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

70S ribosome 11 Å hepatitis B cores 7 Å decorated actin 30 Å LHC II 3.4 Å

What is electron cryomicroscopy?  - CryoEM comes in several flavours

Gabashvili (2000)                Boettcher (1997)                 Milligan (~1995)                  Kuhlbrandt (1994)





Growth in cryoEM community

EMDB
(Electron Microscopy Data Bank) for 
deposition of cryoEM maps (5400) 

PDB (Protein Data Bank) for 
coordinate depositions (less)

PDB cryoEM
annual coordinates deposition

3dem mailing list
Started in 1995 by Ross Smith at NYU
transferred to NCMIR at UCSD in 2000

Gina Sosinsky, now Guy Perkins
Current list has 3202 subscribers

Gordon Research Conference 
on 3dem 

started by Wah Chiu & Nigel Unwin in 
1985, held every year rotating between 

USA, Europe & Asia



Outline

1. X-ray diffraction, electron crystallography (diffraction, microscopy)

2. Bacteriorhodopsin at 7Å, then 3.5Å, refinement & kinetics

3. Single particle cryoEM - blobology then “resolution revolution”



Halobacterium salinarum
Walther Stoeckenius, Rockefeller 1959-67



Purified purple membranes on carbon



X-ray powder diffraction 
pattern of oriented pellet 
of purple membrane 1973





bacteriorhodopsin projection
glucose embedding, no cryoEM

Unwin & Henderson JMB, 1975

electron diffraction
(amplitudes)

4,3

4,3

optical diffraction of electron micrograph
(FFT --> phases)





7Å 3D map, 1975



7Å 3D model, 1975
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Faruqi CCD detectors



Jeng, Chiu, Zemlin
& Zeitler, 1984 JMB

Crotoxin thin 3D xtals



Solving bacteriorhodopsin structure at high resolution
High-resolution cryoEM imaging

heavy atom derivatives

molecular replacement



The path from 7 Å resolution to 3.5 Å and atomic model

• Cooling specimen to liq. N2 or liq. He temperature reduces the effects of radiation damage 
and gives 4- to 5-fold increase in diffraction

• Very few electron microscopes were stable enough in 1980s to achieve imaging with 3.5 Å
resolution using cold stages

• Collaborations with and travelling to three different labs were essential:

Lepault/Dubochet at EMBL

Zemlin/Beckmann/Zeitler at Fritz-Haber-Institute in Berlin

Downing/Glaeser at Berkeley

• Beam tilt was a key feature that required computational correction

• Correcting for defocus gradient when tilting specimen was another technical challenge

• Finally, 70 images allowed a map to be calculated, adequate to build an atomic model

• Refinement by Niko Grigorieff + increase to 100 images with 30 more from Ken Downing

• Yoshi Fujiyoshi independently determined the structure with an improved map

• All subsequent X-ray structures used the cryoEM coordinates for molecular replacement



1975 1984

1989 1990

Progress – at last !



Bacteriorhodopsin 3.5 Å 1990



Bacteriorhodopsin 3.5 Å 1990
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From Dubochet et al, QRB (1988)



Preparing a cryoEM grid using the method 
of Adrian, McDowell & Dubochet

Controlled environment plunge-freeze 
apparatus of Ishi Talmon (1988) 



5-fold

~3-fold
2-fold



hepB virus cores (1997)
first sub-nm single particle structure

T=4T=3

30 Å (1994)
20 ptcles

hepB most recent structure
Yu, Jin, Jih, Shih & Zhou (2013)

3.5Å - 8000 ptcles

Boettcher, Wynne 
& Crowther (1997)

7.4Å
6600 ptcles



Comparison of 300keV DQE of direct electron detectors versus film

McMullan et al (2014) 
Ultramicroscopy





2005
25Å

2011
11Å

2013
6Å

2014, Relion (Scheres)
3.8Å

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



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



Russo & Henderson
unpublished

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



Nigel Unwin
bacteriorhodopsin 7Å

Joyce Baldwin Tom Ceska David Agard Bob Glaeser Jean Lepault Fritz Zemlin Erich Beckmann Ken Downing

bacteriorhodopsin 3.5Å using cryoEM

Wasi Faruqi Greg McMullan Renato Turchetta Nicola Guerrini Shaoxia Chen

detector & microscope 
technical developments

Sriram Subramaniam Niko Grigorieff Peter Rosenthal                                            Chris Russo
Jacqueline Milne                   John Rubinstein                  Vinothkumar

single 
particle
cryoEM

Colleagues in rough chronological order



With many thanks to current and previous colleagues

• Electron crystallography Nigel Unwin, Tom Ceska, Joyce Baldwin, 
David Agard, Jean Lepault, Fritz Zemlin, 
Erich Beckmann, Ken Downing, 
Bob Glaeser, Niko Grigorieff, 
Sriram Subramaniam

• Single particle cryoEM Niko Grigorieff, Sriram Subramaniam, 
Jacqueline Milne, Peter Rosenthal, 
John Rubinstein, Vinothkumar

• Detector development Wasi Faruqi, Greg McMullan, 
Renato Turchetta, Nicola Guerrini, 
Shaoxia Chen

• Grand scheme Chris Russo
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