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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 : Crystallography vs Cryo-EM
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Validation tools in Phenix



Validation: why to do?

• Problems detected early can save a lot of time later
• Subjectivity

• Manual map interpretation: experience, skills, pressure
• Model parameterization, target weights, starting points
• Lack of data = multiple possibilities for interpretation

• Human program the software
• Programs may contain bugs

• Post-refinement pre-deposition manipulations
• Hand editing files: removing waters, hydrogens, ANISOU

• Misusing quality metrics 
• Choose single water or decide about twinning using R-factor

• Fraud or honest mistakes



Validation: why to do?

• Helps to 

• save time

• produce better models

• set correct expectations

• Minimize fraud or honest mistakes



Validation: why to do?

• Quality filters:
• You
• Software you use
• Your boss
• Reviewers (of your paper) 
• PDB deposition (software and people)
• Community

• Unnoticed (intentionally or not) problems
• Likely discovered anyway, sooner or later



Validation: why to do?

• H.M. Krishna Murthy (University of Alabama) – Protein Fabrication scandal

• 12 falsified structures and 10 related papers
• 1BEF, 1CMW, 1DF9, 2QID, 1G40, 1G44, 1L6L, 2OU1, 1RID, 1Y8E, 2A01, and 2HR0

• Murthy's falsified data ended up affecting 449 papers at that time



Data Validation



Xtriage: all about your Xtal data



Possible experimental X-ray data problems

• Twining

• Translational NCS

• Wrong crystal

• Wrong space group

• Ice rings

• Data completeness

• Data anisotropy

• Resolution (overall, effective)

• Anomalous signal

• …



Xtriage

Xtriage performs diagnostics for pathologies and data properties 

Several 5 minute long tutorials on 



Xtriage

Several 5 minute long tutorials on ”Phenix tutorials” channel on  



Mtriage

Calculates resolutions estimates and map histograms

Afonine et al. (2018). Acta Cryst. D74, 814-840



Mtriage
Calculates FSC curves



Resolution estimates

Metric Objects 
used Purpose

d_FSC Half-
maps

Highest resolution at which the 
experimental data are confident

d99 Map Resolution cutoff beyond which 
Fourier coefficients are negligibly 
small

d_model Map 
and 

model

Resolution cutoff at which the 
model map is the most similar to 
the target map

d_FSC 
model

Map 
and 

model

Resolution cutoff up to which the 
model and map Fourier 
coefficients are similar

Mtriage

Validation after Real-space refine



Resolution estimates

Metric Objects 
used Purpose Values Meaning, possible actions

d_FSC Half-maps Highest resolution at 
which the experimental 
data are confident

The higher the better Resolution determined using half-
maps method

d99 Map Resolution cutoff beyond 
which Fourier coefficients 
are negligibly small

d99 ≥ d_FSC Expected values
d99 < d_FSC Verify d_FSC; omit coefficients with 

d99 ≤ d < d_FSC
d99 >> d_FSC Sharpen the map

d_model Map and 
model

Resolution cutoff at which 
the model map is the most 
similar to the target map

d_model ≥ d_FSC Expected values
d_model < d_FSC Verify d_FSC; check ADP (too 

large?); validate map details
d_model >> d_FSC Sharpen the map
d_model << d99 Check ADP (too large?)
d_model >> d99 Check ADP (too small?); check the 

model
d_FSC_model Map and 

model
Resolution cutoff up to 
which the model and map 
Fourier coefficients are 
similar

d_FSC_model ≥ d_FSC Expected values
d_FSC_model < d_FSC Verify d_FSC; omit coefficients with 

d_FSC_model ≤ d < d_FSC
d_FSC_model ≥ d_FSC Sharpen the map
d_FSC_model >> d_model Omit coefficients with d_model ≤ d 

< d_FSC_model
d_FSC_model << d_model Sharpen the map

Table 2 from Afonine et al. (2018). Acta Cryst. D74, 814-840



Model geometry validation



Bond Geometry

• Standard reference library has 1 
value per bond or angle

• Derived from Engh and Huber
– https://doi.org/10.1107/S010876739

1001071 

• Conformation-Dependent Library 
(CDL) has values that depend on 
local Ramachandran conformation

• Phenix default
• Derived from Karplus et al.

– https://doi.org/10.1107/S205979831
5022408 

• Measure bond lengths and angles
• Check against a library of expected values

• >4σ deviation from expected = outlier

molprobity.mp_validate_bonds

https://doi.org/10.1107/S0108767391001071
https://doi.org/10.1107/S0108767391001071
https://doi.org/10.1107/S0108767391001071
https://doi.org/10.1107/S2059798315022408
https://doi.org/10.1107/S2059798315022408
https://doi.org/10.1107/S2059798315022408


Bond Geometry: Probable causes
Localized

• Localized geometry outliers 
result from conformational 
strain and/or missing density

• Fix the source of strain

• Manually apply more 
restraints to low-data regions

• Leave it unmodeled if a good 
solution is impossible

2gec, mostly 1.3Å

Refinement could rely 
almost totally on the map 
elsewhere, so geometry 
restraints were globally 
downweighted.



All-Atom Contacts and Clashes
• Roll a 0.25Å radius “Probe” 

sphere over the van der 
Waals surface of each atom

• Mark where the probe 
touches or overlaps with 
another van der Waals 
surface

• Note that hydrogen atom 
surfaces can shield heavy 
atom surfaces molprobity.clashscore



All-Atom Contacts and Clashes: Probable causes

Other outliers
• Clashes usually occur 

alongside other outliers

• Emphasize modeling 
errors
– Real rare features are 

less likely to have clashes

• Can imply direction for 
fixups



Sidechain Rotamers

• Sidechain conformations are described by a series 
of χ (Chi) torsions

• Rotamers are statistically expected combinations 
of χ values

• For tetrahedral atom centers, this means 
staggered 
– p +60°
– t 180°
– m -60°

• For planar atom centers, rotamers are much more 
continuous
– Rotamers are named with a central value
– e.g m90 or p-80 for Histidine

• Updated in 2016: 
– Favored (98% of data) Allowed (99.7% of data)

Rotamer distribution for 
Isoleucine in χ1/ χ2 space

molprobity.rotalyze



Sidechain Rotamers: Probable causes

Backwards Valine, 
Leucine, Threonine

• May find terminal 
atoms fit into density 
at the expense of the 
branch atom

• Simple to fix with a 
flip (then re-
refinement)



Sidechain Rotamers: Probable causes

Water problems

• Modeled water may 
co-opt sidechain 
density and create a 
rotamer outlier

• Isoleucine CD1 is 
especially vulnerable

• Delete water, rebuild 
sidechain



Ramachandran
• Phi and Psi torsions 

describe local protein 
backbone conformation

• Phi φ = Ci-1-N-CA-C
• Psi ψ = N-CA-C-Ni+1

• Each residue’s φ/ψ pair is 
converted into cartesian 
coordinates and checked 
against contours of 
expected behavior

molprobity.ramalyze



Ramachandran: 
Visualization

Ramachandran plots shows location of each 
residue relative to contours of expected 

behavior

Different residue categories have very 
different expectations!

Glycine is permissive and symmetrical
Proline is restrictive

Branched C-Beta sidechain (Ile,Val) affect 
distribution

General Ile/Val

Pre-proline

Trans proline

Glycine

Cis proline

Favored (98% of data) Allowed (99.5% of data)



Rama-Z	updated	study

Structure, 28. 1249-1258.

Resource

A Global Ramachandran Score Identifies Protein
Structures with Unlikely Stereochemistry

Graphical Abstract

Highlights
d Current standard of ‘‘zero unexplained Ramachandran

outliers’’ can be misleading

d We revisited Ramachandran Z score (Rama-Z) as a

validation tool

d We enhanced Rama-Z and developed an algorithm to

estimate its uncertainty

d We advocate reporting Rama-Z in structural publications and

validation reports

Authors
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Robbie P. Joosten,

Anastassis Perrakis, Paul D. Adams

Correspondence
osobolev@lbl.gov (O.V.S.),
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In Brief
Counting the number of Ramachandran

outliers is not sufficient for protein

backbone validation. Sobolev et al.

revisited the underutilized

Ramachandran Z score. The authors

describe its reimplementation in Phenix

and PDB-REDO and showcase its utility.

They advocate including it in the

validation reports provided by the Protein

Data Bank.

Sobolev et al., 2020, Structure 28, 1249–1258
November 3, 2020 ª 2020 Elsevier Ltd.
https://doi.org/10.1016/j.str.2020.08.005 ll



How	to	improve	Rama-Z

• Analyze the refinement strategy and restraints applied.

• Don’t abuse restraints to get rid of Ramachandran outliers in 
poor starting model.

• Careful manual model rebuilding and refining.

• Analyze separate Rama-Z scores for helices, sheets and loops. If 
they vary greatly that may hint on particular class of residues 
worth checking.



Comparama: phenix.comparama

with a very similar CCmask compared with
xtb or TeraChem. This means that these
geometric improvements are on a scale of
magnitude that can hardly be validated
by the experimental data.

As follows from Table 1, the most
notable improvement to the model
resulting from quantum refinement was
the quality of the protein main-chain
conformations. This is shown by signifi-
cantly improved Ramachandran plot
statistics, with significantly better Rama-
Z scores obtained using TeraChem. The
data resolution in all three selected
examples is far from atomic and thus
cannot validate this improvement. This
led to the idea of performing an addi-
tional test that shows the superiority of
QM restraints, and directly compares the
results from TeraChem and xtb. For this
test, we selected one of the best-quality
available models from the PDB solved at
an ultrahigh resolution of 0.66 Å (PDB
entry 1us0; Fig. 3a). For simplicity, we left
out all nonprotein atoms and atoms in
alternative conformations (keeping just
one conformer with the highest occu-
pancy and resetting its occupancy to
unity). Also, we created another copy of
this model with perturbations of the
atomic coordinates (Fig. 3b). We then
subjected these two models to pure
geometry optimization using the Tera-
Chem (HF-D3/6-31G) and xtb (GFN1-
xTB) packages and cctbx; six optimiza-
tions were run in total. We rationalize this
test as follows. Given the high-resolution
data used to determine the model for
PDB entry 1us0, we can assume that this
model accurately represents the true

research papers

Acta Cryst. (2020). D76, 1184–1191 Wang et al. ! Q|R#3 1189

Figure 3
Ramachandran plots for PDB entry 1us0: (a)
original model, (b) perturbed model, (c, d)
original and perturbed models, respectively, after
QM optimization with TeraChem, (e, f ) original
and perturbed models, respectively, after QM
optimization with xtb and (g, h) original and
perturbed models, respectively, after classic
optimization. Red and orange arrows show
residues that moved from the favored region to
the disallowed and allowed regions, respectively,
as result of perturbation. Green and light green
arrows show residues that moved from the
allowed and disallowed regions to the favored
region. The columns of three numbers in each
plot show the percentage of residues in the
favored region of the plot, the Rama-Z score and
the r.m.s.d. (in Å) to the original model (a). The
plots in (b)–(h) were created using phenix.
comparama.
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Validation: outliers are not always wrong
• A Ramachandran plot outlier   ≠   wrong 

PDB code: 3NOQ 

Outliers: 

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

(A, ILE, 152)

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



Rotamer 
outlier Valid rotamer

• An outlier   ≠   wrong 

• However, each outlier has to be explained

Validation: outliers are not always wrong



MolProbity Score

• The MolProbity Score combines validations and 
scales the result to look like a resolution
– Clashscore
– Ramachandran
– Rotamers

• MolProbity better than model resolution is good
• MolProbity worse than model resolution is bad

molprobity.molprobity



Hydrogen bond validation
• There are many definitions and rules exist. Here is what we use:

• Voth & Ho Shing. Current Topics in Medicinal Chemistry, 2007, pp. 1336-1348

• McDonald & Thornton. J. Mol. Biol., 1994, 777-793

Y
A

H

D (D = O, N, S)

(A = O, N, S)

RH…AΘ2

Θ1RD…A

1.4Å ≤ RH…A ≤ 3.0Å

2.5Å ≤ RD…A ≤ 4.1Å

Θ1 ≥ 120°

90° ≤ Θ2 ≤ 180°

• We focus on RHA distance and Θ1 angle in proteins 

• Break down by resolution (high vs low) and secondary structure (helices, sheets, all atoms)

• Use phenix.find_ss_from_ca to annotate secondary structure because it does not use 
any of the parameters above explicitly



H bond distributions

parameterization used is not critical and we choose to use that
shown in Fig. 2 (McDonald & Thornton, 1994).

For the selection of high-quality models, we focused on all
high-resolution (1.5 Å or better) entries in the PDB obtained
using crystallography and containing protein chains. Filtering
by geometric quality included requirements to have less than

1% Ramachandran plot outliers and more than 95% of resi-
dues in the favored region of the plot, a MolProbity clashscore
of less than 10, no more than 2% of residue side-chain rotamer
outliers, less than 0.1% C! violations and root-mean-square
deviations from library values for covalent bond lengths and
angles (Engh & Huber, 1991, 2001; Vagin & Murshudov, 2004;

research papers

686 Pavel V. Afonine et al. ! Quality assessment using hydrogen-bonding parameters Acta Cryst. (2023). D79, 684–693

Figure 4
Distribution of skew versus kurtosis for !1 angles and RH" " "A distances for high-resolution models in the PDB shown for "-helices (black), !-sheets
(blue) and the whole model (magenta).

Figure 3
Distribution of !1 angles and RH" " "A distances for all models in the PDB at resolutions of better than 1.5 Å (2941 models) and worse than 4.0 Å (4712
models). The number of hydrogen bonds considered in the high-resolution set are 356 797, 109 233 and 1 038 363 for "-helices, !-sheets and total,
respectively. The total numbers of hydrogen bonds considered in the low-resolution set are 6 676 005, 1 191 779 and 13 480 683 for "-helices, !-sheets and
total, respectively.
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high-resolution (1.5 Å or better) entries in the PDB obtained
using crystallography and containing protein chains. Filtering
by geometric quality included requirements to have less than

1% Ramachandran plot outliers and more than 95% of resi-
dues in the favored region of the plot, a MolProbity clashscore
of less than 10, no more than 2% of residue side-chain rotamer
outliers, less than 0.1% C! violations and root-mean-square
deviations from library values for covalent bond lengths and
angles (Engh & Huber, 1991, 2001; Vagin & Murshudov, 2004;

research papers

686 Pavel V. Afonine et al. ! Quality assessment using hydrogen-bonding parameters Acta Cryst. (2023). D79, 684–693

Figure 4
Distribution of skew versus kurtosis for !1 angles and RH" " "A distances for high-resolution models in the PDB shown for "-helices (black), !-sheets
(blue) and the whole model (magenta).

Figure 3
Distribution of !1 angles and RH" " "A distances for all models in the PDB at resolutions of better than 1.5 Å (2941 models) and worse than 4.0 Å (4712
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Skew or skewness is a way we can measure the shape 
of a distribution: in particular, skew refers to the 
asymmetry a distribution may experience

Kurtosis is a measurement of tailedness of a 
distribution - that is, what the ends of a distribution 
curve look like.



Overall kurtosis and skewness of Θ1 angle (yellow) and 
RHA distance (blue) distributions

Low resolution models High-resolution homologues

1JKT (3.5 Å) 4PF4 (1.1 Å)

1Z8L (3.5 Å) 5o5T (1.4 Å)

4YJ3 (3.8 Å 5iyz (1.8 Å)

Afonine et al. (2023). Acta Cryst. D79, 648-693.



When do you stop?

• Realistically? Do as much as you can.
– Ideally stop when you – and refinement – can’t make 

the structure better

• Zero outliers is not the goal!
– Some outliers are justified
– Some outliers are not justified, but can’t be fixed

• If you can’t obtain a physically-reasonable 
solution, consider deleting the region.



Model vs Map Validation

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

Examples (recent years)!



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

CCMASK = 0.0

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



Validation reports (RCSB)

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

Out
date

d!



Validation reports (RCSB) on 4/28/2026

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



Q-Score

• Q-score: measure the resolvability of individual atoms in a cryo-EM 
map, using an atomic model fitted to or built into the map

• No use of atomic model parameters such as ADP, occupancy, atom type, …

• Shape of density is not used: 

• How SER placed into PHE density is going to score? 

• How water O placed into Mg peak will score?

• Does not account for missing atoms (it shouldn't given the definition)

• Alternative conformations are not handled

• Anisotropic atoms are not handled



Atom inclusion

• Atom inclusion: fraction of atoms inside molecular envelope 
contoured at a given level

• Contouring threshold: Arbitrarily? What is optimal level?

• No use of atomic model parameters such as ADP, occupancy, atom type, …

• Does not compare shape of density: 

• How SER placed into PHE density is going to score? 

• How water O placed into Mg peak will score?

• Does not account for missing atoms

• Partially occupied atoms (alternative conformations):

• Chosen level for fully occupied atoms needs to be scaled by occupancy 
for partially occupied atoms



Model-to-map fit validation: CCMASK 
• Gaussian IAM (Independent Atom Model)
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Model-to-map fit validation: CCMASK 

Exact model map

3Å experimental map
ρMODEL (r) = ρatoms (r)

i=1

Natoms

∑

• FT exact model map
• Remove terms up to specified resolution
• FT back to real space to get a Fourier image = “Model map”

3Å model-calculated map

CCMASK
CCMASK

FT



CCMASK for all cryo-EM entries by year
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Model-to-map fit validation: CCMASK 

Model to map fit

Metric Expected value

CCMASK

Poor:    < 0.3
So-so:   0.3-0.6
Good:   > 0.6

CC!"#$ =
∑𝜌%&'	𝜌()*(

(∑𝜌%&'+ 	∑ 𝜌()*(+),/+

𝜌%&'  = experimental map
𝜌()*( = model calculated map

• Easy interpretation:  -1: anticorrelation, 0: no correlation, 1: perfect correlation

• Uses all atomic model parameters (XYZ, B-factors, occ, atom type)

• Not specific to map type (any map: x-ray, neutron, electron, cryo-EM, …)

• Can be calculated locally (per atom, residue, chain, molecule, whole box, …)

• Local resolution can be trivially taken into account



Model-to-map fit validation: CC flavors

Metric Expected value

CCMASK

Poor:    < 0.3
So-so:   0.3-0.6
Good:   > 0.6

Metric Region of map used Purpose

CC box Whole map Similarity of maps

CC mask Jiang & Brunger (1994) mask with a fixed 
radius

Fit of the atomic centers

CC volume Mask of points with the highest values in 
the model map

Fit of the molecular 
envelope defined by the 
model map

CC peaks Mask of points with the highest values in 
the model and in the target maps

Fit of the strongest peaks in 
the model and target maps

From validation after RSR:

Afonine et al. (2018). Acta Cryst. D74, 814-840



Questions?


