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Key	concepts	

	Many	people,	ideas	and	technical	advances	have	contributed	

•  RadiaAon	damage	makes	individual	images	of	molecules	too	noisy	(averaging)	

•  Frozen	specimens	instead	of	environmental	cells	allow	electron	transmission	

•  Rapid	plunge-freezing	is	a	simple	method	to	prepare	thin	specimens	

•  Electron	microscopes	(EMs)	need	a	bright	coherent	source	(FEG)	

•  EMs	need	very	stable	cold	stages	that	do	not	driJ	or	vibrate	

•  EMs	need	a	very	high	vacuum	to	avoid	specimen	contaminaAon	

•  Detectors	with	a	high	detecAve	quantum	efficiency	are	essenAal	

•  Computer	programs	need	alignment	algorithms	that	use	all	available	informaAon	



 Major	milestones	in	single	parAcle	cryoEM	
	

•  Development	of	plunge-freezing	-	Dubochet	et	al,	1982	

•  Microscope	technology	-	FEGs,	stable	cold	stages,	beSer	vacuum	

•  Detector	technology	-	film,	phosphor-CCD,	direct	electron	detectors	

•  ComputaAon	-	Spider,	Imagic,	EMAN,	Frealign,	Xmipp,	Relion	



Topics	
•  Earliest	history	–	DeRosier	&	Klug,	Glaeser,	Dubochet	(Kellenberger)	

•  Theory	-	Crowther,	Frank,	Henderson	

•  Helical,	icosahedral,	2D	crystal	–	symmetrical	structures	

•  ParAcles	without	symmetry	–	ribosome,	Frank	(Hoppe),	van	Heel	(van	

Bruggen)	

•  Technology	–	FEG,	vacuum,	stability,	automaAon	

•  Detectors	–	film,	CCD,	CMOS,	hybrid	pixel	

•  Computer	programs	–	Spider,	Imagic,	EMAN,	Xmipp,	Relion,	 	 	 	

	 	 	 																									Simple/Prime,	BSOFT,	SPARX	



From Baker & Henderson (2001) Int.Tab.Cryst.Vol.F, on-line (2006), revised (2011)

70S ribosome 11.5 Å          hepatitis B cores 7 Å           decorated actin 30 Å                  LHC II 3.4 Å

Gabashvili et al, 2000                  Böttcher et al, 1997                       Milligan, ~2000                    Kühlbrandt et al, 1994 



Three	recent	smaller	structures	from	cryoEM	(MW	170-450	kDa)	

Liao	et	al	&	Cheng,	2013	

Bartesaghi	et	al	&	Subramaniam,	2015	

Bai	et	al,	Scheres		
&	Shi,	2015	



Three	recent	membrane	protein	structures	from	cryoEM	
(MW	450-900	kDa)	

Zhao,	Benlekbir	&		
Rubinstein,	2015	 Vinothkumar,	Zhu	&	Hirst,	2014	

Jiang,	Pentelute,		
Collier	&	Zhou,	2015	



Three	recent	membrane	virus	structures	from	cryoEM	
(virus	MW	11-60	MDa)	

Grant	&	Grigorieff,	2015														Wang	et	al	&	Chiu,	2014													Fromm	et	al	&	Sachse,	2015	



Helmut	Ruska	1942	T4	

Fraser	&	Williams	1953	T3,	T7	

Earliest	EM	of	biological	samples	



Brenner	&	Horne	1959	TMV		 Horne	et	al.	1959	adenovirus	

Huxley	&	Zubay	1960	TYMV	

IntroducAon	of	negaAve	staining	



First	3D	structure	from	electron	micrographs	



DeRosier & Klug 1968 T4 tail Crowther et al. 1970 TBSV 

From	helical	3D	in	
1968	to	

icosahedral	3D	in	
1970	



“This	analysis	suggests	that	spaAal	
superposiAon	of	staAsAcally	noisy	

images	might	be	a	possible	
method	for	obtaining	high	
resoluAon	images	with	low	

amounts	of	radiaAon	damage.”	

Dose	for	fading	at	20	degC	
corresponds	to	1el/Å2	for	
valine,	10	for	adenine	



Taylor	&	Glaeser	(1974)	Science	186,	1036-1037	



From	Dubochet	et	al,	QRB	(1988)	



(a)	Ih	obtained	by	rapid	freezing	of	a	thin	
water	layer	spread	on	a	carbon	film.	The	
thickness	of	the	layer	shown	on	the	
micrograph	is	50-80	nm.	The	diffractograms	
which	are	taken	from	other	specimens	show	
the	(110)	and	(101)	planes.		
	
	
(b)	Ic	obtained	by	warming	a	layer	of	Iv.		The	
small	contribuAon	of	the	(100)	form	of	Ih	has	
been	marked	on	the	diffractogram	(arrow).	
The	Ic	layer	is	approximately	70	nm	thick.		
	
	
(c)	Iv	obtained	by	deposiAon	of	water	vapour	
in	the	electron	microscope	on	a	film	
supporAng	polystyrene	spheres.	The	layer	is	
approximately	70	nm	thick.	
	

Dubochet	et	al	(1982)	J.Micros.	

Hexagonal,	cubic	and	vitreous	ice	



Plunge-freeze	method	of	Dubochet	





Adrian, Dubochet et al, Nature (1984) – EMBL, Heidelberg

1000 Å

Liu	et	al	&	Zhou,	Science	(2010).	

Stewart	et	al,	Cell	(1991)		35Å	resoluAon.	
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B                                                                                              F                               G                                        H

Atomic	structure	of	human	adenovirus	by	Cryo-EM	
Liu	et	al	&	Zhou,	Science	(2010),	JMB	(2011).	

3.6Å	resoluAon	
300keV	on	film	



Crowther	et	al,	Cell	1994	
HepB	cores,	30Å	resoluAon	



T=3                                                          T=4



Boettcher, 1997 - Hitachi HF2000



BoeScher,	Wynne	&	Crowther,	1997	
7.4Å	resoluAon,	first	sub-nm	single	parAcle	structure	



BoeScher,	Wynne	
	&	Crowther,	1997	



BoeScher,	Wynne	&	Crowther,	1997	



Henderson (1995) QRB 28, 171-93, Potential and limitations of neutrons, electrons & X-rays for atomic resolution microscopy

















2005	
25Å	

2011	
11Å	

2013	
6Å	

2014,	Relion	(Scheres)	
3.8Å	

Bartesaghi	et	al+Subramaniam	
Science	(2015),	2.2Å	



RELION	1.0	



RELION	2.0	



Vinothkumar,	Zhu	&	Hirst,	Nature	(2014)	Zhu,	Vinothkumar	&	Hirst,	Nature	(2016)	



Subunit	assignment	of	bovine	Complex	I	

Zhu, Vinothkumar & Hirst, Nature (2016)



3.1 Å mitochondrial ribosome map 300keV, Falcon, Amunts et al, Science 343, 1485-1489 (2014)
                                                                                  (groups of Scheres & Ramakrishnan)



3.1 Å mitochondrial ribosome map 300keV, Falcon, Amunts et al, Science 343, 1485-1489 (2014)
                                                                                  (groups of Scheres & Ramakrishnan)



Cryo-EM	structure	of	the	yeast	U4/U6.U5	tri-snRNP	at	3.7	Å	resoluAon	
Nguyen	et	al	&	Nagai,	Nature	530	298-302	(2016)	



Cryo-EM	structure	of	the	yeast	U4/U6.U5	tri-snRNP	at	3.7	Å	resoluAon	
Nguyen	et	al	&	Nagai,	Nature	530	298-302	(2016)	

Prp3	

U6	

U4	



Gamma-secretase											Bai	et	al,	Nature	(2015)	525,	212-217	



Bai	et	al,	Nature	(2015)	525,	212-217	



Theory – single particles in ice

-	in	this	case	~	6Å	
ResoluAon	

Average	
signal	

amplitude	



Sharpening = exp(+B/4d2) 
S/N weighting, Cref = (2*FC/(1+FSC))0.5

Overall factor = exp(+B/4d2) *(2*FSC/(1+FSC))0.5

Rosenthal (2003) JMB 333, 225-36
Fernandez (2008) JSB 164, 170-5Experimental data

In this case B = 1000 Å2

B-factor = 1000 Å2 

3600 x 60 = 200,000 asymmetric 
units to reach 8.7Å 



Resolution vs. number of particles 

Danev et al, eLife 2017 

B = 84 Å2B = 122 Å2

B = 88 Å2

Bokori-Brown … & Savva  
lysenin, Nat.Comms (2016)  

Vinothkumar et al, DMF 200kDa 

B = 86 Å2

Vinothkumar et al, PaaZ 

B = 104 Å2



Plot of number of particles versus resolution  
should be linear if a single B-factor 
describes the average structure factor. 
 
These three examples needed ~5000 
asymmetric units to reach 4Å resolution, 
~1500 to reach 6Å, 800 to 10Å. 
 
Reducing B-factor is key to high resolution 
without unrealistic numbers of particles. 

Danev et al, eLife 2017 

Resolution vs. number of particles 

B = 122 Å2

B = 88 Å2

B = 104 Å2
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Conclusions 

•  3Å data is more radiation sensitive than 7Å data by a 
factor of 4.1x to 6.2x.

•  This translates into a B-factor due to radiation 
damage of B = 90Å2  at 98K,  or B = 70Å2 at 4K

Unwin & Henderson (1975) JMB
Stark, Zemlin & Boettcher (1996) Ultramicroscopy

Slope ratio = 6.2

Slope ratio = 4.1

Conclusions 

•  3Å data is more radiation sensitive than 7Å data by a 
factor of 6.2x.

•  This translates into a B-factor due to radiation 
damage of B = 90Å2  at 98K.





Rough grand scheme showing the potential for further improvements in cryoEM
Russo & Henderson (unpublished)

slope	=	6Å2	per	electron	dose	of	1	el/Å2		



	Types	of	electron	phase	plate	
	
electrosta4c	
Zernike,	Boersch	einzel	lens	w.	3	electrodes	(Majorovits	et	al	&	Schroeder,	2007)	
Anamorphic	(Rose)	
Biased	driJ	tube	(Cambie	et	al,		2013)	
	
Refrac4ve	index	shi8	
Thin	(carbon)	film	with	hole	(Danev	&	Nagayama)	
	
Ponderomo4ve	retarda4on	
Laser	cavity	(Glaeser,	2013;	Rev.Sci.Instr.	Table	w.	~15	different	image	methods)	
	
Other	electrosta4c	
Gold-plated	spider	silk,	Unwin,	1973	
Hole	free	phase	plate	(hfpp)	Malac	et	al	&	Egerton,	2012	
Volta	phase	plate	(VPP)	Danev	et	al,	2014;	heat	200ºC		
	

		



Danev	et	al	(2017)	eLife	6:e23006,	Using	Volta	phase	plate	with	defocus,	Fig.	1.		

Fig.3F	

B = 104 Å2



Khoshouei,	Radjainia,	Baumeister	&	Danev	(2016)	BioarXiv		hSp://dx.doi.org/10.1101/087841			

Human	haemoglobin	by	cryoEM	



Yearly	
deposiLons	 Xray	 EM	 NMR	

2017	 1600	 81	 55	

2016	 10019	 408	 457	

2015	 8637	 216	 436	

2014	 8847	 186	 554	

2013	 8734	 118	 506	

2012	 8167	 65	 537	

2011	 7364	 53	 523	

2010	 7179	 54	 520	

2009	 6669	 40	 567	

2008	 6204	 41	 653	

2007	 6148	 19	 965	

StaAsAcs	from	Protein	Data	
Bank		(PDB)	

Total	coordinates	deposited	
128,000	



Looking	forward	

Improving	high-end	cryoEM	
•  Faster	detectors	with	100%	DQE		

•  Stable	phase	plate	with	90°	phase	shiJ	

•  Minimise	beam-induced	moAon		

•  Keep	4K	helium	possibiliAes	in	mind	

Reducing	the	entry	cost	of	cryoEM		-	diagnosLc	tool	
•  Use	100keV	with	FEG	

•  100%	DQE	big	pixel	detector	



FantasAc	progress	in	structural	biology	in	the	last	100	years	
FoundaLons	
1911									Rutherford	model	of	atom	with	Any	nucleus	and	surrounding	electrons	
1913									atomic	numbers	for	elements	(Moseley)	
1923									periodic	table	of	elements	in	its	current	18-column	form	(Deming)	
Pioneering	informaLon	
1950									DNA	chemical	structure	(Todd	et	al,	Nobel	prize	1957)	
1953									DNA	double	helix	(Watson	&	Crick,	Franklin	&	Gosling,	Wilkins	et	al;	Nobel	prize	1962)	
1954									insulin	primary	sequence	of	first	protein	(Sanger,	Nobel	prize	1958)	
1960									myoglobin	3D	atomic	structure	(Kendrew	&	Perutz,	Nobel	prize	1962)	
1973									3D	structure	of	tRNA	nucleic	acid	adapter	molecule	(Kim	&	Rich;	Klug	et	al)	
1975									Sanger	DNA	sequencing	method	(Nobel	prize	1980)	
ConsolidaLon	
1980-90				gene	sequences	(cDNA)	for	many	important	proteins	
2000									first	human	genome	sequence	idenAfies	all	25,000	human	proteins	(HUGO)	
Deluge		
2017									genome	sequences	for	thousands	of	organisms;	plants,	animals,	bacteria,	exAnct	species	
2017 									human	genome	sequences	from	thousands	of	individuals	
2017									3D	structures	of	128,000	macromolecules	or	complexes	in	PDB	
Future	
2025	?							all	structures	in	biology	determined	and	downloadable	from	databanks	
2025	?							genome	sequences	for	anyone	who	wants	to	know	about	their	own	geneAcs	(ethical	concerns)	
2025	?							pharmaceuAcal	drugs	developed	for	most	protein	targets	(agonists	&	antagonists)		



Dubochet	(2012)	J.Microscopy	245,	221-224.	Cryo-EM	–	the	first	
thirty	years.	

	
Kuhlbrandt	(2014)	Science	343,	1443-44.		The	ResoluAon	RevoluAon.	
	
Bai,	McMullan	&	Scheres	(2014)	TIBS	40,	49-57.			How	cryo-EM	is	

revoluAonizing	structural	biology.	
	
Agard,	Cheng,	Glaeser	&	Subramaniam	(2014)	Advances	in	Imaging	&	

Electron	OpAcs	185,	113-137.		Single-ParAcle	Cryo-Electron	
Microscopy	(Cryo-EM):	Progress,	Challenges,	and	PerspecAves	for	
Further	Improvement.	

	
Vinothkumar	&	Henderson	(2016)	QRB	49,	e13,	1-25.		Single	parAcle	

electron	cryomicroscopy:	trends,	issues	and	future	perspecAve.	

Overview	references	


