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‣ Membrane proteins and cell functions

‣ Reconstitution of membrane proteins
! !

‣ High resolution AFM imaging of transmembrane 
proteins reconstituted into artificial membranes

‣Direct incorporation
‣Lipid layer technique

‣  Other methods

Outlines



25% of the human genome encode transmembrane proteins

Target of 70% of the commercially available drugs

Alpha helix
(GPCR)

Βeta barrels
(porin)



The Nobel Prize in Chemistry 1988 was awarded jointly to Johann Deisenhofer, Robert Huber 
and Hartmut Michel "for the determination of the three-dimensional structure of a 
photosynthetic reaction centre".

The Nobel Prize in Chemistry 1997 was divided, one half jointly to Paul D. Boyer and John E. 
Walker "for their elucidation of the enzymatic mechanism underlying the synthesis of adenosine 
triphosphate (ATP)" and the other half to Jens C. Skou "for the first discovery of an ion-
transporting enzyme, Na+, K+ -ATPase".

The Nobel Prize in Chemistry 2003 was awarded "for discoveries concerning channels in cell 
membranes" jointly with one half to Peter Agre "for the discovery of water channels" and with 
one half to Roderick MacKinnon "for structural and mechanistic studies of ion channels".

25% of the human genome encode transmembrane proteins

Target of 70% of the commercially available drugs



Monotopique
Prostaglandin H2 synthase-1
Cyclooxygenase-2 
Monoamine Oxidase

Polytopique
GPCR (Rhodopsin, β2 adrenergic receptor)
Beta Barrel Membrane Proteins
Channels (ions, H2O, NH3) 
Transporters (multidrug efflux, aa, ABC,…)
Proteins from photosynthetic complexes
ATPase
Respiratory proteins 
Oxidases
Cytochrome

Number of structures available in the pdb (protein data bank)

236 structures available in the PDB (~ 25 eukaryotic)

Mainly purified from biological membranes



Classical strategies to solve the structure of transmembrane proteins

3D crystals

Native membranes

Membrane reconstitution

X rays 

Detergent solubilization
Purification

Ovexpression

Single particle analysis
Electron Microscopy 

EM, AFM

NMR, AFM 



Electron Crystallography

Atomic Force Microscopy

Na+-ATP synthase S. Scheuring, Curie

Chloride channel, J.A. Mindell et al, Nature (2001) 409, 219

High density

Atomic Force Microscopy ?

Structural analysis of reconstituted transmembrane proteins

2D crystals

→ Developing new strategies to escape the main critical steps
→ Imaging under physiological conditions



Effect of detergents



increasing detergent concentration

RsolRsat

Dtotal = Dwater + Reff[Lip]
Reff = [det]/[Lip] in mixed aggregates

Effect of detergents on lipid assemblies

Dsat = cmc + Rsat.[Lipide]
Dsol = cmc + Rsol.[Lipide]

(Lichtenberg, 1983; Almog, 1986; Ollivon,1988; Paternostre, 1988;
Da Graça Miguel, 1989; Vinson, 1989...)



Direct incorporation in glycosylated detergent-
destabilized liposomes

Reconstitution from fully solubilized samples

Rigaud et Levy, Meth in Enzymol. (2003)

Direct incorporation of protein into detergent-saturated liposomes

Unique
orientation



Rigaud et Levy, Meth in Enzymol. (2003) 372, 65-86 

Direct Incorporation of transmembrane proteins
within supported lipid bilayers

The detergent induces the mechanism of incorporation

Triton X100

OG, DDM

Fig. 3. Mechanisms of protein incorporation. Proteoliposomes are reconstituted according
to the step-by-step strategy described in Fig. 2. Top: Steps in the lamellar-to-micellar
transition at which optimal reconstitution has been observed, depending on the nature of the
detergent. The lamellar-to-micellar transition can be analyzed qualitatively by turbidimetry as
depicted schematically. Bottom:Depending on the nature of the detergent, proteins can either
be incorporated directly into detergent-saturated liposomes at the onset of solubilization
(mechanism 1), transferred from mixed micelles to detergent-saturated liposomes (mechanism
2), or participate in proteoliposome formation by micellar coalescence (mechanism 3). Note
that the final orientation of the protein depends on the mechanism of association.

76 liposomes in biochemistry [4]



1

2

3 AFM Imaging 
of non crystalline proteins

 SLB destabilization

[detergent] ~ cmc

 Incorporation

Direct Incorporation of transmembrane proteins
within supported lipid bilayers



Multilamellar vesicle Liposome

Extrusion

SLB

Direct Incorporation of transmembrane proteins
within supported lipid bilayers

DOPC
Tm = - 20°C

DPPC
Tm = 41°C

Fusion in PBS buffer
(20 mM phosphate, NaCl 150 mM, pH 7.4)

2 h at 65°C



Multilamellar vesicle Liposome

Extrusion

SLB

Direct Incorporation of transmembrane proteins
within supported lipid bilayers

DOPC/DPPC

10 x 10 µmImaging setup in liquid
Silicon nitride tip 100 mN/m
Applied force < 100 pN Contact mode

No leaflet decoupling
D = 2-5 µm2/s



Membrane destabilization by detergents

n-Dodecyl-β-D-Thiomaltopyranoside (DOTM)
cmc = 0.05 mM

n-Dodecyl-β-D-Maltopyranoside (DDM)
cmc = 0.17 mM

Octyl-β-D-glucopyranoside (OG)
cmc = 17 mM

- SLB are stable above the cmc with low but not with high cmc detergent
- Planar lipid membrane are more resistant than liposomes
- Both gel and fluid phases are preserved



Membrane destabilization by detergents

5 mM CaCl2

0.2 mM DDM

20 !m x 20 !m

- Ca2+ + Ca2+

!h DOPC-mica 5.67 ± 0.56 4.36 ± 0.25

!h DPPC -mica 6.69 ± 0.35 5.37 ± 0.14

Ca2+

Ca2+



Fluorescence

Upright microscope
LD objectives

HBO lamp

Membrane destabilization by detergents

150 µm



Direct Incorporation of transmembrane proteins
within supported lipid bilayers

Photosynthetic apparatus of bacteria
Rhodobacter spheroides and Rhodopseudomonas acidophila

RC-LH1 LH2



15 min incubation with RC-LH1
! 500 ng (1.5 picomole) in 0.075 mM DOTM, 150 mM KCl, 10 mM Tris pH 7.4

Contact mode
! in 150 mM KCl, 10 mM Tris pH 7.4

3 !m x 3 !m1 !m"

Incorporation of RC-LH1 from Rhodobacter spheroides



!  ~ 10 nm
"h = 0.65 nm ± 0.3 nm

300 nm scan

Incorporation of RC-LH1 from Rhodobacter spheroides



250 x 500 nm

150 x 75 nm

Incorporation of RC-LH1 from Rhodobacter spheroides

Proteins diffuse in the fluid phase and segregate in the lipid bilayer

Unidirectional
incorporation

Ultramicroscopy (2007) 107(10-11):928-33. 



Experimental procedure
 100 ng (1 picomole) in 0.075 mM DOTM, 150 mM KCl, 10 mM Tris pH 7.4

 15 min incubation with LH2

1 !m"

Incorporation of LH2 from Rhodopseudomonas acidophila

Biophysical J (2006) 91, 3268-3275



160 nm x 160 nm

80 nm scan

! = ~ 6 nm

Incorporation of LH2 from Rhodopseudomonas acidophila

Biophysical J (2006) 91, 3268-3275



Laura Picas Escoffier
M. Teresa Montero

Jordi Hernández-Borrell

Incorporation of the lactose permease Lac Y

Abramson et al. Science, 2003 



FIGURE 1

Detergent effect on POPE/POPG bilayer

n-Dodecyl-β-D-Maltopyranoside (DDM)(2 cmc)

1.1 nm
5.4 nm

Incorporation of the lactose permease Lac Y



Images acquired in TM-AFM

lipid bilayer

protein incorporation

1.2 µm x 1.2 µm

Picas et al (2010) BBA Biomembranes

460 nm x 460 nm

Empaquetamiento

compacto Triangular

Incorporation of the lactose permease Lac Y



Levy et al, J Struct Biol (1999) 127:44-52

Proteins in a native environment
1 µg per assay

AFM imaging of proteins reconstituted using the lipid-layer 2D technique

50µl pits



AFM imaging of proteins reconstituted using the lipid-layer 2D technique



Transfer of shiga toxin B-subunit on lipid monolayer

GB3

Ø = 6 nm !h = 2.5 nm

50µl pits

DOPC/ GB3

Shiga toxin
B-subunit



DOPC/ GB3
(Globotriaosylceramide)

(6:4)
Shiga toxin
B-subunit

Langmuir-Blodget transfer
30 mN/m

Teflon barrier

Rms roughness = 0.8 Å
DOPC monolayer

Transfer of shiga toxin B-subunit on lipid monolayer



2 "m x 1 "m

Transfer of shiga toxin B-subunit on lipid monolayer

Contact mode

Ø = 6 nm

2.5 nm



150 nm x 75 nm

Transfer of shiga toxin B-subunit on a lipid monolayer



Transfer of reconstituted BmrA on a lipid monolayer

ATP-binding cassette transporter
(ABC transporter)

7 nm

1 µm

50 nm



HOPG 

Transfer of reconstituted BmrA on HOPG

2 µm scan

500 nm x500nm
7 nm lattice, #h 1 nm



HOPG 

Transfer of reconstituted BmrA on HOPG

2 µm scan

235 nm x235 nm



Summary

  Low amount of protein
  Single/control of the orientation
  High resolution imaging

  Proteins can segregate in the bilayer

  Suitable for functional and nano-biotechnological applications 
(transfer of large membrane patches)

  Improvement of AFM resolution

As a result, there has been an increasing emphasis on
surface-based membrane platforms in recent years. These
offer inherent stability because of the underlying support-
ing surface, as long as they are kept hydrated. In their
original form – the solid-supported lipid bilayers (SLB, e.g.
[6], Figure 1a) – have a severe drawback for studying
membrane protein function in that they offer little space
between the lipid membrane and the solid support to
accommodate hydrophilic domains of the integrated
protein [2]. The limited aqueous compartment also
restricts electrochemical measurements because only a
limited number of ions can be transported to the proximal
side of the membrane before the osmotic gradient becomes
too high [2,7]. However, advances have been made in this
area enabling both creation of membranes on suitable
electrode substrates [6,8] and demonstration of electroche-
mical measurements on inserted membrane proteins
[9,10]. The most significant improvements in terms of
properties, preparation and functionality in the area of
solid-supported membranes have come from strategies
aiming to decouple the membrane from the underlying
electrode substrate. This decoupling has been achieved
primarily by forming a supported lipid bilayer on a short
hydrophilic polymer spacer, typically oligo(ethylene glycol)
with a lipid anchor [11], so-called tethered lipid bilayers

[2,11,12] (tSLB, see Figure 1b). The increased space of a
few nanometers allows integration of membrane proteins
without undesired surface interaction, but the reservoir is
still too restricted to monitor continuous ion transport and
the preparation can be difficult for solvent-freemembranes
[11].Membranes can also be formed on top of hydrogels and
other thicker (!10 nm) polymer cushions [13,14] creating a
greater reservoir, but there are few successful demon-
strations of electrochemical measurements [14,15].

Factors driving the current development of supported
lipid membrane sensors over other techniques for mem-
brane sensing, such as cell patch clamp, whole-cell sensing
and black lipid membranes, are the ease of formation of
membranes, control of complexity, stability and the appli-
cability of a large range of highly sensitive surface ana-
lytical techniques. To date, no single approach has
successfully combined solutions to all of the main design
criteria for membrane biosensors summarized in Table 1.
This article highlights recent advances aiming to combine
the advantages of the original black lipid membranes,
referred to here as free-spanning membranes, and sup-
ported lipid bilayers. Through combination of nano- and
microfabrication with self-assembly of free-spanningmem-
branes it has been demonstrated in recent years that a
platform could be designed that fulfils the criteria for drug

Figure 1. A selection of membrane sensor platforms (a) Supported lipid bilayer on hydrophilic support [52]. Typically a hydrophilic semiconductor or oxide substrate has to
be used for direct assembly of a supported lipid bilayer (SLB). The support will act a as a working electrode (WE) for electrochemical measurements. (b) Tethered supported
lipid bilayer. Covalently attached hydrophobic molecules with a hydrophilic linker – often derived from lipids – are used to tether and support the lipid membrane to a gold
WE [53,54]. (c) Free-spanning membrane or black lipid membrane as it could look in a self-assembled membrane sensor array [16,17,23,27]. Lipid membranes containing
ion-channels separated into functional spots, for example by non-fouling polymer barriers, span apertures in a solid support. It has free liquid access on both sides to
accommodate large proteins and to easily conduct electrochemical measurements. The schematics show how such a platform combined with microfluidics could be used
for parallel voltage clamp measurements on different single transmembrane proteins.

Review Trends in Biotechnology Vol.26 No.2

83

Membrane Biosensor



Tethered protein
reconstitution

Incorporation

Tanaka & Sackmann Nature 2005, 437, 656

Tollin et al. 2003. Trends Pharmacol Sci. 24:655-9
Sinner et al. Angew. Chem. Int. Ed. 2006, 45, 1 – 5
Giess et al 2004.  Biophys J. 87:3213-20.

Polymer cushion

Comparison with other techniques



Giess,  Biophys. J. 2004, 87, 3213



Vesicles 
anchorage

and 
disruption

Triton 
removal

 by
 BioBeads

Amine-grafted surface 
(gold-cysteamine or 
glass-ADMS)

POPC
DSPE-PEG-NHS

VDAC Triton-X100

Proteoliposome fusion



Incorporation

Tanaka & Sackmann Nature 2005, 437, 656

Tollin et al. 2003. Trends Pharmacol Sci. 24:655-9
Sinner et al. Angew. Chem. Int. Ed. 2006, 45, 1 – 5
Giess et al 2004.  Biophys J. 87:3213-20.

Comparison with other techniques

Nanodisc?


