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Learning Outcomes

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

Describe the purpose of structure
validation

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

Locate and identify the different
types of errors you may encounter
in structural models
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Apply different strategies to
correct those errors




INTRODUCTION & OVERVIEW

Part 1




What Is Structural Validation?

Can you tell where this model has
errors?

Cyclic Nucleotide Phosphodiesterase

R,
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What Is Structural Validation?

How about with errors

shown?
' £—35° “Proofreading” a model for what is
,. M e, possible and what is probable -
{’ e, e D, checking model quality using
iy Nl ) \ ‘4 independent criteria
o wa' ~ Y % \
a )\ 4 :s

Cyclic Nucleotide Phosphodiesterase
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Types of errors

MolProbity’s 1]/ e M
visual markup \/\\>I\\‘\\\\!‘Q\’\\\ i T \‘/

lets YOU .see _ All-atom contacts/clashes N
outliers in their C-beta deviations

Peptide cis/twisted
local context. eptide cis/twiste

RNA
There are other

errors that we /\/ Ramachandran

p. Sidechain rotamers
don’t specifically

RN X
check for (e.g. w vV VT \

register shifts, bond angles/lengths '\“\

underpacking). \/ Bvﬂv%ﬁ% \

CaBLAM RNA puckers

water analysis

'/"\'
G5

chiral centers

Suite analysis



Yet another visualization software
package.

“Kinematic image” - interactive
graphics scientific illustration
format.

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

KiNG was the onlyway to see all
of our validation metrics, but we
are adding it to other viewers.
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KiNG and kinemages (phenix.king)

® KiNG 2.24

File Edit Views Display Tools Help

: Kinemage #1

* 1bkrFH

mainchain
Calphas
sidechain
H's
water
chain A
vdw contact
small overlap
bad overlap
worse overlap
H-bonds
McMc contacts
ScSc contacts
McSc contacts
Hets contacts
dots
Rama outliers
rotamer outlie
length dev
angle dev
chiral dev
Cbeta dev
cablam disfavored
cablam outlier
ca geom outlier
cablam wheels

Animat
a I
Zoom Pick center Show
arkers Show h hy

Clipping M ow hierarc |




Why We Need Structure Validation

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

Errors propagate to subsequent structures and to downstream biology
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What’s the goal?

\* 1LPL before 1LPL after (1TOV)

Guiding human intervention into models




Phen

Richardson Lab Validation Philosophy

Your eyes can be a very powerful
tool for finding errors

Global quality scores often
obscure local problems in
structures

Zero outliers is NOT the goal:
outliers can be real and
interesting!
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Try to keep independent
measures for validations, if you
use it as a restraint, the
validation becomes less helpful




Where Do Validation Criteria Come From?

Empirical surveys of high-quality
structures

Physical/chemical first principles

Contacts, steric clashes

Bond geometry (lengths and

angles)
cis/trans peptide bonds
CPB deviation

original Ramachandran

Updated Ramachandran
(Top8000)

Rotamer libraries
CaBLAM distributions
RNA backbone suites

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

quality parts of structures

Phenix Users Meeting 2026




12

10

1993

Mean All-atom Clashscore vs Year, 1.8-2.2A Xtal PDB depositions

MoIProblty (2002)

PDB Data deposition required (2008)

MoIProbity in Phenix GUI (2009)

~ PDB Xray Validation Task Force
(2011)

Coot (2004)

MolProbity leads a long era \
Of Structu re improvement wwPDB validation server (2017)

[
1995 1997 1999 2001 2003 2005 2007 2009 2011 2013 2015 2017 2019 2021 2023 2025 m




TOOLS & VALIDATION METRICS

Part 2

Method

For each validation:

Visualization

Potential causes




All-Atom Clashes and Contacts




Add hydrogens
(phenix.reduce or MolProbity website)




| 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



All-Atom Contacts and Clashes: Method
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Roll a 0.25A 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 ﬁ




All-Atom Contacts and Clashes: Visualization

AN

Favorable vdW packing in Favorable hydrogen bonding Steric overlaps, aka
greens and blues as light green pillows “clashes”, as hot pink spikes

.
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All-Atom Contacts and Clashes: Potential causes

original: !! rebuilt: mmm Other outliers
~.* Clashes usually occur
alongside other outliers

 Emphasize modeling
errors

— Real rare features are less
likely to have clashes

e Can imply direction for
fixups

1558 MSe 351
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All-Atom Contacts and Clashes: Asn/Gln/His Flip corrections

Which GIn is correct?




Clashscore (phenix.clashscore)

* Global score for a structure,
normalized by size

e Clashes 0.4 A overlap per
1000 atoms

e 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 X1/ x2 space
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Sidechain conformations are described by a series
of x (Chi) torsions

Rotamers are statistically expected combinations
of x values

For tetrahedral atom centers, this means
staggered

— p+60°

— t180°

— 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)

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

molprobity.rotalyze

»




Sidechain Rotamers: Visualization

In KiING, Rotamer outliers are traced in  In Coot/Moorhen, Rotamers are
gold over the modeled sidechain marked with a colored dodecahedron
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Sidechain Rotamers: possible causes

Backwards Valine
Leucine, Threonine

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

1sbp, 1.7A |
Cbdev = .39 A Cbdev = 0 i i i )
./ Chit = 73° * Simple to fix with a flip

Chi1 =-109°

N-CaCb=98" ST\ PRl 1107 (then re-refinement)

3 bad clashes B no bad clashes

no H-bonds ; 2 H-bonds
C in > density O in > density

.
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Sidechain Rotamers: possible causes

Sidechains in wrong density

e Sidechains can get stuck in the
density for other features

— Other sidechains
— Ligands
— Backbone in ~3A maps

e Have to fix the whole network of
misplacements

* Low resolution map may not
distinguish rotamers
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Sidechain Rotamers: possible causes

Water problems

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

Isoleucine CD1 is
especially vulnerable

Delete water, rebuild
sidechain

: ) " TN o
VA N\ o T SIS % . ;
DO 2 A4 SN e

Rt A ~ B gV

A% ’,:'_,.'-4,\ \ : 0% w\_/ . _\.‘,\. ;

[ N g VN
'r‘\.\{
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Ramachandran
(molprobity.ramalyze)
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Ramachandran: Method

* Phiand Psi torsions describe local protein
backbone conformation

* Phi ¢ = Ci.i-N-CA-C
e Psi g = N-CA-C-Niu

* Each residue’s ¢/ pair is converted 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

3 S
1
polyl |
BPl
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Original "
Ramachandran  [-==—q
diagram from
theory (1963)

General:
All except
pre-pro,

pro, P

gly

18015

-18 0 d)

Phenix Users Me ~ 100,000 residues, Top500 structures in 2003

180

¢, @ Distribution for Procheck

90 fi

-90]
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~ 100,000 residues, entire PDB as of 1992
reference: A.L. Morris, et al., (1992) Proteins, 12: 345-364.

general - noGPIVpreP

\J

Updated 2012
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IR
Ramachandran:
Visualization T
e ~
Ramachandran plots shows location of each - Pre proline oy -"!VC{QF
residue relative to contours of expected Q ;32\) M Q =~ v> °\/
behavior Z 7 (@) l = n r) -
/ AU N
Different residue categories have very (\Q/ ) ﬂ > v'_) \(
different expectations! i J’\< <J\

Glycine is permissive and symmetrical e isoroline
Proline is restrictive & N T
Branched C-Beta sidechain (lle,Val) affect S N
distribution ] r‘i (\\
N )
Favored (98% of data) Allowed (99.5% of data) ‘o o 2=




Ramachandran: Visualization

KiNG markup highlights an outlier residue’s CA in
green, and extends to the peptide bonds on either
side, along the CA-CA-trace

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

Ay
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CaBLAM
(molprobity.cablam)
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CaBLAM: Method

CA-pseudodihedrals capture model “intent”

* Atlow resolution, the backbone
CA trace is modeled better than
the backbone details

* Common model errors involve
oredict allowable wrong peptide plane orientation

conformations

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

Peptide-peptide-pseudodihedral captures
common model errors

molprobity.cablam ;‘\\r
Phenix Users Meeting 2026




Rama markup

Phenix Users Meeting 2026

Rama/CaBLAM: possible causes

(magenta bars)

Misplaced carbonyl oxygens

At resolutions worse than ~2.5A,
carbonyl oxygen density disappears
— O may be fit in arbitrary orientation

Low-resolution density envelope
allows multiple models
— Not everything that fits is protein-like

— Data doesn’t have enough information
to choose among models




Ramachandran Z-score
(phenix.rama_z)
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Ramachandran Z-score: Method

general - noGPIVpreP

\)

e Compare observed Ramachandran
distribution against expected
distribution (shown)

* Assign statistical Z-score based on
distance from expectation

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

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

phenix.rama_z ."‘1(
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Ramachandran: possible causes

-
\ Overfitting to Rama criteria
* Some programs allow refinement of the
Ramachandran plot

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

— Artificially improves Ramachandran and
MolProbity scores

— Distributions "too perfect”

* Over-idealized distribution may be
detectible by Rama Z-Score

e Use other methods to fix model errors

* Then (maybe) Rama restraints to hold good
o/ structure in place

Rama Z-score -4.26 + 0.10 ﬁ
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Current Rama position
does not predict
Correct Rama position

,-4 \‘J‘N"““
A

\.4‘\ &= —-»\1(,,
\J~

* |f model errors are large, _
points in Rama space are .
displaced far from their
intended regions

* 90° or even 180° peptide
orientation errors are
possible in low-resolution

maps!
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C-Beta Deviation
(molprobity.cbetadev)
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C-Beta Deviation: Method

* |deal CB position is defined by
backbone geometry

e Calculate ideal position using
average of two torsions

— N-C-CA-CB
— C-N-CA-CB

 CBs modeled >0.25A from
ideal position are outliers

molprobity.cbetadev m
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C-Beta Deviation: Visualization

* |n KiNG, a magenta sphere is drawn

— Center at ideal CB position * Bullseye kinemage shows distribution and
— Edge tangent to modeled position direction of all CB p?smons.
— Size of sphere proportional to * Yellow circle is 0.25A outlier cutoff

severity of outlier

Ay
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C-Beta Deviation: Possible causes

Misplaced sidechains

* CBdeviation outliers are usually
caused by misplaced sidechains

— Especially branched sidechains fit
backwards, like this Thr

Chirality errors

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

l ;'\ - » S\ I . -«
s 25 S a7 8 U A S AV,
'f\‘{
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Covalent Bond Geometry
(molprobity.mp_validate bonds)




Bond Geometry: Method

* Measure bond lengths and angles

* Check against a library of expected values
e >40 deviation from expected = outlier

e Standard reference library has
1 value per bond or angle
* Derived from Engh and Huber

— https://doi.org/10.1107/S0108
767391001071
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* Conformation-Dependent Library

(CDL) has values that depend on
local Ramachandran conformation

Phenix default
Derived from Karplus et al.

— https://doi.org/10.1107/5205979831
5022408

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: Visualization

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

Geometry Qutlier: Geometry Qutlier:
Bond angle too small Bond angle too large
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* Bond length outliers are
drawn as springs

 Bond angle outliers are drawn
as fans

e Color-coded
— Red-shift = too far
— Blue-shift = too close




Bond Geometry: possible causes

C-N peptide bond distances are systematically shortened

Systematic
Systematic geometry errors
occur in programs with
different libraries or
expectations

Be aware of what you

import

Do geometry minimization
and/or re-refine.

OmegaFold prediction for p81313, as of Sept 2022

.
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Bond Geometry: possible causes

2gec, mostly 1.3A

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




Cis Peptides
(molprobity.omegalyze)
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Cis Peptides: Method

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

e CA-C-N-CA torsion
_ llomega”

e Usually trans (CA on opposite
sides)

e Rarely cis (both CA on same side)

molprobity.omegalyze

Ay
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The Cis-nonPro crisis

1.5

1.0

% |

0.5

0.0

L ‘ ’ -
o0
L ’ ‘
' % PDB deposits with "
| = 30-fold too many i
cis-nonPro, by year ¢ -
®
*
L ’ ’ -
¢ o oo

* s e ¥
N
* & |
* & @ -
7952 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020

Cis-nonProline peptides are a
very rare conformation.

Cis peptides started being
hugely over-modeled around
2006.

Once the phenomenon was
noticed, an all-hands
community response quickly
restored normal modeling
rates.

Croll, T. I. (2015). The rate of cis—trans
conformation errors is increasing in low-
resolution crystal structures. Acta D, 71(3),

706-709. \
.




Cis Peptides: Visualization (KiNG)

* Cis peptide bond is much more Cis : : : :
; . . peptide bond is extremely e Peptides twisted >30 from planar
common preceding Proline rare preceding other residues are severe geometry distortions

* ~5% of Proline o« ~ 0 : I :
i 0.03% of non-Proline * Space is filled with yellow, angle
* Gentle green trapezoid fills the * Unpleasantly lime trapezoid fills between component planes

characteristic CA-CA space the characteristic CA-CA space approximates severity m




Cis Peptides: Visualization (Coot)

* Cis peptide bond is much more Cis - - : .
; ] . peptide bond is extremely * Peptides twisted >30 from planar
common preceding Proline rare preceding other residues are severe geometry distortions

* ~5% of Proline o ~ 0 : I :
e 0.03% of non-Proline * Space is filled with yellow, angle
* Gentle green trapezoid fills the * Warning red trapezoid fills the between component planes
characteristic CA-CA space characteristic CA-CA space approximates severity

Ay
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RNA Suites and Puckers
(molprobity.rna_validate)




RNA Suites: Method

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

Suite conformation names are a
e [¢ combination of a number and a
g |suie letter/character

— e.g. 1A is the most common A-form helix
conformation

residue

e Qutliers are named as !!
— Pronounced “bang, bang”
— Many !!'s are real, rare conformations

molprobity.suitename

Ay
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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

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

— C2’ endo
— C3’ endo

Ribose pucker correlates very strongly with
perpendicular distance from the
3’phosphate to the glycosidic bond vector

— Glycosidic bond joins ribose sugar to
nucleobase

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

If there’s a mismatch, the pucker is probably
wrong

molprobity.rna_validate

»




RNA Ribose Puckers: Visualization

A magenta cross is draw for
each incorrect ribose
pucker

— Long end of cross points
along glycosidic bond vector

— Cross is connected to
3’phosphate by the
perpendicular distance line
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RNA Errors: possible Causes

 RNA backbone has many degrees
of freedom

* Electron density often leaves
RNA backbone underdetermined

— Even when bases are better

Density shows
strong peaks at resolved

base, sugar, and
phosphate positions

* More tools to help with this are

Density lacks details in deve|opment
between these

major positions

e |

BN 772G
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Chiral Volume Outliers
(Very rare unless something is weird)
(molprobity.chiral validation)




Chiral Volume Outliers: Method

e Tetrahedral atoms with 4
distinct substituents are chiral

* Do a little light vector math to
find the volume enclosed by
the chiral center and its three
heaviest children

Enclosed ,' — Magnitude of volume indicates
volume | how tetrahedral the bonding is

— Sign of volume indicates
handedness (L vs D)
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Chiral Volume Outliers: Visualization and Causes

True handedness swaps Squished or flattened Atom naming errors
* D-amino acids with L names

geometry errors * FeS clusters

e L-amino-acids with D names * Swapping CD1 and CD2
names in Leu




UnDowser
Water Validation
(molprobity.undowser validation)




UnDowser: Method

What atom should

ST . . * Undowser is a tool for finding
LRI this be instead? incorrect waters

* Use all-atom contact analysis to
find waters with steric clashes

"\ - * |dentify probable substitutions for
“\5 .+ each problem water

— lons

— Ligands

— Sidechain alternates

— Nothing!

v - ¢ 5"1{}_74 "‘,‘ ‘ ;, C /',, :’/, \
1gLw, 1.09A XA . .
molprobity.undowser_validation

} (o
- Ay
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UnDowser: Visualization

Multi-criterion visualizations

* MolProbity has a dedicated

%MU"I -criterion Lﬁgﬁ-criterion C h a rt fO r Wate r a n a |y5 I S
*;5\\« kinemage i - chart
View in KiNG | View in NGL | Download (294 Kb) View (135 Kb) View (4.9 Kb)

* Each clashing water is listed
SUMMARY: 6 waters out of 58 have clashes (10.34%) - COIOred by severity
— Possible causes marked in

-_”---_-- table
125 :HOH: o - ‘26 >3 ‘26 o6 ‘
\”‘B R N | e Recently added to Phenix
‘A: 107 :HOH: ‘ HA2 of A: 18 :GLY: ‘23.36 ‘18.74 ‘ .
S commandline
A: 100 :HOH: ‘ ‘24'10 ‘20'04 ‘ . . .
‘ of A: 48 :LYS: ‘24.10 ‘20.04 ‘ - phenIX. UndOWSEI'_VCIIIthIOn
‘A: 114 :HOH: ‘0 of A: 122 :HOH: ‘27_]1 ‘26.13 ‘ — Coming soon to GUI
‘A: 122 :HOH: ‘ 0 of A: 114 :HOH: ‘26.13 ‘2.“1 ‘
‘A: 88 :HOH: ‘ HB3 of A: 39 :ASP: ‘22.27 ‘24.16 ‘

R,
Phenix Users Meeting 2026 ﬂ




A water that should be an ion

* Very strong density peak

* Octahedral contact geometry
— (water is tetrahedral)

e Contacts are all polar groups

(6-)

* Thisis actually a + ion,
probably Na+

(Stereo image)
HOH 606 from 6hhm, 1.23 A

Phenix Users Meeting 2026




A water that should not be

: 4{"—“1:5}- WA
BN N7 o

RN ‘ Ao

\ \_“\4(: 7

N
S N 5 "
RE=0R -2

4 (\

, P X f .‘2‘!“

N e

VAT g‘,‘ '/ S N V

AN
A

(Stereo image)
HOH 504 from 5onu, 2.22 A

Phenix Users Meeting 2026

No density peak

Mix of polar and non-polar
contacts

— So unlikely to be a coordinated
ion

* This water doesn’t really exist

»




(Vp)
S
C
(O
20
()
O
O
>
O
i -
(Vp)
s
(qV)
-
i
(Vp)
-
Q
)
ﬁWa

ing waters may actually be a ligand

clash

Densely-
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Waters that should be partial occupancy

AN

k Q
X

“'I- 7

1gwe, original

* Densely-clashing waters may actually be part of an alternate
conformation network
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Waters that replace alternates

)y e

SS= s * Very close contacts
— (Covalent bond distance)

i =N * Clash with non-terminal
e NS sidechain atoms

= s * Could be an unmodeled
) sz a alternate conformation
3ajd, 1.27A = .

Y
% P
A\
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Waters can be real, too!

* Clear density peak

— Weaker than macromolecule
density is fine

* Hydrogen bonds

e Contacts with both 6+ and 06-
polar partners, so anion is
unlikely
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MolProbity Score

* The MolProbity score combines a few validations and scales the
result to look like a resolution (only for proteins)

— Clashscore
— Ramachandran
— Rotamers

* MolProbity score better than model resolution is good
* MolProbity score worse than model resolution is bad

It’s a global score, and thus obscures local structure quality issues!

[
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MolProbity

Free online server:
molprobity.biochem.duke.edu

* Also integrated into Phenix
and CCP4

e Runs all the validations
described today

 Adds hydrogens, evaluates
all-atom contacts, rotamers,
Ramachandran, etc.

Phenix Users Meeting 2026

e
PROBITY
Main page

About hydrogens

Evaluate X-ray

Evaluate NMR

Fix up structure
Work with kins

View & download files
Lab notebook
Feedback & bugs
Site map

Save session
Log out

You are using 0% of
your 200 Mb of disk
space.

(& © Not Secure

@ il Main page - MolProbity X +

https://molprobity.biochem.duke.edu & Incognito

Duke Biochemistry

Duke University School of Medicine

Main page

Dear MolProbity users, MolProbity Server Problems?

~In particular, if a job submission associated with your session doesn't return a result in < 45 minutes, (most jobs should complete in < 5 minutes

 but submissions associated with ribosomes models or other large systems may take > 20 minutes) please do not restart a new session and
resubmit.

- Rather for this and other problems, please contact us at molprobity.bugreports AT gmail.com and provide a date, time, time zone, and description.
Thank you.

User submitting from Mumbai (Reliance Jio ISP): Your recent jobs are hanging our server. Please do not *resubmit* more jobs before contacting
_ us through our bug report email (molprobity.bugreports AT gmail.com) or github molprobity project page regarding these submissions. We may
be able to help you either debug your uploaded files or develop alternatives to using this public server for your project.

- Looking at deposited SARS-CoV-2 related structures? Check PDB for updated versions as well as new structures.
~ (Our Fetch > always returns the latest version.)
- Solving or improving them? Look at MolProbity's CaBLAM outliers, and at sparse H-bonds.

FiLe UpLOAD/RETRIEVAL (MORE OPTIONS)

PDB/NDB code:
No file chosen

type: [PDB coords v]

type: | PDB coords v

- Usage Guidelines:

- These web services are provided for analysis of individual structures.

- We reserve the right to block users making batching batch runs including http-agents such as HeadlessChrome.
 For batch runs, please download and install your own copy of MolProbity.

Walkthroughs, tutorials, and usage FAQs: Citations, science, and technical FAQs:




The MolProbity Summary Table

Dashboard for your
structure — check this
first!

Color coding: green =
good, yellow = caution,
red = outlier

Key metrics: clashscore,
rotamer outliers, Rama
outliers, MolProbity
score

Goal values for each
metric
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Summary statistics

All-Atom Clashscore, all atoms: ”220.38 ||0'h percentile” (N=456, 1.38A + 0.25A)
Contacts Clashscore is the number of serious steric overlaps (> 0.4 A) per 1000 atoms.
Poor rotamers 19 33.93% Goal: <0.3%
Favored rotamers 28 50.00% Goal: >98%
Ramachandran outliers 10 16.67% Goal: <0.05%
Ramachandran favored 42 70.00% Goal: >98%
Protein Rama distribution Z-score -4.25 + 0.94 Goal: abs(Z score) < 2
Geometry = =
MolProbity score 4.80 ot percentile” (N=3047, 1.38A + 0.25A)
Cp deviations >0.25A 40 71.43% Goal: 0
Bad bonds: 88 /484 18.18% Goal: 0%
Bad angles: 304 /650 46.77% Goal: <0.1%
. Cis Prolines: 0/4 0.00% Expected: <1 per chain, or <5%
Peptide Omegas - =
Twisted Peptides: 10/ 61 [16.39% Goal: 0
Tetrahedral geometry outliers 22
Additional validations - § Y -
Waters with clashes 45/67 H67.1 6% See UnDowser table for details

In the two column results, the left column gives the raw count, right column gives the percentage.
* 100t percentile is the best among structures of comparable resolution; 0'" percentile is the worst. For clashscore the comparative set of structures was selected in 2004, for MolProbity score in 2006.
~ MolProbity score combines the clashscore, rotamer, and Ramachandran evaluations into a single score, normalized to be on the same scale as X-ray resolution.
Key to table colors and cutoffs here: 7

By adding H to this model and allowing Asn/Gln/His flips, we could automatically improve your clashscore by 7.76 points.

»




The MolProbity Residue Table

\i\ Viewing 2025-09-TrvaA.01¢ X +

@ File [Users/vbchenfwork/labwork/debugging/molprobity/liu/Viewing2025-09-TrvaA.01422.c.B2_25B36-PSL0112-Apo.P21....
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AT MET 435 : : e sono0an0ss  002A
Az TR 1899 : e 0.06A
A3 GIN 3155 : oty 111 s e s0c a0 s s 008A
A4 LR iy e 0.08A
AS IS e e 0.07A
A6 A VAL 1256 _ Fav?{: gr(\fa?f%) Fi‘;?’;‘éégﬁ?;ﬁ“ 0.04A

-124.9,119.2
Favored (58.35%) o
A6 B VAL 1256 HG11witl?.‘.\422€;3\ LEU HD13 _1”2‘*73;,\1/;'1{ . Fa:ﬁr:rgtgisﬁ.gp 0.10A
A7 ARG 1979 - Favored @s.61%) LTG0 on
! 184.1,182.9,292.4,138.7

s oo o
A9 VAL 948 : DR oo 0.08A
A10 GLU 1099 : G G antes st nans OO7A
A1l ALA  10.12 i (;an“e‘ilfﬁ’fi?f?ﬁ’)1 . 0.04A
Al2 LYs 2724 ) ;::;::?SZ;?Z@.L chi arr;\elgrggs(,?ngafcj/?)egtgt,t179.4 0.04A
o e e o Soweem fbatun g
Ald LEU 1218 : e P A A4 0.04A
A1 PRO 1217 e e G I




Validation in the Phenix GUI

| ) R P 3 % ¢ ﬂ
| ® Phenix home ©® A ? " ¥ 7 K 2 o "
Quit Preferences Help Citations ChimeraX Coot PyMOL KiNG Tools Help Chat Server |

| Actions | Job history

1 Projects ‘ Favorites
. Show group: Al groups Manage... Al agents and AlphaFold tools ,
\Q? Select ‘ \@ Delete } ’.g., New project ‘ l.g., Import project ‘ \@ Settings} chStals :
| : . = » ‘
ID Last modified # of jobs R-free Data analysis and manipulation |
8a3d Mar 06 2026 04:33... 5 . Experimental phasing |
9c2g Mar 05 2026 08:09... 1 --- Molecular replacement |
3aey Mar 04 2026 04:55... 1 - P |
5hut Mar 04 2026 04:53... 73 0.1875 Map improvement |
«” Baie-hots Mar 03 2026 08:17 ... 2 0.2659 Model building |
6adu-hots Mar 03 2026 07:02 ... 1 - :
6a0t-hots Mar 03 2026 05:58... 3 01729 Refinement ,
6a5k-hots Mar 03 2026 08:25... 1 0.2387 Validation |
6339'h°ts Mar 0312026 07'_42 ol 0.2102 » Comprehensive validation (X-ray/Neutron) ’
6a0j Mar 03 2026 06:34... 2 0.1970 5 Model quality assessment, including real-space correlation and geometry inspection using |
Gare Mar 03 2026 05:13 ... 1 0.2449 MolProbity tools |
1atz-hotspots Mar 03 2026 04:57 ... 2 0.2012 . . . . |
e —— . .., Multiple structure validation (StructureComparison)
e e - ﬁ Identify differences between multiple structures of the same protein, using multiple criteria
3gx5 Dec 19 2025 10:48 ... 6 ---
2eev Dec 1120251110 AM 2 --- Calculate CC*
rnf’apreCIS BEc112025110:22..... ‘6 - ‘;:1’-6": Comparison of unmerged data quality with refined model, as described in Karplus & Diederichs
5fjc Dec 05 202511:19 ... 1 ——— (2012)
5fk1 Dec 05 2025 10:52 ... 2 -—- . POLYGON
2qbz Dec 02 2025 06:21 ... 1 o _ . o -
Graphical comparison of validation statistics and the PDB
rnase-s_0 Oct 012025 05:37 ... 3 0.2972
jsr May 28 2025 05:59... 19 i Map and structure factor calculation
7rim Nov 212024 12:38 ... 3 0.2190 Map comparison and analysis
Current directory:  /ysers/vbchen/work/labwork/phenix/refits/hotspots/6aie Browse... =

»
Phenix version dev-6003 Project: 6aie-hots )\xr
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Validation in the Phenix GUI

@ @® Comprehensive validation (X-ray/Neutron) (Project: 6aie-hots) PaN ? i g 0 9. ‘)

Preferences Help Run  Abort Help Chat
Configure | MolProbity_3 | 4 b X
Run status || MolProbitv/ Atomic properties 4 b
| Summary | Basic geometry | Protein | Clashes 4k

. . These statistics are computed using the same underlying distributions as the MolProbity web server. The overall score
‘ represents the experimental resolution expected for a model of this quality; ideally the score should be lower than the actual
resolution.
PrROBITY

Basic statistics for 6aie.pdb:
(Goal : < 0.2%) (Goal : > 98%)
Rotamer outliers: 4.23%  (Goal : 1%) (Goal : 0)
Clashscore: 3.95 Overall score: 1.91

Rama-Z (Ramachandran plot Z-score, RMSD)

whole (N = 534): -0.17 (0.34)
helix (N = 195): —M.A7 (030
sheet (N = 141): W17 (B3]
loop (N = 198): 0.37 (0.50)

! Open in Coot

Missing atoms

Chain Residue Altloc Missing atoms
A TYR 122 CB, CG, CDl, CEl, CZ, OH, CE2, CD2
B TYR 122 CB, CG, CDl, CEl, CZ, OH, CE2, CD2
Cc TYR 122 c¢B, CG, CpDl, CEl, CZ, OH, CE2, CD2
. Idle Project: 6aie-hots
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PUTTING IT ALL TOGETHER

Part 3




Useful links

* For the quick-and-dirty webpage version of this material:
— http://molprobity.biochem.duke.edu/help/validation options/validation options.html

— This also includes links to many of the relevant publications

* |f you want to see more specific target values for all the metrics:
— http://molprobity.biochem.duke.edu/help/validation options/summary table guide.html
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http://molprobity.biochem.duke.edu/help/validation_options/validation_options.html
http://molprobity.biochem.duke.edu/help/validation_options/validation_options.html
http://molprobity.biochem.duke.edu/help/validation_options/summary_table_guide.html
http://molprobity.biochem.duke.edu/help/validation_options/summary_table_guide.html

When do you stop?

* Realistically? Do as much as you can.

— |Ideally stop when you — and refinement — can’t make the structure
better

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

* |f you can’t obtain a physically-reasonable solution, consider
deleting the region.
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Intervention Philosophy

Refinement: good at optimizing Refinement: bad at escaping
details within a local minimum wrong local minima
Human: find the right minimum, Workflow: validation - manual

let refinement optimize fix 2 refinement - repeat
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Outliers are not always wrong

Some outliers are real and
biologically meaningful

Great fit

Ramachandran outlier in .
to density

active site

Key: outliers need justification

(density support, functional
role)

Don't "fix" what's actually
correct!

Great [* i3 !,
hydrogen
Phenix Users Meeting 2026 bon dS




Outliers are not always wrong

Extremely rare conformation
at active site

Asp-cis-Asp
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Changes are coming....look for MolProbity Next soon

M\)L MoIProbity Next  All-atom structure validation for biological macromolecules

PROBI

Learn ¥

Structure Validation

Upload a macromolecular structure file for comprehensive all-atom contact analysis and geometry
validation. MolProbity provides quality assessment for proteins, nucleic acids, and their
complexes, diagnosing local problems and helping guide model improvement.

-

FILE UPLOAD FETCH FROM PDB

Drop a structure file here, or click to browse

Choose File no file selected

Accepted: PDB (.pdb, .ent) and mmCIF (.cif, .mmcif) — compressed (.gz) files supported

P Advanced Options

Upload & Analyze

ABOUT MOLPROBITY

MolProbity is a general-purpose web service for quality validation of
3D structures of proteins, nucleic acids, and complexes. It provides an

expert-system consultation about the accuracy of a macromolecular

structure model.

An integral step is the addition and optimization of all hydrogen

atoms, enabling all-atom contact analysis to detect steric problems

alongside updated dihedral-angle diagnostics.

MolProbity works best as an active validation tool — used during

each rebuild/refine cycle, not just at the end to provide global

statistics before deposition.

1nxb.cif.gz ID: 76d8b4cd-323¢-4cel-8451-1b13e5fa095¢

VALIDATIONS PERFORMED

v All-atom clashscore

¥ Ramachandran analysis

¥ Sidechain rotamer analysis

¥ C-beta deviation

v Cis-peptide evaluation

v CaBLAM backbone validation

v Bond & angle geometry

¥ Chirality validation

v RNA suite & pucker analysis
v MolProbity score

v Predicted structure support

¥ Interactive 3D visualization
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ANALYSIS PROGRESS
Finished chirality analysis, starting all-atom contact analysis...

~13s remaining

Reading structure file

Interpreting model

Ramachandran & rotamer analysis
C-beta & CaBLAM analysis

Omega & RNA analysis

S S N R SR

Bond & angle geometry

All-atom contact analysis (clashscore)

o Saving results




Changes are coming....look for MolProbity Next soon

MolProbity Results for 6m4j.cif.gz

Overview Residue Details

3D Structure Viewer — m: :
. Moorhen | Kin
6m4;|
mmCIF Header Info Structure Statistics Outlers: | Clsshes | Rama ) Rotamr ) Gp i non-Pro ) Twistea]
[ CaBLAM } [ CA Geom ] [ Bonds ] [ Angles ] [ Show All ‘
Title: SspA in complex with cysteine Total Chains: 6 e
Experiment: X-RAY DIFFRACTION Total Atoms: 6293 Repr.
Resolution: 1.80 A Hydrogen Atoms: N/A _
Program: REFMAC Total Residues: 694 = ©
Deposition Date: 2020-03-07 Water Molecules: 863 ®
Space Group: P 63 2 2 (No. 182)

R-Free: 0.1902 , | %
R-Work: 0.1657 Q

Summary Statistics

Metric Count Result Goal

All-Atom Contacts

Clashscore (?) 17.33 35t %ile

| A
Phenix Users Meeting 2026 ﬂ




Changes are coming....look for MolProbity Next soon

Overview Residue Details

_ 3D Structure Viewer — m —
Com paCt V| €W Cilick a row to zoom the 3D viewer B Open Full View — ] 6m4J
Show Outliers Only Show All Metrics Showing all 1731 residues Outliers:
Search: ' /] '
25 v earch: | y B - Hoh 521 - O
= Q LY B-Fact: 30.2 Occ: 1.00

entries per page structure

f (

Residue v MP-Triage (?) Issues Key: €I (GUiie?) (Minor =!

+ A259 SER 19.7

e
o)
+ B264GLU %2 @D o
Angle [ Hot#s | |
+ A20ALA 180 Rama. \
 Angle [ Hot#1 | o S
+ B 190 METB 5 D - —_—
[ Hotk2 |
+ B159GLU 146 €D (@ Sequences ¥ 1
<> . 6 11 16 21 26
+ B257GLU 13.5 (I Rama  Cis  CaBLAM A‘TKYFDYAASTPVAKGVLESMKPWQS[
Missing m B‘TKYFDYAASTPVAKGVLESMKPWQS[

= )
+ A265PHE 13.1

: cp CA Geom ?‘1{
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