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ML methods for heterogeneity in cryo-EM

• PCA

• ManifoldEM

• cryoDRGN

• GMM in eman2

• cryoSPARC/RELION

• … and more!

Practical considerations when using continuous   

  heterogeneity methods.

Combining cryo-EM and Molecular Dynamics

Assessing the performance of continuous   

  heterogeneity methods.



Conformational landscapes of biomolecules are currently both 
experimentally and computational difficult to access.

X-ray crystallography

cryo-EM



Cryo-EM achieves atomic resolution 3D structures via 
 2D imaging of many differently oriented molecules.



Nadezhdin et al, Sci. Adv. (2024) 

Discrete classes in single particle analysis restricts  
access to information.



Publication trends are in line with this vision.



A couple useful reviews to check out:



Principal component analysis (PCA) for 
continuous heterogeneity  in SPA.



cryoBench ❄"

https://cryobench.cs.princeton.edu/
NeurIPS Benchmarks
2024 Spotlight

Ellen Zhong

of cryoDRGN ❄ #

Nature Methods 2021



cryoBench ❄": From simple continuous motion.

https://cryobench.cs.princeton.edu/



cryoBench ❄": To complex compositions.

https://cryobench.cs.princeton.edu/



cryoBench ❄": To difficult full FE landscapes.

https://cryobench.cs.princeton.edu/



RELION: Multi-body Refinement



Initial TRPV1 analyses conducted in 
MATLAB  version of ManifoldEM.

Dashti et al, PNAS (2014).



rTRPV1 + DkTx/RtX 
in nanodiscs

(EMPIAR 10059)

Dashti et al, PNAS (2014).
Preliminary data 

generated in Frank lab

Initial TRPV1 analyses conducted in 
MATLAB  version of ManifoldEM.

Robert Blackwell

New Manifold Embedding 
Repository Maintained at Flatiron 
• Pythonic  
• Bug fixes  
• New Features (CLI, ipynb’s) 
• Order of magnitude speedup

  https://github.com/flatironinstitute/ManifoldEM 
Ojha et al, Acta Cryst D (2025).

https://github.com/flatironinstitute/ManifoldEM


CryoDRGN: The First Neural Network Approach



3DVariability Analysis in cryoSPARC

• Very straightforward to use.
• Limited to linear motions.



Gaussian Mixture Model method in EMAN2

• Incorporating the Gaussian Mixture Model (GMM) gets us toward
atomic / molecular information of the dynamics.



cryoSPARC’s more complex tool for heterogeneity analysis



cryoSPARC’s more complex tool for heterogeneity analysis



RELION also has a new ML-based solution for this problem

Implemented in RELION-5

Has a method for
error estimation of the deformations.



Multiple Methods in SciPion

https://github.com/scipion-em/scipion-em-continuousflex



TikTok and Cows?
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Practical considerations 
when using continuous 
heterogeneity methods.



Most methods take in particle stacks 
after 3D Refinement from a previous tool.

• Many methods are already integrated into other tools that already do 3D 
Refinement (cryoSPARC/RELION/EMAN2) so this is straightforward

• cryoDRGN has a friendly easily installable Python pipeline and plays a little 
nicer with cryoSPARC inputs



Procedures to jointly optimize pose and 
conformation are still being improved. 

ICCV 2021



Nanodiscs can also be a challenge for 
continuous heterogeneity methods.

rTRPV1 + DkTx/RtX 
in nanodiscs

(EMPIAR 10059)
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Using all vs. a subset of your data.
• Getting rid of junk is important.
• Making sure there isn’t residual compositional heterogeneity is important
• Intuitively you wouldn’t want particles too tightly classified in a single 

conformational state, but this is a little tricky to assess

CryoSieve is a new tool that 
allows you to build a same 
resolution reconstruction with 
a fraction of the particles.
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Combining cryo-EM and 
Molecular Dynamics Simulations



Molecular dynamics (MD) simulations as a key partner with 
cryo-EM for conformational heterogeneity analysis.

    Hanson*, Georghiou* et al, Cell Chem Biol, (2019). 



In Molecular Dynamics we are used to think about Free Energies 
and populations of states.
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    Hanson*, Georghiou* et al, Cell Chem Biol, (2019). 
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How much to worry about the ‘cryo’ of cryo-EM?
time to freeze during vitrification < 0.1 of ms*
current estimates of time scale of TRPV1 opening ~ 2-5 ms

active inactive

clockwise counter clockwise

closed open

∆G
= ∆H - T∆S

cold
hottemperature

+ +

Fischer, Konevega, Wintermeyer, Rodnina, 
& Stark, Nature (2010)



How much does vitrification perturb the equilibrium ensemble of 
our molecules?

Bock & Grubmüller, Nat. Comms. (2022). 

+        SPC/E water model



Approach and results so far with TRP-cage.



How much does vitrification perturb the equilibrium ensemble of 
our molecules?

• Toy models to test if we can 
recapture the ‘hot ensemble’ from 
the ‘cooled ensemble’. 



Bayesian Inference Methods For Comparing Single 
Particles to Atomic Models

Pilar Cossio et al. Computer  
Physics Communications (2017)



With this we can bridge the gap between cryo-EM data 
and long molecular dynamics simulations



Cryo-EM ensemble reweighting EH Thiede WS Tang

MD Structural Ensemble

(our simulation)

Synthetic Cryo-EM Images

(DE Shaw data)

Reweighted Ensemble

MD Simulation reweighted 

by cryo-EM images

WS Tang et al. J. Phys. Chem. B 2023.



And now a first illustration with real data: TRPV1.

Astore et al, bioRxiv (2024).
https://doi.org/10.1101/2024.10.07.617120

https://doi.org/10.1101/2024.10.07.617120
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Assessing the performance of 
continuous heterogeneity methods.



Are these motions real?

Seitz et al bioRxiv (2019)
https://doi.org/10.1101/864116



• Simulated datasets.

An apoferritin for heterogeneity?



An apoferritin for heterogeneity?
• Simulated datasets.

• Experimental datasets (w/ validation of the populations from 
another experimental method!)

Kinz-Thompson et al
 J Phys Chem B (2015) 

Zhong et al
 Nature Methods (2021) 
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>>>>The Inaugural Flatiron Institute 
Heterogeneity Challenge for cryo-EM!

https://www.simonsfoundation.org/heterogeneity-in-cryo-electron-microscopy/

The challenge was announced in June 2023 at our 
summer cryo-EM workshop and submissions were due 
October 31 of the same year. 

real

synthetic



Benchmarks and solid metrics can drive fields forward.

MNIST

ImageNet

CASP

Kaggle



Inaugural Flatiron Institute Heterogeneity 
Community Challenge

Miro Astore, Niko Grigorieff, (U Mass)  
Misha Kopylov (NYSBC), David Silva, 
Geoff Wollard, Participants…. 

Launched in the summer 2023,

• Two datasets were prepared: one real (NYSBC) and one synthetic of 

thyroglobulin with ~33k particles from MD simulations.

1. Experimental

Molecular 
dynamics 

Martini CG

Simulated 
cryo-EM 
images

MD ensemble

PC1 selection 

Population

2. Synthetic

• We asked participants to submit 80 volumes along the dominant 
degree of freedom and the relative population of each volume.



What did challenge participants submit?

We asked participants to submit 80 volumes along the most 
dominant degree of freedom and the relative population of each 
volume for each of the two datasets (one real and one synthetic).
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PC 1 (ground truth) PC 1 (submission)

Synthetic Dataset https://www.simonsfoundation.org/heterogeneity-in-cryo-electron-microscopy/



We had a great participation:  
41 submissions from 9 groups.

First round submissions.

Results shown in this presentation have submissions 
anonymized and labeled by ice cream flavor.

Experimental Dataset Synthetic Dataset



Finding a common subspace for the submissions.

Physics-informed
Neural network

Non-linear

Ground Truth

Linear

Experimental Dataset



Obtain optimal distribution in the submitted 
volume space.

Geoffrey Woollard

Black line 

= submitted distributions
Color line  
= optimal distributions

Synthetic 
Data



Are we restricted to heterogeneity metric where a 
ground truth is known?

Known Volumes

Known Distribution

What we provided:

33 742 particles



Are we restricted to heterogeneity metric where a 
ground truth is known?

https://github.com/flatironinstitute/CryoLike



A new metric: Directly calculate the likelihood of an 
image having been created from a given volume.

Experimental Dataset Synthetic Dataset
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DISCUSSION TOPICS

How should we benchmark methods in continuous heterogeneity for cryo-EM?
How much should we prioritize getting populations?
How much do we think the vitrification process affects our ensembles?
et cetera
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Toward continuous 
heterogeneity in in situ 
cryo-EM and cryo-ET.



THANKS FOR 
YOUR ATTENTION

Thanks to SMBp!

Pilar

Niko

Miro
DavidGeoff

Wai Shing Tang

Thanks to all 
challenge participants!

Pablo Debenedetti
Syma Khalid

Robbie Clark

Louis Smith

Thanks to ManifoldEM  
developers past and present!

Erik


