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Membrane Proteins Considerations

Nollert, 2005.

For a  3-component system -
water, lipid, amphiphilic

block copolymer – there are 
nine isothermal phases 

[Alexandris (98)]: four cubic, 
two hexagonal, one lamellar, 

two micellar.



Membrane Proteins: unique problem of solubilization



Amphiphilic Microenvironments:



Peptergents: Peptide-based Detergents
New Materials for Solubilization& Stabilization

of Membrane Proteins

Yeh, Du, Tortajada, Paulo, and Zhang (2005), Biochemistry.



Zhang (2003) Nature Biotechnology

Peptide Materials



Peptergents: self-assembly





Nanostructure formation scheme





Peptergents: solubilization
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Yeh, Du, Tortajada, Paulo, and Zhang (2005), Biochemistry.

Activity w/ Peptergents: stabilization of membrane and soluble enzymes



Another Membrane Protein: Photosystem I (PS-I)
S. Zhang (MIT)



Peptergents: thermal stabilization PS-I 
S. Zhang, MIT

SS-emission @-196 C
characteristic peak @735 nm

dried @683 nm

Kiley et al (2005). PLoS 7: 230.



Emission Spectra dried PS-I
A6K particularly stabilizing

Enhanced lifetime of 
stabilization





Pt. II Correlating Solution Characteristics 
to Crystallization Behavior



Microcalorimetry in Crystallography

• Most physical or chemical processes have an associated heat 
effect and this can be used as the basis for a number of 
analytical techniques and determination of absolute 
thermodynamic quantities. 

• Differential scanning microcalorimetry (DSC) are used mainly for 
the study of thermal transitions in dilute solutions. 

• Isothermal titration calorimetry (ITC) used to study binding and 
stoichiometry. 

• Application of microcalorimetry to characterize crystallization 
conditions.



Characterizing Crystallization: 
Differential Scanning Calorimetry (DSC)

• Tm: transition temperatures can give an indication of 
how the native protein behaves under various 
conditions.

• Shifts in Tm under different conditions and in the 
presence of additives can characterize effects of 
various compounds.



ITC directly measures directly the 
energy associated with a chemical 
reaction triggered by mixing of two 
components.

Binding energetics of protein-ligand
and protein-protein interactions can be 
measured.

Useful way to measure coupling of 
protonation/deprotonation to solution 
stabilization or effector binding.
quantitation pH effects

Characterizing Crystallization: 
Isothermal titration calorimetry (ITC)

Leavitt and Freire (2001). 
Curr Opin Struc Biol 11: 560-566.



Binding affinity dictated by Gibb’s energy
Κa=e ΔG/RT

but ΔG=ΔH-TΔS both enthalpy and entropy components

Binding enthalpy primarily reflects strength of ligand-protein

Entropy change reflects two main contributions: change in 
solvation and conformation.

ITC is the only technique that can resolve enthalpic and 
entropic components of binding affinity.

Enthalpic versus Entropic Effects 

How does solution thermodynamics relate to 
crystallizing macromolecules?



Stabilization of Protein 
Under Crystallization 

Conditions
shift to higher Tm

Baseline-corrected for buffer
-data M. Walsh

Hypothesis :
Conditions that give rise to data quality crystals have a 
positive effect on the protein’s transition temperature



Baseline-corrected for buffer
-data M. Walsh

Stabilization of Protein Under Crystallization Conditions

-inducing reversibility of transition



Stabilization of Protein Under 
Crystallization Conditions

shift of states

Baseline-corrected for buffer -data M. Walsh



Pt II. Microcalorimetry and Additives & 
Optimization:

Additives can salt-in or salt-out macromolecules that are 
insoluble or especially soluble in the presence of the 

major precipitant used.

Enhancements: (1) larger size, (2) increased resolution 
of diffraction, and/or  (3) lowered mosaicity.

Summary I:
Positive correlation between solution composition, 

protein stability, and crystallization behavior.



Possible Mechanism of Additives:

• stabilization of crystal contacts (specific intra- and inter-
molecular interactions). 

• enhancement of conformity or homogeneity of the 
macromolecule. 

• modification of the rate of nucleation and/or growth rate 
to enhance or  depreciate the equilibration rate. 
Modulation of solvent structure around the protein 
molecule.

• stabilization of protein conformation is achieved not by 
specific binding but by preferential exclusion from the 
protein surface and the consequent preferential 
hydration of the protein.



General Classes of Additives:
(1) Ions
(2) Organics
(3) Linkers, multivalent tethers
(4) Detergents
(5) Cofactors, chelators, reducing agents
(6) Chaotropes
(7) Kosmotropes

Effects of additives mediated through numerous 
mechanism including direct interactions with proteins 
(electrostatic, covalent, H-bonding) or may influence 
indirectly by modulating solvent interactions.



 
• Ligands, cofactors, and ions, especially cations, can strongly

influence protein crystallization, especially of complexes.
Usually divalents (Cu, Co, Ca, Zn, Ni, Mn). Trakhanov et al
(1995, 1998) looked at 10 divalent cations with Cd being
especially potent.  

 intermolecular bridges, cofactors (effectors) 

Classes of Additives – effectors:

Classes of Additives - linkers:
Electrostatic cross-linking agents bridge and stabilize 
intermolecular contacts in crystals. This group includes small 
and/or charged polymers to increase size, reduce nucleation 
sites, and improve crystal quality. Multivalent linkers may 
influence association kinetics and stabilize interactions.
facilitates non-covalent, electrostatic interactions



Classes of Additives – organics, sugars:
• Organic additives include phenol, e.g. stabilize helix structure in

zinc insulin crystals (Derewenda et al., 1989); 1,10-phenanthroline
stabilized intermolecular contacts, e.g. in membrane-bound
receptor (Yeh et al., 1996). Polyols can stabilize proteins via
amphiphilic interactions and may contribute to stabilizing crystal
packing via decreasing conformational mobility (Saraswathi et al,
2002). Sugars may be effectors and osmolytes (affecting hydration;
Bolen et al, 2004). 

•Classes of Additives – amino acids and peptides:
L-cysteine used as reducing agent, L-arginine to prevent 
aggregation (Machius et al 2001), and glycine based osmolytes
have all been reported (Santoro et al, 1992). Peptides can act as 
amphiphiles and recent short peptide detergents molecules can 
also solubilize (Yeh et al, 2005). 



Classes of Additives - detergents:

• Detergents: used in crystallization of not only membrane
proteins but also of soluble proteins, tRNAs, and protein-
nucleic acid complexes.  Detergents, particularly βOG, can
in general have positive and at times, strikingly favorable
effects, on parameters affecting crystal growth (McPherson
et al., 1986). Peptergents can solubilize membrane proteins
and stabilize soluble proteins (Yeh et al, 2005). 

 
 

Numerous others including reducing agents, surfactants,
chelators, etc. To clearly distinguish their effects, categorize
according to basic mechanism and chemistries. 

 



When are additives used to improve crystallization 
and diffraction characteristics?

(1) When microcrystals are observed but does not grow into 

larger crystals 

(2) When crystals have poor morphology 

(3) When crystals possess good morphology but are very small 

(4) When crystals look nice but diffracts poorly 

(5) When reproducibility of a particular condition is erratic 

(6) To alter conformation of a particular protein for crystallization 

 

 

 

 

 



[ Additive] Important Parameter: concentration

Typical final concentrations are roughly:
(1) Ions: 1 mM to 100 mM
(2) Organics: 0.1% to 5%
(3) Detergents: 1 mM to 200 mM
(4) Linkers: 2 mM to 150 mM
(5) Chaotropes: 1 mM to 100 mM
(6) Kosmotropes: 1 mM to 200 mM
(7) Cofactors, reducing agents: 1-15 mM
(8) Glycerol: 5-20%



Yeh, Beale, Walsh (2006) 

Applying DSC to Characterize Additive Effects:
shifts in Tm with additives



Effects of Additives 1

Starting from 
microcrystals



Effects of Additives 2 

Starting from single 
crystals with decent 

morphology but small 



Effects of Additives 3

Starting from 
‘ugly’ crystals

Starting from 
tiny crystals



Tabulation of Tm shifts under various conditions



Working hypothesis correlating crystallization 
behavior, additives, and solution thermodynamics

What stabilizes proteins? (thermophiles vs mesophiles)
(1) Decrease in solvent exposed surface area
(2) Increase in packing density
(3) Increase in core hydrophobicities
(4) Decrease in length of surface loops
(5) Increase in number of hydrogen bonds
(6) Increase in number of ion pairs

Solution conditions may influence / increase one or more of 
these interactions in a protein



Working Hypothesis – Additive ‘Mechanism’ and Annealing 
(flash / in-situ annealing): decreasing domain structure

Vahedi-Faridi, A., Stojanoff, V., and
Yeh, J.I. (2005). Acta Cryst D61, 

982-989 







Conclusions from Calorimetric Study of Four 
Proteins (Initially)

• Positive correlation between increased Tm and crystallization 
condition.

• Positive correlation between increased Tm and additive effects.
• Application of DSC and ITC can be used to differentiate 

enthalpic and entropic contributions to binding.
• ITC can quantitate and correlate effect of pH, solution 

components, and small molecule compounds to crystallization 
behavior.

For HT applications: capillary DSC permits screening using 96-
well format.



Basic Science Tower 3Basic Science Tower 3
a state-of-the-art
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Structural Biology
Computational Biology
Genomics and Proteomics core
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X-ray Crystallography Facility at Univ. of Pittsburgh Medical School

Molecular Biology Core Protein Production Core

High-Throughput Crystallization Robot Crystal Plate Imaging

Crystal Diffraction Screening (ACTOR Robot) X-ray Data Collection

Crystal Structure Determination  Applications

I. Biomaterial Production

II. Crystallization Screening

III. Data Collection

IV. Atomic Structure

Departmental
600, 700, 800, 900 MHz NMR
Cryo Electron Microscopy

Microcalorimeters (ITC / DSC)
Biacore (SPR)

Light Scattering
Circular Dichroism
Mass Spectrometry
Imaging Facilities

Computational Cluster

Institutional Resources
Institute of Nanoscience : 

SEM, TEM, AFM, STM
Electron beam lithography (Raith e-Line)

Microfabrication
Atom probe field ion microscope

Electron microscope

V. Other Resources



Molecular Biophysics and Structural Biology (MB&SB) Graduate Program
University of Pittsburgh

For more Information visit the MB website www.biophysics.pitt.edu
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    Additive Class 
 
Cadmium Chloride dihydrate     Ion 

Zinc Chloride         Ion 

D-fructose-6-phosphate    Organic, non-volatile 

Ethylene Glycol      Organic, non-volatile 

Glycerol  anhydrous     Organic, non-volatile 

1,6 Hexanediol      Organic, non-volatile 

2-Methyl-2,4-pentanediol   Organic, non-volatile 

1,3-Propanediol      Organic, non-volatile 

Hexaglycine         Linker 

6-Aminocaproic acid       Linker 
 



1,8-Diaminooctane      Linker 

1,12-Dodecanedioic acid     Linker 

Spermidine        Linker 

poly-L-aspartic acid       Linker 

1,2,3-Heptanetriol      Linker 

NDSB 195        Chaotrope 

Trimethylamine HCl      Chaotrope 

Ammonium Sulfate      Kosmotrope 

EDTA sodium salt      Chelator 

1,10-phenanthroline      Chelator 

NAD         Cofactor 

ATP disodium salt      Cofactor 

Additive Class 








