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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
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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

• 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

local backbone conformation. For this, a

Conformation-Dependent Library (CDL) has been

developed46,47 and implemented in Phenix48 for pro-

tein refinement. The CDL relates the expected cova-

lent bond geometry to local backbone Ramachandran

conformation. Because the expected bond geometry

values in the CDL differ from those in the single-

value library (especially for the N-Ca-C s angle), Mol-

Probity validation now uses the CDL values for struc-

tures refined with the CDL, as detected from the

REMARK 3 information of a submitted file. Similarly,

for RNA, geometry targets are dependent on ribose

pucker.

Cis or twisted non-trans peptides
The peptide bond that joins adjacent amino-acid res-

idues in a protein has partial double-bond character

and therefore assumes a trans, or more rarely a cis,

configuration. The cis configuration is significantly

more common preceding a proline and results in a

unique Ramachandran distribution for cis-proline.

To maintain this special relationship, we associate

peptide bonds with their following residue. About

5% of prolines are cis, while only about 0.03% of all

non-proline residues are genuinely cis.
Recently, we were alerted to a surprising and

improbable increase in the number of cis non-proline

peptide bonds being modeled,49 as shown in the plot

(updated) of Figure 9(A). These are due to model-

building without consideration of prior probabilities,

but also in part due to the lack of validation that

flagged cis-nonPro peptides, in MolProbity or other

systems. We have therefore implemented a new vali-

dation and visual markup for non-trans peptides.

Matching the PDB definition, we define a cis peptide

as one with an x angle between 2308 and 1308, and

a trans peptide as one with an x angle>11508

or<21508. We add an additional definition of

“twisted peptides” for x angles that are more than

308 from planar. Justifiable twisted peptides are

even rarer than non-proline cis,50 and twisted pepti-

des should virtually always be considered modeling

errors.
MolProbity reports on non-trans peptides by

providing counts of cis prolines, cis non-prolines,

and twisted peptides. Counts of cis non-prolines or

twisted peptides that constitute a suspiciously high

percentage of the structure are flagged with yellow

or red in the summary statistics chart. In the multi-

criterion chart that reports on each residue individu-

ally, each non-trans residue is marked with its cate-

gory (cis Pro, cis nonPro, twisted Pro, twisted

nonPro) and the measured value of its omega pep-

tide dihedral. In the multi-criterion kinemage, each

non-trans peptide is marked with a surface that fills

in the trapezoidal shape between the backbone trace

Figure 8. The six Ramachandran plots currently used for backbone /,w validation by MolProbity, Phenix, and the wwPDB:

general case, Ile/Val, Gly, pre-Pro, trans Pro, and cis Pro. Based on a million quality-filtered residues in the Top8000 dataset.

Williams et al. PROTEIN SCIENCE VOL 27:293—315 305

• 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)



Model validation and refinement

• 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



Model validation

Metric / PDB code 6KS6
Clashscore 7.7

Rama. (%)
favored 96.4

outliers 0.2

Rotamer outliers (%) 0
Cβ deviations 0

RMSD
Bond (Å) 0.001

Angle (°) 0.396

Resolution (Å) 3.0

PNAS, 2019 116 (39) 19513-19522

Perfect statistics! All looks just great!



Model validation: Ramachandran plot

Odd Ramachandran plot. How we know this?

6KS6



Model validation: Ramachandran plots
Good Good Bad

Bad Bad Bad



Model validation: Ramachandran plot Z-score

• Ramachandran Z-score is good at spotting odd plots
• Used in PDBREDO. Implemented in Phenix in all validation
• One number, simple criteria:

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

Resource
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SUMMARY

Ramachandran plots report the distribution of the (f,c) torsion angles of the protein backbone and are one of
the best quality metrics of experimental structure models. Typically, validation software reports the number
of residues belonging to ‘‘outlier,’’ ‘‘allowed,’’ and ‘‘favored’’ regions. While ‘‘zero unexplained outliers’’ can
be considered the current ‘‘gold standard,’’ this can be misleading if deviations from expected distributions
are not considered. We revisited the Ramachandran Z score (Rama-Z), a quality metric introducedmore than
two decades ago but underutilized. We describe a reimplementation of the Rama-Z score in the Computa-
tional Crystallography Toolbox along with an algorithm to estimate its uncertainty for individual models; final
implementations are available in Phenix and PDB-REDO. We discuss the interpretation of the Rama-Z score
and advocate including it in the validation reports provided by the Protein Data Bank. We also advocate
reporting it alongside the outlier/allowed/favored counts in structural publications.

INTRODUCTION

Validation is an integral part in obtaining three-dimensional
models of macromolecules in X-ray crystallography (Read
et al., 2011) and in cryoelectron microscopy (cryo-EM) (Hender-
son et al., 2012). It is also key in interpreting the quality of
models from the Protein Data Bank (PDB) (Burley et al.,
2019), as there is no formal structure quality requirement for
acceptance to this repository. A key quality metric used in vali-
dation of the quality of atomic models of proteins is the Rama-
chandran plot (Ramachandran et al., 1963). Ramachandran
plots describe the two-dimensional distribution of the protein
backbone (f, c) torsion angles. They have been used for the
validation of protein backbone conformations since their intro-
duction in PROCHECK (Laskowski et al., 1993) and then later in
software packages such as O (Kleywegt and Jones, 1996),
WHAT_CHECK (Hooft et al., 1996), and MolProbity (Lovell
et al., 2003). The phrase ‘‘no Ramachandran plot outliers’’ is
widely considered as the ‘‘gold standard’’ for a high-quality
structure and is often found in the main text of papers reporting
protein structures, while the absolute number or the percentage
of residues in the so-called ‘‘outlier,’’ ‘‘allowed,’’ and ‘‘favored’’
regions is typically reported in tabular form. It should be noted
that a better phrase is ‘‘no unexplained Ramachandran plot
outliers,’’ as it is not uncommon for there to be a very small
number of legitimate outliers in the plot, which are supported

by the experimental data and often relate to some functional
aspect of the protein (Richardson et al., 2018a).
All software for refining macromolecular models uses a stan-

dard set of stereochemical restraints on covalent geometry
(Engh and Huber, 2012) with the main-chain restraints in Phenix
(Liebschner et al., 2019) supplied by the Conformation Depen-
dent Library (Berkholz et al., 2009; Moriarty et al., 2014, 2016):
these provide sufficient information for structures at 3.0-Å reso-
lution or better. Advances in cryo-EM (Li et al., 2013; Bai et al.,
2015) have led to greatly improved resolution of cryo-EM
maps, but while this improved resolution has enabled full-atom
refinement of macromolecular structures (Afonine et al., 2018;
Nicholls et al., 2018), the majority of cryo-EM models are still
solved in the 3- to 5-Å resolution range. Likewise, in X-ray crys-
tallography, low-resolution datasets remain an issue: atomic
modeling and refinement against low-resolution data is chal-
lenging and can benefit substantially from using all available a
priori knowledge about the molecule at hand (Kleywegt and
Jones, 1998).
At low resolution it is often necessary to use information

beyond the stereochemical restraints on covalent geometry: in-
ternal molecular symmetry (Kleywegt, 1996), homologous struc-
ture models determined in higher resolution as a reference
(Smart et al., 2012; Nicholls et al., 2012; Headd et al., 2012;
Schröder et al., 2010) or as a source for hydrogen bond length
restraints (, 2018b), and information about secondary structure

Structure 28, 1–10, November 3, 2020 ª 2020 Elsevier Ltd. 1
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Please cite this article in press as: Sobolev et al., A Global Ramachandran Score Identifies Protein Structures with Unlikely Stereochemistry, Structure
(2020), https://doi.org/10.1016/j.str.2020.08.005



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



Model validation: Ramachandran plot Z score
PNAS, 2019 116 (39) 19513-19522

RamaZ = -3.3

Metric / PDB code 6KS6
Clashscore 7.7

Rama. (%)
favored 96.4

outliers 0.2

Rotamer outliers (%) 0
Cβ deviations 0

RMSD
Bond (Å) 0.001

Angle (°) 0.396

Resolution (Å) 3.0

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



Always think Local vs Global

• 2.5Å: RWORK/RFREE = 17.1/21.2% bonds = 0.01Å angles = 1.6°

• R-factors are great, overall geometry is great, but…



Local vs Global

• 2.5Å: RWORK/RFREE = 17.1/21.2% bonds = 0.01Å angles = 1.6°
• R-factors are great, overall geometry is great, but…

Histogram of deviations from ideal values 
Bonds                | Angles                   
0.000 - 0.035:  2645 |   0.000 - 9.313:  4208 
0.035 - 0.070:    19 |   9.313 - 18.626:     9 
0.070 - 0.106:    13 |  18.626 - 27.939:     3 
0.106 - 0.141:     5 |  27.939 - 37.252:     4 
0.141 - 0.176:     3 |  37.252 - 46.565:     0 
0.176 - 0.211:     0 |  46.565 - 55.878:     0 
0.211 - 0.246:     0 |  55.878 - 65.191:     2 
0.246 - 0.281:     0 |  65.191 - 74.504:     1 
0.281 - 0.317:     2 |  74.504 - 83.817:     0 
0.317 - 0.352:    18 |  83.817 - 93.130:     8 

• Problem with a few atoms, while the rest is ok
• Poor ligand geometry



Data completeness

2mFo-DFc , 1σ

• PDB code: 1NH2, resolution 1.9Å, showing E6-E8 



Local vs Global
Completeness by resolution:
19.9274 - 3.2441 0.78
3.2441 - 2.5767 0.99
2.5767 - 2.2515 1.00
2.2515 - 2.0459 1.00
2.0459 - 1.8993 0.99

Overall completeness in dmin-inf: 0.95

1.5σ map cutoff

1σ map cutoff

Fcalc maps, full set dmin-inf Fcalc maps, incomplete set

Data incompleteness distorts maps



Validation – Sequence register errors

MASTER  GFVDLTLHDQVSMEHPVKLLFGKCVEGMVEIVYTFLSSTLKSLE
Chain A GFVDLTRHDQVSMEHPGKLLFGK--EGMVEIVYTF-----KSLE
Chain B GFVDLTRHDQVSMEHPGKLLFGK--EGMVEIVYTFVSSTLKSLE
Chain C GFVDLTRHDQVSMEHPGKLLFGKKVEGMVEIVYTFVSSTLKSLE
Chain D GFVDLTRHDQVSMEHPGKLLFGKKVEGMVEIVYTFLSSTLKSLE

****** ********* ******  **********     ****



Map and model errors

§ Errors in model parameters
§ Fourier artifacts

Things to try:
• Refine occupancy, anisotropic ADP, anomalous f’ & f’’, define charge.
• Do many refinement cycles (so refinement converges)
• Consider alternative ion



Ligands and Polder map

PDB code: 1ABA, Resolution: 1.45 Å

2mFo-DFc (1σ) mFo-DFc (±3σ)



Ligands and Polder map

PDB code: 1ABA, Resolution: 1.45 ÅPDB code: 1ABA, Resolution: 1.45 Å

Polder mFo-DFc (±3σ)mFo-DFc (±3σ)



Ligands and Polder map



100 identical refinement runs each one starting with slightly perturbed 
model

Estimating and using uncertainty

Refinement run

R-factor



Support
• Feedback, questions, help

phenixbb@phenix-online.org
bugs@phenix-online.org
help@phenix-online.org

• Reporting a bug or asking for help:

• We can’t help you if you don’t help us to understand your problem

• Make sure the problem still exist using the latest Phenix version

• Send us all inputs (files, non-default parameters) and tell us steps
that lead to the problem

Subscribe to Phenix mailing list:  www.phenix-online.org


