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ABSTRACT	

The	phycobilisome	is	the	primary	light-harvesting	protein	complex	in	cyanobacteria	

and	red	algae.	Phycobilisomes	absorb	mid-visible	solar	energy	and	transfer	that	energy	to	

PS	II	and	PS	I	with	very	high	quantum	efJiciency	(>	90%).		The	mechanisms	of	this	

excitation	energy	transfer	process	are	controlled	by	the	structure	of	phycobilisomes.	

Phycobilisomes	contain	disk-shaped	(αβ)6	hexameric	phycobiliproteins	(PBPs)	that	prepare	

cylindrical	core	and	rod-like	structures.	The	rods	incorporate	blue-shifted	PBPs	

phycoerythrin	(PE,	λmax	=	570	nm)	and	phycocyanin	(CPC,	λmax	=	620	nm)	whereas	the	core	

contains	allophycocyanin	(APC660,	λmax	=	650	nm).	In	this	way	phycobilisomes	create	a	

funnel-shaped	energy	structure	where	a	green	photon	absorbed	by	a	bilin	chromophore	

(linear	tetrapyrrole	molecule)	in	PE	at	the	end	of	the	rod	can	transfer	energy	down	the	rod	

to	CPC	to	APC660	in	the	core	efJiciently.	Then	excitation	moves	to	terminal	emitter	(TE)	or	

APC680,	a	special	segment	in	the	core	containing	red-shifted	APC,	that	transfers	energy	to	PS	

II	or	PS	I.	Broadband	two-dimensional	electronic	spectroscopy	(2DES)	with	7-fs	laser	

pulses	was	employed	to	determine	the	excitation	energy	transfer	processes	in	intact	

phycobilisomes	isolated	from	Fremyella	diplosiphon	grown	under	illumination	of	white	

light.	Excitation	transfer	can	be	followed	from	PE	at	the	end	of	the	rod	to	the	TE	through	

CPC	and	APC660	by	observing	the	development	of	below	the	diagonal	cross-peaks	in	the	

2DES	spectra	at	longer	waiting	time.	In	the	short	time	the	rapidly	damped	cross-peaks	in	

2DES	spectra	strongly	suggest	the	presence	of	coherences.	The	global	and	target	model	for	

the	550-580	nm	of	the	excitation	strip	shows	the	excitation	moves	down	the	rods	very	fast	

within	1	ps	and	reaches	to	the	core	in	~10	ps.	The	evolution-associated	difference	spectra	

(EADS)	and	coherence	analysis	using	FT	spectra	and	oscillation	maps	indicates	that	the	



chromophores	in	intact	phycobilisomes	share	a	common	ground	state	and	delocalized	

excitons	present	in	the	rods.	Furthermore,	coherent	wavepackets	dominated	by	the	

Hydrogen	out-of-plane	(HOOP)	vibration	mode	of	the	bilin	chromophores,	mediate	the	

excitation	energy	in	the	rods.	Then	excitation	slows	down	in	the	core	due	to	the	localization	

and	uses	a	Förster	style	mechanism	to	transfer	to	the	TE.	The	localization	of	excitation	in	

the	core	is	accelerated	by	the	intramolecular	charge	transfer	(ICT)	character	in	the	lowest	

energy	chromophore	(β84)	in	APC	originating	from	the	ring-Jlipping	in	the	excited	state.	As	

a	part	of	the	complementary	chromatic	adaptation	(CCA)	response,	red-light	grown	

Fremyella	diplosiphon	produce	phycobilisomes	with	shorter	rod	lengths	due	to	the	absence	

of	PE	disks	at	the	end	of	the	rods.	The	effect	of	shorter	rod	length	can	be	observed	from	the	

kinetic	model	for	the	560-580	nm	excitation	strip	of	the	2DES	spectrum	obtained	from	the	

red-light	grown	phycobilisomes.	The	model	shows	a	faster	energy	transfer	rate	from	rod	to	

the	core	as	compared	to	that	of	the	white-light	grown	samples.	The	excited-state	lifetimes	

for	TE	in	phycobilisomes	are	signiJicantly	shorter	(~400	ps)	than	literature	reported	value	

(1.5	ns).	Time-correlated	single	photon	counting	(TCSPC)	experiments	were	performed	to	

understand	this	phenomenon.	Although	both	white	and	red	light	grown	samples	show	~1.5	

ns	Jluorescence	lifetime	in	TCSPC	experiments.	Further	studies	and	analysis	are	required	to	

understand	the	picture	in	more	detail.	
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OVERVIEW	OF	THE	DISSERTATION	

The	main	objective	of	the	work	presented	in	this	dissertation	is	to	determine	the	

excitation	energy	transfer	mechanisms	in	intact	phycobilisome,	principal	light-harvesting	

chromoprotein	complex	in	cyanobacteria	and	red	algae.	Intact	phycobilisomes	were	

isolated	from	Fremyella	diplosiphon	grown	under	white	and	red-light	illumination.	Two-

dimensional	electronic	spectroscopy	(2DES)	experiments	were	performed	using	broadband	

laser	spectrum	and	7-fs	short	pulses	to	study	the	excitation	energy	transfer	processes	in	

intact	phycobilisomes.	The	broadband	of	the	laser	spectrum	(520-700	nm)	enables	us	to	

cover	the	absorption	region	of	the	highest	energy	chromophores	to	the	emission	region	of	

the	lowest	energy	chromophore	in	the	energy	transfer	chain.	The	short	excitation	laser	

pulses	allow	us	to	observe	the	quantum	coherences	present	in	the	system.	The	2DES	

spectra	show	the	evolution	of	the	excitation	transfer	from	donor	to	acceptor	as	crosspeaks	

at	different	delay	times.	The	non-oscillatory	signal	was	used	to	perform	global	and	kinetic	

models	to	obtain	an	average	time	for	excitation	transfer	steps.	The	oscillatory	part	of	the	

signals	was	used	to	generate	FT	amplitude	spectra	and	oscillation	maps	that	permits	us	to	

identify	the	major	oscillation	frequencies	originating	from	quantum	coherences	that	are	

involved	in	the	excitation	transfer	processes.	Additionally,	picosecond	time-correlated	

single	photon	counting	(TCSPC)	experiments	were	performed	to	determine	the	energy	

transfer	processes	at	longer	time	(>	500	ps).		

Using	all	these	tools	mentioned	above	we	address	the	following	questions:		

1. What	is	the	mechanism	for	the	fast	excitation	energy	transfer	observed	in	the	rod	

segments	of	the	intact	phycobilisome?	

2. How	does	the	excitation	transfer	slowdown	in	the	core	of	the	intact	phycobilisomes?	
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3. What	are	the	effects	in	the	kinetics	of	the	excitation	energy	transfer	process	due	to	

structural	change	(like	shortening	of	the	rods)	of	the	intact	phycobilisomes?	

The	dissertation	is	organized	as	follows:	

Chapter	1	provides	a	brief	introduction	to	the	function	and	structure	of	the	

photosynthetic	light	harvesting	proteins	along	with	the	excitation	energy	transfer	

mechanisms.	This	chapter	includes	detailed	structural	information	of	phycobilisomes	and	

summarizes	the	excitation	energy	transfer	study	of	phycobilisomes	reported	in	the	

literature.	The	Jinal	section	of	this	chapter	provides	a	brief	introduction	about	the	2DES,	the	

third-order	nonlinear	signals	and	2DES	data	processing	and	analysis	steps.	This	chapter	

provides	the	background	that	one	might	need	to	understand	the	results	presented	in	the	

following	chapters.		

Chapter	2	shows	the	results	of	the	2DES	study	of	the	excitation	energy	transfer	

processes	in	intact	phycobilisomes	isolated	from	Fremyella	diplosiphon	grown	under	white	

light.	We	reported	2DES	spectra,	global	and	kinetic	models	and	frequency	analysis	from	this	

study.	The	results	show	that	the	delocalized	exciton	present	in	the	rods	of	the	

phycobilisomes	and	vibronic	coherent	wavepackets	dominated	by	Hydrogen	out-of-plane	

(HOOP)	mode	mediate	the	fast	excitation	transfer	in	the	rods.	But	the	excitation	slows	

down	in	the	core	of	phycobilisomes	due	to	the	intramolecular	charge	transfer	(ICT)	

character	of	the	lowest	energy	chromophores	in	allophycocyanin	and	energy	transfer	

occurs	via	a	traditional	Förster	pathway.	These	results	answer	the	Jirst	two	questions	from	

above.	

Chapter	3	presents	the	results	of	the	2DES	and	TCSPC	study	from	the	red-light	grown	

intact	phycobilisomes	from	F.	diplosiphon.		A	summary	of	the	structural	information	from	
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previous	complementary	chromatic	adaptation	(CCA)	studies	was	included	in	this	chapter.	

Also,	we	reported	the	2DES	spectra,	global	and	target	models	from	2DES	and	TCSPC	

studies.	The	results	indicate	that	excitation	reaches	to	the	core	of	the	phycobilisomes	from	

the	rods	faster	for	red-light	grown	samples	than	that	of	the	white-light	grown	samples	due	

to	the	shorter	rod	lengths	for	the	red-light	grown	phycobilisomes.	TCSPC	studies	reveal	that	

Jluorescence	lifetime	of	the	bilins	in	phycobilisomes	is	~1.5	ns,	which	is	signiJicantly	higher	

than	the	excited	state	lifetime	(~400	ps)	of	the	last	compartment	of	the	model	from	2DES	

data.	Probably	further	experiments	need	to	be	performed	to	understand	this	picture.	

Chapter	4	provides	a	brief	discussion	about	the	non-photochemical	quenching	process	

in	phycobilisomes	by	orange	carotenoid	protein	as	a	future	work.	Currently	this	project	is	

going	on	in	the	Beck	laboratory.	This	chapter	presents	enough	background	of	this	process	

to	identify	the	main	problem	with	the	current	picture	and	provides	a	probable	solution.	
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Chapter	1:	Introduction	to	Photosynthetic	Light	Harvesting	by	
Phycobilisomes	

1.1	Photosynthetic	Light	Harvesting	Proteins	

Photosynthesis	is	the	most	important	process	for	the	survival	of	life	on	earth.	Through	

that	process	plants,	bacteria	and	algae	convert	solar	photons	to	biochemical	energy.	

Structure	of	photosynthetic	apparatus	in	organisms	varies	depending	on	their	habitat.	

Although,	they	have	a	similar	basic	structure	that	includes	light	harvesting	protein	systems	

attached	to	a	reaction	center.	Light	harvesting	proteins	are	the	highly	ordered	array	of	

chromophores	inside	protein	residues.	The	protein	residues	help	to	protect	and	tune	the	

photophysical	property	of	the	chromophores	by	holding	them	at	a	constant	position	and	

environment.	On	the	other	hand,	the	chromophores	absorb	solar	energy	and	then	transfer	

that	energy	to	the	reaction	center	through	excitation	energy	transfer	(EET)	processes	

involving	several	chromophores.	The	excitation	energy	initiates	an	electron	transfer	

process	in	the	reaction	center.	The	electron	is	Jirst	transferred	to	a	lower	energy	acceptor;	

then	it	is	followed	by	a	cascade	of	downhill	electron	transfer	reactions	to	separate	charges	

across	the	membrane.	Finally,	the	separated	charges	stabilized	in	photosynthesis	by	

forming	new	molecules	like	adenosine	triphosphate	(ATP)	and	nicotinamide	adenine	

dinucleotide	phosphate	(NADPH+).	Along	with	that	carbon	dioxide	is	reduced	to	form	

sugars	that	will	be	used	in	different	cellular	processes.1	

The	success	of	photosynthesis	depends	on	the	efJicient	and	fast	transfer	of	excitation	

energy	to	the	reaction	center	from	the	light	harvesting	proteins.	The	quantum	efJiciency	of	

the	light-to-charge	separation	is	higher	than	90%.2,3	These	excitation	energy	transfer	

processes	are	controlled	by	the	structure	of	light-harvesting	proteins.	To	understand	the	
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mechanisms	of	the	energy	transfer	process	Jirst	we	need	to	learn	about	the	structure	of	the	

light	harvesting	protein	in	detail.	

	

Figure	1.1.	Schematic	description	of	a	light	harvesting	and	energy	transfer	to	reaction	
center	in	photosynthetic	organism.	From	reference	1.	Copyright	(2021)	John	Wiley	&	Sons,	
Ltd,	used	with	permission.	

1.2	Structure	of	Light	Harvesting	Proteins	

Over	the	years	researchers	have	obtained	high	resolution	X-ray	crystal	structures	of	the	

different	light	harvesting	proteins.	Information	from	crystal	structure	and	ultrafast	

spectroscopy	can	be	used	to	study	excitation	energy	transfer	mechanisms.	Examples	of	

commonly	studied	light	harvesting	protein	complexes	are	Fenna-Matthews-Olson	complex	

(FMO),4-7	the	light	harvesting	complex	II	(LH2),8-11	and	phycobilisomes.12-15	

1.2.1	Fenna-Mathews-Olson	(FMO)	Complex	

The	Fenna-Mathews-Olson	(FMO)	complex	was	the	Jirst	chlorophyll-containing	protein	

complex	to	have	X-ray	crystal	structure	from	green	sulfur	bacteria	Prosthecochloris	

aestuarii	(3EOJ.pdb)	and	Chlorobaculum	trpidum	(3ENI.pdb).16	The	function	of	FMO	

complex	is	to	transfer	energy	from	peripheral	light	harvesting	complex	chlorosomes	to	the	

membrane-bound	reaction	centers.	The	structure	of	the	FMO	complex	exists	as	a	trimer	
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[Figure	1.2].	In	each	cluster	there	are	seven	bacteriochlorophyll	a.	The	metal	center	of	the	

chlorophylls	is	attached	through	ligation	with	the	amino	acids	of	the	protein	residue.	Seven	

chromophores	in	a	small	protein	pocket	creates	strong	electronic	coupling	among	

chromophores	leading	to	the	formation	of	exciton	states.	Therefore,	it	would	be	a	good	

model	system	to	study	interchromophore	coupling	and	exciton	relaxation	processes.	

	

Figure	1.2.	X-ray	crystal	structure	of	the	Fenna-Mathews-Olson	Protein	from	
Chlorobaculum	teoidum	(3ENI.pdb).16	This	is	a	picture	of	one	monomer	out	of	trimer.	The	
blue	sticks	are	chlorophyll	molecules	in	a	b-sheet	represented	in	green	ribbons.	
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Figure	1.3.	X-ray	crystal	structure	of	the	LH2	complex	from	Rhodopseudomonas	acidophila	
(1NKZ.pdb).18	This	is	a	side	view	where	the	bacteriochlorophylls	of	the	B800	bands	are	at	
the	top	and	those	of	the	B850	bands	are	at	the	bottom.	Bacteriochlorophylls	are	in	blue	
stick	structure	whereas	the	carotenoids	are	in	red.	

1.2.2	Light	Harvesting	Complex	II	

The	X-ray	crystal	structure	of	the	Light-Harvesting	2	(LH2)	complex	was	obtained	from	

Rhodopseudomonas	acidophila	(1NKZ.pdb).17,18	The	structure	of	LH2	has	nine	subunits	that	

form	a	ring-like	structure.	Each	subunit	contains	three	bacteriochlorophylls	and	a	single	

carotenoid.	Bacteriochlorophylls	form	two	concentric	rings	-	B800	and	B850	(based	on	the	

position	of	the	Qy	band).	In	the	B800	ring	there	are	nine	bacteriochlorophylls	21	Az 	apart	

from	each	other,	whereas	in	the	B850	ring	there	are	18	bacteriochlorophylls	9	Az 	apart	from	

each	other.	Therefore,	the	bacteriochlorophylls	in	the	B850	ring	would	have	strong	
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electronic	coupling	among	themselves	and	form	delocalized	exciton	states	whereas	the	

bacteriochlorophylls	in	the	B800	ring	would	interact	weakly.	The	carotenoids	are	~	3.5	Az 	

apart	from	the	pigments	of	B800	and	B850	rings.	Here	the	carotenoids	act	as	additional	

pigments	that	harvest	blue-green	light	and	transfer	excitation	energy	initially	to	B800,	and	

Jinally	relaxes	to	the	lowest	energy	chromophore,	B850.10,19	In	this	an	energy	funnel	is	

created	to	operate	the	excitation	energy	transfer	process	smoothly.	Although	it	is	more	

likely	that	carotenoids	would	behave	as	a	photoprotection	agent	since	they	are	

outnumbered	by	bacteriochlorophylls.		

1.2.3	Phycobilisomes	

The	phycobilisomes	(PBSs)	are	the	primary	light	harvesting	complex	in	cyanobacteria	

and	red	algae.20-22	They	are	placed	in	between	thylakoid	membranes	attached	to	the	

membrane	bound	PS	I	and	PS	II.	The	function	of	the	phycobilisome	is	to	absorb	mid-visible	

solar	light	and	transfer	that	energy	to	the	nearest	chlorophyll	in	PS	I	and	PS	II.	The	

structure	of	the	intact	phycobilisome	from	various	cyanobacteria	and	red	algae	was	

determined	by	different	methods	like	TEM,	SEM23,24	and	recently	with	cryo-EM.25-27	Four	

morphological	types	of	PBS	are	known	-	hemidiscoidal,	hemielipsoidal,	block-type	and	

bundle-type.27		We	will	mostly	focus	into	hemidiscoidal	structures	that	have	two	main	parts	

-	core	region	(2-5	inner	cylinders)	and	rods	(6-8	cylinders	around	core).20,24,28	The	rods	are	

the	cylindrical	stack	of	disk-shaped	phycobiliproteins	phycocyanin,	phycoerythrin,	and	

phycoerythrocyanin	attached	to	the	core	region.	The	core	is	the	cylindrical	structure	made	

of	disk	shaped	phycobiliproteins	allophycocyanin.	The	bilin	molecules	(open	chain	

tetrapyrrole)	covalently	bind	to	the	phycobiliprotein	as	chromophores	via	a	speciJic	thio-

ether	bond.	There	are	a	second	class	of	proteins	that	are	called	Linker	Proteins	(LPs)	which	
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are	mostly	non-chromophorylated.29	The	function	of	LPs	is	to	structurally	link	adjacent	

phycobiliprotein	disks	to	form	cylindrical	structure.	Recent	studies	suggested	that	LPs	

might	be	assisting	energy	propagation	through	the	complex	by	tuning	the	spectra	of	the	

phycobiliproteins.28,30		

The	smallest	structural	unit	in	a	phycobilisome	is	the	(αβ)	monomer	that	is	a	

heterodimer	made	of	one	α-subunit	and	one	β-subunit	of	phycobiliproteins.	Three	

monomers	self-assemble	in	a	circular	trimer	(αβ)3	and	then	two	trimers	attach	face-to-face	

to	form	hexamer	(αβ)6.	This	hexamer	represents	a	‘disk’	in	the	structure	of	phycobilisomes.	

Each	disk	has	a	diameter	of	~12	nm	and	~6	nm	of	thickness.	Also,	disks	are	subdivided	into	

two	equal	halves	with	~3	nm	thick.24	Usually	the	rods	contain	2-4	hexameric	(αβ)6	disks	of	

phycocyanin	(PC).	The	phycocyanin	(PC)	binds	with	three	phycocyanobilin	chromophores	

at	speciJic	sites;	α84,	β84	and	β155.	In	a	trimer	α84	and	β84	phycocyanobilin	form	a	pair	

and	center-to-center	distance	between	two	chromophores	is	~20	Az .	In	adjacent	hexamers	

the	chromophores	are	located	in	even	closer	proximity	that	facilitate	disk	to	disk	energy	

transfer.27	The	phycocyanobilin	absorbs	a	broad	range	(500-680	nm)	of	solar	light	(λmax	=	

620	nm).	AN	Glazer20,31	reported	that	linker	proteins	in	the	rods	tune	the	spectroscopic	

properties	of	each	disk	in	the	rods	in	a	way	that	the	core-distal	disks	have	slightly	blue-

shifted	absorption	maxima	than	the	core-proximal	disks.	This	arrangement	creates	a	funnel	

shaped	energy	structure.		This	funnel	structure	enhances	for	some	phycobilisomes	when	

they	incorporate	phycoerythrin	(PE)	or	phycoerythrocyanin	(PEC)	at	the	end	of	the	rods.	

The	phycoerythrin	(αβ)	monomer	contains	six	phycoerythrobilin	chromophores	which	

have	even	more	blue-shifted	absorption	maxima	at	~570	nm.	In	the	core	four	(αβ)3	trimeric	

allophycocyanin	(APC)	form	a	cylinder.	Each	(αβ)	monomer	APC	contains	two	
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phycocyanobilin	chromophores	at	the	α84	and	β84	position	which	have	red-shifted	

absorption	maximum	than	chromophores	in	CPC	at	652	nm.	The	APC	trimers	closer	to	the	

photosystem	(PS)	II	and	I	contain	a	special	type	of	APC	(terminal	emitter)	that	absorbs	light	

with	even	longer	wavelengths	(λmax	=	672	nm).	In	that	way	terminal	emitters	can	exhibit	

better	spectral	overlap	with	chlorophyll	a.	So,	intact	phycobilisomes	have	constructed	a	nice	

funnel	shaped	energy	landscape	so	that	excitation	energy	can	transfer	from	the	rods	to	PS	II	

through	the	core	unidirectionally.	A	linker	protein	connects	the	terminal	emitter	to	the	

membrane	bound	PS	II.	

Some	cyanobacteria	can	participate	in	complementary	chromatic	adaptation	(CCA)	

which	is	a	response	to	the	change	in	ambient	light	color	and	intensity.32	Cyanobacteria	

capable	of	CCA	have	some	photoreceptor	that	can	sense	the	wavelength	of	the	illuminating	

light	and	send	a	signal	to	synthesize	more	of	the	relevant	phycobiliproteins	and	linker	

polypeptides	to	capture	sufJicient	amounts	of	photons.33	During	CCA	mostly	the	amount	of	

the	CPC	and	PE	in	the	rods	changes.	In	red	light	condition	CPC	accumulates	in	the	rods	and	

in	presence	of	green	light	PE	has	higher	number	disks	in	the	rods.	Under	red	light	

illumination	PBSs	tend	to	have	a	lower	number	of	average	disks	in	the	rods	than	that	of	the	

white	light	grown	PBS.23	In	low	light	conditions	like	in	the	depth	of	the	sea,	cyanobacteria	

produce	phycobilisomes	with	longer	rods	or	higher	number	of	phycobilisomes	per	cell	so	

that	they	can	capture	maximum	photons.	More	detailed	information	regarding	CCA	has	

been	written	in	section	3.1.	
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Figure	1.4.	Schematic	representation	of	a	model	intact	phycobilisomes	that	has	six	rods	
and	a	tricylindrical	core	isolated	from	Fremyella	diplosiphon	grown	under	white	light.23	The	
green	rectangles	are	photosystem	II.	Each	cylinder	in	the	core	contains	four	(ab)3	trimeric	
allophycocyanin	(APC,	light	blue	color).	The	rods	have	three	phycocyanin	(CPC,	dark	blue	
color)	and	one	phycoerythrin	(PE,	pink	color)	disk.	The	diameter	of	each	disk	is	12	nm	and	
thickness	is	6	nm.	Absorption	maximum	for	each	phycobiliprotein	is	provided.	

1.3	Energy	Transfer	Mechanisms	

The	electronic	excitation	energy	transfer	mechanism	involving	coupling	of	the	electric	

dipole-dipole	interaction	of	the	chromophores	depends	on	the	relative	orientation	of	the	

chromophores	and	distance	between	them.	There	are	mainly	two	types	of	energy	transfer	

mechanisms:	incoherent	and	coherent	energy	transfer	mechanisms.	The	relative	coupling	

between	the	chromophores	and	with	the	surroundings	(system-bath	coupling)	dictates	

which	mechanism	to	follow	for	transferring	excitation	energy.	
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1.3.1	Incoherent	Mechanism	

Excitation	energy	moves	via	an	incoherent	mechanism	if	the	interchromophore	

coupling	is	weak	compared	to	the	system-bath	coupling.	In	this	scenario	there	is	no	mixing	

of	the	energy	states	of	the	chromophores	and	excitation	energy	is	localized	on	the	donor	

before	the	transition.	Therefore,	energy	transfer	occurs	by	hopping	from	donor	(D)	to	

acceptor	(A).	The	energy	transfer	rate	for	a	donor-acceptor	pair	can	be	calculated	from	the	

expression	of	the	Förster	theory34,35	

𝑘 = 	
2𝜋
ℏ 	|𝑉|

! 	) 𝑑𝜀	𝐼(𝜀" , 𝜀#, 𝜀)
$

%
	 (1.1)	

where	k	is	the	excitation	energy	transfer	rate,	V	is	the	electronic	coupling	between	

chromophores,	and	I	(eD,	eA,	e)	is	the	spectral	overlap.	Usually,	it	takes	several	picoseconds	

to	transfer	energy	from	donor	to	acceptor	via	this	incoherent	mechanism.	

1.3.2	Coherent	Mechanism	

In	the	case	of	the	strong	electronic	coupling	between	chromophores	compared	to	

system-bath	coupling,	energy	transfer	occurs	via	a	coherent	mechanism.	In	this	scenario	

excited	energy	states	of	the	chromophores	are	mixed	to	create	exciton	states	and	they	share	

a	common	ground	state.	Excitation	energy	is	delocalized	over	the	chromophores.	

Here	a	simpliJied	quantum	picture	for	the	formation	of	the	exciton	states	from	two	

identical	monomers	has	been	shown	following	Cantor	and	Schimmel.36	Assume	there	are	

two	chromophores,	A	&	B,	which	have	two	electronic	states;	ground	state,	0	and	excited	

state,	1.	In	the	Jirst	case,	there	is	no	interaction	between	two	chromophores.	So,	the	ground	

state	of	the	dimer	would	be	when	both	monomers	are	in	the	ground	state.	The	Jirst	excited	

state	would	be	one	monomer	in	the	excited	state	and	the	other	one	in	the	ground	state.	It	

does	not	matter	which	one	is	in	the	excited	state	since	they	both	have	the	same	energy.	The	
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dimer's	Hamiltonian	would	be	the	addition	of	the	monomer	Hamiltonians	(equation	1.2)	

and	wavefunction	of	the	dimer	would	be	the	multiplication	of	the	monomer	wavefunctions.	

Ĥ	=		ĤA	+	ĤB	
ΨA0,B0	=	ΦA0ΦB0	
ΨA1,B0	=	ΦA1ΦB0	
ΨA0,B1	=	ΦA0ΦB1	

	

(1.2)	
(1.3)	
(1.4)	
(1.5)	
	

Equation	1.3	represents	the	ground	state	of	the	dimer.	Equations	1.4	and	1.5	are	the	

excited	states	of	the	dimer.	In	Equation	1.4	the	monomer	A	is	in	the	excited	state	and	the	

monomer	B	is	in	the	ground	state.	In	Equation	1.5	monomer	A	is	in	the	ground	state	and	

monomer	B	is	in	the	excited	state.	

In	the	second	case	we	would	assume	that	two	monomers	are	electronically	interacting,	

but	the	electrons	are	localized	on	each	monomer	(weak	coupling).	In	this	scenario	the	

Hamiltonian	would	have	a	new	term	(VAB)	due	to	the	dipole-dipole	interaction	(Equation	

1.6).	Since	the	new	interaction	is	only	a	perturbation,	the	same	noninteracting	monomer	

wavefunctions	can	be	used.	The	ground	state	wavefunction	would	not	have	any	effect	in	the	

new	interacting	system.	But	the	perturbation	would	create	exciton	states	that	can	be	

expressed	as	the	linear	combination	of	the	excited	state	wavefunction	of	the	noninteracting	

dimers	(Equation	1.7	and	1.8).	

Ĥ	=		ĤA	+	ĤB	+	VAB	
Ψ1+	=	1/Ö2	(ΨA1,B0	+	ΨA0,B1)	

				Ψ1-	=	1/Ö2	(ΨA1,B0	-	ΨA0,B1)	
	

(1.6)	
(1.7)	
(1.8)	
	

The	energy	of	the	exciton	states	can	be	calculated	using	the	Schrödinger	equation.	The	

energy	of	the	two	states	is	no	longer	the	same	which	is	the	case	for	the	noninteraction	

dimer	case.	Here	two	exciton	states	are	separated	by	2V12.	The	electronic	coupling	has	

splitted	the	excited	state	of	the	dimer	which	is	also	called	exciton	splitting.36	
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1.4	Energy	Transfer	in	Intact	Phycobilisomes	

The	intact	phycobilisome	would	be	a	great	model	system	to	study	excitation	energy	

transfer	mechanisms	due	to	its	unique	properties	like	water	solubility,	abundant	in	each	

corner	of	the	world,	funnel-shaped	energy	structure	and	major	light-harvesting	complex	in	

single	cellular	prokaryotes.	Also,	phycobilisomes	have	high	quantum	efJiciency	(<90%).37	If	

we	can	understand	the	excitation	energy	transfer	mechanisms	then	we	can	design	better	

artiJicial	light-harvesting	materials	that	would	extract	more	energy	from	solar	panels,	store	

more	energy	in	batteries	and	speed	up	information	transport	and	processing.	

Over	the	years	researchers	studied	excitation	energy	transfer	processes	in	intact	

phycobilisomes	and	phycobiliproteins	in	vivo	and	in	vitro	employing	different	instrumental	

techniques.	In	late	1950s	and	1960s,	Rabinowitch	and	co-authors	measured	the	

Jluorescence	lifetimes	of	Chlorophyll	a	and	phycobiliproteins	in	Porphyridium	cruentum	

using	a	nanosecond	Jlashlamp	technique	which	entailed	deconvolution	of	the	Jluorescence	

decay	from	the	Jlashlamp	proJile.38–40	They	reported	that	B-phycoerythrin	transfers	energy	

to	R-phycocyanin	in	300	±	200	ps	timescale	and	then	energy	moves	to	chlorophyll	a	

through	allophycocyanin	in	500	±	200	ps	time.39	

In	the	1970s	and	1980s	researchers	studied	several	photophysical	properties	of	the	

isolated	phycobiliproteins	like	the	excitation	energy	transfer	and	coupling	between	

chromophores,	Jluorescence	lifetimes	and	quantum	yield.41–49	Fluorescence	lifetime	of	an	

individual	bilin	chromophore	in	isolated	phycobiliproteins	was	reported	2-4	ns.41,43	

Kobayashi	et	al.	reported	from	their	picosecond	studies	on	CPC	that	energy	transfer	occurs	

faster	between	chromophores	in	larger	aggregates	(hexamer,	trimer)	than	monomers.42	

Similar	results	were	obtained	by	Holzwarth	et	al.45	and	Sauer	et	al.48	This	result	indicates	
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that	chromophores	are	better	positioned	in	(ab)6	hexameric	form	in	phycobiliproteins	to	

perform	an	efJicient	energy	transfer	process.	This	might	be	the	driving	force	to	form	

hexameric	disks	in	intact	phycobilisomes.	The	entire	phycobilisome	assemble	that	has	even	

higher	ordered	packing,	would	accelerate	this	process.	

The	Jirst	picosecond	laser	spectroscopy	study	of	excitation	energy	transfer	in	intact	

phycobilisomes	inside	the	Porphyridium	cruentum	cells	and	isolated	condition	was	reported	

by	Searle	et	al.50,51	They	showed	that	energy	moves	from	B-phycoerythrin	to	R-phycocyanin	

in	70	ps	and	to	allophycocyanin	in	120	ps	in	isolated	phycobilisomes.	A	much	slower	

kinetics	was	suggested	by	Grabowski	and	Gantt	for	energy	transfer	from	phycoerythrin	to	

phycocyanin	in	280	ps	that	would	take	about	28	energy	jumps	to	reach	energy	to	the	Jinal	

point.	Several	picosecond	Jluorescence	spectroscopy	studies	produced	similar	time	

constants	to	Searle	et	al.52–58	All	these	kinetic	models	suggested	hoping	style	Förster	

mechanism	for	excitation	energy	transfer	between	chromophores	in	rods	and	core	of	

phycobilisomes.	This	is	no	surprise	given	that	the	chromophores	are	~2	nm	apart	in	the	

protein	residue	and	expected	to	have	weak	interaction	between	them	with	respect	to	the	

surroundings.	It	takes	about	10	ps	to	transfer	energy	between	two	chromophores	2	nm	

apart.	Therefore	the	results	suggest	that	excitation	transfer	from	the	rod	to	the	core	of	the	

phycobilisomes	try	to	minimize	the	‘random	walk’	of	the	excitation	quantum	and	be	as	

direct	as	possible.20	T	Katoh	and	coworkers	observed	speciJic	few	energy	transfer	pathways	

in	intact	phycobilisomes	at	-196	0C.59	

In	apparent	conJlict	with	this	picture,	several	femtosecond	and	picosecond	spectroscopy	

studies	indicated	that	there	is	delocalized	exciton	state	present	in	isolated	allophycocyanin	

due	to	intermediate	to	strong	electronic	coupling	between	α84	and	β84	chromophores.60–65	
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Beck	and	co-authors	measured	a	~30	fs	anisotropy	component	originated	from	interexciton	

state	relaxation	using	two-color	femtosecond	pump-probe	anisotropy	experiment	on	

allophycocyanin	trimers.61	This	delocalized	exciton	picture	was	supported	by	single-

molecule	Jluorescence	experiments	from	Ying	and	Xie.66	Their	experiments	showed	the	

formation	of	exciton	traps	within	the	three	quasi-independent	pairs	of	strong	interacting	

α84	and	β84	chromophores	in	APC	and	photobleaching	of	individual	chromophores.	The	

work	of	Womick	and	Moran	further	supported	the	delocalized	picture.67	They	performed	

transient	grating	and	photon	echo	spectroscopies	in	dimer	of	allophycocyanin	and	applied	a	

vibronic	exciton	picture	where	the	electronic	coupling	is	enhanced	by	matching	the	exciton	

state	energy	gap	with	the	~800	cm-1	Hydrogen	out-of-plane	(HOOP)	mode	of	the	bilin	

chromophores	in	APC	trimer.67,68	They	also	studied	the	excited	state	relaxation	mechanisms	

R-phycoerythrin	and	C-phycocyanin	using	their	transient	grating	and	two-dimensional	

photon	echo	spectroscopy	instrument.69,70	The	α84-β84	pairs	in	CPC	have	stronger	system-

bath	interaction	and	showed	three	times	slower	electronic	relaxation	than	that	of	the	APC.	

In	R-PE	delocalized	states	are	present	between	six	pairs	of	phycoerythrobilin	

chromophores	and	sub-100	fs	exciton	relaxation	processes	occur.	Wang	and	Moerner	

performed	single-molecular	experiments	on	monomers	and	trimers	of	allophycocyanin.	

They	reported	that	after	trimer	formation	α-chromophore	shows	red-shifted	spectral	

properties	and	β-chromophore	quenches	the	excited	state	of	the	α-site.71	Here	they	

assumed	the	chromophores	in	weak-coupling	regime	and	failed	to	explain	the	narrow	

lineshape	and	fast	energy	transfer.	

In	recent	times	van	Amerongen	and	coworkers	performed	picosecond	time-resolved	

Jluorescence	measurements	using	the	streak-camera	instrument	which	has	~9	ps	
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instrument	response	in	whole	cells72	and	in	isolated	intact	phycobilisomes	from	

Synechocystis	6803.12	They	reported	transfer	of	excitation	in	whole	cells	from	CPC	to	down	

the	rods	in	6-9	ps.	Then	it	takes	40	ps	to	move	energy	from	CPC	to	APC660.	Finally,	excitation	

transfers	to	APC680	in	120	ps.	Another	study	from	van	Stokkum	et	al.	showed	more	

complicated	global	and	target	model	with	more	compartments	from	time-resolved	

difference	absorption	spectroscopy	measurements	on	intact	phycobilisomes	isolated	from	

Synechocystis	6803.13	In	these	models	energy	transfer	pathways	were	considered	as	

reversible.	Akhtar	et	al.	reported	longer	time	constants	for	transfer	of	excitation	in	intact	

phycobilisomes	isolated	from	Anabaena	variabilis	(PCC	7120)	where	they	employed	TCSPC	

experiments	with	50	ps	IRF.	In	this	study	they	found	an	additional	time	constant	500-700	

ps	which	might	have	originated	from	an	energy	transfer	process	in	the	core	of	the	

phycobilisome	or	an	intrinsic	quenching	mechanism.73	All	these	picosecond	energy	transfer	

steps	were	modeled	using	the	Förster	picture.	

A	femtosecond	pump-probe	spectroscopy	(IRF	120m	fs)	work	by	Nganou	et	al.14	in	

intact	phycobilisomes	isolated	from	Thermosynechococcus	vulcanus	detected	sub-ps	(900	

fs)	time	constants	that	were	assigned	to	excitation	transfer	down	the	rods	via	a	coherent	

energy	transfer	mechanism.	To	Jlow	energy	in	sub-ps	time	scale	chromophores	in	rods	need	

to	form	delocalized	exciton	states	and	that	requires	a	structure	where	the	chromophores	in	

adjacent	hexamers	are	in	fairly	short	distances.	Single-particle	EM	and	cryo-EM	structures	

of	the	intact	phycobilisome	from	cyanobacteria30	and	red	algae27	respectively	suggest	that	

the	chromophores	are	closer	to	each	other	in	adjacent	hexamer	compared	to	that	of	the	

trimer.	This	information	indicates	that	there	is	possibility	to	have	intermediate	to	strong	

electronic	couplings	down	the	rods.	
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From	the	previous	discussion,	it	is	evident	that	there	are	two	excitation	energy	transfer	

mechanisms	(incoherent	and	coherent)	present	in	the	literature	for	intact	phycobilisomes.	

Presence	of	delocalized	exciton	states	were	detected	for	other	light-harvesting	complexes	

like	FMO,	phytochromes,	peridinin-chlorophyll	a	protein	(PCP)	using	multidimensional	

femto-second	ultrafast	spectroscopy.4,74–76	Therefore,	it	is	strongly	suggested	that	

multidimensional	spectroscopy	with	ultrashort	pulses	will	be	used	to	study	excitation	

energy	transfer	mechanisms	in	intact	phycobilisomes	isolated	from	cyanobacteria.	This	

study	can	answer	whether	or	not	there	is	delocalized	exciton	state	present	in	the	rods	of	

the	phycobilisomes.	Also,	it	can	be	investigated	how	excitation	slows	down	in	the	core	of	

phycobilisomes	to	operate	photoprotection	mechanisms	smoothly.	

1.5	Two-dimensional	Electronic	Spectroscopy	(2DES)	

Two-dimensional	electronic	spectroscopy	(2DES)77–81	is	a	powerful	tool	to	investigate	

the	excitation	energy	transfer	mechanisms	in	natural4,74,75,82–84	and	artiJicial85–90	light-

harvesting	systems.	2DES	is	a	correlation	spectroscopy	that	measures	the	pump	induced	

change	in	the	emission	signal	from	the	sample.	2DES	have	several	advantages	over	the	

conventional	femtosecond	pump-probe	and	transient	absorption	spectroscopy.	2DES	

provides	high	resolution	in	the	spectral	and	temporal	space	simultaneously.	The	broadband	

laser	spectrum	(Figure	1.14)	used	in	2DES	can	cover	several	excited	states	at	the	same	time.	

Also,	the	short	laser	pulses	can	identify	the	electronic	and	vibrational	coherences	in	the	

ground	and	excited	states	and	their	involvement	in	the	excitation	energy	transfer	process.	

More	importantly	2DES	can	detect	the	evolution	of	the	excitation	energy	from	donor	to	

acceptor	over	time.	
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1.5.1	Excitation	Pulse	Sequence	in	2DES	

2DES	is	a	nonlinear	spectroscopic	technique	that	uses	three	short	(<10	fs)	laser	pulses	

scanned	over	two	different	time	delays	(Figure	1.5).	The	time	delay	between	the	Jirst	two	

pulses	is	coherence	time	τ	and	the	delay	between	second	and	third	pulse	is	population	time	

T.	In	this	setup	the	Jirst	two	pulses	are	pump	pulses	that	excite	the	sample,	and	the	third	

one	is	the	probe	pulse	that	detects	the	excited	state	dynamics	of	the	sample.	The	Jirst	pulse	

(k1)	interacts	with	the	sample	and	creates	a	coherence.	Coherence	is	a	linear	superposition	

of	ground	and	excited	states.	The	coherence	then	evolves	over	the	coherence	time	τ	and	

undergoes	free-induction	decay.	When	the	second	pulse	(k2)	interacts	with	the	sample,	it	

drives	the	coherence	into	a	population	localized	in	either	ground	or	excited	state.	The	

population	then	evolves	along	the	population	time	T	when	the	third	pulse	(k3)	interacts	

with	the	sample.	The	interaction	with	the	third	pulse	creates	another	coherence	that	in	turn	

emits	an	electric	Jield.	The	emitted	signal	(ks)	travels	along	a	speciJic	direction	(-k1+	k2+	

k3).	For	the	boxcar	setup	a	low	intensity	laser	beam	passes	through	the	sample	named	local	

oscillator	(LO)	used	for	heterodyne	detection	along	the	direction	of	the	signal.	For	the	

pump-probe	geometry	the	pump	pulses	propagate	along	the	same	direction	(k1	=	k2)	and	

the	signal	emits	along	the	direction	of	the	probe	(k3)	and	therefore,	the	probe	beam	acts	as	

a	LO.	The	emitted	signal	is	detected	as	a	pump-induced	change	in	the	probe	transmission.	

1.5.2	Third-Order	Nonlinear	Optical	Responses	

There	are	three	types	of	signals	that	can	be	detected	using	2DES.	They	are	ground-state	

bleaching	(GSB),	stimulated	emission	(SE),	and	excited-state	absorption	(ESA).	Jonas	

group77,91,92	and	Fleming	group78,80	developed	the	fundamental	theoretical	formulation	for	

the	two-dimensional	electronic	correlations.	The	phenomenological	interpretation	of	the	
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third	order	signals	presented	in	this	section	are	adopted	from	the	work	of	Mukamel,93	

Hamm,	and	Zanni.94	The	above	mentioned	signals	will	be	explained	with	the	Albrecht	wave	

mixing	energy	level	diagram	(WMEL).95	WMEL	representation	is	similar	to	the	double-sided	

Feynman	diagram	(not	shown	here).	Only	three	energy	level	systems	are	shown	here	to	

keep	it	simple.	The	horizontal	lines	in	the	WMEL	represent	energy	levels	in	the	system.	The	

energy	levels	are	labeled	as	‘g’	for	ground	state,	‘e’	for	the	Jirst	excited	state,	and	‘f’	for	the	

second	excited	state	at	a	higher	energy	level.	The	vertical	arrows	in	the	WMEL	represent	

the	interaction	of	each	laser	pulse	with	the	sample.	The	solid	arrows	act	on	the	‘bra’	side	

and	the	dotted	arrows	acts	on	the	‘ket’	side.	The	only	dotted	lines	represent	the	third	order	

signal	from	the	sample.	Time	progresses	from	left	to	right	in	WMEL.	

	

Figure	1.5.	Broadband	pulse	sequences	in	the	2DES	experiment.	The	red	Gaussian	pulse	
envelopes	depict	the	excitation	pulses	in	the	pulse	sequence.	The	blue	signals	represent	the	
coherences	emitted	from	the	sample	after	the	interaction	of	the	pulses.	The	first	pulse	
creates	coherence	that	evolves	over	time,	followed	by	the	interaction	of	the	second	pulse	to	
create	a	population.	The	third	pulse	interacts	with	the	system	to	create	another	coherence	
and	an	evolving	electric	field	(blue)	is	emitted	from	the	sample.	The	bra-ket	notation	shows	
a	probable	nonlinear	third	order	pathway	where	‘g’	refers	to	ground	state	and	‘e’	stands	for	
excited	state.	Adapted	from	work	by	the	Jonas	group.77	

Ground-state	bleaching	(GSB)	is	the	signal	emitted	by	the	system	after	the	Jirst	two	

pump	pulse	interactions	prepares	the	population	in	the	ground	state.	The	ground	state	in	

the	system	is	represented	as	<g|g>	(Figure	1.6).	After	the	interaction	of	the	Jirst	pump	pulse	

the	system	evolves	to	<g|e>	or	<e|g>	state	which	is	a	coherence	state	between	ground	and	
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Jirst	excited	state.	The	<g|e>	state	of	the	system	is	created	by	the	action	on	the	ket	side	and	

the	<e|g>	state	is	created	after	the	action	on	the	bra	side.	After	coherence	time	τ	second	

pulse	interact	with	the	sample	and	generates	population	in	the	ground	state	(<g|g>).	The	

third	pulse	interaction	produces	another	coherence	<g|e>	or	<e|g>	in	the	system	which	

emits	a	signal.	There	are	two	types	of	pathways:	rephasing	and	non-rephasing,	depending	

on	the	phase	of	the	two	coherences	created	in	the	system.	When	the	phase	of	the	

coherences	originating	from	the	Jirst	and	third	pulse	action	are	same,	the	pathway	is	

termed	as	‘non-rephasing’.	In	contrast,	for	the	‘rephasing	pathway’	the	Jirst	and	third	pulse	

action	generate	opposite	phases.	

	

Figure	1.6.	WMEL	diagram	of	ground-state	bleaching	signal.	The	figure	on	the	left	
correspond	to	the	non-rephasing	pathway,	whereas	the	one	on	the	right	correspond	to	the	
rephasing	pathway.	In	the	WMEL	diagram,	time	evolves	towards	the	right,	and	the	field	
matter	interactions	are	numbered	as	1,	2,	and	3	with	marked	time	delays.	The	solid	arrows	
represent	the	field-matter	interaction	on	the	bra	side,	whereas	the	dashed	arrows	
represent	the	interaction	on	the	ket	side.	The	dotted	line	in	the	WMEL	and	dashed	arrows	
represent	the	emitted	signal	after	a	series	of	field-matter	interactions.	
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Figure	1.7.	WMEL	diagram	of	stimulated	emission	signals.	The	figure	on	the	right	
correspond	to	the	rephasing	pathway,	whereas	the	one	on	the	left	correspond	to	the	non-
rephasing	pathway.	

Stimulated	emission	(SE)	is	the	signal	emitted	by	the	system	after	the	Jirst	two	pulses	

constructed	the	population	in	the	Jirst	excited	state	(Figure	1.7).	Similar	to	GSB	signal	the	

Jirst	pulse	interaction	creates	coherence	in	the	system	(<g|e>	or	<e|g>).	In	contrast	to	GSB	

signal	the	second	pulse	interaction	produce	a	population	in	the	Jirst	excited	state	(<e|e>).	

The	third	pulse	interaction	drives	a	downwards	coherence	<g|e>	or	<e|g>	in	the	system.	

This	coherence	emits	a	signal	that	can	be	detected	as	SE.	

Excited-state	absorption	(ESA)	signals	generate	from	the	coherence	between	two	

excited	states	(Figure	1.8).	Similar	to	SE	signal,	for	ESA	the	Jirst	pulse	interaction	makes	a	

coherence	<g|e>	or	<e|g>	between	ground	state	and	Jirst	excited	state	and	the	second	pulse	

interaction	generate	population	<e|e>	in	the	Jirst	excited	state.	In	contrast	to	SE,	the	third	

pulse	interaction	drives	an	upwards	coherence	<f|e>	or	<e|f>	in	the	system	for	ESA.	The	

coherence	emits	a	signal	with	the	frequency	of	the	energy	difference	between	states	e	and	f.	
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The	direction	of	the	signal	can	be	calculated	by	applying	the	law	of	conservation	of	

momentum.	The	signals	from	non-rephasing	pathways	would	be	along	the	direction	k1	-	k2	

+	k3	whereas	for	rephasing	pathway	signals	the	direction	would	be	-k1	+	k2	+	k3	(here	k1,	k2,	

and	k3	are	the	vector	representation	of	the	three	pulses	respectively).	In	practice,	the	laser	

beams	are	arranged	in	a	boxcar	geometry	where	the	Jirst	three	pulses	are	aligned	in	a	

fashion	that	they	form	the	corners	of	a	box,	and	the	signal	appears	at	the	fourth	corner	of	

the	box.	For	the	detection	of	the	rephasing	and	non-rephasing	signals	alignment	of	the	

instrument	remains	the	same,	only	the	ordering	of	the	Jirst	two	pulses	is	altered.	

	

Figure	1.8.	WMEL	diagram	of	the	excited-state	absorption	signal.	The	figure	on	the	right	
correspond	to	the	rephasing	pathway,	whereas	the	one	on	the	left	correspond	to	the	non-
rephasing	pathway.	

1.5.3	Quantum	Coherences	in	2DES	

The	broadband	laser	spectrum	used	in	the	2DES	with	ultrashort	laser	pulses	can	cover	a	

wide	range	of	electronic	and	vibrational	states	within	both	excited	and	ground	states.	This	

raises	the	possibility	to	observe	the	evolution	of	the	coherent	wavepacket	motions96–99	and	
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detect	the	electronic,	vibrational	and	vibronic	coherences.77,79,100,101	These	coherences	have	

distinct	characteristics	in	damping	times	and	position	in	the	2D	spectrum.	

Electronic	coherences	can	be	detected	in	strongly	coupled	chromophores	where	they	

share	a	common	ground	state	and	form	exciton	states.	The	electronic	coherences	can	be	

characterized	by	their	frequency	of	oscillations	and	crosspeak	positions	at	the	2DES	

spectra.	For	example	(Figure	1.9),	consider	an	energy	level	diagram	that	contains	two	

excited	states	1	and	2	with	a	common	ground	state	g.	The	Jirst	pulse	creates	coherence	

<1|g>	and	the	second	pulse	drives	the	system	to	a	new	state	<1|2>.	In	this	case	the	new	

state	is	also	a	coherence	state	between	two	excited	electronic	states.	This	will	evolve	along	

the	population	time	T.	The	frequency	of	this	oscillating	signal	from	the	coherence	will	be	

equal	to	the	energy	difference	between	state	1	and	2.	The	coherence	signal	will	appear	as	

crosspeaks	symmetrical	with	respect	to	the	diagonal	in	the	2DES	spectra.	The	damping	

times	of	these	coherences	are	typically	in	the	order	of	tens	of	femtoseconds.	

Vibrational	coherences	are	observed	between	the	vibrational	energy	levels	in	both	the	

ground	and	excited	states.	Vibrational	coherence	peak	patterns	in	the	2D	spectrum	depend	

on	the	Frank-Condon	overlap	of	the	excited	state	energy	levels.102,103	The	peak	patterns	are	

spaced	along	the	detection	axis	in	the	2D	spectrum	according	to	the	vibrational	quanta.	

Higher	intensity	vibrational	coherence	peaks	can	be	found	along	the	lower	energies	of	the	

excited	states.102,104,105	As	an	example	of	the	origin	of	the	vibrational	coherence	in	the	

excited	state	(Figure	1.10),	let's	assume	a	two-level	system,	ground	(g)	and	excited	(e)	state	

with	two	vibrational	levels,	v	=	0	and	1.	The	Jirst	light-matter	interaction	drives	the	system	

to	the	second	vibrational	state	of	e	represented	by	<g0|e1>.	The	next	interaction	moves	the	

system	to	<e0|e1>	state.	Therefore,	it	develops	a	coherence	between	two	vibrational	states	
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from	the	Jirst	excited	state,	e.	This	coherence	evolves	along	the	population	time	T	and	

exhibits	a	frequency	equal	to	the	energy	difference	between	two	vibrational	levels.	The	

vibrational	coherences	in	excited	states	provide	information	on	the	vibrational	motions	

acting	in	the	excited	states	upon	excitation.	The	damping	times	of	these	coherences	

depends	on	the	coupling	between	the	electronic	states	and	vibrational	motions	and	the	

lifetime	of	the	excited	states.106,107	Some	of	the	vibrational	coherences	are	long	lived	and	

detectable	at	the	product	states	after	the	relaxation	of	excitation	to	the	lower	energy	

states.108	

Vibrational	coherences	at	the	ground-state	are	observed	when	the	two	excitation	pulses	

generate	coherence	between	the	ground	vibrational	states	of	the	system.	(Figure	1.11)	The	

Jirst	interactions	drives	the	system	upwards	to	<g0|e0>	state.	Then	the	second	interaction	

steers	the	system	downward	to	<g0|g1>	state.	This	produces	a	coherence	between	the	two	

vibrational	levels	in	the	ground	state.	This	coherence	moves	along	the	population	time	T	

with	a	frequency	of	the	difference	between	two	vibrational	levels.	The	dephasing	time	of	

the	vibrational	coherence	is	about	several	hundreds	of	femtoseconds.	

In	real	case	scenarios	like	photosynthetic	light-harvesting	systems	there	are	multiple	

electronic	states	with	several	vibrational	levels	in	them.	In	those	situations,	it	is	very	

difJicult	to	isolate	a	particular	coherence.	For	most	cases	multiple	coherences	will	be	

coupled	together.	A	sophisticated	multidimensional	spectroscopy	instrument	with	

broadband	ultrashort	laser	pulses	required	to	identify	all	those	coherences	present	in	the	

system.	
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Figure	1.9.	Example	WMEL	diagram	for	electronic	coherences	between	excited	electronic	
states,	1	and	2.	The	figures	on	the	right	correspond	to	the	rephasing	pathway,	whereas	
those	on	the	left	correspond	to	the	non-rephasing	pathway.	

	

Figure	1.10.	Example	of	WMEL	diagram	for	vibrational	coherences	between	vibrational	
levels	(v	=	0	and	1)	in	the	excited	electronic	state,	e.	The	figure	on	the	right	correspond	to	
the	rephasing	pathway,	whereas	the	one	on	the	left	correspond	to	the	non-rephasing	
pathway.	
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Figure	1.11.	Example	WMEL	diagram	for	ground-state	vibrational	coherences	(stimulated	
Raman)	between	ground	and	excited	electronic	state.	Vibrational	states	are	indicated	by	v	
=	0	and	1.	The	figure	on	the	right	correspond	to	the	non-rephasing	pathway,	whereas	the	
one	on	the	left	correspond	to	the	rephasing	pathway.	

1.5.4	Interpretation	of	2DES	Spectra	

Usually,	2DES	signals	at	a	particular	population	time,	T	are	plotted	as	a	contour	diagram	

where	x-axis	is	the	excitation	axis,	and	the	y-axis	is	the	detection	axis.	The	excitation	axis	is	

created	from	the	FT	of	the	signals	with	respect	to	the	coherence	time,	𝜏.	The	detected	axis	is	

produced	directly	from	the	CCD.	Figure	1.12	shows	a	sample	2DES	spectrum	which	is	a	

correlated	spectrum.	It	represents	the	pump	induced	change	in	the	intensity	of	the	probe	

beam.	Both	axes	are	in	frequency	unit.	The	red	color	peaks	are	coming	from	the	positive	

signals	and	the	blue	color	peaks	are	the	negative	signals.	The	signals	are	normalized	with	

respect	to	the	maximum	signal	at	that	population	time,	T.		

At	early	time	we	would	expect	to	observe	mostly	diagonal	peaks	due	to	ground	state	

bleaching	(GSB)	and	stimulated	emission	(SE)	signals.	The	GSB	and	SE	signals	are	positive	

in	our	setup	shown	in	red	color.	The	early	time	peaks	contain	inhomogeneous	broadening.	

At	later	population	time	the	peaks	will	have	more	homogeneous	broadening	lineshape.	The	

diagonal	diameter	is	coming	from	the	homogeneous	and	inhomogeneous	line	broadening	

whereas	the	off-diagonal	diameter	is	generating	only	from	the	homogeneous	broadening.		
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Figure	1.12.	An	example	2DES	spectrum.	Both	axes	are	in	frequency	(𝜔)	unit.	The	x-axis	is	
excitation	axis,	and	the	y-axis	is	detection	axis.	The	red	color	peaks	are	positive	signals	
originating	from	GSB	and	SE	whereas	the	blue	peak	represents	negative	signal	from	ESA.	

Here	Figure	1.12	shows	that	there	are	two	different	chromophores	present	in	the	

system	and	they	absorb	𝜔&	and	𝜔!.	The	above	the	diagonal	blue	peak	represents	an	excited	

state	absorption	(ESA)	peak	which	has	a	negative	signal.	The	coordinate	of	the	ESA	peak	is	

(𝜔&, 𝜔!)	which	indicates	that	the	excited	state	population	was	created	using	two	pump	

pulses	with	𝜔&-	frequency	and	then	the	probe	pulse	with	𝜔!-	frequency	created	a	

coherence	between	the	Jirst	excited	state	and	the	higher	excited	state.	The	peak	due	to	

energy	transfer	would	appear	as	below	the	diagonal	positive	peak.	Figure	1.13	shows	a	

WMEL	diagram	for	an	energy	transfer	process	between	two	chromophores.	Here	Jirst	two	

pump	pulses	with	𝜔!-	frequency	creates	a	population	at	the	excited	state	<2|2>	of	the	

chromophore	2.	Before	the	probe	pulse	interacts	with	the	system	excitation	population	has	

been	transferred	to	excited	state	<1|1>	of	the	chromophore	1.	Then	probe	pulse	with	𝜔&	

interacts	with	the	sample	and	creates	a	coherence	between	excited	state	and	the	ground	

state	of	the	chromophore	1.	Therefore,	we	would	observe	a	below	the	diagonal	cross	peak	
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at	(𝜔!,	𝜔&)	in	the	2DES	spectra.	The	energy	transfer	peak	has	homogeneous	ground	state.	

This	is	because	that	the	energy	transfer	peak	is	expected	to	appear	at	later	population	time.	

	

Figure	1.13.	WMEL	diagram	for	the	energy	transfer	process	between	two	chromophores.	
The	red	arrow	represents	the	energy	transfer	from	chromophore	2	to	chromophore	1.	

1.6	Data	Processing	and	Analysis	

A	two-dimensional	electronic	spectroscopy	(2DES)	instrument	(Figure	1.15)	was	used	

to	acquire	the	data	presented	in	this	thesis.	The	details	of	the	2DES	set	up	in	Beck	

laboratory	can	be	found	in	the	next	chapter	section	2.2.3.	The	2DES	setup	is	based	on	the	

approach	by	Zanni	and	coworkers109,110	and	Ogilvie	and	coworkers111	where	they	

implemented	a	pump-probe	geometry.	The	signal	detected	in	pump-probe	geometry	is	the	

sum	of	both	nonrephasing	and	rephasing	pathways.	

In	a	2DES	experiment,	a	series	of	spectra	are	collected	for	each	population	time	T.	The	

population	T	spans	from	-3	ps	to	300	ps.	These	spectra	contain	amplitudes	detected	at	each	

binned	pixel	of	the	CCD	for	each	coherence	time,	τ	point.	The	time	τ	spans	from	0	to	50	fs	

with	0.5	fs	steps.	So,	there	are	101	spectra	for	each	time	T.	Data	Jiles	for	each	spectrum	

contain	256	X	101	array	of	amplitudes	where	256	is	the	total	number	of	the	binned	CCD	
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pixels.	The	acquisition	of	the	data	is	controlled	by	the	home-built	LabVIEW	(National	

Instruments)	scripts.	

	

Figure	1.14.	An	example	broadband	laser	spectrum	in	the	range	of	510-710	nm	used	in	
2DES	experiments.	The	full	width	at	half	maximum	(FWHM)	is	120	nm	and	the	transform	
limited	pulse	duration	was	6.7	fs.	

The	amplitude	of	FFT	for	pump-induced	change	in	probe-transmission	decays	with	time	

and	damps	out	~20	fs.	An	offset	is	subtracted	to	bring	the	oscillations	centered	around	

zero.	The	time	points	after	the	decay	are	removed	and	replaced	with	zeros.	The	amplitude	

at	each	detection	wavelength	is	mirrored	and	concatenated	since	the	signal	oscillations	are	

symmetrical.	The	data	is	further	zero-padded	to	create	2N	data	points	for	FFT	analysis.	The	

FFT	output	contains	both	real	and	imaginary	components.	The	real	components	are	

extracted	and	plotted	as	a	contour	diagram	that	has	excitation	energy	on	the	x-axis	and	

detection	energy	on	the	y-axis.	A	series	of	2D	spectra	is	generated	by	repeating	this	process	

for	each	T	point.	Several	iterations	of	data	are	taken	for	doing	the	average	to	get	a	better	

signal	to	noise	ratio	and	calculate	the	95%	conJidence	interval	at	each	data	point.	All	these	

steps	are	performed	using	home-built	MATLAB	scripts.	
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Figure	1.15.	Instrumentation	set	up	used	in	the	2DES	experiments.	The	Yb	laser	(4W,	100	
kHz,	1040	nm)	is	pumped	to	a	NOPA	to	generate	broadband	visible	pulses	ranging	from	
500-700	nm.	The	adaptive	pulse	shapers	compress	the	pulses.	The	pulse	shaper	on	the	
pump	beam	creates	the	pulse	pair	and	control	the	time	(t)	between	them.	A	time-of-flight	
delay	stage	is	used	to	vary	the	time	delay	(T)	between	the	pump	and	the	probe	beams.	The	
emitted	signals	are	collected	using	a	home-built	spectrograph	and	a	fast	CCD.	

CarpetView	software	package	(Light	Conversion)	is	used	to	perform	global	and	target	

models112	that	show	the	excitation	energy	transfer	rates	from	one	compartment	to	another	

for	a	multicompartment	system.	For	1D	kinetic	models,	a	part	of	the	response	along	a	

desired	excitation	wavelength	axis	is	averaged.	This	averaged	data	used	as	an	input	Jile	that	

contains	amplitude	of	the	signals	at	all	the	detection	wavelengths	evolving	with	time	T.	The	

residuals	are	obtained	at	each	data	point	by	subtracting	the	response	of	the	model	from	the	

actual	signal.	The	residuals	are	used	to	perform	FFT	using	Julia	codes	for	obtaining	the	

frequencies	of	the	modulations.	These	modulation	frequency	data	are	used	to	prepare	FT	

amplitude	spectra	and	oscillation	maps.	The	linear	prediction	singular	value	decomposition	

(LPSVD)	analysis	is	performed	to	obtain	the	damping	time	of	the	modulation	frequencies	

from	the	residual	data	using	a	MATLAB	script.	
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Chapter	2:	Excitation	Energy	Transfer	and	Vibronic	Coherence	in	Intact	
Phycobilisomes	

Phycobilisome	is	the	primary	light-harvesting	protein	complex	in	cyanobacteria	and	red	

algae.	It	contains	bilin	(open	chain	tetrapyrrole)	chromophores	that	absorb	mid-visible	

solar	photons	and	channel	that	energy	to	the	Photosystem	II.	Broadband	two-dimensional	

electronic	spectroscopy	with	6.7-fs	laser	pulses	were	employed	to	detect	the	excitation	

energy	transfer	pathways	in	intact	phycobilisomes	isolated	from	Fremyella	diplosiphon	

grown	under	white	light.	The	experimental	results	strongly	indicate	that	the	delocalized	

excitons	are	present	in	the	rod	of	the	phycobilisomes	involving	bilin	chromophores.	The	

kinetic	model	suggests	that	the	excitation	energy	absorbed	by	phycoerythrin	disks	at	the	

end	of	the	rods	moves	to	the	C-phycocyanin	disks	along	their	length	less	than	600	fs.	

Oscillation	maps	show	that	the	relaxation	of	a	manifold	of	vibronic	exciton	states	is	

mediated	via	coherent	wavepacket	motions	predominantly	involving	the	Hydrogen	out-of-

plane	(HOOP)	vibrations	of	the	bilins.	However,	the	charge	transfer	character	of	the	bilin	

chromophores	in	the	allophycocyanin	disks	localizes	the	excitation	energy	in	the	core	of	the	

phycobilisomes.	The	energy	localization	slows	down	energy	transfer	rate	that	allows	

photoregulatory	processes	to	occur	efJiciently	on	the	higher	than	10-ps	timescale.	The	work	

presented	in	this	chapter	has	been	adapted	from	Nat.	Chem.	2022,	14,	1286-1294	(DOI:	

10.1038/s41557-022-01026-8).	
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2.1	Introduction	

The	phycobilisome	(Figure	2.1)	is	the	principal	peripheral	light-harvesting	antenna	

complex	in	cyanobacteria	and	red	algae.1–3	Phycobilisomes	contain	triangular	core	

structure	and	rod-like	structures	attached	to	the	core.	The	core	and	rods	are	made	of	disk-

shaped	(αβ)3	trimeric	or	(αβ)6	hexameric	phycobiliproteins	along	with	linker	proteins.4	The	

bilin	chromophores	covalently	attached	at	a	speciJic	position	of	the	phycobiliproteins	

constitute	a	funnel-shaped	energy	landscape.	The	phycobiliprotein	allophycocyanin	(APC)	

in	the	core	of	phycobilisomes	absorb	red	light	(λmax	=	650	nm)	whereas	the	core-proximal	

disks	of	the	rod	C-phycocyanin	(CPC)	absorb	shorter	wavelengths	(λmax	=	620	nm)	than	

APC.	Some	cyanobacteria	can	produce	another	phycobiliprotein	phycoerythrin	(PE)	as	

core-distal	disks	of	the	rod	that	absorb	even	shorter	wavelengths	(λmax	=	565	nm).	This	way	

structure	of	phycobilisomes	promotes	a	downhill	Jlow	of	excitation	energy	from	rods	to	the	

redshifted	bilins	in	the	core,	which	then	transfer	energy	to	chlorophyll	in	the	membrane	

protein	PS	I	and	PS	II.5	

So	far,	van	Stokkum	et	al.	reported	the	most	detailed	model	for	excitation	energy	

transfer	processes	in	intact	phycobilisomes	from	Synechocystis	sp.	PCC	6803.6	In	that	report	

they	combined	the	results	from	their	200-fs	pump-probe	transient	absorption	studies	and	

10-ps	streak-camera	Jluorescence	measurements.7	Their	kinetic	model	has	more	than	ten	

compartments	where	excitation	energy	transfer	occurs	in	hopping	style	in	~2-ps	or	longer	

steps	between	a	given	CPC	or	APC	disk	following	the	Förster	mechanism.8–10	

In	contrast	with	this	model,	a	number	of	nonlinear	femtosecond	spectroscopy	studies	

have	detected	much	faster	(<	1	ps)	excitation	energy	transfer	processes	in	isolated	

phycobiliproteins13–17	and	in	the	rod	of	the	intact	phycobilisomes18–20	from	several	
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cyanobacteria	species.	These	results	suggest	that	the	delocalized	excitons	might	be	present	

due	to	the	electronic	interactions	between	bilins	in	adjacent	phycobiliprotein	disks	in	the	

intact	phycobilisome.	A	few	published	cryo-electron	microscopy	structures	of	the	intact	

phycobilisomes	from	cyanobacteria21,22	and	red	algae23,24	show	the	arrangement	of	the	bilin	

chromophores	in	the	phycobiliprotein	subunits	with	atomic	details.	

	

Figure	2.1	Structure	of	phycobilisome,	phycobiliprotein	and	bilin	molecules	from	
Fremyella	diplosiphon.	a,	Model	for	phycobilisome11	that	includes	PE	and	CPC	in	the	rods	
and	APC	in	the	core.	b	and	c,	Side	view	(b)	and	planar	view	(c)	of	the	X-ray	crystal	structure	
of	(αβ)6	hexameric	CPC	from	F.	diplosiphon	(PDB	structure	1CPC).12	The	α	and	β	subunits	
are	shown	as	yellow	and	blue	ribbons,	respectively.	The	bilin	chromophores	are	
represented	as	stick	structures:	α84	in	red,	β84	in	blue	and	β155	in	green	color.	The	
numbers	are	the	cysteine	residue	to	which	the	chromophores	are	linked.	d,	the	structure	of	
phycocyanobilin	that	binds	with	CPC	and	APC.	The	rings	are	numbered	as	A	to	D	starting	
from	the	ring	that	is	attached	to	cysteine	residue.	e,	the	structure	of	phycoerythrobilin	that	
can	be	found	in	PE.	

In	contrast	with	this	model,	a	number	of	nonlinear	femtosecond	spectroscopy	studies	

have	detected	much	faster	(<	1	ps)	excitation	energy	transfer	processes	in	isolated	

phycobiliproteins13–17	and	in	the	rod	of	the	intact	phycobilisomes18–20	from	several	

cyanobacteria	species.	These	results	suggest	that	the	delocalized	excitons	might	be	present	
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due	to	the	electronic	interactions	between	bilins	in	adjacent	phycobiliprotein	disks	in	the	

intact	phycobilisome.	A	few	published	cryo-electron	microscopy	structures	of	the	intact	

phycobilisomes	from	cyanobacteria21,22	and	red	algae23,24	show	the	arrangement	of	the	bilin	

chromophores	in	the	phycobiliprotein	subunits	with	atomic	details.	

Here	we	employed	multidimensional	electronic	spectroscopy25,26	to	characterize	the	

excitation	energy	transfer	processes	in	intact	phycobilisomes	isolated	from	WT	Jilamentous	

cyanobacterium	Fremyella	diplosiphon	UTEX	481.	The	phycobilisomes	from	Fremyella	

incorporate	PE	disks	at	the	end	of	the	rod.	We	detected	the	mechanisms	of	excitation	

energy	transfer	processes	down	the	rods	to	the	core	of	the	phycobilisome	by	isolating	the	

responses	following	excitation	of	the	PE	in	two-dimensional	electronic	spectra.	

Additionally,	the	broadband	excitation	pulses	help	us	to	identify	the	role	of	vibronic	

coherence	in	excitation	energy	transfer	processes.	Our	results	indicate	that	the	absorption	

of	light	generates	delocalized	pathways	of	bilins	that	channels	excitation	energy	down	the	

rods	on	sub-picosecond	timescale	via	coherent	non-adiabatic	mechanism.	The	

intramolecular	charge-transfer	(ICT)	character	of	the	bilins	in	the	core	promotes	the	

localization	of	excitation	in	a	single	chromophore	and	that	makes	the	delocalized	pathways	

short-lived.	Localization	of	the	excitation	in	the	core	of	the	phycobilisome	forces	the	energy	

transfer	process	to	become	slow	and	helps	photoregulatory	mechanisms	to	occur	

efJiciently.	

2.2	Experimental	Methods	

2.2.1	Sample	Preparation	

Cultures	of	wild-type	Fremyella	diplosiphon	were	grown	in	BG11	media	(Table	2.1)	

under	continuous	illumination	of	medium	intensity	(50	μE	m-2s-1)	Jluorescent	white	light	at	
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a	constant	temperature	of	30	0C	and	in	presence	of	3%	CO2.	Intact	phycobilisomes	were	

isolated	from	these	cultures	following	the	procedure	described	by	Gantt	et	al.27,28	with	

some	modiJications.	Cells	were	collected	at	OD750	of	~1.0	using	a	centrifuge	at	19000	g	for	

20	min.	Then	cells	were	resuspended	in	a	PBS	isolation	buffer	solution	(0.8	M	Potassium	

Phosphate	buffer,	1	mM	EDTA,	0.5	mM	PMSF,	pH	7)	and	collected	again	in	a	centrifuge	at	

30000	g	for	15	min.	Then	the	cells	were	resuspended	in	PBS	buffer	solution	again	and	

passed	through	the	French	press	three	times	at	1000	psi	to	break	the	cells.	Triton	X-100	

(2%)	was	added	in	the	broken	cells	to	remove	the	cellular	debris.	After	30	min	the	cellular	

extracts	were	loaded	in	the	centrifuge	at	40000	g	for	30	min	to	isolate	the	intact	

phycobilisomes	from	the	cellular	debris.	The	supernatant	was	collected	and	loaded	in	the	

sucrose	gradient	(Table	2.2)	to	remove	the	remaining	soluble	proteins.	The	gradient	was	

spun	overnight	(~16-18	hrs.)	in	an	ultracentrifuge	at	77000	g.	Then	isolated	intact	

phycobilisomes	were	taken	out	from	the	0.75	M/	1	M	interface	of	the	sucrose	gradient.	The	

sucrose	was	removed	from	the	phycobilisomes	by	using	chromatography	technique.	The	

concentration	of	phycobilisomes	was	adjusted	to	the	requirement	of	the	experiments	by	

adding	0.8	M	potassium	phosphate	buffer	solution.	

2.2.2	Linear	Spectroscopy		

Linear	absorption	spectra	of	intact	phycobilisomes	samples	were	recorded	using	a	

Shimadzu	UV-2600	spectrophotometer	at	room	temperature	(23	°C).	For	the	2DES	study	

the	concentration	of	the	phycobilisome	sample	was	adjusted	to	obtain	0.3	OD	(in	1	mm	

cuvette)	by	adding	0.8	M	potassium	phosphate	buffer	(pH	7).	For	the	Jluorescence	

experiments	the	OD	value	of	the	sample	was	adjusted	to	obtain	0.1	for	a	1	cm	path	length	at	

the	excitation	wavelength.	
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The	Jluorescence	spectra	were	recorded	with	a	home-built	Jluorescence	spectrometer,	

which	was	described	previously.29,30	A	broadband	LED	and	a	compact	double	

monochromator	(2	nm	bandpass)	was	used	in	the	Jluorescence	instrument	as	an	excitation	

light	source.	A	grating	spectrograph	and	a	CCD	detector	were	used	as	the	detection	system.	

There	were	two	polarizers	before	and	after	the	sample	position	to	select	the	orientation	of	

the	excitation	and	emission	beam	respectively.	The	emission	spectra	were	corrected	for	the	

wavelength	dependency	of	the	emission	optics,	spectrograph,	and	CCD	detector.	

2.2.3	Two-Dimensional	Electronic	Spectroscopy	(2DES)		

The	2DES	spectra	were	recorded	with	a	two	beam	pump-probe	optical	conJiguration31	

at	room	temp	(23	℃).	The	laser	pulses	were	obtained	from	a	noncollinear	optical	

parametric	ampliJier	(NOPA,	Spectra-Physics)	which	was	pumped	by	a	Yb	laser	(Spectra-

Physics,	100	kHz	repetition	rate,	4	W	average	power).	The	NOPA	output	was	split	by	a	

broadband	dielectric	beamsplitter	to	generate	a	pump	and	probe	beam.	A	pair	of	chirped	

mirrors	and	adaptive	pulse	shaper	(FemtoJock	and	FemtoJock	P,	respectively,	Biophotonic	

Solutions)	were	employed	in	each	beam	to	compress	the	laser	pulses.	The	laser	pulse	

duration	was	measured	at	the	sample	position	by	MIIPS	scans.32	For	this	set	of	experiments	

NOPA’s	output	beam	spectrum	was	centered	at	600	nm	(spectral	width	520-700	nm).	The	

excitation	energy	was	attenuated	to	2.4	nJ	per	pulse	and	the	pulse	duration	was	6.7	fs	at	the	

sample’s	position.	The	polarization	of	the	pump	beam	was	rotated	to	magic	angle	(54.7o)	

from	that	of	the	probe	beam.	Both	beams	were	focused	by	off-axis	parabolic	mirrors	

overlapped	spatially	at	the	sample	position.	The	pump-induced	change	in	the	probe	

transmission	through	the	sample	was	recorded	with	a	spectrograph	and	a	fast	CCD	detector	

(Andor	Newton	940)	using	a	phase-sensitive	detection	protocol	with	amplitude	modulation	
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of	the	pump	pulses.33	A	polarizer	with	the	set	polarization	along	the	polarization	of	the	

probe	beam	was	placed	before	the	spectrograph	to	block	any	scatter	light	that	originated	

from	the	pump	beam.	

In	the	2DES	experiment	with	pump-probe	geometry	the	pulse	sequence	was	pump	

pulse	1	-	τ	(coherence	time)	-	pump	pulse	2	-	T	(population	time)	-	probe	pulse.	The	pump	

beam’s	pulse	shaper	was	programmed	to	control	the	coherence	time	(τ),	time	interval	

between	two	pump	pulses,	ranging	from	0	to	50	fs	with	0.5	fs	steps.	The	excitation	axis	was	

obtained	from	the	Fourier	transformation	of	the	τ	axis.	The	detection	axis	was	generated	

directly	from	the	CCD.	The	population	time	(T)	was	controlled	by	the	conventional	time-of-

Jlight	delay	stages	ranging	from	-3	ps	to	300	ps	with	steps	varying	from	2.5	fs	to	10	ps.	Each	

2DES	spectrum	was	an	average	of	5	successive	T	scans.	Using	this	approach,	the	obtained	

spectra	are	the	sum	of	the	rephasing	and	non-rephasing	nonlinear	optical	pathways.33	

For	2DES	experiments	the	phycobilisome	samples	(8	ml)	were	recirculated	by	using	a	

peristaltic	pump	(Bio-Rad)	with	a	speed	of	3.84	ml/minute.	Instead	of	a	static	cuvette	a	1	

mm	Jlow	cell	was	used.	During	the	experiment,	the	absorption	spectrum	of	the	

phycobilisomes	sample	was	checked	periodically	to	monitor	the	permanent	photobleaching	

and	photodamage	of	the	sample.	

2.3	Results	

2.3.1	Linear	Spectroscopy	

Figure	2.2	shows	the	absorption	and	Jluorescence	spectra	at	room	temperature	(23	0C)	

from	intact	phycobilisomes	isolated	from	Fremyella	diplosiphon	grown	under	continues	

illumination	of	medium	intensity	white	light.	The	spectrum	is	plotted	as	oscillator	strength	

vs	wavenumber	(n).	For	absorption,	the	oscillator	strength,	e/n	is	calculated	from	the	
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absorption	spectrum,	e(n)	and	for	Jluorescence,	the	expression	for	oscillator	strength	is	

l2F(n)/n3	where	l	is	wavelength	and	F(n)	is	the	Jluorescence	intensity.	The	absorption	

spectrum	of	phycobilisomes	contains	two	peaks	from	PE	and	CPC	at	570	and	620	nm	

respectively.	Also,	there	is	a	shoulder	peak	at	650	nm	originating	from	APC.	The	

Jluorescence	spectrum	shows	maximum	intensity	at	672	nm	after	exciting	the	sample	at	

550	nm.	The	terminal	emitter	is	emitting	the	Jluorescence	after	exciting	mostly	PE	in	the	

phycobilisome	that	indicates	the	phycobilisomes	are	intact.	

	

Figure	2.2	Absorption	(ε/ν)	and	fluorescence	(λ2F(ν)/ν3)	oscillator	strength	spectra	of	the	
intact	phycobilisomes	from	Fremyella	diplosiphon	with	respect	to	frequency	in	
wavenumber	(ν)	scale	at	room	temperature	(23	0C).	The	sample	was	excited	at	550	nm	for	
fluorescence	spectrum.	

Figure	2.3	represents	a	deconvolution	plot.	A	model	absorption	spectrum	of	intact	

phycobilisomes	was	prepared	by	adding	the	phycobiliprotein	(PE,	CPC,	APC660,	APC680)	

spectrum.	All	the	phycobiliprotein	spectra	were	shifted	along	the	x-axis	and	varied	their	

relative	intensities	to	match	the	model	spectrum	with	the	actual	absorption	spectrum.		For	

APC680	spectrum	the	absorption	spectrum	of	APC660	was	used	with	a	10	nm	redshift.	
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Figure	2.3	Spectral	deconvolution	Plot.	Absorption	spectrum	is	superimposed	with	the	
model	spectrum	of	the	intact	phycobilisomes.	The	model	spectrum	is	a	sum	of	
phycobiliprotein	(PE,	CPC,	APC660	and	APC680)	spectra.	

Figure	2.4	shows	the	continues	excitation-emission	spectra	collected	from	intact	and	

broken	phycobilisomes	plotted	a	contour	diagram.	The	spectrum	of	intact	phycobilisome	

shows	the	maximum	intensity	at	~670	nm	which	is	not	a	function	of	excitation	wavelength.	

Also,	there	is	no	peak	from	PE	at	580	nm.	Intact	phycobilisomes	were	added	into	low	ionic	

strength	phosphate	buffer	solution	to	break	them	intentionally.	For	the	broken	

phycobilisomes	there	is	a	separate	peak	for	PE	at	580	nm	and	the	main	peak	has	blue-

shifted	to	650	nm	which	the	emission	maxima	of	CPC	in	the	rods.	In	this	was	every	

phycobilisome	samples	were	tested	before	and	after	2DES	experiments.	

2.3.2	2DES	Spectra	

Figure	2.5	shows	a	series	of	2DES	spectra	recorded	with	intact	phycobilisomes	isolated	

from	F.	diplosiphon	at	room	temp	(23	0C)	using	6.7-fs	laser	pulses.	The	laser	spectrum	of	

this	experiment	has	a	central	wavelength	~600	nm	(Figure	A2.5)	and	expands	from	520	nm	

to	700	nm	that	covers	the	absorption	of	the	blue-most	phycobiliprotein	PE	and	red-most	
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emission	from	the	phycobiliprotein	APC.	The	continuous	excitation-emission	spectrum	

(Figure	2.4)	conJirms	that	the	phycobilisomes	used	in	the	experiment	were	intact.	

	

Figure	2.4.	Continuous	fluorescence	excitation-emission	spectra	at	room	temperature	(23	
0C)	from	phycobilisomes	isolated	from	Fremyella	diplosiphon.	a,	for	broken	phycobilisomes	
which	were	prepared	by	adding	intact	phycobilisomes	in	80	mM	phosphate	buffer	solution	
at	pH	7;	b,	for	intact	phycobilisomes	in	0.8	M	phosphate	buffer	solution	at	pH	7.	

The	2DES	spectrum	shows	the	pump	pulse	induced	change	in	the	intensity	of	the	

delayed	probe	pulse	as	it	passes	through	the	sample	after	a	delay	time	T.	The	prominent	

below-diagonal	cross	peak	of	stimulated	emission	(SE)	character	indicates	the	excitation	

energy	transfer	processes	in	phycobilisomes.	That	cross-peak	progresses	down	the	

detection	axis	with	population	time	T	and	Jinally	lines	up	with	the	emission	maximum	of	
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APC680.	At	early	population	time	T,	partially	resolved	cross	peaks	are	present	above	and	

below	the	diagonal	that	display	very	rapidly	damped	amplitude	modulation.	

	

Figure	2.5.	A	series	of	2DES	spectra	from	intact	phycobilisomes	isolated	from	Fremyella	
diplosiphon	ranging	from	T	=	10	fs	to	100	ps.	The	plotted	signals	are	the	sum	of	the	
rephasing	and	non-rephasing	nonlinear	optical	responses.	Each	spectrum	is	normalized	
with	respect	to	the	maximum	amplitude	observed	in	the	entire	dataset.	The	side	panels	
contain	the	absorption	(blue)	and	fluorescence	(red)	oscillator	strength	spectra	and	laser	
spectrum	(magenta)	that	were	used	in	the	2DES	experiments.	

2.3.3	Global	and	Target	Model	

A	global	and	target	model	can	approximately	describe	the	time	evolution	of	the	non-

oscillatory	signals	in	the	2DES	spectra.34	Using	this	method	we	can	determine	the	average	

time	required	to	transfer	excitation	energy	between	the	phycobiliprotein	components	of	

the	phycobilisome.	For	the	global	and	target	modeling,	550-580-nm	excitation	strip	in	the	

2DES	spectra	was	selected.	This	was	because	PE	has	maximum	absorption	in	that	spectral	

range	and	our	goal	was	to	determine	the	excitation	energy	transfer	process	from	the	end	of	

the	rod	to	the	core	of	the	phycobilisome.	A	kinetic	model	(Figure	2.6A)	with	Jive	

compartments	including	two	distinct	CPC	segments	(CPC1	and	CPC2)	is	capable	of	
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describing	the	excitation	energy	transfer	process	to	the	core	sufJiciently.	Each	compart	is	an	

ensemble	of	bilin	chromophores	in	phycobiliprotein	disks.	The	excited-state	population	

moves	from	PE	to	CPC1	with	a	62±3-fs	time	constant.	This	time	constant	corresponds	to	the	

rising	amplitude	of	the	cross	peak	detected	below	the	diagonal	at	620	nm.	In	the	T=10	fs	

spectrum	a	partially	resolved	peak	appears	from	the	SE	of	PE	as	below	the	diagonal	cross	

peak	at	580-600	nm	region.	Similar	processes	were	reported	in	the	transient	grating	

measurements	of	isolated	PE	on	the	<100-fs	timescale	by	Womick	et	al.17	The	cross	peak	

due	to	excitation	energy	transfer	moves	further	down	the	detection	axis	to	640	nm	in	

560±50	fs.	This	process	corresponds	to	the	energy	transfer	step	CPC1	to	CPC2	in	the	kinetic	

model.	Similar	time-constants	have	been	reported	in	hexameric	CPC13,16	and	in	intact	

phycobilisomes.18–20	

Then	the	cross	peak	moves	down	to	the	650-680-nm	range	in	the	detection	axis	that	

corresponds	to	the	core	of	the	phycobilisome.7,35	Excitation	reaches	to	APC660	in	13±2	ps	

and	travels	then	to	APC680	in	58±3	ps	(the	subscripts	of	APC	refers	to	the	emission	

maximum).	Excitation	energy	transfer	rate	in	the	core	(APC660	to	APC680)	is	50	times	slower	

than	that	in	the	rods	(CPC1	to	CPC2).	A	kinetic	model	(Figure	A2.1)	with	four	compartments	

for	the	645-660	nm	excitation	strip	of	the	2DES	spectra	produces	a	lower	time	constant	

29±2	ps	for	APC660	to	APC680	energy	transfer	step.	Two	kinetically	different	APC660	

compartments	are	required	for	this	model.	In	both	models,	the	terminal	emitter	APC680	

relaxes	non-radiatively	to	ground	state	in	~400	ps.	This	lifetime	is	signiJicantly	shorter	than	

~1.5-ns	intrinsic	lifetime	of	the	Jirst	excited	state	for	a	bilin	chromophore.	These	results	

might	suggest	that	bilin	excited	states	in	the	terminal	emitter	are	quenched	by	exciton-

exciton	annihilation6	at	the	excitation	pulses	used	in	the	2DES	experiment.	Another	
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possible	explanation	would	be	that	these	phycobilisomes	photoaccumulated	redshifted	

bilins	in	the	core	that	act	as	excitation	energy	traps.36,37	

	

Figure	2.6.	Global	and	target	model	for	the	550-580	nm	strip	of	the	excitation	axis	of	the	
2DES	spectrum.	The	<40-fs	region	of	the	T	axis	was	excluded	during	modeling.	a,	Five-
compartment	spectrokinetic	scheme	with	the	time	constants	for	each	excitation	energy	
transfer	step.	Each	box	is	labeled	with	the	initial	fractional	excitation	that	was	calculated	
from	the	spectral	deconvolution	plot	(Figure	2.3).	b,	Time	(T)	evolution	of	population	for	
each	compartment.	c,	Evolution-associated	difference	spectra	(EADS).	d,	Amplitude	
transients	sampled	at	five	different	detection	wavelengths.	The	fitted	global	model	is	
shown	in	black	curve	for	T>40	fs.	The	bar	at	each	data	point	represents	the	95%	confidence	
interval.	The	instrument-response	function	with	12-fs	full	width	at	half-maximum	is	shown	
with	565-nm	transients	as	a	Gaussian	peak	in	a	gray	dotted	curve	centered	at	T	=	0	fs.	A	
semilogarithmic	T	axis	with	the	linear-log	split	at	100	fs	is	used	for	b	and	d.	
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The	evolution-associated	difference	spectra	(EADS,	Figure	2.6C)	from	global	models	

indicate	the	presence	of	the	delocalized	excited	states	for	the	sub-picosecond	processes	in	

the	rod	of	the	phycobilisomes.	EADS	is	the	average	of	the	third-order	nonlinear	optical	

responses	from	the	bilin	chromophores	in	a	speciJic	kinetic	compartment.	The	EADS	from	

PE	box	shows	positive	signals	due	to	Ground-state	bleaching	(GSB)	and	SE	over	the	550-

640-nm	range.	It	also	includes	a	set	of	negative	peaks	from	excited-state	absorption	(ESA)	

transitions	detected	at	625	nm,	650	nm	and	670	nm.	These	detection	wavelengths	also	the	

absorption	maximum	of	CPC,	APC660	and	APC680	respectively.	This	observation	indicates	

that	the	bilin	chromophores	in	the	phycobilisome	have	a	shared	electronic	ground-state	

character	due	to	the	presence	of	delocalized	excitons.	The	ESA	peak	appears	due	to	the	

absorption	transitions	from	a	singly	excited	exciton	state	to	one	of	the	higher	energy	states	

in	a	manifold	of	doubly	excited	exciton	states.38	This	assignment	is	consistent	with	the	

other	studies15,16,38	where	an	excitonic	model	was	considered	for	the	pair	of	α84	and	β84	

chromophores	from	CPC	and	APC.	The	exciton	ESA	bands	are	sharper	and	deeper	whereas	

the	ESA	bands	of	a	single	bilins	are	broad	that	spans	the	ground-state	absorption	region	

due	to	independent	transitions	to	higher	excited	states.38	

The	EADS	from	the	subsequent	compartments	of	the	global	model	show	broader	

lineshape.	The	GSB	and	SE	peaks	are	progressively	red-shifted,	and	ESA	peaks	are	

decreasing	in	intensity	(Figure	2.6C).	These	Jindings	suggest	that	the	excitation	is	

increasingly	localized	on	a	single	chromophore	in	the	core	of	the	phycobilisome.	The	ESA	

signal	in	the	2DES	spectra	decreases	rapidly	as	compared	to	the	GSB	signal	on	the	diagonal	

(Figure	A2.2).	After	localization,	the	diagonal	signal	incorporates	a	long-lived	component.	

This	is	due	to	the	superimposition	of	the	broad	GSB	lineshape	of	the	APC	in	the	core.	Then	
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the	diagonal	signal	moves	to	the	farther	red	as	excitation	travels	to	the	terminal	emitter	

APC680	from	APC660	mainly	via	the	Förster	mechanism.	

	

Figure	2.7.	Oppositely	phased	oscillations	from	amplitude	transients	positioned	
symmetrically	above	and	below	the	diagonal	of	the	2DES	spectra.	a,	2DES	spectra	from	
intact	phycobilisomes	isolated	from	Fremyella	diplosiphon	at	T	=	0	and	20	fs	with	
normalized	amplitude	with	respect	to	the	maximum	in	the	entire	dataset.	Markers	‘x’	and	
‘⏷’	indicate	the	coordinates	of	the	transients	shown	in	figure	b.	b,	Amplitude	transients	at	
the	marked	coordinates	(in	103	cm-1)	and	the	bars	are	indicating	the	95%	confidence	
interval.	

2.3.4	Coherence	and	Oscillation	Maps	

The	global	model	predicted	the	presence	of	delocalized	exciton	in	the	phycobilisome	

upon	photoexcitation.	That	prediction	inspired	us	to	do	the	coherence	analysis	on	the	

rapidly	damped	oscillations	in	the	2DES	spectra.	Figure	2.7	represents	a	pair	of	amplitude	

transients	positioned	symmetrically	across	the	diagonal	of	the	2DES	spectrum.	The	

transients	are	showing	the	modulation	of	the	cross	peaks	that	have	an	energy	gap	of	2100	

cm-1	and	1200	cm-1.	The	transients	have	oppositely	phased	oscillations	till	T<30	fs.	Then	a	
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more	complicated	oscillation	pattern	continues	at	least	to	T	=	100	fs.	Previous	studies	of	the	

system	with	intermediate-to-strong	electronic	coupling	between	chromophores	have	

discussed	extensively	the	in-phase	oscillatory	signals	due	to	delocalized	electronic	

excitations.39–43	Tiwari	et	al.	predicted	that	the	antiphase	character	can	appear	due	to	the	

delocalization	of	anticorrelated	vibrations	for	paired	chromophores.44	This	indicates	that	

the	oscillatory	signals	in	the	phycobilisome	might	have	a	vibronic	character	that	involves	

mixing	of	electronic	and	vibrational	states.	

	

Figure	2.8.	Fourier	amplitude	spectra.	a	and	b,	Fourier	amplitude	spectra	calculated	from	T	
=	0-100	fs	(a)	and	T	=	50-500	fs	(b)	range	of	the	amplitude	transients	presented	in	Figure	
2.6d	after	subtracting	the	fitted	global	model.	The	effective	resolution	of	these	spectra	is	
~300	cm-1	and	75	cm-1	respectively.	

At	vibrational	frequencies	of	bilins	in	phytochromes45–48	and	cyanobacteriochromes,49	

the	strongest	oscillatory	signals	from	the	phycobilisome	have	been	observed	

asymmetrically	below	the	diagonal	of	the	2DES	spectrum.42,50	These	observations	provide	

additional	evidence	that	the	vibrations	contribute	to	the	coherence.	Figure	2.8	exhibits	the	
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Fourier-transform	(FT)	amplitude	spectra	over	T	=	0-100	fs	and	Hann-windowed	T	=	50-

500	fs	range	of	the	transients	shown	in	Figure	2.6D.	The	C=C	stretching	vibrations,	in-plane	

N-H	rocking	mode	(from	the	B	and	C	ring)	are	expected	to	show	up	in	the	~1550-1700-cm-1	

range	in	the	FT	spectra.	The	C-C	and	C-N	stretching	modes,	in-plane	vinyl	C-H	wagging	

mode	appear	at	~1300	cm-1.	The	vinyl	C-H	out-of-plane	wagging	(HOOP)	modes	are	

observed	in	the	~800-900	cm-1	range.	There	are	some	additional	peaks	in	the	~400-600	

cm-1	region	originating	from	the	torsional	vibrations	which	don’t	have	the	strong	resonance	

Raman	activity	in	single	bilins.47	The	effective	damping	times	for	these	oscillations	are	in	

the	range	of	50-100	fs.	

An	oscillation	map	can	show	the	contribution	of	a	particular	coherence	to	the	2DES	

spectrum.	The	3D	spectrum26,42	obtained	by	Fourier	transformation	with	respect	to	T,	is	

sliced	at	a	particular	oscillation	frequency	to	create	an	oscillation	map.	Figure	2.9	shows	the	

oscillation	maps	with	the	strongest	peaks	from	the	T	=	0-100	fs	of	data.	Additional	

oscillation	maps	shown	in	Figure	A2.3	and	Figure	A2.4	are	obtained	from	Hann-windowed	

T	=	50-500	fs	data.	The	oscillation	maps	obtained	from	later	population	time	(T=	50-500	fs)	

are	useful	to	identify	the	vibrational	coherences	that	operate	after	the	fast	non-radiative	

decay	processes.	

The	peak	patterns	in	the	oscillation	maps	for	rapidly	damped	modulations	can	be	

explained	in	terms	of	coherent	wavepacket	motions	proposed	by	Pollard	and	Mathies51	in	a	

theory	for	broadband	femtosecond	spectroscopy.	The	elongated	peaks	appear	slightly	

above	and	parallel	to	the	diagonal	in	several	oscillation	maps	originating	from	the	

coherence	oscillatory	motion	of	the	wavepacket	in	the	ground	state	which	are	created	by	

stimulated	Raman	transitions.	The	oscillation	map	for	the	520-cm-1	does	not	have	a	
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diagonal	peak	whereas	the	1670-cm-1	map	has	a	relatively	strong	diagonal	peak	due	to	the	

C=C	stretching	modes	(Figure	2.9).	Several	oscillation	maps	exhibit	a	series	of	intense	peaks	

near	the	Jluorescence	maxima	in	the	detection	axis.	The	coherent	motion	of	the	excited-

state	wavepackets	are	creating	these	peaks	while	evolving	to	the	lower	energy	via	a	

coherent	non-adiabatic	mechanism.52	In	the	wavepacket	motion	the	vibrational	modes	are	

strongly	coupled	with	interexciton	electronic	transitions.	In	this	picture	the	complex	peak	

pattern	in	oscillation	maps	appear	due	to	interference	of	the	GSB	signals	from	the	ground-

state	wavepackets	with	SE	and	exciton	ESA	signals	from	the	excited-state	wavepackets.	In	

contrast,	an	evenly	spaced	‘chair-shaped’	peak	pattern	can	be	observed	due	to	

superimposed	GSB	and	SE	peaks	for	vibrational	coherences	in	the	Born-Oppenheimer	

regime,	where	the	periods	of	the	vibrational	modes	are	much	shorter	than	the	electronic	

relaxation	times.	

2.4	Discussion		

Womick	and	Moran15,53	Jirst	proposed	the	vibronic	exciton	scheme	for	the	α84-β84	bilin	

pairs	in	APC	trimers.	That	scheme	could	explain	the	prominence	of	the	HOOP	mode	at	

~800-900	cm-1	in	the	phycobilisomes	as	compared	to	that	in	the	resonance	Raman	spectra	

of	single	bilin	chromophore.	Figure	2.10A	shows	a	four-exciton	energy	level	diagram	(X1	to	

X4)	obtained	by	quantum-coherent	mixing	of	the	Jirst	two	vibrational	energy	levels	(ν	=	0	

and	1)	of	the	singly	excited	electronic	states	of	a	α84-β84	pair.	This	representation	is	an	

extension	of	the	quantum-coherent	mixing	of	the	purely	electronic	states	of	a	pair	of	

chromophores.	The	delocalized	character	and	the	speed	of	non-radiative	decay	between	the	

exciton	states	increased	in	the	APC	trimer	because	the	difference	in	energy	between	the	

bilin	sites	matches	with	the	HOOP	quantum,	the	so-called	vibrational	resonance	
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condition.54,55	For	the	isolated	CPC	hexamers,	the	degree	of	delocalization	is	less	since	

energy	difference	between	the	α84	and	β84	chromophores	does	not	match	the	HOOP	

quantum.16,53	The	energy	gap	between	X1	and	X4	is	twice	of	HOOP	quanta.	Therefore,	the	

coherence	related	to	X1-X4	would	contribute	to	the	1600-1700	cm-1	range	in	the	oscillation	

maps.	

	

Figure	2.9.	Oscillation	maps	for	the	principal	components	observed	in	Figure	2.8	centered	
at	520,	830,	1300	and	1670	cm-1,	as	calculated	by	Fourier	transformation	of	the	2DES	
spectrum	over	the	T	=	0-100	fs	range.	The	non-oscillatory	part	was	removed	by	subtracting	
an	overdetermined	2D	global	model.	Several	equispaced	dashed	lines	have	been	drawn	
parallel	to	the	diagonal	line	by	the	selected	modulation	frequency.	The	black	horizontal	line	
along	the	detection	axis	represents	the	peak	of	the	fluorescence-oscillator	spectrum.	
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Figure	2.10.	Energy	level	and	potential	energy	diagrams	for	bilin	chromophores.	a,	
Vibronic	excitons	for	a	pair	of	α84-β84	bilin	chromophores	in	APC	trimers,	as	proposed	by	
Womick	and	Moran.53	‘F’	labels	the	fluorescence	state	reached	after	localization	from	the	
X1	level.	The	insets	show	a	close	look	of	the	confirmation	of	the	α84	and	β84	
chromophores	in	the	X-ray	crystal	structure	of	APC	trimer	(PDB	-	1ALL)56	where	ring	A	is	
attached	with	cysteine	residue	in	the	left-hand	side.	b,	Potential	energy	plot	for	the	ground	
state	(S0)	and	first	excited	(S1)	singlet	electronic	state	of	the	bilins	with	respect	to	a	
reaction	coordinate	due	to	a	sequential	in-plane	and	out-of-plane	motions.	Near	a	seam	of	
conical	intersections	(CI)	the	S0	and	S1	states	are	mixed	in	character	where	decay	to	the	
original	15Z	or	to	the	D-ring-flipped	15E	configuration	occurs.	There	is	a	local	barrier	in	the	
S1	state	prior	to	the	out-of-plane	motions.57	
	

The	out-of-plane	distortions	and	the	resulting	coupling47	to	torsional	modes	of	the	bilin	

chromophores	in	the	phycobilisome	would	make	the	HOOP	mode	more	prominent	in	the	

vibronic	exciton	scheme.	Figure	2.10B	represents	the	potential	energy	level	diagram	

including	the	ground	state	(S0)	and	the	Jirst	singlet	excited	state	(S1)	with	respect	to	the	

out-of-plane	distortions.57	The	resonance	Raman-active	stretching	modes58	can	create	the	

out-of-plane	distortion	in	a	bilin	chromophore	from	a	planar	ground-state	conformation.	If	

a	vibrational	mode	twists	or	bends	the	conjugated	region	of	a	chromophore	then	it	can	

cause	a	large	modulation	in	the	potential	energies	of	the	S1	and	S2.	In	that	situation	ICT	
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character	can	be	created.59–61	So,	the	torsional	modes	could	act	as	a	promoting	modes	in	a	

coherent	non-adiabatic	relaxation	mechanism52,62,63	along	with	the	HOOP	modes.	This	

HOOP	mode	would	accept	energy	at	each	interexciton	relaxation	step	through	vibrational	

resonance.	The	torsional	modes	behave	as	a	branching	mode	that	helps	to	lift	the	

degeneracy	at	conical	intersection	(CTs)	of	the	potential	energy	surfaces	of	two	exciton	

states.62,64	Figure	2.11A	is	a	cartoon	representation	of	how	a	cascade	of	CIs	between	the	

exciton	potential	energy	surfaces	for	a	pair	of	bilins	could	mediate	coherent	non-radiative	

passage	of	a	wavepacket	to	the	lowest	exciton	level.	In	APC,	the	interexciton	relaxation	

takes	about	30	fs15,38,53	and	similar	time	constant	has	been	reported	for	PE17	also.	Other	

studies	on	cryptophyte	phycobiliproteins	proposed	similar	fast	non-adiabatic	vibronic	

processes.65,66	

Figure	2.11B	shows	the	electronic	and	vibronic	exciton	energy	level	diagram	in	the	

intact	phycobilisome.	Here	a	simpliJied	picture	has	been	shown	that	was	derived	only	from	

the	singly	excited	excitons	due	to	a	pair	of	bilin	chromophores.	If	we	consider	more	than	a	

pair	of	chromophores	are	collectively	excited,	then	the	manifold	of	exciton	states	would	be	

denser.	The	twisting	of	the	bilins	in	the	S1	state	would	promote	the	localization67,68	because	

the	reorganization	energy	(or	system-bath	coupling)	λ69	increases	with	the	increase	on	

permanent	dipole	moment	of	a	chromophore.	Therefore,	there	is	a	kinetic	competition	

going	on	between	the	fast	interexciton	relaxation	mechanisms	and	localization	on	a	single	

bilin.	This	was	observed	recently	in	the	peridinin-chlorophyll	protein	that	exhibits	out-of-

plane	motion	of	the	carotenoid	peridinin.68,70	
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Figure	2.11.	Non-adiabatic	interexciton	relaxation	mechanism	and	energy	states	in	intact	
phycobilisome.	a,	Schematic	representation	of	coherent	wavepacket	motions	after	optically	
prepared	X4	state	for	a	pair	of	bilins	via	a	cascade	of	conical	intersections	between	exciton	
potential	surfaces.	b,	Simplified	energy	level	(electronic	and	vibronic)	scheme	for	intact	
phycobilisome.	Energy	state	of	the	phycobiliprotein	was	taken	from	Figure	2.3.	TE	is	the	
fluorescence	maxima	for	APC680	terminal	emitters.	The	vibronic	levels	shown	for	each	
component	are	as	in	Figure	2.10a.	The	electronic	coupling	J	is	160	cm-1	and	the	energy	of	
the	two	vibrational	level	Eν=1	and	Eν=0	has	a	difference	of	800	cm-1	for	the	HOOP	mode	of	
bilin	was	considered	for	the	vibronic	levels.	

The	localization	of	the	excitation	energy	could	occur	at	any	bilin	chromophore	in	the	

phycobilisome,	but	the	lower	energy	β84	chromophore	in	APC	has	higher	probability	for	

this.	The	crystal	structure	of	APC	trimer	(PDB	structure	1ALL)56	shows	that	the	β84	

chromophore	has	an	additional	rotation	of	ring	C	and	ring	D	is	out	of	plane	compared	to	

those	of	the	α84	chromophore	(Figure	2.10A).	Therefore,	even	in	the	ground-state	α84	

possesses	a	higher	permanent	dipole	moment.	The	lowest-energy	excitons	have	higher	

contributions	from	the	lower	energy	levels	of	the	chromophore.	Also,	delocalization	

decreases	with	increase	in	λ	compared	to	electronic	coupling	J.67,68.	Therefore,	the	lower	
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exciton	state	would	be	very	likely	to	be	localized	on	the	β84	chromophore	in	the	APC.	This	

proposal	is	supported	by	the	Jindings	in	the	oscillation	map	(Figure	A2.4)	of	coherences	at	

~1100	cm-1	that	have	peaks	mainly	in	the	APC	region.	This	oscillation	is	occurring	due	to	

the	in-plane	wagging	mode	of	the	vinyl	C-H	for	a	localized	bilin	excitation	in	a	twisted	

conformation	for	ring	D.	The	in-plane	and	out-of-plane	vinyl	C-H	wagging	modes	are	

becoming	mixed	due	to	ICT	character.	This	mixing	is	redshing	the	in-plane	mode	to	~1300	

cm-1	and	blueshifting	the	HOOP	mode	to	~830	cm-1	range.48	

The	excitation	energy	transfer	rate	from	the	rods	to	the	APC660	in	the	core	is	very	slow	

as	compared	to	that	in	the	rods.	This	kinetic	bottleneck	helps	to	keep	the	rod-to-core	

energy	transfer	process	in	the	intact	phycobilisome	irreversible.	This	is	a	very	useful	step	

because	in	the	Förster	mechanism	excitation	energy	can	be	transferred	from	a	localized	

bilins	to	a	nearby	delocalized	pair	along	the	pathway	of	bilins	in	either	direction,	upwards	

or	downwards,	in	the	CPC-containing	rod	segments	and	it	does	not	matter	whether	it	is	

upwards	or	downwards.	Upon	impulsive	optical	excitation,	the	damping	time	for	

macroscopic	coherence	is	very	low	in	the	phycobilisome.	Similar	situation	has	been	

observed	for	the	Fenna-Mattews-Olson	complex.43	The	microscopic	coherence	is	involved	in	

the	progress	of	excitation	energy	over	long	distances	down	the	rods	in	less	than	1	ps	and	

from	the	rods	to	the	core	in	about	10	ps.	There	is	a	possibility	that	excitation	energy	could	

move	sideways	between	isoenergetic	bilins	across	the	CPC	disks	in	>40	ps	time	scale	via	the	

Förster	mechanism.9	The	hopping	of	excitation	from	α84	to	β84	in	a	given	pair	takes	about	

1	ps	and	~2-3	ps	for	pairs	longitudinally	in	a	CPC	hexamer.8,9	The	reorganizational	

dynamics	of	the	core	discourages	excitation	energy	to	escape	from	the	core	and	that	

provides	a	dynamic	stabilization.	
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The	overall	rate	of	excitation	transfer	to	the	chlorophyll	in	PS	II	from	phycobilisome	is	

limited	by	the	energy	transfer	rate	from	APC660	to	the	terminal	emitter.	Therefore,	any	

photoregulatory	or	photoprotective	process	in	the	core	can	compete	with	this	step	by	

introducing	a	faster	quenching	mechanism.	Bilins	has	a	natural	tendency	to	undergo	ring-

Jlip	photoisomerization	on	the	picosecond	timescale	and	that	could	create	a	trap	especially	

in	the	β84	sites	of	APC	in	the	core.	This	isomerization	process	could	possibly	be	a	

mechanism	for	intrinsic	quenching.	Few	single-molecule	Jluorescence	studies	of	

phycobilisomes	have	reported	the	presence	of	redshifted	bilin	sites	under	continuous	

illumination.36,37	These	traps	could	act	as	a	faster	intrinsic	quenching	response	to	

Jluctuations	of	the	ambient	light	intensity.	There	is	another	slower	regulatory	response,	

non-photochemical	quenching,	present	in	the	cyanobacterial	cell	involving	activation	of	the	

orange	carotenoid	protein	(OCP).71	In	this	process	activated	OCP	binds	to	the	core	of	the	

phycobilisome	and	introduces	a	ketocarotenoid	to	quench	the	excitation	along	the	pathway	

from	APC660	to	APC680.	These	Jindings	strongly	suggest	that	multidimensional	electronic	

spectroscopy	will	be	employed	in	future	study	of	the	details	of	these	quenching	

mechanisms.	

2.5	Conclusion	

Multidimensional	electronic	spectroscopy	was	employed	in	intact	phycobilisomes	to	

determine	the	excitation	energy	transfer	mechanisms.	The	2DES	spectra,	global	model	and	

oscillation	maps	strongly	suggest	that	delocalized	excitons	are	present	in	the	rods	of	the	

phycobilisome.	That	could	be	a	compelling	functional	explanation	for	the	paired	bilin	

chromophores	in	the	hexameric	and	trimeric	phycobiliprotein	disks.	The	coherence	

analysis	suggests	that	the	vibronic	wavepackets	prominently	involving	HOOP	mode	mediate	
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the	excitation	energy	transfer	processes.	The	kinetic	model	predicts	that	the	excitation	

travels	fast	in	<1	ps	time	scale	in	the	rods	and	then	slows	down	more	than	50	times	in	the	

core.	The	diminished	character	of	ESA	in	the	EADS	from	the	core	and	slowness	of	excitation	

transfer	makes	it	clear	that	delocalized	excitons	ultimately	collapse	onto	single	bilins	in	the	

core.	The	further	analysis	of	the	coherences	and	a	closer	look	in	the	X-ray	crystal	structure	

of	APC	indicate	that	upon	photoexcitation	the	lowest-energy	bilins	in	the	core	can	create	

the	ICT	character	by	undergoing	out-of-plane	conformational	distortions.	This	ICT	

character	localizes	the	excitation	in	the	core	and	excitation	energy-transfer	occurs	via	the	

Förster	mechanism.	The	slowness	of	the	energy	transfer	process	helps	the	quenching	

mechanisms	to	operate	smoothly.	
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APPENDIX	

	

Figure	A2.1.	Global	and	target	model	for	the	645-660	nm	strip	of	the	excitation	axis	of	the	
2DES	spectrum.	a,	Four-compartment	kinetic	scheme	and	time	constants	for	the	excitation	
energy	transfer	process	with	the	initial	fractional	excitation	for	each	box.	b,	Time	evolution	
of	the	populations	of	each	box.	c,	Evolution-associated	difference	spectra	(EADS).	d,	
Amplitude	transients	at	five	detected	wavelengths.	The	corresponding	global	model	data	is	
shown	in	black	line.	At	each	point	95%	confidence	interval	is	shown	by	bars.	The	
instrument	response	function	with	a	Gaussian	12-fs	full	width	at	half	max	is	shown	in	a	
gray	dotted	plot	centered	at	T	=	0	fs	for	the	640-nm	transient.	A	semilogarithmic	T	axis	
with	the	linear-log	split	at	100	fs	is	used	for	b	and	d.	
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Figure	A2.2.	Decay	of	excited-state	absorption	(ESA)	and	diagonal	ground-state	bleaching	
(GSB)	in	the	2DES	spectra.	a,	2DES	spectrum	at	T	=	10	fs	recorded	at	room	temperature	(23	
0C)	in	intact	phycobilisomes	isolated	from	Fremyella	diplosiphon.	b,	Amplitude	transients	
sampled	at	marked	coordinates	(in	103	cm-1)	in	the	2DES	spectrum	with	95%	confidence	
interval	at	each	point	indicated	with	a	bar.	The	fitted	plot	is	shown	in	black	solid	line.	The	
fit	function	was	composed	with	two	exponential	components	convoluted	with	a	12-fs	
Gaussian	instrument-response	function.	Fit	function,	A(T)	=	IRF	*	∑ 𝑎'𝑒()* +!)⁄

' 	+ 	𝑎%.	For	
the	diagonal	(16.5,16.5)	transient:	a0	=	-0.24,	a1	=	4.9,	τ1	=	1.4	ps,	a2	=	9.8,	τ2	=	38	ps.	For	the	
ESA	(16.5,14.9)	transient:	a0	=	3.2,	a1	=	-6.6,	τ1	=	180	fs,	a2	=	-16,	τ2	=	23	ps.	(T<40	fs	data	
was	not	included	for	modeling).	
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Figure	A2.3.	Oscillation	maps	for	the	Hann-windowed	T	=	50-500	fs	range	for	the	principal	
modulation	components	at	520,	830,	1300	and	1670	cm-1.	The	non-oscillatory	
contributions	were	removed	by	subtracting	an	overdetermined	2D	global	model.	The	
dashed	diagonal	lines	in	the	oscillation	maps	are	spaced	by	the	selected	modulation	
frequency.	The	black	horizontal	line	along	the	detection	axis	shows	the	emission	maximum	
of	the	intact	phycobilisomes.	
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Figure	A2.4.	Oscillation	maps	for	the	Hann-windowed	T	=	50-500	fs	range	for	the	principal	
modulation	components	at	110,	270,	650	and	1050	cm-1.	The	non-oscillatory	signals	were	
removed	by	subtracting	an	overdetermined	2D	global	model.	The	dashed	diagonal	lines	in	
the	oscillation	maps	are	spaced	by	the	selected	modulation	frequency.	The	black	horizontal	
line	along	the	detection	axis	represents	the	emission	maximum	of	the	intact	
phycobilisomes.	
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Figure	A2.5.	Laser	intensity	and	residual	phase	spectrum	after	compression	of	the	laser	
pulses	used	in	the	2DES	experiment:	a,	for	the	pump	beam,	and	b,	for	the	probe	beam	of	the	
2DES	spectrometer.	
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Figure	A2.6.	SHG-FROG	spectrogram	for	the	pump	pulses,	as	measured	with	scanned	pulse	
pairs	prepared	by	the	pump	beam’s	pulse	shaper	in	the	2DES	spectrometer.	

	

Figure	A2.7.	Interferometric	autocorrelation	of	the	pump	pulses,	determined	as	the	
integral	of	the	SHG-FROG	spectrogram	(Figure	A2.6).	
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Figure	A2.8.	Cyanobacteria	culture	and	isolated	phycobilisomes.	a,	Full	grown	
cyanobacteria	Fremyella	diplosiphon	culture	illuminated	under	white	light.	b,	Blue	color	
isolated	phycobilisomes	in	sucrose	gradient	(small	tubes)	after	overnight	
ultracentrifugation	step.	

Table	2.1.	Preparation	of	BG11	(for	1L	volume)	

Chemicals	 Volume	(ml)	 Chemicals	 Volume	(ml)	
NaNO3	 1	 Na2CO3	 1	
CaCl2	 1	 Trace	metals	 1	
FeNH4	 1	 1M	HEPES	 10	
EDTA	 1	 Water	 973	
K2HPO4	 1	 	 	

	

Table	2.2.	Sucrose	gradient	used	in	big	tubes	for	purification	of	intact	phycobilisomes	

Sucrose	Conc	(M)	 Volume	(mL)	

1.5	 5	

1	 7	

0.75	 7	

0.5	 7	

0.25	 5	
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Table	2.3.	Sucrose	gradient	used	in	small	tubes	for	purification	of	intact	phycobilisomes	

Sucrose	Conc	(M)	 Volume	(mL)	

1.5	 3.5	

1	 5	

0.75	 3.5	

0.5	 3.5	
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Chapter	3:	Excitation	Energy	Transfer	in	Intact	Phycobilisomes	from	
Red-Light	Grown	Fremyella	diplosiphon	

Phycobilisomes,	a	major	light-harvesting	protein	in	cyanobacteria,	harvest	solar	energy	

and	transfer	that	energy	to	the	reaction	center.	Intact	phycobilisomes	contain	different	disk-

shaped	hexameric	(αβ)6	phycobiliproteins	(PBP)	that	absorb	different	colors	of	light.	The	

cylindrical	rod	structures	have	phycocyanin	(CPC,	λmax	=	620	nm)	and	phycoerythrin	(PE,	

λmax	=	570	nm)	whereas	the	core	structure	consists	of	allophycocyanin	(APC,	λmax	=	650	

nm).	Cyanobacteria	produce	phycobilisomes	containing	different	ratios	of	PBPs	depending	

upon	the	ambient	light	condition	as	a	part	of	complementary	chromatic	adaptation	(CCA)	

process	to	acquire	optimum	number	of	photons.	Here	we	harvested	Fremyella	diplosiphon	

cells	under	illumination	of	high	intensity	red	light	that	produce	shorter	rod	lengths	by	not	

including	PE	at	the	end	of	the	rods	and	similar	core	structure.	Two-dimensional	electronic	

spectroscopy	(2DES)	was	employed	in	the	red	light	grown	intact	phycobilisomes	to	study	

the	energy	transfer	mechanisms.	The	global	model	for	560-580	nm	excitation	strip	shows	

that	excitation	moves	faster	down	the	rods	for	red	light	grown	samples	compared	to	white	

light	grown	samples.	But	the	time	constants	are	similar	for	the	transfer	of	the	excitation	in	

the	core.	The	evolution	associated	difference	spectra	(EADS)	show	similar	characteristics	as	

that	of	the	white	light	sample.	This	result	supports	the	idea	of	delocalized	exciton	character	

in	the	rods	of	phycobilisomes	proposed	in	the	study	of	excitation	energy	transfer	process	in	

white	light	grown	phycobilisomes.	
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3.1	Introduction	

The	cyanobacteria	and	red	algae	can	grow	in	different	ecological	conditions	(solar	light	

intensity	and	color,	temperature,	nutrients,	CO2	concentration,	etc.).	These	organisms	

modify	their	different	cellular	processes	to	accommodate	changes	in	the	environment.	One	

of	the	most	interesting	processes	is	called	complementary	chromatic	adaptation	(CCA),	a	

response	to	the	change	in	incident	light	quality	and	quantity.	The	most	common	

consequence	of	CCA	is	the	change	in	the	structure	of	the	photosynthetic	light-harvesting	

protein	such	as	phycobilisomes.	

The	phycobilisomes,	the	primary	light-harvesting	complex	in	cyanobacteria	and	red	

algae,	absorb	solar	photons	and	channel	that	solar	energy	to	the	nearest	chlorophyll	a	in	PS	

I	or	PS	II.1,2	The	basic	structure	of	a	phycobilisome	made	of	disk-shaped	phycobiliproteins	

has	two	main	parts;	a	triangular	core	and	rod-like	structures	around	it.	The	core	contains	

allophycocyanin	(APC)	and	the	rods	contain	phycocyanin	(PC).	APC	and	PC	absorb	mostly	

the	red	part	of	the	solar	spectrum.	Some	cyanobacteria	incorporate	phycoerythrin	(PE)	at	

the	end	of	the	rod	that	can	absorb	green	light.	During	CCA	phycobiliprotein	levels	in	

phycobilisomes	can	change	according	to	the	situation.	

Engelmann	and	Gaidukov	Jirst	reported	in	1902	that	the	cyanobacterium	Oscillatoria	

sancta	appeared	in	blue-green	color	when	grown	in	orange	light	and	in	red	color	when	

grown	in	green	light.3,4	For	the	Jirst	time	they	used	the	term	“Complementary	Chromatic	

Adaptation”	(CCA).	They	suggested	that	the	distribution	of	the	chromophores	in	the	

cyanobacteria	correlated	with	the	color	of	light	in	the	growth	condition.	However,	

subsequent	studies	by	other	researchers	could	not	repeat	this	observation	with	other	

strains	of	Cyanobacteria.	In	1921	Boresch	reproduced	the	result	of	Engelmann	and	
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Gaidukov	and	showed	that	the	color	of	the	cyanobacterial	culture	depends	on	the	

phycoerythrin	(PE)	-	phycocyanin	(PC)	ratio.5	This	ratio	was	related	to	the	color	of	

illuminating	light	(Figure	3.2).	Later	on	this	change	in	pigmentation	became	the	deJining	

feature	of	CCA.6	The	rich	history	of	the	CCA	can	be	found	in	the	review	paper	from	N.	

Tandeau	de	Marsac	(2003).7	

From	the	current	understanding	of	CCA	and	the	present	genetic	perspective,	the	phrase	

“complementary	chromatic	adaptation”	is	an	inaccurate	term.	The		word	‘adaptation’	means	

the	permanent	change	in	the	genetic	composition	of	an	organism	that	helps	it	to	utilize	a	

speciJic	ecological	situation.6	So	far	the	information	available	regarding	the	CCA	suggest	

that	immediate	changes	for	this	cellular	response	are	not	permanent	and	reversible.	The	

changes	for	CCA	occur	at	the	level	of	gene	expression	rather	than	genome	structure.	

Therefore	‘acclimation’	might	be	a	more	suitable	word	than	‘adaptation’.	But	the	word	

‘adaptation’	has	been	used	so	much	from	the	past	that	the	researchers	are	reluctant	to	

rename	this	process.	

In	the	1950s	and	1960s	Fujita	and	Hattori	carried	forward	the	progress	of	CCA.8-11	They	

generated	action	spectra	for	the	phycobiliproteins.	Action	spectra	are	the	part	of	the	light	

spectrum	that	are	the	most	effective	for	conducting	a	given	cellular	response.6	They	

demonstrated	that	photoreversible	pigments	responded	to	the	green	(~540	nm)	and	red	

light	(~640	nm)	to	control	CCA	in	Tolypothrix	tenuis	(PCC	7101).	They	also	showed	that	

even	exposures	of	only	a	few	minutes	of	red	or	green	light	can	dictate	which	

phycobiliprotein	to	produce.	This	response	was	not	sensitive	to	the	photosynthesis	

inhibitor	which	indicated	that	the	CCA	was	not	controlled	via	photosynthesis.	Additional	

studies	conducted	in	the	1970s	and	1980s	on	action	spectra	using	Fremyella	diplosiphon	
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UTEX	481	(Calothris	or	Tolypothrix	sp.	PCC	7601),	Tolypothrix	tenuis	(PCC	7101),	

Synechocystis	sp.	PCC	6701	supported	the	result	of	Hattori	and	Fujita	by	showing	that	CCA	

was	maximally	effective	to	green	and	red	light	in	these	cyanobacteria	species	as	well.12-16	

	

Figure	3.1.	Fremyella	diplosiphon	culture	is	grown	on	agar	plates	in	green	light	(left)	and	
red	light	(right).	The	accumulation	of	different	chromophores	into	phycobilisomes	makes	
the	cells	brick	red	or	blue	green.	Taken	from	Kehoe	and	Gutu,	reference	6,	used	with	
permission.	

All	the	cyanobacteria	that	can	produce	both	PE	and	PC	can	be	divided	into	three	

categories	based	on	their	CCA	responses.17,18	Group	I	strains	did	not	show	any	CCA	

response	because	they	did	not	change	the	population	of	PE	or	PC	in	response	to	the	change	

of	light	color.	Group	II	strains	increased	PE	levels	in	presence	of	green	light	whereas	they	

didn’t	change	the	PC	levels	during	the	light	change	green	to	red.	Group	III	strains	were	

capable	of	changing	both	PE	and	PC	levels	in	response	to	the	change	in	light	quality:	in	

particular,	increased	PE	in	green	light	and	PC	in	red	light.	It	is	worthwhile	to	report	that	a	

range	of	species-dependent	structural	changes	in	PBS	morphology	has	been	observed	even	

in	the	same	group.19–23	But	the	discussion	will	focus	on	the	effect	of	CCA	in	Fremyella	

diplosiphon	since	our	study	involves	this	cyanobacterium	species.	

The	Fremyella	diplosiphon	belongs	to	Group	III	since	they	change	the	amount	of	PE	and	

PC	to	optimize	the	capture	of	the	most	abundant	wavelengths	in	the	spectra.	This	is	because	
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PE	absorbs	green	light	and	PC	absorbs	red	light.	Figure	3.1.2	shows	the	structure	of	

phycobilisomes	from	F.	diplosiphon	grown	under	red	and	green	light.	This	Jigure	represents	

the	extreme	of	the	CCA	response.	In	case	of	white	light	(both	green	and	red	light	are	

present)	some	intermediate	structure	can	be	expected.	N.	Tandeau	De	Marsac	showed	that	

the	phycobiliprotein	composition	of	the	cells	of	strain	7409	grown	under	white	light	was	

approximately	intermediate	between	the	red	and	green	light	grown	cells	phycobiliprotein	

composition.17	

In	the	core	of	phycobilisomes	from	F.	diplosiphon	there	are	APC,	core	linker	protein	

(apcC)	and	core-membrane	linker	protein	(apcE).	They	do	not	have	any	signiJicant	

difference	between	red-light	grown	and	green-light	grown	phycobilisomes.6,17,18,24	The	

core-proximal	disk	of	each	rod	contains	a	type	of	PC	called	“constitutive	PC”	(PCC).	The	α	

and	β	subunits	of	constitutive	PC	have	the	same	structure	for	red-light	and	green-light	

grown	phycobilisomes.	These	subunits	are	numbered	as	α2	and	β1	(following	the	

numbering	system	from	Bryant,	D.	198118,24	where	the	number	of	α	and	β	subunits	were	

assigned	according	to	their	position	in	the	polyacrylamide	gel).	The	core-distal	

phycobiliprotein	disks	are	different	during	CCA.	In	the	green	light	condition	PE	disks	(up	to	

three)	may	be	present	(Figure	3.1.2).	All	the	α	and	β	subunits	of	PE	are	the	same	for	all	

three	disks.	During	red-light	growth,	instead	of	PE	there	are	two	PC	disks	after	the	

constitutive	PC.	These	two	PC	disks	are	called	“inducible	PC”	(PCi).	The	inducible	PC	

contains	α1	and	β2.	The	α1	(λmax	=	623	nm)	and	α2	(λmax	=	622	nm)	have	similar	absorption	

spectra.	However,	the	absorption	spectrum	of	β1	(λmax	=	610	nm)	is	red-shifted	than	that	of	

β2	(λmax	=	603	nm).24	
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So	far,	I	have	talked	about	the	structural	change	of	phycobilisomes	due	to	change	in	light	

quality	(color).	Light	quantity	(intensity)	also	can	induce	changes	in	the	structure	of	

phycobilisomes.	In	general,	phycobiliprotein	levels	per	cell	increase	in	low	light	intensity	

growth	culture	as	compared	to	a	high	light	intensity	growth	culture.25,26	Phycobiliprotein		

levels	can	increase	in	a	cell	by		increasing	the	size	and/	or	number	of	phycobilisomes	per	

cell.27	Cyanobacterium	Synechocystis	sp.	6301	increases	the	length	of	the	rod	when	it	is	

shifted	from	high	to	low	intensity	illumination.28	Shifting	illumination	from	3000	foot-

candles	to	50	foot-candles	increases	the	number	of	phycobilisomes	almost	to	double	in	a	

cell	for	the	red	alga	Grifiithsia	paciiica	with	no	alteration	in	the	length	of	the	rods.29	Light	

intensity	can	also	alter	the	pigment	content	in	phycobiliproteins.	Yu	et	al.	reported	that	in	

red	algae	Callithamnion	roseum	PE	covalently	binds	more	phycourobilin	than	

phycoerythrobilin	under	low	light	intensity.	This	is	because	phycourobilin	has	a	higher	

extinction	coefJicient	than	phycoerythrin.30	

Recently	the	Montgomery	group	studied	the	effect	of	light	(red	and	green)	intensity	in	

phycobiliprotein	level	in	F.	diplosiphon.31,32	They	found	that	the	phycobiliprotein	level	

decreases	in	cells	with	increase	in	light	intensity	for	both	red	and	green	light	cases.	The	

results	showed	the	extent	of	decrease	in	the	amount	of	each	phycobiliprotein	(PE,	PC	and	

APC)	was	very	similar.	That	result	indicates	that	the	number	of	phycobilisomes	in	F.	

diplosiphon	per	cell	was	decreased	with	increase	in	light	intensity	rather	than	the	shorter	

size	of	the	rods.	Also,	the	absorption	spectra	of	phycobilisomes	isolated	from	F.	diplosiphon	

grown	under	high-intensity	red	light	and	low-intensity	red	light	are	the	same	(Figure	A3.2).	
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Figure	3.2.	The	structure	of	phycobilisomes	and	phycobiliprotein	extract	from	Fremyella	
diplosiphon	grown	under	red	and	green	light.	The	green	rectangles	associated	with	the	
thylakoid	membrane	are	photosystem	II.	Both	phycobilisome	structures	contain	a	light	
blue	color	tricylindrical	core	and	6	rods	are	attached	with	the	core.	Each	disk-type	
structural	unit	is	a	hexameric	phycobiliprotein.	The	core	of	the	phycobilisomes	contain	APC	
(light	blue)	and	the	rods	contain	constitutive	PC	(dark	blue),	inducible	PC	(medium	blue),	
and/or	PE	(pink).	The	figure	is	redrawn	from	Kehoe	and	Gutu,	reference	6.	

During	CCA	the	morphology	of	the	F.	diplosiphon	cell	changes	drastically.	The	cells	

grown	under	green	light	have	almost	10	times	higher	Jilament	length	than	that	of	the	red-

light	grown	cells.	Also,	the	red	light	grown	cells	are	more	rounded	structure.	The	

chlorophyll	a	content	in	the	cyanobacteria	cells	does	not	differ	signiJicantly	when	the	
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illuminating	light	condition	changes	from	red	to	green.17	Intensity	variation	study	in	F.	

diplosiphon	from	the	Montgomery	group	showed	that	with	higher	light	intensity	carotenoid	

population	in	cells	also	increases.31,32	

For	this	study	intact	phycobilisomes	were	isolated	from	WT	Fremyella	diplosiphon	cells	

that	were	grown	under	the	illumination	of	high	intensity	red	light.	The	red-light	grown	

phycobilisomes	do	not	contain	phycoerythrin	(PE)	at	the	end	of	the	rods.	Two-dimensional	

electronic	spectroscopy	(2DES)	was	employed	to	study	the	excitation	energy	transfer	

processes	in	intact	phycobilisomes.	Global	and	target	model	for	the	560-580	nm	excitation	

strip	shows	that	4	compartments	with	2	kinetically	distinct	phycocyanin	(PC)	

compartments	is	sufJicient	to	Jit	the	data.	The	kinetic	model	indicates	the	excitation	moves	

faster	down	the	rods	of	the	phycobilisome	compared	to	that	of	the	white-light	grown	

phycobilisomes.	But	in	the	core	of	the	phycobilisome	the	energy	transfer	takes	similar	time	

as	compared	to	white-light	grown	samples	to	reach	the	terminal	emitter,	APC680.	

The	kinetic	model	shows	a	shorter	excited-state	lifetime	for	the	terminal	emitter	from	

the	red-light	grown	phycobilisomes	than	that	of	the	white-light	ones.	Time-correlated	

single	photon	counting	(TCSPC)	experiments	were	performed	with	the	red-	and	white-light	

grown	phycobilisomes	to	have	a	better	understanding	of	the	excited-state	lifetime	of	the	

terminal	emitter.	Surprisingly,	the	kinetic	models	from	the	TCSPC	data	do	not	have	a	

signiJicant	difference	in	excitation	transfer	rate	between	red-	and	white-light	grown	

samples.	A	new	kinetic	component	at	~600	ps	has	been	observed	which	can	be	an	energy	

transfer	step	in	the	core	or	an	intrinsic	quenching	mechanism.	More	detailed	analysis	is	

required	to	explain	the	faster	ground-state	recovery	for	the	red-light	grown	sample.	
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3.2	Experimental	Methods	

3.2.1	Sample	Preparation	

For	the	red	light	grown	phycobilisome	samples	the	subcultures	of	WT	Fremyella	

diplosiphon	were	grown	in	an	incubator	under	the	constant	illumination	of	low	intensity	

red	light.	Inside	the	chamber	no	extra	CO2	was	provided,	and	the	shaker	was	running	at	160	

rpm.	Since	the	light	intensity	and	CO2	concentration	were	low,	the	cyanobacteria	culture	

grows	slowly.	After	inoculation	to	a	1L	BG11	medium	the	culture	was	placed	inside	a	

Percival	(Growth	chamber	for	cyanobacteria	from	Geneva	ScientiJic)	where	3%	CO2	

concentration	was	maintained.	The	Percival	does	not	have	a	shaker.	So,	the	culture	was	

placed	on	a	magnetic	stirrer	and	a	magnetic	stirring	bar	was	used	to	stir	the	culture.	At	the	

beginning	the	culture	was	a	faint	green	color	since	there	were	not	many	cells	present	yet.	

For	the	Jirst	2	days	the	illuminating	red	light	intensity	was	medium	(~50	μE	m-2s-1).	Here	

red-light	LEDs	were	used.	The	spectrum	of	the	illuminating	light	has	been	shown	in	Figure	

3.3.	Once	we	observe	the	culture	has	grown	moderately	(light	green	color)	then	light	

intensity	is	increased	to	the	highest	level	(~150	μE	m-2s-1).	If	we	use	the	high	intensity	from	

the	beginning,	then	all	the	cells	will	die	instead	of	growing.	After	2-3	days	the	cells	were	

harvested	to	isolate	the	intact	phycobilisomes.	The	isolation	protocol	has	been	described	in	

detail	in	the	previous	chapter	(see	section	2.2.1).	

The	ambient	light	spectra	(Figure	3.3)	shows	that	the	white	light	spectrum	is	a	

Jluorescent	white	light	that	has	a	higher	contribution	from	the	red	light	(600-670	nm)	

compared	to	green	light	(500-570	nm).	So,	we	can	say	that	the	white	light	is	a	‘red-rich	

white	light’.	
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Figure	3.3.	Illuminating	light	spectra	for	the	white	light	and	red-light	sources.	The	spectra	
were	normalized	to	their	maximum.	

3.2.2	Linear	Spectroscopy	

Linear	absorption	spectra	of	intact	phycobilisomes	samples	were	recorded	using	a	

Shimadzu	UV-2600	spectrophotometer	at	room	temperature	(23°C).	For	the	2DES	study	the	

concentration	of	the	phycobilisome	sample	was	adjusted	to	obtain	0.3	OD	(in	1	mm	cuvette)	

by	adding	0.8	M	potassium	phosphate	buffer	solution	(pH	7).	For	the	Jluorescence	

experiments	the	OD	value	of	the	sample	was	adjusted	to	obtain	0.1	for	a	1	cm	path	length	at	

the	excitation	wavelength.	The	Jluorescence	spectra	were	recorded	with	a	home-built	

Jluorescence	spectrometer	which	has	been	discussed	in	length	in	section	2.2.2.	For	low	

temperature	absorption	and	Jluorescence	60%	and	40%	glycerol	with	1.25	M	phosphate	

buffer	were	used	as	a	solvent	respectively.	
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3.2.3.	Two-Dimensional	Electronic	Spectroscopy	(2DES)	

The	two-dimensional	electronic	spectroscopy	experiments	were	performed	with	7.2	fs	

laser	pulses	in	intact	phycobilisomes	at	room	temperature	(23	0C).	The	details	of	the	2DES	

instrument	and	experimental	procedure	have	been	described	in	the	previous	chapter	

(section	2.2.3).	For	these	experiments	3	nJ/pulses	were	used.	

3.2.4	Time-Correlated	Single	Photon	Counting	(TCSPC)	

The	Jluorescence	lifetime	decays	were	measured	using	the	time-correlated	single	

photon	counting	(TCSPC)	instrument33,34	at	room	temperature	(23°C).	The	light	source	for	

this	instrument	is	a	synchronously	pumped	cavity-dumped	dye	laser	(Coherent	702)	that	

was	excited	by	a	continuous-wave	(CW)	passively	mode-locked	Nd:YVO4	laser	(Spectra	

Physics	Vanguard).	The	Nd:YVO4	laser	produces	2.5	W	of	average	power	at	532	nm	at	a	40	

MHz	repetition	rate	with	13	ps	pulses.	Rhodamine	dyes	were	used	in	the	dye	laser	that	

produced	5	ps	laser	pulses	at	the	excitation	wavelengths	(Rhodamine	6G	for	580	nm	600	

nm,	and	Rhodamine	640	for	645	nm).	The	repetition	rate	of	the	dye	laser	was	controlled	by	

the	cavity-dumper	(Coherent	7210).	The	output	of	the	dye	laser	was	divided	into	two;	one	

portion	was	directed	to	a	reference	photodiode	(Becker	and	HicklPHD-400-N)	and	the	

other	portion	was	directed	to	the	sample.	The	excitation	energy	at	the	sample	position	was	

controlled	by	using	constant	neutral-density	(ND)	Jilters.	A	polarizer	was	used	before	the	

sample	position	to	selectively	pass	the	vertically	polarized	light.	A	static	cuvette	with	1	cm	

optical	path	length	was	used	at	the	sample	position.	The	emitting	photons	were	collected	

using	a	40x	reJlecting	microscope	objective	at	900	with	respect	to	the	excitation	laser	beam.	

The	collected	photons	were	separated	into	polarization	components	parallel	(00)	and	

perpendicular	(900)	to	the	vertically	polarized	excitation	pulse	using	a	polarizing	cube	
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beam	splitter.	Microchannel	plate	photomultiplier	tubes	(MCP-PMT,	ID	Quantique)	each	

equipped	with	a	subtractive	double	monochromator	(Spectral	Products	CM-112)	for	

wavelength	selection	were	used	to	detect	the	parallel	and	perpendicular	polarized	signal	

components	simultaneously.	The	detection	electronics	(Becker	&	Hickl	SPC-132)	resolved	

the	parallel	and	perpendicular	transients	separately,	yielding	~100	ps	response	functions	

for	each	detection	channel.	The	detection	electronics	include	a	time-to-amplitude	converter	

(TAC)	and	a	constant	fraction	discriminator	(CFD)	that	temporally	resolves	the	Jluorescence	

signal	for	each	polarization	component.	The	data	was	collected	using	multichannel	

analyzers	(MCAs).	The	in-house	written	LabVIEW	(National	Instruments)	program	on	a	PC	

controls	the	entire	process	including	detection	wavelength	and	time,	data	acquisition.	

Steady	state	Jluorescence	spectra	from	intact	phycobilisome	samples	were	collected	before	

and	after	the	TCSPC	experiments	to	check	the	permanent	photodamage.	

3.3	Results	and	Discussion	

3.3.1	Linear	Spectroscopy	

Figure	3.4	presents	the	linear	absorption	spectra	of	intact	phycobilisomes	isolated	from	

Fremyella	grown	under	white	light	and	red	light	in	0.8	M	phosphate	buffer	solution	at	room	

temperature	(23oC).	The	spectra	were	plotted	as	the	oscillator	strength,	ε(ν),	and	the	

wavenumber	ν	(cm-1).	The	wavelength	axis	was	also	added	at	the	top	of	the	plot.	Both	

spectra	were	normalized	with	respect	to	the	maximum	absorption.	The	absorption	spectra	

of	the	red	light	grown	sample	(red	plot)	does	not	have	the	peak	~570	nm	due	to	absence	of	

phycoerythrin	(PE)	at	the	end	of	the	rod.	Also,	the	red	plot	has	a	lower	intensity	640-690	

nm	region	with	respect	to	the	absorption	spectra	of	the	white	light	grown	sample.	
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Figure	3.4.	Linear	absorption	spectra	of	intact	phycobilisomes	isolated	from	Fremyella	
grown	under	medium	intensity	white	light	(blue	line)	and	high	intensity	red	light	(red	line)	
in	phosphate	buffer	solution	at	room	temperature	(23oC).	Both	spectra	were	normalized	to	
their	maximum.	

	

Figure	3.5.	Fluorescence	spectra	of	intact	phycobilisomes	isolated	from	Fremyella	
diplosiphon	grown	under	white	light	(blue	line)	and	red	light	(red	line)	in	phosphate	buffer	
solution	excited	at	550	nm	at	room	temperature	(23	0C).	Blue	and	red	plot	was	normalized	
to	their	respective	maximum.	

Figure	3.5	shows	the	Jluorescence	spectra	of	intact	phycobilisomes	isolated	from	

Fremyella	grown	under	white	light	(blue	line)	and	red	light	(red	line)	in	0.8	M	phosphate	

buffer	at	room	temperature	(23	0C).	The	spectra	were	plotted	as	the	oscillator	strength,	
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λ2F(ν)ν3	(λ	-	wavelength,	F(ν)	-	Jluorescence	intensity),	and	the	wavenumber	ν	(cm-1).	The	

blue	and	the	red	plot	was	normalized	with	respect	to	their	maximum.	The	samples	were	

excited	at	550	nm.	Both	plots	don’t	have	any	noticeable	difference.	Their	maximum	at	672	

nm	indicates	that	the	phycobilisomes	were	intact.	

All	the	phycobiliprotein	peaks	in	the	absorption	spectra	of	the	intact	phycobilisomes	at	

77	K	(Figure	3.6)	are	well	resolved	and	relatively	narrower	with	respect	to	that	of	the	room	

temperature	one	(Figure	3.4).	The	peak	for	PE	is	observed	at	572	nm	for	the	white-light	

grown	phycobilisomes.	This	peak	is	missing	in	the	red-light	grown	sample.	There	are	two	

partially	resolved	peaks	~600	nm.	This	is	probably	originating	from	β-subunits	of	CPC.	The	

peak	position	is	blue	shifted	in	intact	phycobilisomes	than	the	isolated	proteins.24,35	This	is	

probably	due	to	have	better	overlap	with	the	PE	spectra	in	white-light	grown	samples	and	

to	absorb	more	photons	below	600	nm	regions	in	the	red-light	grown	samples.	The	

absorption	maxima	are	at	630	nm.	This	is	originating	from	the	α-subunit	of	CPC.24,35	

Interestingly	the	absorption	peak	appears	for	phycobilisomes	in	cyanobacteria	cells	at	

~630	nm	(Figure	A3.1).	The	absorption	peak	of	the	α-subunit	of	CPC	is	red-shifted	in	intact	

phycobilisomes	than	that	of	the	isolated	phycobiliprotein	at	room	temperature	(23	0C).	This	

would	probably	provide	better	spectral	overlap	with	the	absorption	spectra	of	APC.	The	

peak	of	APC	is	at	654	nm	which	is	~2	nm	red-shifted	than	that	of	the	isolated	APC	peak	at	

room	temperature.	

Apart	from	missing	the	PE	peak,	there	is	no	signiJicant	difference	in	lineshape	between	

the	absorption	spectrum	from	red	and	white	light	grown	phycobilisomes	(Figure	3.6).	

Several	CCA	studies17,22,24	showed	that	phycobilisomes	isolated	from	F.	diplosiphon	grown	

under	red	light	have	higher	CPC:APC	ratio	than	that	of	the	white	light	grown	sample.	The	
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absorption	spectra	normalized	to	APC	maximum	show	that	there	are	more	CPC	disks	in	the	

red	light	grown	sample	than	that	of	the	white	light	grown	sample.	Also,	it	is	indicating	that	

with	higher	intensity	illuminating	light	the	length	of	the	rods	does	not	alter	in	these	

cyanobacteria	(see	the	Figure	A3.2).	Probably	the	number	of	phycobilisomes	per	cell	are	

lower	with	respect	to	lower	intensity	illumination.	There	is	no	such	difference	between	the	

absorption	spectrum	from	red-light	and	white	light	beyond	650	nm.	This	indicates	that	

there	is	no	signiJicant	change	in	the	core	of	phycobilisomes	under	different	illuminating	

light	conditions.	This	result	is	also	in-line	with	the	previous	CCA	studies.6,17,24	The	lineshape	

of	the	two	absorption	spectra	in	the	~590-605	nm	region	are	similar.	That	indicates	both	

phycobilisomes	(red-light	and	white	light	grown)	contain	constitutive	PC	and	inducible	PC	

disks	in	the	rods.	

	

Figure	3.6.	Absorption	spectra	of	the	intact	phycobilisomes	isolated	from	Fremyella	
diplosiphon	grown	in	high	intensity	red	light	(red	plot)	and	medium	intensity	white	light	
(blue	plot)	at	77	K.	The	spectra	were	normalized	with	respect	to	the	absorption	maxima	for	
the	peak	at	654	nm.	The	dotted	lines	represent	the	peak	positions.	
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Figure	3.7	shows	the	Jluorescence	oscillator	strength	spectra	with	the	wavenumber	in	

the	x-axis.	The	low	temperature	spectra	have	narrower	lineshape	than	the	room	

temperature	emission	spectra	(Figure	3.5).	The	maximum	of	the	low	temperature	spectra	is	

redshifted	to	685	nm.	This	is	because	most	of	the	emission	is	coming	out	the	terminal	

emitter	(APC680).36	The	white	light	grown	sample	has	slightly	higher	intensity	around	667	

nm.	Mostly	APC660	emits	in	this	region.	There	are	some	vibrational	peaks	at	the	lower	

wavenumber	region	~740-775	nm.	Other	than	higher	intensity	at	667	nm	there	is	no	

difference	in	Jluorescence	spectra	between	red-light	and	white	light	grown	samples.	In	

Jigure	A3.3	Jluorescence	spectrum	from	the	broken	phycobilisomes	conJirms	that	

phycobilisomes	in	Figure	3.7	were	intact,	otherwise	there	would	not	be	a	peak	at	685	nm	

from	the	terminal	emitter	after	exciting	the	sample	at	550	nm.	

	

Figure	3.7.	Fluorescence	oscillator	strength	spectra	of	intact	phycobilisome	isolated	from	
F.	diplosiphon	grown	under	red	(red	plot)	and	white	(blue	plot)	light,	at	77	K.	The	spectra	
were	normalized	to	their	maximum.	The	excitation	wavelength	was	550	nm.	
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Figure	3.8.	A	series	of	2DES	spectra	at	different	population	time	(T)	from	intact	
phycobilisomes	isolated	from	Fremyella	diplosiphon	grown	under	high	intensity	red	light	at	
room	temperature	(23	0C).	The	signal	amplitude	is	normalized	with	respect	to	the	
maximum	intensity	in	the	entire	data	set.	
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3.3.2	2DES	Spectra	

A	series	of	2DES	spectra	from	intact	phycobilisomes	isolated	from	Fremyella	diplosiphon	

grown	under	high	intensity	red-light	at	room	temperature	(23	0C)	are	shown	in	Figure	3.8.	

In	the	2DES	spectra	x	and	y-axis	represent	the	excitation	and	detection	axis	respectively.	

Both	axes	are	in	the	wavenumber	unit.	The	positive	amplitude	from	ground-state	bleaching	

(GSB)	and	stimulated	emission	(SE)	signals	are	shown	in	red	color	and	the	negative	

amplitude	from	excited-state	absorption	(ESA)	signals	are	shown	in	blue	color.	The	signal	

amplitude	is	normalized	with	respect	to	the	maximum	intensity	in	the	entire	data	set.	This	

is	an	average	data	from	three	successive	scans.	The	2DES	spectra	have	similar	features	

compared	to	those	obtained	from	white-light	grown	samples	(Figure	2.5).	For	example,	at	

early	population	time	mostly	the	diagonal	peaks	are	observed	at	~620	nm	and	~650	nm	

from	CPC	in	the	rods	and	APC660	in	the	core,	along	with	the	off-diagonal	short	lived	

amplitude	modulation.	At	later	time	2DES	spectra	exhibit	a	prominent	below	the	diagonal	

red	peak	due	to	the	energy	transfer	from	rods	to	the	core	of	the	phycobilisome.	Finally,	they	

align	along	the	Jluorescence	maximum	of	the	sample	at	672	nm.	This	indicates	that	we	can	

observe	the	energy	transfer	in	intact	phycobilisomes	in	the	2DES	spectra.	The	only	

noticeable	difference	here	with	the	white	light	grown	sample	(Figure	2.5)	is	that	there	is	

not	much	signal	after	~17500	cm-1	(570	nm)	in	both	axes.	This	is	because	the	red-light	

grown	phycobilisomes	do	not	contain	PE	at	the	end	of	the	rods.	

3.3.3	Global	and	Target	Model	

Figure	3.9	represents	the	global	and	target	model37	that	can	describe	the	approximate	

energy	transfer	process	in	intact	phycobilisomes	isolated	from	Fremyella	diplosiphon	grown	

under	high	intensity	red	light.	Here	the	560-580-nm	region	of	the	excitation	axis	was	taken	
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for	the	modeling	whereas	in	the	previous	chapter	it	was	550-580	nm	for	the	white-light	

grown	sample	(Figure	2.6).	This	is	because	the	red-light	grown	samples	do	not	have	a	

strong	signal	550-560	nm	due	to	absence	of	PE	at	the	end	of	the	rod.	Here	also	our	goal	is	to	

determine	the	excitation	energy	transfer	rate	from	rods	to	the	core	of	the	phycobilisomes.	

The	initial	excitation	values	for	each	compartment	in	the	global	model	is	an	estimated	

value.	The	exact	values	can	be	calculated	by	generating	a	deconvolution	plot	like	white	light	

sample	case	(Figure	2.3).	However,	a	small	change	in	this	value	does	not	have	signiJicant	

effect	in	the	time	constants	in	the	kinetic	scheme.	

The	kinetic	model	(Figure	3.9)	from	the	red-light	grown	phycobilisomes	shows	

excitation	energy	moves	down	the	rod	faster	(170	fs)	than	that	of	the	white	light	grown	

sample	(560	fs).	For	the	white-light	sample	that	contains	4	disks	in	the	rods,22	the	major	

portion	of	excitation	is	starting	from	PE	which	is	at	the	end	of	the	rods	(4th	disk).	For	the	

red-light	sample	three	CPC	disks	in	the	rods	are	equally	possible	to	accept	the	photon.	

Therefore,	the	excitation	is	traveling	a	smaller	average	distance	in	the	rods	for	red-light	

phycobilisomes	which	takes	lesser	time	to	travel.	The	kinetic	model	(Figure	A3.4)	from	the	

intact	phycobilisomes	grown	under	low	intensity	red	light	shows	slightly	higher	time	

constant	430	fs	for	this	step.	That	is	still	faster	with	respect	to	that	of	the	white-light	grown	

sample.	In	apparent	conJlict	with	this	picture,	Kolodny	et	al.38,39	reported	that	in	case	of	

marine	cyanobacteria	Synechococcus	WH8102	species	excitation	energy	reaches	faster	to	

the	core	for	the	phycobilisome	that	has	longer	rods	than	that	of	the	shorter	rod	length.	They	

performed	time-correlated	single	photon	counting	(TCSPC)	experiments	to	measure	the	

excitation	energy	transfer	processes.	They	suggested	that	in	the	phycobilisomes	with	longer	
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rods	the	coupling	between	chromophores	increased	from	the	formation	of	additional	

coupled	pathways	by	rearranging	the	rod	packing.	

Similarly,	for	the	next	step	excitation	energy	reaches	to	the	core	(APC660)	faster	for	the	

red	light	grown	sample	in	6-7	ps	than	that	of	the	white	light	grown	sample	in	13	ps.	This	

can	be	again	attributed	from	the	fact	that	the	red-light	sample	has	smaller	average	rod	

lengths.	Engel	and	coworkers40	have	measured	8	ps	time	constant	with	their	2DES	

polarization	scheme	for	the	energy	transfer	from	rods	to	the	core	for	intact	phycobilisomes	

from	synechocystis	sp.	PCC	6803	that	has	a	similar	rod	structure	with	3	CPC	disks.	But,	in	

the	core	of	phycobilisome	energy	transfers	to	the	terminal	emitters	(APC680)	at	the	similar	

time	constant	(~40-45	ps)	as	compared	to	that	of	the	white-light	grown	sample.	

Surprisingly,	the	excited	state	lifetime	of	the	terminal	emitter	for	the	high	intensity	red-light	

grown	sample	(~200	ps)	is	about	two	times	faster	than	that	of	the	white	light	grown	

samples	(~400	ps).	The	low	intensity	red-light	grown	sample	shows	a	600	ps	time	constant	

for	this	ground	state	recovery.	It	is	hard	to	explain	this	phenomena	from	given	the	fact	that	

previous	CCA	studies	reported	that	core	of	the	phycobilisomes	from	both	red	and	white	

light	grown	cyanobacteria	have	similar	structure.17,18,24	

The	evolution	associated	difference	spectra	(EADS)	for	the	CPC1	box	shows	a	series	of	

positive	going	ground-state	bleaching	(GSB)	and	stimulated	emission	(SE)	peaks	in	the	600-

640	nm	region.	Then	there	are	two	negative	going	excited-state	emission	(ESA)	peaks	at	

650	nm	and	670	nm	which	are	the	absorption	maxima	for	the	APC660	and	the	terminal	

emitter.	This	indicates	that	bilin	chromophores	are	in	a	shared	ground	state	condition.	The	

intensity	of	the	ESA	peaks	for	the	next	compartments	are	becoming	lower	which	indicates	

that	the	delocalized	states	are	increasingly	localized	in	the	core.	This	is	similar	to	that	of	the	
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white-light	sample.	The	population	plot	shows	the	evolution	of	the	excited-state	population	

for	each	compartment.	

	

Figure	3.9.	Global	and	target	model	for	the	560-580	nm	region	of	the	excitation	axis	of	the	
2DES	spectra	obtained	from	phycobilisomes	grown	under	high	intensity	red-light.	a,	
Kinetic	scheme	and	time	constants	for	energy	transfer	process	from	rod	to	the	core	with	
initial	excitation	for	each	compartment.	b,	Evolution	associated	difference	spectra	(EADS).	
c,	Time	evolution	of	the	population	in	each	compartment.	The	x-axis	of	the	population	plot	
is	in	semilogarithmic	scale	where	100	fs	is	the	breaking	point.	

Figure	3.10	shows	the	global	and	target	model	for	the	directly	excited	core	region	of	the	

intact	phycobilisomes.	In	this	model	4	compartments	are	needed	with	two	kinetically	

distinct	APC	compartments.	Compared	to	the	directly	excited	core	model	from	white	light	

grown	sample	(Figure	A2.1),	the	red	light	grown	sample	shows	similar	time	constants.	

Excitation	population	moves	slightly	slowly	in	40	ps	from	APC660	to	the	terminal	emitter.	
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Another	interesting	result	is	that	the	ground	state	recovery	is	also	similar	to	white	light	

grown	sample	in	~400	ps	and	it	is	different	from	the	model	from	excitation	of	the	rods.	

	

Figure	3.10.	Global	and	target	model	for	the	645-660	nm	region	of	the	excitation	axis	of	
the	2DES	spectra	obtained	from	intact	phycobilisomes	grown	under	high	intensity	red	
light.	a,	Kinetic	scheme	and	time	constants	for	energy	transfer	process	along	with	the	initial	
excitation	for	each	compartment.	b,	Evolution	associated	difference	spectra	(EADS).	c,	Time	
evolution	of	the	population	in	each	compartment.	The	x-axis	of	the	population	plot	is	in	
semilogarithmic	scale	where	100	fs	is	the	breaking	point.	

The	EADS	of	the	Jirst	box	has	an	ESA	peak	~670	nm	which	is	the	absorption	maximum	

of	the	terminal	emitter.	The	next	compartments	don’t	contain	signiJicant	ESA	character.	The	

population	plot	shows	the	movement	of	excitation	across	all	the	compartments	along	the	

population	time	T.	

These	global	models	show	that	the	excited-state	lifetime	for	the	bilins	in	the	terminal	

emitter	is	below	500	ps.	But	the	Jluorescence	lifetime	of	a	bilin	chromophore	is	2-4	ns.41,42	

so,	there	is	a	clear	difference	between	these	two	time	constants.	We	need	to	examine	that	
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time	constant	closely.	It	is	very	hard	to	determine	the	actual	time	constant	for	the	ground-

state	recovery	using	the	2DES	set	up	that	can	only	measure	data	till	300	ps	and	the	laser	

spectrum	that	does	not	have	signiJicant	intensity	after	670	nm.	To	understand	deeply	what	

is	actually	happening	to	the	terminal	emitter,	longer	time	data	(more	than	1	ns)	is	required.	

Therefore,	time-correlated	single	photon	counting	(TCSPC)	experiments	were	performed	

where	data	was	collected	till	10	ns.	

	

Figure	3.11.	Time-correlated	single	photon	counting	(TCSPC)	experimental	results	at	
different	detection	wavelengths	after	excitation	at	580	nm	from	intact	phycobilisome	
samples	isolated	from	F.	diplosiphon	grown	under	red	and	white	light.	The	black	trace	is	the	
instrument	response	function	(IRF)	that	has	a	FWHM	~100	ps.	Photon	counts	at	each	
detection	wavelength	are	normalized	at	their	maximum.	
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3.3.4	TCSPC	Experiments	

For	these	time-correlated	single	photon	counting	(TCSPC)	experiments	(Figure	3.11)	

the	excitation	wavelength	was	580	nm	that	excited	mostly	phycocyanobilin	(PCB)	

chromophores	in	the	CPC	disks	in	the	rods.	Detection	at	600	and	640	nm	are	mostly	the	

emission	of	photons	from	CPC.	The	longer	detection	wavelength	has	slower	decay.	Similar	

to	this	trend,	the	decay	of	the	660	nm	kinetic	trace	is	slower	than	that	of	the	640-nm	trace.	

The	660-nm	emission	generated	from	APC660	in	the	core	of	phycobilisome.	The	680-nm	

trace	has	a	delayed	rise	and	longer	decay	time.	The	delayed	rise	indicates	the	excitation	

population	transferred	from	CPC	to	APC660	to	terminal	emitter	(APC680).	The	slower	decay	

refers	to	the	transfer	of	excitation	getting	slower	with	each	step.	Therefore,	these	kinetic	

traces	show	the	energy	transfer	is	occurring	in	the	intact	phycobilisomes.	We	performed	

global	and	target	models	of	TCSPC	experimental	data	to	get	the	time	constants.	

The	global	and	target	model	(Figure	3.12	and	3.13)	shows	that	4	compartments	with	

two	kinetically	distinct	APC680	boxes	are	required	to	sufJiciently	Jit	the	data.	Figure	3.12	

represents	the	global	model	from	the	red-light	grown	phycobilisomes	and	Jigure	3.13	

shows	the	global	model	for	white-light	grown	samples.	The	compartments	in	the	kinetic	

scheme	were	identiJied	by	looking	at	the	peak	in	the	evolution	associated	spectra	(EAS)	for	

each	compartment.	The	EAS	spectra	resemble	the	Jluorescence	spectra	of	the	

phycobiliproteins.	The	black	plot	has	a	maximum	~650	nm	which	is	the	Jluorescence	

maxima	of	CPC.	Here	the	black	plot	is	very	noisy	since	the	data	quality	below	100	ps	is	not	

good.	Similarly,	the	red	curve	corresponds	to	APC660	that	has	emission	maxima	at	660	nm.	

The	last	two	boxes	have	the	identical	lineshape,	only	the	intensities	are	different.	Those	two	

boxes	were	characterized	as	APC680	or	terminal	emitters.		
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Figure	3.12.	Global	and	target	model	for	the	TCSPC	data	(excitation	wavelength:	580	nm;	
detection	wavelengths:	600	to	700	nm	with	4	nm	steps)	obtained	from	intact	
phycobilisomes	isolated	from	F.	diplosiphon	grown	under	red	light	with	300	μW	average	
excitation	power	and	4	MHz	repetition	rate	(0.08	nJ/pulse).	a,	4-compartment	kinetic	
scheme	with	time	constants	for	each	step.	b,	Population	plot	for	each	compartment.	The	x-
axis	is	in	linear	scale.	c,	Evolution	associated	spectra	(EAS).	

For	the	red-light	grown	sample	energy	moves	from	the	rods	to	the	core	in	15	ps	

whereas	it	is	25	ps	for	white	light	grown	sample.	But	it	is	not	possible	to	know	the	exact	

value	of	that	energy	transfer	rate	since	the	IRF	is	~100	ps.	Then	the	excitation	Jlows	to	

APC680	from	APC660	in	~140	ps	for	both	samples.	The	excited	state	population	moves	to	

another	terminal	emitter	in	~600	ps	for	the	samples.	The	red-light	grown	sample	is	slightly	

faster	than	the	white-light	grown	sample	in	this	step.	Then	the	population	decays	to	the	

ground	state	for	both	samples	in	~1.8	ns	that	matches	with	the	ground	state	recovery	time	
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for	any	bilin	chromophore.41,42	The	population	plot	shows	the	evolution	of	excited	state	

population	from	rods	to	core	and	Jinally	to	the	TEs.	These	two	kinetic	models	and	their	time	

constants	are	similar	to	the	work	presented	by	Akhtar	et	al.43	where	they	employed	TCSPC	

experiments	in	intact	phycobilisomes	isolated	from	Anabaena	variabilis	(PCC	7120).	They	

suggested	that	the	~600	ps	component	is	originating	from	an	intrinsic	quenching	

mechanism	or	energy	transfer	in	the	core	between	two	APC680	units.	Similar	kinetic	model	

was	obtained	with	a	faster	energy	transfer	rate	by	using	higher	excitation	energy	per	pulse	

(Figure	A3.5).	van	Stokkum	et	al.44	also	reported	a	similar	time	constant	in	intact	

phycobilisomes	from	Synechocystis	sp.	PCC	6803	where	they	assumed	that	step	as	an	

additional	quenching	state.	

The	global	and	target	models	from	TCSPC	experiments	show	longer	time	constants	for	

each	step.	The	last	time	constant	1.8	ns	conJirms	that	the	samples	are	behaving	properly.	

Our	initial	thinking	was	that	higher	excitation	pulse	energy	is	creating	shorter	time	

constants	for	the	kinetic	model	of	the	2DES	spectra.			These	TCSPC	experiments	were	

performed	with	lower	pulse	energy	(0.08	nJ)	than	those	used	in	the	2DES	experiments	

(3nJ/pulse).	Several	TCSPC	experiments	were	performed	with	different	excitation	energy	

per	pulse	in	intact	phycobilisomes	from	F.	diplosiphon	grown	under	red-	and	white-light.	

Additionally,	using	a	cavity	dumper	a	lower	repetition	rate	to	154	kHz	(lowest	limit	in	that	

instrument)	was	used	to	match	the	100	kHz	repetition	rate	of	the	2DES	experiments.	The	

Jigure	3.14	shows	that	with	higher	pulse	energy	the	excitation	population	decays	faster.	The	

decay	trace	was	Jitted	(Figure	3.14)	with	a	linear	combination	of	3	Gaussian	functions	

convoluted	with	an	instrument	response	function	(IRF)	that	was	constructed	with	a	linear	
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combination	of	3	Gaussian	functions.	The	Jigure	3.13	shows	only	two	Jitted	traces	for	

simplicity.	The	decay	parameters	can	be	found	from	table	3.1.	

	

	

Figure	3.13.	Global	and	target	model	for	the	TCSPC	data	(excitation	wavelength:	580	nm;	
detection	wavelengths:	600	to	700	nm	with	4	nm	steps)	obtained	from	intact	
phycobilisomes	isolated	from	F.	diplosiphon	grown	under	white	light	with	300	μW	average	
excitation	power	and	4	MHz	repetition	rate	(0.08	nJ/pulse).	a,	4-compartment	kinetic	
scheme	with	time	constants	for	each	step.	b,	Population	plot	for	each	compartment.	The	x-
axis	is	in	linear	scale.	c,	Evolution	associated	spectra	(EAS).	

The	Jigure	3.16	shows	that	the	longest	decay	parameter	(τ3)	decreases	with	increase	in	

the	average	excitation	power	used	in	the	experiments.	The	points	can	be	Jitted	with	a	

straight	line.	This	plot	indicates	that	with	~3	nJ/pulse	energy	the	ground	state	recovery	for	

the	terminal	emitter	would	>	1	ps.	Therefore,	the	200	or	400	ps	time	constant	that	we	
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observe	in	the	global	and	kinetic	model	from	2DES	data	is	not	the	ground	state	recovery.	

That	could	be	an	energy	transfer	process	in	the	core	or	a	quenching	mechanism.	More	

experiments	need	to	be	done	to	identify	which	process	that	time	constant	represents.	The	

global	model	from	the	TCSPC	data	shows	that	the	500-700	ps	time	constant	is	an	energy	

transfer	step	in	the	core	between	two	APC680	units.	Since	the	EAS	of	the	last	two	

compartments	has	the	same	features,	it	can	be	said	that	both	500-700	ps	and	the	1.5	ps	

time	constants	are	originating	from	the	same	type	of	bilin	chromophores.	It	might	be	worth	

noting	here	that	the	amplitude	of	the	~600	ps	component	(τ2)	in	the	Jit	parameter	(Table	

3.1)	increases	with	the	excitation	energy.	

	

Figure	3.14.	Kinetic	traces	from	TCSPC	experiments	with	different	excitation	energy	per	
pulse	for	intact	phycobilisomes	samples	grown	under	red	light.	The	excitation	wavelength	
was	600	nm,	and	the	detection	wavelength	was	680	nm.	All	the	traces	were	normalized	
with	respect	to	their	maxima.	The	black	trace	shows	the	IRF	(~100	ps	FWHM).	
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Figure	3.15.	Kinetic	traces	and	fits	from	TCSPC	experiments	with	two	different	excitation	
energy	per	pulse	for	intact	phycobilisomes	samples	grown	under	red	light.	The	excitation	
wavelength	was	600	nm,	and	the	detection	wavelength	was	680	nm.	All	the	traces	were	
normalized	with	respect	to	their	maxima.	The	black	trace	shows	the	instrument	response	
function	(IRF)	with	~100	ps	FWHM.	

	

Figure	3.16.	The	longest	decay	parameter	was	plotted	against	the	average	power	of	
excitation	pulses	used	in	TCSPC	experiments	for	red-light	grown	intact	phycobilisomes.	
The	straight	line	shows	the	approximate	fit	for	the	points.	
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3.4	Conclusions	

The	main	goal	of	this	project	was	to	study	excitation	energy	transfer	processes	in	intact	

phycobilisomes	that	have	different	structure	than	the	white-light	grown	phycobilisomes.	

Therefore,	Fremyella	diplosiphon	were	grown	under	the	illumination	of	red-light	as	they	do	

not	produce	PE	in	this	condition	as	CCA	response	and	rod	lengths	become	shorter.	The	

2DES	was	employed	in	intact	phycobilisomes	to	study	the	excitation	transfer	mechanisms.	

The	global	and	target	model	for	the	560-580	nm	excitation	strip	shows	that	the	transfer	of	

excitation	takes	a	shorter	time	to	reach	the	core	of	the	phycobilisome.	Additionally,	the	

kinetic	model	predicted	a	twice	shorter	excited-state	lifetime	for	the	bilins	in	the	APC680	

than	that	of	the	white-light	grown	phycobilisomes.	Due	to	limitations	in	our	2DES	

instrument	(delay	time	and	laser	spectra)	it	is	not	possible	to	detect	the	exact	excited-state	

lifetime	for	those	bilins.	That	motivated	us	to	perform	TCSPC	experiments.	The	

Jluorescence	lifetime	for	the	bilins	at	APC680	was	measured	~1.5	ns	from	TCSPC	

experiments.	Additionally,	a	600-ps	decay	was	detected	which	could	be	similar	to	the	

ground-state	recovery	time	constant	of	the	kinetic	model	from	the	2DES	data.	This	

additional	decay	pathway	could	be	a	non-radiative	pathway	to	the	ground-state	or	just	be	

another	energy	transfer	step	in	the	core.	We	cannot	conJirm	the	origin	of	this	time	constant	

at	this	point	of	time.	New	experiments	and	the	analysis	need	to	be	done.	
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APPENDIX	

	

Figure	A3.1.	Whole	cell	absorption	spectra	from	the	Fremyella	diplosiphon	grown	under	
white	and	red	light.	The	dotted	line	represents	the	absorption	peaks.	The	spectra	were	
normalized	with	respect	to	the	chlorophyll	QY	peak	at	682	nm.	The	bluest	peak	is	at	440	nm	
from	Chlorophyll.	The	red-light	cells	have	relatively	higher	absorption	in	the	470-500	nm	
region	due	to	a	higher	population	of	orange	carotenoid	protein	(OCP).	This	is	due	to	high	
intensity	illumination	in	the	growth	chamber.	The	peak	for	PE	is	at	575	nm	that	is	missing	
in	the	red-light	grown	sample.	The	red-light	grown	sample	has	higher	absorption	in	the	
phycocyanin	peak	region	at	630	nm.	

	

Figure	A3.2.	Absorption	spectra	of	intact	phycobilisomes	isolated	from	Fremyella	
diplosiphon	grown	under	high	and	low	intensity	red-light.	No	significant	difference	is	
observed	between	two	spectra.	
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Figure	A3.3.	Fluorescence	spectrum	at	77	K	of	broken	phycobilisomes	from	Fremyella	
diplosiphon	grown	under	white	light	excited	at	550	nm.	The	dotted	vertical	lines	show	the	
emission	peaks	for	PE	(578	nm),	CPC	(640	nm)	and	APC660	(658	nm).	The	emission	peak	for	
the	terminal	emitter	at	685	nm	is	absent.	A	10	times	lower	concentrated	(0.08	M)	
phosphate	buffer	solution	was	used	to	break	the	intact	phycobilisomes.	

	

Figure	A3.4.	Global	and	target	model	for	the	550-580	nm	region	of	the	excitation	axis	of	
the	2DES	spectra	obtained	from	phycobilisomes	grown	under	low	intensity	red-light.	a,	
Kinetic	scheme	and	time	constants	for	energy	transfer	process	from	rod	to	the	core	with	
initial	excitation	for	each	compartment.	b,	Evolution	associated	difference	spectra	(EADS).	
c,	Time	evolution	of	the	population	in	each	compartment.	The	x-axis	of	the	population	plot	
is	in	semilogarithmic	scale	where	100	fs	is	the	breaking	point.	
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Figure	A3.5.	Global	and	target	model	for	the	TCSPC	data	(excitation	wavelength:	600	nm;	
detection	wavelengths:	616	to	700	nm	with	4	nm	steps)	obtained	from	intact	
phycobilisomes	isolated	from	F.	diplosiphon	grown	under	high	intensity	red	light	with	500	
μW	average	excitation	power	and	154	kHz	repetition	rate	(3.2	nJ/pulse).	a,	4-compartment	
kinetic	scheme	with	time	constants	for	each	step.	b,	Population	plot	for	each	compartment.	
The	x-axis	is	in	linear	scale.	c,	Evolution	associated	spectra	(EAS).	The	data	is	very	noisy.	
EAS	plot	for	CPC	compartment	is	not	included	here.	
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Figure	A3.6.	Laser	intensity	and	residual	phase	spectrum	after	compression	of	the	laser	
pulses	used	in	the	2DES	experiment:	(a)	for	the	pump	beam,	and	(b)	for	the	probe	beam	of	
the	2DES	spectrometer.	
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Table	3.1.	Fit	parameters	for	the	kinetic	traces	obtained	from	TCSPC	experiments	of	red-
light	grown	intact	phycobilisomes	(Excitation	wavelength:	600	nm,	Detection	wavelength:	
680	nm)	𝑚𝑜𝑑𝑒𝑙	 = 	𝐼𝑅𝐹 ∗	∑ 𝑎'𝑒()* .!⁄ )/

'0& +	𝑎%	

Energy	
per	pulse	
(nJ)	

a1	 τ1	(ps)	 a2	 τ2	(ps)	 a3	 τ3	(ps)	 	 	 	 	 	

0.03	 -0.17	 85	 0.01	 578	 0.12	 1760	 	 	 	 	 	

0.16	 -0.16	 77	 0.01	 500	 0.12	 1707	 	 	 	 	 	

0.42	 -0.13	 60	 0.01	 502	 0.12	 1660	 	 	 	 	 	

1.27	 -0.12	 66	 0.04	 550	 0.1	 1609	 	 	 	 	 	

1.56	 -0.08	 89	 0.05	 608	 0.09	 1572	 	 	 	 	 	

2.66	 -0.21	 84	 0.07	 536	 0.09	 1490	 	 	 	 	 	

3.05	 -0.15	 61	 0.06	 526	 0.08	 1413	 	 	 	 	 	

	

	 	



	 122	

Chapter	4:	Future	Work:	Non-Photochemical	Quenching	in	Intact	
Phycobilisomes	by	Orange	Carotenoid	Protein	

This	chapter	contains	discussion	about	some	of	the	projects	that	are	ongoing	in	the	

Beck	Laboratory	with	intact	phycobilisomes	using	the	broadband	two-dimensional	

electronic	spectroscopy	(2DES)	instrument.	We	discuss	mainly	a	speciJic	research	project	

about	the	photoprotection	mechanisms	in	the	core	of	the	intact	phycobilisomes	by	orange	

carotenoid	protein	(OCP).	An	overview	of	the	structure	of	OCP	and	photoprotection	

mechanism	is	provided	here.	Then	we	talk	about	the	problem	with	this	current	thinking	

about	this	mechanism	followed	by	a	suggested	new	pathway	and	proposed	experimental	

process	to	test	this	new	hypothesis.	Lastly	there	are	few	other	suggested	projects	related	to	

the	excitation	energy	transfer	processes	in	the	intact	phycobilisomes	that	has	different	

structures	from	complementary	chromatic	adaptation	(CCA)	process	and	mutation.	

4.1	Photoprotection	in	Phycobilisomes	

Phycobilisomes	harvest	mid-visible	solar	energy	and	channel	that	energy	to	the	nearest	

chlorophyll	in	the	thylakoid	membrane	bound	photosystem	(PS)	I	and	II	in	cyanobacteria	

and	red	algae.1,2	The	(ab)6	hexameric	phycobiliproteins	phycoerythrin	(PE)	and	

phycocyanin	(CPC)	form	cylindrical	rods	which	are	attached	to	the	core	segment	made	of	

another	phycobiliprotein	allophycocyanin	(APC).3,4	The	core	is	linked	with	the	PS	II	with	

linker	protein	which	are	a	second	kind	of	non-chromophorylated	protein5	found	in	

phycobilisomes.	Phycobilisomes	construct	a	funnel-shaped	energy	structure	by	including	

blue-shifted	bilin	chromophores	in	the	rods	and	red-shifted	chromophores	in	the	core.6	

In	optimum	conditions	energy	absorbed	in	the	rods	of	the	phycobilisomes	transfers	to	

the	core	and	moves	to	chlorophyll	in	PS	II	and	PS	I	very	efJiciently.	From	there	excitation	
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energy	reaches	to	the	reaction	center	(RC)	where	the	photosynthesis	occurs	by	creating	a	

charge	separation	from	the	electron	transfer	process.7	The	primary	charge	separation	takes	

place	in	~3	ps.	In	high	intensity	light	condition	phycobilisomes	would	transfer	more	and	

faster	excitation	energy	to	the	reaction	center.	If	the	reaction	center	cannot	process	that	

amount	of	energy	so	fast,	then	there	would	remain	some	excess	energy.	That	excess	amount	

of	energy	can	create	triplet	chlorophyl	which	makes	singlet	oxygen.	This	singlet	is	a	highly	

reactive	agent	that	is	capable	destroying	the	whole	reaction	center	apparatus.8–10	

To	avoid	that	catastrophic	situation	photosynthetic	organisms	have	developed	several	

photoprotective	mechanisms	involving	carotenoid	molecule,	most	widely	occurring	

pigments	in	nature.	The	carotenoid	molecules	serve	as	photoprotector11,12	by	three	ways:	

(1)	reduce	the	amount	of	energy	funneled	to	reaction	center,	(2)	quench	triplet	chlorophyll	

to	prevent	singlet	oxygen	formation,	(3)	scavenge	singlet	oxygen	directly.	An	example	of	the	

Jirst	kind	of	photoprotection	act	is	the	nonphotochemical	quenching	process	in	the	intact	

phycobilisomes	by	orange	carotenoid	protein	(OCP)	that	contain	a	single	carotenoid	

molecule	(more	about	OCP	is	discussed	in	the	following	section).	In	this	process	excess	

energy	transfer	to	OCP	from	the	core	of	the	phycobilisomes.	Few	single	molecular	

Jluorescence	studies13,14	have	reported	a	second	type	of	photoprotection	mechanism	called	

intrinsic	photoprotection	mechanism	where	excess	energy	in	the	core	of	phycobilisome	

dissipate	as	thermal	energy.	

4.2	Orange	Carotenoid	Protein	(OCP)	

The	orange	carotenoid	protein	(OCP)15–17	is	the	most	characterized	carotenoid	

containing	protein.	OCP,	a	water	soluble	35-kD	protein	contains	a	single	noncovalently	

bound	carotenoid	molecule.	In	1981	Holt	and	Krogmann	Jirst	described	the	carotenoid	
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binding	proteins.	Kerfeld	et	al.	in	2003	reported	the	X-ray	crystal	structure	of	OCP	from	

Arthospira	maxima	with	2.1	Az 	resolution.11	The	crystal	structure	shows	that	OCP	contain	

two	domains:	all	a-helical	N-terminal	domain	(NTD)	and	a	mixed	a/b	C-terminal	domain	

(CTD).	The	carotenoid	chromophore	inside	the	OCP	is	3’-hydroxyequinenone	or	

canthaxanthin	(CAN)	molecule	that	spans	both	protein	domains.	Upon	photoexcitation	with	

strong	mid-visible	light	OCP	transforms	to	an	activated	state	called	OCPR	that	has	a	red-

shifted	absorption	maximum	about	50	nm	from	its	resting	orange	form	(OCPO).18,19	In	the	

activated	OCPR	form	the	carotenoid	molecule	translocated	into	the	NTD	from	CTD.18	This	

activated	form	is	responsible	for	the	nonphotochemical	quenching	in	phycobilisomes.	

4.3	Photophysics	of	Carotenoids	

Carotenoid	molecules	contain	a	long-conjugated	isoprenoid	backbone	with	various	

functional	groups	at	the	end	of	the	chain.	They	fall	under	C2h	symmetry	group	due	to	their	

planner	structure.	Therefore,	the	ground	state	S0	has	1Ag-	symmetry	whereas	the	Jirst	

excited	state	S1,	and	second	excited	state	S2	have	2Ag-	and	1Bu+	symmetries	respectively.20	

The	Jirst	excited	state	S1	is	a	dark	state	because	the	transition	from	S0	to	S1	is	symmetrically	

forbidden.	The	S1	state	can	be	populated	with	two-photon	excitation	from	the	ground	state.	

In	contrary,	the	second	excited	state	S2	which	is	a	bright	state	that	absorb	a	blue-green	

light.21,22	These	transitions	are	the	p	to	p*	transitions.	The	optically	prepared	S2	state	shows	

a	very	short	lifetime	(<100	fs)	and	relaxes	to	S1	state	in	a	nonradiative	pathway.23,24	Several	

studies	have	reported	that	the	decay	of	S2	to	S1	undergoes	through	an	intermediate	state	Sx	

that	has	a	lifetime	less	than	20	fs.25–27,45	The	lifetime	for	S1	state	is	3-4	ps.	The	energy	

difference	between	S0	and	S1	corresponds	to	about	660	nm	which	is	similar	to	the	emission	

maximum	of	APC	in	the	core	of	the	phycobilisomes.28	Like	S1	state	there	is	another	dark	
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excited	state	called	S*.	The	origin	of	the	S*	state	is	controversial.25	Some	studies29–31	

suggested	S*	state	as	a	singlet	excited	state	that	has	a	distinct	conformation	of	the	

carotenoid	populated	via	a	distortion	of	the	conjugated	chain.	Other	studies	assigned	it	to	a	

hot	ground	state.32	The	S*	state	has	a	different	spectrum	and	a	longer	lifetime	(~15	ps)	than	

S1	state.	

	

Figure	4.1.	Structure	of	canthaxanthin.45	

4.4	Mechanism	of	Nonphotochemical	Quenching	by	OCP	in	the	Phycobilisome	

In	high	intensity	light	condition	OCP	absorb	blue-green	light	and	transform	to	its	active	

form	OCPR.	In	the	that	activated	state	carotenoid	molecule	moves	12	Az 	inside	the	NTD.18	

The	NTD	binds	to	the	core	of	the	phycobilisome	speciJically	with	the	allophycocyanin.33	The	

recent	cryo-EM	structure34	of	the	phycobilisome	in	quenched	state	shows	that	two	dimer	of	

OCPR	can	bind	to	the	core	simultaneously.	Several	studies	showed	that	only	the	NTD	part	of	

OCP	is	required	for	the	photoprotection	mechanism.	Also,	separate	studies	show	OCP	does	

not	bind	with	the	rods	of	the	phycobilisome	and	resting	state	OCPO	state	is	unable	to	attach	

with	the	phycobilisome.	In	this	bound	state	the	carotenoid	molecule	is	very	close	to	the	

phycocyanobilin	chromophore	in	APC.34	The	carotenoid	accepts	the	excess	energy	from	the	

bilins	in	APC	and	dissipate	that	energy	as	heat.18,35	In	dark	another	protein	Jluorescence	

recovery	protein	(FRP)33,36	attaches	with	the	CTD	of	the	OCPR	and	assists	to	unbound	from	

phycobilisome	and	return	to	its	resting	structure	OCPO.	In	vivo	OCPR	can	return	to	OCPO	

The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

FIG. 1. Structure of canthaxanthin.

Our finding that the lifetime of Sx is considerably longer in
the carbonyl-substituted carotenoid peridinin, however, raises the
possibility that Sx should be assigned instead to a conformationally
distorted S2 structure moving along out-of-plane coordinates of the
isoprenoid backbone toward a conical intersection (CI) seam8 with
the S1 state.3,11,19,20 This general idea has found additional support
from recent fluorescence studies. The Sx state is the likely origin
of a broad fluorescence emission band in β-carotene solutions at
cryogenic temperatures. The fluorescence anisotropy measured for
β-carotene in aprotic solutions at room temperature indicates that
the emission transition dipole moment (TDM) is rotated as much as
50○ relative to that of the Franck–Condon S2 state. These observa-
tions suggest that torsional and pyramidal distortions near the center
of the isoprenoid backbone are initiated in Sx.6

In this article, we report that broadband 2DES can be used
to detect the formation of the Sx state in toluene solutions of the
ketocarotenoid canthaxanthin (CAN). The structure of CAN dif-
fers from that of β-carotene only by the addition of a carbonyl to
each of the β-ionone (cyclohexene) end rings (Fig. 1). The carbonyls
are thought to be essential to the role served by CAN as a light
sensor in the orange carotenoid protein, which mediates photopro-
tective nonphotochemical quenching mechanisms in the phycobil-
isome in cyanobacteria.21 The 2DES spectra shown in this paper
establish that Sx forms in <20 fs after optical preparation of the S2
state of CAN by transitions in the main absorption band. Further-
more, it is shown that Sx is formed directly by vertical transitions
of molecules in the ground-state ensemble that contribute to the
broad low frequency onset of the main absorption band. Charac-
terization of the high-frequency vibrational coherences in the 2DES
spectrum establishes that Sx and S1 are displaced structurally from
the Franck–Condon S2 state along out-of-plane modes of the iso-
prenoid backbone. Despite the presence of the carbonyl substituents,
which substantially lengthen the lifetime of Sx to 440 fs, the results
indicate that radiationless decay from Sx to S1 occurs in CAN with
retention of vibrational coherence.

II. EXPERIMENTAL
A. Samples

CAN was used as received from Sigma-Aldrich (32993-2MG).
In order to assess its purity, reversed-phase high-performance liq-
uid chromatography (HPLC) of CAN solutions in acetonitrile was
performed with a Waters Atlantis T3 5 �m analytical column (4.6× 250 mm2) and detection with an Agilent Prostar 325 two-channel
UV/vis detector at 480 and 364 nm. The chromatograms (not
shown) establish that >95% of the eluted sample corresponds to the
all-trans configuration and that shorter carotenoids are not present.

For femtosecond spectroscopy, samples of CAN were dissolved in
toluene (Sigma-Aldrich 179418) to obtain an absorbance of 0.3 at
545 nm (18 350 cm−1) for a 1-mm path length static cuvette and then
centrifuged in a desktop microcentrifuge at 17 000g to pellet light-
scattering particles. The CAN samples were kept in the dark prior
to performing femtosecond spectroscopy experiments. The linear
absorption spectrum was measured before and after exposure to the
laser. Neither changes in the absorbance nor changes in the shape of
the linear spectrum were observed after the samples were used in the
recording of 2DES spectra, but a fresh sample was put in place after
three iterations of the data acquisition process.

B. Linear spectroscopy
Linear absorption spectra of CAN samples were recorded at

room temperature (23 ○C) with a Shimadzu UV-2600 spectrometer.

C. Femtosecond spectroscopy
2DES spectra were recorded using a pump–probe optical con-

figuration with adaptive pulse shaping22 to compress the laser pulses
and to prepare the excitation pulse sequence (pulse 1–τ–pulse 2)
required for the three-pulse stimulated photon-echo experiment.16

The instrumentation and methods were introduced in an earlier
publication.23

Excitation pulses were obtained from a noncollinear optical
parametric amplifier (NOPA, Spectra-Physics Spirit-NOPA-3H),
which was pumped by the third harmonic of a 1.04 �m amplified
Yb laser (Spectra-Physics Spirit-4W, 400 fs pulses at a 100 kHz rep-
etition rate, 4 W average power). The pump and probe beams in
the spectrometer were split from the NOPA output by a broad-
band dielectric beamsplitter (Layertec, Mellingen), processed by an
adaptive pulse shaper (FemtoJock and FemtoJock P, respectively,
Biophotonic Solutions), and then compressed by multiple reflec-
tions on pairs of broadband chirped mirrors (Ultrafast Innovations,
Munich). For the present experiments, the NOPA’s signal beam out-
put spectrum (Fig. 1) was centered at 590 nm (∼55 nm FWHM;
520–700 nm usable range). The excitation pulse energy was atten-
uated to 4.5 nJ per pulse, as measured at the sample’s position. The
pump beam’s plane of linear polarization was rotated 45○ from that
of the probe beam by a thin achromatic half-wave retarder plate.
The two beams were focused by off-axis parabolic mirrors to 100 �m
spots overlapped spatially just after the front window of the sample
cuvette. The excitation pulses in both beams were characterized by
MIIPS scans24 conducted with a thin β-barium borate crystal, which
was placed at the sample’s position following a single cuvette win-
dow. The estimated pulse duration for both beams at the sample
position was 7.8 fs. Residual phase plots (Figs. S1 and S2), calcu-
lated temporal profiles from the MIIPS scans (Fig. S3), and SHG-
FROG spectrograms25 (Fig. S4) are presented in the supplementary
material.

2DES spectra were recorded by programming the pump beam’s
pulse shaper to scan the coherence time interval between the two
pump pulses, τ, from 0 to 50 fs with 0.5 fs steps to obtain the exci-
tation axis after Fourier transformation. Longer τ scans produced
identical spectra but with a lower signal/noise ratio. The detection
axis of the 2DES spectrum was measured directly by measuring the
pump-induced change in probe transmission through the sample
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state	in	few	hours	in	presence	of	FRP,	but	the	phycobilisome-OCP	complex	is	very	stable	

over	1	day	in	vitro	without.	FRP.	

4.5	Main	Questions	and	Proposed	Experiments	

Even	though	the	overall	process	of	non-photochemical	quenching	by	OCP	appears	to	be	

fairly	well	understood,	the	detailed	photophysical	mechanism	for	the	quenching	of	the	

excitons	in	the	phycobilisome	has	not	yet	been	worked	out.	The	main	questions	are	as	

follows:	(1)	which	energy	state	of	OCP	is	accepting	the	energy	from	APC?	(2)	What	is	the	

nature	of	this	excitation	energy	transfer	step?	(3)	How	long	does	it	take	to	transfer	energy	

from	APC	to	OCP?	(4)	How	is	the	unbound	OCPR	different	from	bound	OCPR?	

The	conventional	thinking	would	be	that	bilins	in	APC	transfer	excess	energy	to	the	

carotenoid	via	Förster	mechanism.37,38	A	key	part	in	Förster	mechanism	is	that	there	should	

be	some	overlap	between	the	emission	spectrum	of	the	donor	and	the	absorption	spectrum	

of	the	acceptor.	The	emission	spectrum	for	APC	is	in	620	-	720	nm	region.	The	absorption	

spectrum	for	S0	to	S2	is	in	450-520	nm	region.	Therefore,	no	overlap	is	possible.	The	only	

option	would	be	to	transfer	energy	to	the	lower	energy	S1	state	which	was	suggested	to	

overlap	with	APC	emission	spectra.28	But	the	transition	from	the	S0	to	S1	is	forbidden	by	

selection	rule.	Then	in	which	state	carotenoid	accepts	energy	from	APC.	

Several	studies39–42	on	light-harvesting	complex	II	showed	that	chlorophyll	transfer	

energy	to	the	S1	state	of	the	carotenoid.	They	suggested	that	a	partial	mixing	of	the	excited	

states	of	the	carotenoid	and	chlorophyll	and	a	complex	picture	is	required.	There	might	be	

partial	mixing	of	the	excited	states	in	carotenoid	and	bilins	in	APC	from	the	originating	

from	the	close	positioning	of	the	carotenoid	from	the	bilins	in	APC.	That	would	indicate	that	

energy	transfer	occurs	via	a	quantum	coherent	mechanism.	Another	possible	way	might	be	
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that	upon	binding	with	the	core	of	phycobilisome	carotenoid	molecule	becomes	distorted	

structure	and	no	longer	falls	into	C2h	symmetry	group.	In	that	condition	optical	transfer	is	

possible	from	S0	to	S1.	A	similar	picture	have	suggested	by	Liguori	et	al.43	Although	they	

suggested	that	the	acceptor	state	is	S*	state	created	from	the	distorted	structure	of	

carotenoid	prepared	after	binding	to	the	core	of	phycobilisome.	The	other	possibility	would	

be	that	carotenoid	inJluences	bilin	chromophore	to	change	its	structure	or	photophysical	

property	to	behave	as	an	energy	trap.		The	broadband	two-dimensional	electronic	

spectroscopy	(2DES)	will	be	used	to	study	the	excitation	energy	transfer	mechanisms	in	

phycobilisome	–	OCP	complex	for	testing	these	hypotheses.	

If	OCP	behaves	as	a	quencher	in	the	phycobilisome	-	OCP	complex,	then	we	can	expect	a	

different	kinetic	model	than	that	of	the	only	phycobilisomes	(Figure	2.6).	SpeciJically,	there	

would	be	an	additional	compartment	that	accepts	major	portion	of	the	excitation	energy	

from	the	APC660	compartment.	If	the	evolution	associated	difference	spectrum	(EADS)	for	

that	addition	box	shows	a	negative	going	ESA	character	similar	to	S1	state	of	a	carotenoid,	

then	the	acceptor	state	of	the	carotenoid	would	be	the	S1	state.	Also,	the	lifetime	of	that	

state	needs	to	be	similar	(3-5	ps)	to	S1	state	lifetime	of	a	carotenoid.	If	the	carotenoid	is	

strongly	coupled	with	the	bilin	chromophore	in	the	phycobilisome	-	OCP	complex,	then	we	

can	expect	a	redshift	in	the	EADS	of	the	OCP	compartment.	It	would	be	hard	to	observe	any	

actual	ESA	peaks	in	the	2DES	spectra	near	660	nm	originating	from	the	S1	state	of	the	OCP.	

This	is	because	bilins	in	the	phycobilisomes	exhibit	strong	positive	going	GSB	and	SE	

signals	in	that	region.	
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4.6	Effect	of	CCA	in	the	Excitation	Energy	Transfer	

When	cyanobacteria	Fremyella	diplosiphon	grow	in	green	light	they	make	

phycobilisomes		with	higher	number	of	phycoerythrin	(PE)	disks	in	the	rod	than	that	of	CPC	

disks.44	It	would	be	interesting	to	see	the	difference	in	excitation	energy	transfer	rate	in	the	

rods	of	phycobilisomes	between	the	green-light	grown	sample	and	the	red-light	grown	

sample	that	has	higher	CPC	disks.	The	energy	transfer	mechanisms	in	the	core	from	direct	

excitation	can	be	investigated	using	two-dimensional	electronic	spectroscopy	on	a	mutant	

phycobilisomes	that	do	not	produce	rods.		Then	we	can	compare	the	results	with	the	model	

where	core	is	excited	from	the	excitation	energy	transfer	from	the	rods.	

The	global	and	target	models	from	the	2DES	data	on	green	light	grown	Fremyella	

diplosiphon	samples	are	expected	to	be	different	than	that	of	the	white	light	(Figure	2.6)46	

and	red	light	(Figure	3.9)	grown	samples.	The	model	from	green	light	grown	sample	may	

contain	more	than	one	PE	compartments	and	one	CPC	compartment.	
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