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Singer & Nicholson 
fluid-mosaic model of the membrane 



Singer & Nicholson 
fluid-mosaic model of the membrane 



Synaptosome  
(Takamori, Jahn et al, 2006, Cell) 

42 nm diameter 
80 different IMPs 
16 MDa total mass 
65% protein by mass 
600 TM-helices  
(18% outer/25% inner surface area) 

Synaptobrevin is most abundant 



Why are membrane proteins important? 

Membrane proteins: 
mediate signaling, transport, adhesion at cell surface 
40% of transcripts from all phyla 
60% of all therapeutic drugs on the market 

PDB:   
60,000 total structures deposited 
553 structures from 204 different membrane proteins 
   (25% β-barrel proteins from bacterial outer membrane) 



Solubilisation with detergent 

Purification in detergent 

3D crystallisation – X-ray crystallography 

X-ray crystallography 

Structure Determination of Membrane Proteins 

Electron crystallography 

2D crystallisation – electron crystallography 

Detergent removal 

Vapor diffusion 

Expression in cellular  membrane 

single particle 
analysis 

helical  
reconstruction 



Single particle reconstructions 

GIRK channel - Ubarretxena ribosome - Sec61 – TRAP complex,  
Menetret, Akey 2008 



Sigworth & colleagues, J Struct Biol. 133:119, 2001, Nature 2009 BK K+ channel – 2nm resolution 

Spherical Reconstruction 



Types of membrane protein crystals 
(Iwata a la Michel 1985) 



Fv antibody mediated crystallization 
(Hunte and Michel) 

Crystallisation of COX from P. denitrificans in complex with an antibody Fv fragment. 
Crystal contacts are solely brought about by interactions involving the Fv fragment. 
The co-complex was crystallised and the structure determined at 2.8 Å resolution. 



Meso lipidic phase – 
monoacyl lipids  

(M. Caffrey) 



‘Type II’ discontinuous arrangement of 
micellar Octyl-POE around the 
hydrophobic perimeter of the detergent 
C8E4 and OmpF porin (E. coli) R3 
crystal  

‘Type I’ continuous arrangement of 
stacked layers consisting of extended 
two-dimensional sheets of purple 
membrane bR trimers are separated in 
plane by a belt of native lipids. 

Hollow spherical shell assemblies of 
LHC-II were produced and packed into 
well-ordered three-dimensional 
crystals. The icosahedral spheres have 
a diameter of 250 Å and contain 20 
protein trimers and several disordered 
lipid molecules. 

Continuous network of β-
Octylglucoside extending 
throughout the entire P3121 
crystal of phospholipase A 
OmplA  



Solubilisation 

Purification 

3D crystallisation 

X-ray crystallography 

Expression 

2D Crystallization 

Electron crystallography 

2D crystallisation 

Detergent removal Vapor diffusion 







critical micelle concentration 

conc > cmc 



lipid solubilization 
 by C12E8 

(Levy, Rigaud et al. 1990) 
10mM lipid 7.5mM  5mM  2.5mM  

onset of solubilization 

complete solubilization 



Crystallization of OmpF by dilution 
Hasler et al, 1998, Remigy 2003 

Stage I is characterized by a detergent 
concentration that is low enough not to disrupt 
the lipid bilayer. 
Stage II is the region of detergent concentration 
where lipid bilayer and mixed micellar structures 
coexist.  
Stage III covers the high detergent concentration 
where only small micellar structures occur. These 
specific regions are delineated by the ‘‘saturation 
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Protein-lipid-detergent reconst 

Lipid-detergent reconst 



Detergent adsorption by Biobeads 
(Rigaud et colleagues) 



Crystallization by methyl-β-cyclodexrin adsorption  
(Signorell, Engel, Remigy 2006) 



2D surface crystallization 
(Levy, Mosser, Rigaud, 1999) 

successful for FhuA & FoF1 ATPase 



Use of Fluorinated lipids for 2D 
surface crystallization  

(Lebeau et al. 2001) 

successful for H-ATPase 



remove detergent 

Add lipids 
Purify detergent-solubilized protein 

Micelle 

Protein micelle 

Crystallization by dialysis 



dialysis of detergent monomers 

dialysis membrane 



2D crystallization conditions: 
Protein concentration: 0.4-1 mg/ml

Lipid type: DMPC, DOPC, POPC, DOPG, E. coli lipids

Lipid-to-protein-ratio (LPR, mg-mg): 0.2-1.5

Detergent type and concentration: DDM or OG 

No precipitants used

Buffer: pH 6-8, monovalent/divalent cations, catalytically/conformationally 

active compounds



Multichannel (30) dialysis device 
(H. Stahlberg) 

buffer inlet 

dialysis membrane 

buffer outlet 

peristaltic pump 

thermocouple 

sample well 



50 µl sample

1050 µl buffer

liquid handling robot 

96-well dialysis block 



Time course for removal of low and high CMC detergents 

octylglucoside (cmc=7.3mg/ml) docecylmaltoside (cmc=0.05mg/ml) 



Microfluidic dialysis block 
(GN Biosystems) 

Programmable temperature 
(cycling) 

Variomag thermoshake 

microfluidic dialysis tray (4-10 µl) 



cyclodextrin dispensing robot 
(Engel & colleagues) 

   2-10 ul well volumes 
(1) pipettor for cyclodextrin addition,  (2) capacitive sensor for liquid level.  
(3) laser system for light scattering.   (4) second pipettor for maintaining the liquid level.  
(5) Stepper motors control the X-Y.  (6) shaker 
(7) A cooling/heating element.  (8) Solutions are stored in bottles under pressure. 



Negatively staining of 96

specimens for evaluation by EM

Cheng . . . Potter, 2007, JSB 



Magnetic 96-format platform
Nickel EM grids
Final blot with filter paper 8 at-a-time 

stain 

macromolecule 

support 



Imaging
Need to image 96 grids in the 

electron microscope

John Koss 
Kevin D’Amico 
Argonne Lab 

Scara = John 

Cartesian = Henry 





John loads the grid into the holder 

air 
laser 



Leginon software controls robot and 2DX imaging!

LEGINON is a system designed for automated collection of images by TEM (NRAMM at Scripps)  



Define montage image area (e.g. 3x3) 

Take a images at low mag 

Pick target squares using square finder (histogram criteria) 

Take images of selected squares  

Pick targets from square images (histogram criteria) 

Take images at intermediate  
mag for evaluation 



Density histogram evaluated to select suitable areas for imaging!

Metal grid square Edge of grid square Sample present Broken support film 

Shape recognition algorithms (neural net) represents a (near) future development!



autoloader on FEI T12 
(Engel) 



2dx_hunter 
(Engel) 



Gatling Gun 
(Lefman & Subramaniam, 2007, JSB) 



Multi-lamella Lipid

Strings of Lipid 

•  Lipid aggregate  
•  with lipid thread 

Protein aggregate 

•   Vesicle 

•  Tubular  Vesicle

•  Physical growth 

•  Sheet  

Class 

A: Crystal with Lattice Pattern 

B: Tubular Vesicle, Vesicle Sheet and Physical Growth 

C: Vesicle, Vesicle Cluster, TV with irregular tubular vesicle 

D: Protein aggregate and lipid aggregate 

E: String of Lipid and Multi Lamella Lipid 

F: Aggregate or Precipitate in solution 

Class E Class D 

Class C 

Class B 

Classification of imaged objects!



Class 

A: Crystal with Lattice Pattern 

B: Tubular Vesicle, Vesicle Sheet and Physical Growth 

C: Vesicle, Vesicle Cluster, TV with irregular tubular vesicle 

D: Protein aggregate and lipid aggregate 

E: String of Lipid and Multi Lamella Lipid 

F: Aggregate or Precipitate in solution 

Classification of imaged objects!

Class A 

100 nm 



A 2DX screening example!

Lipid type and LPR 
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A: Crystal lattice  
B: Tubular vesicle, sheets and physical growth 
C: Vesicle and vesicle cluster 
D: Protein aggregate and lipid aggregate 
E: Lipid string 
F: Failure, large precipitate (checked by light microcopy), bad staining, broken carbon, etc  

Sample: P2A3
33 kDa
Detergent: DDM 
LPR 1.0



A HT screening for 2DX: An example!
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Lipid type and LPR 

pH8 



Integration with Sesame LIMS 



2D crystal morphologies 
2D sheet 
5-10µm) 

2D ribbon (1µm) 

wide tube 
(1µm) 

narrow tubes (60 nm) 



single layer ribbon collapsed tube 



cylindrical tube with helical symmetry 



•  Fourier Transform 
composed of 2D 
lattice lines 

•  Individual Projections 
sample lattice lines 

2D crystallography 



Fitting of lattice lines 
•  Electron Diffraction: amplitudes 
•  Images: phases 



unbending a disordered 2D lattice 

FFT orig image masked FFT filtered image reference image orig image cross-correlation vector map corrected image corrected FFT 

original image corrected image 



missing cone 

point-spread function 



missing cone leads to loss of z resolution 

point spread fcn 

z x 
y 







Image Processing Library &  Toolbox (IPLT) 
(Philippsen, Schenk, Engel) 







IPLT unbending simulations 
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A HT screening for 2DX: An example!

Sample: P2A3
Detergent: DDM 
LPR 1.0
pH7 buffer solution (20 mM TES, 4mM NaN3, 
5 mM MgCl2, 5 mM ZnCl2)


