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ABSTRACT The heterologous expression and purification of membrane proteins represent major limitations for their
functional and structural analysis. Here we describe a new method of incorporation of transmembrane proteins in planar lipid
bilayer starting from 1 pmol of solubilized proteins. The principle relies on the direct incorporation of solubilized proteins into a
preformed planar lipid bilayer destabilized by dodecyl-b-maltoside or dodecyl-b-thiomaltoside, two detergents widely used in
membrane biochemistry. Successful incorporations are reported at 20�C and at 4�C with three bacterial photosynthetic multi-
subunit membrane proteins. Height measurements by atomic force microscopy (AFM) of the extramembraneous domains
protruding from the bilayer demonstrate that proteins are unidirectionally incorporated within the lipid bilayer through their more
hydrophobic domains. Proteins are incorporated at high density into the bilayer and on incubation diffuse and segregate into
protein close-packing areas. The high protein density allows high-resolution AFM topographs to be recorded and protein
subunits organization delineated. This approach provides an alternative experimental platform to the classical methods of two-
dimensional crystallization of membrane proteins for the structural analysis by AFM. Furthermore, the versatility and simplicity of
the method are important intrinsic properties for the conception of biosensors and nanobiomaterials involving membrane
proteins.

INTRODUCTION

Membrane proteins have a pivotal role in such cellular

processes as energy transfer, cell homeostasis, signal trans-

duction, and cell communication and are highly relevant to

human physiology and disease (e.g., depression, stroke,

diabetes, multi-drug resistance). Although the magic number

of 100 atomic structures solved has recently been reached

(http://blanco.biomol.uci.edu/Membrane_Proteins_xtal.html),

compared to several thousands for cytoplasmic ones, a major

challenge remains in the difficulties of heterologous over-

expression of membrane proteins, especially from eukaryotic

organisms, in large amount for structural analysis (1). To

bypass this limitation, technical improvements in miniatur-

ization and robotization for three-dimensional (3D) crystal-

lization allowed decreasing the amount of protein to tens of

nanograms per trial. In 2D crystallization, strategies have

been developed to concentrate proteins present in bulk at the

air/water interface, thereby decreasing the amount of protein

to 1 mg per trial (2,3). However, because crystallization re-

quires a large number of trials, milligrams of purified pro-

teins are usually required.

In this context, atomic force microscopy (AFM) represents

a technique complementary to x-ray crystallography and

electron microscopy in membrane protein research (4,5).

With AFM, topographies of membrane proteins can be

acquired at subnanometer lateral and ;1 Å vertical resolu-

tions in near physiological conditions. Furthermore, AFM

allows analysis of the flexibility and the conformational

changes of extrinsic domains. By applying loading forces to

the AFM tip, biological samples can be nanodissected to

provide insights into protein assembly (6,7). Finally, force

spectroscopy measurements allow delineating the intramo-

lecular interactions that stabilize the proteins into lipid

bilayers (8,9).

So far, AFM studies have been performed with purified

membrane proteins reconstituted into lipid bilayers as 2D

crystals and, in a few cases, with densely packed proteins in

native specialized membranes (6,10,11). From these studies,

it can be stressed that the high density of incorporated

proteins and the flatness and the large size of membranes

.200 nm are prerequisites for subnanometer-resolution

AFM. Experimentally, 2D crystals are formed by reconsti-

tution of protein in a lipid bilayer at high protein/lipid ratio

on detergent removal from a fully solubilized lipid/ protein/

detergent mixture. Although reconstitution of proteins into

liposomes at low protein/lipid ratio for functional studies is

well established (for a recent review see Rigaud and Levy

(12)), reconstitution at high protein density remains empir-

ical and often leads to protein aggregations or to vesicles too

small for AFM analysis. Other approaches have produced

protein-containing planar lipid bilayers on solid surfaces

for functional analysis or for nanobiotechnology applica-

tions (13,14). However, as analyzed by single-molecule
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fluorescence, protein density is usually too low for high-

resolution AFM (15).

Here, we report a new method of incorporation of mem-

brane proteins into a planar lipid bilayer allowing AFM

analysis at high resolution. The principle, derived from our

studies of direct incorporation into liposomes (12,16), is

based on insertion of proteins into a planar lipid bilayer after

destabilization by sugar-based detergents. The method is

illustrated with the successful reconstitution of three mem-

brane proteins from the bacterial photosynthetic apparatus, a

light-harvesting complex 2 (LH2) and two light-harvesting

complex 1 (LH1) reaction center (RC), also named core

complexes. Height measurement by AFM of extramembra-

nous domains pointing out the lipid bilayer reveals that all

proteins are unidirectionally incorporated in the lipid bilayer.

Compared to previous work on reconstitution on solid

supports, including tethered lipid bilayers (13,14), proteins

are incorporated at high density, allowing high-resolution

AFM topographs to be acquired. As a major result, the

amount of protein per incorporation trial is extremely low,

;10�12 mole of protein. Thus, this strategy appears very

powerful for the structural analysis by AFM of membrane

proteins expressed in low amount and for the conception of

biomaterial involving membrane proteins.

MATERIALS AND METHODS

Dioleoyl-phosphatidylcholine (DOPC) and dipalmitoyl-phosphatidylcho-

line (DPPC) were of the highest purity and purchased from Avanti Polar

Lipids (Alabaster, AL).N-octyl-b-D-glucoside (OG), dodecyl-b-D-maltoside

(DDM), and dodecyl-b-D-thiomaltoside (DOTM) were purchased from

Anatrace (Maumee, OH), and mica from Goodfellow (Lille, France).

Protein purification

LH2 and LH1-RC core complexes were purified from photosynthetically

grown Rhodobacter sphaeroides (Rb. sph.) pufX-deleted strain and from

Rhodobacter veldkampii (Rb. veld.), as previously described (17). Briefly,

chromatophores were solubilized in 3% DDM or DOTM, and LH2 and

LH1-RC photosynthetic complexes were separated according to their den-

sity by sedimentation in a sucrose gradient (10–35%) in 0.1% DOTM or

in 0.1% DDM, 50 mM glycine-glycine, pH 7.8. The two bands corre-

sponding to solubilized LH2 and LH1-RC were extracted from the sucrose

gradient and kept frozen at �80�C. Solubilized complexes show typical

near-infrared peaks for LH2 at 804 nm and 854 nm (LH2) and for LH1 (Qy

at 884 nm and Qx at 592 nm) and for RC (bacteriochlorophyl at 804 nm and

bacteriopheophytin at 760 nm). The solubilized complexes were stable

several days at 4�C as revealed by the unmodified spectra of LH2 and of

LH1-RC without appearance of a peak at 820 nm typical of dissociated LH

subunits (17).

LH2 and LH1-RC concentrations were determined by spectroscopy

from the absorption peaks at 850 nm (e ¼ 382 mM�1cm�1) and at 878 nm

(e ¼ 4.8 mM�1cm�1), respectively.

SLBs preparation

Supported lipid bilayers (SLB) were prepared as reported previously (18).

DOPC/DPPC (1:1 mol/mol) liposomes prepared by extrusion at 70�C of

multi-lamellar vesicles at 0.125 mM in phosphate buffer, pH 7.4, were

deposited onto freshly cleaved mica and allowed to adsorb and fuse during

2 h of incubation at 70�C. Before AFM experiments, the 10-mm diameter

mica sheet was glued onto a 15-mm diameter wafer.

Direct incorporation of proteins

The stability of SLB in the presence of detergent was analyzed after

incubation with a 50-ml drop of buffer, 10 mM Tris, 150 mM KCl, pH 7.4,

and OG, DDM, and DOTM at different concentrations. After 15 min of

incubation at room temperature that allowed the equilibration of the deter-

gent between the volume and the lipid bilayer, the detergent was removed

by extensive rinsing with a detergent-free buffer (30 drops of 50 ml).

For direct incorporation of proteins at room temperature, SLB were first

rinsed by a 50-ml drop of buffer containing detergent above the critical

micelle concentration (cmc) and 0.075 mM DOTM or 0.3 mM DDM for

incorporations mediated by DOTM or DDM, respectively. Then SLB was

incubated with a 50-ml drop of buffer, 10 mM Tris, pH 7.4, 150 mM KCl,

containing solubilized proteins at 2–10 mg/ml (0.9 to 1.5 pmol) and

0.075 mMDOTMor 0.3 mMDDM. After 15 min of incubation allowing pro-

tein incorporation into the SLB, detergent was removed from the buffer and

the SLB by extensive rinsing with a detergent-free buffer. The full re-

constitution process including the previous rinsing step with detergent, incu-

bation in the presence of solubilized proteins, and detergent removal takes

30 min.

For direct incorporation at 4�C, SLB was first preincubated 30 min with

detergent below the cmc, 0.025 mM DOTM or 0.1 mM DDM to ensure a

complete equilibration of the detergent within the SLB. Then, SLB was

incubated 15 min with a 50-ml drop of buffer, 10 mM Tris, pH 7.4, 150 mM

KCl, containing solubilized proteins at 2–10 mg/ml (0.9 to 1.5 pmol) and

0.075 mM DOTM or 0.3 mM DDM, followed by a detergent removal step

by buffer rinsing.

Instabilities in the AFM signal when detergents were still present in SLB

and in the buffer have prevented the analysis of the morphology of the SLB

destabilized by detergents and the direct observation of the protein incorpora-

tion. Thus, all AFM topographs of the reconstituted samples were recorded

after detergent removal.

The SLB-containing proteins were analyzed just after and up to 1–10

days after the detergent removal. The samples covered with a drop of buffer

were kept at 4�C in a humid Petri dish between experiments to avoid

evaporation of the buffer.

Atomic force microscopy imaging

Imaging was performed in the reconstitution buffer with commercial

Nanoscope E or IIIa AFMs (Veeco, Santa Barbara, CA) equipped with a J

scanner and oxide-sharpened Si3N4 sharp cantilevers (k ¼ 0.09 N/m,

Olympus, Japan; or k¼ 0.1 N/m, Veeco). The AFM was operated in contact

mode, applying forces below 100 pN at a scan frequency of 4–6 Hz or in

tapping mode at a scan frequency of 1 Hz. An average of LH1-RC reported

in Fig. 3 c was calculated from the trace and retrace topographs using the

Xmipp single-particle analysis program package (19).

RESULTS

We have previously analyzed in detail the mechanism of

direct incorporation in bulk of different types of solubilized

membrane proteins into detergent-destabilized liposomes

(12,16). Direct incorporation was specifically triggered by

sugar-based detergents, OG or DDM, added to the liposomes

at a saturation concentration, i.e., before the onset of solubili-

zation. We now extend this concept to the direct incorpo-

ration of membrane proteins into a planar lipid bilayer.
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The experimental protocol involves three steps. First, a

continuous and flat SLB is formed by fusion of vesicles onto

mica. Then, the SLB is incubated with solubilized proteins

and detergent at a concentration allowing the saturation of

SLB. Proteins are incorporated at this step in the detergent-

destabilized SLB. In the case of very low concentration of

lipid as in the case of SLB, the concentration of detergent

needed to saturate a lipid bilayer can be estimated slightly

above the cmc (16). Finally, the detergent present in the

bulk and in the SLB is removed by extensive rinsing by

buffer exchange, and the sample is imaged by AFM. We

thus first analyzed the interactions of SLB with OG, DDM,

and DOTM, three detergents widely used in membrane

biochemistry and crystallization, at concentrations close to

the cmc.

SLB-detergent interaction

SLBs were formed by fusion in solution of vesicles com-

posed of a binary mixture of DOPC and DPPC (1:1 mol/mol).

The flat and continuous SLB with recognizable lipid phase

separation at room temperature is depicted in Fig. 1. Microm-

eter DPPC gel-phase domains of irregular shapes protruded

from the fluid DOPC matrix by 0.96 6 0.16 nm (n ¼ 39).

This value is consistent with those reported from AFM (20)

or from neutron diffraction (21) experiments.

SLBs were incubated with detergent 15 min at room

temperature, allowing equilibration of detergents between

the SLB and the buffer; then the detergent was removed by

rinsing with a detergent-free buffer, and the lipid bilayer was

analyzed by AFM. Results showed that, as pure lipid lipo-

somes, SLBs were destabilized up to complete solubilization

with increasing concentration of detergent. However, im-

portant differences in the solubilization process were found

between the high-cmc detergent OG, cmc 17 mM, and the

low-cmc detergents DDM and DOTM, cmc 0.17 mM and

0.05 mM, respectively.

Upon incubation with DDM or DOTM at a concentration

above the cmc, 0.3 mM (1.7 3 cmc) or 0.075 mM (1.5 3
cmc), respectively, large interconnected bilayer areas several

micrometers in size, corresponding to ;50% of the initial

SLB, remained adsorbed onto the mica (Fig. 1, b and c). Gel-
and fluid-phase domains were still present as judged by

;1 nm height difference between microdomains. However,

large morphological changes of the membrane occurred;

e.g., DPPC domains were of smaller size but in larger pro-

portion than in the control SLB (50% vs. 30% in nontreated

SLBs), likely because of the low accessibility of detergent

in the tightly packed lipid phase. Cross-section analysis re-

vealed 6.15 6 0.93 nm (n ¼ 29) height differences between

DPPC domains and mica. According to the DPPC bilayer

thickness of 4.42 nm measured by x-ray diffraction (22),

SLB were supported by a water layer of at least 1.7 nm.

Increasing concentrations of DDM or DOTM increased the

amount solubilized up to the full solubilization at detergent

concentrations well above the cmc (10 3 cmc).

In the case of OG, only 10–15% of its surface was

preserved (Fig. 1 d) after incubation with 17 mM OG (1 3
cmc), whereas with 20 mM OG (1.15 3 cmc), full solu-

bilization of the SLB occurred. Finally, SLB was much more

resistant at 4�C, where only small areas in the SLB

were solubilized after incubation with 0.075 mM DOTM

(Fig. 1 e).

FIGURE 1 Interactions of SLB with sugar-based detergents at concen-

trations above the cmc. (a) Contact-mode imaging of DOPC/DPPC SLB.

Lipid phase separation was observed between the darker DOPC fluid phase

and the DPPC gel phase. (b) SLB after incubation at room temperature with

0.075 mM (1.5 3 cmc) DOTM. Both fluid (1) and gel (2) phases were

conserved; the darker areas were the mica, and the white dots nonfused

vesicles. (c and d) SLB after incubation at room temperature (c) with 0.3 mM

(1.7 3 cmc) DDM and (d) with 17 mM (1 3 cmc) OG. (e) SLB after

incubation at 4�C with 0.075 mM DOTM. Detergents were removed by

extensive rinsing before AFM imaging. a, b, and e were obtained in contact

mode; c and d in tapping mode. The z color scale is 15 nm, and scale bars are

1 mm.
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Because SLB were more resistant to DDM and DOTM at

concentrations above the cmc, we evaluated the incorpora-

tion of proteins after destabilization of SLB with those

detergents.

Direct incorporation of membrane proteins at
room temperature

Three membrane proteins from the bacterial photosynthetic

apparatus were tested, namely LH2 (MW ;110 kDa) from

pufX-deleted Rhodobacter sphaeroides (pufX�-Rb. sph.) and
LH1-RC core complexes (MW ;300 kDa) from pufX�-Rb.

sph. and from Rb. veld. These membrane proteins are

structurally known from x-ray, electron crystallograpy, and/

or AFM experiments, and their particular shapes are recog-

nizable in AFM topographs (11,23). LH2 forms a transmem-

brane ring 6 nm in diameter constituted of nine heterodimers

of the single membrane-spanning a-and b-subunits (24).

LH1-RC from pufX�-Rb. sph. is amonomeric complex consti-

tuted by a LH1 ring of;10 nm of 16 a- and b-heterodimers

and surrounding the RC (23). LH1-RC from Rb. veld. has
recently been purified, but the oligomeric state is not yet

characterized.

We first tried incorporations of solubilized LH1-RC (1–5

pmol) after destabilization of SLB with DOTM below the

cmc, 0.02–0.01 mM at room temperature. After detergent

removal, SLB showed minor modifications compared to un-

treated SLB with too few protrusions to allow an unambig-

uous assignment of incorporated proteins (data not shown).

Then, we performed incorporation trials of solubilized

LH1-RC from Rb. veld. (1.5 pmol) into SLB destabilized

with DOTM above the cmc (0.075 mM). Instabilities in AFM

analysis when detergent was still present in the lipid bilayer

have prevented direct observation of the incorporation

process. After detergent removal, low-magnification topo-

graphs revealed that the protein-incubated SLB had been

only partly solubilized, as observed after incubationwith deter-

gent alone (Fig. 2 a). The remaining lipid bilayer was flat and

constituted of 200 nm 3 200 nm areas interconnected along

several micrometers without any protein aggregates or bound

vesicles. In a control experiment, a mixture of fully solubilized

lipid and protein in 0.075 mM DOTM and at medium lipid/

protein ratio, i.e., 2 w/w, was added in solution onto freshly

cleaved mica, followed by a rinsing step, led to a clean

surface. This confirmed that the interconnected bilayers re-

sulted from the initial planar lipid membrane and not from

proteoliposomes reconstituted in bulk and further fused onto

the mica.

At medium magnification, smooth areas (asterisks in Fig.

2 b) alternated with highly corrugated domains. The former,

with a 6.9-nm height from the mica, were assigned to pure

DPPC. The latter were constituted of lipid areas in which a

high amount of LH1-RC, as seen as bright dots pointing out

of the membrane, has been incorporated. LH1-RC protruded

3.0 6 0.5 nm (n ¼ 23) above the lipid bilayer, a value

consistent with those reported for the cytoplasmic side of the

H subunit of the RC (11,25) (see also Fig. 1 b). Proteins were
never found in DPPC domains and were present along the

full bilayer, i.e., along tens of micrometers. The protein-

protein distances were variable, indicating a heterogeneous

protein distribution within the bilayer, and several proteins

were in close contact with a protein-protein distance below

14 nm (black ellipses in Fig. 2 b).
Higher-magnification topographs showed LH1-RC con-

stituted of monomeric empty LH1 rings of 9.96 1.2 nm (n¼
30) top-ring diameter, a size similar to several bacterial core

complexes (11). As already observed (11,25), the H subunit

FIGURE 2 Direct incorporation of LH1-RC from Rb. veld. into SLB at

room temperature. DOPC/DPPC SLB was incubated with 0.075 mM

DOTM and 1.5 pmol of solubilized LH1-RC before detergent removal. (a)

Low-magnification AFM contact-mode topograph reconstituted SLB

consisted of interconnected lipidic domains without bound vesicles or

protein aggregates. (b) Higher magnification revealed DPPC domains

(asterisks) and corrugated domains containing LH1-RC complexes (bright

yellow dots). Protein density was variable, and several proteins were in close

contact (black ellipses). (c) High-resolution AFM topographs of empty LH1

rings and LH1-RC complexes (dark circles). The z color scale is 15 nm

(a and b) or 10 nm (c); the darker areas correspond to the mica. Scale bars

are 100 nm in a and b and 20 nm in c.
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topping the central RC that was present in the low-resolution

topographs has likely been removed by the AFM tip during

the scanning at too large loading forces. This was confirmed

by the presence of few full core complexes with a central RC

surrounding a less resolved LH1 ring (Fig. 2 c, dark circle)
and in topographs acquired in oscillating mode (Fig. 3 b) or
in contact mode at lower loading forces (Fig. 5 b).
Similar reconstitutions were also performed with LH1-RC

or with LH2 from pufX�-Rb. sph. after destabilization of SLB
with DOTM above the cmc, leading to large interconnected

membranes containing proteins (Fig. 3 c and Fig. 4 b,

respectively). As for LH1-RC from Rb. veld., an extremely

small amount of solubilized proteins, 1.5 pmol of LH1-RC

and 0.9 pmol of LH2, was enough for successful incorporation

at high protein density.

Finally, experiments using 0.3 mMDDM instead of DOTM

to destabilize the SLB revealed that DDM also triggered direct

incorporation of core complexes of Rb. veld. in SLB. In that

case, high protein densities were obtained, although protein-

containing domains were of smaller size than those with

DOTM (data not shown).

Membrane remodeling on incubation

The samples reconstituted at room temperature were ana-

lyzed by AFM over several days. Between AFM experi-

ments, samples were stored at 4�C. We observed 1 day after

reconstitution, i.e., after an overnight incubation at 4�C and

the equilibration time of the fluid cell at room temperature

before AFM analysis, important changes in shape and com-

position of domains indicating a lateral diffusion of lipids

and proteins in the reconstituted bilayer (Fig. 3 b compared

to Fig. 2 c). This resulted in protein segregation into areas

containing proteins in close contact surrounded by lipid

domains. Topographs in oscillating mode revealed that more

FIGURE 3 Membrane remodeling and high-resolution AFM imaging of

core complexes. (a) Tapping mode of the same membrane as in Fig. 2 after

24 h of incubation at 4�C, revealing that proteins have been segregated into

close-packing areas. (b) Higher-magnification AFM topograph where most

of the core complexes contained the H subunit topping the RC underlining

a preferential orientation of protein insertion. (c) High-resolution AFM anal-

ysis of LH1-RC from pufX�-Rb. sph. after direct incorporation into SLB.

The H subunit of RC was removed by the AFM tip in contact mode,

revealing the 16 a/b-heterodimers of LH1 in the average image (inset). The z

color scale corresponds to 20 nm, and the scale bars in a, b, and c are 50 nm,

20 nm, and 10 nm, respectively.

FIGURE 4 High-resolution AFM imaging of LH2 after direct incorpo-

ration into SLB. SLB was incubated at room temperature with 0.075 mM

DOTM and 0.9 pmol of solubilized LH2 before detergent removal. (a) Low-
magnification AFM contact-mode image of SLB shows DOPC domains (1),

DPPC domains (2), and more corrugated domains (3) containing LH2 at

high density. (b) High-resolution topographs of packed LH2 where the nine

a/b-pairs of LH2 were resolved in raw data (inset). The vertical color scales
correspond to 20 nm (a) or 7 nm (b). The scale bars represent 100 nm (a) or

10 nm (b).
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than 85% of the core complexes contained the H subunits

topping the RCs and protruding 3.2 6 0.43 nm (n ¼ 11)

above the lipid bilayer (Fig. 3 b). This demonstrated that

most of the proteins were incorporated with a unique

orientation into the lipid bilayer.

We also observed important remodeling of SLB contain-

ing core complexes and LH2 from pufX� Rb. sph. on storage
at 4�C. This led to flat areas close packed suitable for high-

resolution AFM analysis in contact mode. As shown in the

case of LH1-RC, the 16 a/b-heterodimers of the LH1 ring

(9.2 6 1.2 nm, n ¼ 21) were resolved by image averaging

(Fig. 3 c).
LH2-containing SLB show three membrane subdomains

with different heights (Fig. 4 a). The flat and darker domains

corresponded to the DOPC fluid phase alternating with flat

DPPC domains protruding ;1 nm above the DOPC phase.

Corrugated domains were constituted of LH2 that protruded

;1.5 nm above the DOPC phase. The nonameric subunits

organization of LH2 (top ring diameter of 5.1 6 0.27 nm,

n ¼ 28) was directly accessed in raw images (Fig. 4 b).

Direct incorporation of proteins into SLB at 4�C

Incorporation at 4�C of LH1-RC in 0.075 mM DOTM after

15 min incubation led to less incorporated proteins in SLB

than at 20�C. This could be related to the slow equilibration

of SLB with detergent at 4�C leading to a too low concen-

tration of detergent within the SLB. We thus preincubated

SLB at 4�C for 30 min with DOTM below the cmc at 0.025

mM, followed by incubation in the presence of protein in

0.075 mM DOTM. In this condition, high protein incorpo-

ration was observed (Fig. 5). Furthermore, SLB was less

solubilized, presenting a continuous bilayer along microm-

eters with only few holes as compared to the reconstituted

bilayer at 20�C, likely because of a lower solubilization

effect of detergent at 4�C. Again, proteins were unidirec-

tionally incorporated at high density as seen by topographs at

low loading force in contact mode preserving the H subunits

in all complexes (Fig. 5 b).

DISCUSSION

Previous studies of direct incorporation of proteins at low

density into liposomes in solution have shown that the key

parameter is the saturation of the liposome bilayer, i.e., just

before the onset of solubilization, by sugar-based detergents,

OG or DDM (reviewed by Rigaud et al. (16)). The appli-

cation of these data to a planar lipid bilayer led us to incubate

SLB with the maximal amount of detergent, DDM or DOTM,

before the full solubilization, and, under these conditions,

high protein incorporation was obtained. No protein incorpo-

ration as seen by AFM was obtained after destabilization of

SLB with a lower amount of detergent, e.g., 0.01–0.02 mM

DOTM. However we cannot exclude that proteins were in-

serted but at low density, as already reported by spectroscopic

analysis (26) or by single-molecule fluorescence imaging

(15) of membrane protein incorporated using detergent well

below the cmc.

Reconstituted bilayers are flat and interconnected along

microns without bound vesicles on the lipid bilayer or on the

mica (Fig. 2 a), ruling out a mechanism of reconstitution in

bulk from solubilized protein and lipid followed by a fusion

step of proteoliposomes onto the mica. Proteins are incor-

porated into the DOPC domains (Figs. 2 b and 4 a), likely
because of the fluid packing, and are able to diffuse with time

incubation, leading to segregation of proteins into protein

close-packing areas (Fig. 3). Here, both DPPC gel and

DOPC fluid phases have been used to facilitate the AFM

analysis by highlighting SLB, but we suggest performing

future experiments with a pure fluid lipid phase.

Heights measurements of LH2 and raw images of LH1-

RC of the extramembraneous domains protruding from the

bilayer show that proteins were unidrectionally incorporated

in the lipid bilayer. The cytoplasmic H subunit of ;3 nm

height topping the RC in the LH1-RC complex observed in

the raw data reveal that the proteins were incorporated in the

lipid bilayer through the periplasmic domain (1.2 nm height

(25)). The LH2 complexes protrude ;1.5 nm out of the

bilayer, a value consistent with the height of the periplasmic

domain of ;1 nm, the cytoplasmic domain pointing out

;0.3 nm, as reported from AFM analysis of 2D crystals (24).

Hence, although both complexes contain cytoplasmic and

FIGURE 5 Direct incorporation of LH1-RC from Rb. velk. at 4�C. SLB
was preincubated at 4�C with 0.025mMDOTM followed by incubation with

0.075 mM DOTM and 1.5 pmol of LH1-RC before detergent removal. (a)

Low-magnification AFM contact mode of the reconstituted SLB with DPPC

(light brown) and protein-containing domains (yellow). Only small domains

(dark) of the initial SLB have been solubilized, as compared to similar

reconstitution at room temperature. (b) High-resolution contact-mode AFM

topograph of full LH1-RC complexes. The z color scale is 20 nm (a) or

10 nm (c), the darker areas corresponding to the mica. Scale bars are 100 nm

in a and 10 mn in b.
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periplasmic domains pointing out of the bilayer, incorpora-

tion occurs within the hydrophobic lipidic environment

through the less bulky or less charged extramembranous

domain. The same conclusion was drawn from studies of

direct incorporation into liposomes of highly hydrophobic

membrane proteins such as bacteriorhodopsin or those

containing a large extramembranous domain protein such

as FOF1 ATPase (12, 16).

The protein-containing bilayers are small, ;200 nm 3
200 nm, compared to classical 2D crystals and might be

improved by a better handling of the experimental condi-

tions. However, they are connected along microns to each

other, drastically decreasing the lateral mobility on scanning

compared to adsorbed vesicles of similar size, allowing high-

resolution topographs to be recorded. Thus, this approach

appears to present an alternative to the AFM analysis of 2D

crystals obtained by detergent removal from fully solubilized

lipids and proteins. Here, large integral protein complexes of

different size LH2 (110 kDa) and LH1-RC (290 kDa) have

been incorporated, and we believe that proteins up to similar

sizes could be incorporated. Several methods of formation of

planar lipid bilayers containing proteins involve a tethered

bilayer, leaving a thickness of several nanometers between

the bilayer and the mica, to favor protein incorporation. Here,

we show that LH1-RC complexes with their periplasmic side

of 1.2 nm height facing the mica are incorporated and can

diffuse within the lipid bilayer (Fig. 3). We thus consider that

at least a water layer of a similar height is present between

the mica and the lipid bilayer. SLB thickness measured in

our conditions was higher than 6.15 nm, suggesting a 1.7 nm

water layer between mica and lipid polar heads considering a

4.42 nm thickness for a DPPC bilayer (21). The presence of

such a water layer with a thickness ranging up to 3 nm has

been well established (27). Finally, analysis of the atomic

structures of membrane proteins from the different families,

e.g., the large families of porins, ABC transporters, or sec-

ondary transporters reported in the Membrane Protein Data

Bank (http://blanco.biomol.uci.edu/Membrane_Proteins_xtal.

html) revealed that the vast majority of proteins are highly

asymmetric with the smallest extramembranous domains of

;1–2 nm.

A major interest of this method is the extremely small

amount of protein needed to obtain a high protein density in

the lipid bilayer. Incorporations have been obtained starting

with ;1 pmol (0.1 mg for LH2) of solubilized protein, and a

total of 30 picomoles of proteins has been needed for all the

experiments reported here. This is the consequence of the

incorporation of proteins present in the bulk into the planar

surface. An accurate measurement of the total amount of

incorporated protein is complicated by the large size of the

SLB. However, we propose that the picomole range of

protein is close to the minimum amount required to ensure a

high protein density in the SLB. Indeed, for a membrane

protein such as LH1-RC with a;10 nm diameter and a SLB

covering the 10-mm mica, we can estimate that 1 pmol of

protein is needed to saturate the SLB. Moreover, only;50%

of the previous lipid bilayer is available because proteins are

not incorporated in the DPPC domains and SLB is partly

solubilized by the detergent. However, this approach clearly

requires the lowest amount of material, as compared to

alternative methods in membrane structural biology. For

comparison, 2D crystallizations in bulk or at the air-water

interface require 25–50 mg protein and 1–2 mg protein per

trial (28,29), respectively, and the conditions of crystalliza-

tion should be found varying several parameters. Other

methods of reconstitution into planar bilayer have reported

micromolar protein concentrations (30,31).

CONCLUSION

Here, we have reported a new method for directly incorpo-

rating purified membrane proteins into detergent-destabi-

lized planar lipid bilayers. Proteins are unidirectionally

incorporated at protein close-packing densities within the

SLB, allowing high-resolution AFM of three photosynthetic

membrane proteins to be recorded.

This method is experimentally simple and versatile,

involving only commercially available compounds, namely

lipids and detergents. The mechanism of incorporation that

drives the solubilized proteins into the more favorable lipidic

environment is a fast process, taking a few minutes at room

temperature or at 4�C. The concentration of solubilized pro-

tein is extremely low, and thus, proteins could be incorporated

just after the purification step without any concentration step.

Here, stable membrane proteins were incorporated, but it is

thus likely that purified proteins less stable in detergent could

be functionally incorporated. Indeed, reconstitution into lipo-

somes for functional studies and 2D crystallization for struc-

tural analysis usually involved a detergent removal of several

hours by days by dialysis. Hence, although our report fo-

cused on the structural analysis of proteins by AFM, we be-

lieve that these technical characteristics combined with the

unique orientation of protein into the bilayer would allow

further applications in the biomaterials field involving mem-

brane proteins.
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