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CRYOEM 001 : SINGLE PARTICLE MASTERCLASS

Building a cryoEM toolkit

EM compatible samples

EM support films and grids

Sample preparation

Tools of the trade: 
microscopes and detectors

Microscope operations

Data collection strategies

Data assessment & QC

Data processing:
cryoEM IT infrastructure
On-the-fly feedback
3D Reconstruction

Introduction to cryoEM: SPA

Visualization and validation



- Transmission Electron 
Microscopy: A Textbook for 
Materials Science 

By David B. Williams, C. Barry 
Carter

THE QUALITY OF YOUR DATA IS AT 
LEAST DIRECTLY PROPORTIONAL TO 
THE QUALITY OF YOUR SPECIMEN. 



TECHNIQUES TO FRAME 
THE START
Cells

Organelles

3D Crystals

2D Crystals

Individual Macromolecules

http://www.boruhealthmachine.org/what-is-meant-
by-the-resolving-power-of-a-microscope.html

https://doi.org/10.1002/pro.2989

https://doi.org/10.1002/pro.2989


DOES SIZE MATTER?

Kutti R. Vinothkumar et al., 2016 



CONSIDERATIONS 
FOR SAMPLES 
THAT WILL BE 
ANALYZED BY 
CRYOEM

specimens must be thin 

vacuum in the microscope 

radiation damage

low signal:noise

charging



SAMPLES SUITABLE FOR EM

A major limiting factor for structure determination is specimen preparation.

The origin of this limitation is two-fold in nature:

1. During the creation of a thin layer of water for vitrification and imaging, specimens are 
exposed to surfaces and conditions which are very different from the inside of a test tube 
or cell. The effects of these on the molecules and complexes are not known a-priori, and 
can be difficult to remedy if destructive to the specimen.

2. Specimen preparation for cryo-EM is a delicate process that still requires skilled handling 
and careful technique through a number of detailed preparation steps. This often 
confounds novice and experienced microscopists alike by making it difficult to distinguish 
problems with the specimen from problems in technique and methods.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5140023/

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5140023/


THE OPTIMIZATION 
WORKFLOW

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5140023/

Structure determination by cryo-EM.
A systematic approach to 3D structure 
determination is shown. In the left column, 
the major steps are listed. Each step should 
be performed successively and only after 
one has been completed successfully should 
the scientist move onto the next step. In the 
second column, example data are shown 
for ribosomes (details in text). Scale bars 
on the micrographs are 500 Å. Each step 
should be evaluated with the criteria listed 
in the third column, returning to earlier 
steps for troubleshooting.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5140023/


CRYOEM IS STILL STRUCTURAL 
BIOLOGY
• The first step in a systematic approach is to evaluate several 

biochemical and biophysical aspects of the protein sample, such 
as composition, purity, homogeneity, stability, and biochemical 
activity. 

• Contaminating proteins or degradation products may interfere 
with complex stability and subsequent computational analysis of 
the particle images, wasting resources on the more time-consuming 
and expensive cryo-EM data collection and image processing 
steps. Evaluation of sample homogeneity by negative staining 
electron microscopy before cryo-EM grid preparation will help not 
only to validate that the correct purification protocol has been 
followed, but will also ensure that no contaminants or degradation 
products are present in the protein sample. 

• Prior knowledge of the protein molecular weight and oligomeric 
state(s), and buffer composition (salt concentration, pH, co-factors, 
cryo-protectants and other additives) in which the protein is stable 
can remarkably facilitate cryo-EM grid preparation.

https://www.frontiersin.org/articles/10.3389/fmolb.2018.00074/full

https://www.frontiersin.org/articles/10.3389/fmolb.2018.00074/full


THE OPTIMIZATION WORKFLOW

Protein preparation

Negative stain

Diagnostic cryo-EM

Initial cryo-EM data collection

High resolution cryo-EM data collection



PROTEIN PREPARATION

Molecular Biology
•Construct design
•Tags
•Genomic expansion
•Expression system

Biochemistry
•Composition
•Purity homogeneity
•Stability
•Biochemical activity

Markers
•Fabs/Nanobodies
•Fluorophores 



PROTEIN 
PREPARATION
Specimen homogeneity 

SDS-polyacrylamide gel 
electrophoresis (PAGE), native-
PAGE, Silver stain

size exclusion chromatography

mass spectrometry



HOMOGENEITY OF SAMPLES Optimize buffer conditions 

(salt, pH, detergent, etc…) 

DLS
Dynamic Light Scattering

SEC
Size Exclusion Chromatography

SEC-MALS
Size Exclusion Chromatography coupled to
Multi Angle Light Scattering



HOMOGENEITY OF SAMPLES

https://www.nature.com/
articles/s41467-020-
15642-w

Mass photometry as a 
general method for 
characterizing 
biomolecular 
heterogeneity.

https://www.nature.com/articles/s41467-020-15642-w


SCREENING BUFFER 
CONDITIONS
sample stability can then be optimised by 
changing buffer conditions (e.g. salt, pH, 
detergent)

ProteoPlex thermal stability assay.

Holger Stark: Max Planck Institute for 
Biophysical Chemistry, Göttingen, Germany

Ashwin Chari et al., 2015



BUFFER COMPATIBILITY

Detergents can be used to relieve preferred orientation at air-water interface
• CHAPSO helps TEC (a bacteria RNA polymerase) distribute into diverse orientation.

James Chen et al., 2019 



HOW MUCH SAMPLE IS NEEDED

Rules of thumb:
2 – 4 μl / grid
50 nM – 5 μM concentration

EM specimens are typically prepared using 3 μl protein solution at a 
concentration of 0.05 – 5 μM. Thus, it is essential for the protein complex to 
remain intact at these concentrations. If the dissociation constant (Kd) for the 
subunits is known, one can calculate whether it is expected to remain intact . 
Experimentally, one can run the protein complex on a size exclusion column 
repeatedly, at decreasing concentrations, to ensure it will not dissociate at 
the concentration required for cryo-EM.



HOW MUCH SAMPLE IS NEEDED For negative staining, 0.01-0.05 mg/ml. 

For cryo-EM, 0.1-5 mg/ml. 

-slide from Leifu Chang



WHAT IF MY COMPLEX DISSOCIATES AT LOW 
CONCENTRATIONS?
• Work at higher concentrations, adjust plasma and 
blotting

• Buffer conditions

• Crosslinking can stabilize protein- protein interactions 
(between subunits or domains)

– Changes surface properties so can change particle 
orientations on grid

– Must minimize or remove aggregates due to intra-
complex crosslinks

Kastner et al, 2008 |  Stark, 2010



WHAT IF MY COMPLEX DISSOCIATES AT LOW 
CONCENTRATIONS?

Li et al, 2018 Kastner et al, 2008 |  Stark, 2010



ADDITIONAL CONSIDERATIONS: MEMBRANE PROTEINS

Choice of Detergents
Amphipols: a hydrophilic backbone and hydrophobic side chains
Amphipols have been successfully used in cryo-EM for many 
membrane proteins

Nanodiscs
MSP- Nanodiscs can stabilize proteins and offer membrane 
proteins a native bilayer.
SMALPS- Endogenous bilayers may be used



ADDITIONAL CONSIDERATIONS: DENATURATION

D’Imprima et al., 2019 
negative stain cryoEM



ADDITIONAL CONSIDERATIONS: DENATURATION

D’Imprima et al., 2019 

with graphene

without graphene



ADDITIONAL CONSIDERATIONS: FLEXIBILITY
Dynein has a globular motor domains and flexible tail. 



EM COMPATIBLE 
SAMPLES

Questions?

Moving from a trial-and-error process to a 
controlled and reproducible method 



BONUS SLIDES



BONUS SLIDES



BONUS SLIDES



BONUS SLIDES



BONUS SLIDES



WHAT NEXT?

1. Building a cryoEM toolkit
2. EM compatible samples
3. EM support films and grids
4. Sample preparation
5. Tools of the trade:   

microscopes and detectors
6. Microscope operations
7. Data collection strategies
8. Data assessment & QC
9. Data processing:
• cryoEM IT infrastructure
• On-the-fly feedback
• 3D Reconstruction

10. Visualization and validation

cryoEM 001 : Single Particle Masterclass


