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What is validation? 

Validation according to the dictionary 

•  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) 

Critical thinking 

•  Essential “24/7” skill for every scientist 
•  And, in fact, for every non-scientist too 

•  Important aspect of validation 

•  What is wrong with this picture? 

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

Critical thinking 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 …) 

What’s wrong here? 

ATOM 2567 N   PHE B 175  7.821 -25.530 -22.848 1.00  8.71
ATOM 2568 CA  PHE B 175  8.845 -25.172 -21.877 1.00  9.41
ATOM 2569 C   PHE B 175  9.449 -23.798 -22.169 1.00 10.02
ATOM 2570 O   PHE B 175 10.664 -23.613 -22.103 1.00 10.37
ATOM 2571 CB  PHE B 175  9.928 -26.251 -21.848 1.00  9.53
ATOM 2572 CG  PHE B 175 10.969 -26.137 -22.982 1.00 10.03
ATOM 2573 CD1 PHE B 175 12.356 -25.819 -22.988 1.00 10.51
ATOM 2574 CD2 PHE B 175 11.725 -27.211 -23.402 1.00 10.25
ATOM 2575 CE1 PHE B 175 11.821 -27.095 -22.869 1.00 11.17
ATOM 2576 CE2 PHE B 175 12.282 -26.086 -24.008 1.00 10.95
ATOM 2577 CZ  PHE B 175 10.953 -26.335 -23.622 1.00 11.38

Validation = critical assessment 
•  How good is my model, really? 
•  At the very least: 

•  Does it explain all the data that I used? 
•  Does it explain all the prior knowledge that I had? 

•  More importantly: 
•  Does my model explain all the data that I didn’t use? 
•  Does my model explain all the prior knowledge 

that I didn’t use? 
•  Is my model the best possible, most parsimonious explanation for 

the data? 
•  Are the testable predictions based on my model correct? 

•  If any of these questions is answered with “no”, you have 
a problem! 

Occam’s razor Popper’s falsifiability principle 

The why of validation 

Validation addresses important questions 

•  Entry-specific validation (quality control) 
•  Is this model ready for archiving and publication? 
•  Is this model a faithful, reliable and complete interpretation of the 

experimental data? 
•  Are there any obvious errors/problems? 
•  Are the conclusions drawn in the paper justified by the data? 
•  Is this model suitable for my application? 

•  Archive-wide validation (comparative) 
•  Is this model a better interpretation of the data? 
•  What is the best model for this molecule/complex to answer my 

research question? 
•  Which models should I select/omit when mining the PDB? 
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Crystallography is great!! 

•  Crystallography can provide important 
biological insight and understanding!! 

(and SAS too, of course) 

Crystallography is great!! 

✔ 
✔ 

✔ 
✔ 

✔ 
✔ ✔ 

✔ 

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

✔ 

(and maybe SAS too, one day :-) 

Nightmare before Christmas 

•  … but sometimes we get it horribly wrong 

(and SAS too, one day :-) 

Why do crystallographers make mistakes? 

•  Limitations to the data 
•  Incomplete 
•  Weak 
•  Limited resolution 
•  Space and time averaged 
•  Phase errors 

•  The human factor 
•  Subjectivity involved in map interpretation and refinement (even 

at atomic resolution!) 
•  Inexperienced people do the work, use of black boxes, … 
•  Not everybody is a good chemist 
•  Even experienced people make mistakes 

Kleywegt, Acta Cryst. D65, 134 (2009) 

Crystallographer = Super(wo)man? 

•  The crystallographer ideally has 
•  Knowledge of the history of the sample 
•  Knowledge of the biology of the system 
•  Knowledge of chemistry 
•  Knowledge of physics 
•  Understanding of data collection and processing 
•  Understanding of the refinement process and software 
•  Experience in map interpretation (preferably with a range of 

resolutions, space groups, etc.) 
•  Read and remembered all the relevant literature 
•  … 

The odds are stacked against us 

•  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 

 "I know the human being and fish can coexist peacefully" 
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Xtallography ≠ exact science 

•  Crystallographic models will contain errors 
•  Crystallographers need to fix errors (if possible) 
•  Users need to be aware of potentially problematic aspects of the 

model 
•  Note: every crystallographer is also a user! 

•  Validation is important 
•  Is the model as a whole reliable? 
•  How about the bits that are of particular interest? 

•  Active-site residues 
•  Interface residues 
•  Ligand, inhibitor, co-factor, … 

(Nature Structural Biology, 2001) 

(FEBS Letters, 2002) 

Errors - a thing of the past? 

What kinds of errors do crystallographers 
make? 

Errors in protein structures 

•  Brändén & Jones (1990) 
•  Mistracing an entire molecule or domain 
•  Register errors 
•  Local errors in the main chain 
•  Sidechain errors 

Kleywegt, Acta Cryst. D56, 249 (2000) 

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 
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Example of a tracing error 

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) 

Problems with ligands 

Reasonable assumptions? 

•  Typical assumptions 
•  We know what the ligand is 
•  The modelled ligand was really there 
•  We didn’t miss anything important 
•  The observed conformation is reliable 
•  At high resolution we get all the answers 
•  The H-bonding network is known 
•  We can trust the waters 
•  We are good chemists 
•  (The complex structure is relevant for drug design) 
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Sounds a bit like … 

•  Your check is in the mail 
•  I’m from the government (or: the IT department) and I’m 

here to help you 
•  It isn’t you, it’s me 
•  It hurts me more than it hurts you 
•  One size fits all 
•  Your table is almost ready 
•  The dog ate my homework 
•  Of course I’ll respect you in the morning 
•  One of our operatives will answer your call shortly 

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? 

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 
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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) 

Liebeschuetz et al., J. Comput. Aid. Mol. Des. 26, 169 (2012) 

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 

How do we generate new knowledge? 

New 
questions 

New model or 
hypothesis Predictions 

Curiosity Experiment Prior 
knowledge New data 

Synthesis and 
interpretation 

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 
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Errors affect measurements 

•  How tall is Gerard? 

•  200 203 202 203 202 
201 203 80 

•  Random error 
•  Systematic error 
•  Gross error 

Anisotropic model of Gerard 

Errors affect measurements 

Bias 
(accuracy) 

Precision (uncertainty; random error) 

Precision versus accuracy 

•  Precise, but not very accurate 
•  Ex: π~3.9325±0.0001 

•  Fairly accurate, but not very precise 
•  Ex: π~3.1±0.1 

•  Accurate and precise 
•  Ex: π~3.1416±0.0001 

What can go wrong? 

New 
questions 

New model or 
hypothesis Predictions 

Curiosity Experiment 
New data Prior 

knowledge 

Synthesis and 
interpretation 

Sod’s Law (a.k.a. Murphy’s Law) 

Various kinds of validation 

Prior 
knowledge 

New 
questions New data 

Synthesis and 
interpretation 

New model or 
hypothesis Predictions 

Curiosity Experiment 

Unused 
knowledge 

Unused 
data 

This model of hypothesis validation is 
entirely general for experimental sciences 

How does it apply to protein crystallography? 
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The how of validation 

What is a good model? 

•  A good model makes SENSE in all respects! 

Various kinds of crystal structure validation 

Prior 
knowledge 

New 
questions New data 

Synthesis and 
interpretation 

New model or 
hypothesis Predictions 

Curiosity Experiment 

Unused 
knowledge 

Unused 
data 

Geometry 
Stereo-chemistry 
Close contacts 
Sequence 
Chemical structure 
Biosynthetic pathways 
… 

Various kinds of crystal structure validation 

Prior 
knowledge 

New 
questions New data 

Synthesis and 
interpretation 

New model or 
hypothesis Predictions 

Curiosity Experiment 

Unused 
knowledge 

Unused 
data 

R-value 
Real-space fit 
B-values 
… 

Various kinds of crystal structure validation 

Prior 
knowledge 

New 
questions New data 

Synthesis and 
interpretation 

New model or 
hypothesis Predictions 

Curiosity Experiment 

Unused 
knowledge 

Unused 
data 

Rfree 
Binding data 
Mutant data 
Conserved residues 
Heavy-atom sites 
… 

Various kinds of crystal structure validation 

Prior 
knowledge 

New 
questions New data 

Synthesis and 
interpretation 

New model or 
hypothesis Predictions 

Curiosity Experiment 

Unused 
knowledge 

Unused 
data 

Ramachandran 
Rotamers 
Environments 
… 



10/17/12 

10 

Various kinds of crystal structure validation 

Prior 
knowledge 

New 
questions New data 

Synthesis and 
interpretation 

New model or 
hypothesis Predictions 

Curiosity Experiment 

Unused 
knowledge 

Unused 
data 

Falsifiable 
hypotheses 

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! 

What is “the PDB” doing about validation? 

SOMETHING IS WRONG 
IN THE PDB! 

What is “the PDB”? 

SOMETHING IS WRONG 
IN THE PDB! 

wwPDB partners and interactions 

“The PDB” 
(ftp archive) 

Biologists 
Chemists 
Modellers 
Bioinformaticians 
… 

PDB = Archive, not Hall of Fame 

wwPDB partnership 
•  Collaborate on “data in” 

•  Policy issues 
•  Weekly releases 
•  Validation standards 
•  Format specifications 
•  Chemical component database 
•  Deposition and annotation procedures 
•  Archive quality and remediation 
•  Journal interactions 
•  Community interactions 
•  NOT policing! 

•  Friendly competition on “data out” 
•  Serving PDB data with added-value 
•  PDB-based services 
•  Other services, resources and 

activities 

wwpdb.org 
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Two major recent wwPDB projects 
•  Development of a new joint wwPDB Deposition and 

Annotation (D&A) system 
•  Will handle X-ray, NMR, EM, … 
•  Will be used at all wwPDB sites 
•  Replaces ADIT, AutoDep, EMdep, parts of ADIT-NMR 
•  Public release 2013 

•  Validation using community-recommended methods will 
be integral part of new D&A 
•  2008: X-ray Validation Task Force (VTF) 
•  2009: NMR VTF 
•  2010: EM VTF 
•  Implementation of recommendations in validation-software 

pipelines 

Validation by wwPDB - advantages 

•  Applies community-agreed methods uniformly 
•  Improves the quality and consistency of the PDB archive 
•  Supports editors and referees 
•  Helps users assess if an entry is suitable 
•  Helps users compare related entries 
•  Enables identification of outliers when mining the PDB 
•  Stimulates adoption of better protocols by the community 

The future of validation 

•  wwPDB X-ray Validation Task Force 

Archive-wide analysis 

X-ray VTF: Read et al., Structure 19, 1395 (2011) 

Slider plots Improvements upon re-refinement 

1BOV 2XSC 

Remember: a good model makes sense in every respect! 
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PDF report for depositor & 
referees - 

Statistics and plots for the 
entry, per chain, per 

residue, and list of unusual 
features 

wwPDB X-ray Validation Pipeline 

Validation pipeline 1.0 * 

MolProbity EDS Xtriage Mogul 

Deposited data 
(coordinates & 

reflections) 

Percentiles PDF maker 

Validation 
XML file 

Distributions 

External reference files 
(e.g., Engh & Huber) 

* WhatCheck coming soon 
Gore et al., Acta Cryst. D68, 478 (2012) 

wwPDB validation components 

Common 
model-

validation 
methods 
and tools 

NMR-specific 
model 

validation 

3DEM-specific 
model 

validation 

X-ray data and 
data/model fit 

NMR data and 
data/model fit 

3DEM data and 
data/model fit 

X-ray-specific 
model 

validation 

What does it mean for a crystallographer? 

•  There will be three uses of the validation pipeline 
•  At deposition time 

•  Not all checks can be run, e.g. some sequence and ligand checks 
•  Report for depositor 

•  At annotation time 
•  Complete validation report, also suitable for editors/referees 

•  Independently of deposition 
•  Anonymous web-based server to use on models not (yet) in the PDB 
•  Not all checks can be done 
•  Will be developed once the production pipeline is up and running 
•  Will not be available as a stand-alone software package 

What will a validation report include? 
•  Report = summary 

•  Gory details in XML file 
•  Explanations on web site 

•  Title page 
•  Authors, title, PDB code 

(if assigned), time-stamp 

•  Overall quality at-a-glance 
•  Slider plots of key statistics 

•  “Table 1” 
•  Key data and refinement stats 

•  Entry composition 
•  Macromolecules (including sequence diagnostics, if available) 
•  Ligands (including diagnostics, if available) 

What will a validation report include? 
•  Model quality 

•  Bond lengths and angles (outlier info, RMS-Z) 
•  Chirality, planarity 
•  Close contacts (incl. clashscore, worst clashes) 
•  Torsion angles (Ramachandran, rotamers for proteins) 
•  Ligand geometry (Mogul analysis) 

•  Model/data fit 
•  Macromolecules: RSR, RSR-Z, B-factors, partial occupancies 
•  Ligands: same, but RSR-Z undefined 

•  Residue plots 
•  Residues with model-quality outliers (0, 1, 2, >2) 
•  Residues with RSR-Z > 2 get a 
•  Unmodelled residues 

• 

Residue plots 
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What about other methods? 

•  Model validation using same criteria as X-ray 
•  MolProbity, WhatCheck, Mogul 

•  Some special model-related issues per technique 
•  X-ray: alternative conformations 
•  NMR: ensemble of models; ill-defined regions 
•  3DEM: clashes of rigid-body fitted models; wrong species 

•  Data quality and model/data-fit assessment will be 
different for each technique 

NMR validation 

•  Models 
•  Only for “well-defined” regions? 
•  Ensemble of models 

•  Chemical shifts 
•  Statistical tests (values, secondary structure, 3D) 

•  Constraints – cross-check 
•  Later  

•  Validation of models versus data (back-calculated shifts, NOEs, 
RDCs) 

•  Later still 
•  Measure of “information content” 
•  DNA, RNA, carbohydrates 

NMR VTF: Montelione, Nilges et al., to be published 

3DEM validation 

•  Data and map validation 
•  Per technique and resolution regime 
•  Fourier Shell Correlation; projections vs. raw data 
•  Shape validation by tilt-pair analysis, tomography or SAXS 
•  Handedness validation by tilt-pair analysis or tomography  

•  Model validation 
•  Clashes? Taxonomy? Homology models? 
•  Non-atomistic models? Cα-only models? 
•  Rigid-body vs. flexible fitting vs. de novo modelling? 

•  Map + model 
•  Depending on resolution regime and model-building method? 

3DEM VTF: Henderson, Sali et al., Structure 20, 205 (2012) 

“Other other” methods 

•  SAS – wwPDB task force (July 2012) 

•  Hybrid methods – wwPDB task force (2013) 
•  Recent example: solid-state NMR + EM + SAXS + 

solution NMR + homology modelling … 

•  Questions 
•  What to accept? 
•  What requirements for deposition? 
•  How to validate? 
•  What to do with non-atomistic models? 
•  What to do with homology models? 

SAS Task Force recommendations 

•  Need repository for SAXS and SANS data 
•  Need dictionary (data model) for SAXS and SANS 
•  Shape/bead and atomistic models should be archived 

(somewhere, somehow) 
•  Validation criteria need to be defined 
•  Archive of non-atomistic models from hybrid data 
•  What should (not) be in the PDB? 

SAS validation methods 

•  If you want to discuss possible approaches to validation 
of SAS data, models and the fit of models to the data, talk 
to Anne Tuukkanen (or to your instructors, or to each 
other, of course!) 
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What have we learned? 

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 
•  “Believing is seeing” 
•  Large influx of non-experts 

Of course, none of this should be news or 
surprising… 

Hendrickson (CCP4 Proc., 1980) - “That which is not 
restricted will take its liberties” 

Knight et al. (CCP4 Proc., 1990) - “None of this 
evidence is dependent on a refined model and instead 

makes use of known facts about proteins in general 
and the S subunit of RuBisCO in particular” 

1990 

Brändén & Jones, Nature 353, 687 (1990) 

An ounce of prevention… 

•  Education, education, education 
•  Use of constraints & restraints to improve data-

to-parameter ratio 
•  Information in the data versus the model 
•  Always be the first to question your own results 
•  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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