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Validation can make a difference

Improvements 
driven by availability 
of validation tools



You can make a difference

Improvements 
driven by 
community 
education and 
awareness



Validation Philosophy

ÅHydrogens are half the atoms! Add them before validation, or your 
analysis is incomplete.

ÅVisualizations > statistics

ÅLocal conformations > structure-level averages

ÅάhǳǘƭƛŜǊέ ǘƘǊŜǎƘƻƭŘǎ ŀǊŜ ǎŜǘ ǎǘŀǘƛǎǘƛŎŀƭƭȅ
ÅExpect to see experimentally justified statistical outliers sometimes, especially 

at functional sites
ÅCherish these! You found something cool!



Intervention Philosophy

ÅRefinement is great at details, bad at escaping local minima

ÅHuman interventions should
ÅFind the right local minimum

ÅPreserve interesting features

ÅNot sweat the details



MolProbity

http://molprobity.biochem.duke.edu/index.php

ÅFree, online structure validation server
ÅAlso built into Phenix

ÅConfidential
ÅFiles are automatically deleted

ÅOpen-source
Åhttps://github.com/rlabduke

More 
tutorials

http://molprobity.biochem.duke.edu/index.php
https://github.com/rlabduke


(KiNG, NGL viewers)



Format

For each validation

ÅMethod
ÅBriefly, how the underlying idea or math works

ÅVisualization
ÅHow outliers are visually represented in KiNG/NGL

ÅProbable causes
ÅExample of a common or interesting type of error
ÅNot comprehensive!  



All-Atom Clashes and Contacts



Add hydrogens
(phenix.reduce or MolProbity website)







All-Atom Contacts and Clashes: Method

Åwƻƭƭ ŀ лΦр) άtǊƻōŜέ ǎǇƘŜǊŜ ƻǾŜǊ ǘƘŜ 
van der Waals surface of each atom

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

ÅNote that hydrogen atom surfaces 
can shield heavy atom surfaces



All-Atom Contacts and Clashes: Visualization

Favorable vdW packing in 
greens and blues

Favorable hydrogen bonding 
as light green pillows

Steric overlaps, aka 
άŎƭŀǎƘŜǎέΣ ŀǎ Ƙƻǘ Ǉƛƴƪ ǎǇƛƪŜǎ



All-Atom Contacts and Clashes: Probable causes

Other outliers

ÅClashes usually occur 
alongside other outliers

ÅEmphasize modeling errors
ÅReal rare features are less 

likely to have clashes

ÅCan imply direction for 
fixups



Sidechain Rotamers



Sidechain Rotamers: Method

ÅSidechain conformations are described by 
a series of ̝ (Chi) torsions

ÅRotamers are statistically expected 
combinations of ̝ values

ÅFor tetrahedral atoms centers, this means 
staggered 
Åp +60°
Åt 180°
Åm -60°

ÅFor planar atom centers, rotamers are 
much more continuous
ÅRotamers are named with a central value

Rotamer distribution for 
Isoleucine in ̝1/ 2̝ space



Sidechain Rotamers: 
Visualization

In KiNG, Rotamer outliers are traced 
in gold over the modeled sidechain

In ISOLDE, Rotamer allowed/outliers 
are marked with a spiral, color coded 
by prior probability



Sidechain Rotamers: Probable causes

Backwards Valine, 
Leucine, Threonine

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

ÅSimple to fix with a 
flip



Sidechain Rotamers: Probable causes

Sidechains in wrong density

ÅSidechains can get stuck in the 
density for other features
ÅOther sidechains
ÅLigands
ÅBackbone O in ~3Å maps

ÅHave to fix the whole network of 
misplacements



Ramachandran



Ramachandran: Method

ÅPhi and Psi torsions describe local 
protein backbone conformation

ÅPhi ˒  = Ci-1-N-CA-C

ÅPsi ̞  = N-CA-C-Ni+1

Å9ŀŎƘ ǊŜǎƛŘǳŜΩǎ ˒κ ̞pair is 
converted into cartesian 
coordinates and checked against 
contours of expected behavior



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



Ramachandran: 
Visualization

KiNG ƳŀǊƪǳǇ ƘƛƎƘƭƛƎƘǘǎ ŀƴ ƻǳǘƭƛŜǊ ǊŜǎƛŘǳŜΩǎ /! ƛƴ 
green, and extends to the peptide bonds on either 
side, along the CA-CA-trace

ISOLDE markup places a ball at each CA, 
color-coded by Ramachandran favorability.



Ramachandran: Probable causes

Misplaced carbonyl oxygens

ÅAt resolutions worse than ~2.5Å, 
carbonyl oxygen density may be 
ambiguous
ÅSidechain may be fit into O density

ÅO may be fit into sidechain density



Ramachandran Z-score



Ramachandran Z-score: Method

ÅCompare observed Ramachandran 
distribution against expected 
distribution

ÅAssign statistical Z-score based on 
distance from expectation

Å|Z-score| <= 2 indicates a realistic 
distribution

Å|Z-score| > 3 indicates a highly 
unrealistic distribution



Ramachandran: Probable causes

Overfitting to Rama criteria

ÅSome programs allow refinement of the 
Ramachandran plot
ÅHides rather than fixes errors, if used 

carelessly
ÅArtificially inflates Ramachandran Favored 

% and MolProbity score

ÅOver-idealized distribution may be 
detectible by Rama Z-Score

ÅUse Rama restraints to hold good 
structure in place

ÅUse other methods to fix model errors

Rama Z-score -4.26 ± 0.10



C-Beta Deviation



C-Beta Deviation: Method

ÅIdeal CB position is defined by 
backbone geometry

ÅCalculate ideal position using 
average of two torsions
ÅN-C-CA-CB
ÅC-N-CA-CB

ÅCBs modeled >0.25Å from ideal 
position are outliers

CA

CB

N

C



C-Beta Deviation: Visualization

ÅIn KiNG, a purple sphere is drawn
ÅCenter at ideal CB position
ÅEdge tangent to modeled position
ÅSize of sphere proportional to 

severity of outlier

ÅBullseye kinemage shows distribution and 
direction of all CB positions.  

ÅYellow circle is 0.25Å outlier cutoff



C-Beta Deviation: Probable causes

Misplaced sidechains

ÅCB deviations are a backbone 
geometry measure, but outliers are 
usually caused by misplaced 
sidechains pulling on the backbone

Chirality errors

ÅIf D amino acids are misnamed as L 
amino acids (e.g. ALA for DAL), or vice 
versa, very large Cbdevs result



Covalent Bond Geometry



Bond Geometry: Method

ÅStandard reference library has 1 
value per bond or angle

ÅDerived from Engh and Huber
Åhttps://doi.org/10.1107/S0108767

391001071 

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

ÅDerived from Karplus et al.
Åhttps://doi.org/10.1107/S2059798

315022408 

ÅMeasure bond lengths and angles
ÅCheck against a library of expected values
ÅҔпˋ ŘŜǾƛŀǘƛƻƴ ŦǊƻƳ ŜȄǇŜŎǘŜŘ Ґ ƻǳǘƭƛŜǊ

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


Bond Geometry: Visualization

ÅBond length outliers are drawn 
as springs

ÅBond angle outliers are drawn as 
fans

ÅColor-coded
ÅRed-shift = too far

ÅBlue-shift = too close



Bond Geometry: Probable causes

Systematic
ÅSystematic geometry 

errors occur in 
programs with different 
libraries or expectations

ÅBe aware of what you 
import

ÅDo geometry 
minimization and/or re-
refine.

OmegaFold prediction for p81313, as of Sept 2022

C-N peptide bond distances are systematically shortened



Bond Geometry: Probable causes

Localized
ÅLocalized geometry outliers result 

from conformational strain and/or 
lack of restraints

ÅFix the source of strain

ÅApply restraints to low-data 
regions

ÅLeave it unmodeled if a good 
solution is impossible

2gwe, mostly 1.3Å

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



Cis Peptides



Cis Peptides: Method

ÅThe peptide bond that joins amino 
acids has partial double bond 
character and does not rotate freely

ÅCA-C-N-CA torsion
ÅάhƳŜƎŀέ

ÅUsually trans (CA on opposite sides)

ÅRarely cis (both CA on same side)



Cis Peptides: Visualization (KiNG)

ÅCis peptide bond is much more 
common preceding Proline
Å~5% of Proline

ÅGentle green trapezoid fills the 
characteristic CA-CA space

ÅCis peptide bond is extremely 
rare preceding other residues
Å~0.03% of non-Proline

ÅUnpleasantly lime trapezoid fills 
the characteristic CA-CA space

ÅPeptides twisted >30 from planar 
are severe geometry distortions 

ÅSpace is filled with yellow, angle 
between component planes 
approximates severity

These are red in Coot!



Cis Peptides: Visualization (ISOLDE)

ÅCis peptide bond is much more 
common preceding Proline
Å~5% of Proline

ÅGentle green trapezoid fills the 
characteristic CA-CA space

ÅCis peptide bond is extremely 
rare preceding other residues
Å~0.03% of non-Proline

ÅWarning red trapezoid fills the 
characteristic CA-CA space

ÅPeptides twisted >30 from planar 
are severe geometry distortions 

ÅSpace is filled with yellow, angle 
between component planes 
approximates severity



Cis Peptides: Probable causes

Fit to small density

ÅThe cis CA-CA distance is 
shorter and seems to fit 
better into limited density

ÅA conformation this rare 
requires more justification 
than a marginally better fit

ÅFlip it to trans unless density, 
chemistry, homology, or 
another source gives you clear 
support



CaBLAM



CaBLAM: Method

ÅAt low resolution, the backbone 
CA trace is modeled better than 
the backbone details

ÅCommon model errors involve 
wrong peptide plane orientation

ÅCaBLAM uses modeled CA trace 
geometry to predict likely 
peptide plane orientation, and 
marks the discrepancies

CA-pseudodihedrals ŎŀǇǘǳǊŜ ƳƻŘŜƭ άƛƴǘŜƴǘέ

Peptide-peptide-pseudodihedral captures 
common model errors



CaBLAM: Probable Causes

Ambiguous CO/sidechain density

ÅAt low resolution backbone oxygen 
density and sidechain density may 
be confusing 

ÅLow-resolution density envelope 
allows multiple models
ÅNot everything that fits is protein-like
Å5ŀǘŀ ŘƻŜǎƴΩǘ ƘŀǾŜ ŜƴƻǳƎƘ 

information to choose among models



RNA Suites



RNA Suites: Method

ÅUseful RNA backbone division is 
sugar-to-sugar suite, not P-to-P 
residue

ÅSuite conformation names are a 
combination of a number and a 
letter/character
Åe.g. 1A is the most common A-form 

helix conformation

ÅOutliers are named as !!
ÅtǊƻƴƻǳƴŎŜŘ άōŀƴƎΣ ōŀƴƎέ



RNA Ribose Puckers



RNA Ribose Puckers: Method

ÅThe backbone ribose in RNA can have one 
of two pucker states
Å/нΩ ŜƴŘƻ
Å/оΩ ŜƴŘƻ

ÅRibose pucker correlates very strongly 
with perpendicular distance from the 
оΩǇƘƻǎǇƘŀǘŜ ǘƻ ǘƘŜ ƎƭȅŎƻǎƛŘƛŎ ōƻƴŘ ǾŜŎǘƻǊ
ÅGlycosidic bond joins ribose sugar to 

nucleobase

ÅAt low resolution, perpendicular distance 
is easy to see, ribose pucker is hard to see

ÅLŦ ǘƘŜǊŜΩǎ ŀ ƳƛǎƳŀǘŎƘΣ ǘƘŜ ǇǳŎƪŜǊ ƛǎ 
probably wrong



RNA Errors: Probable Causes

ÅRNA backbone has many 
degrees of freedom

ÅElectron density often leaves 
RNA backbone underdetermined
ÅEven when bases are better 

resolved

ÅTools to help with this are in 
development

Density shows 
strong peaks at 
base, sugar, and 
phosphate positions

Density lacks details 
between these 
major positions



MolProbity Score



MolProbity Score

ÅThe MolProbity Score combines validations and scales the result to 
look like a resolution
ÅClashscore

ÅRamachandran

ÅRotamers

ÅMolProbity better than model resolution is good

ÅMolProbity worse than model resolution is bad



MolProbity Score

! ǎƛƴƎƭŜ ǎǘŀǘƛǎǘƛŎ Ŏŀƴƴƻǘ ŜȄǇƭŀƛƴ ŀ ǿƘƻƭŜ ǎǘǊǳŎǘǳǊŜΩǎ ǉǳŀƭƛǘȅΗ

5ƻƴΩǘ ǊŜƭȅ ƻƴ ƛǘΗ

You now know enough to look at the other statistics

You now know enough to look at your model and the markup in detail



Useful links

ÅFor the quick-and-dirty webpage version of this material:
Åhttp://molprobity.biochem.duke.edu/help/validation_options/validation_options.html

ÅThis also includes links to many of the relevant publications

ÅI deliberately skipped over structure-level statistics, but if you want to 
see the target values for Ramachandran Favored, CaBLAM Outliers, 
etc:
Åhttp://molprobity.biochem.duke.edu/help/validation_options/summary_table_guide.html

http://molprobity.biochem.duke.edu/help/validation_options/validation_options.html
http://molprobity.biochem.duke.edu/help/validation_options/summary_table_guide.html


Bonus Content

Here are a few more examples of interesting model errors associated 
with certain validations.

¢ƘŜǎŜ ŘƛŘƴΩǘ Ŧƛǘ ƛƴ ǘƘŜ Ƴŀƛƴ ǇǊŜǎŜƴǘŀǘƛƻƴΣ ōǳǘ ȅƻǳ ǎƘƻǳƭŘ ǎǘƛƭƭ ƎŜǘ ǘƻ ǎŜŜ 
them.



UnDowser



UnDowser: Method

ÅUndowser is a tool for finding 
incorrect waters

ÅUse all-atom contact analysis to 
find waters with steric clashes

ÅIdentify probable substitutions 
for each problem water
ÅIons
ÅLigands
ÅSidechain alternates
ÅNothing!



UnDowser: Visualization

ÅMolProbity has a 
dedicated chart for 
water analysis

ÅEach clashing water 
is listed
ÅColored by severity
ÅPossible causes 

marked in table

ÅRecently added to 
Phenix commandline
ÅComing soon to GUI



UnDowser: Probable Causes

Lots of possibilities!

ÅWater problems are highly varied
ÅFit into other ligand/ion density
ÅIncorrect occupancy/alternate
Å{ƘƻǳƭŘƴΩǘ ōŜ ǘƘŜǊŜ ŀǘ ŀƭƭ

ÅFor details, see 
https://doi.org/10.1002/pro.3786 
and https://phenix-
online.org/phenixwebsite_static/m
ainsite/files/newsletter/CCN_2019
_07.pdf#page=2

Right water, 
wrong Lys rotamer

Right water, 
wrong His flip

Water in sidechain 
alternate density

Alternate A/B system 
naming error

https://doi.org/10.1002/pro.3786
https://phenix-online.org/phenixwebsite_static/mainsite/files/newsletter/CCN_2019_07.pdf#page=2
https://phenix-online.org/phenixwebsite_static/mainsite/files/newsletter/CCN_2019_07.pdf#page=2
https://phenix-online.org/phenixwebsite_static/mainsite/files/newsletter/CCN_2019_07.pdf#page=2
https://phenix-online.org/phenixwebsite_static/mainsite/files/newsletter/CCN_2019_07.pdf#page=2


Resolution and the Limits of Validation











More Visualizations



CaBLAM: Visualization

ÅColored bars are drawn along 
the dihedral relationship 
between peptide planes
ÅPurple for disfavored
ÅMatters in helix/sheet, not in loops

ÅPink for full outlier
ÅMatters everywhere

ÅColored wheels show CaBLAM 
evaluation if a peptide plane 
were rotated



RNA Ribose Puckers: Visualization

ÅA purple cross is draw for each 
incorrect ribose pucker
ÅLong end of cross points along 

glycosidic bond vector

Å/Ǌƻǎǎ ƛǎ ŎƻƴƴŜŎǘŜŘ ǘƻ оΩǇƘƻǎǇƘŀǘŜ 
by the perpendicular distance line



Chiral Volume Outliers
(Very rare unless something is weird)



Chiral Volume Outliers: Method

ÅTetrahedral atoms with 4 distinct 
substituents are chiral

ÅDo a little light vector math to 
find the volume enclosed by the 
chiral center and its three 
heaviest children
ÅMagnitude of volume indicates 

how tetrahedral the bonding is
ÅSign of volume indicates 

handedness (L vs D)

Enclosed 
volume

Chiral 
center



Chiral Volume Outliers: Visualization and  Causes

True handedness swaps

ÅD-amino acids with L names

ÅL-amino-acids with D names

Squished or flattened 
geometry errors

Atom naming errors
ÅFeS clusters
ÅSwapping CD1 and CD2 

names in Leu



All-Atom Contacts and Clashes: Probable causes

Sidechain flips

ÅAsparagine, Glutamine, and 
Histidine (N/Q/H) are 
pseudo-symmetric 

ÅWrong orientation can 
produce clashes without 
other error markup

ÅFix with Reduce or Coot tools, 
then re-refine.



Sidechain Rotamers: Probable causes

Water problems

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

ÅIsoleucine CD1 is 
especially vulnerable

ÅDelete water, rebuild 
sidechain



Cis Peptides: Probable causes

Chain termini
ÅNon-Pro cis peptides at 

chain ends are always 
wrong

ÅLimited density and lack of 
other constraints allows 
them to be modeled

ÅBut that same lack of 
ŎƻƴǎǘǊŀƛƴǘǎ ƳŜŀƴǎ ǘƘŜǊŜΩǎ 
nothing to hold an unusual 
conformation in place
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