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Å Ancient history, EM and X-ray crystallography
Å 1975 Single particle techniques -- the concept
Å 1975 ς 1987 development of SPIDER, programs for averaging, classification, 3D 

reconstruction 
Å 1981    5ǳōƻŎƘŜǘΩǎdiscovery of vitreous ice
Å 1987 First single-particle reconstruction ς negative stain
Å 1989    First single-particle reconstruction ςvitreous ice
Å 1990 ς 2012  Cryo-EM reconstructions with increasing resolutions up to 5.5 Angstrom
Å 2012    Direct electron detection cameras hit the market
Å 2012 ς ƴƻǿ άǊŜǎƻƭǳǘƛƻƴ ǊŜǾƻƭǳǘƛƻƴέ
Å TODAY:    exponential increase in cryo-EM structure depositions
Å Future:   Time-resolved cryo-EM & Mapping of continuum of states using cryo-EM
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J. Frank, Nature Protocols 2017
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Cryo-EM revolution

Single-particle revolution



J. Frank, Nature Protocols 2017

Resolution revolution
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Cryo-EM revolution

Single-particle revolution



X-ray Crystallography

Å Crystal: many copies of the molecule arranged in 
regular order.  

Å Exposure to X-ray beam Ą diffraction pattern Ą 
structure determination.

Å X-ray beam must be high-intensity, crystal must 
be almost perfect.

Å To date ~ 140,000 structures solved by X-ray 
crystallography, available in public databanks.

Å Crystal packing Ą molecules not visualized in all 
conformations/binding states that important for 
function.  

Å Many molecules do not form highly ordered 
crystals.  

Å Sample quantity can be a big issue, as well.

Å   

Max Perutz and John Kendrew with a model of 
hemoglobin, 1962

http:// www.mfpl.ac.at/vips/max-f-perutz/

5



6

5% of all Nobel 
Prizes are related to
X-ray crystallography.
Half of these were for 
biomolecules



Hirschegg, site of 1968 workshop on X-ray crystallography and EM of proteins 
organized by Walter Hoppe and Max Perutz.

Harold Erickson, Richard Henderson, Ken Holmes, Hugh Huxley, Nigel Unwin . . . 

One of the first Hybrid Meetings!

7



Conference site of the
Hirschegg Meetings

Walter Hoppe with Max Perutz
in Hirschegg
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Å The transmission electron microscope can be 
used to solve molecular structures.

Å Projection images formed at very high 
magnification, e.g. 30,000 x.

Å To reconstruct an object, many different views 
must be collected.

Å L Sample must be very thin, electrons are 
readily absorbed by matter.

Å L Electrons strongly damage the molecules -- 
need for low dose!  10-20 electrons/square 
Angstrom.

Å L Images are very noisy (shot noise)
Å L Initially, negative staining needed to be 

used for sample preparation of molecules. 
Cryo-sample preparations were developed 
later.

Å  

http://www.newworldencyclopedia.org/entry/File:Electron
Microscope.png

Visualization/Structure Determination by 
Transmission Electron Microscopy
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LOW EXPOSURE 1971
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Robert M. Glaeser



Robert Glaeser         Jacques Dubochet                  Plunge-freezer
            1976                              1981

Molecules embedded in vitreous ice

PLUNGE FREEZING/EMBEDDING IN 
VITREOUS ICE  1981
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!ƳƻƴƎ wŀŘƻƴΩǎ ŜȄǘŜƴǎƛǾŜ ǿƻǊƪ ƻƴ ŎŀƭŎǳƭǳǎ ƻŦ ǾŀǊƛŀǘƛƻƴǎΣ 
differential geometry and measure theory there is a paper 
appropriately titled 

άÜber die Bestimmung von Funktionen durch ihre Integralwerte 
längs gewisser MannigfaltigkeitenΦέ  όмфлрύ

It describes the way a multidimensional function is related to 
its projections, both in real and Fourier space. 
              

Johannes Radon
   1887 - 1956

3D RECONSTRUCTION



Aaron Klug and David DeRosier, LMB/MRC Cambridge

  Pioneering work: 3D reconstruction of a
  bacteriophage tail using the Fourier-Bessel
         approach, 1968
 Application of the Projection-Slice Theorem
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THREE-DIMENSIONAL RECONSTRUCTION:  
STRUCTURES  WITH HELICAL SYMMETRY.  1968
(sample prep: negative staining)
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THREE-DIMENSIONAL RECONSTRUCTION: VIRUSES WITH ICOSAHEDRAL SYMMETRY
(sample prep: negative staining) 1970

Tony Crowther

R. A. Crowther, Phil. Trans. Roy. Soc. 1971
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tomato bushy stunt virus 



Richard Henderson 
and Nigel Unwin

Purple membrane
Protein

Bacteriorhodopsin

Electron dose is spread
over many repeats
of the molecule in the
crystal
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THREE-DIMENSIONAL RECONSTRUCTION:  
STRUCTURES THAT FORM 2D CRYSTALS
(glucose embedding). 1975



First EM of molecular structures focused on crystalline 
arrangements:
    helical, planar 2-D, icosahedral
    averaging over many repeats of the molecule     was 
implicit in the Fourier-based data        processing
    each symmetry involved a different        
math/computational approach

What about molecules not bound in a crystal?
What about molecules without symmetry?
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Å Electron 
Tomography of 
single molecules

Å Examples: fatty acid 
synthetase and 
ribosome

Å BUT: Accumulated 
electron exposure 
exceeded 1000 

        e-/A2 

Walter Hoppe (MPG Archive)
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Why Crystals?
3D Reconstruction of Asymmetrical Molecules by 

Electron Tomography ~1968



Å Single-particle techniques: structural 
information from images of single (i.e., 
unattached) molecules in many copies.

Å Molecules are free to assume all 
naturally occurring conformations.

Å Molecules are randomly oriented.

Å A single snapshot may already give us 
hundreds of particle views.

Å As we collect more snapshots, more 
orientations will be covered, until we 
have enough for reconstructing the 
molecule in three dimensions.

Å  

Why Crystals?
3D Reconstruction of Asymmetrical Molecules by Single-

Particle Techniques ς the Concept 1975
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J. Frank, Ph.D. thesis 1970

Cross-correlation function of
2 successive micrographs
of the same carbon film
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peak

EM images can be aligned to within better than 
                             3 Angstrom!
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Dissertation at
Technical University Munich,
published in 2019,
49 years after completion

Image on the cover:
¸ƻǳƴƎΩǎ ŦǊƛƴƎŜǎ

WΦ CǊŀƴƪ όмфтлύ ά!ƴŀƭȅǎƛǎ ƻŦ ƘƛƎƘ-resolution 
electron micrographs using image 
ŘƛŦŦŜǊŜƴŎŜ ŀƴŘ ǊŜŎƻƴǎǘǊǳŎǘƛƻƴ ƳŜǘƘƻŘǎέ 
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2

3

crit

D
c dp
²

PARTICLE SIZE > 3 / [CONTRAST2 x RESOLUTION (in Å)  x  CRITICAL ELECTRON DOSE]

Conditions for effective cross-correlation alignment of 
two images of a molecule (size D)

Saxton & Frank, Ultramicroscopy 1977 
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Å ALIGN IMAGES

Å CTF CORRECTION

Å SORT/CLASSIFY IMAGES

Å FIND PROJECTION ANGLES

Å RECONSTRUCT IN 3D
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Devil in the detail ς Problems to be solved:



SPIDER -- Modular image processing program
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Toronto EM conference abstract 1978 
Ultramicroscopy 1981

Some of the operations
(out of hundreds):

AC -- autocorrelation
CC ς cross-correlate 2 images
FT  -- Fourier transform
RT  -- rotate
SH -- shift
WI  -- window

ά²hwY.9b/Iέ Chw twh/9{{LbD La!D9{



Miloslav Boublik
Roche Institute, Nutley, NJ
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The Ribosome ς its role in the development of 
Single-Particle Techniques

ςLarge size
ςSturdy
ςHigh contrast 



In the beginning, there was the Lake model:
             3D reconstruction by eye,
              inferred from EM images
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Jim Lake

1970s



Proof of concept

40S subunits of
HeLa (human) 
Ribosomes

Frank et al., Science 1981

Alignment and averaging of single-particle 
images
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HALF-AVERAGES          S.D. MAP    AVERAGE



L and R views (flip and flop) of HeLa ribosomes        flip and flop views of hemocyanin

Problem of heterogeneity: molecules are in 
different orientations and conformations
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Frank et al., Science 1981                                            N. Boisset, thesis 1987
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Van Heel and Frank, Ultramicroscopy 1981

FLIP/FLOP and Rocking positions

Hemocyanins of Arthropods 
are oligomers of a basic unit

Multivariate analysis of aligned molecule images
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dodecamer



30

Via bootstrap:

      Random-conical tilt reconstruction

                     1979
                     
                     1986/87

How to Find the Angles of Projection



J. Frank, overhead 1979

Random-Conical Tilt Reconstruction 
                           (Principle)
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J. Frank, American Scientist 1998
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Random-Conical Tilt Reconstruction 
          (Principle ς Fancy Version)



First single-particle 3D reconstruction 1987

Radermacher et al., EMBO J. 1987

Michael Radermacher

Michael Radermacher



First 3D Reconstruction using Single Particle Reconstruction
                          Nobel Museum, Stockholm
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The 50S ribosomal subunit
as a contour stack in 3D
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Robert Glaeser         Jacques Dubochet                  Plunge-freezer
            1976                              1981

Molecules embedded in vitreous ice

Frozen-hydrated specimens / Plunge-freezing / 
Vitreous ice / Cryo-EM
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F30 Polara (FEI)



Plunge-freezers
------------ manual ---------    -------------------------------- automated, climatized ---------------------------- 
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ribosomes, recorded on film: poor quality of recording


