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New Tools for Cryo-EM in Phenix

Rigid model docking

Map segmentation

Automated model 
building

Real space refinement

Automated map 
sharpening

Model and map 
validation

Symmetry from a map Density modification
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Map Improvement by Density Modification
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Map Improvement

• Maps contain errors

• The maps can be improved by the 
application of real space constraints 

• The Fourier coefficients are modified to 
produce a map most consistent with what 
we know about macromolecular structures:

• Solvent density distribution (Solvent 
flattening)

• Atomicity and positivity (Sayre’s equation)

• Macromolecular density distributions 
(histogram matching)

• Similarity between molecules (symmetry 
averaging)



Statistical Phase Improvement

• Principle: phase probability information from 
probability of the map and from experiment:

• P(φ )= Pmap probability(φ) Pexperiment(φ) 

• Phases that lead to a believable map are more 
probable than those that do not

• A believable map is a map that has…

• A relatively flat solvent region

• Symmetry (if appropriate)

• A distribution of densities like those of model proteins

• Method: 

• calculate how map probability varies with the map ρ
• deduce how map probability varies with phase φ
• change map to maximize probability

• combine with original map



Overview of the Cryo-EM Procedure

Original half-maps

Map-phasing half-maps

Maximum likelihood 
modification of Fourier 

coefficients

Averaged original half-maps

Averaged map-phasing 
half-maps

Weighted combination 
using error model

Final density modified full map

+

Terwilliger et al: Improvement of cryo-EM maps by 
density modification. Nature Methods 2020, 9:923-927



Improved Maps

β-galactosidase (2.2 Å, EMDB 2984) Guanylate cyclase at 5.8 Å (EMDB 20282)

Original Density Modified Original Density Modified
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Validation and Cryo-EM

• Does the map make sense?

• Gold Standard FSC of half maps

• Does the model make sense?

• MolProbity

• Does the model fit the map?

• Overall and local correlation



Map Resolution and Map/Model Fit

Afonine et al: New tools for the analysis and validation of cryo-EM 
maps and atomic models. Acta Cryst. 2018, D74:814-840.



EMRinger reports on backbone placement

Barad BA, et al. EMRinger: Side-chain-directed model and map validation 
for 3D Electron Cryomicroscopy. Nature Methods 2015, 12:943-6



Lower Resolution Requires Additional Information

High Resolution Low Resolution

Side chains Secondary Structure Molecule



Additional Model Restraints

• Symmetry constraints

• Multiple symmetry groups

• Optimization of NCS 
operators (w.r.t density)

• Automatic expansion of 
monomer from symmetry 
records

Reference model torsion 
angle restraints

Secondary structure 
restraints

Base pairing restraints Parallelity restraints



Validation Using C𝝰 Atoms

Williams et al: MolProbity: More and better reference data for 
improved all-atom structure validation. Protein Sci. 2018, 27:293-315



Identifying Distorted Secondary Structure

Christopher Williams, 
Duke University



Assessing Secondary Structure Probability

Christopher Williams, 
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Comprehensive Validation



Validating the Ramachandran Plot

• When restraints based on validation metrics are needed, care 
needs to be taken with interpretation of validation results 

Favored 96.4
Outliers 0.2



Detecting Unusual Distributions

• A poor model can have a clearly poor Ramachandran plot

• A poor model with inappropriately applied restraints may be less clear



The Rama-Z (Ramachandran plot Z-score)

• Comparison of the distribution of (φ, ψ) of a particular model 
with reference distributions

Curated Models (Top 8000)

Helices Sheets Loops

Ala Gly Cys… Ala Gly Cys… Ala Gly Cys…



The Rama-Z (Ramachandran plot Z-score)

• Rama-Z score is good at 
identifying odd-looking 
Ramachandran plots 

• Used in PDBREDO and 
WHAT_CHECK. Now 
implemented in Phenix. 

• One number, simple 
criteria: 

• 0 < |Z| < 2:  Good

• 2 < |Z| < 3:  Suspicious

• |Z| > 3:  Poor

• All models in PDB with 
resolution better than 1.2Å 
have Rama-Z > -3.

Sobolev et al: A Global Ramachandran Score Identifies Protein 
Structures with Unlikely Stereochemistry. Structure 2020, 28:1249-1258



Rama-Z reliability (RMSD)

• Jackknife estimate of Rama-Z RMSD for a particular model

• More residues – more reliable Rama-Z score

• Rama-Z can be used to track progress during refinement runs 



Unlikely Ramachandran Plots

6bu9  |  6.8 Å 6dzv  |  4.2 Å 6cs1  |  4.6 Å

Rama-Z = -5.0 Rama-Z = -4.1 Rama-Z = -4.2

• |Z| > 3:  Poor
• 2 < |Z| < 3:  Suspicious
• |Z| < 2:  Good 



Separate Rama-Z Scores

• Sometimes Rama-Z calculated for the whole model will not trigger a 
warning

• Separate Rama-Z scores:

• Whole: -1.6

• Helix: -1.9

• Sheet: -2.5

• Loop: -0.7

• Recommend checking separate Rama-
Z scores when whole Rama-Z is OK. 



Availability in Phenix
• In phenix.refine and phenix.real_space_refine

Comprehensive Validation Output PDB files



Conclusions

• Density modification methods can be successfully applied to 
cryo-EM reconstructions

• Structure solution at low resolution presents some new 
challenges for validation, requiring new metrics

• Higher-dimensional geometry distributions (CaBLAM) can identify 
problem regions and provide suggestions about secondary 
structure

• Rama-Z is able to identify unusual Ramachandran plot distributions. 
It should be used together with standard outliers metrics

• CaBLAM and Rama-Z should be included in standard validation 
reports provided by the wwPDB and “Table 1” reported in 
structural publications 
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CERES - Cryo-EM re-refinement system

https://cci.lbl.gov/ceres/


