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Talk Overview

structural cryo-ET
theory: from micrographs to maps 

illustrated examples
a fun example where thinking was useful!

software workflows
how do I actually *do* cryo-ET processing?

focus on Warp 2.0
sneak peak of Relay



Cryo-Electron Tomography (cryo-ET)

 Lučić et al. JCB (2013)



let’s get on the same page…

multi-frame 
micrographs

dose-fractionated images 
each is 2D + time

tilt-images

individual 2D images with 
higher SNR than frames from 

multi-frame micrographs

tilt-series

stack of 2D tilt-images with 
~same field of view

tomograms

3D reconstructions 
typically made using images 

from a tilt-series



What does a structural cryo-ET workflow look like?
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What does a structural cryo-ET workflow look like?



tilt series processing is a superset of frame series processing



3D reconstruction from projection images

3D object



3D reconstruction from projection images

3D object 3D Fourier transform 
(power spectrum)



3D reconstruction from projection images

3D object
3D Fourier transform 

(power spectrum)

FFT



3D reconstruction from projection images

central slice of 
3D Fourier transform 

(power spectrum)



3D reconstruction from projection images

central slice of 
3D Fourier transform 

(power spectrum)

2D projection image



3D reconstruction from projection images

3D object 
(real space)

central slice of 
3D Fourier transform 

(power spectrum)



3D reconstruction from projection images

3D object 
(real space)

central slice of 
3D Fourier transform 

(power spectrum)inverse FFT

FFT



3D reconstruction from projection images

3D object 
(real space)

central slices of 
3D Fourier transform 

(power spectrum)

inverse FFT



What is single particle analysis?

SPA is a process for determining the following parameters for each particle image

- 2D shifts

- orientations

- defocus

This allows us to build up the 3D

Fourier transform



now let’s do it for tomography



tilt series

plus minus 60 degrees
3 degree increments

41 images
remember this is a stack of 2D images,  not a 3D image



tilt series to tomograms

reconstruction typically 
performed in real space 

because images are large 



tilt series to tomograms

localise objects of interest in 3D



tilt series to tomograms

because we know the projection geometry
we can find our objects of interest in 2D



tilt series to particle tilt series

because we know the projection geometry
we can project 3D points down to 2D

this lets us extract mini tilt series
centered on each particle



subtomograms ~= particle tilt series
(but it’s easier to deal with the CTF properly on 2D data)

3D reconstruction 
from particle tilt series

particle tilt image FTs inserted as 
central slices

(power spectrum)



3D reconstruction from particle tilt series

each particle contributes 41 central slices to the 3D FT



What is ‘subtomogram averaging’?

STA is a process for determining the following parameters for each particle tilt series

- 3D shifts

- orientations

- defocus

This allows us to build up the 3D

Fourier transform



What is single particle analysis?

SPA is a process for determining the following parameters for each particle image

- 2D shifts

- orientations

- defocus

This allows us to build up the 3D

Fourier transform



tilt series processing is a superset of frame 
series processing

I hope I’ve convinced you



the CTF in tomograms



CTF is changed a lot by defocus

1µm defocus
2 Å/px

2µm defocus
2 Å/px



sample thickness matters

thin SPA sample thick(er) tomo samplefocal plane

beam direction



sample thickness matters

thin SPA sample thick(er) tomo sample

focal plane

beam direction

whole sample at ~1µm defocus

safe to assume all particles at 
same defocus 

whole sample between 
0.8-1.2 µm defocus

unsafe to assume all particles at 
same defocus



sample thickness matters

0 degrees
focal plane

beam direction

different defoci for particles 
at different distances from 
focal plane



sample thickness matters

0 degrees
focal plane

beam direction

90 degrees



Software Workflows



the patchwork of cryo-ET software

Kendra Leigh &
Misha Kurdryashev

Ca. 2018



things are improving…

● Warp + M
● RELION 5
● STOPGAP
● EMAN
● Dynamo
● IMOD/PEET
● nextpyp
● scipion

trend is towards ‘complete pipelines’... 

● is that what we want?
● is that realistic?
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tomography (and tomography projects) are, 
by definition, complicated…

if they aren’t you should probably be doing single particle



tomography (and tomography projects) are, 
by definition, complicated…

if they aren’t you should probably be doing single particle

one software package is unlikely to solve *all* of your problems



the Warp + M workflow

slide from Dimitry



Warp/M had a great GUI



but they were locked in a Windows cage



Warp 2.0
now on linux!



M’s first significant result

slide from Dimitry



Mmmodel the whole system

Tegunov et al., Nature Methods (2021)



benchmarked on linux with 5-TS from EMPIAR-10491

looks good! 🚀



slide from Dimitry







Relay

Warp, M + friends on the web!
(not yet released)

(soon, maybe?)







































slide from Dimitry



illustrated examples



Tom Dendooven, Stan Yatskevich & John Kilmartin

Consensus reconstruction of the native 
γ-tubulin ring complex

~11 Å from 8000 particles
Warp -> Dynamo -> RELION -> M

co-refined with microtubules which plateau at ~6 Å



Misaligned subsets of γ-TuRC particles are identified by 3D 
classification



Manual registration improves density at the 
microtubule seam formation interface

per class transformations defined in ChimeraX and 
applied on relevant particle subsets

before registration



Manual registration improves density at the ring 
closing interface

per class transformations defined in ChimeraX and 
applied on relevant particle subsets

before registration after registration



before registration after registration

identify misaligned subsets of data
Class3D in RELION



Identification of an interesting density bridging 
γ-TuSC and the microtubule protofilament

unidentified potentially interesting density 
bridging γ-TuSC and microtubule protofilament



Leveraging multiplicity of γ-TuSC  subcomplex
improves density in regions of interest



Leveraging multiplicity of γ-TuSC  subcomplex
improves density in regions of interest

c.f. Localized reconstruction, Ilca et al. 2015



Leveraging multiplicity of the γ-TuSC  subcomplex
improves density in regions of interest

c.f. Localized reconstruction, Ilca et al. 2015

~7 Å reconstruction from 
7 x 8000 particles



~7 Å reconstruction from 
7 x 8000 particles



thanks for listening!
(cue the workshop start)


