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Abstract

The proton pump transmembrane protein bacteriorhodopsin was successfully

incorporated into planar floating lipid bilayers in gel and fluid phases, by ap-

plying a detergent-mediated incorporation method. The method was optimized

on single supported bilayers by using quartz crystal microbalance, atomic force

and fluorescence microscopy techniques. Neutron and X-ray reflectometry were

used on both single and floating bilayers with the aim of determining the struc-

ture and composition of this membrane-protein system before and after protein

reconstitution at sub-nanometer resolution. Lipid bilayer integrity and pro-

tein activity were preserved upon the reconstitution process. Reversible struc-

tural modifications of the membrane, induced by the bacteriorhodopsin func-

tional activity triggered by visible light, were observed and characterized at the

nanoscale.

Keywords: membrane, bilayer, phospholipid, protein reconstitution,

bacteriorhodopsin, neutron reflectometry, X-ray reflectometry

2



1. Introduction

1

Supported lipid bilayers are often used as model membrane systems immo-

bilized onto solid substrates and are capable of interacting with large molecules

or molecular assemblies such as vesicles [1], nanoparticles [2], proteins, pep-5

tides and biopolymers [3]. Beyond their applications in biotechnology [4], they

are important for many fundamental studies in physics (diffusion, mechanical

properties, etc.) and biology (trafficking, endocytosis, exocytosis, membrane

reshaping, etc.) [5, 6, 7, 8, 9] . In fact, by being an almost flat and immobilized

system, they allow studies with high resolution techniques such as atomic force10

microscopy (AFM) [10], fluorescence resonance energy transfer (FRET) [11] and

scattering of X-rays or neutrons [12]. One of the main drawbacks of adsorbed

bilayers is that, due to their strong interaction with the solid substrate, they

do not accurately replicate the conditions of of natural membranes, which are

inherently fluctuating systems and may enhance the activity of biomolecules15

such as membrane proteins. For this reason, polymer cushions have been used

in the past as spacers between the substrate and the model membrane [13, 14].

Polymer cushions often induce significant roughness to the supported bilayer,

which is not desirable for structural determinations. A more appropriate system

for fine structural characterisation, developed by our team in recent decades,20

has involved the use of an adsorbed lipid bilayer acting as a spacer between a

floating bilayer and the substrate [15]. This construct is often referred to as a

double bilayer. The floating bilayer is more hydrated and free to fluctuate than

an adsorbed bilayer [16, 17] and is particularly well-suited to investigate modi-

1AFM = Atomic Force Microscopy; FM = Fluorescence Microscopy; NR = Neutron Reflec-

tometry; XRR = X-ray Reflectometry; LB = Langmuir-Blodgett; LS = Langmuir-Schaefer;

SLD = neutron scattering length density; ED = electron density; DDM = n-dodecyl-β-

D-maltopyranoside; PBS = Phosphate-buffered saline; DSPC = 1,2-distearoyl-sn-glycero-3-

phosphocholine; DPPC = 1,2-dipalmitoyl-sn-glycero-3-phosphocholine; POPC = 1-palmitoyl-

2-oleoyl-glycero-3-phosphocholine; BR = Bacteriorhodopsin.
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fications in the bilayer physical properties induced by external stimuli (such as25

an electric field [18]), as well as bilayer interaction with nano-objects [19, 20]

by means of surface scattering techniques. Double bilayers, as well as polymer

cushioned lipid bilayers [21], are also promising candidates for the reconstitu-

tion of proteins in systems close to their natural environment, i.e. in conditions

preserving the original protein activity [10]. The reconstitution process is not30

trivial. One of the challenges is related to the fragility of the floating layers that

are weakly bound to the surface. Nevertheless, the insertion of active trans-

membrane proteins in floating bilayers opens up prominent perspectives for the

study of fundamental biological processes at the molecular level [22], as well as

the investigation into fascinating physical properties such as the fluctuations of35

an active membrane subjected to active athermal noise [23, 24].

In this work we aimed to develop a robust protocol for incorporation of bac-

teriorhodopsin (BR) while maintaining the structural integrity of the bilayers

and the functional activity of the protein. Bacteriorhodopsin is a relatively

small (27 kDa) and highly hydrophobic transmembrane protein composed of40

248 amino acid residues [25, 26]. Importantly, it acts as a light-driven proton

pump, where, upon absorption of a green light photon (λBR ≈ 568 nm), it un-

dergoes conformational changes and pumps a proton out of the cell [27, 28, 29].

Absorption and release of a proton are two simultaneous events during the bac-

teriorhodopsin photocycle. In nature, the protein can be found organised in 2D45

crystalline patches of trimers assembled within the so called purple membrane

of the bacterium Halobacterium salinarum. The protein has shown stability in

the purple membrane at a wide range of pH values (2-10) and temperatures

(¡ 96◦C) [30, 31]. BR was chosen for the large wealth of existing literature on

its structure in the purple membrane and because its activation should lead to50

increased fluctuations that are detectable with the surface scattering methods

developed by our team.

An incorporation method based on the use of sugar-based detergent n-

dodecyl-β-D-maltopyranoside (DDM) was adapted from Refs [32, 33, 34] for

inserting BR into floating bilayers. In order to characterize this insertion and55
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demonstrate the activity of the protein, we have combined different experimental

techniques. Quartz crystal microbalance with dissipation monitoring (QCM-D)

and fluorescence microscopy measurements enabled us to quantify the inter-

actions between the protein and bilayers supported on surfaces, while AFM

allowed us to obtain direct information on the insertion of proteins into the60

membrane. By using neutron (NR) and X-ray (XRR) reflectometry, we could

access the structure of pristine bilayers and the structural and compositional

modifications caused by protein incorporation and activation.

Double lipid bilayers are highly fragile systems, that need to be prepared by a

combination of Langmuir-Blodgett and Langmuir-Schaefer (LB-LS) techniques.65

Appropriate preparation requires the use of relatively large substrates and the

bilayers to be kept hydrated at all times, rendering their manipulation during

QCM-D and AFM measurements near impossible. Consequently, we chose to

optimize the incorporation protocol and confirm the insertion of the protein in

single supported bilayers by using QCM-D and AFM techniques on supported70

bilayers prepared by vesicle fusion. Subsequently, we then demonstrated that

the protocol could be applied to supported bilayers prepared by LB-LS via fluo-

rescence microscopy, and studied the effect of BR insertion on scattering length

density profiles by NR. This allowed us to validate the use of this technique

for studying the insertion of bacteriorhodopsin. Finally, we investigated the75

insertion of BR in floating bilayers with fluorescence microscopy and neutron

reflectivity, and demonstrated the activity of the protein with X-ray reflectivity

experiments.

2. Materials and methods

2.1. Materials80

Synthetic zwitterionic phospholipids as 1,2-distearoyl-sn-glycero-3-phosphocholine

(DSPC) (purity > 99%), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)

(purity > 99%) and 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC) (pu-

rity > 99%) as well as n-dodecyl-β-D-maltopyranoside (DDM) (purity > 99%)
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Figure 1: Ternary structure of BR (adapted from Ref. [35]) and schematic illustration of a dou-

ble lipid bilayer system alongside a representation of the scattering geometry for reflectometry

experiments.

and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(7-nitro-2-1,3-benzoxadiazol-85

4-yl) (ammonium salt) (NBD-PE) (purity > 99%) were purchased from Avanti

Polar Lipids (Lancaster, USA) and used without further purification. 5,5'-

disulfato-1'-ethyl-3,3,3',3'-tetramethylindocarbocyanine (Cy3) - Mono N-hydroxylsuccinimidyl

(NHS) ester was purchased from Thermo Fisher Scientific Inc.. Pure water

(resistivity 18.2 MΩ.cm) was obtained from a Millipore purification system.90

Heavy water (D2O) and all solvents (chloroform (purity ≥ 99.9%), ethanol (pu-

rity ≥ 99.8%), acetone (purity ≥ 99.9%)) were purchased from Sigma-Aldrich

(Saint-Quentin Fallavier, France) and used without further purification. BR was

provided by the team of Valentin Gordeliy (Institut de Biologie Structurale, IBS,

Grenoble, France); BR purification is described elsewhere [36].95

Fluorescence microscopy experiments required labelling of lipid and protein

molecules. Bilayers were labelled by adding 1% (by weight) of NBD-PE lipids to

the solution in chloroform. BR molecules were labelled with Cy3 dye following

a procedure adapted from [37] (see Supplementary Material). It is important

to note that only the monolayer located further away from the solid support100

was labelled in supported lipid bilayers and double lipid bilayers. This allowed

us to indirectly check the quality of the deposition in terms of a presence of a
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multilayered system. The fluorescent markers were chosen in such a way that

two different microscopy filter cubes could be used to visualize separately either

the lipid bilayer or protein molecules.105

Single and double lipid bilayers were prepared either by vesicle fusion or LB-

LS deposition techniques. Details about sample preparation techniques and

solid substrates used for all experiments are given in Sections S1 and S2 in the

Supplementary Material.

2.2. Protein incorporation method110

As mentioned above, in order to reconstitute the protein in large supported

single and double lipid bilayers, a detergent-mediated protein incorporation pro-

tocol, based on the destabilization of the bilayer by a sugar-based detergent, was

adapted from Refs [32, 33, 34]. This protocol required an extensive optimization

that was primarily carried out on supported lipid bilayers by means of QCM-D115

and AFM experiments. Details about these measurements are given in Section

S5 of the Supplementary Material. Briefly, a solution of bacteriorhodopsin of

predefined concentration in 0.05 mM DDM was injected into the sample cell and

left to incubate for 10-15 minutes, allowing detergent molecules to destabilize

the bilayer and promote protein insertion. The concentration of protein solu-120

tions varied from 0.5 to 60 µg/ml depending on the experiment. The optimal

concentration at which protein insertion was noticeable without compromising

the quality of the lipid bilayer (in terms of surface coverage) was determined

experimentally. For single bilayers the optimal concentration was selected to be

from 1 to 10 µg/ml, while for double lipid bilayers only concentrations of 0.5125

and 1 µg/ml were used as, for larger concentration values, removal of lipids was

observed. At the end of the incubation period, the sample was extensively rinsed

with either water or buffer solutions to remove all unbound proteins and deter-

gent molecules from the bulk phase. Flow rates of 1 ml/min, 0.15 ml/min and

0.5-1 ml/min were used for NR and XRR, QCM-D and fluorescence microscopy130

experiments respectively.
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2.3. Atomic Force Microscopy

[38] Atomic Force Microscopy (AFM) measurements were performed on a

Multimode 8, Nanoscope V (Bruker) operated in Peak Force Tapping mode,

with the force set point value of ≈ 300 pN and a scan frequency of a 1-2 Hz.135

A ScanAsyst-fluid probe was used for imaging (Bruker probes, Camarillo, CA,

USA). Raw AFM images were leveled using the mean plan subtraction of order 1

with Gwyddion [39]. Due to the large stripe noise, AFM images were sent to the

DeStripe server [40]. Finally, AFM images were flattened by using the Gwyddion

median of differences method. Additional post-treatment was performed using140

a L-weight filter [41, 42]. This Laplacian-based filter enhanced the visibility of

single molecules and allowed us to distinguish individual proteins in a complex

environment [43].

2.4. Fluorescence Microscopy

A Nikon TE-2000 inverted microscope equipped with a mercury light source145

(Nikon Instruments Inc., Japan) was used in epifluorescence mode for the fluo-

rescence microscopy experiments. An oil-immersion objective LEICA with x100

magnification and a 1.3 numerical aperture was used. The temperature of the

sample was controlled precisely with a heating chamber. The inverted micro-

scope was equipped with two microscopy filter cubes, one for visualization and150

excitation of lipids (lipid channel, with filter wavelengths 482 nm/506 nm/536

nm), and one for visualization and excitation of bacteriorhodopsin (BR chan-

nel, with wavelengths 543 nm/562 nm/593 nm). Images were captured with

a digital camera, Insight 18000, from Diagnostic Instrument. All images were

recorded using software developed by André Schröder (Institut Charles Sadron,155

Strasbourg) with both the analysis and processing performed in ImageJ [44].

8



2.5. Reflectometry experiments

2.5.1. Specular reflectometry

We have combined neutron and X-ray reflectometry to characterize our sys-

tems with a high spatial resolution down to a fraction of a nanometer. Specular

reflectivity R(qz), defined as the ratio between the intensity of the reflected and

incident beams (where θ is the angle of incidence and reflection and λ is the

wavelength of the beam), was measured as a function of qz, the wave-vector

transfer component perpendicular to the sample surface. This normal compo-

nent of the wave-vector is defined as

qz =
4π

λ
sin θ. (1)

The result of the reflectivity data analysis is a scattering length or electron den-160

sity profile (for NR and XRR respectively), which provides information about

the internal composition and structure of the sample and can be described in

terms of a finite number of flat layers (slab model) or in terms of a series of

probability distribution functions [45]. In this work, the slab model was imple-

mented (see Section 3 in Supplementary Material for further details) where, the165

j-th layer was characterized by a thickness, dj , either scattering length density

(SLD) or electron density (ED), ρj , and interface roughness, σj,j+1. The water

volume fraction, fsj , in the layer can be determined from the total SLD value in

NR experiments thanks to the contrast variation method [46, 47]. Since scatter-

ing length and electron densities are proportional to the sum of neutron-nuclei170

scattering lengths and number of electrons in a given volume, respectively, both

the nanoscale sample structure and the composition could be extracted upon

modeling the data [48, 49]. The structural parameters describing each layer in

the slab model were optimised during the fitting procedure to obtain the best

fit of the measured reflectivity data. The goodness of the fit was evaluated in175

terms of the minimum of the χ2 function (see Supplementary Material for the

details). Data analysis was performed using the AuroreNR software [46].
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2.5.2. Neutron reflectometry

NR experiments were performed on the reflectometers D17 [50] (Institut

Laue-Langevin (ILL), Grenoble, France) and MARIA [51] (JCNS-MLZ, Garch-180

ing, Germany). The D17 instrument was operated in time-of-flight mode, using

wavelengths from 0.2 to 2.0 nm. Based on Eq. 1, to cover a qz-range from 0.085

to 3.5 nm−1, two angular configurations were used (θ = 0.8◦ and θ = 3.2◦) with

sample environment conditions following those presented in the literature [52].

MARIA, a monochromatic reflectometer, was utilized with two wavelengths,185

namely 0.5 nm and 1 nm, selected by a rotating velocity selector, defining a

∆qz / qz = 10% resolution. Incident and detector angles were varied in a θ−2θ

configuration from θ = 0.4◦ to 4.5◦ and the reflectivity curves were collected

point by point. This allowed us to cover a qz range of 0.09 nm−1 to 2 nm−1.

Since the sample angle was changed continuously, the slits’ opening was adjusted190

at every angle to have a constant beam footprint at the sample position. Both

instruments were operated with solid-liquid cells provided by the ILL. Sample

temperature was controlled by a circulating water bath and kept constant at

either 25◦C or 48◦C (depending on the experiment) during the measurements.

Contrast variation [47] was used to improve the accuracy of the data modeling.195

The main contrasts used throughout the different experiments were 100% H2O

(SLD = -0.56×10−4 nm−2), silicon-match water (SiMW, i.e. 62% H2O and

38% D2O, SLD = 2.07×10−4 nm−2), 4-match water (4MW, i.e 34% H2O and

66% D2O, SLD = 4×10−4 nm−2) and 100% D2O (SLD = 6.35×10−4 nm−2),

where H2O and D2O percentages refer to volume fractions. Data reduction was200

performed using the routines available at the large scale facilities.

2.5.3. X-ray reflectometry

X-ray reflectometry measurements were performed at the SixS beamline of

the SOLEIL synchrotron (Saint-Aubin, France). The X-ray beam energy was

fixed at 18.4 keV (λ = 0.0674 nm) by means of a monochromator. Beam shape205

and size at the sample position were controlled using collimation slits. The

divergence of the beam was ≈ 0.6 ·10−3 degrees. The specular reflectivity R(qz)
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was measured by varying the incident angle θ from 0◦ to 1.5◦, which covered

a qz-range of 0 nm−1 to 5 nm−1. To avoid radiation damage,the sample was

translated laterally by 3 mm after each reflectivity measurement to perform the210

next observation on a fresh area of the sample. The lateral width of the beam

was fixed to 1 or 1.5 mm (depending on the sample) for every angle of incidence.

The background scattering signal was measured by performing an “offset scan”,

i.e. by measuring the scattered intensity around the region of specular signal

[53, 54].215

During X-ray reflectivity experiments, double lipid bilayer samples were mea-

sured before and after the injection of protein solution. After incubation, mea-

surements were performed under two illumination conditions: i) in complete

darkness, and ii) with green-yellow light (defined by a long-pass filter with 530

± 5 nm cut-on wavelengths [55]). This sequence of illumination conditions was220

applied twice on the same sample in order to test reversibility of any observed

effects. The same measurements were performed also on a pristine double lipid

bilayer prior to bacteriorhodopsin insertion in order to exclude the presence

of any effect of the illumination on the bilayer structure. The light intensity

directed onto the cell opening was estimated to be ∼ 0.05-0.1 W/cm2. Data225

acquisition was performed using the routines available at the SixS beamline and

data reduction implementing a custom made routine.

2.5.4. Scattering length density and electron density profiles of BR

The structure of bacteriorhodopsin trimer is very well known [10, 56], having

been studied in particular with high-resolution X-ray diffraction experiments230

[57, 58]. From the position of the different atoms in a trimer, derived from

the protein crystal structure reported in Protein Data Bank (PDB) code 1C3W

[57], the one-dimensional scattering length density and electron density profiles

were calculated as follows: (i) the scattering length bi (or the electron number

ne,i) was assigned to each atom i; (ii) the 3D protein structure was sliced into235

slabs of thickness δz = 0.2 nm, with cuts perpendicular to the axis of symmetry

of the trimer (i.e. parallel to the plane of the bilayer); (iii) for each slab the
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scattering length density profiles SLDBR(z) and the electron density EDBR(z)

were computed as:

SLDBR(z) =
1

ABRδz

∑
i∈{z,z+δz}

bi, (2)

EDBR(z) =
1

ABRδz

∑
i∈{z,z+δz}

ne,i, (3)

where ABR is the area of the protein section (ABR = 27 ± 2 nm2), estimated240

from the protein crystal structure shown in Fig. 3.

SLD and ED profiles of bacteriorhodopsin are presented in Section S3 in

Supplementary Material. The profiles are slightly asymmetrical, due to the

sensitivity the experiments, we were unable to distinguish a preferential orien-

tation of the bacteriorhodospin in the supported membranes. Therefore, it was245

assumed that 50% of BR molecules were pointing up and 50% were pointing

down.

3. Results and discussion

The main goal of this work was to reconstitute bacteriorhodopsin into the

floating bilayer of a double lipid bilayer system, while preserving its structure250

and function of bacteriorhodopsin upon insertion. One of the main challenges

was the use of large substrates for double lipid bilayer formation for NR and

XRR experiments (40 and 25 cm2). In addition, the preparation of double lipid

bilayers required the implementation of adhoc bilayer deposition techniques for

particular lipid composition. These requirements were sometimes incompat-255

ible with those of other characterization techniques employed. For instance,

QCM-D cells could not be fully immersed in water because of the presence of

water-sensitive components, making vesicle fusion the only usable technique to

prepare lipid bilayers for this type of experiment. Since the instrument only

allowed measurements within a maximum temperature of ' 40◦C, the type of260

lipid molecules that could be used was limited to those which are in the fluid

phase below that temperature. Similar constraints were present for other tech-

niques and, for this reason, different lipid compositions had to be used. In this
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context, POPC supported lipid bilayers (fluid at room temperature) were used

to optimize the reconstitution protocol for bacteriorhodopsin insertion into fluid265

single supported bilayers, while DPPC:POPC ones, showing coexistence of fluid

(POPC) and gel (DPPC) domains at room temperature, were used to optimize

and demonstrate protein reconstitution in both phases.

We first focused on simple supported lipid bilayers with the objective of op-

timizing the protocol of Milhiet and co-workers [32] that had been previously270

utilized for protein incorporation into supported bilayers of a maximum surface

of 1 cm2. Here, supported lipid bilayers composed of POPC and DPPC:POPC

(1:1 by mol) lipids of small surface area (' 1 cm2) were investigated by QCM-

D and AFM, allowing for the optimization of the experimental conditions for

bacteriorhodopsin reconstitution on these small samples. The protocol was then275

transferred to DPPC and POPC supported lipid bilayers of larger areas for fluo-

rescence microscopy and NR. Structural effects on the floating bilayer of double

lipid bilayers caused by the activity of bacteriorhodopsin under illumination

were finally investigated by XRR.

3.1. Bacteriorhodopsin reconstitution in single lipid bilayers280

Formation of fluid supported lipid bilayers by vesicle fusion was routinely

monitored by QCM-D experiments and all the bilayers prepared in this work

presented frequency shifts and dissipation factors in agreement with those ex-

pected [59]. These supported lipid bilayers were exposed to solutions containing

DDM with and without bacteriorhodopsin to optimize both detergent and pro-285

tein concentrations as well as incubation time. QCM-D experiments showed

that both bacteriorhodopsin interaction with supported lipid bilayers and re-

constitution are fast processes where the duration of incubation period did not

play a major role. To allow system equilibration an incubation time of 10-15

minutes for the detergent-protein mixtures in presence of a lipid bilayer was290

chosen here. QCM-D experiments demonstrated that the effect of 0.05 mM

DDM solution on POPC supported lipid bilayers was negligible, as the lipid

bilayer original rigidity and amount of lipids per unit area were preserved (see
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Section S5.2 in Supplementary Material). QCM-D measurements provided an

indirect evidence of protein reconstitution into fluid-phase supported lipid bi-295

layers as shown in Supplementary Material. No effect of the replacement of H2O

by D2O in the aqueous phase on supported lipid bilayer formation and bacteri-

orhodopsin insertion was observed. Protein concentrations in the range 0.5-10

µg/ml in 0.05 mM DDM buffer and water solution were found to be appropriate

for the successful insertion into fluid supported lipid bilayers. Additional mea-300

surements by neutron reflectometry on supported lipid bilayers were performed

to further optimize the quantity of protein inserted, by varying the concentra-

tion of the proteins in the injected solution. These experiments showed that

an injection of a too concentrated bacteriorhodopsin solution could lead to a

strong modification of the sample, with bilayer solubilisation, which was highly305

undesirable. Details about these measurements are given in the Supplementary

Material Section S7.

Once the optimized conditions for protein reconstitution were found, AFM

measurements were performed to investigate the insertion of bacteriorhodopsin

in supported lipid bilayers in both fluid and gel-phase. In Fig. 2 an AFM310

topography image of DPPC:POPC supported lipid bilayer (1:1 by mol) upon

bacteriorhodopsin insertion is shown. The sample imaging was performed at

room temperature and domains formed by the coexistence of lipids in fluid-phase

(POPC-rich) and in gel-phase (DPPC-rich) are clearly distinguishable. Height

profiles corresponding to the marked regions are also shown. These profiles315

indicate that the thickness difference between DPPC-rich (thickness ≈ 5.1±0.2

nm) and POPC-rich (thickness ≈ 3.8 ± 0.2 nm) domains is approximately 1

nm. All these values are consistent with those reported in literature for bilayers

composed of POPC and DPPC in the fluid and gel phase respectively [60, 61].

Ring-shaped bright spots can be seen in both regions of the lipid bilayer320

as well as on the bare mica (Fig. 2(a)). On mica, a height hAFM = 4.5 ± 0.2

nm is compatible with the height of the bacteriorhodopsin trimer determined

from the analysis of its X-ray structure (PDB code 1C3W, [57]) (see Fig. 3(b))

and in agreement with other studies of BR interactions with membranes [62, 63].
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Figure 2: (a) AFM images of a POPC:DPPC (1:1 by mol) supported lipid bilayer after BR

reconstitution at room temperature. Image size is 1.66 x 1.66 µm2, 512 x 512 px2. (b) Height

profile corresponding to the blue line in (a) indicating the substrate, DPPC-rich and POPC-

rich domains. (c) Height profile corresponding to the white line in (a) consistent with BR

trimers adsorbed on a mica surface. (d) Zoom on a DPPC-rich domain, black frame in image

(a). Image size is 0.8 x 0.8 µm2, 512 x 512 px2. (e) Height profile corresponding to the blue

line in (d) indicating a partially inserted BR trimer in a DPPC-rich domain. (f) Height profile

corresponding to the white line in (d) indicating a fully inserted BR trimer in a DPPC-rich

domain.
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These ring-shaped structures are more clearly visible in Fig. 2(d), where a patch325

of the gel phase DPPC-rich lipid bilayer with incorporated bacteriorhodopsin

is shown on an enlarged scale. It should be noted that the incorporation of

BR into DPPC highlights a patch which is higher than surrounding BR-free

DPPC. Profiles drawn through the BR-rich DPPC patch (see Fig. 2(e-f)) show

that an external part of the protein protrudes from 0.5 nm to 1.8 nm above the330

bilayer, demonstrating that the protein is inserted into the bilayer and not just

deposited on it.

Our finding that BR protrudes out of a membrane by ' 0.5 ± 0.1 nm is

in excellent agreement with previous studies ([64, 65, 66]). AFM experiments

therefore clearly show the insertion of bacteriorhodopsin into the membrane335

along its symmetry axis.We notice also that the side of the molecule having the

largest surface is often seen in contact with the substrate. AFM experiments

have shown (Section S6.2 in Supporting Material) that BR strongly adsorbs

on the bare surface in the form of a trimer with the preferential orientation of

pore-axis normal to the surface.340

The lateral dimension of BR shows a diameter of about 22.0±2.5 nm (value

averaged over 24 measurements) as observed on the L-weight filtered AFM image

(see Fig. S6 in Section S6 in Supporting Material). This lateral dimension is

larger than the known crystal structure [57] (Fig. 3(a)), which can be due to a

combination of an AFM tip-sample convolution effect and deformed BR trimer345

due to low compaction inside the membrane (low BR concentration) or on the

mica.

NR experiments on an adsorbed protein layer on a bare surface were per-

formed to determine the structure of bacteriorhodopsin in this condition and to

complement AFM data. Reflectivity curves, measured in three contrast schemes350

(D2O, SiMW and H2O), together with the best fits are shown in Fig. 3(c). The

structural parameters obtained from the fits are summarized in Section S10 in

Supplementary Material. The corresponding scattering length density profiles

are shown as solid lines in Fig. 3(d). The latter indicates the presence of a first

dense layer (82 ± 1% of proteins) about 4 nm thick, and a second less dense355
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Figure 3: (a) Position of the atoms in the BR trimer as seen from the bilayer normal direction

(PDB 1C3W [57], orange for monomer 1, green for monomer 2 and blue for monomer 3).

The dashed blue circle corresponds to the estimated value Rext
PDB = 2.9 nm used to calculate

ABR. (b) Side view of the BR PDB structure. The orange dashed lines indicate the thickness

of the trimer as determined by AFM; the blue dashed lines indicate the thickness of the

trimer determined from the BR PDB structure. (c) NR data for bacteriorhodopsin on silicon

substrate (symbols) in three different contrasts: D2O (orange), SiMW (green) and H2O (blue).

Solid lines are the fits to a two-layer model. (d) Scattering length density profiles (solid lines)

corresponding to the fits in (c). Scattering length density profiles (dashed lines) reconstructed

from the BR PDB structure assuming 20% hydrogen-deuterium exchange and the presence of

20% of solvent in the protein layer.
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layer on top of it, which is understood to correspond to incomplete protein ad-

sorption. This result is in a good agreement with our AFM topography image

of BR adsorbed on a bare substrate (see Section S6.2 in Supporting Material).

SLD profiles calculated from the PDB structure file [57] using eq. 2 are shown as

dashed lines in Fig. 3(d). The reconstituted SLD profiles describe a layer char-360

acterized by 80 ± 10% of proteins (first layer) and are in good agreement with

the profiles obtained from the modeling of NR data (solid lines in Fig. 3(d)).

These results allowed us to confirm the formation of a dense protein layer on the

silicon substrate, and to strongly constrain the scattering length density values

that were used in the following analysis of the NR and XRR data from single365

and double bilayer systems.

Figure 4: Fluorescence microscopy images of a DPPC supported lipid bilayer before (a: lipid

channel, b: proteins channel) and after (c: lipid channel, d: proteins channel) BR reconsti-

tution at room temperature. Fluorescence level profiles for lipid channel (orange) and for

protein channel (blue) are shown in the central panel: before (left) and after (right) BR re-

constitution. Fluorescence level profiles correspond to the areas highlighted by orange and

blue rectangles in images a-d. Only the last monolayer of the supported lipid bilayer system

was labelled with NBD-PE lipids.

Fluorescence microscopy experiments were performed on supported lipid bi-

layers deposited on glass slides by LB-LS techniques, to obtain complementary

information on the lateral lipid bilayer structure at the microscale. In Fig. 4,
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fluorescence microscopy images for DPPC supported lipid bilayers before (a370

and b) and after (c and d) bacteriorhodopsin reconstitution are presented. The

top images were obtained by using the lipid channel and the bottom images

were obtained from the same sample by using the bacteriorhodopsin channel

(for the definition of the channels see Materials and methods). In all cases,

fluorescence profiles (orange for the lipids fluorescence signal, blue for the pro-375

teins) are shown. They correspond to the delimited areas in Fig. 4 and were

obtained along a line passing through a defective region in the sample. Before

insertion, the fluorescence level detected in the bacteriorhodopsin channel was

very low (7± 4 a.u, close to the background noise), while that of the lipid chan-

nel reached 130 ± 10 a.u.. After protein insertion, the fluorescence level of the380

bacteriorhodopsin channel increased to 170 ± 15 a.u., while the lipid level re-

mained constant at 132± 15 a.u. Interestingly, a strong signal originating from

protein markers was detected in the defective region of the bilayer (spikes in the

blue profile). This is further confirmation of the ability of bacteriorhodopsin to

adsorb on the bare hydrophilic substrate. However, the majority of the bac-385

teriorhodopsin signal was localized in bilayer-enriched regions of the sample,

suggesting effective protein insertion in supported lipid bilayers in gel phase.

NR experiments on supported lipid bilayers composed of POPC lipids were

also performed on the MARIA reflectometer to resolve the internal structure of

fluid supported lipid bilayers at the molecular level both in the absence and in

the presence of proteins. Protein reconstitution was performed by injecting a

solution of 10 µg/ml BR in 0.05 mM DDM H2O PBS buffer into the solid/liquid

cell with the deposited POPC bilayer, incubating for 15 minutes and rinsing with

H2O PBS buffer afterwards. Measured reflectivity curves, obtained best fits and

scattering length density profiles are shown in Fig. 5(a) and (b). The structural

parameters obtained from the fits are summarized in Section S10 in Supple-

mentary Material. Changes in the SLD values of the tail regions (−0.35× 10−4

nm−2 for the pure POPC bilayer, 0.13× 10−4 nm−2 for the POPC bilayer with

incorporated bacteriorhodopsin) indicate that, upon bacteriorhodopsin inser-

tion, the final system is composed of 22± 2% of bacteriorhodopsin. An increase

19



of the water content in the tail regions upon protein reconstitution was also

observed (from 10± 2% to 35± 5%). The overall structure of the bilayer with

bacteriorhodopsin is consistent with the known structure for pure POPC bilay-

ers [67]. A more quantitative analysis was carried out by reconstructing the

expected scattering length density profiles for a membrane embedding protein

system by combining the SLD profile of pristine POPC bilayer with that of the

bacteriorhodopsin, determined from the PDB atomic structure in accordance

with

SLDbilayer+BR,calc = xpSLDBR + xwSLDw + (1− xw − xp)SLDbilayer. (4)

In Eq. 4, SLDBR is the quantity calculated from the PDB structure as described

in Materials and methods, xp and xw are the volume fractions of inserted protein

and water molecules, respectively. The reconstructed scattering length density390

profiles are presented in Fig. 5(c) as solid lines assuming xp = 20 ± 5% and

xw = 30 ± 10%. These are in agreement with the scattering length density

profiles determined from the modeling of NR data of the POPC bilayer after

bacteriorhodopsin insertion. Finally, the possibility of formation of large do-

mains of BR (as for example caused by direct adsorption on the substrate) was395

evaluated by modeling the NR data as a sum of two incoherent contributions

originated from the POPC bilayer and from BR domains. The failure of such a

modeling approach indicated that domain formation (and therefore preferential

adsorption of BR on the substrate) larger than the coherence length (1µm) can

be disregarded, but we cannot rule out the formation of smaller domains.400

3.2. Bacteriorhodopsin reconstitution in double lipid bilayers

After confirming bacteriorhodopsin was inserted into supported lipid bilay-

ers, floating lipid bilayers were used as a biologically relevant platform for protein

reconstitution.

In Fig. 6 fluorescence microscopy images of a DSPC-DPPC double lipid bi-405

layer before (a-b) and after (c-d) bacteriorhodopsin incorporation are shown.

As illustrated for the supported lipid bilayers, the profiles (orange for the lipid
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channel, blue for the protein channel) were analyzed along a cut through a de-

fective region in the floating bilayer. A control experiment was also performed

on a double lipid bilayer prior to protein incorporation (Fig. 6a and b). In410

this case, only a very low signal was detected from the pristine sample on the

bacteriorhodopsin channel (12± 4 a.u.). After protein incorporation, the signal

originating from the protein markers became visible (60 ± 5 a.u.), but it was

nevertheless weaker than the one observed for supported lipid bilayers. This

difference could be related to the different amount of protein inserted, but also415

to experimental conditions, such as exposure time and illuminated area, which

might be slightly different for different experiments. In contrast to the sup-

ported lipid bilayer case, no bacteriorhodopsin accumulation in the defective

regions of the floating bilayer was observed. This could indicate that proteins

did not penetrate beneath the floating bilayer and no bacteriorhodopsin adsorp-420

tion/incorporation occurred in the DSPC bilayer located beneath the floating

one. The images also indicate that the interaction of bacteriorhodopsin with

the double lipid bilayer did not drastically change its morphology at microscale.

Moreover, since only the monolayer, which was farther away from the substrate,

was fluorescently marked, fluorescence microscopy experiments showed that the425

overall structure of the double lipid bilayer was well preserved, at the microscale

in the gel phase. However, these experiments could not exclude the presence

of changes in the bilayer (such as the formation of small pores or defects) at

the nanoscale due to limited instrument resolution. Despite using fluorescence

microscopy, the difference between protein reconstitution, protein partial incor-430

poration and protein adhesion to the lipid bilayer could not be distinguished

due to the low spatial resolution of the technique. Moreover, the technique did

not quantify the amount of bacteriorhodopsin inserted in the lipid bilayers. To

overcome this limitation, specular NR and XRR experiments were performed.

They allowed us to characterize the internal structure of the bilayer at the435

nanoscale, before and after protein reconstitution, as well as to quantify the

amount and location of bacteriorhodopsin. NR experiments were performed on

a DSPC-DPPC double lipid bilayer at 48◦C, before and after protein reconsti-
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tution. The measurements at high temperature allowed to bring the floating

DPPC bilayer into the fluid phase while keeping the supporting DSPC bilayer440

in gel phase. The experimental data, together with fits and scattering length

density profiles are shown in Fig. 7. The protein reconstitution step was per-

formed by injecting a solution of 0.5 µg/ml bacteriorhodopsin in 0.05 mM DDM

H2O PBS buffer into the cell, incubating for 15 minutes and rinsing with buffer

afterwards. For a correct interpretation of the collected measurements it was445

crucial to investigate the effect of detergent molecules on the double lipid bilayer

structure separately. As reported in Section S8 in Supplementary Material, only

a minor and insignificant effect of 0.05 mM DDM on a double lipid bilayer was

observed, confirming that any variation in reflectivity, and thus, in scattering

length density profiles, originated from bacteriorhodopsin.450

The scattering length density profiles obtained from the analysis of the data

confirmed a good quality of the pristine double lipid bilayer. After bacteri-

orhodopsin incorporation, no significant modifications of the first supported

bilayer were detected, as presented in Fig. 7(b). The floating bilayer exhibits

significant changes, consistent with those reported for the single bilayer case455

(see Fig. 5). As already described for the case of a single POPC bilayer, a

quantitative analysis was performed by reconstituting the SLD profiles of the

system after BR insertion using Eq. 4. SLD profiles for a double DSPC-DPPC

bilayer after bacteriorhodopsin insertion were calculated by combining the SLD

profiles of the pristine bilayer with the ones extracted from the PDB structure460

of a bacteriorhodopsin trimer. These reconstructed profiles are compared to the

experimental ones in Fig. 7(c). Assuming a protein fraction of xp = 25 ± 10%

and a water fraction of xw = 20 ± 5%, Eq. 4 led to a very good agreement

between calculated and experimental data, confirming the insertion of the bac-

teriorhodopsin in the floating bilayer and validating our modeling approach. A465

diffuse layer on top of the floating bilayer was also observed in the experimental

profiles. This was interpreted as a highly hydrated protein layer on top of the

double lipid bilayer.
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3.3. Bacteriorhodopsin activity

The optimal results, in terms of bilayer integrity and bacteriorhodopsin in-470

corporation, were obtained for a double lipid bilayer in which both bilayers

were in gel phase (DSPC-DSPC double lipid bilayer). This system was cho-

sen for experiments in which the protein activity was triggered by illumination

with visible light. X-ray reflectometry was the most suited technique [49] to

investigate the structural changes induced in the double lipid bilayer system475

by bacteriorhodopsin activity, as it allows to probe bilayer modifications down

to the fraction of a nanometer scale. The effect of bacteriorhodopsin activity

was studied by alternating light-ON and light-OFF conditions while measuring

XRR data.

XRR data for the pristine DSPC-DSPC double lipid bilayer, measured at480

25◦C, are presented in Fig. 8(a) (blue symbols). The corresponding electron

density profile is shown in Fig. 8(b) (blue line). The structural parameters

obtained from the XRR data analysis and reported in Supplementary Mate-

rial are in agreement with data already published on similar systems [15]. For

protein reconstitution, 1 µg/ml of bacteriorhodopsin in 0.05 mM DDM H2O485

PBS buffer solution was injected into the sample cell, incubated for 10 minutes

and then rinsed with PBS buffer. The reflectivity curve measured after protein

reconstitution is shown in Fig. 8(a) (orange symbols). The structural and com-

positional changes in the supporting bilayer are not significant as seen from the

electron density profiles and probably unrelated to the protein insertion, but490

rather linked to changes of water content in the chain region of the bilayer. To

confirm the results obtained using a slab model, the more quantitative analysis

based on Eq. 4 was performed following the approach already described for NR

data. In Eq. 4, SLD values were replaced by electron density values. The recon-

structed profiles are shown in Fig. 8(c) (black line). The modifications of the495

electron density profile were treated using the same approach as for analysis of

SLD profiles obtained with NR. The two experimental techniques demonstrated

a very consistent agreement as similar protein fractions (xp = 20 ± 5%) and

water content (xw = 40 ± 10%) in the floating bilayer were obtained for both
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samples, despite their variabilities. These results are in good agreement with500

the neutron reflectivity experiments. A decrease in the overall thickness of the

floating bilayer (from 5.7± 0.3 to 5.2± 0.3 nm) and an increase in the thickness

of the water layer between the two bilayers (dw,2 = 1.2± 0.2 vs. dw,2 = 1.7±0.2

nm) were also observed upon bacteriorhodopsin insertion, while the roughness

parameters were almost unaffected.505

The sample was illuminated with visible light to trigger BR activity. A

high-pass filter with a 530 ± 5 nm cut-on wavelength was used to select the

appropriate spectrum for activation [68]. Light-ON XRR measurements were

performed following the same procedure used for light-OFF measurements. It

is worth mentioning that, as reported in [55], light was switched on 15 minutes510

before the XRR measurements to allow BR activity to reach equilibrium. The

reflectivity curve corresponding to this condition is shown in Fig. 9(a) (orange

filled symbols). By comparing the collected reflectivity curves before and after

illumination, changes in the scattering signal, and therefore in the lipid bilayer

structure, were detected after BR activation. Cyclical XRR measurements in515

light-ON and light-OFF conditions were performed to check the reversibility

of this effect. Exposure to light was stopped and the sample was measured

again after a resting period of at least 1 hour to allow bacteriorhodopsin to go

back to the dark-adapted state (blue open circles in Fig. 9(b)). This reflectiv-

ity curve (2nd dark state) overlaps exactly with the one measured during the520

first dark state, indicating a full structural recovery in the absence of protein

activity. Light-ON measurements were also repeated and also in this case full

reversibility in the specular XRR signal was observed (see Fig. 9(b)). A blank

experiment on a pristine DSPC-DSPC double lipid bilayer was performed in

order to test the effect of light on its structure ( see Section S9 in Supporting525

Material). Reflectivity measurements were performed in light-OFF and light-

ON conditions, using the same visible wavelengths used for BR activation. No

changes in reflectivity curves were observed, indicating no structural modifica-

tions of the floating bilayer. Therefore, all modifications upon illumination of

the BR embedding sample were induced by the protein conformational changes530

24



and its pumping activity.

Bacteriorhodopsin activity caused significant reversible modifications of the

floating bilayer (see electron density profile in Fig. 9(b)). The main effect was

a large increase in the lipid bilayer roughness from σOFF = 0.2 ± 0.2 nm to

σON = 1.5 ± 0.2 nm. This increase is too large to be fully attributed to con-535

formational changes of the BR as outward movements of the helixes F and an

inwards movement of helix C towards the Schiff base during the BR photocycle

[69]. There is most likely a contribution associated to an increase in bilayer fluc-

tuations as predicted by theoretical work [70]. Mainly because of this increase

in roughness, it is difficult to measure with accuracy the structural changes in540

the floating bilayer. There is a significant increase in the total ”water layer plus

floating bilayer” thickness, of the order of 1.5 nm (dB,floating +dw = 6.9±0.4 nm

to 8.4 ± 0.4 nm), although it is difficult to discriminate precisely the contribu-

tion from each of the two layers. It is unlikely that this increase can be entirely

attributed to a change in the conformation of the protein (contribution less than545

0.5 nm according to Shibata et al [71]) and there is most certainly an increase

in water thickness which seems to correlate with the increase in roughness. The

increase in the related roughness parameters by approximately 1 nm (see Table

S10) is a very strong indication of the insertion of proteins into the membrane.

This is not observed for double bilayers without bacteriorhodopsin (table S11)550

and well beyond what could be expected for bacteriorhodopsin patches directly

adsorbed in the substrate. Indeed, according to protein data bank data (5H2H

to 5H2P [29]) taken at different delay times ranging from 40 ns to 657 µs after

illumination, unit cell parameters (P63 symmetry grou) increase by less than

0.2 nm. Taking into account relative coverage of double bilayer and bacteri-555

orhodopsin patches, this would lead in a negligible increase in roughness (well

below the obseved 1 nm) unless bacteriorhodopsin conformational changes trig-

ger bilayer movement.

The work of Giahi et al [72] on supported lipid multilayers with inserted BR

had not revealed any effect of the protein’s activity. Under similar conditions,560

we were able to observe significant modifications associated with BR activity
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on the structure and fluctuations of floating bilayers, probably because they

are able to float freely near the substrate without being confined. The observed

effects are consistent with small changes in the membrane structure and with an

increase in membrane fluctuations, but it is impossible to separate these different565

contributions. Non-specular reflectivity experiments, by providing access to

quantitative information on the spectrum of membrane fluctuations, could help

to clarify these different contributions and to test theoretical models.

4. Conclusions and perspectives

A robust and reproducible protocol for bacteriorhodopsin reconstitution into570

planar solid-supported single and floating phospholipid bilayers in gel and fluid

phases was developed. A wide range of surface-sensitive techniques such as

QCM-D, AFM, fluorescence microscopy, NR and XRR was used in order to

confirm and optimize bacteriorhodopsin incorporation. Incubation time, pro-

tein and detergent concentration as well as lipid composition were optimized575

in order to preserve membrane structural integrity and protein activity. It was

found that the optimal conditions involved the injection of 1 µg/ml of bacteri-

orhodopsin in 0.05 mM DDM PBS buffer solution, incubation for 10 minutes

followed by thoroughly rinsing with PBS buffer, on a previously formed lipid

bilayer on a solid substrate. The structure and composition of the studied sys-580

tems before and after bacteriorhodopsin insertion and activation were resolved

at the nanoscale by means of specular NR and XRR experiments. The re-

versible effect of bacteriorhodopsin activity on the lipid bilayer structure was

clearly demonstrated.

In particular, changes in the electron and scattering length density values585

upon bacteriorhodopsin reconstitution and the increase of the roughness of the

floating bilayer upon sample illumination were consistent with an enhancement

of out-of-equilibrium membrane fluctuations induced by the light-activated pro-

tein pumping activity. A complete understanding of the mechanisms at play

during active membrane fluctuations requires a fine characterization of the fluc-590
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tuation spectrum at the nanoscale. Floating lipid bilayers are excellent model

systems to probe this phenomenon.

This is the first time that BR is reconstituted in floating bilayers. Work can

be found in literature on reconstitution of different proteins in tethered bilayers

[73, 74] but the interest here lies in the possibility to perform fluctuation studies595

on floating layers which are more difficult in the presence of tethers that may

influence the fluctuations by pinning the membrane.

While NR and specular XRR experiments provided information about the

structural and compositional changes of a bilayer caused by protein incorpo-

ration and activation with sub-nanometer resolution, off-specular XRR experi-600

ments will allow to measure the active membrane fluctuation spectrum induced

by the protein pumping activity at the nanoscale. Combined analysis of specular

and off-specular XRR experiments will provide the possibility to directly access

the physical properties of the system such as bending modulus, surface tension

and interaction potential between adjacent membranes [53, 54]. Indeed, this605

work opens new outstanding perspectives as the investigation of the active fluc-

tuation spectrum of DSPC-DSPC double lipid bilayer system with embedded

bacteriorhodopsin.
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Figure 5: (a) Neutron reflectivity curves of a POPC supported lipid bilayer at T = 25◦C before

(closed symbols) and after (open symbols) BR reconstitution in three different contrasts: D2O

(red), SiMW (green, shifted by 10−1) and H2O (blue, shifted by 10−2). (b) Scattering length

density profiles corresponding to the fits before (solid lines) and after (dashed lines) BR

reconstitution. (c) Scattering length density profiles reconstructed using Eq.4 (solid lines)

compared to the experimental ones (dashed lines) obtained after BR insertion (xp = 20± 5%

and xw = 30± 10%).
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Figure 6: Fluorescence microscopy images of a DSPC-DPPC double lipid bilayers before

(a: lipid channel, b: proteins channel) and after (c: lipid channel, d: protein channel) BR

reconstitution at T = 25◦C. Fluorescence level profiles for lipid channel (red) and for protein

channel (blue) are shown in the central panel: before (left) and after proteins reconstitution

(right). Fluorescence level profiles correspond to the areas highlighted with red and blue

rectangles in images a-d. Only the last monolayer of the double lipid bilayer system was

labelled with NBD-PE lipids.
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Figure 7: (a) Neutron reflectivity curves for a DSPC-DPPC double lipid bilayer at T = 48◦C

before (closed symbols) and after (open symbols) BR reconstitution in three different contrasts:

D2O (orange), SiMW (green, shifted by 10−1) and H2O (blue, shifted by 10−2). (b) Scattering

length density profiles corresponding to the fits before (solid lines) and after (dashed lines)

BR reconstitution. (c) Comparison between scattering length density profiles corresponding

to the fits after BR reconstitution (dashed lines) and those reconstructed according to Eq. 4

(solid lines with empty circles).
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Figure 8: (a) Specular X-ray reflectivity data and fits for a DSPC-DSPC double lipid bilayer

measured at 25◦C before (filled blue symbols) and after (open orange symbols) BR incorpo-

ration. (b) ED profiles corresponding to the best fits shown in (a) (same color code). (c)

ED profile for the sample after BR insertion (orange dashed lines) and the reconstructed ED

profile according to Eq. 4 (black line).
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Figure 9: Specular X-ray reflectivity data and fits for a DSPC-DSPC double lipid bilayer

at T=25◦C after BR incorporation: (a) light-OFF (open symbols) and light-ON (filled sym-

bols) conditions; (b) test of reversibility: orange symbols correspond to the first illumination,

blue symbols correspond to the second illumination experiment. Reflectivity curves for the

light-ON measurements are shifted by a factor 10 for clarity. (c) ED profiles corresponding

to the fits of the reflectivity curves collected during the first illumination experiment. ED

profiles corresponding to the fits of reflectivity curves collected during the second illumination

experiment are overlapping within errors with those corresponding to the first experiments,

therefore they are not shown for clarity.
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URL https://tel.archives-ouvertes.fr/tel-02468867

[21] W. C. Wong, J.-Y. Juo, C.-H. Lin, Y.-H. Liao, C.-Y. Cheng, C.-L. Hsieh,720

Characterization of single-protein dynamics in polymer-cushioned lipid bi-

layers derived from cell plasma membranes, The Journal of Physical Chem-

istry B 123 (30) (2019) 6492–6504. doi:10.1021/acs.jpcb.9b03789.

[22] G. Fragneto, T. Charitat, J. Daillant, Floating lipid bilayers: models for

physics and biology, European Biophysics Journal 41 (10) (2012) 863–874.725

doi:10.1007/s00249-012-0834-4.

[23] J. Prost, R. Bruinsma, Shape fluctuations of active membranes, Euro-

physics Letters 33 (4) (1996) 321–326. doi:10.1209/epl/i1996-00340-1.

[24] D. Lacoste, P. Bassereau, An update on active membranes, in: G. Pabst,
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