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X-ray Crystallography

Through X-ray crystallography, the chemical 
structure of thousands of organic, inorganic, 
organometallic, and biological compounds 

are determined every year. 
Biochemistry and Molecular Biology

8.4.5 Protein Tertiary structure and X-ray crystallography 
8.5 Proteomics and Protein Function

Macromolecular Crystallography Facility in the Dept. of Molecular Biology 
at Princeton University.

Overview of Crystallographic Methods and Basic Theory
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X-ray crystallography

Like NMR,: x-ray crystallography provide 
3-D mapping of the atoms in a crystal 

Procedures:
Crystallization of molecule and Isolation of a crystal (>10mg)
Perform X-ray diffraction experiment
Obtain electron density map
Determine molecular structure that agrees with the diffraction 

data

How to extend the principle of microscopy to the 
study of macromolecules ?
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The First X-Ray Protein Structure: Myoglobin 

The first time researchers glimpsed the complex internal structure 
of a protein was in 1959, when John Kendrew, working at 

Cambridge University, determined the structure of myoglobin 
using X-ray crystallography. 
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Now: Ribosome Structure
The first structural snapshot of 

an entire bacterial ribosome. 
The structure, which is the 
largest determined by X-ray 
crystallography to date, will help 
researchers better understand 
the fundamental process of 
protein production. It may also 
aid efforts to design new 
antibiotic drugs or optimize 
existing drugs

Ribosome: 3 RNA, 50 proteins, 2.5 million daltons !!!!
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截至目前為止(7/25/2006)
總共收錄了37,874 個生物巨分子結構，

X 光單晶結構的32,096 個(約佔84.7 %)
核磁共振圖譜則有5,571 個(約佔14.7 %)
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What is Diffraction ?

A crowd of people: Diffraction will occur 
(depend on the angle they came to door) 

Diffraction occurs when the incident
light and the size of the grating
(i.e.“size of the door”) are similar.
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Bragg's Law

nλ= AB +BC 

AB = d sinθ

Because AB = BC
nλ = 2AB  

nλ = 2 d sinθh.k.l

for the phases of the two 
beams to be the same  
(Constructive interference)
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When we put a crystal into 
an X-ray beam, some of the 
Bragg planes will be in the 
correct orientation to show 
diffraction, and we will see 
spots for them. If we rotate 
the crystal, other sets of 
planes will come into the 
correct orientation, and we 
will see new diffraction spots.

Waves add in some directions 

=
They cancel out in others

⇒ Array of spots
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Principles—Why X-rays?

0.5 to 1.5 angstroms (1Å=10-10 meters).
– very similar to distance between bonded carbon atoms

X-RayUltravioletInfrared

Visible
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X-Ray Radiation

x-rays produced when high-energy electrons strike a target 
made of a heavy metal, such as tungsten or copper. As 
electrons collide with this material, some have their paths 
deflected by the nucleus of the metal atoms. This deflection 
results in the production of x-rays as the electrons lose energy

x-ray is a packet (or photon) of electromagnetic radiation emitted 
from an atom
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How to generate X-Ray Radiation

x-ray tube

beam hole x-ray shielding

anode

cathode

heater 
voltage

e: electrons exiting the cathode and accelerated to the anode, 
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Bragg 
Spectrometer 

X-ray was the name given to the 
highly penetrating rays which 
emanated when high energy 
electrons struck a metal target 
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Why Electron Density?
– charge/mass: electrons >>atomic nuclei or 

protons
– electrons acceleration ⇒ electromagnetic 

radiation

Why Crystals?
– Huge number of molecules in same orientation
(diffraction pattern for >1015 molecules) 
– Sufficient intensity
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Diffraction from a Real Crystal

The diffracted waves recombine constructively if they 
are in phase and destructively if they are out of phase

The way in which the diffracted waves recombine 
depends on the arrangement of the atoms.

Electrons diffract x-rays – the 
amplitude of the diffracted x-
ray is proportional to its 
number of electrons.
e.g. C diffracts 6 times
more strongly that H

Detected by 
scintillation counter
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Crystal lattice

NaCl How about biomolecule?

- both types of atoms are charged
- ionic interaction

give pattern of electron density
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A motif can be a single atom, a small
molecule, a protein or any combination.

We can simply repeat this motif in three 
dimensions.
This will result in a simple crystal,
like the NaCl crystal.

Often, however, motifs can arrange in
differently oriented copies (this of course 
doesn’t hold for atoms!).

Motif v.s. Lattice
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Formation of Crystal

Homogeneity of the protein sample
Crystallization methods
Screening for crystals

- irregular shapes, soft, and  mobile
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Usually >10 mg, 0.2 mm

A crystal that is 0.5 millimeters on each side contains around 
1,000,000,000,000,000 (or 1015) medium-sized protein 
molecules (50% water). 

Can Protein Crystals be Formed?

Protein crystals contain on 
average 50% solvent, mostly in 
large channels between the 
stacked molecules on the 
crystal. -- Like jelly

The interactions holding 
proteins together in a crystal are 
weak: hydrogen bonds, salt 
bridges, and hydrophobic 
interactions.
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To form protein crystals, we have to find conditions 
so that the proteins assemble in a periodic lattice. 

This is done by having a highly concentrated
solution of the protein and adding reagents to 
reduce the solubility.

Can Protein Crystals be Formed?
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Vapor Diffusion Method⎯ hanging drop vapor diffusion

mixture of protein solution 
and precipitant solution 

Growing Quality Crystals

Typical precipitants:
ammonium sulfate
polymers (e.g. polyethylene 

glycol (PEG))
polyalcohols
organic solvents
saccharides

High [(NH4)2SO4]

Low  [(NH4)2SO4]
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Formation of Crystal

All crystal growth
and nucleation
occurs beyond the 
saturation point.

Formation of crystal can be done by highly concentrated 
solution of the protein and adding reagents to reduce the 
solubility.



22

First we need to construct a reciprocal lattice. 
This is done using the Ewald construction.
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Fourier Theory (mathematical lens)
Diffraction pattern related to object
Mathematical operation called  Fourier Transform
Can be inverted to give pattern of electron density
Requires amplitude and phase of diffracted waves 

The Phase Problem
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The Phase Problem

What we need:

What we have:

What we can get:

What we miss:

• Phase and Amplitude of 
diffracted waves

• Number of X-ray 
photons in each spot

• Number of Photons ⇒
Intensity ⇒ Amplitude2

• Relative phase angles 
for different spots

Phase has been lost
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Finding the Phase

Perturb the system
– Isomorphous replacement
(Position of few heavy atoms)

Single-wavelength anomalous 
dispersion (SAD)

Multiple-wavelength anomalous 
dispersion (MAD)

(Anomalous scatterers)

Guess the phase
– Molecular 

Replacement
Based on known structure

• Good model
• 6-D problem
• Mathematical 

Function 

The phases we obtain from the Fourier 
transformations are not referenced to a specific 
point in space….
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Finding Phase

To solve the problem, we 
introduce a “heavy atom”
such as uranium (U) or 
mercury (Hg) at specific 
sites in the protein – for 
example, by soaking the 
protein crystals. The 
diffraction patterns for 
these “heavy atoms” are 
well known, so they can 
be used as references.

Isomorphous replacement
Position of Few Heavy Atoms
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Multiple-wavelength anomalous dispersion 
(MAD)

a technique used in X-ray crystallography that facilitates the 
determination of the structure of proteins or other biological 
macromolecules (e.g. DNA) by allowing the solution of the phase 
problem.[1] This is possible if the structure contains one or more atoms 
that cause significant anomalous scattering from incoming X-rays at the 
wavelength used for the diffraction experiment. Atoms in proteins which 
are suitable for this purpose are sulfur or heavier atoms, for example 
metal ions in metalloproteins. The most commonly used atom for phase 
determination via MAD, however, is selenium, since it is usually possible 
to replace the natural sulfur containing amino acid methionine by 
selenomethionine. The use of the MAD technique in an experiment 
utilizing different wavelengths of X-rays generated at a synchrotron 
relieves the crystallographer from the traditional method of phase 
determination via Multiple isomorphous replacement (MIR), which 
involves the preparation of heavy atom derivatives in a trial-and-error 
approach.
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Multiple-wavelength anomalous dispersion + Zn atom



From Diffraction to Electron Density Map

To get from the diffraction pattern to the electron 
density, you have to use a Fourier Transform.

Fourier Transform



Solving the Phase Problem

• The diffraction data does not give the phase angle that 
is needed to calculate the electron density map.

• Have to get the phase angle through other methods. 
Isomorphous Replacement:  Insert a heavy metal atom into crystal

protein, and locate in diffraction pattern and in the cell.  Use the 
location of metal ion to find the phase angle for the other protein 
atoms.

• Requirements:
Add atom with same unit cell size.
Cannot disturb protein structure.

Often use Hg, Pt, Au.



Electron Density Map Amplitude + Correct phase 

Once you have an electron density map, you  
can begin to fit models to it.
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Fitting and Refinements
Fitting Model and Experiment
– Computer graphic Programs
– Phase problem  ⇒ poor initial model

Improvement process: Refinement
– Atomic model adjusted to improve  with 

measured diffraction data
– standard crystallographic R-factor

0.6-VERY BAD

0.5 -BAD

0.4-Recoverable

0.2-Good for Protein

0.05-Good for small organic 
models

0-PERFECT FIT
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Given that you know the sequence of the protein, 
you can generate a model and fit it within the 
density (using a number of computer programs). 
First, you start with the backbone.
Then you can fit the side-chains
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At this stage, the structure is 
poorly resolved.

There may be a number of 
possible solutions.

Since we want atomic resolution
(i.e. on the order of 1 Å), we 
need to refine the structure.

Poor Initial Model
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Refinement of Structure

Atomic model adjusted to improve        
with measured diffraction data

Require a lot of time !!!

4.0 Å

3.0 Å

2.5 Å

1 Å
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Electron density map of a Sigma 54/PspF1-275 complex in 
the presence of ADP.AlFx, an ATP hydrolysis transition 
state analogue. The crystal structure of PspF1-275 has 
been fitted into the density. The model shows that PspF 
contacts Sigma 54 through a flexible loop (L1 loop) at the 
point of ATP hydrolysis. This contact is crucial for the 
transfer of energy to the closed promoter complex.

Phage Shock Protein F (PspF)

Professor Martin Buck at Imperial College London 
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HIV1-IN (Human 
Immunodeficiency Virus 1-
INtegrase)

E. coli Leucyl-tRNA Synthetase 
(LeuRS)

Examples in Biomedical Applications
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Protein-protein interaction and 
protein complex

Journal of Biochemistry and Molecular Biology, Vol. 37, No. 1, January 2004, pp. 45-52

A chromosome contains five 
types of histones: H1 (or H5), 
H2A, H2B, H3 and H4. H1 and 
its homologous protein H5 are 
involved in higher-order 
structures. The other four 
types of histones associate 
with DNA to 
form nucleosomes. H1 (or H5) 
has about 220 residues. Other 
types of histones are smaller, 
each consisting of 100-150 
residues.
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Some limitations

Resolution
Cannot resolve the positions of 
hydrogen atoms 
Cannot reliably distinguish nitrogen from 
oxygen from carbon
Chemical identity of terminal side-chain 
atoms is uncertain for Asp, Gln and Thr 



41Nature,422, 216 ( 2003)

Structural 
Proteomics
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cellbio.utmb.edu/cellbio/ribosome.htm

Role of the Ribosome

clusters of ribosomes, 
called "polyribosomes". 

Ribosomes are tiny 
organelles responsible for 
protein synthesis in the cell. 
They receive genetic 
information from messenger 
RNA molecules, which are 
copies of the gene sequence, 
and use this to specify the 
assembly of amino acids, 
brought by transfer RNA
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Initiation
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Elongation

AUG –
Start 
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End of Translation

UAA, UAG, UGA –
Stop 
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Structure of the largest of the two subunits of the 
ribosome, the "protein factory" of the cell. 

Transfer RNAs (green, blue and yellow) occupy cavity 
between two ribosomal subunits

www.lbl.gov/.../ribosome-crystallography.html

Structure of Ribosome
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70S ribosome, which consists
of 52 proteins and 3 RNA molecules, 
and has a relative molecular mass of 
~2,500,000 (Mr 2,500K).

70S ribosome Determined by X-ray Crystallography
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Hybrid Approaches to Structure Determination
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Structural Proteomics

Structures of human proteins determined within the Protein Structure Factory. 
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Protein Structure Factory, Berlin 
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It represents an integrative approach to structure analysis 
combining the computer-based analysis of genes by 
bioinformatics techniques, automated gene expression and 
purification of gene products, generation of a biophysical 
fingerprint of the proteins and the determination of their three-
dimensional structures either in solution by NMR spectroscopy
or in the crystalline state by X-ray Diffraction.   

At a later stage, it may analyze various sets of input 
proteins selected by criteria of potential structural novelty or
medical or biotechnological usefulness. 

Protein Structure Factory, Berlin 
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A small sample of the 1,100 comparative models 
calculated for the proteins in the yeast genome is 
displayed over an image of a yeast cell

Incomplete Work! 


