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Dubochet, Frank, Henderson 
"for developing cryo-electron microscopy for the high-resolution 

structure determination of biomolecules in solution" 



2017 Nobel Chemistry was for “single-
particle cryo-EM” 

Inventor of sample preparation (1982-). 
 
Inventor of algorithm and ruler (1987-). 
 
Low-dose electron microscopy (1990-,1995-). 
 



Milestones in Cryo-EM 





The breakthrough behind 2017 Nobel Chemistry 

Direct electron camera  
 
Algorithm that separates heterogeneity 
 
Automated cryo-EM 
 
Phase plate 
 



Milestones in Cryo-EM 



Milestones in Cryo-EM 



Frozen catalase crystal to 3.4 Angstrom 
Taylor and Glaeser (1974) 

 



Rapid flash-freezing 
Dubochet (1984) 

 



The power of direct electron camera 



HBV core particle at 7 Angstrom 
Bottcher and Crowther (1997) 



HSV-1 B capsids at 8.5 Angstrom 
Zhou et al., and Chiu (2000) 



Charge-induced motion  
(Passmore and Russo) 



Correcting the mtion of cryo specimen 
Grigorieff (2012) 

CMOS camera Since 2012  



Ideal case: no sample motion 

slide 5 Direct Camera Phase Plate Combination slide 6 Cryo-EM Polymerase Future virus 

slide 6 Cryo-EM Polymerase Recent Virus 



In-plane motion 

slide 7 Cryo-EM Polymerase Recent Virus 
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De-blurring by correcting in-plane motion  
(Li and Cheng, 2013) 

3D再構 

slide 8 Cryo-EM Polymerase Recent Virus 



Achieving near atomic resolution with a  
direct electron camera (DE-20) 

DE-20    
AS Since 2013  

2014-2015: 3.9 Å   EV71  structure  by cryo-EM 

slide 4 Direct Camera Phase Plate Combination slide 5 Cryo-EM Polymerase Future virus 
slide 5 Cryo-EM Polymerase Recent Virus 

2013-2015: 3.6 Å   DGNNV structure  by cryo-EM 



Reaching better than 4 Å for icosahedral particle (Wang et al., 

May 2015, unpublished)  
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The power of sorting heterogeneity: 
Likelihood-based algorithm 



Illustration taken from a paper describing model bias  

Richard Henderson PNAS 2013;110:18037-18041 

© 2013 by National Academy of Sciences 

 

the classical demonstration that the portrait of Einstein can be extracted from a few thousand images  

of pure random noise  















LT: How did RELION change the field of structural biology? 
The field of cryo-EM is undergoing a revolution. There are two reasons for that: one is 
the development of a new detector for electrons, and that I think is the most important 
one. Before people were taking pictures on photographic film, or on CCD cameras, 
which would introduce quite a bit of noise in the imaging process. The other thing that 
has improved is better image processing and RELION fits into that category. What’s 
special about RELION is that it can find an optimal way of filtering the data 
automatically, whereas with older programmes, you had to be quite experienced in 
image processing to get good results. With RELION you don’t need to be an expert, 
that’s the main contribution. Also you can separate distinct 3D structures from a single 
dataset with RELION, that’s very important. At the moment, we’re working on making 
the technique work for smaller protein complexes, and also for those that are floppy, 
things that have not just two or three conformations, but a whole continuous spectrum 
of conformations 
 
 

Conformation and composition heterogeneity problem 

“Cryo-EM will Make a very big Difference” 
 
(February 6th, 2015) It is rumoured that structural 
biology is undergoing a revolution. Once dominated by 
X-ray crystallography methods, cryo-electron 
microscopy (cryo-EM) is now transforming the 
field. Sjors Scheres is one of the driving forces behind 
this revolution. 
 

http://www2.mrc-lmb.cam.ac.uk/group-leaders/n-to-s/sjors-scheres/
http://www2.mrc-lmb.cam.ac.uk/group-leaders/n-to-s/sjors-scheres/
http://www2.mrc-lmb.cam.ac.uk/group-leaders/n-to-s/sjors-scheres/


Likelihood estimator formalism  
(extracted from Lecture 7) 

X: experimental observation;  
f: the best angles to be determined;  
: the best 3D reconstruction to be obtained  



Extending the “Likelihood estimator”  
to cope with multiple conformation classes 





China has risen: Yigong Shi and the world 
largest cryo-EM center at Beijing! 



Structure of multi-component sub-complexes 





Wu et al., EMBO J 31  (2012) A 200 kV Field-emission cryo-EM 

2012-2015:  another RNA polymerase II complex 

slide 13 Direct Camera Phase Plate Combination 

Regulation of mammalian transcription by Gdown1 through a novel steric 

crosstalk revealed by cryo-EM
Yi-Min Wu, Jen-Wei Chang, Yen-Chen Lin, Chun-Hsiung Wang, Pei-Lun Wu, Shih-Hsin Huang, Chia-Chi Chang, 

Wei-Hau Chang*

Institute of Chemistry, Academia Sinica

EMBO J. 31 (2007), 3575-3587

In mammals, a distinct RNA polymerase II form, RNAPII(G) contains a novel subunit Gdown1 (encoded by POLR2M), 

which represses gene activation, only to be reversed by the multisubunit Mediator co-activator. Here,we employed single-

particle cryo-electron microscopy (cryo-EM) to disclose the architectures of RNAPII(G), RNAPII and RNAPII in complex with 

the transcription initiation factor TFIIF, all to ~19 Angstrom. Difference analysis mapped Gdown1 mostly to the RNAPII Rpb5 

shelf-Rpb1 jaw, supported by antibody labeling experiments. These structural features correlate with the moderate increase 

in the efficiency of RNA chain elongation by RNAP II(G). In addition, our updated RNAPII–TFIIF map showed that TFIIF 

tethers multiple regions surrounding the DNA-binding cleft, in agreement with cross-linking and biochemical mapping. 

Gdown1’s binding sites overlap extensively with those of TFIIF, with Gdown1 sterically excluding TFIIF from RNAPII, herein 

demonstrated by competition assays using size exclusion chromatography. In summary, our work establishes a structural 

basis for Gdown1 impeding initiation at promoters, by obstruction of TFIIF, accounting for an additional dependent role of 

Mediator in activated transcription.

A

B

Fig. 1: The cryo-EM structure of 

mammal RNA polymerase II 

(RNAPII) and the regions where 

both Gdown1 and TFIIF bind to  

RNAPII.

Fig. 2: Size exclusion 

chromatography reveals Gdown1 

can displace TFIIF on RNAPII but 

not the other way around. 

Fig. 3: A proposed model to explain how Gdown1 may 

repress transcription by “blocking the formation of the 

initiation complex”, a process to be reversed by the 

Mediator protein.

slide 24 Cryo-EM Polymerase Recent Virus 



The power of “automated” cryo-EM 



Resolution  vs.  particle number 
 (Case for icosahedral particle) 

DE-12, JEM3200FSC. Wang Z… Chiu W. Nat Comm. 2014 

   DGNNV (3.6, ~30,000) 

WHC, Sep 2014, DE-20 



slide 40 Cryo-EM Polymerase Recent Virus 

 
 The least motion 
  
 Perfect Vacuum 
 
 Multiple specimen 
 
 Remote control 
 
 High-throughput:  
 500-1000 micrograps/day 
  
 24/7  
  
  

 
 
 
 

Life without an automated machine:  

Two weeks to get 30,000 icosahedral particles 
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Resolution  vs.  ASU number 
 (Case for protein complex) 

RNA pol of E. coli 

Single conformations 

(3.8, 366k/800k) 

Seth A. Darst  

unpublished 

RNA pol I of yeast 

Single conformations 

(3.8, 94k/401k) 

Patrick Cramer, 2016  

RNA pol III of yeast  

Single conformations 

(3.9, 48k/800k) 

Christoph W. Müller, 2015 

yPol II (WHC) 

(7.0,  10K/80K) 

5Å 4Å 

c 



Do we still need automated cryo-EM?  
(Chang et al., 2010) 

Prediction made on the basis of single conformation & 90 degree 
phase shift (Chang et al., 2010) 



Atomic cryo-EM requires huge amount of image DATA:  
“Titan Krios” has catalyzed the DATA FLUX 



slide 40 Cryo-EM Polymerase Recent Virus 

 
  
 Very stable optics 
  
 Auto-loading 
 
 Multiple specimens 
 
 Remote control 
 
 High-throughput:  
 2000 movies/day (10T) 
  
 24/7  
  
  

 
 
 
 

“Titan Krios” brings robot-revolution and fierce 
competition follows suit 



Conclusions 

Direct electron camera broken cryo-EM 
resolution. 
 
Likelihood algorithm disentangles the mixed 
conformation or composition problem in 
solution. 
 
The more the better: Titan Krios is a robot 
or beamline! 
 
Cryo-EM demands huge computation 
resources for processing. 
 


