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Arthur	L.	Robinson	
Science	192	(1976)	360-363	



Arthur	L.	Robinson,	at	the	very	end	of	a	1976	commentary	on	
the	first	3D	reconstruc+on	of	the	purple	membrane	protein	by	

Unwin	and	Henderson	(Nature,	1975):	

“Joachim	Frank	of		the	State	of	New	York	Department	of	
Health,	Albany,	has	been	exploring		theoreNcal	methods	
for	averaging	data	from	arrays	of	idenNcal	objects	that	
are	not	periodic.		If	such	methods	were	to	be	perfected,	
then,	in	the	words	of	one	scienNst,	the	sky	would	be	the	
limit.”	
	

	 	 	 	 	 	 	 	
	Science	192	(1976)	360-363	

1976	
	an	idea	
	
		
		Nature	



										Single-par+cle	reconstruc+on:	40	Years	



RANDOM-CONICAL	RECONSTRUCTION	

1987	
Radermacher		
et	al.	J.	Microsc.		

“Overhead”	

1979	
	an	idea	
	
		
		Nature	



Random-conical	data	collec+on	
	
Frank	et	al.,	Ultramicroscopy	1978	
Radermacher	et	al.,	1986	

HOW	TO	DETERMINE	ORIENTATIONS	OF	PARTICLE	PROJECTIONS	



	1	General	packages																	WIKIPEDIA	2016	
–  1.1	Appion	
–  1.2	Bsoc	
–  1.3	Cyclops	
–  1.4	EMAN2	
–  1.5	EMAN	
–  1.6	Eos	
–  FREALIGN	
–  1.7	IMAGIC	
–  1.8	IPLT	
–  1.9	MDPP	
–  1.10	MRC	IMAGE	PROCESSING	PACKAGE	
–  1.11	RELION	
–  Scipion	
–  1.12	SIMPLE	
–  1.13	SPARX	
–  1.14	SPIDER	-----------------------------	1981	
–  1.15	Suprim	
–  1.16	Xmipp	



--	early	fundamentals	(80s)	--	
•  Alignment	by	cross-correla+on	
•  Feasibility	of	alignment	at	low	dose	
•  Mul+variate	sta+s+cal	analysis	and	2D	classifica+on	
•  Resolu+on	measured	by	extent	of	reproducibility	in	Fourier	space	
•  Bootstrap	reconstruc+ons:		random	conical	and	via	common	lines	
•  Reconstruc+on	with	arbitrary	irregular	geometry	
•  Mul+reference	methods	in	2D	classifiac+on	



Cross-corrrela+on		
alignment	of	par+cles	

J.	Frank,	3D	Electron	Microscopy	of	Macromolecular	Assemblies,	Oxford	2006	



X=	matrix	containing	N		
image	vectors	(each	with	
J	elements)	as	rows	
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J.	Frank,	3D	Electron	Microscopy	of	Macromolecular	Assemblies,	Oxford	2006	



•  A	fast	view	back:	30	years	of	progress	in		
								ribosome	reconstruc+ons	
•  What’s	new	and	promising	in	developments		
								of	sample	prepara+on,	instrumenta+on,	and		
								data	analysis	
•  Our	own	contribu+ons	to	the	future:	(1)	+me-resolved	
								imaging	(2)	analysis	of	con+nuous	conforma+onal	changes	
								by	manifold	embedding	



1987	
	25	Å	
	
	Radermacher	et	al.,	
		J.	Micrscopy	

First	random-conical	reconstruc+on		
Nega+ve	stain	



J. Frank, in Molecular Machines in Biology 2011 

Orienta+on	determina+on	by	reference	to	an	exis+ng	
reconstruc+on	(supervised	classifica+on)	



J. Frank, in Molecular Machines in Biology 2011 

Itera+ve	Angular	Refinement	



1995	
	25	Å	
	
		Frank	et	al.,	
		Nature	



CTF	correc+on	and	merging	of	defocus	group	
reconstruc+ons	by	Wiener	filtering	
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Penczek et al., Scanning Microscopy 1997 



2000	
11.5	Å	
		
	Gabashvili	et	al.,	
		Cell	



•  Reference-based 3D classification
•  MDFF and other flexible fitting 

approaches



  1  

Supplementary Material 
 
1. Single particle classification 
 

The overall strategy is depicted in figure 1. 
All 22,905 particles were compared to a set of 83 
views of two references. For the individual images 
the corresponding 83 correlation coefficients are 
calculated and the maximum coefficient is taken to 
define the best- matching reference view (Penczek et 
al., 1994).  

In this selection step, two volumes were used, a 70S 
ribosome-fMet-tRNAf

Met complex (Gabashvili et al., 
2000) (fig. 1B) and a 13-Å resolution map of the 70S 
ribosome bearing Elongation Factor G (fig. 1C) in the 
presence of GDP and fusidic acid (M. Valle, 
unpublished results).  

 

Fig. 1. General scheme of the classification strategy based on the comparison of the cross-correlation coefficients (CC) 
of the individual particles with two different references (CCA = with reference A, versus CCB = with reference B). (A) 
Cryo-EM map of the 70S ribosome-ternary complex using 22,905 particles.  (B) Reference A. Cryo-EM map of 70S 
ribosome·fMet-tRNAf

Met complex (Gabashvili et al., 2000). (C) Reference B. Cryo-EM map of 70S ribosome·EF-
G·GDP·fusidic acid complex (M. Valle, unpublished results).  (D) Cryo-EM map #1, computed from 10,471 individual 
particles, with a resolution of 16.8 Å.  (E) Cryo-EM map #2, computed from 7,985 individual particles, with a 
resolution of 16.8 Å.  
Landmarks are as follows: CP, central protuberance; Sb, L7/L12 stalk base; sp, spur; b, body; h, head; dc, decoding 
center.

SUPERVISED		
CLASSIFICATION	
	
(Valle	et	al.,	EMBO	J.	2002)	



2008	
6.7	Å	
LeBarron	et	al.,	
J.	Struct.	Biol.	

E.	coli	70S	with	ternary	complex	bound	



•  Multiparticle refinement
•  “Story in a sample”



2011	
9	to	11	Å	
Budkevich	et	al.	
Mol.	Cell	

Mul+ple	structures	from	the	same	sample	(mammalian	80S	PRE	compex)	



•  Maximum likelihood classification
•  3D variance estimation



“STORY	IN	A	SAMPLE”	--	intermediate	states	in	the	ratchet-like	
mo+on	and	hybrid	tRNA	posi+ons	in	the	absence	of	EF-G	

Class				1																		2																			3																			4																		5																		6	

Agirrezabala	et	al.,	PNAS	2012	



2013	
5.5	Å	
Hashem	et	al.	
Nature	T.	brucei	80S	ribosome	



2012:	Direct	electron	detec+on	camera	
	

									



2015	
2.9	Å	
Fischer	et	al.	
Nature	

2014	
3.7	Å	
Fernandez	et	al.	
Cell	

2014	
3.2	Å	
Wong	et	al.	
Nature	

2014	
3.2	Å	
Amunts	et	al.	
Science	

2014	
3.4	Å	
Vorhees	et	al.	
Cell	

2013	
4.1	Å	
Bai	et	al.	
eLife	

Ribosomes	everywhere!	



2015	
3.6	Å	
Li	et	al.		Science	
Advances	

Mul+ple	structures	from	the	same	sample	(70S-EF-G--H91A)	



Trypanosome	cruzi	ribosome	(large	subunit)		
	at	2.5	Å	average	resolu+on	from	~160,000	par+cles	

	

Slides	related	to	this	unpublished	work	are	not	shared.	





Future	developments:	conceivable/
likely/desirable/mandatory	

SAMPLE	PREPARATION:	
•  Self-blomng	nanowire	grids	for	bener	reproducibility	and	faster	opera+on	
•  Graphene	grids	
•  SPOTITON	grids	with	mul+ple	sample	screening.		Overcome	waste	of	grid	real	estate,	waste	of	

sample,	waste	of	+me	
•  Time-resolved	cryo-EM	using	mixing/spraying	
	
INSTRUMENTATION:	
•  Rumors:	even	bener	Cameras	are	on	their	way!	
•  Inexpensive	EMs	that	are	affordable	for	a	lab	and	fit	into	a	standard	room	
•  More	compe++on	for	FEI	would	be	VERY	healthy	both	for	FEI	and	the	customers	
•  Phase	plates:		no	more	CTF	correc+on!	

COMPUTATION:	
•  Standardiza+on	of	formats,	procedures	
•  Interoperability	
•  Focused	classifica+on	with	background	subtrac+on	
•  Increasing	role	of	GPUs	for	rou+ne	tasks	
•  Con+nuous	conforma+onal	changes	
	



Development	of	graphene-base	substrates	for	use	
in	electron	microscopy	
	
Graphene:	mono-layer	of	carbon	atoms	with	ideal	
mechanical	and	electrical	characteris+cs:	
	
-transparent	for	electrons	
	
-high	conduc+ve	capacity	(sample	charge	release)		
	
-easily	modified:	precise	control	of	the	number	of		
par+cle	adsorbed/Å2	

Russo and Passmore.  
Nat Methods. 2014 

Graphene-Base	Grids	
 
 
 

Chris	Russo	



Rados+n	Danev	&	Wolfgang	Baumeister,	eLIFE	2016		

Instrumenta+on:	PHASE	PLATES	



	Maryam	Khoshouei,	Mazdak	Radjainia,	Amy	J.	Phillips,	Juliet	A.	Gerrard,	Alok	K.	Mitra,	
Jürgen	M.	Plitzko,	Wolfgang	Baumeister	&	Rados+n	Danev,	Nature	Communica+ons	2016	



Danev	&	Baumeister,	eLIFE	
Thermoplasma	acidophilum	20S	proteasome	at	3.2Å	resolu+on	



Time-resolved	cryo-EM	
	

•  Applica+ons	to	ribosome	recycling	
•  Newer	apparatus	
•  New	plas+c-based	chip	

All	this	work	is	unpublished,	not	shared.	



Con+nuous	changes	in	conforma+on		



Fine	and	coarse	granularity	in	the	occupancy	of	
of	“states”	

Reac+on	coordinate	

occupancy	



Abbas	Ourmazd																																										Ali	Dash+	
										University	of	Wisconsin	at	Milwaukee	

MANIFOLD	EMBEDDING	APPLIED	TO	CRYO-EM	DATA	

Dash+	et	al.,	PNAS	2014;		Chen	and	Frank,	Microscopy	2015;		Frank	and	Ourmazd,	Methods	2016	



Representa+on	of	(aligned)	images	as	vectors	in	an		
n-dimensional	space	

Introduced	into	EM	by	M.	van	Heel	and	J.	Frank,	Ultramicroscopy	1981	
Figure	from	Schwander	et	al.,	“Conforma+ons	of	Macromolecules	and		
their	Complexes	from	Heterogeneous	Datasets.”	Phil.	Trans.	B	369.1647	(2014).	



WIKI:	“In	mathema+cs,	a	manifold	is	a	
topological	space	that	resembles	Euclidean	
space	near	each	point.	More	precisely,	each	
point	of	an	n-dimensional	manifold	has	a	
neighborhood	that	is	homeomorphic	to	the	
Euclidean	space	of	dimension	n.”	
	
Riemann:	“Mannigfal+gkeit”	(German)	



Conforma+onally	heterogeneous	molecules:		subset	in	any	projec+on	direc+on	
forms	a	manifold.	
Chacteriza+on	of	manifold	requires	a	mapping	that	follows	the	topography		
of	the	manifold.	
Eigen	decomposi+on,	factors	with	highest	ranking.	
Combine	factorial	representa+ons	(“equaliza+on”)	from	all	projec+on	direc+ons.	



Yeast	ribosomes	purified	from	cell	extract	
850,000	par+cles.		

Selec+on	of	data	along	viewing	direc+ons	along	a	great	circle	

Abbas	Ourmazd	
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3D projection view 

Projection’s 
Euler angles: 
Φ: 59.41 
θ: 77.66 
Ψ: 300.58 

2D projection view 

Dash+	et	al.,	PNAS	2014	

Dash+	et	al.	PNAS	2014	



Most	prominent	varia+a+on:	
intersubunit	mo+on	

	
	
	
Ratchet-like	mo+on	of	the	small	subunit	rela+ve	to	the	large	
subunit,	encountered	in	.	.	.	
	
	
	
	
	
	
								ini+a+on,														transloca+on,						termina+on,							and	recycling	



Retrieval	of	3D	structures	
acer	coordinate	systems	{psi1,	psi2,	…}	have	been	equalized	

psi1	

psi2	

			PD1																								PD2																										PD3																									PD4																									PD5	

One	pixel	in	the	psi1,	psi2		coordinate	system	across	all	PDs	represents	the	projec+ons		
belonging	to	a	single	conforma+on.		From	these,	the	molecule	presen+ng	this		
conforma+on	can	be	reconstructed.			
(Here	is	an	example	where	the	molecule	is	reconstructed	in	2	conforma+ons)	

																						Conforma+on	1											Conforma+on	2	



Dash+	et	al.	PNAS	2014	



•  Manifold	embedding	as	applied	to	the	calcium	
release	channel	–	unpublished	work,	not	
shared	



OUTLOOK	

•  Think	about	it!		Water	molecules!	Who	would	have	thought!	
•  Far	from	senled	and	complete,	single-par+cle	cryo-EM	is	a	

dynamic	field	which	will	have	many	surprises	
•  The	ability	to	retrieve	mul+ple	conforma+ons	is	a	par+cular	

forte	of	single-par+cle	reconstruc+on	as	it	relates	to	the	
func+onal	dynamics	of	a	molecule	

•  Free-energy	landscapes	of	molecular	machines	
•  Titanic	Centers	a	la	Synchrotrons	versus	“table	top”	

instruments	affordable	to	individual	labs?	
•  Automa+on	of	structure	determina+on?	
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