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Single	Molecule	Spectroscopy	

•  Direct	visualisa4on	…	Cryo	EM	
•  Ordering	…	X-ray	crystallography	
•  Localisa4on	imaging	…	Super	resolu4on	techniques	…	
•  Purifica4on	and	measurement	of	their	physical	proper4es	
one	molecule	at	a	4me…	single	molecule	techniques		
ü  Cheap(er)	
ü  Biological	buffers,	controlled	levels	of	reactants	

ü Solu0on	based.	Molecules	o6en	freely	diffusing	and	
undergo	stochas0c	processes	of	dynamics,	
conforma0onal	equilibria,	binding	etc.	

ü Single	molecule	measurement	reveals	ensemble	
heterogeneity		

Measuring ‘Single’ Molecules 
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The static view and the real 
world 

Time	scales	of	diffusion		

•  Time	scale	(T)	to	traverse	distance	(x)	in	a	cell	is	
related	to	transla4onal	diffusion	coefficient	(D)	
which	for	a	30	kDa	protein	is	~	10	µm2	s-1	in	
cytoplasm	

•  T=	x2	/	6D	(for	3	dimensional	diffusion)	
•  TE.coli	=	10-20ms	(~1	µm)	
•  Thela	cell	=	10s	(20	µm)	
•  T	neuronal	cell	=	106s	=	20	days	(1cm)	
•  T	scia4c	nerve	=	~	71,000	years	(150cm)	

x	
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Consequences	of	diffusion	
•  Molecular	motors…	run	at	around	~	1	µm	s-1	usually	in	
one	direc4on	and	can	transport	large	cargo	which	would	
diffuse	slowly	

•  In	buffer,	D	is	an	order	of	magnitude	faster	~	100	µm2	s-1	
than	the	crowded	(high	viscosity)	environment	of	the	
cell	

•  T	for	a	typical	confocal	psf	of	1	µm	is	1	ms	(not	many	
photons!)	

	
These	FRET	trajectories	
require	immobilisa4on	of	
molecules	

Ensemble	Heterogeneity	
•  Since	individual	molecules	are	observed	we	can	

determine	the	sta0s0cal	distribu0on	
(heterogeneity)	of	a	given	property	which	is	
averaged	during	bulk	ensemble	measurements.	
The	‘features’	(shape,	width,	sub	popula0ons,	
rare	events,	etc)	of	the	ensemble	distribu0on	
can	be	determined.	

•  Ensemble	and	single	molecule	averages	should	
agree	following	the	ergodic	principal.			Averaging	
many	molecules	(ensemble	spa4al	average,	‘bulk	
measurement’)	is	equal	to	averaging	the	
behaviour	of	individual	single	molecules	for	a	
long	4me	(temporal	average)	or	many	individual	
single	molecules	each	for	a	short	4me	(numerical	
average).		

•  Measurements	in	solu4on	are	typically	not	of	
‘one	single	molecule’	:	more	usually	the	average	
of	many	molecules,	but	each	observed	one	at	a	
4me.	

	

average	loca4on	

Individual	trajectory		
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Other	Advantages	of	Single	Molecule	
Spectroscopy	Methods	

•  Non	perturba4ve,	in	solu4on	measurement	of	diffusion	and	
dynamics	occurring	because	of	sta4s4cal	thermal	
fluctua4ons.	

•  Single	molecule	spectroscopy	measurements	typically	require	
10’s	of	µL	of	nM-pM	solu4on	so	are	economic	with	material	
and	can	measure	in	the	nano	-	picomole	range	e.g.,	for	Kd	
determina4on.	

•  No	size	limit	or	serious	restric4ons	in	solvent.	

•  Suitable	for	mul4-colour	approaches		
	
	

•  Spectroscopic	(and	imaging)	methods	rely	on	‘bright’	fluorescent	labels	
which	may	perturb	the	system	or	undergo	complex	photophysics	….	lots	
of	controls	are	required.			

•  Single	fluorophore,	single	site	labeling	is	‘cleanest’	and	may	require	
mutagenesis	

•  Instrumenta4on	is	complex	and	expensive	and	requires	exper4se	to	
build,	maintain	and	in	order	to	obtain	op4mal	data.	

•  ‘Single	molecule’	concentra4ons	may	not	allow	stable	complex	
forma4on	(but	can	add	an	excess	of	unlabeled	material)	and	non-
specific	absorp4on	onto	surfaces	may	be	a	problem.		

•  Some	systems	may	require	immobilisa4on	depending	on	the	4me	scale	
of	events	and	/	or	the	process.		

Single	molecule	experiments	should	therefore	be	necessary,	be	
well	designed	and	target	specific	tractable	ques4ons.	

Prac4cali4es	of	Single	Molecule	Spectroscopy	
Methods	
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Non-structural	Single	Molecule	
Techniques	

Force	or	Manipula4on	based	
•  Atomic	Force	Microscopy§;	‘Tapping’	for	

scanning	and	imaging.	‘Pulling’	force	
extension	methods	

•  Op4cal	and	Magne4c	tweezers§;		
Polymer	or	magne4c	bead	held	under	
constant	force	or	in	constant	posi4on	

Fluorescence	based	
•  Imaging	and	localisa4on	(Talks	

1-4)	
•  3rd	Genera4on	single	molecule	

sequencing*	
•  Fluorescence	resonance	energy	

transfer	(FRET);	dye	dye	
‘quenching’	interac4ons	for	FRET	
popula4ons	and	distances	

•  Fluctua4on	correla4on	
spectroscopy	(FCS);	diffusion	of	
dye	and/or	dye	side	chain	or	
solvent	quenching	for	diffusion	
4mes	(size),	or	4me	resolved	
intrachain		dynamics.	

*Single	molecule	real-4me	(SMRT)	sequencing	comes	of	age:	applica4ons	and	u4li4es	for	medical	diagnos4cs.	Nucleic	
Acids	Research,	1/02/2018	

§	Next	Genera4on	Biophysics	Mee4ng,	LMB,	26/09/2018		

Kineflex	fiber	coupler	

Aperture	control	

Beam	collima4on	

APD	 APD	

AP
D	

AP
D	 Beam	splioer	

dichroic	

Current	Confocal	Instrument	
Configura4on	

53
2	
48
8	
40
5	

633		

tD	~1	ms	

Ø	~1	µm	

FRET	APD	Detec4on		 FCS	APD	Detec4on		

Freely	diffusing	
molecules	at	pM	–	nM	
concentra4on	

Pin	hole	~	50-100	µm	
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Popula4on	distribu4ons	and	ensemble	
heterogeneity	

•  Since	individual	molecules	are	observed	
we	can	determine	the	sta0s0cal	
distribu0on	(heterogeneity)	of	a	given	
property	which	is	averaged	during	bulk	
ensemble	measurements.	The	
‘features’	(shape,	width,	sub	
popula0ons)	of	the	ensemble	
distribu0on	can	be	determined.	

•  Types	of	heterogeneity	
–  Sta4c	(mixtures)	
–  Dynamic	(equilibrium)	
–  Temporal	(reac4on)	

average	loca4on	

Individual	trajectory		
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Sta4c	Ensemble	Heterogeneity	

•  Measuring	proper4es	of	single	molecules	
reveals	ensemble	heterogeneity	commonly	
shown	in	the	form	of	a	probability	
histogram	 tD	~1	ms	

+	

Dynamic	Ensemble	Heterogeneity	

•  Depending	on	the	4me	scale	of	
interconversion	(τint)	and	the	4me	scale	of	
measurement	(τmeas)	…	which	depends	on	
the	4me	step	within	the	diffusion/
observa4on	4me	…	we	will	observe	two	
popula4ons,	a	single	broad	distribu4on	or	a	
single	sharp	distribu4on		

•  τmeas	~	50	µs	is	possible	so	many	biological	
equilibria	of	interest	can	be	resolved	

tD	~1	ms	

τint	>>	τmeas	 τnt	~	τmeas	 τint	<<tmeas	

τint	=	τf	+	τr	
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Accessing	fast	and	slow	dynamic		
heterogeneity		

•  Fast	 :	 fluctua4on	 correla4on	
techniques	 have	 faster	 τmeas	 	 (10ns)	
and	 can	 resolve	 inter-conversion	 of	
states	 from	 ms	 to	 ns	 as	 well	 as	
allowing	measurement	of	τint	

•  Slow	:	immobilising	molecules	allows	
measurements	 on	 single	 molecules	
for	 much	 longer	 than	 ms	 diffusion	
(up	to	10’s	seconds)	allowing	slower	
interconversion	 to	 be	 observed.	
Equilibrium	distribu4ons	can	also	be	
inferred	from	the	dwell	4me	in	each	
conforma4on.	

•  Immobilisa4on	 can	 also	 avoid	
t e m p o r a l 	 e n s e m b l e	
desynchronisa4on	 of	 mul4	 step	
reac4ons	 /	 pathways	 allowing	
complex	 kine4c	 pathways	 and	 their	
component	rates	to	be	determined	.		

	

X 

Slow 

Fluorescence	based	Single	
Molecule	FRET	and	FCS	

Data	collec4on	and	analysis	
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Samples 

•  Compa4ble	with	any	buffer;	
typically	include		0.05%	
Tween	20	and	0.1mg/ml	
BSA	

•  Slides	(40µl)	or	8	well	Tek-
trays	(200µl)	

•  Trays	good	for	surface	pre-
treatment	(passiva4on	
polylysine)	and	for	use	in	
4tra4ons,	addi4ons,	mixing	
etc	

Fluorescence	resonance	energy	
transfer;	FRET	

•  FRET	is	a	non-radia4ve	transfer	
through	dipole-dipole	interac4ons	of	
donor	and	acceptor	groups	between	
1	and	10	nm	apart	with	consequen4al	
fluorescence	from	the	acceptor	

•  Fret	efficiency	propor4onal	
separa4on		and	so	can	yield	‘distance’	
informa4on	

•  Forster	distance	(Ro)	is	specific	for	
each	FRET	pair	and	at	that	
separa4on		,	FE	=	50%	

•  Fret	requires	spectral	overlap	
between	donor	emission	and	acceptor	
absorp4on	

Excita4on	
wavelength	

“FRET”	
acceptor	donor	
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FRET	data	and	analysis	

Donor	
	
	
	
Acceptor	

•  Measure	photon	counts	of	donor	and	
acceptor	fluorescence	averaging	over	a	
predefined	bin	interval	

•  Set	count	threshold	for	a	diffusion	event	
‘burst’	(photondonor	+	photonacceptor)	
depending	on	4me	binning	and	
background,	signifying	molecule	diffusing	
through	observa4on	volume	

•  Calculate	FRET	efficiency	of	each	burst;	FE	=	
photonacceptor		/	(photondonor	+	photonacceptor)		

•  Construct	FRET	histogram	from	many	single	
molecules	(LMB	example	I)	

•  Zero	peak	from	donor	only	label	or	non	
fluorescing	acceptor	can	be	eliminated	in	
more	complex	two	colour	excita4on	
methods	(TCCD,	PIE,	ALEX)	

Burst	>	100	
	photons	

Zero	peak	

532	
488	
405	

donor	

acceptor	

G(τ ) =
δI(t)δI(t +τ )

I(t) 2

FCS	data	and	analysis	

•  Molecules passing in and out 
of the observation volume 
cause fluctuations in the 
signal 

•  Fluctuations can be analysed 
by calculating the 
autocorrelation of the signal 
for different offsets in time (τ) 

1

11 
1
1
1 

τ τ 
τ 

t 

I(t) 

1 1
1 

111 

Measured signal intensity 

(τ0) (τ1) (τ3) 

532 
488 
405 
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Calcula4ng	the	Autocorrela4on	func4on	
(ACF)	

•  Resultant	autocorrela4on	
func4on	varies	between	1	(for	
t	=	0)	to	0	for	long	4mes	of	t	
(depending	on	correla4on	
4me)		

•  Hardware	correlators	do	all	the	
numerical	work	in	real	4me	

•  Cross	correla4on	between	two	
APD	detectors	increases	the	4me	
resolu4on	of	single	detector	
system	limited	by	microsecond		
“awer	pulsing”	

G(t)	

t

1	

0	

FCS	and	ACF	analysis	

•  Intensity	(bleaching,	quenching,	labeling	efficiency)	
•  Analysis	of	the	autocorrela4on	func4on		
	Transla4onal	diffusion	4me	(tD)	
	Number	of	par4cles*	(N)		

	

		

€ 
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1
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N	

tD	

*Since	this	is	a	Poissonian	process	at	zero	delay	we	have	the	average	of	the	square	in	fluctua4ons	(=average)	divided	by	average	
squared	=	1/average	
Although	we	study	micro	ensembles	of	molecules	at	nM	concentra4ons	(10-100),	the	fluctua4ons	from	individual	molecules	
only	correlate	with	themselves	making	FCS	a	single	molecule	method	
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τD	and		Hydrodynamic	radius	Rh	
•  τD	can	be	used	to	follow	changes	in	

diffusion,	for	example	on	binding.		
•  τD	can	give	the	transla4onal	diffusion	

coefficient	(Dt)	if	the	observa4on	
volume	is	known,	or	we	measure	τD	of	
a	known	standard	

•  From	this	we	get	hydrodynamic	
volume	(Rh)	using	Stokes-Einstein	
equa4on.	

•  Shape,	asymetry,	chain	flexibility,	
excluded	volume	effects,	and	
solva4on	all	contribute	to	Dt	(and	
thus	Rh)	so	changes	may	not	reflect	
corresponding	changes	in	physical	
dimension.	

€ 

Rh =
kT

6πηDt

Rg = 0.79 x Rh* 

*Expected m for globular proteins 0.77 Burchard et al. 
(1980) Macromolecules, 13, 1265-1272 

FCS	analysis	contd.	

•  Addi4onal	dynamics	that	occur	
during	the	diffusion	of	molecules	
can	be	resolved	in	the	ACF	if	they	
give	rise	to	fluorescence	
fluctua4ons	

•  PET	FCS*	(photo	induced	electron	
transfer)	is	quenching	requiring	
VDW	contact	between	oxazine	
based	dyes	and	trytophan	or	
guanine	and	can	be	used	to	probe	
dynamics	and	intra/inter	chain	
contact	forma4on	(LMB	
example	II)	

	simple	diffusion	

fast	kine4cs	
and	diffusion	

*Chemphyschem.	2009;10:1389-98									
hop://www.aoo-tec.com	
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	More	FCS	Op4ons…	
•  Independent	diffusion	4mes	and	popula4ons	in	mixtures.	Fizng	

mul4ple	species	requires	3-5	fold	difference	in	size	(fiber	or	polymer	
growth)	

•  Amplitude	of	ACF	is	inversely	propor4onal	to	the	number	of	molecules	
and	can	be	used	to	determine	stoichiometries	of	interac4on	

•  Average	photon	intensity	reflects	the	concentra4on	of	dye	so	in	
comparison	with	the	number	of	molecules	indicates	the	labeling	
efficiency.	

•  Equilibrium	(non	perturba4on)	method	for	measuring	fast	kine4cs	on	
the	us	to	ns	4me	scale	and	changes	in	these	with	condi4ons	or	upon	
binding		

•  Two	dye	studies	using	two	colour	cross	correla4on	‘isolates’	par4cles	
containing	two	dyes,	e.g.	in	binding	experiments.	

•  FRET	FCS	observes	diffusion	of	acceptor	labeled	molecules	that	are	
undergoing	FRET	from	donor	

•  Inverse	FCS	observes	diffusion	of	unlabeled	par4cles	(vesicles?)	in	low	
background	of	dye	in	solu4on	

Fluorescence	based	Single	Molecule	
FRET	and	FCS	

Examples	from	LMB	projects	

I	FRET	sta4c	heterogeneity	
II	PET	FCS	to	monitor	dynamics	in	cyclized	

pep4des	
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Example I; FRET static heterogeneity. 
 Protein folding, barrier limited or not?  

•  Do	small	ultra	fast	folding	
proteins	such	as	BBL	fold	by	
a	barrier	(transi4on	state)	
limited	process	between	
dis4nct	states	(ensembles)	
or	via	a	non-coopera4ve	
gradual	acre4on	of	
structure	(‘downhill	one	
state	folding’)?	

PLoS One. 2013 Oct 28;8(10):e78044. 
Proc Natl Acad Sci U S A. 2012 Jan 3;109(1):179-84. 
J Mol Biol. 2009 387:993-1001. 
J Mol Biol. 2009 387:975-85. 
J Mol Biol. 2009 387:986-92. 
Proc Natl Acad Sci U S A. 2009 106:103-8. 
Nature. 2006 442 :317-21. 
J Mol Biol. 2004 344:295-301. 
Science. 2002 298:2191-5. 

Barrier(s)	in	PSBD	BBL?	
Barrier	limited	

•  Many	proteins	fold	slowly	
over	large	energe4c	barriers	

•  Equilibria	and	kine4cs	
consistent	with	an	ac4vated	
(barrier	limited)	coopera4ve	
process	

•  Biology	requires	ac4ve/
inac4ve	binary	states	for	
evolu4on			

No	barrier;	‘Downhill’	
•  A	predic4on	of	landscape	

theory	under	extreme	
na4ve	condi4ons	

•  Small	proteins	fold	ultrafast	
near	diffusion	controlled		

•  ‘Aorac4ve’	because	
folding	mechanism	could	be	
mapped	at	equilibrium	

Debate	has	con4nued	because	
ensemble	
equilibrium	and	kine4c	
measurements	are	ambiguous	

PLoS	One.	2013	Oct	28;8(10):e78044.	
Proc	Natl	Acad	Sci	U	S	A.	2012	Jan	3;109(1):179-84.	
J	Mol	Biol.	2009	387:993-1001.	
J	Mol	Biol.	2009	387:975-85.	
J	Mol	Biol.	2009	387:986-92.	
Proc	Natl	Acad	Sci	U	S	A.	2009	106:103-8.	
Nature.	2006	442	:317-21.	
J	Mol	Biol.	2004	344:295-301.	
Science.	2002	298:2191-5.	
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Single	molecule	FRET	in	BBL*	

•  Labels	introduced	through	N	and	
C-terminal	cys	mutants	

•  Stability	is	unaffected	
•  Excite	532	nm	CW	150uW	
•  Detect	donor	and	acceptor	

fluoresecence	in	separate	APD	
channels	using	dichroic		

Alexa	Fluor	546	
donor	

Alexa	Fluor	647	
acceptor	

*Huang	F,	Ying	L,	Fersht	AR,	PNAS	(2009)	106,	
16239-16244		

Supporting Information
Huang et al. 10.1073/pnas.0909126106
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Fig. S1. Equilibrium denaturation of labeled (filled circles) and unlabeled (open circles) BBL in GdmCl at 279 K followed by circular dichroism at 222 nm. The
labeled protein has a [GdmCl]50% of 4.07 ! 0.14 M and m of 0.96 ! 0.14 kcal/mol/M, and the unlabeled protein has a [GdmCl]50% of 4.19 ! 0.11 M and an m of
0.85 ! 0.08 kcal/mol/M on fitting to the standard equation "GD-N # "GD-N

o - m[GdmCl].

Huang et al. www.pnas.org/cgi/content/short/0909126106 1 of 4

FRET	distribu4on	two	discrete	states	

Supporting Information
Huang et al. 10.1073/pnas.0909126106
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labeled protein has a [GdmCl]50% of 4.07 ! 0.14 M and m of 0.96 ! 0.14 kcal/mol/M, and the unlabeled protein has a [GdmCl]50% of 4.19 ! 0.11 M and an m of
0.85 ! 0.08 kcal/mol/M on fitting to the standard equation "GD-N # "GD-N

o - m[GdmCl].

Huang et al. www.pnas.org/cgi/content/short/0909126106 1 of 4

Two	popula4ons	(N	and	D)	are	
present	at	equilibrium	suppor4ng	a	
conven4onal	barrier	limited	
mechanism	(although	arguments	con4nue)	
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Example	II.	PET	FCS.		Intrachain	
dynamics	in	linear	and	
constrained	pep4des.	

Pre-constrained	pep4des	have	less	
entropy	loss	on	binding	and	bind	
4ghter	because	they	are	less	

dynamic?	
	

Bicyclic	Kallikrein	inhibitor	

•  Bicyclic	pep4de	inhibitor	of	
plasma	Kallikrein	(PK15)	evolved	
using	phage	display*	

•  IC	50	2	nM	compared	to	>	10	uM	
for	the	linear	pep4de	

•  Inhibits	coagula4on	ex	vivo		
•  Cleaved	only	‘slowly’	by	Kallikrein	

at	Arg7	
•  But	2D	proton	NMR		NOESY	shows	

lack	of	long	range	NOE’s	that	is	
inconsistent	with	rigid	structure	

H-ACSDRFRNCPADEALCG-NH2	*Nat	Chem	Biol.	2009	(7):502-7.	doi:	10.1038/
nchembio.184	
See			hop://bicycletherapeu4cs.com/	
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PET	FCS	Labeling	strategy	

H-ACSDRFRNCPADEALCG-NH2	

Bicyclic	+Aoo	+Trp	

Also	linear	labeled	+	trp	and	linear	labeled	+	WT	phe	

W	 Aoo	655	

WT	Bicyclic	 Monocyclic	+Aoo	+Trp	

Dye-gly	

Linear	Phe	

Dye	and	linear	phe	control		

No	intensity	fluctua4ons		other	
than	diffusion	
	
Note	longer	diffusion	of	pep4de	
17	mer	compared	to	dye-amino	
acid		
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Linear	trp	large	amplitude	PET	
fluctua4ons	on	4me	scale	of	
100	ns	consistent*	with	i	–	i+7	
sequence	separa4on	but	with	
proline	

Bicyclic	moderate	amplitude	PET	
fluctua4ons	on	slower	4me	scale	of	
1-10	us	
S4ll	fast	enough	to	explain	the	lack	of	
NMR	NOE’s	

*J	Mol	Biol.	2003;332:265-74.	

Linear	and	bicyclic	with	trp	PET	
quencher	

Bicyclic	Linear	

Free	dye	

H-ACSDRWRNCPADEALCG-NH2	

Aoo	

Further	examples…..	
Dynamics	in	the	N-terminal	domain	of		an	
ionotropic	glutamate	receptor.		Jensen	MH,	
Sukumaran	M,	Johnson	CM,	Greger	IH,	Neuweiler	
H.	J	Mol	Biol.	2011	414:96-105	

Ultrafast	folding	and	denatured	state	dynamics	using	
PET-FCS.	Neuweiler	H,	Johnson	CM,	Fersht	AR.	
PNAS,	November	3,	2009,	106,	18569-18574.	
	

Microsecond	folding	and	domain	mo4ons	of	a	spider	
silk	 protein	 structural	 switch.	 Ries	 J1,	 Schwarze	 S,	
Johnson	 CM,	 Neuweiler	 H.	 J	 Am	 Chem	 Soc.	 (2014)	
136(49):17136-44	

Backbone-driven	collapse	in	unfolded	
protein	chains.	
Teufel	DP,	Johnson	CM,	Lum	JK,	Neuweiler	
H.	
J	Mol	Biol.	2011	Jun	3;409(2):250-62.	
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Ques0ons	
•  Informa4on,	discussions,	

literature,	labels,	collabora4ons	
…….etc.	

•  Xtn	7890		;		Room	2S005	
•  cmj@mrc-lmb.cam.ac.uk	

Further	Reading	
•  Talks	1,3	and	4	Nick,	Ben	and	Jon	

	

Current	setup	
•  Freely	diffusing	fluorescence	

based	
•  FRET	dye-dye	quenching	

interac4ons	
•  FCS	diffusion	and/or	dye-side	

chain	or	solvent	quenching	

Developments?	
•  …..Two	colour	techniques?	
•  …..	Microfluidics?	
•  …..	Immobilised	molecules?	

Themed	Issue:	
Single-molecule	op4cal	
spectroscopy	
Chemical	Society	Reviews,	
21	February	2014,	Issue	4,	
Page	963	to	1340	


