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What is validation? 

Validation 
•  Validation = establishing or checking the truth or 

accuracy of (something) 
–  Theory 
–  Hypothesis 
–  Model 
–  Assertion, claim, statement 

•  Integral part of scientific activity! 

•  “Science is a way of trying not to fool yourself. The first 
principle is that you must not fool yourself, and you are 
the easiest person to fool.” (Richard Feynman) 

Validation = critical thinking 

•  What is wrong with this picture? 

Validation = critical thinking 

•  Does the decline in the number of pirates cause 
global warming? 
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Critical thinking 

•  What is wrong here? 
–  The tacR gene regulates the human nervous system 
–  The tacQ gene is similar to tacR but is found in E. coli 
–  ==> The tacQ gene regulates the nervous system in E. coli! 

And here? 
“The tetramer has a total surface area of 81,616Å2” 

(Implies: +/- 0.5Å2 …) 

The why of validation 

Crystallography is great!! 

•  Crystallography can result in an all-expenses-
paid trip to Stockholm (albeit in December)!! 

✔ 
✔ 

✔ 
✔ 

✔ 
✔ 

✔ 
✔ 

(and maybe SAS too, one day :-) 

Crystallography is great!! 

•  Crystallography can provide important biological 
insight and understanding 

(and SAS too, of course) 

  Nightmare before Christmas 
… but sometimes we get it (really) wrong 

(and SAS too, given enough time) 

Why do we make errors? 
•  Limitations to the data 

–  Space- and time-averaged 
•  Radiation damage, oxidation, … (sample heterogeneity) 
•  Static and dynamic disorder (conformational het.) 
•  Twinning, packing defects (crystallographic het.) 

–  Quality 
•  Measurement errors (weak, noisy data) 

–  Quantity 
•  Resolution, resolution, resolution (information content) 
•  Completeness 

–  Phases 
•  Errors in experimental phases 
•  Model bias in calculated phases 
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All resolutions are equal … 

1ISR 4.0Å                                   1EA7 0.9Å 

All resolutions are equal … 

•  Of course, at 
atomic 
resolution 
(1.2Å) anyone 
can fit a 
tryptophan… 
right…? 

Why do we make errors? 
•  Subjectivity 

–  Map interpretation 
–  Model parameterisation 
–  Refinement protocol 

•  Yet you are expected to produce a complete and 
accurate model 
–  Boss 
–  Colleagues 
–  Editors, referees, readers 
–  Users of your models 

•  Fellow crystallographers, SAXS addicts, arti-SANS, NMR-tists, 
EM-ployers, molecular biologists, modellers, dockers, medicinal 
chemists, enzymologists, cell biologists, biochemists, …, YOU! 

The why of validation 

•  Crystallographers produce models of 
structures that will contain errors 
–  High resolution AND skilled crystallographer  

probably nothing major 
–  High resolution XOR skilled crystallographer  

possibly nothing major 
–  NOT (High resolution OR skilled crystallographer) 
 pray for nothing major 

The why of validation 
•  Crystallographic models will contain errors 

–  Crystallographers need to fix errors (if possible) 
–  Users need to be aware of potentially problematic 

aspects of the model 

•  Validation is important 
–  Is the model as a whole reliable? 

•  Fold 
•  Structure/sequence registration 

–  How about the bits that are of particular interest? 
•  Active-site residues 
•  Interface residues 
•  Ligand, inhibitor, co-factor, … 

Great expectations 
•  Reasonable assumptions made by structure users 

–  The protein structure is correct 
–  They know what the ligand is 
–  The modelled ligand was really there 
–  They didn’t miss anything important 
–  The observed conformation is reliable 
–  At high resolution we get all the answers 
–  The H-bonding network is known 
–  I can trust the waters 
–  Crystallographers are good chemists 

•  In essence 
–  We are skilled crystallographers and know what we are doing 
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Example of a tracing error 

1PHY (1989, 2.4Å, PNAS)        2PHY (1995, 1.4Å) 
Entire molecule traced incorrectly 

Example of a tracing error 

1PTE (1986, 2.8Å, Science)             3PTE (1995, 1.6Å) 
- Secondary structure elements connected incorrectly 
- Sequence not known in 1986 

The protein structure is correct? 

1FZN (2000, 2.55Å, Nature)        2FRH (2006, 2.6Å) 
- One helix in register, two helices in place, rest wrong 
- 1FZN obsolete, but complex with DNA still in PDB (1FZP)  

What are register errors? 

•  For a segment of a model, the assigned 
sequence is out-of-register with the 
actual density 

 

Example of a register error 

•  1CHR (light; 3.0Å, 1994, Acta D) vs. 2CHR (dark) 

Example of a register error 

1ZEN (green carbons), 1996, 2.5Å, 
Structure 

1B57 (gold carbons), 1999, 2.0Å 

 1B57 (A)     ---SKIFDFVKPGVITGDDVQKVFQ
 .=ALIGN |=ID     .. .......... |||||||
 1ZEN (_)     SKI-FD-FVKPGVITGD-DVQKVFQ

Confirmed by iterative build-omit maps 
(Tom Terwilliger et al., 2008) 
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The ligand is really there? 

(J. Amer. Chem. Soc., August 2002) 

Dude, where’s my density? 

1FQH (2000, 2.8Å, JACS) 

We didn’t miss anything 
important? 

Conundrum!! 

2GWX (1999, 2.3Å, Cell) 

Oh, that ligand! 

2BAW (2006, same data!) 

Ursäkta? 

•  4PN = 4-piperidino-piperidine 
•  2.5Å, R 0.23/0.29, Nature 

Struct. Biol. 
•  Deposited 2001 

•  N forced to be planar 
•  N-C bond 0.8Å 
•  RMSD bonds 0.2Å 
•  RMSD angles 8˚ 

“Observed” 

Expected 

Validation of PDB ligand 
structures by CCDC 

•  16% of PDB entries deposited in 2006 had ligand 
geometries that were almost certainly in significant error (in-
house analysis using Relibase+/Mogul) 

•  The good news - for structures before 2000 the figure was 
26% 

Wrong 
26% 

Plausable 
34% 

Not 
unusual 
40% 

Wrong 
16% 

Plausable 
29% 

Not 
unusual 
55% 

Pre 2000 2006 
(Jana Hennemann & John Liebeschuetz) 
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High resolution reveals all? 

•  Even at very high resolution there are 
sources of subjectivity and ambiguity 
– How to model temperature factors? 
–  Is a blob of density a water or not? 
– How to model alternative conformations? 
– How to interpret density of unknown 

entities? 
– How to tell C/N/O apart? 

The 22nd amino acid @ 1.55Å 

Sodium chloride                 Ammonium sulfate 
(Hao et al., 2002; PDB entries 1L2Q and 1L2R) 

The what of validation 

Science, errors & validation 

Prior knowledge Observations Experiment 

Hypothesis 
or Model 

Predictions 

Errors affect measurements 
•  Random errors (noise) 

–  Affect precision 
–  Usually normally distributed 
–  Reduce by increasing nr of observations 

•  Systematic errors (bias) 
–  Affect accuracy 
–  Incomplete knowledge or inadequate design 
–  Reproducible 

•  Gross errors (bloopers) 
–  Incorrect assumptions, undetected mistakes or malfunctions 
–  Sometimes detectable as outliers 

Errors affect measurements 

•  How tall is Gerard? 

•  200 203 202 203 
202 201 203 80 

•  Random error 
•  Systematic error 
•  Gross error 
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Errors affect measurements 

Bias 
(accuracy) 

Precision (uncertainty; random error) 

Science, errors & validation 

Prior knowledge Observations Experiment 

Hypothesis 
or Model 

Predictions 

Parameterisation 
Optimised values 

Random errors ✔ 
(precision) 

✔ 

✔ 
✔ 

Systematic errors ✔ 
(accuracy) 

✔ 
✔ 

✔ 

✔ 

Gross errors ✔ 
(both) 

✔ ✔ 
✔ 

✔ 

Science not immune to Murphy’s Law! 

✔ ✔ 

✔ 

Science, errors & validation 

Prior knowledge Observations Experiment 

Hypothesis 
or Model 

Predictions 

Fit? Explain? Quality? 
Quantity? 
Inf. content? 

Reliable? 

Experiments 

Correct? 

Independent 
observations 

Predict? 
Other prior 
knowledge 

Fit? 

The how of validation 

The how of validation 

•  Q: What is a good model? 
•  A: A model that makes sense in every 

respect! 

A good model makes sense 
•  Chemical 

– Bond lengths, angles, chirality, planarity 
– RMS-Z-scores! 

•  Physical 
– No bad contacts/overlaps, close packing, 

reasonable pattern of variation of Bs, 
charge interactions 

•  Crystallographic 
– Adequately explains/predicts experimental 

data (R, Rfree, Rfree - R), residues fit the 
density well, “flat” difference map 
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A good model makes sense 
•  Protein structural science 

–  Ramachandran, peptide flips, rotamers, salt links, 
prolines, glycines, buried charges, residues are “happy” 
in their environment, hydrophobic residues in core 

–  Comparison to related models 
•  Statistical 

–  Best hypothesis to explain the data with minimal over-
fitting (or “under-modelling”!) 

•  Biological 
–  Explains observations (activity, mutants, inhibitors) 
–  Predicts (falsifiable hypotheses) 

Science, errors & validation 

Prior knowledge Observations Experiment 

Hypothesis 
or Model 

Predictions 

Geometry, contacts, 
stereo-chemistry, etc. R-value, <B>, RS-fit 

Experiments 
Falsifiable hypotheses 

Independent 
observations 

Rfree, Rfree-R 

Other prior 
knowledge 

Ramachandran, 
rotamers, etc. 

Binding data, 
mutant activity, 
SAS, EM, etc. 

Validation in a nutshell! 
•  Compare your model to the experimental data and 

to the prior knowledge. It should: 
–  Reproduce knowledge/information/data used in the 

construction of the model 
•  R, RMSD bond lengths, chirality, … 

–  Predict knowledge/information/data not used in the 
construction of the model 
•  Rfree, Ramachandran plot, packing quality, … 

–  Global and local 
–  Model alone, data alone, fit of model and data 
–  … and if your model fails to do this, there had better be a 

plausible explanation! 

Rethinking validation measures 

X-ray VTF 
•  Validation pipeline 

– State-of-the-art methods 
•  Phenix, WhatCheck, MolProbity, EDS,… 

– Will produce a report (PDF) 
•  Can be submitted to journals 
•  Mandatory in the future? (IUCr, PNAS?, 

NSMB?) 

wwPDB X-ray VTF 



9 

wwPDB X-ray VTF 
1BOV 2XSC 

Remember: a good model makes sense in every respect! 

Other wwPDB task forces 

•  NMR VTF (since 2009) 
•  EM VTF (since 2010) 
•  SAS Task Force (2011) 
•  Hybrid Methods Task Force (2012) 

•  Expected to adopt X-ray VTF 
recommendations for assessing model 
quality 

Proposed requirements for a 
SAXS/SANS PDB entry 

•  Model is derived and fully defined by the experimental data 
•  Model is a folded chain of residues with directionality 
•  COMPND, SOURCE, SEQRES and external sequence reference 

(DBREF) are included 
•  x,y,z coordinates per atom. Cα or P model allowed 
•  Has acceptable geometry (bond lengths, bond angles, torsion 

angles, non-bonded contacts, etc.)  
•  Experimental and refinement details recorded in appropriate 

REMARK records 
•  Parameters directly derived from the scattering profile should be 

supplied and appropriately recorded (radius of gyration, Dmax in 
distance distribution function, mass, etc.) 

•  Reduced 1D experimental profile  
•  Family of models should be superimposed 

SAXS/SANS Task Force 
Members 
– Jill Trewhella (University of Sydney) 
– Dmitri Svergun (EMBL Hamburg) 
– Andrej Sali (UCSF) 
– Mamoru Sato (Yokohama City 

University) 
– John Tainer (Scripps) 

Questions: 
•  Should the PDB archive SAS models? 
•  If “yes”, then 

– Which types of models (and which not)? 
– Minimum requirements? 
– Minimum supporting experimental data? 
– Validation procedures? 

•  Models, data, model vs. data 

SAXS/SANS Task Force 

A few more thoughts… 
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Why do/did things sometimes 
go horribly wrong in X-ray? 

•  Blind optimism/naïveté/ignorance 
– Belief in (wrong) numbers and in “magic” 

refinement programs 
•  Inappropriate (use of) modelling/refinement 

methods 
– Fitting too many parameters 

•  No/inappropriate quality control/validation 
•  Large influx of non-experts 

An ounce of prevention… 
•  Education, education, education 
•  Use of constraints & restraints to improve 

data-to-parameter ratio 
•  Information in the data versus the model 
•  Make validation/quality control an integral 

part of the modelling process 
– Not just something you do when you deposit/

publish 
•  Education, education, education 

Where to go from here? 

•  Download and read: 
–  GJ Kleywegt. Validation of protein crystal 

structures. Acta Crystallographica D56, 249-265 
(2000) (and many references therein) 

–  GJ Kleywegt. On vital aid: the why, what and how 
of validation. Acta Crystallographica, D65, 
134-139 (2009) 

•  Do this web-based tutorial: 
–  http://xray.bmc.uu.se/embo2001/modval 
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Questions? 


