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Macromolecular crystallography rests on the discovery of X-ray diffraction by 
inorganic crystals (something that does not occur in nature)…..

Max von Laue
Nobel Prize in 
Physics 1914

James 
Sumner

Nobel Prize in Chemistry in 1946

… and the fact that macromolecules can be crystallized in pure form 
(something that occurs extremely rarely in nature)…..

John 
Northrop

Wendel
Stanley

Protein crystals have been know since the 19th

century…
Protein crystals have been know since the 19th

century…

But it was not until 1920’s that it became clear 
that these crystals contain pure macromolecular 

entities..



It was not until the historic work of the pioneers of protein crystallography, that the 
physical methods of diffraction were used on protein crystals

John Desmond Bernal 
(1901-1971)

Dorothy Crawfoot Hodgkin 
(1910-1995) Nobel Prize in 
Chemistry in 1964.

Max Ferdinand Perutz  
(1914-2002) Nobel Prize 
in Chemistry in 1962.



Historically, two alternative approaches to macromolecular 
crystallization were developed:

… or screening one target protein against a 
large set of precipitants, buffers, etc.

Screening homologous proteins from 
various sources using a standard 
purification and crystallization procedure…...



A large number of screens have been developed and are available commercially from 
different companies (e.g. Qiagen, below); the screens are most efficiently used with 

automated liquid dispensers and all follow two main principles: 

1. Salts, organic solvents and polymers (e.g. PEG) 
are used as precipitants and additives

2. Screening is carried out either on full grid, 
incomplete factorial, or sparse matrix basis:

Full grid Incomplete 
factorial

Sparse matrix:
this approach relies on 
some prior knowledge

Other screen manufacturers include: Hampton Research, DeCode
Genetics, Molecular Dimensions, NEXTAL, Jena Bioscience)
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Ionic strength  (I) or polymer concentration (C)

Range of precipitant 
concentration change

2 M (NH4)2SO41 M (NH4)2SO4

Standard sample c ~ 10 mg/ml

KIBS −=log
E.J. Cohn’s equation: S, solubility; 
B, theoretical solubility in pure water; 
K, salt dependent constant; I, ionic 
strength of the salt



Data from: www.innovadyne.com/appnote_xtal_LLNL.html

Not all conditions in used screens are equally effective in yielding crystals. According to 
MCSG website ,out of 580 conditions selected from several screens, only ~300 produce 
crystals. This is the basis for the formulation of next generation sparse matrix screens 
(JCSG+, MCSG).

Data from Midwest Center for Structural Genomics

Also, various precipitants appear to show varying different intrinsic propensity for 
protein precipitation…



Success rate of crystallization may be dramatically increased by the use of alternative 
reservoirs and additives, rather that expanding the range of conditions

trimesic acid

p -aminobenzoic
acid

tartrate

mellitic acid

293K



Phase diagrams for nucleation and 
crystallization
Luft & DeTitta (1999) Acta Cryst D55:988 

A macroscopic view of crystallization helps to understand the 
crystallization, but only when it actually takes place – it does not help 
us if our target fails to crystallize as it provides few useful guidelines

Thermodynamics of nucleation according to 
Gibbs.
Erdemir et al (2009) Accounts Chem Res in press 

A microscopic view of crystallization is required to better understand 
the molecular basis of protein’s resistance to crystallization…



2. Transfer of molecules from solution to crystal 
is driven by small (-10 to -100 kJ mol-1 ; or 25 
kcal) free Gibbs energy change:

cryst protein protein solventG H T S T SΔ = Δ − Δ − Δ

This term depends on the bonds 
formed at the crystal contact 
regions, and is typically small

All entropic phenomena associated with the protein during crystallization are unfavorable:

loss of degrees of freedom due to incorporation of molecules into the lattice which is an  
unavoidable entropic cost of crystallization; 30 – 100 kJ mol-1 at room T

loss of entropy due to ordering of otherwise flexible loops, chain termini or domain 
flexibility; the magnitude will vary and is impossible to estimate

the structure of the crystal contacts and in particular the extend of entropy loss by side 
chains trapped between the molecules.

This term may be positive and 
determining if enough water 
molecules become released from the 
protein’s surface upon crystallization

1. Nucleation of proteins is initiated from ~200-
1000 % supersaturated solution in the form of 
clusters which undergo self reorganization to 
form ordered nuclei.



What properties confer crystallizability on a 
protein or protein complex?

• The protein must have a surface that confers adequate solubility to 
reach supersaturation levels required for nucleation;

• The surface must contain patches with structured water solvent, 
allowing for the ordering of nascent nuclei by mediating 
thermodynamically viable intermolecular contacts;

• There should be few, if any, unstructured elements that elevate the 
entropic cost of crystallization, such as intrinsically disordered N- and 
C-termini, long partly or wholly disordered loops, or flexible 
carbohydrate moieties due to posttranslational modifications.

• Other properties, such as the Gravy index and pI may be indirectly, but 
positively correlated with crystallizability



203

Functionally 
redundant

Disordered in the absence of Rho, this 
fragment is responsible for nucleotide 

exchange inhibition

Folded in solution, the C-terminal domain 
binds to Rho, sequesters the prenyl group, 

does not inhibit nucleotide exchange

1 22 5923 66

Example: human RhoGDI

The microscopic view of crystallization permits a rational attempt to 
predict crystallizability from sequence features…

N- -C



When a protein target proves recalcitrant to crystallization, 
we must resort to either homologue screening or the 

following protein engineering methods*:
• Improving solubility through:

• Use of hybridoma or synthetic 
antibodies
• Use of ‘in-line’ or insert fusion 
partners
• Direct surface engineering

• Increasing stability

• Reducing the entropic barrier of 
crystallization through:

• Construct optimization to 
reduce flexible termini or loops
• Elimination of post-translational 
modifications
•Surface entropy reduction

*)A review on this subject will appear in the new Edition of the International 
Tables and as a Feature Article in Acta Cryst D 



• Improving solubility through:
• Use of hybridoma or 
synthetic antibodies
• Use of N(C)-terminal or 
insertion fusion partners
• Direct surface engineering

• Increasing stability

• Reducing the entropic barrier of 
crystallization through:

• Construct optimization to 
reduce flexible termini or loops
• Elimination of post-translational 
modifications
•Surface entropy reduction



• Improving solubility through:
• Use of hybridoma or synthetic 
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• Direct surface engineering
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• Improving solubility through:
• Use of hybridoma or synthetic 
antibodies
• Use of ‘in-line’ or insert fusion 
partners
• Direct surface engineering

• Increasing stability

• Reducing the entropic barrier of 
crystallization through:

• Construct optimization to 
reduce flexible termini or loops
• Elimination of post-translational 
modifications
•Surface entropy reduction

What mutations should be made?
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• Improving solubility through:
• Use of hybridoma or synthetic 
antibodies
• Use of ‘in-line’ or insert fusion 
partners
• Direct surface engineering

• Increasing stability

• Reducing the entropic barrier of 
crystallization through:

• Construct optimization to 
reduce flexible termini or loops
• Elimination of post-translational 
modifications
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• Improving solubility through:
• Use of hybridoma or synthetic 
antibodies
• Use of ‘in-line’ or insert fusion 
partners
• Direct surface engineering

• Increasing stability

• Reducing the entropic barrier of 
crystallization through:

• Construct optimization to 
reduce flexible termini or loops
• Elimination of post-
translational modifications
•Surface entropy reduction

Not always necessary…

N-X-S/T mutations



However, even the best behaving proteins seem to have at best 50/50 
chance of forming crystals, while experimental data from SG pipelines 
shows that only ~10 of purifiable protein yield X-ray quality crystals

Data from http://www.mcsg.anl.gov/



A statistical analysis of crystal contacts in 821 
unambiguously monomeric proteins 
crystallized in 51 different space groups

Is the crystal-contact forming propensity directly proportional to the solvent accessible surface area 
presented by a particular amino acid? 

No, the relationship is not linear. The more buried an amino 
acid is, the less likely it is to form a contact. This can be 
rationalized in terms of surface topology which seriously 
deviates from ideality. 



Are crystal-contact forming propensities a function of 
physicochemical properties of amino acids?

Given the same exposed surface, small and hydrophobic amino acids have larger 
propensity to form crystal contacts than charged residues.  



Contact rim

Contact core





A recent statistical analysis of 
679 well expressed proteins, of 
which 157 yielded crystal 
structures

“Our statistical analysis of large-scale protein crystallization 
results demonstrates that the mean entropy of exposed side 
chains and predicted backbone disorder both anti-correlate 
strongly and significantly with successful structure 
determination. Combining these results with the 
observation that stability is not a significant determinant
of success leads to the conclusion that the dominant factor
determining protein crystallization outcome is the 
prevalence of well-ordered surface epitopes capable of 
mediating stereochemically specific interprotein packing 
interactions”.



The option of last resort for poorly or non-crystallizable 
proteins:

• Improving solubility through:
• Use of hybridoma or synthetic 
antibodies
• Use of ‘in-line’ or insert fusion 
partners
• Direct surface engineering

• Increasing stability

• Reducing the entropic barrier of 
crystallization through:

• Construct optimization to 
reduce flexible termini or loops
• Elimination of post-translational 
modifications
•Surface entropy reduction



What amino acids should favor intermolecular contacts?
Studies of protein-protein complexes and antigen-antibody complexes suggest that Ala, 

Tyr, Ser and His might effectively replace Lys, Glu and Gln to generate crystal contact 
forming epitopes on proteins’ surfaces 



The impact of mutations of Lys and Glu residues to Ala was tested 
using RhoGDI (~10% Lys and ~10% Glu content)

Longenecker, et al. (2001) Acta Crystallogr D57:679-88.
Mateja et al. (2002) Acta Crystallogr D58:1983-91





The most successful mutant: RhoGDI  K(138,141) → Y



Csk

Src







YkoF
JMB 343:395-406 (2004)

LcrV
Structure 12:357-8 (2004)

RGSL domain of PDZ-RhoGEF
Structure 9:559-69 (2001)

Hsp33
Structure 12:1901-7 (2004)

The recurrence of crystal contacts involving mutated sites 
validates the hypothesis that crystallization is facilitated by 
surface entropy reduction.



1p3q

Protein-protein complexes

1p4o

New crystal forms with improved resolution (incl. drug targets)
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2fy2, 2fy4
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New structures

1htj 1r6f 1sbr, 
1s99 1uxo 1vzy 1y7m 2bqq2bjo3fms

2j6i

3fhk

3hk0

3dwg 2jl1,2vrb,  
2vrc

3fyd3gv2

3h3e*

3eqy
3eqs

3hgt, 
2hgq 

3bs9

2zvo

2oev

2r02, 2r03, 
2r05

2wcw**

2wit**

2aj7* 2obn* 2osd*, 
2oso*

2p8g* 2qjv* 3bem* 3bf4* 3bf5* 3bn8* 3f7c* 3but* 2iip*

1tqf & 16 
other entries

0

2

4

6

8

10

12

14

16

18

1 2 3 4 5 6 7 8 92001  2002  2003  2004  2005  2006  2007  2008  2009

How difficult are these proteins for crystallization, 
as predicted by XtalPred ?

1

3
4 2

5

http://www.pdb.org/pdb/explore/explore.do?structureId=3EQY
http://www.pdb.org/pdb/explore/explore.do?structureId=3EQY


SER Server
http://nihserver.mbi.ucla.edu/SER/

A normalized, smoothed ‘free’ conformational entropy profile is 
then computed in a sliding window of three residues



Mutation Locations



A note of caution:

There is no panacea for all crystallization 
problems: in many cases various techniques must 
be synergistically applied  until a crystallizable 
version of the protein is generated, as in the 
example shown here.
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