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Learning Outcomes

By the end of this session, you should be able to:

Recall a few software tools and
commands to diagnose errors in
structural models

Describe the purpose of structure
validation

Locate and identify the different
types of errors you may encounte
in structural models

Apply different strategies to
correct those errors

s
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INTRODUCTIONOVERVIEW

Partl




What Is Structural Validation?

Can you tell where this model has
errors?

Cyclic Nucleotide Phosphodiesterase

Ay
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What Is Structural Validation?

How about with errors
shown?

Gt NEP2FNBIF RAYy3IE |
possible and what is probable
checking model quality using
independent criteria

Cyclic Nucleotide Phosphodiesterase
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Types of errors

water analysis

aztt NROA g
: \%\\ \ﬁPIﬁ GO SR X TR G/
visual markup \\\\\ AL o
I
lets _youfc'ee _ All-atom contacts/clashes Rt
outliers in their Gbeta deviations

Peptide cis/twisted

local context. chiral centers

RNA
There are other

errors that we /\/ Ramachandran

R2y Qi a CISBRIRG N

check for (e.g. W V v T | \
register shifts, bond angles/lengths \

underpacking \/ W Suite analysis

CaBLAM RNA puckers




KINGand klnemagee(phemx kmg

A Yet another visualization software e
package.

AdYAYSY!Il U-An@ractivé | 3
graphics scientific illustration
format.

A Relatively simple text file, human
readable, that represents display
objects (dots, lines, triangles,
etc.) and their properties.

A KiNGwas theonlywayto see all
of our validation metrics, but we ™ -
are adding it to other viewers. o e e
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Why We Needstructure Validation

No way to directly see atoms: Data is limited (resolution,
structure determination crystal issues/damagejc) and
methods providanodelsof data interpretation can be
structures subjective.

Errors propagate to subsequent structures and to downstream biology
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\* 1LPL before 1LPL after (1TOV)

Guiding human intervention into models




Richardson Lalalidation Philosophy

Your eyes can be a very power
tool for finding errors

ful

Zero outliers INOTthe goal:
outliers can be real and
Interesting!
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Global quality scores often
obscure local problems in
structures

Try to keep independent
measures for validations, if yol
use it as a restraint, the
validation becomes less helpft




Where Do Validation Criteri@&ome From?

Physical/chemical first principles Empirical surveys of higfuality

structures
Contacts, steric clashes Updated Ramachandran
Bond geometry (lengths and (Top8000)
I : :
. oo es.) Rotamer libraries
cis/trans peptide bonds C L.
G deviation CaBLAMjIS'[rIbu'[IOI’.lS

original Ramachandran RNA backbone suites

Key insight: update validation metrics using higjuality structures, and using only high

quality parts of structures
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MoIPro bity (2002)

o PDB Data deposition required (2008)
! \ / MolProbityin Phenix GUI (2009)

- PDB Xray Validation Task Force
(2011)

Coot (2004)

MolProbity leads a long era ™\
Of StrUCtu e | m p rovem ent wwPDB validation server (2017)
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TOOLS &ALIDATION METRICS

Part 2

Method

For each validation:

Visualization

Potential causes




AllFAtom Clashes and Contacts




Add hydrogens
(phenix.reduceor MolProbitywebsite)
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| Missing half of the atoms!

4XI1S: xylose isomerase |

Phenix



All Atoms!
- Hydrogens make most contacts

W ZEAGSNNK
N K o A o WY,

\l_

“twigs
. on the
\ tree”

4XI1S: xylose isomerase

(Y AEAQALL A= IR S -
g‘é'zrm Y, _3*2\" Hydrogens:

Phenix



AII Atom Contacts and Clashes: Method

. “.Z‘
4 5?-0

'%:

clash 1'"& e

%‘ f ,,;ﬁ b, 5 |

é a-ﬁ
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Awz2ft |

ndup) NIFR.

sphere over the van der Waals
surface of each atom

A Mark where the probe touches
or overlaps with another van der

Waals surface

A Note that hydrogen atom
surfaces can shield heavy atom

surfaces

molprobity.clashscore ﬁ




All-F-Atom Contacts and Clashes: Visualization

FavorablevdW packing in Favorable hydrogen bonding . Steric ove[Iaps, aka
greens and blues as light green pillows aOflaKSaegz | a

»




All-F-Atom Contacts and Clashes: Potential causes

original: !! rebuilt: mmm

158 MSe 351

Phenix Users Meeting 2026

Other outliers

A Clashes usually occur

alongside other outliers

A Emphasize modeling
errors

T Realrare features are less
likely to have clashes

A Can imply direction for
fixups

»




All-Atom Contacts and Clashéssn'Gln/His Flip corrections

Which GIn Is correct?




Clashscorégphenix.clashscole

A Global score for a structure,
normalized by size

Al | &K Raverigmpdm
1000 atoms

A Useful for giving an overall
sense about quality, but again,
need to look at local parts of
structures
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Sidechain Rotamers
(molprobity.rotalyze
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Protein sidechains have
specific conformations that are

tight and distinct

Lys mtpt
ttmt
ttpt
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Sidechain Rotamers: Method

Rotamer distribution for
Isoleucine in 1/ .2 space
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Sidechain conformations are described by a series
of . (Chi) torsions

Rotamers are statistically expected combinations
of . values

For tetrahedral atom centers, this means
staggered

T p+60

T t180°

T m-60°
For planar atom centers, rotamers are much more
continuous

I Rotamers are named with a central value

I e.gm90 or p80 for Histidine

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

Outliers = sidechain in a conformation not seen in
good parts of good structures

molprobity.rotalyze

»




Sidechain Rotamers: Visualization

In KING Rotamer outliers are traced in In Coot/Moorhen, Rotamers are
gold over the modeled sidechain marked with a colored dodecahedror
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1sbp, 1.7A

Cbdev = .39 A
Chi1 = -109°

N-Ca-Cb = 98°

3 bad clashes
no H-bonds
C in > density
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P
g —

Cbdev =0
Chit =73°

N-Ca-Cb = 110°

no bad clashes
2 H-bonds
O in > density

Sidechain Rotamers: possible causes

e

Backwards Valine,
| eucine, Threonine

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

A Simple to fix with a flip
(then rerefinement)

»
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Sidechain Rotamers: possible causes

Sidechains in wrong density

A Sidechains can get stuck in the
density for other features

I Other sidechains
I Ligands
i Backbone in ~3A maps

A Have to fix the whole network of
misplacements

A Low resolution map may not
distinguish rotamers




Sidechain Rotamers: possible causes

Water problems

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

A 1soleucine CD1 is
especially vulnerable

A Delete water, rebuild
sidechain

{ iy N
o S\ e A T
N ".:__ Z_‘}i:: \ o 73 TRt AR
% ,A<’ oA PN
e e ) IV
'r‘\.\{
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Ramachandran
(molprobity.ramalyzé
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Ramachandran: Method

A Phi and Psi torsions describe local proteil
backbone conformation

A Phi. = Gi-N-CAC
A Psi- = NCAGN

A9l OK NXapaiRidz®myérted into
cartesian coordinates and checked
against contours of expected behavior
(based on best parts of good structures).

molprobity.ramalyze ﬁ
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Updating validation metrics

< T ¢, ¢ Distribution for Procheck
1
poly] | 180
p P
", /'1
{ Lt
. /' :‘ | 90
Yo e ~J

’I I 3_ )

Ramachandran [-———§! 2 of
diagram from
theory (1963) -0

-180 -90 PHI 90 180

~ 100,000 residues, entire PDB as of 1992

¢ w Dlstr1but10n fOl' MolProblty reference: A.L. Morris, et al., (1992) Proteins, 12: 345-364.
’ general - noGPIVpreP

General:
All except
pre-pro,
pro, P

gly .

1805
-18 0 q) 180

Updated 2012 ¥
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~ 100,000 residues, Top500 structures in 2003




llefN/al-:

Ramachandran:
Visualization

L
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o OB 1471
o
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Ramachandran plots shows location of each
residue relative to contours of expected
behavior

\—

e 1)
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g
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Different residue categories have very

AT
A
~7
=
"

\V
different expectations! \( </\é
Glycine is permissive and symmetrical Tranemmling el
Proline is restrictive &\ ) ]
Branched @Beta sidechainlle,Va) affect S =
distribution X N\

N\, )
Favored (98% of data) Allowed (99.5% of data) AR e S




Ramachandran: Visualization

KINGY I NJ dzLJ KA 3Kt AIKGa |y 2dzif.
green, and extends to the peptide bonds on either
side, along the G&Atrace

Coot/Moorhen markup places a ball at each CA,
color-coded by Ramachandran favorability.

R
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CaBLAM
(molprobity.cablan)
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CaBLAMMethod

CApseudodihedral© I LJ0 dzNBF Y2 RSt aAy 0Sy i é
A At low resolution, the backbone

CA trace Is modeled better than
the backbone detalls

A Common model errors involve
wrong peptide plane orientation

Predict allowable
conformations

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

Peptidepeptide-pseudodihedrataptures
common model errors

molprobity.cablam E
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RamaCaBLAMpossible causes

Misplaced carbonyl oxygens

A At resolutions worse than ~2.5A,
carbonyl oxygen density disappears

I O may be fit in arbitrary orientation

A Lowresolution density envelope
allows multiple models
I Not everything that fits is proteHike
i 50 R2SayQu KIF @S S
to choose among models

v,/ " %
/) )
- AN

Rama marku CaBLAMnarkup
P (magenta bars)

o
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Ramachandran-Zcore
(phenix.rama ¥
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Ramachandran-gcore: Method

Phenix Users Meeting 2026

general - noGPIVpreP

\)

A Compare observed Ramachandran

distributi
distributi

on against expected
on (shown)

A Assign statistical-Zcore based on
distance from expectation

A
A

Z-score
distributi

Z-score

<= 2 Indicates a realistic
on

> 3 indicates a highly

unrealistic distribution

phenix.rama_z m




Ramachandran: possible causes

Rama Acore-4.26+0.10
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K Overfitting to Rama criteria
A Some programs allow refinement of the
Ramachandran plot

i Hides/compounds rather than fixes errors, if
used carelessly

i Artificially improves Ramachandran and
MolProbityscores

i BAAGNROdzOA2Y A £0G22 LIS

A Overidealized distribution may be
detectible by Rama-3&core

A Use other methods to fix model errors
A Then (maybe? Rama restraints to hold good

o/ structure In place
.




RamaCaBLAMpossible causes

A 7 ":\ 0
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Alf model errors are large, \) : \)
points in Rama space are - - o= -
displaced far from their : :
iIntended regions 5 5

A90° or even 180 peptide
orientation errors are

] 1~
mapS! ST I I B B I B [Tt T TrroT LU ||||xx||[/ -180 /

Current Rama position
does not predict
CorrectRama position

A

possible in lowresolution
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CGBeta Deviation
(molprobity.cbetadey
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GBeta Deviation: Method

A ldeal CB position is defined by
backbone geometry

A Calculate ideal position using
average of two torsions

I N-GCACB
I GN-CACB

A CBs modeled >0.25A from
Ideal position are outliers

molprobity.cbetadev ﬁ
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CBeta Deviation: Visualization

A InKiNG a magenta sphere is drawn

I Center at ideal CB position A Bullseyekinemageshows distribution and
i Edge tangent to modeled position ~_ direction of all CB positions.
i Size of sphere proportional to AYellow circle is 0.25A outlier cutoff

severity of outlier

R
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CBeta Deviation: Possible causes

1B e

refit, clashes now H-bonds : . .
. Misplaced sidechains

e
Tl .‘«'«1;
_—

N

A CB deviation outliers are usually
caused by misplaced sidechains

I Especially branched sidechains fit
backwards, like this Thr

Chirality errors

A If D amino acids are misnamed as
amino acids (e.g. ALA for DAL), or
vice versa, very large Cbhdevs resu
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Covalent Bond Geometry
(molprobity.mp_validate _bonds
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Bond Geometry: Method

AMeasure bond lengths and angles
ACheck against a library of expected values .
ABn° RSOQOAIFIGAZ2Y FTNRY SELISOUGS

- ConformationDependent Library
A Standard reference library had® (CDL) has values that depend on

1 value per bond or angle local Ramachandran conformation

A Derived fromEnghand Huber A Phenix default
A Derived from Karplus et al.

I' https://doi.org/10.1107/S0108 hitps://doi.org/10.1107/S205979831
/67391001071 5022408

molprobity.mp_validate _bonds

o
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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: Visualization

Geometry Qutlier: Geometry Qutlier:
Bond length too small Bond length too large

A Bond length outliers are
drawn as springs

A Bond angle outliers are drawn
as fans

A Colorcoded
I Redshift = too far
I Blueshift = too close

Geometry Qutlier: Geometry Qutlier:
Bond angle too small Bond angle too large
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Bond Geometry: possible causes

GN peptide bond distances are systematically shortened

OmegaFolgrediction for p81313, as of Sept 2022

Phenix

Users Meeting 2026

Systematic
A Systematic geometry errors
OCcur in programs with
different libraries or
expectations

A Be aware of what you
import

A Do geometry minimization
and/or rerefine.

»



Bond Geometry: possible causes

| ocalized

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

A Fix the source of strain

A Manually apply more restraints to
low-data regions

2gec, mostly 1.3A

Refinement could rely /47 o A Leave it unmodeled if a good

almost totally on the map : solution is impossible
elsewhere, so geometry

restraints were globally
downweighted
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CisPeptides
(molprobity.omegalyzge
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CisPeptides: Method

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

A CAGN-CA torsion
iahyYyYS3l ¢

A Usuallytrans (CA on opposite
sides)

A Rarelycis(both CA on same side)

molprobity.omegalyze

o
Phenix Users Meeting 2026 ﬂ




TheCisnonProcrisis

15l . Py 1 Cisnon Prollnepeptm!es are a
very rare conformation.

' ® ' Cispeptides started being
| % PDB deposits with * 3 . | hugely ovemodeled around

ol 2 30-fold too many ] 2006

cis-nonPro, by year ¢ i 1 Once the phenomenon was
0/0 i 4 . noticed, an athands

| community response quickly
14 | restored normal modeling

0.5 = ’ ’ = rates-

i Croll T. I. (2015)The rate of cigtrans
4 " 1 conformation errors is increasing in low
¢ ¢ ¢ ) resolution crystal structures. Acta TL(3),

706709,
0.0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 | 1 | 1 | 1 | 1 | 1 1 1 | 'y
1982 7992 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 ﬁ




CisPeptides: VisualizatiorK(NG

A Cispeptide bond is much more A cispeptide bond is extremel A Peptidestwisted >30 from planar
common preceding Proline rarg prr)eceding other residueys arepsevere geometry distoetions

A ~5% ofProline A ~0.03% ohon-Proline A Space is filled with yellow, angle

A Gentle green trapezoid fills the AU - i fi
A npleasantly lime trapezoid fills ~ between component planes
characteristic CACA space thepcharacte¥istic C@% space approximates severity

»



CisPeptides: Visualization (Coot)

A Cispeptide bond is much more
common preceding Proline

A ~5% ofProline

A Gentle green trapezoid fills the
characteristic CAA space
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A Cispeptide bond is extremely A Peptidestwisted >30 from planar
rare preceding other residues are severe geometry distortions

A ~0.03% ofion-Proline A Space is filled with yellow, angle

A Warning red trapezoid fills the between componerit planes
characteristic CALA space approximates severity
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CisPeptides

Fit to small density

A ThecisCACA distance is

Arg-GlIn-Asn-Ser triple cis-nonPro -- unjustified

shorter andseemsto fit better
Into fragmented density

7
\wﬁ\&‘!
N

A A conformation this rare

)

.‘94_‘

X Ty
\\\\\

requires more justification than

a marginally better fit

another source gives you clear

chemistry, homology, or
support

A Flip it totransunless density,
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RNA Suites and Puckers
(molprobity.rna_validatég
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RNA Suites: Method

A Useful RNA backbone division is sugar
to-sugar suite, not fo-P residue

A Suite conformation names are a
e |t combination of a number and a
g |sute letter/character

I e.g. 1A is the most commonfdrm helix
conformation

residue
A Outliers are named as !
it NBy2dzy OSR a6l y3as
ialyed HHQ& | NBF NBI

™M O

molprobity.suitename

o
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The P-perp Test

Phenix Users Meeting 2026

for C3’ vs C2’ ribose pucker

RNA Ribose Puckers: Method

enables pucker-specific
refinement targets
in Phenix

A The backbone ribose in RNA can have one of
two pucker states

i / HQ SYyR2
i /oQ SYyR?2
A Ribose pucker correlates very strongly with

perpendicular distance fromthe = _
oQLIKZ2alLIKIuUS 042 UKS It e

I Glycosidic bond joins ribose sugar to
nucleobase

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

ALFT GKSNBQa | YAayYl doky:
wrong

molprobity.rna_validate

»




RNA Ribose Puckers: Visualization

A A magenta cross is draw for
each incorrect ribose
pucker

I Long end of cross points
along glycosidic bond vector

I Cross is connected to
0 QLIKZALIKIGS o0&
perpendicular distance line

»
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RNA Errors: possible Causes

A RNA backbone has many degrees
of freedom

A Electron density often leaves
RNA backbone underdetermined

T Even when bases are better

Density shows
strong peaks at resolved
base, sugar, and

phosphate positions

A More tools to help with this are

Density lacks details in deve|()pment
between these

major positions

Phenix Users Meeting 2026



