
Different ways of illustrating biomacromolecular 3-D structure 

The 100 aa SH2 (Src Homology 2) domain 
Alberts et al., (2002).  Molecular Biology of the Cell, 4th ed., pp. 138-139.  Garland Science. 



HEW lysozyme (129 aa,  Mr 14.9 kDa) 

h"p://lysozyme.co.uk/lysozyme-­‐structure.php	
  



THE PROTEIN DATA BANK 
at the turn of the Millennium 

http://upload.wikimedia.org/wikipedia/commons/9/99/TriosePhosphateIsomerase_Ribbon_pastel_photo_mat.png 



PDB growth curve through mid 2014 

Doubling time  ~ 4 years 
http://www.pdb.org/pdb/static.do?p=general_information/pdb_statistics/index.html 
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PDB grows to 100,000 structures in mid 2014 
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h"p://loop.nigms.nih.gov/wp-­‐content/uploads/2014/05/PDBstructures_bg.jpg	
  
h"p://www.eurekalert.org/mulJmedia/pub/73206.php?from=267554	
  



Growth Curve for Membrane Protein Crystal Structures 

Doubling time ~ 4 years 

Membrane proteins represent ~ 30% of known genomes but only ~ 2% of known structures. 
Some 60% of pharmaceuticals target membrane proteins	
  



Architectural elements of structural molecular biology 

h"p://www.rcsb.org/pdb/101/staJc101.do?p=educaJon_discussion/educaJonal_resources/index.html	
  



h"p://www.rcsb.org/pdb/101/staJc101.do?p=educaJon_discussion/educaJonal_resources/index.html	
  

Architectural elements of structural molecular biology 



h"p://www.rcsb.org/pdb/101/staJc101.do?p=educaJon_discussion/educaJonal_resources/index.html	
  	
  

Architectural elements of structural molecular biology 



The protein crystallography challenges 

There are four key challenges in 
crystallography: 
 
1 No material – no crystal - no 
crystallography 
Not all materials are sufficiently soluble and not 
all lend themselves to self-assembly into 
periodic structures – that is, protein crystals. 
 
2 The Phase Problem 
The major component for the Fourier  
transformation of the data into electron  
density is missing - needs strategy.  
 
3 Nonlinearity in Refinement 
Each and every atom in the whole structure  
contributes to each and every data point (measured 
reflections or structure factor amplitudes)  
 
4 Low determinacy of Refinement 
The data to parameter ratio is often poor – 
stereochemical restraints required that  
bias the model towards prior expectations. 
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The crystallographic phase problem 

Diffraction spot intensity alone does not suffice to reconstruct 
the electron density of the molecule 

The exponential and dominating term in the Fourier reconstruction 
of the electron density – the phases of each reflection – must be 

provided by additional phasing experiments 



The “fundamental theorem” of structural crystallography 
 
 

 The fundamental theorem of arithmetic 
        Every nonzero integer has a unique expression as a product of primes. 
 

 The fundamental theorem of algebra 
        Every univariate polynomial of degree n has exactly n zeros. 
 

 The fundamental theorem of the calculus 
        If the derivative of f x( ) is g x( ) , then the integral of g x( )  is f x( ). 
   
d
dx

f x( ) = g x( ) ⇒ g x( )dx
a

b

∫ = f x( )
a

b
= f b( )− f a( ) ⇒ g x( )dx∫ = f x( ) +C .  

 

 
 

 The “fundamental theorem” of structural crystallography 
 

        The crystal structure factors Fhkl  in diffraction or reciprocal hkl space and the  
 unit-cell scattering density distribution ρ x, y, z( )  in crystal or direct xyz space are 
 related by Fourier transformation, 
 

  
Fhkl = Fhkl eiϕhkl
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 where the Fhkl  and ϕhkl  are, respectively, the amplitudes and phases of the Laue-Bragg 
 scattered beams of radiation diffracted by a crystal. 
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The “fundamental theorem” of structural crystallography 



Structure determination involves a large  
array of different techniques  



Major steps in course to be covered 



Biocrystallography of 
Structural Genomics 



Nature Structural Biology, November 2000, Volume 7, No 11s. 



Biomacromolecular Crystal Structure Analysis 

heme	
  



Hierarchy and organization of protein  
structure  

1°  a a sequence 
 
2° α, β, loop fragments 
     and motifs 
 
3° domain folds 
 4° domains assembly 



Molecular geometry is determined by  
distances, angles, and torsions 



Cα –chirality – the CO-R-N rule 

With exception of 
non-chiral glycine, 
all proteinogenic 
amino acids are 
chiral with 2S 
configuration – 
L- amino acids 



Primary structure, sequence, peptide bond 

99.9% non-Pro trans 



Protein backbones prefer trans geometry 



Secondary structure is defined by van der Waals  
repulsion and backbone torsion – not side chains! 

•  Ramachandran energy surface  
 
•  outliers indicate points of  
  high local energy 
 
•  ~2-5% high energy conform- 
  ations are normal 
 
•  not restrained in refinement – 
  will reliably reveal errors  



Protein secondary structure  

1°  a a sequence 
 
2° α, β, loop fragments 
     and motifs 
 
3° domain folds 
 4° domains assembly 



Secondary structure elements – helices, sheets, 
turns and loops 



About helix handedness and screw axes 



Other helices: the 310 helix and the PP-II helix  

Strictly speaking the PP-II helices are not secondary structure elements because they 
lack the structure-stabilizing hydrogen-bonded backbone interactions 



Pleated β-sheet structures are mostly parallel 
Or anti-parallel, sometimes irregular 



Secondary structure elements – helices, sheets, 
turns and loops 



1°  a a sequence 
 
2° α, β, loop fragments 
     and motifs 
 
3° domain folds 
 4° domains assembly 

Protein structure hierarchy   





Valence geometry in the trans, planar peptide link 



Polypeptide backbone 
 

conformation angles  ϕ  and  ψ ,  and valence angle  τ ,  at  Cα 
trans, planar  –CO–NH–  peptide links with conformation angle  ω  ≈ 180° 

Jane S. Richardson, http://kinemage.biochem.duke.edu/teaching/anatax/html/anatax.1b.html  
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What is a crystal – formal view  
Definition: A 3-dimensional 
translationally periodic 
stacking of unit cells   
A very useful mathematical 
concept for computation 
but it ignores the minutiae 
of protein self assembly 
and details of crystal 
contacts.   
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Bernhard Rupp’s generic protein molecular structure motif 
used in his various crystal structure illustrations  



Triosephosphate isomerase  (TIM barrel)  
Ribbon cartoon as hand-drawn by Jane Richardson (ca. 1980) 

Jane	
  Richardson	
  

h"p://en.wikipedia.org/wiki/Ribbon_diagram	
  



Triosephosphate	
  Isomerase	
  Monomer,	
  TIM	
  Barrel	
  

h"p://en.wikipedia.org/wiki/Triose_phosphate_isomerase	
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Human	
  acid-­‐β-­‐glucosidase	
  

Colored by N è C sequence direction 

 Bernhard Rupp’s generic protein molecular structure in his various crystal structure illustrations   

Gaucher’s	
  disease	
  results	
  from	
  accumulaPons	
  of	
  glucosylceramide	
  due	
  to	
  inherited	
  acid-­‐β-­‐glucosidase	
  mutaPons.	
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Colored by domains I, II, III          Domain III is a TIM barrel structure 

 Bernhard Rupp’s generic protein molecular structure in his various crystal structure illustrations   



What is a crystal – formal view  
Definition: A 3-dimensional 
translationally periodic 
stacking of unit cells   
A very useful mathematical 
concept for computation 
but it ignores the minutiae 
of protein self assembly 
and details of crystal 
contacts.   



What is protein crystal – biocrystallization view 

Protein-protein contacts are mediated by weak and sparse, non-bonded 
intermolecular interactions 



Crystal as network of protein molecules 

Note that also all of the three 
different intermolecular interactions  
repeat periodically – a few wrong 
molecules can disrupt the lattice 



Energy range of non-bonded interactions	
  

protein-protein 
interactions are 
usually weak, 
non-bonded and 
reversible 

Conclusion: Small changes in environment can have significant impact on 
protein crystallization 



Interactions between molecules	
  	
  

Preciously few weak interactions that must be in the right place for 
self-assembly into in a fragile protein crystal 

• Hydrogen bonds 
• Salt bridges (charged interactions) 
• Hydrophobic contacts 
• VdW contacts 
• Solvent mediated 



What is a crystal – formal view  
Definition: A 3-dimensional 
translationally periodic 
stacking of unit cells   
A very useful mathematical 
concept for computation 
but it ignores the minutiae 
of protein self assembly 
and details of crystal 
contacts.   



Plane lattices, motifs, and unit cells 



Different unit cell origins 

Different origin choices may be possible. 
Regardless on which origin we place the 
primitive lattice, a unit cell will always 
contain the same ‘amount’ of molecule. 
Some choices are more handy than 
others. Only in primitive p1 is the origin 
choice entirely arbitrary. 



Lattice 
origin shift 

 
 

Equivalent 
lattices 



Symmetry in the unit cell: 
2-fold rotation 



Different unit cells and origins 
of a plane p2 crystal  

The two unit cells have different origins but 
have the same volume. Each p2 unit cell contains 

two molecules.  



Symmetry in the unit cell: 
4-fold rotation 



The asymmetric unit suffices to  
reconstruct the unit cell 

The contents of the asymmetric unit 
together with the unit cell symmetry 

allows reconstruction of the entire unit 
cell (and the entire crystal structure).  



Consequences of a crystal being a network 
of sparse, weak, and specific interactions 

•  Sensitive to mechanical stress  
•  Sensitive to environmental changes - ΔT, ΔpH, Δµ 
•  Contain large fraction of solvent  
•  Contain solvent channels 
    important for ligand soaking  



Goodsell	
  &	
  Olsen	
  (2000).	
  Ann.	
  Rev.	
  Biophys.	
  Biomol.	
  Struct.	
  29,	
  105.	
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What is a ‘stable’ protein crystal ?  
A) How many contacts and B) how strong ?  

A)  ~ 15 contacts/molecule 
B)  contact surface area 100-500 Å2  

obligate dimers: ~ 800 Å2 and up 
in between gray area 

Free energy of crystallization  

( )c c protein solventG H T S SΔ = Δ − Δ + Δ

Not much Decisive term 
Crystallization is strongly entropy driven ! 
rationale for surface (entropy) engineering   



Protein solubility and solubility diagrams 

Protein crystallization is a special case of phase separation from 
thermodynamically metastable (supersaturated) solution under the control 

of kinetic parameters 
 

Thermodynamics determine whether it can happen, kinetics whether it does 
actually happen 



Protein solubility and nucleation regimes 



Protein crystals are not perfect inside 

Phenomena of mosaicity and twinning  
complicate data collection  


