with	
the	Zone	B	(R42/94)	of	the	on-dyad	positioned	gH	oriented	towards	the	minor	groove	of	the	A(T)-
tract	 (adenines	 in	 orange,	 thymines	 in	 blue	with	 the	methyl	 group	 in	 sphere	 representation).	
Model	II	(Figure	5.4	second	column	bottom)	show	that	the	Zone	B	of	the	gH	is	oriented	towards	
the	minor	groove	of	the	A(U)-tract	(deoxy-uridines	represented	in	green).	Using	the	software	FPS	
(131)	we	computed	the	theoretical	FRET	efficiency	between	the	minus	and	plus	arms	and	the	gH	
label	 for	 both	 the	 models,	 and	 compared	 them	 with	 the	 mean	 proximity	 ratio	 of	 the	 two	
subpopulations	 I	and	 II	 in	each	proximity	ratio	plots.	Table	5.5	show	that	 the	computed	FRET	
efficiencies	 between	 the	 arms	 and	 the	 gH	 in	 both	 the	 models	 are	 very	 similar	 to	 the	 mean	
proximity	ratio	of	the	peaks	I	and	II	in	both	the	proximity	ratio	plots.	

This	shows	that	an	on-dyad	positioned	gH	does	not	distinguish	flank	sequences	based	on	
their	 functional	 groups	 (direct	 sequence	 recognition)	 but	 rather	 identifies	DNA	 sequences	 via	
their	effects	on	the	physical	properties	of	the	DNA,	such	as	the	narrowing	of	the	minor	groove	by	
A-tracts.	 Furthermore,	 both	 the	 thymine	 and	 the	uridine	 containing	 tracts	 have	 similar	minor	
groove	 widths,	 as	 despite	 the	 lack	 of	 methyl	 group,	 uridines	 in	 DNA	 have	 similar	 geometric	
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parameters	as	thymine	(166).	

	
5.4	Concluding	remarks	
	

Arginines	are	known	to	play	a	very	important	role	in	the	recognition	of	A-tracts.	Proteins	
such	as	the	Integration	Host	Factor	(159),	protamines	(48),	and	the	core	histone	octamers	are	
known	 to	 employ	 arginines	 to	 contact	 the	 DNA	 at	 the	 minor	 groove	 (159).	 In	 fact,	 in-vivo	
nucleosomal	sequences	have	been	observed	to	alternate	 in	GC-rich	stretches	and	short	3bp	A-
tract	regions.	In	parallel,	structural	studies	have	shed	light	on	how	arginines	from	the	core	histone	
can	contact	these	short	A-tract	regions	(159,	162).	Thus,	it	is	not	surprising	that	the	LH	too,	widely	
observed	to	have	an	affinity	for	AT-rich	regions	and	A-tracts,	will	employ	a	similar	mechanism.	
But	previously	 it	was	also	speculated	and	computationally	observed	that	the	gH	can	recognize	
thymine	methyl	groups	exposed	on	the	major	groove,	directly,	via	hydrophobic	interactions	(49,	
50).	We	suggest,	that,	more	than	one	mechanism	of	recognizing	and	interacting	with	AT-rich	DNA	
are	found	in	LHs.	If	the	LH	associates	on-dyad,	it	can	access	the	A-tract	via	its	minor	groove	and	
employ	the	arginines	at	zone	B,	or	at	zone	A	(as	suggested	by	Zhou	et	al	(2021)	(30))	to	recognize	
the	A-tract	 indirectly	via	 its	narrow	minor	groove.	If	 it	associates	in	an	off-dyad	fashion,	 it	can	
access	the	thymine	methyl	groups	lining	the	major	groove	of	the	L-DNA	via	its	hydrophobic	Zone	
C.	This	could	be	an	adaptation	necessary	for	multiple	isoforms	of	the	LH	to	associate	with	and	
condense	AT-rich	constitutive	heterochromatin	(167,	168).		

But	does	the	L-DNA	sequence-induced	orientation	of	LH	and	its	neighbours,	affect	higher-
order	structures?	We	address	this	question	in	chapter	6	using	a	trichromatosome	setup	having	A-
tracts	at	specific	sites	on	the	L-DNA	arms.	
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Chapter	6	

	

Effect	of	A-tract	dependent	LH	orientation	on	
trichromatosome	compaction	

	

	
6.1	Introduction	
	

The	location	of	the	LH	on	the	nucleosome	has	implications	for	the	structuring	of	higher-
order	chromatin.	Experimental	and	computational	studies	have	so	far	 focused	on	how	the	two	
modes	 of	 association	 of	 the	 gH	 domain	 (on-dyad	 or	 off-dyad)	with	 the	 nucleosome	 affect	 the	
compaction	of	nucleosome	arrays.	While	cryo-EM	studies	(133)	on	tetranucleosomes	showed	that	
an	 off-dyad	 binding	 mode	 of	 the	 gH	 leads	 to	 a	 higher	 compaction	 of	 chromatin,	 analytical	
ultracentrifugation	 studies	 (27)	 have	 showed	 that	 this	 leads	 to	 a	 less	 compacted	 chromatin,	
whereas	an	on-dyad	binding	mode	leads	to	a	more	compacted	chromatin.	Computational	studies	
(33)	 on	 the	 other	 hand	 pointed	 out	 that	 an	 off-dyad	 binding	mode	 can	 lead	 from	minimal	 to	
maximum	 compaction,	 while	 an	 on-dyad	 binding	 leads	 to	 an	 intermediate	 compaction	 of	 the	
chromatin.		

The	various	effects	that	the	LH	positioning	have	on	chromatin	compaction	may	have	to	do	
with	how	the	gH	domain	is	oriented	on	the	nucleosome,	and	consequently,	how	neighbouring	LHs	
are	 oriented	with	 respect	 to	 each	 other.	 The	 LH	 has	 a	 tripartite	 structure,	 comprising	 of	 the	
disordered	NTD	and	the	CTD	and	the	structured	globular	domain	(gH).	The	structured	gH	domain	
along	with	the	NTD	is	referred	to	as	‘head’,	and	the	CTD,	as	‘tail’.	Song	et	al.	(133)	proposed	that	
when	LHs	on	neighbouring	chromatosomes	face	each	other	via	the	same	domains,	i.e.,	a	‘head-to-
head’	 or	 ‘tail-to-tail’	 configuration,	 it	 leads	 to	 twisting	 and	 further	 compaction	of	 a	 zig-zagged	
chromatin	fibre.	Building	up	on	this	observation,	and	upon	their	own	observation	that	the	CTD	
associates	 with	 one	 L-DNA	 arm,	 conferring	 an	 asymmetry	 to	 the	 nucleosome,	 Bednar	 and	
colleagues	hypothesized	that	this	asymmetry	could	have	major	implications	for	the	stability,	and	
the	charge	and	mass	distributions	of	higher-order	structures	(29).		

In	chapter	5	we	report	that	in	monochromatosomes,	the	orientation	of	the	gH	is	affected	
by	the	flank	sequences	on	the	two	L-DNAs.	In	presence	of	A-tracts	on	the	L-DNA	flanks,	the	gH	is	
oriented	in	a	way	as	to	suitably	position	two	conserved	arginine	residues	(Zone	B,	denoted	in	pink,	
Figure	6.1B,	detailed	models	in	Chapter	5)	proximal	to	the	narrow	minor	groove	of	the	A-tract.	
What	effect	can	this	A-tract	induced	reorientation	of	the	gH	domain	have	on	the	compaction	of	
chromatosomal	arrays?	To	explore	this,	a	study	was	performed	on	trichromatosomes,	in	which,	
by	placing	A-tracts	on	outer	or	inner	L-DNAs,	we	aimed	to	orient	the	gH	domains	of	the	LHs	on	
the	1st	and	3rd	chromatosomes	accordingly.	

	



Chapter	6	 	 Studies	on	trichromatosomes	

	 74 

	
	

	
Figure	6.1:	Experimental	design	for	the	trichromatosome	study.	A.	A	general	schematic	of	doubly-labelled	(Alexa	488-
green,	Alexa	594-red)	trinucleosome.	B.i.	The	gH	showing	the	three	DNA	interacting	zones	A,	B	and	C.	The	juncture	at	which	
the	CTD	starts	is	marked	with	a	red	circle.	ii.	Table	with	information	about	the	flank	sequences	of	outer	and	inner	L-DNA	
arms	of	constructs	A-near	and	A-far.	iii.	The	gH	domain	with	the	pink	zone	B	is	represented	as	a	triangle,	with	the	Zone	B	
pointing	towards	A-tracts.		

	
Two	DNA	constructs	of	600	bp	were	designed,	named	A-near	(for	A-tract	near)	and	A-far	

(for	A-tract	far).	They	comprised	of	three	Widom	601	positioning	sequences	separated	by	40	bp	
L-DNAs.	L-DNAs	between	the	nucleosomes	(or	chromatosomes)	1	and	2,	and	2	and	3	(named	Nuc	
1,	Nuc	2	and	Nuc	3)	were	 termed	 ‘inner’	L-DNAs	and	the	ones	upstream	of	nucleosome	1	and	
downstream	of	nucleosome	3	were	termed	‘outer’	L-DNAs.	The	A-near	construct	had	A-tracts	on	
the	inner	L-DNA	flanks	and	GC-tracts	on	the	outer	L-DNA	flanks	of	Nuc	1	and	Nuc	3	(Figure	6.1Bii).	
The	A-far	construct	had	A-tracts	on	 the	outer	L-DNA	 flanks	and	GC-tracts	on	 the	 inner	L-DNA	
flanks	of	Nuc	1	and	Nuc	3.	The	fluorophores	Alexa	488	and	594	were	placed	at	the	midpoints	of	
the	two	40bp,	inner	L-DNA	arms.	Chapter	3	contains	detailed	description	of	the	DNA	preparation,	
trichromatosome	 reconstitution	 and	 quality	 control	 via	 AFM	 and	 agarose	 gel	 electrophoresis.	
Appendix	A	contains	the	DNA	sequences.	
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6.2	 Linker	 histones	 compact	 A-far	 and	 A-near	 trichromatosomes	
similarly	

	
	
Figure	6.2:	Single-pair	FRET	observations	for	trichromatosomes.	A.	Salt-induced	trichromatosome	dissociation	assay.	(i)	
A-far	with	LH,	(ii)	A-near	with	LH,	(iii)	A-near	without	LH.	Proximity	ratio	is	on	y-axis	and	NaCl	concentration	(mM)	on	x-
axis.	The	colour	intensity	represents	the	normalised	frequency.	B.	and	C.	Proximity	ratio	(P)	plots	at	individual	salts.	B(i).	
All	the	four	constructs,	A-far	with	and	without	LH,	A-near	with	and	without	LH	at	25	mM	NaCl	1xTE.	(ii)	A-near	with	and	
without	LH,	and	A-far	with	LH	at	300	mM	NaCl	1xTE.		C.	Comparison	between	proximity	ratio	plots	at	25	mM	NaCl	(bold	
line)	and	150	mM	NaCl	(bars)	for	(i)	A-near	with	LH	(ii)	A-far	with	LH	and	(iii)	A-near	without	LH.	Colour:	Red:	A-near	
with	LH,	Pink:	A-far	with	LH,	Purple:	A-near	without	LH,	Mauve:	A-far	without	LH	(Figure	Bi).	

	
Salt	assays	were	performed	on	the	A-far	and	A-near	constructs	with	and	without	LH	to	

assess	 how	 compaction	 of	 the	 trichromatosomes	 varied	with	 salt	 concentration.	 The	 samples	
were	incubated	in	1xTE	buffers	(pH	7.5)	containing	25,	75,	150,	250,	300,	550,	and	700	mM	NaCl	
for	 1	 hour	 prior	 to	 spFRET	 measurements	 using	 single-laser	 excitation.	 Figure	 6.2A	 shows	
heatmap	representations	of	the	salt	assay.	At	25	mM	NaCl	(Figure	6.2	B(i)),	the	proximity	ratio	of	
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the	trichromatosomes	with	the	LH	are	higher	(at	ca.	0.82)	than	for	the	sample	without	LH	(at	ca.	
0.35).	A	further	increase	in	salt	upto	250mM	leads	to	further	compaction	of	the	trichromatosomes.	
This	salt-induced	increase	in	compaction	(increase	in	proximity	ratio)	is	less	prominent	in	the	LH	
containing	samples	than	the	ones	without	LH	(Figure	6.2C).	This	compaction	is	brought	about	by	
shielding	of	the	negative	charges	of	the	DNA	by	the	positively	charged	sodium	ions.	

Upon	 fitting	 the	 proximity	 ratio	 plots	 (for	 fitted	 data,	 please	 see	 Supplementary	
Information	Chapter	6B),	it	is	observed	that	the	prominent	high	FRET	peak	(proximity	ratio	0.6	
to	1.0)	present	in	LH	containing	samples,	can	be	fitted	by	two	populations,	denoted	as	Population	
I,	having	a	lower	proximity	ratio	and	Population	II	having	the	highest	proximity	ratio.	At	25	mM	
NaCl	1xTE,	we	observe	that	the	population	II	show	a	higher	mean	proximity	ratio	in	the	A-near	
‘with	LH’	sample	as	compared	to	the	A-far	with	LH.	But	the	change	in	proximity	ratio	is	negligible	
at	ca.	0.05.		

The	 difference	 in	 the	 salt-induced	 dissociation	 between	 A-far	 and	 A-near	 ‘with	 LH’	
samples	is	negligible	for	the	population	II	in	the	high-FRET	range	(Supplementary	Information	
Chapter	6B	II).	This	species	coexists	with	the	population	I	for	salt	concentrations	25	mM	to	about	
250	mM,	and	decreases	sharply	at	300mM	(Supplementary	Information	Chapter	6	Figure	B	II).		

At	300	mM,	the	proximity	ratio	of	the	population	I	in	LH-containing	samples	become	equal	
to	 the	 major	 population	 peak	 of	 the	 samples	 without	 LH	 (0.61	 to	 0.65,	 see	 Supplementary	
Information	B5,	300	mM).	This	species	in	the	A-near	and	A-far	‘with	LH’	samples	may	have	lost	
the	LH.	The	LH-containing	population	II	still	exists	at	this	salt	(Figure	6.2B(ii)).	This	high	FRET	
species	corresponds	to	about	20.4%	of	the	total	trichromatosome	population	in	A-far	with	LH	and	
25%	for	A-near	with	LH.	The	remaining	75%	to	80%	of	the	total	trichromatosome	(population	I),	
peak	loses	the	LH.	

The	 presence	 of	 linker	 histone	 compacts	 the	 trichromatosomes	 (169),	 resulting	 in	 a	
compact	population	II	 that	 is	observable	 from	25	mM	up	to	250	mM	NaCl	1xTE.	However,	 the	
placement	of	the	A-tracts	on	the	inner	(A-near)	vs.	outer	(A-far)	L-DNA	arms	does	not	affect	the	
compaction	or	stability	of	the	trichromatosomes.		

	
6.3	 Orientation	 of	 neighbouring	 LH	 does	 not	 affect	 trichromatosome	
compaction	
	

Following	up	from	our	observations	described	in	chapter	5,	we	expect	that	the	zone	B	of	
the	gH	domains	of	the	LHs	associated	with	nucleosomes	1	and	3,	will	be	oriented	towards	the	A-
tracts,	which	are	present	on	the	outer	L-DNA	(A-far)	or	inner	L-DNA	(A-near).	From	the	spFRET	
observations	we	conclude	that	the	orientation	of	the	gH	domain	of	the	LHs	on	1	and	3	does	not	
affect	 the	 compaction	or	 stability	 of	 the	 two	 trichromatosome	 constructs.	The	highly	 compact	
Population	II	was	modeled	using	the	software	UCSF	Chimera	(120)	and	FPS	(131),	using	a	P	value	
of	0.8	(SI	Chapter	6	BII)	between	the	mid-points	of	the	inner	L-DNA	arms,	at	25	mM.	Normal	mode	
analysis	using	the	elNémo	webserver	(124)	was	performed	on	the	starting	structure	5NL0	(29)	to	
obtain	a	range	of	arm	opening	conformations.	The	frame	at	which	the	computed	proximity	ratio	
was	0.8,	was	chosen,	and	this	was	assigned	as	the	middle	nucleosome,	Nuc	2.	Using	Chimera,	two	
other	copies	of	5NL0	were	placed	to	build	the	Nuc	1	and	3.	The	DNA	sequence	of	the	structure	was	
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mutated	to	that	of	A-far	or	A-near	using	the	“Swapna”	command	in	UCSF	Chimera	(120).	The	gH	
domain	 of	 the	 LH	 was	 placed	 facing	 the	 A-tracts	 on	 the	 Nuc	 1	 and	 3,	 in	 accordance	 to	 the	
monochromatosome	AG	and	GA	models	in	Chapter	5.	
	

	
Figure	 6.3:	 Modelling	 the	 highly	 compact	 population	 II	 of	 trichromatosomes.	 (i).	 and	 (ii).	 show	 two	 perpendicular	
orientations	of	the	trinucleosome	structure.	The	outer	L-DNA	and	the	gH	domains	are	removed	in	this	representation	for	
clarity;	the	core	histones	of	nucleosomes	(Nuc)	1-3	are	shown	in	grey	surface	representation.	

	
Apart	from	the	experimental	proximity	ratio	constraint,	two	other	considerations	had	to	

be	kept	in	mind	while	modeling.	One	is	the	optimal	stacking	(when	compared	to	PDBs	6HKT	(144),	
6L49	(170))	of	nucleosomes	1	and	3,	and	secondly,	that	the	inner	L-DNA	arms	were	not	bent	at	a	
non-physiological	 angle.	 We	 find	 that	 the	 nucleosome	 2	 is	 twisted	 nearly	 orthogonally	 with	
respect	to	the	nucleosomes	1	and	3	(Figure	6.3).	Geometric	parameters	of	the	trichromatosome	
models	were	calculated	using	Chimera	 (120)	 (Figure	6.4	and	Table	6).	The	 three	core	histone	
octamers	(Nuc	1,	2,	and	3)	were	defined	by	the	octamer	planes	in	pink.	

	
	
Figure	6.4:	Geometric	parameters	obtained	from	the	model.	(i).	Pink	discs	represent	the	three	core	octamers,	the	green	
disc	denote	the	stacking	plane.	The	fluorescent	dot	denotes	the	site	on	the	inner	L-DNA	where	the	FRET	occurs	between	the	
fluorophores.		(ii).	Viewed	from	the	Nuc	2	end.	Nuc	1	and	Nuc	3	planes	are	shown	as	dashed	blue	lines.	Nuc	2	and	stacking	
plane	as	black	continuous	line.	(iii).	The	dyad	axes	of	Nuc	1	and	3	are	rotated	with	respect	to	each	other.	
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Table	6:	Geometric	parameters	obtained	from	the	model.	
Angles	

octamer	planes:	Nuc	1	and	Nuc	3	(pink.	(i)	and	dashed	
blue	lines	(ii))	

20.0°	

Stacking	plane	(green)	and	Nuc	2	(ii)	 72.6°	
Dyad	axis	1	and	dyad	axis	3	(iii)	 28.1°	

	
The	 angle	 between	 the	 planes	Nuc	 1	 and	Nuc	 3	 (angle	 between	 the	 blue	 dashed	 lines	

shown	 on	 Figure	 6.4	 (ii))	was	 calculated	 to	 be	 20°.	 A	 stacking	 plane	 in	 green	was	 defined	 in	
between	the	octamer	planes	1	and	3,	using	the	residues	of	the	core	histones	of	1	and	3	that	are	
facing	each	other:	Arg	134	of	the	H3	histones	of	1	and	3,	Asp	24	of	the	H4	histones,	Asn	68	of	the	
H2A	histones	and	Ser	120	of	the	H2B	histones.	This	plane	was	defined	to	calculate	the	screw	angle	
(Figure	6.4	(ii),	angle	between	black	lines)	between	it	and	the	Nuc	2	octamer	plane.	This	angle	was	
about	73°.	To	measure	 the	 rotation	of	 the	plane	Nuc	3	with	 respect	 to	Nuc	1,	dyad	axes	were	
defined	in	chromatosomes	1	and	3	using	the	dyad	base	pairs	and	the	Arg	134	residue	on	the	two	
copies	of	H3	in	each	octamer.	The	Nuc	3	is	rotated	by	28°	with	respect	to	Nuc	1.		

Assuming	nearly	straight	inner	L-DNAs,	our	model	of	the	trichromatosomes	resemble	the	
standard	 2-start,	 zig-zagged	 conformations	 seen	 in	 cryo-EM,	 X-ray	 crystallographic,	 and	
computational	studies	of	nucleosomal	arrays	(61,	143,	144,	170).	As	seen	in	our	spFRET	results	
presence	of	LH	is	essential	for	bringing	the	inner	L-DNA	arms,	and	hence	the	chromatosomes	1	
and	3	in	close	proximity.	However,	the	gH	domain	orientations	anticipated	from	the	AG	and	GA	
monochromatosome	models	(chapter	5)	do	not	affect	this	compaction.	The	most	likely	reason	for	
the	lack	of	change	in	compaction	could	be	that	our	LH	subtype,	the	H1.0b,	associates	in	an	on-dyad	
fashion	(29,	30,	158).	Differences	in	compaction	are	shown	mostly	by	LHs	associated	in	an	on-	vs.	
off-dyad	 fashion	 (27,	 33).	 The	 question	 now	 is,	 how	 does	 the	 LH	mediate	 the	 compaction	 of	
trichromatosomes.	
	

6.4	How	does	the	linker	histone	aid	trichromatosome	compaction?	
	

Biochemical	assays	and	bulk-spectroscopic	studies	in	the	90s	(171,	172)	showed	that	the	
LH	 can	 self-associate	 via	 its	 gH	 and	 C-terminal	 domains,	 in	 the	 presence	 of	 DNA,	 and	 this	
dimerization	could	have	a	major	effect	on	higher-order	structures	of	chromatin.	Cryo-EM	studies	
by	Song	et	al.	(133)	on	dodecamers	showed	that	the	‘head’	domain	(comprising	of	the	NTD	and	
gH)	of	off-dyad	bound	LHs,	interacted	directly	with	each	other.		
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Figure	 6.5:	Positioning	 of	 the	 gHs	 in	 the	 stacked	 nucleosomes	 1	 and	 3	 in	 the	 trichromatosome	models.	The	 stacked	
chromatosomes	1	and	3	in	Left:	A-near	and	Right:	A-far	constructs.	The	gH	is	coloured	according	to	the	scheme	presented	
in	Figure	6.1,	i.e.,	zone	A	in	sea-green,	zone	B	in	pink	and	zone	C	(containing	the	hydrophobic	domain)	in	blue.	The	beginning	
of	the	CTD	is	represented	by	a	red	dot,	as	in	Figure	6.1.	Only	the	A-tract	flank	is	shown	in	atomic	detail,	on	either	the	inner	
(A-near)	or	the	outer	(A-far)	L-DNA.	Adenine	is	in	orange	and	thymine	in	blue.		

	
In	the	model	corresponding	to	population	II,	LH	of	Nuc	1	and	3	face	each	other	via	the	

same	domains	 in	both	 the	A-near	 (Figure	6.4	 left)	 and	 the	A-far	 (Figure	6.4	 right)	 constructs.	
Considering	the	gH+NTD	as	the	‘head’	and	the	CTD	as	the	‘tail’	(29,	133),	the	A-near	construct	has	
a	tail-to-tail	and	the	A-far	construct	has	a	head-to-head	configuration.	However,	as	we	see	in	our	
model,	the	gH	of	LHs	1	and	3	are	not	in	close	proximity	for	either	hydrophobic	interactions	(Zone	
C-Zone	C)	to	take	place	or	salt-bridges	to	form.	Thus,	this	model	of	population	II	does	not	support	
the	idea	of	direct	gH	interactions	in	our	constructs.	

We	next	consider	the	CTD.	We	did	not	explicitly	model	the	CTDs	of	the	LHs	1	and	3,	and	in	
chapter	5	we	describe	that	the	CTD	fluorophore	at	101st	residue	is	nearly	equidistant	from	the	A-
tract	and	GC-tract	containing	L-DNAs.	However,	this	one	fluorophore	position	cannot	account	for	
the	 exact	 location	 of	 these	 100	 amino	 acids	 long	 intrinsically	 disordered	 domain.	 Previous	
experimental	and	computational	studies	have	shown	the	CTD,	owing	to	being	highly	positively	
charged,	to	be	locally	structured	in	the	presence	of	nucleosomes	(135,	136)	and	with	nucleosomal	
arrays	(137).	Cryo-EM	studies	on	mononucleosomes	have	shown	that	the	CTD	of	the	H1.0	subtype	
associates	with	one	of	the	L-DNA	arms	(29)	or	both	(30).	Cryo-EM	studies	by	Song	et	al.	(133)	on	
nucleosomal	arrays	have	shown	that	the	CTD	of	off-dyad	bound	gH	domains,	associates	with	both	
the	L-DNAs.	

In	our	constructs,	the	starting	point	of	the	C-terminus	(residue	95	of	the	gH,	denoted	as	a	
red	dot)	of	the	1st	and	3rd	gH	face	towards	each	other	in	A-near	(Figure	6.4	left)	and	away	from	
each	other	in	A-far	(Figure	6.4	right).	If	the	CTD	associates	with	one	of	the	L-DNAs,	it	may	associate	
with	the	outer	L-DNAs	in	A-far	and	the	inner	L-DNAs	in	A-near.	In	this	case,	charge	neutralisation	
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of	the	inner	L-DNAs	in	A-near	would	be	expected	to	result	in	its	greater	compaction	that	A-far.	
This	is	not	the	case.	If	the	CTD	associates	with	both	the	L-DNAs	as	suggested	by	Zhou	et	al.	(2021)	
(30),	then,	irrespective	of	the	orientation	of	the	gH,	the	CTD	would	neutralise	charges	of	both	the	
outer	and	the	inner	L-DNA	arms.	In	such	a	case,	both	the	A-near	and	A-far	constructs	would	be	
expected	to	be	compacted	similarly.	Thus,	such	an	arrangement	of	the	CTDs	would	be	compatible	
with	our	observations.	
	

6.5	Concluding	remarks	
	

We	observe	no	change	 in	the	extents	of	compaction	of	 the	two	constructs	studied.	The	
differing	orientations	of	the	1st	and	3rd	LH	towards	A-tracts	on	the	inner	(A-near)	or	outer	(A-far)	
L-DNA	does	not	affect	the	inner	L-DNA	arm-arm	distance.	However,	a	limitation	of	this	study	is	
that	we	studied	only	one	subtype	of	linker	histone,	the	H1.0b,	which	has	been	observed	to	bind	
on-dyad	(29,	30).	Another	limitation	in	this	study	is	that	we	do	not	incorporate	A-tracts	to	the	2nd	
chromatosome	(Nuc	2).	Both	the	L-DNA	flanks	have	a	mixed	sequence.	Thus,	we	expect	the	gH	of	
the	2nd	LH	to	be	oriented	non-specifically.		

This	 study	 was	 carried	 out	 for	 trichromatosomes,	 as	 minimal	 systems	 for	 studying	
chromatin	compaction.	We	cannot	extrapolate	the	results	to	longer	chromatin	fibres,	of	varied	L-
DNA	 lengths,	 or	 to	 in-vivo	 conditions.	 The	 possible	 role	 that	 A-tract	 induced	 orientational	
differences	of	the	gH	can	have	on	larger	nucleosomal	arrays	deserve	further	investigation.	
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Chapter	7	
	

Conclusions	&	Outlook	
	
	

Since	 the	 first	 formal	description	of	 the	 chromatosome	 in	 the	 late	70s	 (21),	 the	 linker	
histone	has	been	somewhat	of	an	enigma.	Despite	nearly	 fifty	years	of	both	experimental	and	
computational	studies,	numerous	questions	regarding	this	elusive,	‘forgotten’	(173)	histone	still	
remain.	Geometrically,	the	nucleosome	(i.e.,	minus	the	LH)	has	an	axis	of	symmetry	also	known	as	
the	pseudodyad	axis.	The	DNA	sequence	around	the	core,	the	PTMs	on	the	histone	tails	(174),	etc.	
confers	asymmetry	to	the	nucleosome.	On	forming	a	chromatosome,	i.e.	with	the	association	of	
the	LH	(on-/off-dyad	(27–32)),	an	additionally	 layer	of	asymmetry	 is	conferred.	This	has	been	
speculated	 to	 impart	 an	 asymmetry	 in	 higher-order	 structures	 of	 the	 chromatin	 (27,	 29)	 and	
likewise	 affect	 its	 compaction.	But	what	determines	 the	mode	of	 association	of	 the	LH	on	 the	
nucleosome?	Is	 it	only	the	amino	acid	sequence	variations	(31)	 in	different	LH	isoforms	or	LH	
PTMs	 (163)	 that	determine	 this,	 or	does	 the	L-DNA	sequence	also	 contribute	 to	 the	observed	
modes	of	LH	association?		
	 There	has	been	an	observed	preference	of	the	LH	for	AT-rich	sequences	(44,	45,	50,	125)	
and	A-tracts	 (46–48).	What	are	 the	 structural	and	consequently	biological	 implications	of	 this	
sequence	specificity?	As	a	corollary,	how	exactly	does	the	LH	recognize	AT-rich	DNA	stretches	and	
A-tracts?	This	thesis	has	aimed	to	answer	some	of	these	questions.	
	

7.1	Contribution	of	L-DNA	to	the	location	of	LH:	Length	or	sequence?	
	
	 In	Chapter	4	we	first	studied	the	proximity	of	the	globular	domain	to	variably	long	L-DNAs.	
Although	 the	 globular	 domain	 showed	 a	 higher	 FRET	 peak	 for	 the	 40	 bp	 long	 L-DNA	 arm	 as	
opposed	to	the	shorter	24	bp	arm,	it	did	not	show	the	same	effect	when	the	arm	lengths	were	
swapped,	or	when	both	the	arms	were	elongated	to	40	bp.	This	was	expected	as	the	binding	of	the	
LH	to	the	nucleosome	has	been	observed	to	be	affected	by	L-DNA	lengths	less	than	10	bp	(146).	
But	the	globular	domain	consistently	showed	higher	FRET	peaks	for	the	plus	arm,	irrespective	of	
its	length.	
	 This	led	us	to	inspect	the	sequence	of	the	L-DNA	arms	at	the	sites	flanking	the	globular	
domain	of	the	LH.	The	pGEM-3z/601	plasmid	containing	the	strongly	positioning	601	sequence	
(53)	has	a	purely	GC	stretch	on	one	side	of	the	NCP	sequence.	The	other	side	has	a	mixed	DNA	
sequence	with	a	64%	AT	content.	It	was	expected,	based	on	previous	studies	(44–51,	125)	that	
the	globular	domain	would	 show	a	higher	FRET	peak	 for	 the	AT-rich	 flank,	but	 it	was	not	 so.	
Instead,	it	showed	a	higher	FRET	peak	for	the	L-DNA	that	contained	the	purely	GC	flank.	When	the	
64%	AT-rich	 flank	was	replaced	by	an	A-tract,	 the	globular	domain	showed	reproducibly	high	
FRET	peaks	with	the	A-tract,	even	upon	swapping	the	flank	sequences	of	the	two	L-DNA	arms.	
This	 shows	 us	 that	 L-DNA	 sequences	 at	 the	 sites	 flanking	 the	 globular	 domain	 can	 affect	 its	
location	or	orientation.	
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7.2	Direct	and	indirect	recognition	of	AT-rich	DNA	by	the	linker	histone	
	
	 Recognition	of	AT-rich	DNA	by	the	LH	has	so	far	been	attributed	either	to	the	CTD	(48)	or	
a	hydrophobic	region	of	the	globular	domain	(49,	50).	The	latter	(we	term	as	Zone	C),	containing	
a	Gly-Val-Gly-Ala	motif	in	H1.0	isoforms	(Table	7)	had	been	previously	observed	in	silico	(50,	125)	
to	mediate	recognition	of	AT-rich	DNA	via	hydrophobic	interactions	with
	thymine	methyl	groups.	Why	did	we	then	observe	a	selective	preference	of	the	globular	domain	
for	A-tracts	and	not	for	the	64%	AT-rich	sequence?	The	answer	lies	in	the	mode	of	association	of	
the	LH.		
	 Thymine	methyl	groups	are	exposed	on	the	major	groove	of	the	DNA	that	can	be	accessed	
by	a	LH	positioned	 in	an	off-dyad	 fashion	 (50).	 In	Chapter	5	our	FRET-restrained	nucleosome	
models	show	that	the	globular	domain	of	the	LH	is	situated	on-dyad	and	in	the	canonical	fashion,	
in	accordance	to	the	previous	structural	and	computational	studies	(27–31).	At	this	position,	the	
major	groove	of	the	flanking	L-DNAs	is	out	of	reach	for	the	hydrophobic	Zone	C	region	of	the	LH.	
This	can	be	a	possible	reason	why	the	LH	does	not	show	high	FRET	for	the	64%	AT-rich	flank.	But	
how	does	it	recognize	A-tracts?	
	 A	characteristic	feature	of	A-tracts	is	the	narrowing	of	 its	minor	groove	(43,	159,	162).	
Proteins	that	can	recognize	A-tracts	(48,	159)	typically	do	so	by	employing	arginine	residues	or	
an	arginine-containing,	conserved	‘AT-hook’	motif	(175,	176)	comprising	of	the	sequence:	Pro-
Arg-Gly-Arg-Pro	(175).	The	arginine	residues	mediate	ionic	interactions	with	the	highly	negative	
A-tract	minor	groove	(159,	162).	Amongst	the	positively	charged	amino	acid	residues	lysines	and	
arginines,	stripping	off	the	hydration	shell	of	the	guanidium	group	in	arginines,	is	energetically	
more	favorable	than	the	amino	group	of	lysine	(159,	162).		
	 In	our	models	of	AG	and	GA	constructs	(Chapter	5),	as	well	as	in	previous	structural	(27,	
29–31)	and	computational	models	(158)	of	the	on-dyad	bound	linker	histones,	the	minor	grooves	
of	the	L-DNA	flanks	are	proximal	to	the	globular	domain	of	the	LH.	Our	models	show	that	the	on-
dyad	bound	globular	domain	has	a	specific	orientation	with	respect	to	the	two	L-DNA	arms.	A	
particular	region	 that	we	designate	as	Zone	B,	comprising	of	 the	 loop	1	and	the	b2	domain,	 is	
situated	proximal	to	the	A-tract	 flank	in	the	AG	construct.	 In	the	GA	construct	where	the	flank	
sequences	 are	 swapped	 between	 the	 two	 L-DNA	 arms,	 the	 globular	 domain	 is	 reoriented	
accordingly.	Two	arginines	in	this	Zone	B	protrude	into	the	minor	groove	of	the	A-tract	in	both	AG	
and	the	GA	constructs.	These	two	residues,	R42	on	the	loop	1	and	R94	on	b2	are	highly	conserved	
in	 LH	 isoforms	 across	 organisms,	 and	 form	 a	 ‘pincer’-like	 motif,	 that	 we	 suggest	 has	 similar	
functionality	as	the	AT-hook	motif,	that	is,	recognition	of	A-tracts	via	its	narrow	minor	groove.	
Both	these	conserved	arginine	residues	have	been	previously	mutated	to	alanines	(154,	165,	177)	
or	 to	glutamic	acid	(156)	 to	show,	using	both	experimental	(154,	156,	177)and	computational	
techniques	(165)	that	such	mutants	bind	to	DNA	with	less	affinity.	
	 Although	 we	 observe	 that	 the	 Zone	 B	 mediates	 A-tract	 recognition,	 recent	 cryo-EM	
structures	by	Zhou	et	al.	(2021)	(30)	showed	that	a	conserved	arginine	residue	on	the	a3	helix	
(R74)	was	proximal	to	the	minor	groove	of	the	64%	AT-rich	flank.	Further	 inspection	into	the	
sequence	of	the	a3	helix	in	LH	isoforms	across	organisms	(Table	7.1)	show	that	there	is	indeed	
one	arginine	in	the	a3	helix	although	its	location	is	not	conserved.		
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Table	7:	Zones	A,	B	and	C	of	different	LH	isoforms	across	organisms.	Boxed	is	the	isoform	used	in	the	work	
presented	in	this	thesis.	

Organism	 LH	isoforms	
helix	a3	
[Zone	A]	

Loop	1	
[Zone	B]	

b2 

[Zone	B]	

beta-
hairpin	
loop		

[Zone	C]	
Xenopus	laevis	 H1A	 VDKNNSRLKLALK	 KERSG	 SFKL	 GSGA	

	 H1B	 NSRLKLALKALVTK	 KERSG	 SFKL	 GSGA	

	 H1C	 VDKNNSRLKLALK	 KERGG	 SFKL	 GSGA	
	 H1.0-A	 DSQIKLSIKRLV	 KSRSG	 SFRL	 GVGA	
	 H1.0-B	 DSQIKLSIKRLV	 KSRSG	 SFRL	 GVGA	

Homo	sapiens	 H1.1	 NNSRIKLGIKSLVS	 KERGG	 SFKL	 GTGA	
	 H1.2	 NNSRIKLGLKSLVS	 KERSG	 SFKL	 GTGA	
	 H1.3	 NNSRIKLGLKSLVS	 KERSG	 SFKL	 GTGA	
	 H1.4	 NNSRIKLGLKSLVS	 KERSG	 SFKL	 GTGA	
	 H1.5	 NNSRIKLGLKSLVS	 KERNG	 SFKL	 GTGA	
	 H1.6/H1t	 NNSRIKLSLKSLV	 QERVG	 SFKL	 GTGA	
	 H1.7	 KSGRHEAPRGQA	 THKGL	 YFRV	 	
	 H1.8/H1oo	 RFKYLLKQALATGMRR	 EQRRG	 SFKL	 ARGA	
	 H1.9	 AYHFKRVLKGLV	 TCKYV	 SFTL	 GTCK	

	 H1.10	 GRTYLKYSIKALVQN	 GERNG	 SFKL	 GTGA	

	 H1.0	 DSQIKLSIKRLV	 KNRAG	 SFRL	 GVGA	
Mus	musculus	 H1t	 NSRIKLALKRLVN	 QERAG	 SFKL	 GTGA	

	 H1.0	 DSQIKLSIKRLV	 KNRAG	 SFRL	 GVGA	
Gallus	gallus	 H5	 DLQIKLSIRRLL	 KSRGG	 SFRL	 GVGA	
Drosophila	
melanogaster	

H1	 LAPFIKKYLKSAVV	 KERGG	 SFKL	 GKGA	

	
	 We	decided	 to	 obtain	 further	 evidence	on	whether	 the	on-dyad	bound	 linker	histones	
mediate	 recognition	 of	 A-tracts	 via	 hydrophobic	 interactions	with	 thymine	methyl	 groups.	 In	
Chapter	5	I	have	described	our	FRET	observations	from	the	TU	construct	that	contained	two	A-
tracts,	one	complementary	to	methyl-group	containing	thymine	and	the	other	complementary	to	
deoxy-uridine	lacking	the	methyl-group.	Our	FRET-restrained	modeling	shows	the	possibility	of	
two	species	of	chromatosomes:	one	where	the	Zone	B	of	the	globular	domain	is	oriented	towards	
the	thymine	tract	and	one	where	the	Zone	B	is	oriented	towards	the	deoxy-uridine	tract.	Replacing	
thymines	with	deoxy-uridines	would	not	affect	the	width	of	the	minor	groove	(166)	of	the	A-tract,	
making	both	the	A-tracts	indistinguishable	when	recognized	via	the	minor	groove.		
	 This	observation	further	proved	that	on-dyad	positioned	linker	histones	recognize	DNA	
sequences	such	as	A-tracts	indirectly,	by	sequence	induced	changes	in	the	physical	parameters	of	
the	DNA,	such	as	the	narrowing	of	the	minor	groove.	Off-dyad	positioned	linker	histones,	being	
able	to	access	the	major	groove	can	directly	recognize	DNA	sequences	via	interactions	with	the	
functional	groups	of	the	bases,	such	as	the	methyl	group	of	thymines.	
	 Taking	our	observations	together	with	previous	works	(30,	49,	50,	125)	we	conclude	that	
there	are	multiple	ways	for	the	LH	to	recognize	AT-rich	DNA.	The	mode	of	association	of	the	LH	
on	 the	nucleosome	determines	 its	mode	of	 recognition	of	AT-rich	DNA:	either	directly	via	 the	
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major	groove	or	indirectly	via	the	minor	groove.	
	 The	biological	significance	of	the	linker	histone’s	ability	to	recognize	AT-rich	DNA	can	be	
two-fold:	(a)	the	compaction	of	heterochromatin	and	(b)	in	the	higher-order	structuring	of	the	
chromatin.		

	
7.3	Implications	in	heterochromatin	compaction	
	
	 Constitutive	 heterochromatin	 are	 highly	 condensed	 and	 unexpressed	 parts	 of	 the	
chromatin	that	are	rich	 in	satellite	sequences	having	a	high	AT	content	(47).	A-tracts	having	a	
continuous	 stretch	 of	 four	 to	 six	 adenines	 (43)	 make	 up	 the	 consensus	 sequences	 of	
Scaffold/matrix	 associated	 regions	 (S/MAR)	 (46).	 The	 observed	 affinity	 of	 LH	 for	 AT-rich	
sequences	 and	 A-tracts	 could	 be	 directly	 correlated	with	 observations	 of	 the	 LH	 having	 high	
occupancy	in	S/MAR	or	AT-rich	heterochromatin	(167,	168).		

	
7.4	Implications	in	higher-order	structure:	a	preliminary	understanding	
and	future	perspectives	
	
	 The	widely	observed	on-	(29,	30,	158)	and	off-dyad	(31,	32)	modes	of	association	of	the	
LH	 on	 nucleososomes	 led	 to	 speculations	 as	 to	 how	 these	 two	 binding	modes	may	 affect	 the	
chromatin	at	larger	scales	(27,	32,	33).	At	the	heart	of	these	suggestions	lie	the	question:	how	can	
linker	histones	on	neighbouring	chromatosomes	compact	higher-order	chromatin	structures.	Do	
globular	 domains	 of	 the	 off-dyad	 positioned	 linker	 histones	 self-associate	 (32,	 171,	 172)	 to	
mediate	compaction	or	is	this	mediated	by	the	ca.	100	amino	acid	long	CTD	(136,	178,	179)	that	
enable	compaction	by	neutralising	the	negative	charges	of	the	linker-DNA?	
	 We	suggest	a	possible	way	to	study	the	role	of	the	linker	histone	in	structuring	chromatin	
at	larger	scales	by	exploiting	its	preference	for	AT-rich	sequences,	specifically	A-tracts.	Chapter	6	
of	this	thesis	describes	a	work	in	this	direction.	Here	we	show	a	modified	 in-vitro	Golden-Gate	
assembly	 protocol	 (described	 in	 Chapter	 3)	 that	 can	 be	 used	 to	 build	 arrays	 of	 Widom	 601	
sequences	with	A-tracts	at	user-defined	positions.	Ideally,	linker	histones	of	both	types,	i.e.,	on-
dyad	binder	and	off-dyad	binder	should	be	used	to	reconstitute	nucleosome	arrays	containing	A-
tracts,	to	properly	elucidate	the	role	of	linker	histone	in	higher-order	structuring.	Here	we	show	
the	 possible	 contribution	 of	 the	 linker	 histone	 of	 subtype	 H1.0b	 on	 the	 compaction	 of	
trinucleosomes.	
	 A-tracts	were	placed	either	on	the	inner	or	on	the	outer	L-DNA	arms	flanking	nucleosomes	
1	and	3,	generating	two	types	of	trinucleosomes.	According	to	our	AG	and	GA	models	in	Chapter	
5,	 in	 the	 first	 type	 of	 trinucleosome,	 the	 hydrophobic	 Zone	 C	 on	 the	 LH	 globular	 domains	 on	
nucleosomes	1	and	3	would	have	faced	each	other	and	in	the	second	type,	away	from	each	other.		
	 Although	 both	 the	 trinucleosome	 types	 are	 greatly	 compacted	 in	 presence	 of	 linker	
histones,	 we	 observe	 no	 change	 in	 the	 extent	 of	 compaction	 between	 these	 two	 types	 of	
trinucleosomes.	Modeling	the	trinucleosome	using	the	inner	L-DNA-L-DNA	distance	shows	us	that	
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on-dyad	positioned	globular	domains	on	nucleosomes	1	and	3	are	not	close	enough	to	enable	self-
association.	Thus,	apart	from	other	factors	such	as	nucleosome-nucleosome	stacking,	one	of	the	
contributors	to	the	compaction	of	the	trinucleosomes	could	be	the	C-terminal	domains	of	the	three	
linker	histones.	We	observed	 that	 the	upstream	end	of	 the	CTD	 (position	G101,	 Chapter	4)	 is	
equidistant	from	both	the	L-DNA	arms.	Recent	cryo-EM	studies	by	Zhou	et	al.	(2021)	(30)	show	
that	the	CTD	of	H1.0	subtypes	interact	similarly	with	both	the	L-DNA	arms.	The	CTD	has	also	been	
shown	to	be	essential	in	the	compaction	of	nucleosome	arrays	(128),	by	neutralising	the	negative	
charge	on	the	L-DNAs.	Thus,	overall,	we	show	that	if	positioned	on-dyad,	orientational	changes	of	
the	gH	domain	does	not	affect	compaction.	The	CTD	that	associates	with	both	the	L-DNA	arms	
similarly	 can	 compact	 the	 two	 trinucleosome	 types	 in	 a	 similar	 fashion,	 irrespective	 of	 the	
orientational	differences	in	the	gH	domain.		

	
7.5	Opening	a	Pandora’s	box	
	
	 Overall,	the	work	presented	in	this	thesis	has	shown	the	influence	of	DNA	sequence	on	
linker	histone	positioning	and	a	new	mode	of	DNA	sequence	recognition	by	the	linker	histone.	As	
a	follow	up,	we	have	demonstrated	how	A-tract	recognition	by	linker	histone	can	be	exploited	to	
study	the	effect	of	linker	histone	in	the	structuring	of	chromatin	in	larger	scales.	
	
But	newer	questions	and	avenues	arise	from	this	work	that	can	be	addressed	in	the	future.	For	
instance:	
	

• What	 if	 the	 conserved	 arginines	 (42	 and	 94)	 are	mutated	 to	 lysines?	 Being	 positively	
charged,	 I	 would	 expect	 these	 mutants	 to	 compact	 nucleosomes.	 But	 would	 A-tract	
recognition	be	affected?	How	would	this	affect	heterochromatin	compaction	in	vivo?	

• Arginines	42	and	94	can	be	mutated	to	see	if	arginine	74	at	Zone	A	can	mediate	A-tract	
recognition.	 This	 arginine	 too	 can	 be	 mutated	 to	 lysine,	 to	 remove	 indirect	 A-tract	
recognition	capability	of	the	LH.	In	this	case	the	expected	observation	would	be	that	the	
gH,	if	positioned	on-dyad,	would	not	show	high	FRET	peaks	for	A-tracts.	

• The	position	of	the	single	arginine	residue	in	Zone	A	(R74)	is	not	conserved	(Table	7).	How	
would	this	affect	recognition	of	A-tracts?	To	do	this,	LH	of	different	subtypes	should	be	
used	and	the	Zone	B	arginines	should	be	mutated	so	as	to	bias	A-tract	recognition	to	Zone	
A.	

• Preference	 towards	AT-rich	DNA	had	been	previously	attributed	 to	 the	CTD	(48).	This	
issue	needs	to	be	further	resolved	by	performing	similar	sp-FRET	experiments	as	ours,	on	
A-tract	 containing	 nucleosomes	 and	 CTD-lacking	 LH.	 Additionally,	 the	 CTD	 should	 be	
labelled	at	multiple	positions	to	ascertain	whether	any	part	of	the	CTD	has	a	preference	
towards	AT-rich	DNA.	

• To	further	support	our	spFRET	based	modeling,	cryo-EM	studies	are	necessary	to	directly	
visualise	A-tract	induced	orientational	changes	of	the	globular	domain.	
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• A	major	limitation	of	this	study	was	that	we	ignored	the	contribution	of	core	histone	tails.	
It	 is	 necessary	 to	 systematically	 study	 the	 contribution	 of	 core	 histone	 tails	 to	A-tract	
recognition	by	the	LH.	Is	there	any	competition	between	the	two?		

• How	 would	 off-dyad	 bound	 linker	 histones	 affect	 the	 compaction	 of	 trinucleosomes?	
Would	the	globular	domains	self-associate	if	they	are	proximal	enough?	Using	A-tracts	and	
an	off-dyad	binding	LH,	this	question	can	be	addressed.	

	
	 These	avenues	can	be	explored	in	order	to	gain	a	complete	understanding	of	how	L-DNA	
sequences,	 linker	 histones	 of	 different	 isoforms,	 core	 histone	 tails,	 etc.,	 together	 help	 in	
modulating	the	compaction	of	the	chromatin.	
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Appendices	
	
	

Appendix	A:	Sequences	
	

	
1. DNA	sequences:	Forward	strand	are	shown.	All	strands	run	from	5’	to	3’.	The	dyad	base	

is	numbered	0	and	depicted	in	bold.	Bases	in	red	denote	the	position	of	Alexa	594	
labelling.	Labelling	is	always	on	the	thymine	base,	T	-93	(first	red	T)	on	forward	strand	
and	T	+94	on	reverse	strand	(the	corresponding	A	+94,	coloured	red,	is	on	forward	
strand).	

	
a. Monochromatosome:	For	TU	construct,	the	base	(dT	or	dU)	the	A-tract	is	

complementary	to	is	given	within	square	brackets	and	depicted	in	bold.	
	

Asy	
MG	

GGCAATGTCGCTGTTCAATACATGCACAGGATGTATATATCTGACACGTGCCTGGAGACTAGGGAGTA
ATCCCCTTGGCGGTTAAAACGCGGGGGACAG(0)CGCGTACGTGCGTTTAAGCGGTGCTAGAGCTGTC
TACGACCAATTGAGCGGCCTCGGCACCGGGATTCTCCAGGGCGGCCGCGTATAGGGTCCATCACATAA
GGGATGAACTC 
 

As	
InvMG	

ATCCGACTGGCACCGGCAATGTCGCTGTTCAATACATGCACAGGATGTATATATCTGACACGTGCCTG
GAGACTAGGGAGTAATCCCCTTGGCGGTTAAAACGCGGGGGACAG(0)CGCGTACGTGCGTTTAAGCG
GTGCTAGAGCTGTCTACGACCAATTGAGCGGCCTCGGCACCGGGATTCTCCAGGGCGGCCGCGTATAG
GGTCCATCACA 
 

MG	

ATCCGACTGGCACCGGCAATGTCGCTGTTCAATACATGCACAGGATGTATATATCTGACACGTGCCTG
GAGACTAGGGAGTAATCCCCTTGGCGGTTAAAACGCGGGGGACAG(0)CGCGTACGTGCGTTTAAGCG
GTGCTAGAGCTGTCTACGACCAATTGAGCGGCCTCGGCACCGGGATTCTCCAGGGCGGCCGCGTATAG
GGTCCATCACATAAGGGATGAACTC 
 

GM	

ATCCGACTGGCACCGGCAATGTCGCTGTTCGCGGCCGCCACAGGATGTATATATCTGACACGTGCCTG
GAGACTAGGGAGTAATCCCCTTGGCGGTTAAAACGCGGGGGACAG(0)CGCGTACGTGCGTTTAAGCG
GTGCTAGAGCTGTCTACGACCAATTGAGCGGCCTCGGCACCGGGATTCTCCAGGCATGTATTGTATAG
GGTCCATCACATAAGGGATGAACTC 
 

AG	

ATCCGACTGGCACCGGCAATGTCGCTGTTCCAAAAAAAAAAAGGATGTATATATCTGACACGTGCCTG
GAGACTAGGGAGTAATCCCCTTGGCGGTTAAAACGCGGGGGACAG(0)CGCGTACGTGCGTTTAAGCG
GTGCTAGAGCTGTCTACGACCAATTGAGCGGCCTCGGCACCGGGATTCTCCAGGGCGGCCGCGTATAG
GGTCCATCACATAAGGGATGAACTC 
 

GA	

ATCCGACTGGCACCGGCAATGTCGCTGTTCACGCGGCCGCCCTGATGTATATATCTGACACGTGCCTG
GAGACTAGGGAGTAATCCCCTTGGCGGTTAAAACGCGGGGGACAG(0)CGCGTACGTGCGTTTAAGCG
GTGCTAGAGCTGTCTACGACCAATTGAGCGGCCTCGGCACCGGGATTCTCCCTTTTTTTTTTTGGTAG
GGTCCATCACATAAGGGATGAACTC 
 

TU	

ATCCGACTGGCACCGGCAATGTCGCTGTTCCAAAAAAAAAAA[dT]GGATGTATATATCTGACACGTG
CCTGGAGACTAGGGAGTAATCCCCTTGGCGGTTAAAACGCGGGGGACAG(0)CGCGTACGTGCGTTTA
AGCGGTGCTAGAGCTGTCTACGACCAATTGAGCGGCCTCGGCACCGGGATTCTCCCAAAAAAAAAAA[
dU]GGTAGGGTCCATCACATAAGGGATGAACTC 
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b. Trichromatosome:	Bases	labelled	with	Alexa	488	are	depicted	in	green	and	bases	
labelled	with	Alexa	594	are	depicted	in	red.	Labelling	is	always	at	thymine.	Here	in	the	
forward	strand,	the	Adenine	corresponding	to	the	thymine	on	the	opposite	strand,	is	
depicted	in	green.		

	

A-
far	

ATCCGACTGGCACCGGCAATGTCGCTGTTCCAAAAAAAAAAAGGATGTATATATCTGACACGTGCCTGGAGACTAGG
GAGTAATCCCCTTGGCGGTTAAAACGCGGGGGACAGCGCGTACGTGCGTTTAAGCGGTGCTAGAGCTGTCTACGACC
AATTGAGCGGCCTCGGCACCGGGATTCTCCAGGGCGGCCGCGTATAGGGTCCATCACATAAGGGATGAACTCACAGG
ATGTATATATCTGACACGTGCCTGGAGACTAGGGAGTAATCCCCTTGGCGGTTAAAACGCGGGGGACAGCGCGTACG
TGCGTTTAAGCGGTGCTAGAGCTGTCTACGACCAATTGAGCGGCCTCGGCACCGGGATTCTCCAGGATCCGACTGGC
ACCGGCAATGTCGCTGTTTACGCGGCCGCCCTGATGTATATATCTGACACGTGCCTGGAGACTAGGGAGTAATCCCC
TTGGCGGTTAAAACGCGGGGGACAGCGCGTACGTGCGTTTAAGCGGTGCTAGAGCTGTCTACGACCAATTGAGCGGC
CTCGGCACCGGGATTCTCCCTTTTTTTTTTTGGTAGGGTCCATCACATAAGGGATGAACTC 
 

A-
near	

ATCCGACTGGCACCGGCAATGTCGCTGTTTACGCGGCCGCCCTGATGTATATATCTGACACGTGCCTGGAGACTAGG
GAGTAATCCCCTTGGCGGTTAAAACGCGGGGGACAGCGCGTACGTGCGTTTAAGCGGTGCTAGAGCTGTCTACGACC
AATTGAGCGGCCTCGGCACCGGGATTCTCCCTTTTTTTTTTTGGTAGGGTCCATCACATAAGGGATGAACTCACAGG
ATGTATATATCTGACACGTGCCTGGAGACTAGGGAGTAATCCCCTTGGCGGTTAAAACGCGGGGGACAGCGCGTACG
TGCGTTTAAGCGGTGCTAGAGCTGTCTACGACCAATTGAGCGGCCTCGGCACCGGGATTCTCCAGGATCCGACTGGC
ACCGGCAATGTCGCTGTTCCAAAAAAAAAAAGGATGTATATATCTGACACGTGCCTGGAGACTAGGGAGTAATCCCC
TTGGCGGTTAAAACGCGGGGGACAGCGCGTACGTGCGTTTAAGCGGTGCTAGAGCTGTCTACGACCAATTGAGCGGC
CTCGGCACCGGGATTCTCCAGGGCGGCCGCGTATAGGGTCCATCACATAAGGGATGAACTC 

	
	

2. Linker	histone	sequence:	Sequence	for	the	full-length	Xenopus	laevis	H1.0b	used.	
Labelling	(Alexa	488)	positions	are	depicted	in	green.		

	
MAENSAATPAAKPKRSKALKKSTDHPKYSDMILAAVQAEKSRSGSSRQSIQKYIKNHYKVGENADSQIKLSIKRLV 
T77CSGALKQTKGVGASGSFRLAKADEG101CKKPAKKPKKEIKKAVSPKKVAKPKKAAKSPAKAKKPKVAEKKVKKV
AKKKPAPSPKKAKKTKTVKAKPVRATKVKKAKPSKPKAKASPKKSGRKK 

	
	

3. Primer	sequences	for	DNA:	Both	forward	and	reverse	strand	primers	are	tabulated	
below.	All	strands	run	from	5’	to	3’.	Residue	for	Alexa	594	or	Acc	(red)	and	Alexa	488	or	
Don	(green)	labells	are	in	bold	and	coloured	accordingly.	For	trichromatosome	primers,	
sequences	in	italics	denote	overhangs	that	allow	the	enzyme	BsaI-HF-v2	to	dock	
properly,	and	sequence	in	bold	denotes	BsaI-HF-v2	recognition	sites.	‘|’	denotes	where	
the	BsaI-HF-v2	cuts	and	underlined	sequences	are	sticky	ends	after	digestion	with	BsaI-
HF-v2.	

	
DNA:	 	
Mochromatosomes	  
	  
Gen-Forward	 ATCCGACTGGCACCGGCAATGTCGCTG 
Gen-Reverse	 GAGTTCATCCCTTATGTGATGGACCCT 
Gen	(general)	primers	are	for	AG,	GA,	MG,	GM,	TU	(forward),	asyMG	(Reverse)	and	asInvMG	
(Forward). 
For	TU:	Reverse	 GAGTTCATCCCTTATGTGATGGACCCTACCUUUUUUUUUUUCC 
For	asyMG:	Forward	 GGCAATGTCGCTGTTCAATACATGCACAG 
For	asInvMG:	Reverse-Don	 TGTGATGGACCCTATACGCGGCCGCCCTG 
	  
Trichromatosomes	 Nuc1	forward	=	Gen-Forward	and	Nuc3	reverse	=	Gen-Reverse	
Nuc1	Reverse-Don	 CCATCGGTCTCACTGT|GAGTTCATCCCTTATGTGATGGACCC 
Nuc2	Forward	 ATCGAGGTCTCT|ACAGGATGTATATATCTGACACGTGCC 
Nuc2	Reverse	 CCATCGGTCTCACCTG|GAGAATCCCGGTGCC 
Nuc3	Forward-Acc	 GTCATGGTCTCT|CAGGATCCGACTGGCACCGGCAATGTCGC 
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4. Primer	sequences	for	wild-type	LH	(K195C	to	K195):	Site	in	orange	is	the	recognition	
sequence	for	restriction	enzyme	NdeI.	Site	in	green	is	recognition	sequence	for	NotI.	The	
AAG	codon	on	reverse	primer	codes	for	lysine.	

	
Forward	 TATTATCATATGGCAGAGAATTCAGCCGCTACTCC 
Reverse	 AGCCCAAAGAAATCTGGACGGAAGAAGTAATGGCGGCCGCTATATTAT 

	
	

Appendix	B:	Reagents	and	compositions	
	

1. Protein	purification	
Lysis	buffer	 pH	7.5	
Tris	 50	mM	
KCl	 100	mM	
Ethylene	diamine	tetraacetic	acid	(EDTA)	 100	µM	
Phenylmethanesulfonylfluoride	(PMSF)	 100	µM	
Nonidet-P40	 0.1%	volume/volume	
	 	
Unfolding	buffer	 pH	7.5	
Guanidium	hydrochloride	 7	M	
Tris	 20	mM	
	 	

SAU-50	buffer	 pH	5.2	
Deionised	urea	 7	M	
Sodium	acetate	 20	mM	
EDTA	 100	µM	
KCl	 0.05	M	
	 	
SAU-1000	buffer	 pH	5.2	
Deionised	urea	 7	M	
Sodium	acetate	 20	mM	
EDTA	 100	µM	
KCl	 1	M	
	 	
Refolding	buffer	 pH	7.5	
NaCl	 2	M	
1xTE:	Tris	 10	mM	
EDTA	 100	µM	
	 	
LB	medium	 	
Difco	LB-Agar	(Lennox)	heated	to	45°C	until	molten.	
Carbenicillin	
Add	100ml	molten	LB	agar	per	plate.	

	
50	µg/ml	
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Isopropyl-b-D-thiogalactopyranoside	 1	M	
Prepare	in	double	distilled	water	
Store	at	-20°C	

	

	
	

2. Protein	labelling	
	
Labelling	buffer	 pH	7.5	
Guanidium	hydrochloride	 7	M	
dithiothreitol	 10	mM	
Tris	 20	mM	
Tris-(2-carboxyethyl)	phosphine	 Final	concentration	10x	number	of	

moles	of	protein	
	 	
Buffer	for	unbound	dye	removal	 pH	5.2	
urea	 7	M	
Sodium	acetate	 20	mM	
EDTA	 100	µM	
KCl	 1	M	
	
	

3. Labelled	DNA	purification	
	
HPLC	Buffer	A	 pH	7.5	
Tris	 250	mM	
	 	
HPLC	Buffer	B	 pH	7.5	
Tris	 250	mM	
NaCl	 1	M	
	
	

4. Reconstituting	chromatosomes	(mono	and	tri)	
	
Dialysis	1:	Chamber	B	buffer	 pH	7.5	
NaCl	 2	M	
Tris	 0.01	M	
EDTA	 100	µM	
	 	
Dialysis	1:	Chamber	C	buffer	 pH	7.5	
NaCl	 0.6	M	
Tris	 0.01	M	
EDTA	 100	µM	
	 	
Dialysis	2:	Chamber	D	buffer	 pH	7.5	
Tris	 0.01	M	
EDTA	 100	µM	
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5. Buffer	for	single-pair	FRET	measurements	pH	7.5	

NaCl	 250	mM	[standard]	
upto	0.7	M	[salt	series]	

Tris	 10	mM	
EDTA	 100	µM	
Nonidet-P40	 10	µM	
Ascorbic	acid	 800	µM	
	
	

6. Electrophoresis	
	

a. Native	non-denaturing	gels	
	
10x	TAE	buffer	 pH	7.5	
Tris	 0.4	M	
Glacial	acetic	acid	 0.2	M	
EDTA	 0.01	M	
	 	
10x	TBE	buffer	 pH	7.5	
Tris	 0.89	M	
Boric	acid	 0.89	M	
EDTA	 0.02	M	
	 	
1%	agarose	gel	(trichromatosome)	 	
agarose	 1	g	
TAE	buffer	1x	ditution	 1	litre	
1x	TAE	buffer	used	as	running	buffer	 	
	 	
6%	polyacrylamide	gel	(monochromatosome)	 1	gel	
Acrylamide:bisacrylamide	60:1	 2	ml	
TBE	buffer	10x	 1	ml	
Double	distilled	water	 7	ml	
Ammonium	persulfate	10%	 200	µl	
TEMED	 3	µl	
1xTBE	buffer	used	as	running	buffer	 	
	 	
8%	polyacrylamide	gel	 1	gel	
Acrylamide:bisacrylamide	30%	 4	ml	
TBE	buffer	5x	 4	ml	
Double	distilled	water	 6.7	ml	
Ammonium	persulfate	10%	 300	µl	
TEMED	 3	µl	
1xTBE	used	as	running	buffer	 	
	 	
Loading	buffer	for	non-denaturing	gels	(colourless)	 	
Glycerine	 99.9%	
TBE	buffer		 5x	
Double	distilled	water	 	
	 	
Non-denaturing	or	native	gels	were	visualised	in	Typhoon	scanner	unstained.	For	visualisation	
under	UV,	they	were	stained	with	ethidium	bromide.	
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b. Denaturing	gels	

	
15%	SDS-PAGE	 	
	 	
Lämmli	buffer	 pH	8.8	
Tris	 1.5	M	
Double	distilled	water	 1	litre	
Sodium	dodecyl-sulfate	(SDS)	 0.4%	
	 	
Lämmli	buffer	 pH	6.8	
Tris	 0.5	M	
Double	distilled	water	 1	litre	
SDS	 0.4%	
	 	
Running	buffer	for	SDS-PAGE		 1x	
Tris	 0.025	M	
Glycine	 0.25	M	
SDS	 1%	
	 	
Resolving	gel	15%	 5	gels	
Acrylamide:bisacrylamide	40%	(37.5:1)	 10.8	ml	
Double	distilled	water	 9.4	ml	
Lämmli	buffer	pH	8.8	(with	SDS,	see	above)	 7	ml	
Ammonium	persulfate	10%	 100	µl	
TEMED	 23	µl	
	 	
Stacking	gel		 5	gels	
Acrylamide:bisacrylamide	40%	(37.5:1)	 1.1	ml	
Double	distilled	water	 10	ml	
Lämmli	buffer	pH	6.8	(with	SDS,	see	above)	 4	ml	
Ammonium	persulfate	10%	 150	µl	
TEMED	 15	µl	
	 	
Loading	buffer	2x	(dilution	1x	to	be	used	per	well)	 	
Tris	pH	6.8	 0.125	M	
Glycerin	 20%	
SDS	 2%	
Bromophenol	blue	 0.1%	
	 	
Staining	with	coomassie	blue	dye.	 	
	 	
	 	
	 	
Coomassie	Blue	staining	for	denaturing	gels	 	
Staining	 	
Acetic	acid	 10%	
methanol	 20%	
ethanol	 42.5%	
Brilliant	Blue	R250	 0.2%	
Double	distilled	water	 	
	 	
Destaining	 	
Isopropanol	 20%	
Acetic	acid	 7.5%	
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Appendix	C:	Instrumentation	
	
	
Absorption	spectroscopy	 Cary	4E	spectrometer	 Varian,	Mulgrave,	Australia	
Fluorescence	spectroscopy	 SLM-AMINCO	8100	

fluorescence	spectrometer	
SLM,	Urbana,	IL,	USA	

Typhoon	scanning	 Typhoon	9400	 GE	Healthcare,	USA	
Single-pair	FRET	spectroscopy:	 	 	
Micro	chamber	plates	 Sensoplate	plus	 Greiner	Bio-One	GmbH	
Lasers:	 	 	
491nm	 Cobolt	Calypso	 Hübner	Photonics,	Germany	
561	nm	 Cobolt	Jive	 Hübner	Photonics,	Germany	
Acousto-optic	tunable	filter	 AOTFnC-VIS-TN	 AA	Optoelectronics,	France	
Dichroic	mirror	 600DCXR	 Omega	Optical,	Brattleboro,	USA	
Filters:	 	 	
Donor	channel	 520df40	 Omega	Optical,	Brattleboro,	USA	
Acceptor	channel	 610ALP	 Omega	Optical,	Brattleboro,	USA	
Avalanche	photodiodes	 SPAD-AQ-14	 PerkinElmer	Optoelectronics,	

Boston,	Massachusetts,	USA	
Protein/DNA	synthesis,	
purification:	

	 	

PCR	 T3	Thermocycler	 Biometra	
Incubator	 WTC	 Binder	
HPLC	 Crystal	200	High	Pressure	

system	
Unicam	

	 Column	for	DNA	
purification	

Gen-Pak-Fax,	Waters	

FPLC	 Amershan	GP250	 Pharmacia	
Gels:	 	 	
For	polyacrylamide	gels	 Mini	Protean	 Bio-rad	
Agarose	gels	 EC370	M	 E-C	Apparatus	Corporation	
SDS	gels	 CTI,	Gelkammer	TV21	 CTI	GmbH	
Gel	dock	 UV	BioDocAnalyse	 Biometra	
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Supplementary	Information	
	

	
	
Supplementary	information	is	organised	chapter-wise.		

For	 the	 monochromatosome	 studies,	 additional	 data	 are	 in	 the	 repository:	
https://doi.org/10.5281/zenodo.4686909.	In	this	repository	the	following	datasets	can	be	found:	
raw	 data	 for	 single-pair	 FRET	 (.t3r),	 processed	 data	 for	 single-pair	 FRET	 (.xlsx,	 .csv),	 model	
ensembles	(.pdb)	and	AV	representations	of	dyes	(.xyz).	The	fitted	proximity	ratio	histograms	for	
constructs	AsyMG	and	AsInvMG	are	given	in	this	section,	subsection	Chapter	4.		
For	trichromatosome	studies,	additional	data	are	in	the	repository:	
https://doi.org/10.5281/zenodo.5090768.	 In	 this	 repository	 are	 models	 of	 A-far	 and	 A-near	
(.pdb),	raw	single-pair	FRET	data	for	salts	(.t3r).	AFM	pictures	are	added	to	this	supplementary	
under	the	section	Chapter	3.	

The	 AlexEval	 software,	 developed	 by	 Dr.	 Sebastian	 Isbaner,	 can	 be	 found	 in	 this	 link:	
https://github.com/sisbaner/AlexEval.	
	

Chapter	2	
g	factor	calculated	for	separate	measurement	days:	
	

Day of 
measurement 

P [10bp 
apart] S [10bp apart] P [21bp 

apart] S [21bp apart] g 
R: 

10 bp 
apart (Å) 

R: 21 bp 
apart (Å) 

1 0.70 0.45 0.20 0.46 0.93 46.0 66.0 
2 0.67 0.51 0.20 0.51 1.03 47.0 66.0 
3 0.70 0.50 0.17 0.50 0.95 45.0 67.0 
4 0.70 0.50 0.16 0.50 0.90 45.0 68.0 
5 0.67 0.51 0.16 0.52 0.92 46.0 68.0 
6 0.68 0.50 0.15 0.51 0.88 45.0 68.0 
7 0.63 0.52 0.18 0.54 0.80 46.0 65.0 
8 0.70 0.51 0.18 0.48 1.23 46.0 69.0 

	
To	check	whether	 the	g	 factor	 estimation	was	 correct,	 distances	 for	 the	FRET	 standards	were	
calculated	(tabulated	above)	using	the	observed	P	and	the	(calculated	using	g)	FRET	efficiency	E.	
Using	the	software	FRET	Positioning	and	Screening	(131),	the	R0-independent	inter-fluorophore	
distances	 (Rmp	 and	 <RDA>,	 these	 terms	 are	 explained	 in	 Chapter	 3)	 were	 computed	 from	 the	
models	to	compare	with	the	experimentally	extracted	distances.	
Computed	Rmp	for	FRET	standard	‘10bp	apart’	=	44.5Å,	<RDA>	=	47.0Å	
Computed	Rmp	for	FRET	standard	‘21bp	apart’	=	67.5Å,	<RDA>	=	69.5Å.	The	experimental	distances	
fall	within	this	range	for	both	the	FRET	standards.	
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Chapter	3	
AFM	pictures	acquired	by	Martin	Würtz	for	trichromatosomes:	
	

	
	

Chapter	4	
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 AsyMG (-) GH-T77C AsyMG (+) GH-T77C 

Pmean of peak(s) of 
replicates 

0.53 0.68 
0.54 0.71 
0.52 0.70 
0.54 0.70 
0.53  

  
Standard deviation 

of Pmean from 
replicates 

±0.01 ±0.01 

FWHM of peak(s) 
of replicates 

0.27 0.33 
0.30 0.28 
0.33 0.29 
0.27 0.31 
0.27  

  

% population 

48.6 61.0 
70.0 70.0 
63.0 68.6 
63.1 72.0 
48.6  
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 AsInvMG (-) GH-
T77C 

AsInvMG (+) GH-
T77C 

Pmean of peak(s) of 
replicates 

0.63 0.68 
0.61 0.69 
0.60 0.68 
0.61 0.68 

  
  

Standard deviation 
of Pmean from 

replicates 
±0.01 ±0.006 

FWHM of peak(s) 
of replicates 

0.33 0.33 
0.33 0.33 
0.33 0.33 
0.33 0.33 

  
  

% population 

62.5 59.6 
66.0 58.0 
68.0 60.0 
67.0 55.1 
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 AsyMG (-) CTD-
G101C 

AsyMG (+) CTD-
G101C 

Pmean of peak(s) of 
replicates 

0.69 0.65 
0.70 0.63 
0.70 0.63 
0.69  

  
  

Standard deviation 
of Pmean from 

replicates 
±0.006 ±0.01 

FWHM of peak(s) 
of replicates 

0.30 0.33 
0.30 0.32 
0.33 0.33 
0.33  

  
  

% population 

79.0 68.6 
80.0 62.2 
72.2 66.5 
82.6  

  
  

	
	



																																																																																																																						Supplementary	Information
	 	 	

 107 

	
	
	

	
	

 AsInvMG (-) CTD-
G101C 

AsInvMG (+) CTD-
G101C 

Pmean of peak(s) of 
replicates 

0.71 0.68 
0.72 0.67 
0.70 0.67 
0.67 0.65 
0.70 0.66 

  
Standard deviation 

of Pmean from 
replicates 

±0.02 ±0.01 

FWHM of peak(s) 
of replicates 

0.33 0.33 
0.33 0.26 
0.33 0.33 
0.33 0.30 
0.33 0.30 

  

% population 

80.0 72.0 
85.4 67.3 
86.4 68.7 
76.0 66.4 
76.2 58.0 
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 MG (-) GH-T77C MG (+) GH-T77C 

Pmean of peak(s) of 
replicates 

0.57 0.70 
0.55 0.67 
0.57 0.70 
0.55 0.72 
0.55 0.70 
0.56 0.72 

Standard deviation 
of Pmean from 

replicates 
±0.01 ±0.02 

Pmean of peak in 
averaged plot 0.55 0.72 

FWHM of peak(s) 
of replicates 

0.33 0.30 
0.33 0.30 
0.33 0.33 
0.33 0.29 
0.33 0.33 
0.33 0.32 

FWHM of peak in 
averaged plot 0.33 0.33 

% population: 
replicates 

66.0 55.0 
74.0 58.0 
53.0 60.0 
73.0 63.0 
69.0 67.2 
73.0 58.5 

% population: 
averaged plot 67.0 63.0 
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 MG (-) CTD-G101C MG (+) CTD-G101C 

Pmean of peak(s) of 
replicates 

 0.66 
0.69 0.67 
0.70 0.66 
0.69 0.64 

 0.66 
  

Standard deviation 
of Pmean from 

replicates 
±0.006 ±0.01 

Pmean of peak in 
averaged plot 0.69 0.67 

FWHM of peak(s) 
of replicates 

 0.33 
0.33 0.33 
0.22 0.33 
0.24 0.33 

 0.33 
  

FWHM of peak in 
averaged plot 0.27 0.33 

% population: 
replicates 

 70.0 
84.0 68.0 
69.0 64.0 
68.0 67.0 

 83.0 
  

% population: 
averaged plot 73.0 66.0 
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 GM (-) GH-T77C GM (+) GH-T77C 

Pmean of peak(s) of 
replicates 

  
0.57 0.58 
0.60 0.65 
0.56 0.60 

 0.60 
  

Standard deviation 
of Pmean from 

replicates 
±0.02 ±0.03 

Pmean of peak in 
averaged plot 0.57 0.60 

FWHM of peak(s) 
of replicates 

  
0.30 0.30 
0.33 0.32 
0.30 0.30 

 0.26 
  

FWHM of peak in 
averaged plot 0.32 0.28 

% population: 
replicates 

  
68.0 58.0 
60.0 61.0 
58.0 68.0 

 52.3 
  

% population: 
averaged plot 67.0 57.0 
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 GM (-) CTD-G101C GM (+) CTD-G101C 

Pmean of peak(s) of 
replicates 

  
0.66 0.69 
0.70 0.70 
0.67 0.68 

  
  

Standard deviation 
of Pmean from 

replicates 
±0.02 ±0.01 

Pmean of peak in 
averaged plot 0.68 0.70 

FWHM of peak(s) 
of replicates 

  
0.28 0.33 
0.30 0.33 
0.21 0.33 

  
  

FWHM of peak in 
averaged plot 0.26 0.33 

% population: 
replicates 

  
71.3 74.0 
69.0 74.0 
54.3 79.0 

  
  

% population: 
averaged plot 60.0 77.0 
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 AG (-) CTD-G101C AG (+) CTD-G101C 

Pmean of peak(s) of 
replicates 

 0.74 
0.66 0.74 
0.66 0.72 
0.66 0.72 
0.64 0.73 

 0.72 
Standard deviation 

of Pmean from 
replicates 

±0.01 ±0.01 

Pmean of peak in 
averaged plot 0.65 0.73 

FWHM of peak(s) 
of replicates 

 0.33 
0.33 0.33 
0.33 0.33 
0.28 0.33 
0.33 0.33 

 0.33 
FWHM of peak in 

averaged plot 0.33 0.33 

% population: 
replicates 

 84.0 
78.0 78.0 
71.0 70.0 
60.0 77.0 
81.0 71.0 

 74.0 
% population: 
averaged plot 76.0 76.0 
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 GA (-) CTD-G101C GA (+) CTD-G101C 

Pmean of peak(s) of 
replicates 

 0.62 
0.66 0.62 

0.50 0.70 0.67 
0.70 0.65 
0.67 0.64 

  
Standard deviation 

of Pmean from 
replicates 

±0.02 ±0.02 

Pmean of peak in 
averaged plot 0.70 0.65 

FWHM of peak(s) 
of replicates 

 0.33 
0.33 0.33 

0.28 0.22 0.33 
0.33 0.33 
0.33 0.33 

  
FWHM of peak in 

averaged plot 0.33 0.33 

% population: 
replicates 

 81.0 
57.6 78.0 

28.0 37.0 55.0 
48.0 64.0 
54.0 63.0 

  
% population: 
averaged plot 49.5 61.0 
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 AG (-) GH-T77C AG (+) GH-T77C GA (-) GH-T77C GA (+) GH-T77C 

Pmean of peak(s) of 
replicates 

0.70  major minor 0.80 
0.71 0.55 0.55 0.89 0.80 
0.71 0.55 0.57 0.86 0.79 
0.70 0.55 0.56 0.89 0.80 
0.71 0.54 0.54 0.90 0.79 

   0.77 
Standard deviation 

of Pmean from 
replicates 

±0.005 ±0.005 ±0.01 ±0.02 ±0.01 

Pmean of peak in 
averaged plot 0.71 0.54 0.55 0.80 

FWHM of peak(s) 
of replicates 

0.33  major minor 0.30 
0.33 0.33 0.37 0.24 0.27 
0.33 0.33 0.39 0.29 0.28 
0.33 0.33 0.39 0.24 0.25 
0.24 0.33 0.39 0.19 0.27 

   0.32 
FWHM of peak in 

averaged plot 0.33 0.33 0.39 0.22 0.27 

% population: 
replicates 

69.0  major minor 64.0 
67.0 65.0 55.0 22.0 66.0 
56.0 61.0 61.0 23.0 74.0 
51.0 67.0 54.0 24.0 57.6 
68.0 66.0 57.0 19.0 71.0 

   83.0 
% population: 
averaged plot 58.0 66.0 57.0 21.0 62.0 
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Chapter	5	

	
Figure	SI_5.1:	TU	-93	Alexa	594	||	LH-gH	T77C-Alexa	488	

	
	 	

	
Figure	SI_5.2:	TU	+94	Alexa	594	||	LH-gH	T77C-Alexa	488	
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 TU (-) GH-T77C TU (+) GH-T77C 

Pmean of peak(s) 
of replicates 

    
0.58 0.79 0.51 0.75 
0.54 0.75 0.57 0.78 
0.52 0.72 0.50 0.75 
0.56 0.75 0.51 0.73 
0.52 0.73   

Standard 
deviation of 
Pmean from 
replicates 

±0.03 ±0.03 ±0.03 ±0.02 

Pmean of peak in 
averaged plot 0.54 0.75 0.52 0.74 

FWHM of 
peak(s) of 
replicates 

    
0.33 0.33 0.33 0.33 
0.33 0.33 0.33 0.33 
0.26 0.28 0.33 0.30 
0.33 0.33 0.33 0.33 
0.33 0.33   

FWHM of peak 
in averaged plot 0.33 0.33 0.33 0.33 

% population: 
replicates 

35.0 32.0 30.0 50.0 
42.0 30.0 33.0 40.0 
28.0 36.0 38.0 41.0 
37.0 31.0 40.0 38.0 
41.5 30.4   

    
% population: 
averaged plot 38.0 31.0 31.0 40.0 

	

	
Figure	SI_5.3:	Distance	histograms	AG	-93	Alexa	594	||	LH-gH	T77C-Alexa	488	
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Figure	SI_5.4:	Distance	histograms	AG	+94	Alexa	594	||	LH-gH	T77C-Alexa	488	

	

	
Figure	SI_5.5:	Distance	histograms	GA	-93	Alexa	594	||	LH-gH	T77C-Alexa	488	
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Figure	SI_5.6:	Distance	histograms	GA	+94	Alexa	594	||	LH-gH	T77C-Alexa	488	

	

Constructs: AG (-) GH-T77C AG (+)GH- T77C GA (-) GH-T77C GA (+) GH-
T771C 

Mean R of 
peak(s) of 

replicates (Å) 
and [g value] 

43.5 [0.95]   40.0 [0.88] 
43.5 [0.95] 49.7 [0.90] 49.0 [0.92] 41.3 [0.88] 
45.4 [0.96] 50.0 [0.90] 48.6 [0.92] 40.7 [0.92] 
44.7 [1.03] 50.0 [0.90] 50.0 [0.95] 40.8 [0.91] 
43.8 [1.23] 50.3 [0.93] 48.3 [0.80] 42.0 [0.95] 

    
Standard 

deviation of 
mean R (Å) from 

replicates 

±0.84 ±0.24 ±0.74 ±0.74 

Average of Mean 
R (Å) from 
replicates 

44.2 50.0 49.0 41.0 

Full-width at half 
maximum (Å) of 

peak(s) of 
replicates 

9.6   10.0 
12.0 11.5 14.0 11.0 
12.0 11.5 14.0 12.0 
12.0 11.5 14.0 12.0 
12.0 11.5 14.0 12.0 
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Chapter	6	
	
All	FRET	measurements	were	performed	using	single-laser	excitation	(491nm	-	Cobolt	Calypso,	
Hübner	Photonics).	
	

A. Donor-only	single-pair	FRET		
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B. Salt-series	
I.	

1. 25	mM	NaCl,	10	mM	Tris,	0.1	mM	EDTA	

	
	

	
	
25	mM	NaCl,	10	mM	Tris,	0.1	mM	EDTA	1st	replicate	(1rr)	
 
	 Mean	P	 %	population		 FWHM	
A-far	+	LH	 0.60,	0.80	 31.3,	31.0	 0.48,	0.25	
A-near	+	LH	 0.73,	0.85	 27.5,	35.6	 0.40,	0.20	
A-far	 0.35	 61.6	 0.35	
A-near	 0.33	 55.2	 0.24	
	
25	mM	NaCl,	10	mM	Tris,	0.1	mM	EDTA	2nd	replicate	(2rr)	
	 Mean	P	 %	population		 FWHM	
A-far	+	LH	 0.60,	0.81	 37.3,	24.0	 0.63,	0.20	
A-near	+	LH	 0.69,	0.85	 27.2,	35.3	 0.40,	0.20	
A-near	 0.34	 49.5	 0.24	
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2. 75	mM	NaCl,	10	mM	Tris,	0.1	mM	EDTA	
 

 
 

 
 
 
75	mM	NaCl,	10	mM	Tris,	0.1	mM	EDTA	1st	replicate	
 
	 Mean	P	 %	population		 FWHM	
A-far	+	LH	 0.65,	0.92	 17.4,	49.1	 0.44,	0.17	
A-near	+	LH	 0.80,	0.93	 15.8,	39.4	 0.20,	0.14	
A-far	 0.55	 33.2	 0.27	
A-near	 0.52	 48.5	 0.27	

 
75	mM	NaCl,	10	mM	Tris,	0.1	mM	EDTA	2nd	replicate	
 
	 Mean	P	 %	population		 FWHM	
A-far	+	LH	 0.60,	0.90	 29.0,	35.6	 0.63,	0.20	
A-near	+	LH	 0.80,	0.91	 12.8,	38.2	 0.17,	0.15	
A-near	 0.47	 50.0	 0.34	
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3. 150	mM	NaCl,	10	mM	Tris,	0.1	mM	EDTA	
	

 
 

 
150	mM	NaCl,	10	mM	Tris,	0.1	mM	EDTA	1st	replicate	
 
	 Mean	P	 %	population		 FWHM	
A-far	+	LH	 0.70,	0.87	 27.0,	34.4	 0.35,	0.20	
A-near	+	LH	 0.63,	0.80,	0.92	 26.7,	8.9,	41.0	 0.51,	0.15,	0.14	
A-far	 0.62	 47.2	 0.32	
A-near	 0.63	 61.0	 0.33	

 
150	mM	NaCl,	10	mM	Tris,	0.1	mM	EDTA	2nd	replicate	
 
	 Mean	P	 %	population		 FWHM	
A-far	+	LH	 0.67,	0.90	 23.1,	33.8	 0.45,	0.23	
A-near	+	LH	 0.65,	0.80,	0.90	 26.2,	12.3,	36.7	 0.54,	0.15,	0.14	
A-near	 0.60	 62.0	 0.34	
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4. 250	mM	NaCl,	10	mM	Tris,	0.1	mM	EDTA	

 

 
	
250	mM	NaCl,	10	mM	Tris,	0.1	mM	EDTA	1st	replicate	
 
	 Mean	P	 %	population		 FWHM	
A-far	+	LH	 0.72,	0.91	 24.6,	45.8	 0.38,	0.20	
A-near	+	LH	 0.74,	0.93	 39.2,	21.1	 0.45,	0.14	
A-far	 0.67	 68.5	 0.34	
A-near	 0.68	 62.5	 0.32	

 
250	mM	NaCl,	10	mM	Tris,	0.1	mM	EDTA	2nd	replicate	
 
	 Mean	P	 %	population		 FWHM	
A-far	+	LH	 0.68,	0.90	 23.3,	33.0	 0.46,	0.23	
A-near	+	LH	 0.77,	0.91	 31.2,	22.7	 0.40,	0.17	
A-near	 0.66	 56.6	 0.34	
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5. 300	mM	NaCl,	10	mM	Tris,	0.1	mM	EDTA	

 

 
 
300	mM	NaCl,	10	mM	Tris,	0.1	mM	EDTA	1st	replicate	
 
	 Mean	P	 %	population		 FWHM	
A-far	+	LH	 0.62,	0.86	 42.1,	9.2	 0.34,	0.22	
A-near	+	LH	 0.65,	0.89	 50.5,	12.1	 0.43,	0.17	
A-far	 0.61	 39.2	 0.47	
A-near	 0.65	 51.0	 0.30	

 
300	mM	NaCl,	10	mM	Tris,	0.1	mM	EDTA	2nd	replicate	
 
	 Mean	P	 %	population		 FWHM	
A-far	+	LH	 0.61,	0.84	 46.7,	12.0	 0.33,	0.23	
A-near	+	LH	 0.66,	0.89	 43.2,	14.7	 0.35,	0.20	
A-far	 0.61	 43.1	 0.50	
A-near	 0.65	 54.4	 0.31	
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6. 550	mM	NaCl,	10	mM	Tris,	0.1	mM	EDTA	

 
 
 

 
 
550	mM	NaCl,	10	mM	Tris,	0.1	mM	EDTA	1st	replicate	
 
	 Mean	P	 %	population		 FWHM	
A-far	+	LH	 0.47	 57.0	 0.38	
A-near	+	LH	 0.49	 62.2	 0.40	
A-far	 0.46	 28.2	 0.35	
A-near	 0.48	 51.0	 0.35	

 
550	mM	NaCl,	10	mM	Tris,	0.1	mM	EDTA	2nd	replicate	
 
	 Mean	P	 %	population		 FWHM	
A-far	+	LH	 0.47	 57.2	 0.39	
A-near	+	LH	 0.50	 61.1	 0.34	
A-far	 0.46	 36.6	 0.35	
A-near	 0.49	 54.0	 0.35	
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7. 700	mM	NaCl,	10	mM	Tris,	0.1	mM	EDTA	

	
	

	
	
700	mM	NaCl,	10	mM	Tris,	0.1	mM	EDTA	1st	replicate	
 
	 Mean	P	 %	population		 FWHM	
A-far	+	LH	 0.31	 49.2	 0.30	
A-near	+	LH	 0.30	 58.0	 0.31	
A-near	 0.24	 62.8	 0.42	

 
700	mM	NaCl,	10	mM	Tris,	0.1	mM	EDTA	2nd	replicate	
 
	 Mean	P	 %	population		 FWHM	
A-far	+	LH	 0.28	 65.4	 0.50	
A-near	+	LH	 0.30	 67.0	 0.45	
A-near	 0.24	 63.0	 0.41	
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II.	From	2nd	replicate	of	constructs	A-near	with/without	LH,	A-far	
with	LH:	trends	in	%	population	of	FRET	peaks		
	
Each	peak	is	associated	with	the	relative	population	(in	%)	of	that	peak,	and	the	marker	size	is	
scaled	according	to	the	peak	population.	
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for	making	me	fall	in	love	with	science	in	the	first	place,	and	for	your	relentless	support	all	the	
time	and	anytime	I	need	it.	And	Ma,	maybe	I	should	quote	this	line	from	R.	Thakur	J	:	

“!যই ভােব, মা !য হয় মা+ তার 

ভােলা লােগ আরবার 

পৃিথবীর !কাণ+।” 

	


