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Crystallography:

Description of symmetry

Theory of Diffraction

Structure Determination

Refinement



Phase Determination Methods in X-ray Crystallography

Phasing Method: its requirements…disadvantages…and advantages

1. Direct Methods:

Small molecule cases only…must have discrete atoms…but need only one data set.

2. Heavy Atom Method:

Use resident heavy-atom(s),not a common case but easy and useful. Patterson methods

3. Isomorphous Replacement: 

Heavy-atom chemistry need lots of crystals and data; difficult…but unbiased.

4. Multi-wavelength Anomalous Dispersion:

Se-Met mutant crystals…three data sets…unbiased and effective.

5. Molecular Replacement: 

use a homologous structure…model bias…but only one data set; quick, simple

and very effective now when most of

the structural protein „folds‟ are known.



Structure Solution III

Review of X-ray Diffraction Theory.

The Phase Problem.

Heavy Atoms and the Patterson Function.

Multiple Isomorphous Replacement (MIR) Phasing.

Multi-Wavelength Anomalous Dispersion (MAD) Phasing.

Molecular Replacement.

Density Modification.

Structure, Model Building and Refinement.

X-ray Sources and X-ray Detectors.

Assumptions and Limitations in Macromolecular Crystallography.

Critical Reading of Structural Reports.

Companion Review: Taylor (2003) Acta Cryst. D59, 1881



PDB structures - Feb. 2009

Prot

NA

P-NA com

Other

Structures by Technique

XRAY

NMR

EM

Other

Prot NA

P-NA 

com Other Total

XRAY 44583 1115 2054 24 47776

NMR 6710 836 142 7 7695

EM 146 16 55 0 217

Other 96 5 4 2 107

51535 1972 2255 33 55795

Soluble proteins predominate

Many structures of the same
Protein (i.e. lysozyme,
hemoglobin)

Proteins that can be crystallized

The PDB is NOT a very diverse database



Molecular Replacement (MR)

Why MR?

There are ~10,000 domain sequence families in Nature,

and there are only ~1,500 structural fold families: 

~80% are now known.

from PDB-Feb. 2009

Since MR is the easiest way to solve the phase problem

for homologs, most future structures will be solved by MR.

Total

Yearly



The number of known unique

protein folds in the PDB appears

to be reaching a limit of ~ 1,500

RCSB Protein Data Bank

Feb, 2009

Total

Yearly
SCOP

CATH

Total

Yearly

The number of possible folds appears to be limited



Molecular Replacement (MR)

Why MR?

Number of structural folds is limited and ~80% are known

.

fro

Since MR is the easiest way to solve the phase problem

for homologs, most future structures will be solved by MR.
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Structure determination

Overview

Crystallize

Characterize Crystals

(Characterize the lattice)

Collect the Data

(gather together: h,k,l, Fo, ) 

For all the unique reflections in the crystal)

Determine (estimate) phases for those reflections

Calculate electron density map

(Fourier equation or elec. Density)

Interpret the map in terms of 

your polypeptide chain(s) and build a model

Refine the model to optimize the fit to your

Experimental values

Validate (Confirm)

MR

MIR

MAD



Xnew = R xmodel + t

Taylor (2003) Acta Cryst. D59, 1881

Molecular Replacement (MR)

(any two similar objects randomly placed relative

to each other in space can be superimposed

with just one rotation and one translation)

Reduced the phase problem from multivariable

to 6: 3 Rotations, 3 Translations



Molecular Replacement (cont)

Application:

To solve the structure of a molecule homologous to one of known structure.

Procedure:

1) Collect a good quality diffraction data set from crystals of your new protein.

Calculate a Patterson map using your data:

P1uvw = hkl |Fhkl |
2 cos2(hx + ky + lz)

2) Build a model of your unknown structure based on its closest structural relative(s)

(> 40% sequence identity; see Homology Modeling project).

3) Calculate the second Patterson vector map using your homology model:

P2uvw = hkl |Fhkl |
2 cos2(hx + ky + lz)

4) Compare the two Patterson maps. First search through all of rotation space for the best

agreement between the two:

R(1, 2, 3) =  ∫P2(X2) P1(X1) dv (in Patterson space: u, v, w)

5) Apply the rotation function solution to the model, and then search translation space:

T(x, y, z) = ∫ P2(X2) P1(X1) dv (in Patterson space: u, v, w)

6) Apply the translation function solution, calculate phases, electron density map, then interpret. 



MR References

1. Brünger, A., et al. (1998) Crystallography & NMR System: a new software

suite for macromolecular structure determination. Acta Cryst. D54, 905–921.

2. Adams, P. D. et al. (2002) PHENIX: building new software for automated

crystallographic structure determination. Acta Cryst. D58, 1948–1954.

3. McCoy, A. J., et al. (2007) Phaser crystallographic software. J. Appl. Cryst.

40, 658–674.

4. Molecular Replacement: proceedings of the CCP4 study weekend (2008).

Acta Cryst. D64.

MR Websites

� 1. http://cns.csb.yale.edu/v1.1

The main site for A. Brünger‟s CNS_solve program suite.

� 2. http://www.phenix-online.org/

The Phenix software suite for automated determination of macromolecular structures.

� 3. http://www-structmed.cimr.cam.ac.uk/phaser/index.html

The main site for R. Read‟s Phaser program.

4. http://www.ccp4.ac.uk/dist/ccp4i/help/roadmaps/molrepl.html

A roadmap of molecular replacement procedures within the CCP4 program suite.



Density-Modification (DM) Techniques

(a) Solvent flattening uses automated methods to

define the protein-solvent boundary and then modify

the solvent electron density to be of uniform value.

(b) Histogram matching redefines the values

of electron-density points in a map to conform to

an expected distribution of electron-density values.

(c) Non-crystallographic symmetry (NCS) averaging

imposes identical electron-density values to

points related by local symmetry. In this example,

a trimer of ducks forms the asymmetric unit.

The local NCS symmetry operator relating ducks

A, B and C is shown.

Taylor (2003) Acta Cryst. D59, 1881



Phase Improvement by DM

Taylor (2003) Acta Cryst. D59, 1881

Transform



(a) 2.6 Å MIR electron density.

(b) Electron density after solvent flattening and histogram matching in DM.

The solvent envelope determined by DM is shown in green.

Electron Density Improvement by DM

Taylor (2003) Acta Cryst. D59, 1881



Example of the Power of NCS and DM:

Virus Capsid Structures

Kuhn et al. (2002) Dengue virus capsid. Cell 108, 717–725



Crystallography:

Description of symmetry

Theory of Diffraction

Structure Determination

Refinement



Refinement and Rebuilding of Macromolecular Structures

Purpose:

To refine the structure and the phases to a model with higher accuracy 

than that determined from the initial phase set.

Principle:

Use the observed native structure factors  [(Fhkl)o] together with standard bond 

length and  angle restraints to optimize repositioning of the atoms in the electron density.

Procedure:

1) Study and interpret the electron density map; build an atomic model.

2) Calculate Fcs and cs from the model, and compare them to the measured data:

R =     |Fo - Fc| (summed over all the reflections h,k,l in the data set)

 Fo

3) Refine the atoms’ x, y, z and Bs by minimizing R, and monitor statistics.

4) Calculate a new electron density map.

5) Return to step 1, and iterate.                                   Fc =

Requirements:

Intensive, time-consuming work. Requires a fast computer and three-dimensional graphics.

Options:

A variety of refinement algorithms are available. Different types of electron density maps

are calculated to aid in interpretation, such as: (Fo) c, (Fo - Fc) c, (2Fo - Fc) c, omit maps, etc.



Conventional Refinement and Rebuilding

Purpose:

Refinement permits the atomic positions (x,y,z) and temperature factors (B) to vary in 

order to minimize R, the differences between the observed data (Fo) and the theoretical 

data (Fc) calculated from the model.

R =     |Fo - Fc|        Fc =

 Fo

Refinement should always be a restrained process, where the shifts to new atomic 

positions are guided by reference to accurate bond lengths and angles from previously 

determined small molecule structures.

Conventional refinement is slow, and the radius of convergence is small and incremental.

Most of the progress is gained from the manual rebuilding of the structure during the cyclic process.

Example:

Phenylalanine to be built into electron density.    Residue after building, ready for refinement.

Fo = data values

Fc = calculated based on atoms



Simulated Annealing Refinement

Purpose:

A better approach to macromolecular structural refinement employs simulated annealing,

which relies on molecular dynamics calculations. In molecular dynamics, all atoms and bonds

are parameterized with empirically derived mass and energy terms (much like a “balls and springs”

type of model). When kinetic energy is added to the atomic model, the calculations simulate

the dynamic motion of the molecule. This provides a powerful tool for rapid structural refinement,

especially by exploring alternate conformations of peptide groups and amino acid side chains.

Simulated annealing has a large radius of convergence in repositioning incorrectly placed side chains.

Example:

Incorrectly placed tryptophan. Properly placed tryptophan

after simulated annealing.

Brünger and Rice (1997) Meth. Enzymol. 277, 243. 

??



Simulated Annealing Refinement (cont)

Simulated annealing applies kinetic energy to the molecule, and permits the flexible groups

to explore different conformations during the annealing process. Thus it is a dynamic refinement

that has a much higher radius of convergence than other refinement methods.

Schematic explanation of molecular dynamics-based

simulated annealing. The kinetic energy of the system

allows local conformational transitions with barriers

smaller than the kinetic energy. If a larger drop in energy

is encountered, the excess kinetic energy is dissipated.

It is thus unlikely that the system can climb out of the

global minimum once it has reached it.

Brünger & Adams (2002) Acc. Chem. Res. 35, 404–412.



Free R Values and Cross Validation

Errors can remain in even the most carefully refined structures. Diffraction data

and electron density maps can be misinterpreted in subtle ways, such as introduction

of too many adjustable parameters, or too many water molecules that may compensate

for errors in the model and/or data. These problems arise more frequently with low- and

medium-resolution structures.

Conventional R-factors do not necessarily reflect these model errors, because the data

used to calculate the R-factors are the same data used in the refinement. The free R value

was introduced to overcome this bias, and produce a “model-free” method for estimating

the correctness of a refined model.

In simple terms, the Rfree is calculated the

same as the conventional R-factor (called Rwork),

but by using a subset of the data that has been

removed from the refinement process.

Cross validation free R values are more dependable

in estimating average coordinate error.

Rfree is usually ~10% higher in value than Rwork. 

Brünger (1997) Meth. Enzymol. 277, 366.

Another useful method for detecting errors on a residue-by-residue basis is the real-space R-factor

(see Branden and Jones (1990) Nature 343, 687).



Bayesian Statistics in Refinement

Conventional model rebuilding and structure/phase refinement is usually successful, but not

without procedural difficulties. The radius of convergence is small, and progress is slow and incremental. 

This is due in part to a number of limitations in the original formalisms. For instance, in MIR refinement,

it is assumed that FP is always accurately determined, and that all errors resided in FPH and FH. 

Furthermore, conventional refinement only minimizes the phase values, while the magnitudes of the

structure factors remained fixed.

New approaches that employ Bayesian statistics are much more effective than conventional

refinement routines. These algorithms provide better phase selection through reduction of model bias.

The Bayesian approach is based on probabilistic theory that can recover missing phase information.

It proceeds in three basic steps:

1) phase-related hypotheses are generated to represent the missing information,

2) the hypotheses are converted into structure factor probabilities,

3) the likelihood of each probability set is compared to the observed data to select the best hypothesis.

Several rounds are performed, and the final phase probabilities are combined with the existing phase

information.

The methods have been incorporated in many phase refinement programs, and their operation 

is usually transparent to the user.

Bricogne (1997) Meth. Enzymol. 276, 361.



Structure Refinement References

1. Kleywegt, G. J., and Jones, T. A. (1997) Model-building and refinement practice.

In Methods in Enzymology, Vol. 277. J. N. Abelson and M. I. Simon, eds.

Academic Press, pp. 208–230.

2. Brünger, A., and Rice, L. (1997) Crystallographic refinement by simulated annealing.

ibid., pp. 243–269.

3. P.D. Adams, et al. (2002) PHENIX: new software for automated crystallographic

structure determination. Acta Cryst. D58, 1948–1954.

Structure Refinement Websites

1. http://www.ccp4.ac.uk/dist/ccp4i/help/roadmaps/refinement.html

A roadmap of refinement procedures within the CCP4 program suite.

� 2. http://cns.csb.yale.edu/v1.1

The main site for A. Brünger‟s CNS_solve program suite.

� 3. http://www.phenix-online.org/

The Phenix refinement program suite.



Useful Types of Maps for Model Rebuilding
(all phases calculated from model: c)

Recall that the electron density () is calculated using the reverse Fourier transform.

The transform has two terms: coefficients, and phases:

(x,y,z) =  Fhkl e-2i(hx + ky + lz- (hkl))

The coefficients can be different combinations of structure factors:

Fo: Coefficients are structure factors from observed data.

Some new, useful information, but most density biased by input model.

Fo-Fc: Coefficients are observed minus calculated structure factors.

Most useful in finding missing or misplaced atoms/groups.

2Fo-Fc: Think of the coefficients as Fo + (Fo-Fc);   emphasizes differences!.

More useful than simple Fo.

Omit maps: Fo maps after removing suspicious atoms.

Eliminate all bias from omitted fragment.

coefficients phases

VERY IMPORTANT



Examples of ~2 Å Fo Electron Density for Amino Acid Side Chains

( APPEARANCES OF DENSITY DEPENDS ON RESOLUTION)



Effect of resolution in the fitting of electron density







Flipping an Arginine Guanidinium Group

aided by |Fo|, c (blue) and |Fo-Fc|, c (green and red) maps 

SHELX refinement tutorial (thomas.schneider@shelx.uni-ac.gwdg.de)





DIFFERENCE DENSITY OF A SLIGHTLY MISPLACED TYROSINE

|Fo|, c and |Fo-Fc|, c maps

show only minor refitting is necessary

o





c







(A measure of the motion of atoms)



Packing effects!



DATA ON PROTEIN DATA BANK STRUCTURES









This summarizes the review of the basic

Concepts of protein crystallography in

A brief introduction to the main methods

To solve and refine protein structures.

We will conclude with:

A brief look at the X-ray sources, including synchrotrons.

An analysis of a structural paper.

Possibly, a brief overview of the elements of Protein

Structure.


