Validation Philosophy

AVisualizations > statistics
ALocal conformations > structutevel averages

Adhdzif ASNE UOKNBakK2fRa | N5 asSia ad
AExpect to see experimentally justified statistical outliers sometimes, especially
at functional sites

A Cherish these! You found something cool!



Outline

For each validation

AMethod
ABriefly, how the underlying idea or math works

AVisualization
AHow outliers are visually represented

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



AlFAtom Clashes and Contacts



Add hydrogens
with phenix.reduce



| Missing half of the atoms!

NS
A

4XI1S: xylose isomerase



All Atoms!
- Hydrogens make most contacts

Hydrogens:
“twigs

on the

v tree”

4XI1S: xylose isomerase
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AlFAtom Contacts and Clashes: Method

Awz2ff | noup) NI RAC
over the van der Waals surface of
each atom
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2 BRHAT N ¢ AMark where the probe touches or
o s e overlaps with another van der
RR ~ \\/aals surface

ANote that hydrogen atom surfaces
can shield heavy atom surfaces

.....
-----

molprobity.clashscore



AlFAtom Contacts and Clashes: Visualization

FavorablevdW packing in Favorable hydrogen bonding . Steric overlaps, aka
greens and blues as light green pillows GOf I aKSa¢sx I a



AlLFAtom Contacts and Clashes: Probable causes

original: !! rebuilt: mmm Other outliers

AClashes usually occur
~— alongside other outliers

=7 AEmphasize modeling errors

A Realrare features are less
likely to have clashes

ACan imply direction for
1j58 MSe 351 S fixups




AlFAtom Contacts and Clashé@snGIn/His Flip corrections

Which GIn Is correct?



AlFAtom Contacts and Clashes: Asn/GIn/His Flip corrections

WhichAsnis correct?



AlLFAtom Contacts and Clashes: Probable causes

1MJH 1MJH
His40 bump His40 flip

Sidechain flips

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

\ 5 pseudesymmetric
S R SN Ol A\\\/rong orientation can

produce clashes without

other error markup

\\‘ 2 SEN
\ \ AFix with Reduce or Coot tools
J\ \/K\ then rerefine.

His flips change protonation, H-bonds, & even charge




Sidechain Rotamers



Sidechain Rotamers: Method

p t Chil ‘m
Rotamer distribution for
Isoleucine in1/ .2 space

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

A Rotamers are statistically expected combinations of
. values

A For tetrahedral atom centers, this means staggered
A p +60
A t180
A m-60°
A For planar atom centers, rotamers are much more
continuous

A Rotamers are named with a central value
A e.gm90 or p80 for Histidine

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

molprobity.rotalyze



Sidechain Rotamers:
Visualization

A

In KiING Rotamer outliers are traced In Coot/Moorhen, Rotamers are
In gold over the modeled sidechain marked with a colored dodecahedror



Sidechain Rotamers: Probable causes

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

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
(then rerefinement)



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




Sidechain Rotamers: Probable causes
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Sidechains in wrong density

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

/ E coli 70S at 3.5A

AHave to fix the whole network of
misplacements



Protein Backbone Validation

Ramachandran
CaBLAM
RamaZ



Ramachandran



Ramachandran:

Method

APhi and Psi torsions describe local
protein backbone conformation

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

A9 I OK NI apaRidzS Qa . K
converted into cartesian
coordinates and checked against
contours of expected behavior

molprobity.ramalyze



Ramachandran:
Visualization

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

Different residue categories have very
different expectations!

Glycine is permissive and symmetrical
Proline is restrictive
Branched Beta sidechainlle,vVa) affect
distribution

Favored (98% of data) Allowed (99.5% of data)
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Ramachandran:
Visualization

AN

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.



CaBLAM



CaBLAMMethod

CApseudodihedral© I LJG dzZNB Y2 RSt GAyOUSyl €

0O 0O AAt low resolution, the backbone
o o | ca. CA trace is modeled better than
7, Ca. 7 the backbone details
O O ACommon model errors involve
Predict allowable wrong peptide plane orientation
conformations

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

Peptidepeptide-pseudodihedrataptures
common model errors

molprobity.cablam



RamalCaBLAMProbable causes

Misplaced carbonyl oxygens

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

ALowresolution density envelope
allows multiple models
A Not everything that fits is proteiike
As51 G R2SayQid KI @S S
to choose among models

CaBLAMnarkup
(magenta bars)

Rama markup



Ramachandran-&core



Ramachandran-gcore: Method

g_eneral - noGPIVpreP

\J

K ACompare observed Ramachandran
- distribution against expected
distribution (shown)

) AAssign statistical-Zcore based on
Pl | distance from expectation

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

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

phenix.rama_z



Ramachandran: Probable causes

Rama Acore-4.26+0.10

Overfitting to Rama criteria

ASome programs allow refinement of
the Ramachandran plot
A Hides/compounds rather than fixes
errors, if used carelessly

A Artificially improves Ramachandran and
MolProbityscores

AOvetidealized distribution may be
detectible by Rama-&core

AUse other methods to fix model errors

AThen (maybe) Rama restraints to hold
good structure in place



RamalCaBLAMProbable causes

Current Rama position
does not predict
CorrectRama position

Alf model errors are large,

points in Rama space are -

displaced far from their
Intended regions

A90° or even 180 peptide
orientation errors are
possible in lowresolution
maps!

\

beta



GBeta Deviation



CGBeta Deviation: Method

Aldeal CB position is defined by
backbone geometry

ACalculate ideal position using
average of two torsions

AN-GCACB
ACGN-CACB

ACBs modeled >0.25A from ideal
position are outliers

molprobity.cbetadev



GBeta Deviation: Visualization

Aln KiNG a magenta 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 AYellow circle is 0.25A outlier cutoff

severity of outlier



CGBeta Deviation: Probable causes

now H-bonds

Misplaced sidechains

ACB deviation outliers are usually
caused by misplaced sidechains

AEspeciaIQ/ branched sidechains fit
backwards, like thighr

Chirality errors

_Alf D amino acids are misnamed as
L amino acids (e.g. ALA for DAL),
vice versa, very largébdevsesult




Covalent Bond Geometry



Bond Geometry: Method

AMeasure bond lengths and angles
ACheck against a library of expected values
ABn" RSOAILFIGAZ2Y FNRY SELISOGS

AStandard reference library has 1  AConformationDependent Library

value per bond or angle (CDL) has values that depend on
ADerived fromEnghand Huber ocal Ramachandran conformation
A https://doi.org/10.1107/S010876739 APhenix default
1001071 ADerived from Karplus et al.

A https://doi.org/10.1107/S205979831
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 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 Qutlier: Geometry Qutlier:
Bond angle too small Bond angle too large




Bond Geometry: Probable causes

GN peptide bond distances are systematically shortened

Systematic

ASystematic geometry errors
occur in programs with
different libraries or
expectations

ABe aware of what you
import

ADo geometry minimization
and/or rerefine.

OmegaFolgrediction for p81313, as of Sept 2022



Bond Geometry: Probable causes

2gec, mostly 1.3A |

Refinement could rely w.

almost totally on the map
elsewhere, so geometry
restraints were globally
downweighted

| ocalized

AlLocalized geometry outliers result
from conformational strain and/or
missing density

AFix the source of strain

AManuallyapply morerestraints to
low-data regions

AlLeave it unmodeled if a good
solution is impossible



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)

molprobity.omegalyze



CisPeptides: VisualizatioKiNG

A Cispeptide bond is much more A cispeptide bond is extremel A Peptidestwisted >30 from planar
common preceding Proline rarel? prr)eceding other residueys arepsevere geometry distorl)ftions

A ~5% ofProline : . .
A ’ o 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 G&AA space approximates severity




CisPeptides: Visualization (Coot)

A Cispeptide bond is much more & cispeptide bond is extremel A Peptidestwisted >30 from planar
common preceding Proline Are prr)eceding other residugs Are severe geometry distortions

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

A Gentle green trapezoid fills the AW
Cel arning red trapezoid fills the between component planes
characteristic CACA space charactgenstlc CICA space approximates severity




Probable causes

CisPeptides
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CisPeptides:
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Probable causes

Chain termini

ANon-Procispeptides at
chain ends are always
wrong

ALimited density and lack of
other constraintsallows
them to be modeled

ABut that same lack of
O2yauNFAYUa
nothing to hold an"unusual
conformation in place
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RNA Validations
Rotameridackbone suites
Ribose sugar puckers

(see extras for detalls)

molprobity.rna_validate
molprobity.suitename



Water Validation



A water that should be an ion

AVery strong density peak

- ‘\. /’} ok
P\ 4~/ : . A
B e

AOctahedral contact geometry
A (water is tetrahedral)

AContacts are all polar groups-)

AThis is actually a + ion, probably
Na+

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



A water that should not be

ANo density peak
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AMix of polar and nospolar
contacts

A So unlikely to be a coordinated ion
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(Stereo image)
HOH 504 from 5onu, 2.22 A



Waters that should be ligands

AR =S
S e 7
. : /-v’

/A e ,‘.

o Zaa N,

ADenselyclashing waters may actually be a ligand



Waters that should be partial occupancy

1gwe, original

ADensercIashing waters may actually be part of an alternate
conformation network



Waters that replace alternates

SISZZERN) AVery close contacts
= a5 A (Covalent bond distance)

DA oo AClash with nofterminal
R *{\ sidechain atoms

<1 7= ACould be an unmodeled
pR = N alternate conformation

3ajd, 1.27A e AT




Waters can be real, too!

AClear density peak

AWeaker than macromolecule
density Is fine

AHydrogen bonds
Al 2yil Oia 6AGK 02

polar partners, so an ion Is
unlikely




MolProbityScore



MolProbityScore

ATheMolProbityScore combines validations and scales the result to
look like a resolution
AClashscore
ARamachandran
ARotamers

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

molprobity.molprobity



MolProbityScore

| 3Ay3IES a0GFEGAAGAO Ol yy2i0 SELIX

52y Q0 NBteée 2y AUH
Especially at low resolution!

You now know enough to look at the other statistics
You now know enough to look at your model and the markup in detall



When do you stop?

ARealistically? Do as much as you can.
Aldeally stop when yog and refinementc Ol y Qi YIF 1S G4KS &adN

AZero outliers is not the goal!

ASome outliers are justified
Al 2YS 2dzif ASNE INB y20 2dz;autATFTASRI 0 dz

ALFT &2dz Ol yQu -rensonabld splutibn, dodfSided deleting €
the region.



Outliers can be real

AZero outliers shouldot be Great fit (o
the goal. density

ARama outlier, supported by
data and environment.

3nog EIE outligr /

Great |+ T
hydrogen  °°
bonds




AlphaFoldsalidation

phenix.barbed_wire analysis output.type  =kin
(under development)



Validation tool

APredictive (blue)
AUnpacked higipLDDTgray) 2
ANearpredictive (green)
APseudostructuregold)
ABarbed wire (hot pink)

ANote barbed wire/unpacked
possible transitions




Validation tool

ALetter codes show el
assessment of each residuelsm

AMore letters = more barbed

wire-like
AL = lowpLDDT
Ap = low packing
Ar = bad Rama
Ao = bad omega (cis)
Ac = badCaBLAM
Ag = bad bond geometry

(INKINE LINB&aa agé¢ F2NI £ NBS



