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Computational methods for 
heterogeneity in cryo-EM

2

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.
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A couple useful reviews to check out.
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A key advantage of cryo-EM 
not yet fully exploited!

X-ray crystallography
cryo-EM
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5A key advantage of cryo-EM 
still to be fully exploited!

A window to conformational heterogeneity? 

Currently heterogeneities in this molecule are often averaged 
out to be able to produce the final 3D reconstruction.Frank & Ourmazd,

 Methods (2016)
Two rounds of 3D classification:

10 classes, then 9 classes.

• Require a user-defined number of discrete states.
• Average out any other heterogeneity.

Traditional 3D classification methods are imperfect. 
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6Discrete classes in cryo-EM lose information.

Li et al , EMBO J. (2022).
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7Principal component analysis (PCA) for 
continuous heterogeneity  in SPA.



2 
   

  0
   

   
2 

   
  4

Thursday, March 14, 2024

8

Dashti et al, PNAS (2014).

ManifoldEM
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9ManifoldEM

Dashti et al, PNAS (2014).
Dashti et al, Nat Comm (2020).
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10One proposed solution: The Manifold Embedding 
Method in cryo-EM from Ourmazd/Frank labs

1) Particle images are clustered into ‘projection directions’ 
2) The Euclidean distance between each image is calculated 
3) Spectral decomposition with a diffusion mapping1 step  
4) Nonlinear Laplacian spectral analysis (NLSA)2 and ordering of images 
5) Combining the results from individual projection directions into a 

united depiction of the energy landscape for the whole orientation 
sphere.3 

1. Coifman, R. R., Kevrekidis, I. G., Lafon, S., Maggioni, M. & Nadler, B. Diffusion maps, reduction coordinates, and low dimensional representation of stochastic systems. Multiscale Model. 
Simul. 7, 842–864 (2008). 

2. Giannakis, D. & Majda, A. J. Nonlinear Laplacian spectral analysis for time series with intermittency and low-frequency variability. Proc. Natl. Acad. Sci. 109, 2222–2227 (2012). 
3. Maji, S., Liao, H., Dashti, A., Mashayekhi, G., Ourmazd, A., & J. Frank. Propagation of Conformational Coordinates Across Angular Space in Mapping the Continuum of States from Cryo-EM 

Data by Manifold Embedding. J. Chem. Inf Model. (2020). 

Suvrajit Maji

The manifold embedding method uses 
geometric machine learning to use the 
information about molecular 
conformational heterogeneity already 
available in the particle images.
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Manifold Embedding: The Ryanodine Receptor

Dashti et al, Nat Comm (2020).
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RELION: Multi-body Refinement
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13cryoDRGN: The first NN approach.
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3DVA in cryoSPARC

• Very straightforward to use.
• Limited to linear motions.
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Gaussian Mixture Model method - EMAN2

• Incorporating the Gaussian Mixture Model (GMM) gets us toward
atomic / molecular information of the dynamics.
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CryoSparc’s more complex tool for 
heterogeneity analysis:
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17

CryoSparc’s more complex tool for 
heterogeneity analysis:



2 
   

  0
   

   
2 

   
  4

Thursday, March 14, 2024

18RELION also has a new ML-based
 solution for this problem

Implemented in RELION-5

Has a method for
error estimation of the deformations.
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Multiple methods available in Scipion
https://github.com/scipion-em/scipion-em-continuousflex
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20TikTok and Cows?
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Practical considerations 
when using continuous 
heterogeneity methods.

21
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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
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23Procedures to jointly optimize pose and 
conformation are still being improved.

ICCV 2021
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24Procedures to jointly optimize pose and 
conformation are still being improved.
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25Nanodiscs can also be a challenge for 
continuous heterogeneity methods.

rTRPV1 + DkTx/RtX 
in nanodiscs

(EMPIAR 10059)
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26Using 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

27
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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

 Singh…  Sobolevsky, 
Nature Struc Mol Biol (2019).

At 37°C, the majority of the 
TRPV3Y564A particles were classified 
into low-resolution reconstructions, 
likely representing an ensemble of 
heterogeneous conformations.

active inactive

clockwise counter clockwise

closed open

∆G
= ∆H - T∆S

cold
hottemperature

+ +

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

4ºC 
70ºC

Chen, Chang, Lin, Huang & Tsai JACS (2019).
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MD Simulations can give some insight…
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Bayesian Inference Methods For Comparing 
Single Particles to Atomic Models

Pilar Cossio et al. Computer  
Physics Comunications (2017)
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Using Bayesian Inference to Classify Particles 
into Closed and Open States. 

BioEM

Cossio et al. Computer  

Physics Transactions (2017)

Closed-Apo Open-Toxin Bound
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The future: Bridging the gap between cryo-EM data 
and long molecular dynamics simulations

Wai Shing Tang et al.  
J. Phys Chem B (2023)
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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.
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Assessing the performance of 
continuous heterogeneity methods.

34
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Are these motions real?

Seitz et al bioRxiv (2019)
https://doi.org/10.1101/864116
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An apoferritin for heterogeneity?
• Simulated datasets.
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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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38

There are a variety of these methods 
ranging from linear spectral methods to 
deep neural nets to reweighting of MD 

ensembles, and the each have different 
strengths and weakness that we are 

trying to tease out. 

Validating methods for heterogeneity
in cryo-EM is still needed…

… especially on real experimental datasets.

Donnat …Miolane, J. Struct. Biol. (2022).

real

synthetic
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>>>>2023: A blind heterogeneity challenge for 
cryo-EM hosted by the Flatiron Institute.

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

Two Datasets:
 1- real from NYSBC
 2- simulated via MD, so we have 
ground truth states and their distribution
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40

Kaledhonkar et al, Nature (2019).

• Quantifying errors in populations                                                   
of states - also relevant to                                                   
discrete heterogeneity.

One potentially valuable aspect of continuous 
heterogeneity methods is getting populations, 
which can be translated into Free Energy 
landscapes.
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41

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.
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