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Validation can make a difference
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You can make a difference
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Validation Philosophy

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

AVisualizations > statistics
ALocal conformations > structutevel averages

Adhdzif ASNE UKNBlakKz2fRa | NB asa ad
AExpect to see experimentally justified statistical outliers sometimes, especially
at functional sites

A Cherish these! You found something cool!



Intervention Philosophy

ARefinement is great at details, bad at escaping local minima

AHuman interventions should
AFind the right local minimum
APreserve interesting features
ANot sweat the details



Iy (®)

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.

More
tutorials

Main page

MolProbity

Duke Biochemistry

Duke University School of Medicine

‘We reserve the right to bar access to users who violate our usage guidelines:

In particular, users making burst submissions of large number of structures should download and install their own local instance of
MolProbity for this purpose. Once again, recent abuse of our server originating from a single institution has caused downtime and
denial of service to our broader community. Regrettably, we will need to bar these users if this abuse continues.

(Our Fetch > always returns the latest version.)

Looking at deposited SARS-CoV-2 related structures? Check PDB for updated versions as well as new structures.

Solving or improving them? Look at MolProbity's CaBLAM outliers, and at sparse H-bonds.

FILE UPLOAD/RETRIEVAL (MORE OPTIONS)

PDB/NDB code:

type: | PDB coords

v Fetch >

Browse... | No file selected.

type: | PDB coords v

Upload >

Molprobity sites:
- Duke (US) | Manchester (UK)

- Usage Guidelines:

| These web services are provided for analysis of individual structures.
 For batch runs, please download and install your own copy of MolProbity.

Walkthroughs, tutorials, and usage FAQs:

Evaluate X-ray structure: Typical steps for a published X-ray
crystal structure or one still undergoing refinement.

Evaluate NMR structure: Typical steps for a published NMR
ensemble or one still undergoing refinement.

Fix up structure: Rebuild the model to remove outliers as part of

the refinement cycle.

‘Work with kinemages: Create and view interactive 3-D graphics
from your web browser.

Guide to Reduce options: Learn about adding hydrogens to a
structure for all-atom contact analysis.

Guide to summary statistics: Interpret structure-level validation
statistics.

Guide to validation options: Choose validations appropriate to a
structure.

What's new in 4.5.1

Citations, science, and technical FAQs:

Cite MolProbity: Williams et al. (2018) MolProbity: More and better
reference data for improved all-atom structure validation. Protein Science 27:
293-315.

Cite KiNG: Chen et al (2009) KiNG (Kinemage, Next Generation): A
versatile interactive molecular and scientific visualization program. Protein
Science 18:2403-2409.

Cite CCTBX: Grosse-Kunstleve et al. (2002) The Computational
Crystallography Toolbox: crystallographic algorithms in a reusable software
framework. J. Appl. Cryst. 35:126-136.

Cite NGL: Rose et al. (2018) NGL viewer: web-based molecular graphics
for large complexes. Bioinformaties. 34:3755-3758.

About hydrogens: Why have the hydrogen bondlengths
changed?

Installing Java: how to make kinemage graphics work in your
browser.

Download MolProbity: how can I run a private MolProbity
server, or run from the command line?

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

AFree, online structure validation server
A Also built into Phenix

AConfidential
A Files are automatically deleted

AOpensource
A https://github.com/rlabduke



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

For each validation

AMethod
ABriefly, how the underlying idea or math works

AVisualization
AHow outliers are visually representedKiNGNGL

AProbable causes
AExample of a common or interesting type of error
ANot comprehensive!



All-Atom Clashes and Contacts



Add hydrogens
(phenix.reduce or MolProbity website)



4XI1S: xylose isomerase



All Atoms!

A ) Hydrogens:
| ﬁk . “twigs

W L. on the
R \ tree”

4XI1S: xylose isomerase



Awz2ftf | nop) Gt NRO
van der Waals surface of each atom

AMark where the probe touches or
overlaps with another van der
Waals surface
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ANote that hydrogen atom surfaces
can shield heavy atom surfaces




All-Atom Contacts and Clashes: Visualization

N/

_A N

FavorablevdW packing in Favorable hydrogen bonding Steric overlaps, aka
greens and blues as light green pillows GOt FaKSaés | a



All-Atom Contacts and Clashes: Probable causes

original: !! rebuilt: mmm Other outliers
Y —N AClashes usually occur
\\ ; ’"*\ VG

<~ alongside other outliers

" AEmphasize modeling errors

A Realrare features are less
likely to have clashes

ACan imply direction for
158 MSe 351 o fixups



Sidechain Rotamers



Sidechain Rotamers: Method

p t Chil m
Rotamer distribution for
Isoleucine in 1/ .2 space

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

A Rotamers are statistically expected
combinations of values

A For tetrahedral atoms centers, this means
staggered

A p +60
At180
A m-60°
A For planar atom centers, rotamers are
much more continuous
A Rotamers are named with a central value



Sidechain Rotamers:
Visualization

_ / _ In ISOLDE, Rotamer aIIovvéd/outIi
In KING Rotamer outliers are traced  gre marked with a spiral, color cod
In gold over the modeled sidechain by prior probability




Sidechain Rotamers: Probabl

1sbp, 1.7A

Cbdev = .39 A
Chi1 =-109°
N-Ca-Cb = 98°
3 bad clashes

no H-bonds
C in > density

Cbdev =0
Chi1 =73°

N-Ca-Cb = 110°

no bad clashes
2 H-bonds
O in > density

e CausSes

Backwards Valine,
L eucine, Threonine

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

ASimple to fix with a
flip



Sidechain Rotamers: Probable causes

Sidechains in wrong density

ASidechains can get stuck in the
density for other features
A Other sidechains
ALigands
ABackbone O in ~3A maps

AHave tofix the whole network of
misplacements




Ramachandran



Ramachandran: Method

APhi and Psi torsions describe local
protein backbone conformation

APhi. = G1-N-CAC
APsi. = NCAGNi+1

A9l OK NI apaRidzS Qa .
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
Prolineisrestrictive
Branched Beta sidechainlle,Va) affect
distribution

Isoleucine and valine
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Ramachandran:
Visualization

~

KINGY I NJ dzLJ KA 3IKf AIKGa 'y 2dzif A S
green, and extends to the peptide bonds on either
side, along the G&Atrace

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



Ramachandran: Probable causes

Misplaced carbonyl oxygens

AAt resolutions worse than ~2.5A,
carbonyl oxygen density may be
ambiguous

A Sidechain may be fit into O density
AO may be fit into sidechain density




Ramachandran Z-score



Ramachandran Z-score: Method

general - noGPIVpreP

9T

ACompare observed Ramachandran
distribution against expected
distribution

AAssign statistical-Zcore based on
distance from expectation

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

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



Ramachandran: Probable causes

K SO\ 3a8 |\ )
’%} . ;g}: .. \ J \U.

Rama A&core-4.26+0.10

«

Overfitting to Rama criteria

A Some programs allow refinement of the
Ramachandran plot

A Hides rather than fixesrrors, if used
carelessly

A Artificially inflates Ramachandran Favored
% andMolProbityscore

A Overidealized distribution may be
detectible by Rama-&core

A Use Rama restraints to hold good
structure in place

A Use other methods to fix model errors



C-Beta Deviation



C-Beta Deviation: Method

Aldeal CB position is defined by
backbone geometry

ACalculate ideal position using
average of two torsions
AN-GCACB
AGN-CACB

ACBs modeled >0.25A from ideal
position are outliers




C-Beta Deviation: Visualization

AIn KiNG a purple sphere is drawn

A Center at ideal CB position A Bullseyekinemageshows distribution and
A Edge tangent to modeled position ~_direction of all CB positions.
A Size of sphere proportional to A Yellow circle is 0.25A outlier cutoff

severity of outlier



C-Beta Deviation: Probable causes

1bkr Thr101, 0.63A Cpdev refit, clashes now H-bonds

g i ey
WaBs %
=7

Misplaced sidechains

AV
=2
Ne="/

V74 | ACB deviations are a backbone
geometry measure, but outliers are

usually caused by misglaced
sidechains pulling on the backbone

Chirality errors

2 AlIf D amino acids are misnamed as L
amino acids€.g.ALA for DAL), or vice

T .\
e dawt

~ENEP  versa, very larg€bdevgesult

s

N2




Covalent Bond Geometry



Bond Geometry: Method

AMeasure bond lengths and angles
ACheck against a library of expected values
ABn® RSOAIFIOAZ2Y FTNRY SELISOGS

AStandard reference library has 1 AConformationDependent

value per bond or angle Library (CDL) has values that
ADerived fromEnghand Huber depfend on local Ramachandran
Anhttps://doi.org/10.1107/S0108767 _ conormation
391001071 ADerived from Karplus et al.

Ahttps://doi.org/10.1107/S2059798
315022408



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

Geometry Outlier: Geometry Outlier:
Bond length too small Bond length too large

ABond length outliers are drawn
as springs

ABond angle outliers are drawn as
fans

AColorcoded
ARedshift = too far
ABlueshift = too close

Geometry Outlier: Geometry Outlier:
Bond angle too small Bond angle too large




Bond Geometry: Probable causes

GN peptide bond distances are systematically shortened

OmegaFolgrediction for p81313, as of Sept 2022

Systematic

ASystematic geometry
efrors occur in
Progr_ams with different
Ibraries or expectations

ABe aware of what you
import

ADo geometry
minimization and/or re
refine.



Bond Geometry: Probable causes

L ocalized

AlLocalized geometry outliers result
from conformational strain and/or
lack of restraints

AFix the source of strain

AApply restraints to lowdata
regions

2gwe, mostly 1.3A

Refinement could rely o ALeave it unmodeled if a good

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

restraints were globally
downweighted




CisPeptides



CisPeptides: Method

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

ACAGN-CA torsion
AdhyYS3l ¢

AUsuallytrans (CA on opposite sides)
ARarelycis(both CA on same side)




These are red in Coot!

CisPeptides: Visualization (KING)

/

Cispeptide bond.is much more A cispeptide bond is extremel A Pe tdestwisted >30 from planar
common preceding Proline e pl?eceding other residues are severa geometry distortions

A ~5% ofProline i _ -
A ’ e A ~0.03% ohon-Proline A Space is filled with yellow, angle
Gentle green trapezoid fills the & ynpleasantly lime trapezoid fills ~ between componerit planes
characteristic CACA space the characteristic C&A space approximates severity




CisPeptides: Visualization (ISOLDE)

Cispeptide bond Is much more A cispeptide bond is extremel A Pe t;zlstwisted >30 from planar
common preceding Proline rare preceding other residues Ara severe geometry distartions

A ~5% ofProline i _ -
A ’ e A ~0.03% ohon-Proline A Space is filled with yellow, angle
Gentle green trapezoid fills the & \warning red trapezoid fills the between component planes
characteristic CACA space characteristic CACA space approximates severity




Probable causes

CisPeptides
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Arg-GIn-Asn-Ser triple cis-nonPro -- unjustified



CaBLAM



CaBLAM: Method

CApseudodihedral© I LG d2NB Y2 RSt @AY fodw fesolution, the backbone
O O CA trace I1s modeled better than
Co Ca, || Cot. the backbone details

| Cay Ca,, | ACommon model errors involve
& Q O wrong peptide plane orientation

ACaBLAMises modeled CA trace
geometry to predict likely
Peptidepeptide-pseudodihedrataptures peptide plane orientation, and
common model errors marks the discrepancies




CaBLAM: Probable Causes

Ambiguous CO/sidechain density

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

ALowresolution density envelope
allows multiple models
A Not everything that fits is proteitike
A5l GF R2SayQu KIF@S S
iInformation to choose among models




RNA Suites



RNA Suites: Method

residue

AUseful RNA backbone division is
sugarto-sugar suite, not fo-P
residue

ASuite conformation names are a
combination of a number and a
letter/character

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

AOutliers are named as !!
At N2y 2dzy OSR a6l y3axz



RNA Ribose Puckers



RNA Ribose Puckers: Method

The P-perp Test
for C3’ vs C2’ ribose pucker

enables pucker-specific
refinement targets
iIn Phenix

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

Al HQ SyR?2
Al 0oQ SYyR?2
A Ribose pucker correlates very strongly

with perpendicular distance from the = _
OoQLIKZAaLIKIFFUS 02 UKS 3If

A Glycosidic bond joins ribose sugar to
nucleobase

A At low resolution, perpendicular distance
IS easy to see, ribose pucker is hard to see
ALT O0KSNBQa I YAAaYl GOK
probably wrong



RNA Errors: Probable Causes

ARNA backbone has many
degrees of freedom

AElectron density often leaves
RNA backbone underdetermined

AEven when bases are better

Density shows resolved
strong peaks at

base, sugar, and
phosphate positions

ATools to help with this are in
Density lacks details development

between these
major positions




MolProbity Score



MolProbity Score

ATheMolProbity Score combines validations and scales the result to
look like a resolution

A Clashscore
ARamachandran
ARotamers

AMolProbitybetter than model resolution is good
AMolProbityworse than model resolution is bad



MolProbity Score

| aAy3ftS aldliaAraagrno Olyy2i SELIX
52y Q0 NBXfeé& 2y AlGH

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

AFor the quickand-dirty webpage version of this material:
A http://molprobity.biochem.duke.edu/help/validation _options/validation options.htmli
AThis also includes links to many of the relevant publications

Al deliberately skipped over structutevel statistics, but if you want to
see the target values for Ramachandran FavoGaBLAMDutliers,

etc:
A http://molprobity.biochem.duke.edu/help/validation options/summary table quide.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.

¢cKSAaS RARYQU FAG AY GKS YIFAY LNINB



UnDowser



UnDowser: Method

VO, Vvhat atom should AUndowseris a tool for finding

A f,f""f\{\/ this be instead? * incorrect waters

AUse allatom contact analysis to
find waters with steric clashes

W v\ A :r‘/ :IT\ 7\
4 /L X
7 "“\"&% L A e

\\,%\\

‘ £
‘VM‘;\ K Aldentify probable substitutions
\« for each problem water
ST A Ligands

, | /‘5]/‘% | A Sidechain alternates

e /M A Nothing!

=

A

1qLw, 1.09A S 24



UnDowser: Visualization

Multi-criterion visualizations

_+-Multi-criterion

e Mulfi-criterion

~ " kinemage .. chart
View in KiNG | View in NGL | Download (294 Kb) View (135 Kb) View (4.9 Kb)
SUMMARY: 6 waters out of 58 have clashes (10.34%)
g Clash | Clash with Polar | Clash with non-polar | Clash with water | Clash with altloc
Water ID ‘ Sl it ‘ Water B ‘ Contact B ‘ Severity May be ion Unmodeled alt or noise Oce <1 or ligand Add or rename alts
‘ CG of A: 51 :GLU: ‘26.53 ‘26.06 ‘0.506 ‘ ‘ ‘ ‘
A: 125 :HOH:
‘ HG3 of A: 51 :GLU: ‘26.53 ‘26.06 ‘0_503 ‘ ‘ ‘ ‘
‘A: 107 :HOH: ‘ HAZ of A: 10 :GLY: ‘,3 16 ‘1874 ‘0 736 ‘ ‘ ‘ ‘
‘ HE3 of A: 48 :LYS: ‘24.10 ‘20_04 ‘0_501 ‘ ‘ ‘ ‘
A: 1@ :HOH:
‘ CE of A: 48 :LYS: ‘24_10 ‘20_04 ‘0_425 ‘ ‘ ‘ ‘
‘A: 114 :HOH: ‘ 0 of A: 122 :HOH: ‘,? 11 ‘26 13 ‘0 651 ‘ ‘ ‘ ” ‘
‘A: 122 :HOH: ‘ 0 of A: 114 :HOH: ‘26.13 ‘27_11 ‘0.651 ‘ ‘ ‘ y ‘
‘A: 80 :HOH: ‘ HB3 of A: 39 :ASP: ‘22.2? ‘24.16 ‘0.426 ‘ ‘ ‘ ‘

AMolProbityhas a
dedicated chart for
water analysis

AEach clashing water
IS listed

A Colored by severity

A Possible causes
marked in table

ARecently added to
Phenixcommandline

A Coming soon to GUI



UnDoser: Probble Causes

NG
g

(b)

Lots of possibilities!

Right water, P

wrong Lys rotamer = N .
et oignel S8V AWater problems are highly varied
© 25 \Water in sidechain A Fit into other ligand/ion density

i alternate density AIncorrect occupancy/alternate A

PN A{ K2dzf RyQd 06S5 GKSNB

Right water,
wrong His flip

K

A\ R & WA

& < e AFor details, see

e 11h | g1z https://doi.org/10.1002/pro.3786
R anantips://phenix- _ _
tem | online.org/phenixwebsite static/m
ey ) A atea s * ainsite/files/newsletter/CCN 2019
B0 0/.pdi#page=2

SyS
P\

N

1gwe, original


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



At 154 to 2.5A MUL

PROBITY

MolProbity is still very effective.

The density contains enough specific information
that where your model fits the density,
the simple validations (geometry, Rama, rotamers),
and the explicit-H all-atom contacts

then it's pretty sure to be accurate !



But that's not true at 3 to 4A |

Why does this happen ?

What are we doing about it ?



Tackling lower resolution (2.5 to 4A)
Very challenging both for x-ray and for cryoEM

3fon 1.8A 2r6f 3.2A



At 3-4A,
many distinct
models are equally
compatible with
the broad density

Much other information
IS needed, which can
lead to overfitting
and systematic errors

v,

Target 5, BMV el
10 models at 3.8A



More Visualizations



CaBLAM: Visualization

AColored bars are drawn along
the dihedral relationship
between peptide planes

APurple for disfavored
A Matters in helix/sheet, not in loops

APink for full outlier
A Matters everywhere

AColored wheels sho@aBLAM
evaluation if a peptide plane
were rotated



RNA Ribose Puckers: Visualization

AA purple cross is draw for each
Incorrect ribose pucker

ALong end of cross points along
glycosidic bond vector

Al N2aa Aa O2yySOuGSIH
by the perpendicular distance line



Chiral Volume Outliers
(Very rare unless something is weird)



Chiral Volume Qutliers: Method

Chiral ATetrahedral atoms with 4 distinct
center substituents are chiral

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

AMagnitude of volume indicates

Enclosed LAt
V;ﬁr?;e how tetrahedral the bonding is

A Sign of volume indicates
handedness (L vs D)




Chiral Volume Outliers: Visualization and Causes

True handedness swaps Squished or flattened Atom naming errors
AD-amino acids with L names geometry errors AFelusters
AL-amino-acids with D names ASwapping CD1 and CD2

names in Leu



All-Atom Contacts and Clashes: Probable causes

1MJH 1MJH
His40 bump His40 flip

Cosle
. v "
L
-
e 34 .
¢ 9,
LY .
W ALARLIL
® ¥t @
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té,, = 4 .
. . '
Q8. s
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& ige - Tk
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\\‘
‘ \
\\\
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His flips change protonation, H-bonds, & even charge

Sidechain flips
AAsparagine, Glutamine, and
Histidine (N/Q/H) are
pseudesymmetric

AWrong orientation can
produce clashes without
other error markup

AFix with Reduce or Coot tools
then rerefine.




Sidechain Rotamers: Probable causes

Water problems

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

Alsoleucine CD1 is
especially vulnerable

ADelete water, rebuild
sidechain




CisPeptides: Probable causes

Chain termini

ANon-Procispeptides at
chain ends are always
wrong

BTN
Vo

v raV

ALimited density and lack of
other constraintsaallows
them to be modeled

ABut that same lack of .
O2yauNJ AYyulua YS
nothing to hold an’unusual
conformation in place

2vov, 1.35A
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