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What is CCP-EM?



Collaborative Computational Project for Electron 
cryo-Microscopy

Cryo-EM equivalent of CCP4
(see also CCPN, CCPBioSim, CCP-SAS and others)

Support users and developers in computational 
aspects of biological EM

1. Build UK EM community
2. Support software users
3. Support developers

Started in 2012

What is CCP-EM?



Same concept as CCP4

Suite of utilities for EM data processing

Common Python framework

Uses some CCP4 programs

Download from ccpem.ac.uk

Linux & Mac

Free for academic use, fee for commercial

Bugs & requests:

ccpem@stfc.ac.uk

CCP-EM software suite



National UK cryo-EM conference

“Study weekend for cryo-EM”

Next edition: 27–29 April 2020, University of Nottingham

Confirmed speakers include:
● Gabriel Lander
● Chun-wa Chung
● Gaia Pigino
● Chris Russo
● and many more…

Registration opening soon!
See CCP-EM mailing list for announcements

CCP-EM Spring Symposium



Talks from previous years:

● Schedules on www.ccpem.ac.uk

● Talks on YouTube (search 
“CCP-EM”)

CCP-EM Spring Symposium



CCP-EM Spring Symposium
Talks from previous years:

● Schedules on www.ccpem.ac.uk

● Talks on YouTube (search 
“CCP-EM”)

● Proceedings published in Acta 
Cryst. D



Lecture courses and talks:
● Caltech: http://cryo-em-course.caltech.edu/ and https://em-learning.com/

● MRC-LMB: ftp://ftp.mrc-lmb.cam.ac.uk/pub/scheres/EM-course/

Many review papers:
● Cryo-EM: A unique tool for the visualization of macromolecular complexity.

Nogales & Scheres, 2015. Mol Cell 58:677-689

● Single-particle cryo-EM—How did it get here and where will it go.
Cheng, 2018. Science 361:876-880

● Plenty more, easy to find on Google or PubMed

Other cryo-EM resources

http://cryo-em-course.caltech.edu/
https://em-learning.com/
ftp://ftp.mrc-lmb.cam.ac.uk/pub/scheres/EM-course/


Cryo-EM



What is cryo-EM?
“It is very easy to answer many fundamental biological questions;
you just look at the thing!”

Richard Feynman, 1959

Very simple principle: look directly at the molecules we want to 
understand

Hard to do in practice!

Main limitation is radiation damage

Images have very low signal to noise ⇒ need to use averaging to 
recover signal



What is cryo-EM?
A family of methods, not a single technique

● Single Particle Reconstruction (SPR or SPA)

● Helical reconstruction

● Tomography (cryo-ET or ECT)

● Sub-tomogram averaging

● Electron crystallography

○ 2D and 3D (“microED”)

(But normally, “cryo-EM” means single particle 
reconstruction)

Helen Saibil



Tools for structural biology

X-ray Crystallography

Atomic resolution (1-4Å)
Needs crystals
Conformation may be affected 
by crystal lattice
Phase problem

NMR Spectroscopy

Provides distance restraints
Give near atomic ensemble 
structures (~2-4Å)
Dynamic processes
Small proteins by solution NMR
Larger complexes by selective 
labelling, solid state

Cryo-EM

Resolution 1.5-20Å
Ordered assemblies or isolated 
particles
Can trap transient states and sort 
heterogeneity
Does not require crystals or 
labelling
Suitable for very large complexes



Structural biology from cells to molecules

Helen Saibil



Single Particle EM



A quick detour: negative stain

Helen Saibil



● Collect images of macromolecules frozen 
in ice

● Identify and extract particles from images

● Orient particles

● Reconstruct 3D volume

● Averaging technique:
○ More particles ≈ higher resolution 

(1.5–5 Å)

Helen Saibil

Single particle cryo-EM overview



Cryo-EM sample preparation
No requirement for protein crystals...

...but must ensure no ice crystals 
either

Plunge freeze into liquid ethane

Very fast freezing: ice becomes 
vitreous instead of crystalline

Helen Saibil



Equipment:
● Microscope (cryo-TEM)
● Cryo stage
● Detector

Available at Diamond via eBIC 
(electron Bio-Imaging Centre)

Peer-reviewed free access, 
much like MX beamlines

eBIC / Diamond
Titan Krios 300 keV

Data acquisition



Imaging and diffraction

Helen Saibil



Biological material is radiation-sensitive

High resolution information is lost first

Electron dose is very limited

Images have extremely low signal to noise ratio

Modern direct electron detectors help a lot
● Electron counting
● Motion correction

Cryo-EM images are noisy

Rebecca Thompson



Image processing overview



Movie acquisition
Direct electron 
detectors collect high 
speed movies (10s – 
100s fps)

Typically 100s or 
1000s of movies per 
session

Electron counting

Very low dose

Sample moves in the 
electron beam

Raw movie frames Summed micrograph



Motion correction
Sample motion can 
be corrected by 
aligning movie frames

Big improvement 
compared to CCD 
detectors or film

Summed micrograph Motion corrected



Motion correction
Sample motion can 
be corrected by 
aligning movie frames

Big improvement 
compared to CCD 
detectors or film

Power spectrum 
shows information 
recovery

Summed micrograph 
power spectrum

Motion corrected 
power spectrum



CTF estimation
Electron optics cause 
phase oscillation and 
attenuation of high 
frequencies (and 
more complicated 
effects)

Phase contrast comes 
from defocus

Need to estimate and 
correct for the 
Contrast Transfer 
Function

Motion corrected micrograph CTF estimate and 
power spectrum



Particle picking
Need to identify 
particle positions

Used to be manual, 
now usually automatic

Reference-based or 
reference-free

Increasing use of 
deep learning 
methods

Motion corrected micrograph Picked particle positions



Particle extraction
Extract particle 
images (and 
metadata) from 
micrographs

Typically between 
10,000 – 2,000,000 
particles per dataset

Picked particle positions Individual particle images



2D classification

Helen Saibil

Reference-free 
identification of similar 
views

Iterative process:
● Classify
● Average
● Align
● Repeat



2D classification
Good indicator of data 
quality

Use to discard bad 
particles

Individual particle images 2D class averages



3D reconstruction
3D volume reconstructed from 2D 
images

Normally done in reciprocal space

Relies on Fourier slice theorem

Helen Saibil



Initial model generation
Used to be very 
challenging

Much improved by 
modern algorithms

Now reference-free

Individual particle images 3D initial model
(10–20 Å resolution)



3D classification
Similar to 2D 
classification

Iterative classification, 
alignment and  
averaging

Alignment by 
projection matching

Can use to discard 
bad particles, much 
like 2D classification

3D class averages
(up to ~4 Å resolution)

Individual particle images
+ 3D initial model



3D refinement
Iterative alignment and  
averaging to high 
resolution

Often better with 
fewer, higher-quality 
particles (10s of 
thousands)

Much improved by 
modern algorithms 
using Bayesian 
methods

Refined 3D map
(up to 1.5 Å resolution)

Individual particle images
+ 3D class average



3D classification
Classification can resolve 
heterogeneity

“Purification in the computer”

Resolve snapshots of compositional 
or conformational states from a single 
sample

A major strength of cryo-EM

Brown et al., (2018) Nature 524:493-496



3D classification

Guo, Suzuki & Rubinstein, eLife 2019;8:e43128

Classification can resolve 
heterogeneity

“Purification in the computer”

Resolve snapshots of compositional 
or conformational states from a single 
sample

A major strength of cryo-EM

States can indicate structural 
dynamics

See video at 
https://doi.org/10.7554/eLife.43128.009

https://doi.org/10.7554/eLife.43128.009


Maps from cryo-EM look like maps from X-ray crystallography...

Cryo-EM vs MX

Cryo-EM
3.3 Å

MX
3.4 Å

20S proteasome

Li et al, Nature Methods, 2013



Maps from cryo-EM look like maps from X-ray crystallography...

...but some important differences:
● Map is phased!

○ Better quality initially
○ Doesn’t change during model building

● Densities represent Coulomb potential, not electron density
● Box size is arbitrary
● Local resolution can be highly variable
● Map sharpening affects refinement

Crystallography software can often handle cryo-EM maps, but needs care

EM maps are different



Validation in cryo-EM
Single particle reconstruction is an ill-posed problem

Many parameters, noisy observations

Prone to over-fitting in three areas:
● Particle selection (“Einstein from noise”)
● Particle alignment, orientation and masking
● Model fitting and refinement

Validation for cryo-EM is developing rapidly

Modern algorithms avoid severe over-fitting but still room for improvement

Take care with PDB models from cryo-EM: check any important details yourself!



Electron Tomography



Structural biology from cells to molecules

Helen Saibil



Electron cryo-tomography
Collect images of a single object 
from many angles

Object can be unique (unlike SPA)

Can view molecules inside cells

Enables structural biology in situ

Resolution 1–3 nm

Thickness limit ~0.5–1 µm

Koning et al. (2018) Ann Anat 217:82-96



Electron cryo-tomography

Bykov et al. (2017) eLife 2017;6:e32493



Sub-tomogram averaging
Single particle analysis in 3D

Similar process: particle picking, 
iterative alignment and averaging

Typical resolution 8–20 Å

Helen Saibil



Sub-tomogram averaging
Single particle analysis in 3D

Similar process: particle picking, 
iterative alignment and averaging

Typical resolution 8–20 Å

Best example now reaches 3.1 Å

Shows the potential of the technique

Schur et al. (2016) Science 353:506-508



Multi-scale imaging
Correlative microscopy

Typical workflow:
1. Cryo-fluorescence microscopy to 

identify and locate target
2. FIB-SEM to extract region of interest
3. Cryo-ET to get cellular context
4. Sub-tomogram averaging and 

classification for higher resolution and 
quantification

5. Docking of models from MX or SPA for 
structural interpretation

Expect much more of this in future!

Zhang (2019) from Guo et al. (2018) Cell 172:696-705



CCP-EM core team
● Tom Burnley
● Agnel Praveen Joseph
● Jola Mirecka
● Martyn Winn

CCP4 core team

STFC SCD
● Alan Kyffin
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Birkbeck
● Maya Topf

University of Manchester
● Alan Roseman
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Contact
Website: www.ccpem.ac.uk

Mailing list: www.jiscmail.ac.uk/ccpem

Twitter: @ccp_em

Email us: ccpem@stfc.ac.uk

CCP-EM papers:
Collaborative Computational Project for Electron cryo-Microscopy. Acta Cryst. D71:123–126 (2015)

Recent developments in the CCP-EM software suite. Acta Cryst. D73:469–477 (2017)


