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Lecture 1: From protein solution to protein
crystals

• Thermodynamics vs. kinetics

• Roaming the phase space with different techniques

• Solubility of proteins

Bernhard Rupp
Dept. of Forensic Crystallography

k.-k. Hofkristallamt

Vista, CA 92084, USA
Innsbruck, A 6020 Austria

• Phase diagrams and what they (not) mean

• Nature and properties of crystals (and proteins)

• HTPX and post-mortem analysis (second lecture)

www.ruppweb.org

Biostruct-X, Budapest, Sept 01, 2013 2 of 62 unclassified © Bernhard Rupp 2013

Structure models are
useful because:
Molecular structure
defines biological function -
from basic research to
understanding of disease,
molecular medicine,
therapeutic drug design

Why do we care about
macromolecular structure

models ?
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X-ray crystallography provides these structures
without size limitation and often at atomic
detail level and relevant beyond solid state –
with some caveats

Molecular form defines function: huge
variety in shapes and size

Biostruct-X, Budapest, Sept 01, 2013 4 of 62 unclassified © Bernhard Rupp 2013

Structure determination involves a large
array of different techniques

In 2 hrs we can
cover only a few
selected topics
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The fundamental concept behind X-ray
crystallography is deceptively simple

Clean mathematics..
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Higher resolution = more data = more information

Holton Movie
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Higher resolution = more data = more information

Holton Movie

We do not just want some
crystals, we need well
diffracting crystals!
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Workflow of a protein crystallization
project
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TEST (no-one said it is going to be easy)

Name a few properties of crystals:

• Beautiful

• Hard

• Durable

• Precious
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TEST (no-one said it is going to be easy)

Name a few properties of protein crystals:

• Beautiful

• Soft

• Fragile

• Sensitive

• Deceptive

• Unpredictable

• Even more
precious…
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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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What is a protein crystal –
biocrystallization view

Protein-protein contacts are mediated by weak and sparse,
non-covalent intermolecular interactions
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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
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Ligand soaking and co-crystallization

Note: diffusion is a slow process ! (movie)

Binding sites will pick
up everything they
can from the cocktail!
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Bindings sites suck (up stuff)

Out of principle, binding sites are never fully occupied:

Fraction of occupied receptor
sites plotted against ligand
equilibrium concentration for
three different binding constants.
While at mM and lower Kd range
small concentrations of ligand
suffice to achieve reasonable
binding site occupancy (between
70-90%), quite impractical
concentrations of ligand in the
crystallization drop are required
for poor binders. On the other
hand, given sufficiently high
concentration, even weakly binding
and non-native ligands can be
forced into a binding site.

-> There is almost always some obscure density in sites
that beckons to be filled with a ligand of desire
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Ligands placed into mother liquor density, ligand omit maps. A: In the structure of the B.
cereus chitinase, PDB entry 3n1a, (Hsieh et al., 2010), the cyclo-(L-His-L_Pro) molecule (CHQ
A1514) is placed into low level electron density that is difficult to interpret, and which may be
plausibly interpreted as an acetate molecule present in crystallization cocktail at 200 mM.

Ligands that are cocktail components

Very tempting and very common – check your imagination!
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Binding sites want to bind – anything they can

TES buffer in ligand binding site. 2.1 Å maps contoured at 1σ (blue) and 5σ (red). (A) 
presumed ligand built into CNS ML 2mFo-DFc map; (B) Shake&wARP map, with TES buffer built
into density. Map has less noise and cleaner connectivity and reveals the true nature of the
ligand. A questionable VdW contact is also obvious between 'ligand' and protein in the left
panel (A).

Lack of supervision and training may often be responsible!
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Why ligand-models may be dangerous

to your career

1. Global indicators of (reciprocal space) data fit like R-
values are completely insensitive. Ligand scattering
mass is often only 1/1000 of the protein. Combine this
with high B-factors and partial occupancies and it
becomes even worse. Ditto, protein geometry means nil.

2. Therefore we need local (real
space) indicators that show the
fit between model and electron
density. The electron density –
preferably minimally biased
positive omit difference density
- is the primary evidence !

(Poster)
presenters please
take note!
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Interactions between protein 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)
•Polar & hydrophobic interactions
•VdW contacts
•Solvent mediated
•Often combinations of above!
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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 !
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Change of pH shifts the surface charge distribution and thus the
intermolecular interactions – pH is therefore a most significant factor

for protein crystallization

note the highly
variable
protonation
state of His
at physiological
pH

Extreme sensitivity to pH is no surprise
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First invariable conclusion :

If there are no suitable
contacts at the right
surface locations to
form an adequate 3-d
network, then

NO MATTER WHAT

that protein will not
crystallize.

Amen.
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Crystallization is not the first challenge

• Expression problems with eukaryotic proteins
• Disulfide links – host selection (extracellular or secreted)
• PTMs and decorations – conformationally inhomogeneous – but
functionally and sometimes structurally important (TCR, QC)

It’s the protein – (i) getting a soluble protein in the first
place – and (ii) one that is inherently crystallizable
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Recombinant DNA techniques in
protein crystallography

Even very rare proteins with a defined
sequence can be overexpressed in

chemically (but not necessarily
conformationally) pure form
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Recombinant DNA techniques in
protein crystallography

All figures from my
book available from
www.ruppweb.org
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Parallel vs. serial approaches

Early stage failures are generally cheap. It is generally more efficient to
pursue multiple target variants in parallel instead of waiting until failure

and then repeating the procedure. Avoids focusing of the first (often
marginal) success until ultimate failure.
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Methods for protein modification
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Domain truncation

Independently folding domains of
proteins can often be separately
expressed and crystallized – example
bitopic membrane protein EGF-R
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Predicting where to cut domains

A single residue more
or less can make all the
difference
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Fusion proteins and fusion tags

Most frequently used tags are
His-6 tags for IMAC
(Immobilized metal-ion
affinity) capture
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Fusion proteins and fusion tags

Most frequently used tags are
His-6 tags for IMAC
(Immobilized metal-ion
affinity) capture
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Membrane protein expression

Detergents are added for
solubilization and crystallization

Hydrophobic
trans-membrane

stem needs
protection
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Fusions for transport and membrane
insertion
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Scaffolding as general method

• Membrane proteins, receptors - scaffolding

* It’s the protein – (i) getting a protein in the first
place – and (ii) one that is inherently crystallizable

140. Zhou Y, Morais-Cabral JH, Kaufman A, et al.
(2001) Chemistry of ion coordination and
hydration revealed by a K+ channel-Fab complex
at 2.0 A resolution. Nature 414(6859), 43-48.
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Protein-DNA complex crystallization

Almost always the length of the DNA oligomer is a decisive factor
for protein-DNA complex crystallization.
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What defines a stable protein crystal ?

Protein-protein contacts are mediated by weak and sparse, non-bonded
intermolecular interactions
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Determining factors for stability:

A) How many contacts and B) how strong ?

Free energy of crystallization

( )c c protein solventG H T S S      

Not much Decisive term

Crystallization is strongly entropy driven !
rationale for surface (entropy) engineering

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

obligate dimers: ~ 800 Å2 and up
in between gray area
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A
The protein solution must be in or move into a metastable,
supersaturated composition region where phase separation is
thermodynamically possible and a crystalline phase is stable:
macroscopic phase equilibria and protein solubility

B
Kinetic parameters, such as nucleation rates, growth kinetics,
convection (gravity) must be conducive to crystal formation –
microscopic foundations

Only if (A and B) then prob (C)

What is protein crystallization ?

Protein crystallization is a special case of phase separation from
thermodynamically metastable solutions under the control of kinetic

parameters
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What is protein crystallization and how-to?

Protein crystallization is a special case of phase separation forming a
protein rich phase from thermodynamically metastable (supersaturated)

solution under the control of kinetic parameters

Biostruct-X, Budapest, Sept 01, 2013 40 of 62 unclassified © Bernhard Rupp 2013

How to: crystallization techniques

How do different
crystallization

methods traverse
the

crystallization
phase space?
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Basic crystallization (phase) diagram
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‘pseudobinary phase diagram’

Playground for Imagination
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Only few things in the crystallization
(phase) diagram we do know:

single phase
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Reducing solubility with precipitants

Polyethylene glycols (PEGs) and
salts are the primary precipitants

Cation-dominated Anion-dominated
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Using additives to modify or mediate
crystal contacts

Metal ions, polydentate ligands,
detergents, salts, PEGS, all can
act as additives and modify
or mediate crystal contacts.
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pH and protein solubility

pI is not the
most common pH
of crystallization.
Some net charge
seems favorable –

still a local
distribution of

contacts
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Protein solubility and nucleation regimes
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Improving nucleation: seeding
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Only few things in the crystallization
(phase) diagram we do know:
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Pathway of Vapor Diffusion experiment III

Does not have to be cocktail
in the reservoir!
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Free interface diffusion
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Free interface diffusion pathway

Uses very little material
Different traversing of
phase space
Scale-up and harvesting
difficult and overlap
with VD not yet
determined
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Free interface diffusion in gels

Biostruct-X, Budapest, Sept 01, 2013 56 of 62 unclassified © Bernhard Rupp 2013

A change in methods can reveal
new conditions but can make it
difficult to reproduce previously
successful conditions

Changes in methods will change results

A

AUB

B
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A) The solution must be in or move into a composition region
where phase separation and self-assembly is

thermodynamically possible.

Necessary requirement: supersaturation

Summary of physical chemistry of crystallization

B) The free energy of formation is driven by competition
between entropic terms and not the enthalpic terms:

Necessary requirement: Phase stability

( )c c protein solventG H T S S      

c) The kinetics must allow that the thermodynamically stable
state – hopefully a crystal – can be reached.

Necessary requirement: nucleation
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• The protein is the key factor for success in
crystallization. Whether your crystallization can
succeed or not is already predetermined by the
protein construct itself. If it cannot crystallize, it
will not, no matter what you do. Consider your
protein and its preferences and dislikes in your
screening design.

• Be ready to use multiple constructs and protein
engineering to increase your chances for success

A few points for review (I)
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Irrespective of all we have learned so far
efficiency is our main concern: How to set
up a maximum of successful experiments

with the least amount of material and cost?

Next lecture:

Handling - Automation -> Statistics -> Analysis
-> Prediction -> Modification -> Success!

Complete summary, Q&A
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Key concepts of Chapter 3
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Key concepts of Chapter 3
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Review protein engineering strategies


