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Phase diagram

Phase diagram
Map representing the state of a 
material as a function of the 
ambient conditions.

• Enabling crystallization
• Avoiding conditions in which 

the crystal is not stable 



Solubility curve

Once crystals have been obtained, changing conditions can result in crystal dissolution

When a protein crystal is 
placed in a protein free 
solvent, dissolution starts. 

Dissolution stops when 
protein concentration 
reaches solubility.

Solubility curve



Methods to get solubility curve

1. Placing crystals in a protein-free solution 
2. Mixing of the components
3. Monitor protein concentration
4. Solubility is the concentration once 

system has reached equilibrium. 

• Straightforward and 
standardized procedure

• Optimization crystals/volume 
ratio is required

• Equilibrium is affected by 
crystal surface poisoning

From crystal

1. Adding protein-free solution to a protein 
supersaturated solution

2. Mixing of the components
3. Monitor protein concentration. 
4. Solubility is the concentration once 

system has reached equilibrium. 

• Straightforward and 
standardized procedure 

From supersaturated solution

• Large protein amount required
• Possible protein unfolding at 

high super saturation level



PCT test

• Samples too concentrated result in 
precipitation

• Samples too dilute samples result in clear 
drops.

. 

These conditions doesn’t promote 
crystallization 

Proper protein concentration can be found 
by commercial solubility test, such as PCT 

(Hampton research).



Factorial screening for crystallization

Crystallization success analysis can be treated as sampling problem of an unknown
distribution of successful events in a high-dimensional crystallization space

More than 400 reagents in the BMCD 
(Biological Macromolecule 
Crystallization Database)

Rational exploration of all possible 
combinations of 400 reagents is too 
high to be realized

J. Biol. Chem. 1979, 254(23), 12219

Factorial approach is counter-intuitive because no controlled experiments to identify the 
effects of individual factors and based on Neter and Wasserman principles:

1) Design balancing. Preparation of a number of permutations that allow to separate individual 
factors (the main effects) of the most probable (first order) interactions by statistical methods; 

2) Minimization of the influence of external factors by preparing randomly the permutations of 
variables



Table of conditions

Table of trials (mixed conditions) Interactions

Factorial screening for crystallization
How to do it

Multiple linear regression

bi is the factor/Q correction

𝑄𝑗 =෍
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Crystallization experiment conditions

Condition Effect (usually)

Protein concentration
Too low concentration -> super saturation is not reached
Too high concentration -> massive nucleation/precipitation

Precipitants
PEGs: compete with the protein for water binding
Organic precipitants: reduce dielectric constant of the solution

Salts Salts may act by salting-in and salting-out effects

Buffers Optimal pH for crystallization: ≈pIprotein+1

Additives
May promote crystal contacts (metal ions)
May promote stability and homogeneity (inhibitors, ligands, detergents, reducing agents …) 
May preserve crystallization trials for long incubation periods (NaN3)

Temperature
Low temperature slows crystal growth, improving quality, but it
has also an effect on thermodynamics! Hard to predict!

Amount of protein solution

Protein/precipitant ratio

Crystallization method Vapor diffusion techniques (hanging/sitting drop, batch, dialysis)



Crystallization method comparison

Method Protein amount Automation Seeding Harvesting

Hanging drop Small Not easy Easy Very easy

Sitting drop small Very easy Possible Easy

In-batch under oil Small Possible Not possible Difficult

Dialysis Large Not possible Not easy Not easy

Hanging drop

Sitting drop

In-batch under oil

Dialysis



Prevent crystal adhesion

To be exploited for structural solution or in industrial applications, crystals have to be easily 
detached by the support surface.

Siliconized cover slides (hanging drop) represents 
the most known solution to crystal adhesion. 

In addition, siliconizzation produces a drop which 
that doesn’t flatten on the glass. 

• Fluorinert (Hampton Research)
• Silicone in isopropanol (Serva)



Crystallization results

Often, crystals haven’t the 
desired properties for 
diffraction experiment 
(small size, internal disorder, 
growth pattern…)

Nat Protoc, 2007, 2, 1633

High internal disorder is due to high crystallization 
speed, not homogeneous sample …

Size is too small due to low amount of protein 
in solution or surface poisoning 



Seeding techniques
In this case seeding can be exploited

Crystal growth

Distinguish 
crystals and 
precipitate

Polymorph 
selection

Screening of 
new condition

Crystallization 
under 

favorable 
condition 

(presence of 
ligand)

Why seeding?

Seeding is a technique used 
to bypass spontaneous 
nucleation or to uncouple 
nucleation 
and crystal 
growth



Functional Organic Material, 2019, 93,28

Groups according to seed size Microseeding Macroseeding

Groups according to seed type Homogeneous seeding Heterogeneous seeding

Seeding exploits ready-made nucleus (SEED CRYSTAL) to optimize starting conditions with 
the aim to improve crystal quality

seeds

solution

crystal

Seeding techniques



Microseed Stock preparation
Seed stock preparation requires:
• Seed bead
• Vortex
• Stabilizing solution
• Cryoloop
• Preformed crystal

Stabilizing solution composition
Same composition of the solution for crystals 
grown without protein and with precipitant 
concentration increased by 2-3%

Acta Cryst. (1999). D55, 988-993
Seed beadStabilizing solution



Seeding should be carried out in 
the metastable zone 
• it supports crystal growth 
• It doesn’t induce nucleation

Acta Cryst. (1999). D55, 988-993

Seeding 
conditions



Seeding conditions

Crystallization condition

Drop
P Y mg/ml

Reservoir
A X mM
Buffer 100mM pH 7 

P Y mg/ml
A XmM

P Y mg/ml
A (X*0.99)mM

P Y mg/ml
A (X*0.98)mM

P Y mg/ml
A (X*0.97)mM

P Y mg/ml
A (X*0.96)mM

P Y mg/ml
A (X*0.95)mM

P Y mg/ml
A (X*0.94)mM

P Y mg/ml
A (X*0.93)mM

P Y mg/ml
A (X*0.92)mM

P Y mg/ml
A (X*0.91)mM

P Y mg/ml
A (X*0.9)mM

P Y mg/ml
A (X*0.89)mM

P Y mg/ml
A XmM

P (Y*0.99)mg/ml
A XmM

P (Y*0.98)mg/ml
A XmM

P (Y*0.97)mg/ml
A XmM

P (Y*0.96)mg/ml
A XmM

P (Y*0.95)mg/ml
A XmM

P (Y*0.94)mg/ml
A XmM

P (Y*0.93)mg/ml
A XmM

P (Y*0.92)mg/ml
A XmM

P (Y*0.91)mg/ml
A XmM

P (Y*0.90)mg/ml
A XmM

P (Y*0.89)mg/ml
A XmM

P Y mg/ml
A XmM

P (Y*0.99)mg/ml
A X*0.99mM

P (Y*0.98)mg/ml
A X*0.98mM

P (Y*0.97)mg/ml
A X*0.97mM

P (Y*0.96)mg/ml
A X*0.96mM

P (Y*0.95)mg/ml
A X*0.95mM

P (Y*0.94)mg/ml
A X*0.94mM

P (Y*0.93)mg/ml
A X*0.93mM

P (Y*0.92)mg/ml
A X*0.92mM

P (Y*0.91)mg/ml
A X*0.91mM

P (Y*0.90)mg/ml
A X*0.90mM

P (Y*0.89)mg/ml
A X*0.89mM

Solution
Metastable (crystal growth)

Labile (nucleation)

Precipitation



Streak seeding

Crystallization of Nucleic Acids and Proteins, OxfordUniv Press, 1992

Protocol

Step 1: Set up drops according previous slide. 

Step 2: equilibrate drops. (1-2h for salt precipitants, overnight 
for PEG).

Step 3: Prepare seed stock

Step 4: Dilute concentrated seed stock with stabilizing 
solution (e.g. 100-500 microliters). Prepare several dilution of 
this diluted stock (1-10x).

Step 5: Dip a clean cat whisker into the seed stock and run it 
through the drop

Method to introduce pre-formed crystal 
nuclei into a drop by using whisker. 

J Struct Biol, 2003,142, 136



Microseeding

Protocol

Step 1: Set up drops according previous slide. 

Step 2: equilibrate drops. (1-2h for salt precipitants, overnight 
for PEG).

Step 3: Prepare seed stock

Step 4: Dilute concentrated seed stock with stabilizing 
solution (e.g. 100-500 microliters). Prepare several dilution of 
this diluted stock (1-10x).

Step 5: pipette 1/3 of the total drop volume from diluted 
stock into pre-equilibrated drop

Method to introduce pre-formed crystal 
nuclei into a drop by pipetting. 



Streak vs Microseeding

Streak seeding

• Easier preparation
• Low control on seeding

Micro seeding

• more preparation
• high control on seeding

Method Enzymol, 2012,501, 141



Macroseeding

• Macroseeding is a relatively difficult and time consuming seeding technique. 

• Its application has diminished with the advent of micro-focused beam

• It is the method of choice when other seeding techniques fails and large crystals are 

required (neutron diffraction)

• It reduce the occurrence that thin, plate like and needle shape crystals grown

It requires an addition step 
respect to other techniques Crystal washing



Macroseeding protocol

Protocol

Step 1: Obtaining the best possible seed crystals (additives, seeding…)

Step 2: determine CRYSTAL SOLUBILITY. In this step, the condition at which 
crystal slightly dissolves after 5min and totally dissolves after 10-15 has to 
be found (test precipitant concentration 10-50% of crystallization 
condition)

Step 3: Wash the crystal selected as seed by using this condition

Step 4: Determine conditions at which spontaneous nucleation doesn’t 
occur

Step 5: transferring washed crystals in the conditions of step 4

Feeding is an alternative to macroseeding

ATTENTION!
Merohedral twinned crystals 

are not suitable for 
macroseeding and seeding 

in general

Merohedral twining: perfect superposition of 
reciprocal lattices of different twin domains.



Heterogeneous seeding

This technique exploits seeds made of unrelated substances with respect to molecule to 
crystallize It is usually performed by micro/streak seeding

Sample= Cardiac Myosin Binding Protein C 
Nucleant = carbon nanotube nucleant
P Asanithi, et al., ACS App. Mater. Interfaces 
2009, 1, 1203

Sample= macrophage migration inhibitory 
factor (MIF) 
Nucleant = imprinted polymer (MIP)
E Saridakis, et al., PNAS 2011, 108, 11081

Sample= cyclodextrin 
Nucleant = bioglass 
S Khurshid, et al., Nat Prot 2014, 9, 1621

Template functionalized 
membrane
AMECRYS project 
(www.amecrys-project.eu)

Heterogeneous seeding can be 
exploited to prepare protein/ligand 

crystals from apo-protein crystal.



Troubleshooting in seeding

• Too many crystals in all drops (micro/streak seeding)
 Reduce seed concentration
 Optimize seeding conditions to reduce nucleation 

• Streak line is not clear (streak seeding)
 This occurs when seeding wand is inserted too 

deeply into the drops or at different depths

• Many crystals grow around drop edge 
(micro/macro/streak)
 Spontaneous nucleation has taken place. Optimize 

seeding condition to reduce nucleation. 

• No Crystal appear (micro/macro/streak)
 Seeds likely dissolved. Optimize seeding 

conditions and stock solution. 

Parameter to optimize:
• Equilibration time
• Seed concentration
• Stock solution
• Seeding condition



Protein-ligand complex crystallization

PDB ID: 1FM4
J. Mol. Biol., 2003, 325, 123 

Major Birch Pollen Allergen Bet V1/Deoxycholic Acid

PDB ID: 6EO8
J. Med. Chem., 2014, 57, 8563

Thrombin/selective Cl-thiofene bearing inhibitor

|2Fo-Fc|>1sigma
|Fo-Fc|>3sigma

Ligand molecule can:
• Stabilize protein molecule
• Induce conformational changes
• Reduce protein aggregation

When to add the ligand to the protein?

Co-crystallization 
or Soaking

Expression in the 
presence of ligand

Purification in 
presence of ligand

Ligand 
exchange



Co-expression with 
ligand

• Large amount of ligand required
• Mutations to study protein/ligand could reduce expression level
• Protein expression could be affected by the solvent required for the ligand

• Usually, protein expression is more effective

• Improved protein stability

• Crystallization in adapted protein conformation

Effect of 7 ligands on the expression of 
Glucocorticoid receptor LBD

Acta Cryst, 2007, D63, 72 

Androgen receptor/high-affinity ligand 
Res: 2.0A (Mol. Cell, 2004, 16, 425)

Mineralocorticoid receptor/inhibitor
(J Mol Chem, 2005, 280, 31283)



Co-crystallization

• Usually, crystallization conditions don’t matches with those of the apo protein

• It allows to crystallize ligand adapted protein conformation

• Requires lower amount of ligand than co-expression

• Changes in the expression protocol are not required

Ligand is added to the purified protein to form a complex that is subsequently crystallized.

Co-Crystallization requires:
• Optimization of complex formation conditions
• In the case of partially unfolded protein, it requires heat pretreatment to remove unfolded 

protein
• Optimization of the ligand exchange process, in the case another ligand is present in the 

ligand binding site (Real Time In Situ Competition Crystallization, RTISCC).



Real Time In Situ Competition 
Crystallization (RTISCC)

Chem Comm, 2013, 49, 5492

MMP3 protein has been 
crystallized in the presence of 
Pt-based inhibitor having anti-
cancer activity.

To get such complex, it is 
required to reduce MMP3 auto 
proteolysis. 

Therefore, RTISCC has been 
performed to replace NNGH 
(proteolysis inhibitor, low 
affinity) with Pt-based 
molecule

The case of MMP3 and Pt-based molecule



Soaking

Soaking is performed by dipping
unbound protein crystal in a solution 

containing the ligand

NO CHANGES IN EXPRESSION AND 
CRYSTALLIZATION CONDITIONS OF 

APO PROTEIN ARE REQUIRED

• Crystal could not tolerate soaking 
condition. Crystal cross-linking 
protocol could be  required

• Soaking obtained structure have to 
be validated by co-crystallization



Soaking requires validation

Binding requires conformational changes

YES NO

Unbond protein crystal packing 
allows conformational changes

YES Soaking works Soaking works

NO Soaking doesn’t works Soaking works

Binding mode of tRNA
Guanine transglycosylase in 
the presence of an inhibitor

Soaking 1

Soaking 2

Co-crystals

PLoS, 2017, 12, e0175723



Soaking protocol

Protocol

Step 1: Obtaining the best possible crystals (additives, 
seeding…)

Step 2: assess that crystal form is soakable (binding site 
accessibility, solvent channel size…)

Step 3: determine the solution in which protein crystal is 
stable and that is able to dissolve ligand. 

Step 4: prepare stabilizing solution with and without ligand

Step 5: Slowly exchange the mother liquor in which crystal 
grown with stabilizing solution

Step 6: Slowly exchange the stabilizing solution with that 
containing ligand

Step 7: Back soaking

Solvent 
channel

MscL homolog from Mycobacterium tuberculosis

Science, 1998, 282, 2220

Important! Check model and electron-density maps. Not modelled/flexible regions or affinity 
tags have to interfere with the ligand-binding site.



Soaking: site accessibility analysis

AREAIMOL (ccp4 ) MAP_CHANNEL

Pocket
pipe

The solvent accessible surface of a protein is 
the locus of the centre of a probe sphere 
(representing a solvent molecule) rolling over 
the Van der Waals surface of the protein.

Acta. Cryst., 2011, D67 , 235



Bound protein crystal form 
and soaking

In the case ligands induce conformational 
changes, co-crystal of similar ligand could be 
a valid starting point. 

PDK1 binding site that is disrupted in the unbound 
protein form. Ligands were successfully introduced by 

soaking into ATP-bound crystal form (active)
Nature Chem. Biol. , 2009, 5, 758

Apoptosis signal regulating kinase 1 (Ask1) has been 
co-crystallized with an inhibitor that was replaced by 

an equally potent compound 
Protein Sci., 2013, 22, 1071

For allosteric modulators, ligand could be 
required to make ligand site accessible or to 
induce a the conformation required for binding. 

ATP

Ligand

Activation loop



Crystal stabilization 
for soaking

Protein crystal is very often sensible to 
soaking due to the osmotic shock (wrong 

stabilizing solution, ligand, solvent required 
to dissolve the ligand…)

Tips to reduce crystal damaging by osmotic 
stress:

• Perform solution exchange stepwise and 
gradually 

• Perform cross-linking by glutaraldehyde 
(Lusty method)

• Try additives 

• Try crystallization in gel

RCS adv, 2015, 5, 26163

Acta Cryst, 2007, D63, 72 

Adv Funct Mater, 2014, 24, 1582



Real cases of stabilized crystal 
before soaking

Protease 1
Co-crystallizations yielded very few protein ligand complexes.  So, 
soaking strategy was required. 
Apo crystals are rather fragile and the tested ligands is quite 
insoluble. Xylitol 5% was added to stabilize the crystal and improve 
the ligand solubility. 

Cyclin-cdk2
Such crystal is very sensible to soaking and tolerate dipping in the 
ligand solution for limited time.
Here, cross-linking with glutaraldehyde 25% and PEG400 50% has 
been used to improve soaking success rate aprproximately 2-, 3-
fold than standard soaking.

Acta Cryst, 2007, D63, 72 



Soaking and ligand solution

Alternatively, ligand could be supplied in solution at a concentration based on Kd and 
soaking time. As a general guideline, the supplied concentration should be able to achieve 
at least 90% of protein bound to the ligand.

[𝑃𝐿]

𝑃𝐿 + [𝐿]
= 𝐾𝑑 =⇒

[𝐿]

𝐿 + 𝐾𝑑
~0.9

Ligand concentration should be 
about 10 times Kd

If Kd is not know, 20–50 mM for fragment-like compounds and 0.1–1 mM for higher
molecular-weight ligands is a good starting point.

Ligand could be supplied as solid. This procedure is easy but we will not have idea of ligand 
concentration.

DMSO, DMF, dioxane, 2,3-butandiol, methanol and ethanol are usually used to dissolve the 
ligand



Cryo vs RT 
crystallography

Low radiation damage
Low thermal motions

Easy crystal mounting and storing
Easier crystal localization 
Low Signal-to-noise ratio

There are, however, some small but significant changes 
in the diffracted intensities which may indicate 
structural effects of the irradiation

From first paper about radiation damage, Blake & Philips 1962

5K 50K 100K

PNAS, 2009, 107 (3), 1094

Cryo-cooling reduces the radiation damage by two 
orders of magnitude, so it’s very effective if you want to 
get a high-resolution structure from a single crystal.

Mike Hough, VMXi Principal Beamline Scientist



Cryo vs RT 
crystallography

L99A apo cavity reveal an alternative conformation (conf. B) that is not visible at cryo
Chem. Sci., 2021, 12 (34), 11275

We need to measure data from a large number of crystals and merge them together to get a complete 
dataset. When we analyse that, we are sometimes able to pick out different conformational states within the 

protein.

VMXi Beamline team



We need to measure data from a large 
number of crystals and merge them 

together to get a complete dataset. When 
we analyse that, we are sometimes able 

to pick out different conformational states 
within the protein.

Cryo vs RT 
crystallography

There are, however, some small but significant changes 
in the diffracted intensities which may indicate 
structural effects of the irradiation

From first paper about radiation damage, Blake & Philips 1962

Cryo-cooling reduces the radiation damage by two 
orders of magnitude, so it’s very effective if you want to 
get a high-resolution structure from a single crystal.

Mike Hough, VMXi Principal Beamline Scientist

We need to measure data from a large number of crystals and merge them together to get a complete 
dataset. When we analyse that, we are sometimes able to pick out different conformational states within the 

protein.

VMXi Beamline team



Why is cryoprotectant required?

Diffraction images of cryocooled
crystals of the same protein

Glycerol 15%No cryoprotectant

J Synch Rad, 2013, 20, 989 Acta Cryst, 2006, D62, 32

Cryoprotectant

• Increases vitrification temperature
• Reduce ice ring formation 

data reduction more reliable

• Reduce water crystallization
reduce crystal damaging by water crystal formation



Cryoprotectant solution preparation

Write mother liquor composition of the 
crystal to cryoprotect
let’s say A 1M, B 20%

Select a cryo-protectant 
let’s say glycerol 15%

Prepare a cryo-protectant solution 
made of A 1M, B 20%, glycerol 15%

Expose cryoprtectant
solution to X-ray to 

check ics-ring 
formation

Check if protein 
crystal is safe in the 

cryo-protectant 
solution

Perform data collectionReduce cryoprotectant concentration

No ice-ring

ice-ring

Crystal 
dissolution

Crystal safe



Protein stabilization
(AT1R protein)

Cell, 2019, 176, 479

Improving crystallization success

Crystal/protein engineering strategy
Surface Entropy Reduction

Mutations to address protein solubility
Carrier-driven crystallization tags (MBP) 

Controlled proteolysis
Protease kit (Proti-ACE2-2, Floppy-Choppy… )

Assisted crystallization
Antibody/nanobodies

Often the best crystallization strategy is to 
modify the protein rather than the 

crystallization conditions.

Transient complex 
stabilization (2AR – Gs)

Nature, 2011, 477, 549

Physiological state 
studies

(N-actin/Arp4/ATP)

Nat Struct Biol, 2018, 25, 823



Emerging trends in protein 
crystallization

Protein crystallization is evolving from empirical trial-
and-error toward data-driven, automated and structure-

guided approaches.

Information

Experiment design

Crystal

Microfluidics In situ diffraction Serial crystallography AI-Assisted
crystallization

Crystal Growth & Design, 2017, 17(12), 6780
Acta Cryst., 2024, D80, 563

Acta Cryst., 2024, A80, 1

• Very small amount of 
protein (nl)

• Screeing of thousand of 
conditions

• Kinetic control

• No crystal handling and 
cryoprotection

• Usefull for fragile crystals

• XFEL and synchrotrons
• Time resolved • Protein construct 

prediction
• Screening optimization
• Image recognition for 

crystal monitoring
• Robot + AI
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