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1)  Viewing Geometry

3)  Noise

2)   Intrinsic Variability of Individual Complexes

Sources of Variability in 

Electron Micrographs of Macromolecular Complexes

b)  Multiple discreet conformers

a)  Heterogeneity of composition

c)  Continuous variability : 

global breathing; local fluctuations



*  Resolution is Inhomogeneous.

• Multiple Particle Analysis – Multiple Conformations -

Time-resolved Cryo-EM

• A Machine with Many Moving Parts

• The smallest feature we have been able to see (0.9 kDa)

and the largest feature we have been unable to see (90 kDa)

• Thermo-cryo-electron microscopy
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procapsid mature capsid

Heymann et al. (2003) Nature Struct. Biol. 10:334-344 
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Multi-model discrimination by projection matching
(MPA = Multi-particle analysis)
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Kinetics of HSV capsid maturation



Rotating Domains



• Multiple Particle Analysis – Multiple Conformations -

Time-resolved Cryo-EM

• Issues

• Number of states (models)?

• Where to get starting models?

• Need good SNR for reliable classification

(iterative supervised classification)

• Need a LOT of data

• Can do kinetic modelling



• Thermo-cryo-electron microscopy
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Maturation pathway : Five structural states

Prohead IIProhead I EI-I/II EI-III / IV Head

expansion

cross-linking
cleavage



From: Helgstrand et al (2003) J Mol Biol 334, 885-899

Gp5* (res. 103 - 385)



Capsomer Assembly and Proteolysis Enhance Thermal Stability 

15 kcal/mol



Ross et al. JMB 364, 512 (2006)

A Free Energy Cascade



Capsomer Assembly and Proteolysis Enhance Thermal Stability 

15 kcal/mol







Visualization of the 53-degree phase transition
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The 53o event of Prohead I represents a reversible phase transition 

After this transition, the capsid has the pentamers of Prohead I 
and the hexamers of Expansion Intermediate I

The ∆-domains of the hexamers but not the pentamers are disordered 

The ∆-domains restrain Prohead I from embarking on maturation

53deg event - concs



•Thermo-Cryo-Electron Microscopy

• Issues

• Thermally excited states short-lived

• At high temperatures, rapid drying of thin film

- made environmental chamber

*  Apply Multiple Particle Analysis



• Resolution is inhomogeneous in density maps



• The smallest molecular feature that we have

been able to see – a nonapeptide of < 1 kDa.



HBV Cp149 T=4 capsid structure

Wynne et al., Mol. Cell 3, 771 (1999)



Visualizing the HBV Linker Peptide

Cp140 Cp149

250Å

100Å



X-eye stereo

HBV Linker : T=4 capsids
Cp140 + Difference



HBV Linker - homology

Cellobiose dehydrogenase
P. chrysoporium: extracellular flavocytochrome
(Hallberg et al, 2000, Struct. Fold. Des 8, 79-88)

HBV 141-149 S T L P E T T V V

T T L P E T T I

141 149

103 110



HBV Linker - Fitting

Cellobiose dehydrogenase

HBV 141-149 S T L P E T T V V

T T L P E T T I

141 149

103 110

HBV T=4 xtal structure: Wynne et al 1999, Mol. Cell 3, 771-780
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• We were able to see a nonapeptide of < 1 kDa by 
difference imaging

• 7/9 of the nonapeptide were not seen in the crystal 
structure
• limited resolution (and good SNR), an advantage in this case

Cp183

Cp140

Cp149

Cp-∆link

• shorten Cp beyond residue 140 or remove linker – no 
capsids assembled



• A Machine with Many Moving Parts

• The largest feature we have been unable to see (90 kDa)
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Domain architecture of Clp ATPase proteins

ClpA

ClpB

ClpY

NBD1 NBD2

Large Small SmallLarge

N-domain

Hsp104 linker

I Domain
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Issues

• Getting side-views in vitrified specimens

• The 6 : 7 symmetry mismatch, pseudo-symmetry

• With ClpA alone, mistaking side-views for top views

• Highly mobile N-domains



The N-domains are highly mobile in solution

From Ishikawa et al., JSB 2004



How were the various populations sorted?

How was the averaging done?

• Visual screening in manual particle picking

• Multiple particle analysis aka multi-reference alignment

based on correlation coefficients

• In the usual way, but typically omit bottom third (lowest cccs)

• Crunch questions: 

how many particles (references) to use? Be conservative

How to get starting models? Easier in time-course experiments



What were the thought processes and decisions along the way?

How were the various problems that were encountered solved?

How were bad images identified?

( optimism, depression, pragmatism)n

Get good biochemical collaborators.

I recommend more extensive use of focal pairs and even 
focal triplets, pending the advent of the ideal phase-plate.

Stronger signal => more reliable identification of views and 
more reliable discrimination between competing models. You 
don’t have to include the 2nd & 3rd exposure in final map.



What is in the pipeline in terms of new approaches?

More extensive use of variance mapping

Time-resolved studies – 4D cryoEM

Closer integration of SPA and tomography

For more confidence-inspiring averaging of subtomograms,

we need better resolution in the primary tomograms



What resolution is useful?

What does not work?

High resolution is good: high information content is better

Keep a close eye on current and emerging 
biological/biochemical/genetic data on your molecule of interest.

What is the question you are trying to answer?

Fitting crystal structures of globular subunits into low resolution

EM density maps
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