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The structure from a crystal is the structure 

of the macromolecule?

Right?

Well yes, but ….

It’s the average 

structure.

It’s averaged over 

many individual 

macromolecules.

And it’s averaged 

over time.

Most importantly it’s a MODEL that best explains the data



A Crystal

A regular lattice

Some sites occupied 

by macromolecules

Others not

Dynamics 

going on



Many frozen crystals

Even when the crystal is cryocooled, 

dynamic motion is ‘frozen in’ and 

chemical processes can be ongoing



How do we store 

structures?

Structures are deposited in the 

protein data bank or PDB (which 

also includes other biological 

macromolecules)

http://www.rcsb.org

A tutorial is available at http://www.rcsb.org/pdb/tutorials/tutorial.html



What does the PDB store

2hzp

2oxl

2o6x

1xeq

2hyz

2qdx

2qew

2f97

2f8d

2jo5

2qh7



The PDB file

CRYST1   77.453   77.453   37.183  90.00  90.00  90.00 P 43 21 2     8           

ORIGX1      1.000000  0.000000  0.000000        0.00000                          

ORIGX2      0.000000  1.000000  0.000000        0.00000                          

ORIGX3      0.000000  0.000000  1.000000        0.00000                          

SCALE1      0.012911  0.000000  0.000000        0.00000                          

SCALE2      0.000000  0.012911  0.000000        0.00000                          

SCALE3      0.000000  0.000000  0.026894        0.00000                          

ATOM      1  N   LYS A   1      29.393  40.729   0.892  1.00 15.98           N   

ATOM      2  CA  LYS A   1      28.951  39.778  -0.166  1.00 15.98           C   

ATOM      3  C   LYS A   1      27.443  39.827  -0.378  1.00 15.87           C   

ATOM      4  O   LYS A   1      26.684  39.780   0.587  1.00 14.49           O   

ATOM      5  CB  LYS A   1      29.349  38.350   0.233  1.00 17.08           C   

ATOM      6  CG  LYS A   1      28.843  37.250  -0.704  1.00 20.49           C   

ATOM      7  CD  LYS A   1      29.418  35.906  -0.283  1.00 22.21           C   

ATOM      8  CE  LYS A   1      28.758  34.735  -0.990  1.00 22.43           C   

ATOM      9  NZ  LYS A   1      29.208  34.569  -2.386  1.00 25.22           N   

ATOM     10  N   VAL A   2      27.014  39.943  -1.635  1.00 15.27           N   

ATOM     11  CA  VAL A   2      25.584  39.924  -1.941  1.00 14.91           C   

ATOM     12  C   VAL A   2      25.281  38.513  -2.439  1.00 14.86           C   

ATOM     13  O   VAL A   2      25.698  38.133  -3.542  1.00 15.04           O   

ATOM     14  CB  VAL A   2      25.192  40.921  -3.057  1.00 15.23           C   

ATOM     15  CG1 VAL A   2      23.695  40.820  -3.334  1.00 16.00           C   

ATOM     16  CG2 VAL A   2      25.552  42.337  -2.640  1.00 15.40           C   

ATOM     17  N   PHE A   3      24.589  37.736  -1.603  1.00 14.21           N   

ATOM     18  CA  PHE A   3      24.203  36.353  -1.915  1.00 12.95           C   

ATOM     19  C   PHE A   3      23.063  36.267  -2.923  1.00 13.95           C   

ATOM     20  O   PHE A   3      22.212  37.154  -2.989  1.00 12.93           O   

ATOM     21  CB  PHE A   3      23.688  35.632  -0.659  1.00 13.15           C   

ATOM     22  CG  PHE A   3      24.750  34.999   0.195  1.00 11.18           C   

ATOM     23  CD1 PHE A   3      25.551  35.764   1.046  1.00 12.22           C   

ATOM     24  CD2 PHE A   3      24.905  33.620   0.193  1.00 10.60           C   

ATOM     25  CE1 PHE A   3      26.480  35.161   1.885  1.00 12.38           C   

ATOM     26  CE2 PHE A   3      25.831  33.000   1.026  1.00 11.09           C   

ATOM     27  CZ  PHE A   3      26.626  33.760   1.879  1.00 12.19           C   

 

The PDB stores 

coordinates, 

experimental 

detail and 

comments and 

more recently 

the processed 

diffraction image 

data used to 

generate the 

coordinates.



ATOM     58  N   LEU A   8      21.906  31.721  -0.789  1.00 11.49           N   

ATOM     59  CA  LEU A   8      21.726  31.982   0.631  1.00 10.44           C   

ATOM     60  C   LEU A   8      20.912  30.860   1.284  1.00 10.51           C   

ATOM     61  O   LEU A   8      21.191  30.474   2.422  1.00 10.37           O   

ATOM     62  CB  LEU A   8      21.066  33.358   0.859  1.00 11.15           C   

ATOM     63  CG  LEU A   8      20.854  33.696   2.336  1.00 10.23           C   

ATOM     64  CD1 LEU A   8      22.195  33.727   3.068  1.00 10.73           C   

ATOM     65  CD2 LEU A   8      20.183  35.053   2.459  1.00 12.22           C 

Numerical sequence of atom

Atom ID Residue name

Chain

Residue number

x,y and z coordinates in 

Angstroms

Occupancy

B factor

Atom

typeComment



The Unit Cell



ATOM     58  N   LEU A   8      21.906  31.721  -0.789  1.00 11.49           N   

 

CRYST1   77.453   77.453   37.183  90.00  90.00  90.00 P 43 21 2     8           

ORIGX1      1.000000  0.000000  0.000000        0.00000                          

ORIGX2      0.000000  1.000000  0.000000        0.00000                          

ORIGX3      0.000000  0.000000  1.000000        0.00000                          

SCALE1      0.012911  0.000000  0.000000        0.00000                          

SCALE2      0.000000  0.012911  0.000000        0.00000                          

SCALE3      0.000000  0.000000  0.026894        0.00000                          

Fractional coordinates in unit cell given by:

xfrac = Scale1_1 x X + Scale1_2 x Y + Scale1_3 x Z + U1 

yfrac = Scale2_1 x X + Scale2_2 x Y + Scale2_3 x Z + U1

zfrac = Scale3_1 x X + Scale3_2 x Y + Scale3_3 x Z + U1



The Essence of Structural Crystallography

• There are known knowns. These are things 

we know that we know. There are known 

unknowns. That is to say, there are things 

that we know we don't know. But there are 

also unknown unknowns. There are things 

we don't know we don't know.

• Donald Rumsfeld, Feb 12th 2002. 

Image:Donald Rumsfeld Defenselink.jpg

Shamelessly copied from a slide by Ted Baker

http://upload.wikimedia.org/wikipedia/commons/8/87/Donald_Rumsfeld_Defenselink.jpg


The three R’s of a good structure

• A structure is a model that best represents the measured 

data.

• Think about what you are measuring:

– The data is an average taken over many macromolecules. For 

example, a 100 μm3 crystal produced from a macromolecule that 

has a typical size of 200 Å on edge will consist of ~ 5,000 

molecules on edge or 125,000,000,000  molecules in total.

– The data is not static, it represents an average of those 

molecules over time.

– The data is dynamic. X-rays cause chemical changes which can 

also be captured over time.

• Given these, how do we get a good structure.
•  How do we know when we have a good structure?



Known knowns – we know what to expect

Structure Validation by Cα Geometry: φ, ψ

and Cβ Deviation PROTEINS: Structure, 

Function, and Genetics 50:437–450 (2003)

Simon C. Lovell, Ian W. Davis, W. Bryan 

Arendall III, Paul I. W. de Bakker, J. Michael 

Word, Michael G. Prisant, Jane S. 

Richardson, and David C. Richardson

The dihedral angles in the main chain have allowed and disallowed regions that 

are well known – developed by Gopalasamudram Narayana Ramachandran and 

called the Ramachandren plot.  Available as part of several software packages.



Known knowns – we know what to expect



Known knowns – we know what to expect

We can look for deviations in bond chain angles and lengths from previous 

data, e.g. Procheck http://www.biochem.ucl.ac.uk/~roman/procheck/procheck.html

http://www.biochem.ucl.ac.uk/~roman/procheck/procheck.html


Known knowns – we know what to expect

Similarly we can look for deviations in properties and geometry from previous 

data, e.g. Procheck http://www.biochem.ucl.ac.uk/~roman/procheck/procheck.html

http://www.biochem.ucl.ac.uk/~roman/procheck/procheck.html


Some of these 

checks are 

incorporated 

within building 

and display 

programs, e.g. 

Coot

http://www.ysbl.york.ac.uk/~emsley/coot/

http://www.ysbl.york.ac.uk/~emsley/coot/


The validation 

option gives many 

options on how to 

check your 

structure against 

the data and 

against 

stereochemical 

restraints and 

previous structural 

information



Known knowns – we know what not to 

expect

There are many 

sources of typical 

bond distances, e.g. 

Metal Coordination 

Sites in Proteins at:

http://tanna.bch.ed.ac.uk/

http://tanna.bch.ed.ac.uk/


Known unknowns – we know when we have 

something we don’t know

X-rays are diffracted due to 

interactions with electrons 

in the atoms.

The data we produce is a 

map of electron density.



Known unknowns – we know when we have 

something we don’t know

If we plot electron 

density maps as:

(Two times the observed 

data – the calculated 

data) in blue (2Fo-Fc)

And (the observed data 

– the calculated data) 

and color this according 

to negative (red) and 

positive (green) (Fo-Fc)

We know we have 

something we don’t 

know.



Known unknowns – we know when we have 

something we don’t know

If we model the 

correct atoms, i.e. 

a zinc finger motif 

then the maps 

tells us that we got 

it correct.

We can adjust our 

model to add the 

‘known something 

we didn’t know’.



Unknown unknowns – The R-factor

The R factor – small is good.

The X-ray intensity for a 

particular reflection (hkl), Ihkl, is 

measured, Fobs is related to the 

measured I.

The X-ray intensity for a 

particular reflection (hkl) can 

also be calculated from the 

model, Icalc, is calculated, Fcalc is 

related to the calculated I and 

the model.

A small R-factor indicates 

minimal differences between 

the electron density 

calculated for the model and 

that calculated from the 

observed data.



The R-factor – What does it mean?

If the observed measurement is in complete agreement with the 

calculated measurement then R will equal zero.

If there is disagreement then R will be finite. R is expressed as a 

percentage and is typically a little better than ten times the resolution for 

a good structure.



The Rfree-factor – What does it mean?

Some 5-10% of the reflections are not used to calculate the model. 

These are used to calculate an Rfree.

When the model is improving, i.e. it is accurately explaining the data and 

both the R and Rfree should reduce during refinement.  Once the Rfree 

stops reducing the model is being overfitted to the data – it is losing 

accuracy.



ATOM     58  N   LEU A   8      21.906  31.721  -0.789  1.00 11.49           N   

ATOM     59  CA  LEU A   8      21.726  31.982   0.631  1.00 10.44           C   

ATOM     60  C   LEU A   8      20.912  30.860   1.284  1.00 10.51           C   

ATOM     61  O   LEU A   8      21.191  30.474   2.422  1.00 10.37           O   

ATOM     62  CB  LEU A   8      21.066  33.358   0.859  1.00 11.15           C   

ATOM     63  CG  LEU A   8      20.854  33.696   2.336  1.00 10.23           C   

ATOM     64  CD1 LEU A   8      22.195  33.727   3.068  1.00 10.73           C   

ATOM     65  CD2 LEU A   8      20.183  35.053   2.459  1.00 12.22           C 

Numerical sequence of atom

Atom ID Residue name

Chain

Residue number

x,y and z coordinates in 

Angstroms

Occupancy

B factor

Atom

typeComment

The B factor (or atomic displacement factor) describes how the electron is 

spread out in space.  A high B factor would indicate a high degree of uncertainty 

in the atomic position and a potential warning sign. 



Very low Resolution



Low Resolution



Medium Resolution



High Resolution



Very-high Resolution



Borrowed from http://andersenlab.chem.washington.edu/CSDb/pics/amino-acids.png

The amino acids that form 

the building blocks of 

biological molecules

Let’s pay particular 

attention to one of them 

and the concept of 

resolution



Sean Parkin. UK.

Quality (Resolution)

Low resolution 

High resolution 

1 4

2

3

5

6



Where does Reality come in?

• The model is accurate if it can be validated. The higher 

the resolution then the more precise the detail in the 

model.

• Remember, it is only a model that explains the data and 

not data that explains the model.



Examples of Publically available software

Refinement:
• Phenix, a software suite for doing just about everything with data but displaying the 

structure: http://www.phenix-online.org/

• CCP4, similar to Phenix but covering a broarder area of application and including 

validation and display components:http://www.ccp4.ac.uk/main.html

• CNS, Crystallography and NMR system: http://cns-online.org/v1.21/

Validation:
• Excellent tutorial on validation: 

http://xray.bmc.uu.se/gerard/embo2001/modval/index.html

• Procheck is a good validation example: 

http://www.biochem.ucl.ac.uk/~roman/procheck/procheck.html and is incorporated 

with CCP4.

• MolProbity allows both validation and fixing the model: 

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

• Direct valisation through the PDB: http://sw-tools.pdb.org/apps/VAL/index.html

Display:

• Coot (also includes validation routines): http://www.ysbl.york.ac.uk/~emsley/coot/

http://www.phenix-online.org/
http://www.ccp4.ac.uk/main.html
http://cns-online.org/v1.21/
http://xray.bmc.uu.se/gerard/embo2001/modval/index.html
http://www.biochem.ucl.ac.uk/~roman/procheck/procheck.html
http://molprobity.biochem.duke.edu/
http://sw-tools.pdb.org/apps/VAL/index.html
http://www.ysbl.york.ac.uk/~emsley/coot/
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