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Validation

Model Data

Cryo-EM Diffraction

Model to data fit

or

Validation = checking model, data and model-to-data fit are all 

make sense and obey to prior expectations



Validation tools: Crystallography vs Cryo-EM

Model Data

Cryo-EM Diffraction

Model to data fit

or

Exact same Different

Similar



Validation: why to do?
• Can help to: 

• save (a lot of) time

• produce better models

• Set correct expectations

• Subjectivity:

• lot’s of manual steps that depend on skills, pressure and ethics

• Software isn’t perfect

• Databases are not perfect

Lack of validation will be discovered (sooner or later)!



Validation: why to do?

(2019) Nature 570: 400-404   |  PDB: 6o9j   |   EMDB: 0661  |  3.9Å 

Metric 6o9j Expected

Clashscore 70 Less than 10

Ramachandran 
favored, %

59 More than 98

Ramachandran 
outliers, %

15 0

Rotamer outliers, % 23 0

Cβ deviations, % 0.5 0
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Validation: why to do?



Validation tools in Phenix



Model validation



Model validation

• Table 1 items (not a complete list!)
• Content (macromolecule, ligands, NCS, …)
• Bond/angle RMSDs / RMSZ
• Molprobity:
• Clashscore
• Ramachandran plot (favorite, outliers)
• Rotamer outliers
• C-beta deviations

• Incomplete residues
• Solvent content
• ADP (mean, Bonded <Bi-Bj>)
• ……………..



Model validation: amino-acid side-chain rotamers

Rotamer 

outlier
Valid rotamer

• An outlier   ≠   wrong 

• However, each outlier has to be explained



Model validation: amino-acid side-chain rotamers



Model validation: amino-acid side-chain rotamers

• Low-resolution maps

Side chain lacking density may be 
forced into main chain density and 

become a rotamer outlier

Phenix refinement (real- and reciprocal-space) use rotamer-specific restraints on 
torsion chi-angles



Model validation: clashes

• Half of the atoms in a protein molecule

• Make most interatomic contacts

• Using H in refinement helps prevent or eliminate clashes

No H atoms H atoms added



Model validation: clashes
• N/Q/H flips (asparagine/glutamine/histidine)

• Based on clash analysis

• Requires H present



Model validation: clashes

• N/Q/H flips

• Based on clash analysis

• Requires H present



Model validation: Ramachandran plot

• Different plots for different classes of residues



Model validation: Ramachandran plot



Model validation: Ramachandran plot

• A Ramachandran plot outlier   ≠   wrong 

3NOQ, 1 Å 

Outliers: 

(A, ILE, 152), (B, ILE, 154)

(A, ILE, 152)

• All outliers need to be explained (supported by the data)



Validation and Refinement ”conflict”

• Validation metrics progressively become refinement goals

• Ramachandran plot restraints

• Cβ deviation restraints

• Secondary structure restraints

• Restraints on χ angles of amino-acid side-chain rotamers

• As result, validation becomes less capable of catching problems



Example

Q: How we know the plot 
looks wrong?

A: Because we know how 
good plot looks like!



Ramachandran plot Z-score

• Good at spotting odd plots 
• One number, simple criteria: 

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



How you can tell good vs bad plot?



Model validation: Ramachandran plot Z-score
Good Good Bad

Bad Bad Bad

RamaZ = -0.5 RamaZ = 0.2 RamaZ = -7.7

RamaZ = -4.1 RamaZ = -5.3 RamaZ = -3.3



How did that happen?

• Setting up Ramachandran plot, secondary structure, etc, restraints 
can be ambiguous and is error prone!

E =  w * (φmodel - φtarget)
2 +  w * (ψmodel - ψtarget)

2

.
?



How did that happen?

PDB code: 5a9z
Original

Refined with Ramachandran 
plot restraints



How did that happen?

PDB code: 5a9z
Original

Refined with Ramachandran 
plot restraints

Don’t use Ramachandran plot restraints to remove outliers!



Ramachandran plot restraints

Use Ramachandran plot restraints to stop outliers from occurring!

Before refinement

After refinement 
(No Ramachandran plot restraints)



Restraints and limitations

T      =       TDATA       +      w * TRESTRAINTS

TRESTRAINTS = TBOND + TANGLE + TDIHEDRAL + TPLANE + TREPULSION+ TCHIRALITY

• Restraints are too limited:

• No attraction terms (electrostatics, etc)

• Not using information about protein structure (secondary structure, rotamers)

• Limited to tabulated entities in the libraries (e.g., Monomer Library, GeoStd)



A better solution: restraints from QM

T      =     TDATA       +    w * TRESTRAINTS

Images from PumMa web 
site (http://www.pumma.nl)

Mainchain 

distributions

Sidechain 

distributions

Covalent 

geometry

Related 

structures

Secondary 

structure

Internal 

symmetry

Optimize 
consensus 

between model-
to-data fit and... 
common sense

Bonds, angles, planes, 
torsions, chirality, non-

bonded repulsion

Replace with 
energies/gradients 

from QM calculations

NEW:  AQuaRef – QM based refinement in Phenix



Bonus content



Pandemic of junk or lack of validation in action

Despite all efforts to popularize (and enforce) the validation in recent 
years, poorly scoring models are still getting into databases now

Examples (recent years)!



Model does not fit the map

PDB: 8gwb  |  EMDB: 34308  |  2.8 Å  |  Cell (2022) 185: 4347-4360 

Chain      CCMASK CCMASK = 0.01
A 0.01
B 0.02
C 0
D 0.01
I 0.04
J 0
F 0.12
E 0.08
G 0.1
M 0.16
A 0
F -0.13
E 0.16
A 0.1
G 0.15
M 0.19



PDB: 7xov  |  EMDB: 33360  |  3 Å  |  Cell Discov (2022) 8: 55-55

A 0.04
B -0.01
G 0.18
N 0.06
R 0.03
R -0.02

CCMASK = 0.02
Chain      CCMASK

Model does not fit the map



PDB: 7w6p  |  EMDB: 32331  |  3.5 Å  |  Science (2022) 377: 7065-7065

CCMASK = 0.1

A 0.09
B 0.11
G 0.12
H 0.07
R 0.16
R -0.08

Chain      CCMASK

Model does not fit the map



PDB: 8V85  |  EMDB: 43023  |  2.9 Å  |  Nat Commun (2024) 15: 3296-3296

CCMASK = 0.15

Model does not fit the map



PDB: 8SZ7  |  EMDB: 40902  |  2.8 Å  |  Dev Cell (2024) 59: 1783

CCMASK = 0.19

Model does not fit the map



PDB: 8x63  |  EMDB: 38078  |  3.2 Å  |  Nat Commun (2024) 15: 84-84

CCMASK = 0.13

Model does not fit the map



PDB: 8iEN  |  EMDB: 35387  |  3.25 Å  |  Nat Commun (2023) 14: 1978-1978

CCMASK = 0.0

Model does not fit the map



PDB: 9c91  |  EMDB: 45359  |  2.78 Å  |  Nat Commun (2025) 16: 2955

CCMASK = 0.0

Model does not fit the map



Validation reports (RCSB)

Lack of (useful) model-to-map fit statistics!



Validation: why to do?

(2019) Nature 570: 400-404   |  PDB: 6o9j   |   EMDB: 0661  |  3.9Å 

Metric 6o9j Expected

Clashscore 70 Less than 10

Ramachandran 
favored, %

59 More than 98

Ramachandran 
outliers, %

15 0

Rotamer outliers, % 23 0

Cβ deviations, % 0.5 0

Poor model geometry



6kio 6kiq 6o9j 7ase

Bond/angle 0.04/3.4 0.04/3.7 0.01/1.3 0.02/2.2

Clashscore 11 12 55 9

Rotamer outl., % 8 15 23 3

Cb deviations, % 5 16 0.5 1.4

Ramachandran, %
 favored
 outliers

74
7

70
11

59
15

79
7

Resolution (Å) 3.9 3.6 3.9 3.3

Published in Nature 
Comm.

Nature 
Comm.

Nature Cell

Year 2020 2020 2019 2020

Poor model geometry



6o9j

6kiq 7ase

6kio

Poor model geometry
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