
X-Ray Crystallography 
 

What is X-ray Crystallography?  
X-ray crystallography is an experimental technique that exploits the fact that X-rays are 
diffracted by crystals. It is not an imaging technique. X-rays have the proper wavelength (in 
the Å range, 1̴0-10m) to be scattered by the electron cloud of an atom of comparable size. Based 
on the diffraction pattern obtained from X-ray scattering off the periodic assembly of molecules 

or atoms in the crystal, the electron density can be reconstructed. Additional phase information 
must be extracted either from the diffraction data or from supplementing diffraction 
experiments to complete the reconstruction (the phase problem in crystallography). A model is 
then progressively built into the experimental electron density, refined against the data and the 
result is a quite accurate molecular structure.  
Why Crystals? 
•Crystals are necessary because it is neither possible to see nor handle single molecules. 
•Therefore, a lot of molecules are placed into a single crystal.  

•A defining feature of a crystal is that 
it is a three-dimensional periodic 
array of molecules.  
•This means that all of the molecules 
in the crystal occur in only one or in 
very few orientations. This leads to a 
tremendous amplification of the 
diffraction image. And not only that, 
the diffraction image is also much 
simplified. 

Why Crystallography?       
The knowledge of accurate molecular structures is a prerequisite for rational drug design. The 
knowledge of accurate molecular structures is a prerequisite for rational drug design and for 
structure based functional studies to aid the development of effective therapeutic agents and 
drugs. Crystallography can reliably provide the answer to many structure related questions, 
from global folds to atomic details of bonding. In contrast to NMR, which is an indirect 
spectroscopic method, no size limitation exists for the molecule or complex to be studied. The 
price for the high accuracy of crystallographic structures is that a good crystal must be found, 
and that only limited information about the molecule's dynamic behaviour is available from 
one single diffraction experiment.  
 



Why X-rays? 
•X-rays are electromagnetic waves much like visible light. Only their wavelength is much 
shorter.  
•Since the aim is to acquire information about the position of atoms it is necessary to use 
radiation of a wavelength close to the distance of atoms in wavelength close to the distance of 
atoms in molecules.  
•Only then will it be possible to distinguish one atom position from the neighbouring atom 
position.  
•X-rays have a wavelength around 10-10m which is close to the distance between two bonded 
atoms in a molecule. 
What is the Role of Electrons? 
•X-rays interact with the electrons in the 
molecules not with the atomic nuclei.  
•The result of that is, that the diffraction 
image contains information about where 
the electrons are in our structure. are in 
our structure.  
•From the electron density, which is just a 
term to describe how many electrons sit at 
a given site, we can then infer where the 
atomic positions have to be, atomic 
positions are inferred from electronic positions. 
Outline of the experiment 
In a macromolecular X-ray diffraction experiment a small protein crystal is placed into an 
intense X-ray beam and the diffracted X-rays are collected with an area detector (it is 
advantageous to cool the 
crystals to low 
temperatures, primarily to 
prevent radiation damage). 
The diffraction pattern 
consists of reflections of 
different intensity, and a 
lot of patterns need to be 
collected to cover all 
necessary crystal 
orientations. After some 
data processing, we end up 
with a list of indexed 
reflections and their 
intensities.  
The diffracted X-rays are scattered by the crystal at a certain angle. The further backwards the 
x-rays scatter, the higher we say is the resolution of the data set. The extent to which the crystal 
diffracts determines how fine a detail we can actually distinguish in our final model of the 
structure. High resolution is thus desirable. Knowing the wavelength and the diffraction angle 
of a reflection, its resolution d can be easily calculated by Bragg’s equation:  

nλ = 2d sinθ 



 
 
Protein crystallisation 
Proteins consist of long macromolecule chains made up from 20 different amino acids. The 
chains can be several hundred residues long and fold into a 3-dimensional structure. It is 
therefore quite 
understandable that protein 
molecules have irregular 
shapes and are not ideally 
suited to be stacked into a 
periodic lattice, i.e., a 
crystal. Protein crystals are 
thus very fragile, soft 
(think of a cube of jelly 
instead of a brick) and 
sensitive to all kind of 
environmental variations. 
Protein crystals contain on 
average 50% solvent, 
mostly in large channels between the stacked molecules on the crystal. The interactions holding 
the molecules together are usually weak, hydrogen bonds, salt bridges, and hydrophobic 
interactions, compared to strong covalent or ionic interactions in mineral crystals.  This 
explains the fragility of the crystals, but allows for the possibility of soaking metal solutions 
(important for phasing) or even large enzyme substrates or inhibitors, into the crystals.  
Experimental Diffraction Patterns of Protein Crystal  
The following figure shows experimental x-ray diffraction patterns of a protein crystal (in this 
case, a membrane protein crystal) obtained with synchrotron radiation. 
Crystallographic symmetry: the amount of symmetry present in the crystal system and space 
group. With a high symmetry crystal system—for example, a cubic, one needs only to collect 
diffraction data through as little as 35°. Conversely, in a lower symmetry crystal system, such 
as a monoclinic, data might need to be collected through 180°.  
Non-crystallographic symmetry (NCS): The amount of symmetry present in the asymmetric 
unit; that is the equal particles in the unit cell related by symmetry operations. A particle such 
as a virus, composed of many identical subunits, has a high level of NCS, as much as 30-fold 
or even 60-fold. 
The Phase Problem in X-ray Crystallography  
X-ray diffraction provides one of the most important tools for examining the three-dimensional 
(3D) structure of biological macromolecules. The physics of diffraction requires that in order 
to resolve features of atomic structure it is necessary to employ radiation with a wavelength of 
the order of atomic spacing or smaller. X-rays have suitable wavelength, and interact with the 



electrons of the atoms. However, the 
interaction between X-rays and electrons is 
weak, and such energetic radiation causes 
ionization of the constituent atoms of the 
molecule, damaging the molecule under 
study. Therefore, it is necessary to examine a 
vast number of molecules simultaneously: 
This is achieved by using a crystal containing 
many copies of a molecule in a regular lattice. 
When a crystal is exposed to X-rays, the 
radiation is scattered to form a diffraction 
pattern.  
The X-rays are scattered from every point in 
the crystal, with a strength in proportion to the 
concentration of electrons at that point. All 
the X-rays scattered along any particular 
direction interfere with each other, giving rise 
to detailed features in the diffraction pattern 
that depend on the arrangement of atoms in the 
crystal. Analysis of the diffraction pattern may 
therefore allow the arrangement of atoms to be 
deduced. The intensity of the radiation 
scattered in any particular direction from the 
crystal depends on whether X-rays scattered 
along that direction interfere constructively or 
destructively. This in turn depends on the 
position and spacing of electron density features (in particular atoms) within the crystal. 
Examples of constructive interference, leading to strong scattering along a particular direction, 

Figure: The diffraction pattern from a crystal 
depends on the arrangement of atoms in the 
crystal. In (a) the scattered waves from 
atoms1and 2 have opposite phases and cancel 
out, so the scattered beam is weak along that 
direction. In (b) the scattered waves from atoms 
3 and 4 combine to give a strong scattered 

Figure: A simulation of a two-dimensional crystal and its diffraction pattern. Note that the lattice 
repeat in the crystal gives rise to a pattern of spots in the diffraction pattern, and that the lattice 
directions in the crystal are orthogonal to the lattice directions in the diffraction pattern. 



and of destructive interference, leading to weak scattering. The crystal, by its nature, contains 
a regular lattice of identical molecules, and thus every feature of the electron density will be 
repeated at regular intervals. The basic repeating unit from which the crystal is constructed is 
called the unit cell. 
It is convenient to define crystal axes a, b and c defining the unit cell in three dimensions. 
Scattering along directions reflecting the lattice repeat will be reinforced by every repeat of the 
unit cell, and will be strong; scattering 
along all other directions will be weak. As 
a result, the full diffraction pattern of the 
crystal is a pattern of spots, forming a 
three-dimensional lattice with reciprocal 
directions and spacings from the real 
lattice. An individual diffraction image 
obtained from a single crystal orientation, 
is a 2-D section through this pattern. This 
is referred to as the reciprocal lattice. The 
diffraction spots are labelled by three 
integer values called Miller indices 
referring to their position in the diffraction 
pattern. A simulated two-dimensional 
crystal structure, and the corresponding 
diffraction pattern. The diffraction spots 
are of different intensities, dependent on 
the spacings of features of the electron 
density within each individual unit cell. 
The density within the cell is related to the 
intensities of the diffraction spots by a 
mathematical relationship known as a 
Fourier transform. As a result, if the 
contents of the unit cell are known, the 
diffraction pattern may be predicted. 
Conversely, if the scattering from the crystal is known, it is possible to reconstruct the contents 
of the unit cell. Itis only necessary to determine the electron density in a single unit cell rather 
than the whole crystal; or equivalently, through the Fourier relationship, it is only necessary to 
consider the diffraction spots, and not the space in between. Each spot may then be represented 
by a single wave representing the magnitude and relative phase of the X-rays scattered along 
that direction. The mathematical representation of this wave is called a structure factor. 
Unfortunately, it is only possible to measure the amplitude of the diffraction pattern spots by 
experimental means; the phase information is missing: this is the ‘phase problem’ of X-ray 
crystallography. Without phase information it is impossible to reconstruct the electron density 
in the unit cell. The diffraction pattern has some other important features. If there is symmetry 
within the unit cell, the diffraction pattern will show a related symmetry, with the addition that 
in the absence of anomalous scattering Friedel opposites are always equal in magnitude and 
opposite in phase. Reflections that are scattered through higher angles represent finer features 
in the electron density. The smallest feature that can be resolved in the electron density (if 

Figure: Each reflection in the diffraction 
pattern can be described as a wave with a 
certain magnitude and phase. The magnitude 
determines the size of the wave (a), and the 
phase determines where the peaks occur (b). 



phases are available) depends on the Bragg spacing of the highest-angle reflections that can be 
measured, and is called the ‘resolution’ of the data set. 
 
Solution of the Phase problem 

 Direct Method: For small and intermediate-sized molecules the atoms are normally well 
ordered, and as a result structure factors may be measured to very high diffraction 
angles. The high-angle diffraction spots give information about finely spaced features 
in the unit cell. In this case the missing phase information may be reconstructed directly 
from mathematical relationships between the structure factors. Since the phases come 
directly from the observed diffraction pattern, these methods are referred to as direct 
methods. The phase relationships on which direct methods rely depend on placing 
constraints on the electron density in the unit cell. Small molecules (‹1K atoms) with 
high-resolution data (1̴Å). 

 Molecular Replacement: An alternative approach to the phase problem may be used 
when the molecule under study is similar to another molecule whose structure is already 
known. In this case the molecular replacement method allows phases to be obtained 
from the known structure. 
The molecular replacement calculation involves the solution of the rotation and 
translation functions: the known molecule is first rotated in three-dimensions, and for 
each orientation structure factors are calculated from the model. The agreement 
between the calculated structure factors and the observed values from the diffraction 
experiment is used to identify the orientation of the known molecule that most closely 
matches that of the unknown molecule in the crystal. 
Next, the oriented model is placed at every possible position in the unit cell, and again 
the agreement of the structure factors used to identify the correct translation. If the 
correct orientation and translation can be identified, then the model may finally be used 
to calculate phases for all the structure factors. Electron density maps may then be 
calculated using phases from the model structure and weighted magnitudes from the 
unknown structure. The resulting map may be examined to determine the unknown 
structure. 

 Multiple Isomorphous Replacement (MIR): Larger structures such as proteins are 
typically less rigid than smaller molecules, and thus even in a crystal there will be 
significant disorder between unit cells. This limits the resolution of the diffraction 
pattern to typically 2 or 3 Å. Since these molecules may also contain many thousands 
of atoms, a different approach to phasing must be adopted. The most common approach 
to this problem has been multiple isomorphous replacement (MIR). 

 Multiwavelength Anomalous Dispersion (MAD): Multiwavelength anomalous 
dispersion has become a popular alternative to multiple isomorphous replacement 
experiments following the introduction of X-ray beam-lines at synchrotrons. The 
scattering from an atom is usually largely independent of wavelength; however, each 
atomic type has a few ‘absorption edges’ around which the scattering varies rapidly (in 
amplitude and phase) with wavelength. By varying the wavelength around the 
absorption edge for an atomic type, the contribution from those atoms to the total 
scattering can be varied. If the positions of the anomalously scattering atoms are known 
(for example, in the case of a few heavy atoms in the structure), phase information may 
be recovered by the same method as for MIR data. 



Applications of X-ray Crystallography 
 To identify crystalline phases and orientation. 
 To determine structural properties. 
 To measure thickness of thin films and multi-layers. 
 To determine atomic arrangement. 
 X-ray crystallography is most widely used for the identification of unknown crystalline 

materials (e.g. minerals, inorganic compounds). Determination of unknown solids is 
critical to studies in geology, environmental sciences, material science, engineering and 
biology. 

Applications in Proteomics 
 Protein structure determination: Protein structure determination refers to finding the 

exact orientations and arrangements of different amino acids present in the protein. 
X-ray crystallography help us to determine the structure of proteins which further helps 
us to even determine its function, 

 Protein interaction studies: Protein interaction refers to the way in which two or more 
proteins interact with each other. 
Studies include the orientation, site of action and the major amino acids of proteins 
taking part in a particular reaction ray crystallography helps to determine their 
interactions. 

 Conformational studies: Conformational studies refers to spatial arrangements of 
atoms in a molecule that can come about through free rotation of atoms about a 
chemical bond. 
It is necessary to determine the arrangements as it determines the structure and function 
of protein X-ray crystallography is an efficient technique to determine it. 

 Enzyme catalysis determination: Enzymes are protein. Determine of structure 
(specifically active site’s) and type of amino acids present in active sites determines 
catalytic activities, interaction level of enzymes. 
X-ray crystallography helps us to determine and predict the catalytic efficiency of 
enzymes. 

Hence, it enables us to visualize protein structures at the atomic level and enhances our 
understanding of protein function. Specially, we can study how proteins interact with other 
molecules, how they undergo conformational changes and how they perform catalysis in the 
case of enzymes. Armed with this information we can design novel drugs that target a particular 
protein, or rationally engineer an enzyme for a specific industrial process. 
Limitations 

 Small-molecule crystallography typically involves crystals with fewer than 100 atoms 
in their asymmetric unit; such crystal structures are usually so well resolved that the 
atoms can be discerned as isolated “blobs” of electron density. 

 By contrast, macromolecular crystallography often involves tens of thousands of atoms 
in the unit cell. Such crystal structures are generally less well-resolved (more “smeared 
out”); the atoms and chemical bonds appear as tubes of electron density, rather than as 
isolated atoms. 

 In general, small molecules are also easier to crystallize than macromolecules. 
However, X-ray crystallography has proven possible even for viruses with hundreds of 
thousands of atoms. 

 


