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Abstract

Ž .The effects of a supporting proteinaceous surface-layer S-layer from Bacillus coagulans E38-66 on a 1,2-diphytanoyl-
Ž .sn-glycero-3-phosphatidylcholine DPhPC bilayer were investigated. Comparative voltage clamp studies on plain and

S-layer supported DPhPC bilayers revealed no significant difference in the capacitance. The conductance of the composite
membrane decreased slightly upon recrystallization of the S-layer. Thus, the attached S-layer lattice did not interpenetrate or
rupture the DPhPC bilayer. The self-assembly of a pore-forming protein into the S-layer supported lipid bilayer was
examined. Staphylococcal a-hemolysin formed lytic pores when added to the lipid-exposed side. The assembly was slow
compared to unsupported membranes, perhaps due to an altered fluidity of the lipid bilayer. No assembly could be detected
upon adding a-hemolysin monomers to the S-layer-faced side of the composite membrane. Therefore, the intrinsic
molecular sieving properties of the S-layer lattice do not allow passage of a-hemolysin monomers through the S-layer pores
to the lipid bilayer. In comparison to plain lipid bilayers, the S-layer supported lipid membrane had a decreased tendency to
rupture in the presence of a-hemolysin. q 1998 Elsevier Science B.V.

Ž .Keywords: Crystalline bacterial surface-layer S-layer ; Bilayer lipid membrane technique; Electron microscopy; Planar biomimetic
membrane; Voltage clamp

1. Introduction

Ž .Crystalline bacterial cell surface layers S-layers
represent the outermost cell envelope component in
organisms of almost every taxonomic group of walled
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Žeubacteria and archaeobacteria for compilations, see
w x.Refs. 1,2 . They are composed of a single protein or

glycoprotein species with molecular weights ranging
from 40,000 to 200,000 and can exhibit either oblique,

w xsquare or hexagonal lattice symmetry 1,3,4 .
The S-layer from Bacillus coagulans E38-66, used

in the present study, represents a highly specialized
w xsupramolecular structure 5,6 . The characteristic fea-

Ž .tures can be summarized as follows: 1 composition
Žof identical, nonglycosylated protein subunits M ofr

. Ž .100,000 ; 2 oblique lattice symmetry with lattice
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constants of as9.4 nm, bs7.4 nm, and base angle
Ž . Ž .gs808; 3 a thickness of about 5 nm; 4 anisotropic

Ž .topographical surface properties; 5 very precise
molecular sieving properties due to 3.5 nm diameter

Ž .pores; 6 a charge neutral, more hydrophobic charac-
teristic of the outer surface and a net negatively

w xcharged inner surface 5–7 .
Ž .Isolated S-layer glyco protein subunits are en-

dowed with the ability to assemble into monomolecu-
w xlar arrays at many different interfaces 3,7,8 . Previ-

ous studies have demonstrated that S-layer subunits
from B. coagulans E38-66 recrystallize on lipid films

Ž .generated by the Langmuir–Blodgett LB technique
w x7 . Transferred to solid supports, these composite
lipid–S-layer structures were stable enough to allow
lifting from the air–water interface and rinsing in

w xwater 9 .
The aim of the present work was to study the

influence of the attached S-layer on the integrity and
electrophysical features of an artificial phospholipid
bilayer, and to assemble a pore-forming protein within
these lipid matrices. For this purpose, a folded phos-
pholipid bilayer was formed over a thin Teflon aper-

w xture 10 . Subsequently, the S-layer protein was re-
crystallized on the lipid–water interface. Such com-
posite S-layer supported lipid membranes mimic the
cell envelope of those archaeobacteria that possess
S-layers as the exclusive cell wall component exter-

Žnal to the plasma membrane for a review, see Refs.
w x.1,11 .

In this study, the assembly and incorporation be-
haviour of the pore-forming protein a-hemolysin
Ž .a HL was examined in plain and S-layer supported
DPhPC bilayers. The exotoxin a HL is secreted from

w xStaphylococcus aureus as a 293 amino acid 12 ,
w xwater-soluble monomeric polypeptide 13 . Seven

copies of this monomer assemble to form heptameric
w xpores 14 when presented with biological membranes

w x w x15 , phospholipid vesicles 16 . A working scheme
for the assembly of a HL pores has been devised.
Water-soluble monomers bind to the lipid bilayer
before associating to form a nonlytic heptameric

w x‘prepore’ 17,18 . Subsequently, the heptameric
membrane-associated species inserts through the bi-
layer, forming a channel.

The recrystallization of the S-layer into large co-
herent areas and the assembly of proteinaceous a HL
pores was monitored by electron microscopy. Voltage

clamp measurements were performed to investigate
the effect of the attached S-layer on the integrity and
electrophysical features of the DPhPC bilayer. Fur-
thermore, the formation of a DPhPC bilayer was
proved by the assembly of a HL monomers to lytic
pores, leading to an a HL-mediated increase in con-
ductance. Isolated S-layer lattices showed precise

w xmolecular sieving properties 5 and revealed a stabi-
w xlizing effect on solid supported lipid bilayers 9 .

These features of the S-layer lattice can be employed
for aperture-spanning lipid bilayers, especially when
pore-forming proteins like staphylococcal a HL were
assembled. The possibility of producing and making
use of S-layer supported lipid bilayer as model target

w xmembranes for, e.g., engineered a HL pores 18,19
that can be modulated by nanomolar divalent metal
ions will offer new applications as stable ion-selec-
tive biosensors.

2. Materials and methods

2.1. Isolation of S-layer subunits

Growth of B. coagulans E38-66 in continuous
culture, cell wall preparations and extraction of S-
layer protein with 5 M guanidine hydrochloride
Ž . w xGHCl was performed as described previously 20 .
GHCl extracts were dialyzed following this proce-
dure, and the self-assembly products were sedimented
for 15 min at 40,000=g at 48C. The clear super-
natant containing the disassembled S-layer subunits

Ž .or oligomeric precursors 1.3 mg of protein per ml
was used for all recrystallization experiments.

2.2. Generation of the phospholipid monolayer

1,2-diphytanoyl-sn-glycero-3-phosphatidylcholine
Ž .DPhPC, Avanti Polar Lipids, a 850, 356 was dis-
solved in chloroform and stored at y208C at a
concentration of 12 mg lipid per ml solvent. For the
generation of lipid monolayers, a homemade Lang-

Ž .muir–Blodgett LB trough with a surface area of 35
cm2 and two barriers was used. The surface pressure
was monitored with a homemade Wilhelmy plate
apparatus. The LB-trough was filled with 20 ml

Žstandard buffer 2 mM CaCl , 10 mM KCl, adjusted2
.with citric acid to pH 4.0; 228C , a drop of the
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DPhPC solution was spread on the air–water inter-
face and compressed to a surface pressure of 25 to 28
mNrm.

2.3. Formation of the phospholipid bilayer

The 25-mm thick polytetrafluoroethylene film
Ž .Teflon, Goodfellow, Cambridge, England apertures
used in this study had a diameter of the orifice of 130
mm and were pretreated with a small drop of hexade-

Ž .canerpentane 1:10 Fluka, Buchs, Switzerland . The
Ž .DPhPC solution 5 ml was spread on the surface of

Ž .each half-cell. One of the two half-cells cis cell was
Ž .grounded, the other one trans cell was connected

by an AgrAgCl electrode to a voltage clamp setup
ŽEPC 9, HEKA Elektronik, LambrechtrPfalz, Ger-

.many . Raising the level of the standard buffer within
Žthe two half-cells to above the aperture final volume

.was 2.5 ml each led to the formation of a folded
w xDPhPC bilayer 10 that was checked by measuring

the membrane conductance and capacitance.

2.4. Recrystallization of S-layer on DPhPC mono-
layer and on DPhPC bilayer

The recrystallization of S-layer subunits on DPhPC
monolayers was performed as previously described

w xfor other phospholipids 7 . Briefly, after the genera-
tion of the DPhPC monolayer at the air–standard
buffer interface, 2 ml of the supernatant of the S-layer
solution were carefully injected into the standard
buffer.

After forming the DPhPC bilayer, 0.4 ml of the
supernatant of the S-layer solution was carefully in-
jected into the trans-side of the lipid bilayer. Recrys-
tallization of the S-layer subunits on the DPhPC–
standard buffer interface was performed at 228C
overnight for all experiments.

2.5. Isolation and purification of a-hemolysin

ŽThe growth of S. aureus FDA Wood strain 46,
.American Type Culture Collection and the purifica-

tion of a HL was performed as described previously
w x21 . The final concentration of the electrophoreti-
cally pure a HL-monomer stock solution was 0.8 mg

Žprotein per ml acetate buffer 10 mM Na-acetate, 20

.mM NaCl, pH 5.0 . In the monolayer experiments,
0.1 ml of the a HL stock solution was carefully
injected into the subphase after generating the lipid
monolayer. The final a HL–monomer concentration
in the LB trough was 125 nM. In the bilayer experi-
ments, 10 ml of the a HL stock solution were added
either to the cis or to the trans side of the composite
membrane. The final concentration of a HL
monomers in one half-cell of the Teflon chamber was
100 nM for all experiments.

2.6. Electron microscopy

The recrystallization of the S-layer protein on the
lipid–water interface, was examined by transmission

Želectron microscopy Philips CM12, Eindhoven, The
.Netherlands of negatively stained preparations as

w xdescribed elsewhere 7 . In recrystallization experi-
ments on DPhPC bilayers, the carbon-coated holey

Ž .grids were pretreated with hexadecanrpentan 1:10
and placed on or near the thin Teflon film before
DPhPC was spread. The composite S-layer-lipid film
structure was generated on the holey grids in the
same manner as described for bilayer formation across
the Teflon septum.

2.7. Signal recording and data acquisition

The current response from given voltage functions
were measured at 228C to provide the electrophysical
parameters of the plain and the S-layer supported
DPhPC bilayers, and to study the assembly of the
a HL pores. The data handling was performed on a
Macintosh IIvx personal computer by the Pulseq

Ž .PulseFit 7.4 software HEKA Elektronik . Statistical
analysis were performed using the Microcal ORIGIN
program.

The settings of the two built-in Bessel filters of the
EPC 9 amplifier for the current monitor signal were
10 kHz and 2.9 kHz. The current response to a

Ž .rectangular voltage step 40 mV was monitored to
Ž .determine the conductance G . A triangular voltage

Ž .function from q40 mV to y40 mV, 20 ms was
Ž .used to determine the capacitance C of the mem-

brane. The calculated G and C values were divided
by the area of the DPhPC membrane to give the
specific conductance and capacitance, respectively.
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3. Results

3.1. Recrystallization of S-layer protein on a DPhPC
monolayer

To investigate the ability of the S-layer protein
isolated from B. coagulans E38-66 to recrystallize
on DPhPC films, monolayers were generated by the
LB technique. As demonstrated by electron micro-
scopical studies, S-layer subunits recrystallized into
large coherent lattices also on the DPhPC monolayer
Ž .Fig. 1A . Such DPhPC monolayers, resembling one
leaflet of a bilayer, were investigated as a matrix for
the assembly of a HL heptameric pores. Indeed, elec-
tron microscopical studies clearly showed the forma-

Ž .tion of a HL oligomers Fig. 1B .

Ž . ŽFig. 1. Electron micrographs of A a coherent S-layer B.
.coagulans E38-66 recrystallized on a diphytanoylphosphatidyl-

Ž .choline monolayer. The scale bar represents 0.1 mm. B De-
picted is a diphytanoylphosphatidylcholine monolayer with an
assembled a-hemolysin oligomer. The scale bar represents 50
nm.

Fig. 2. Electron micrograph illustrating the crystallization of the
S-layer protein of B. coagulans E38-66 on a diphytanoylphos-
phatidylcholine layer as described in the text. The scale bar
represents 0.1 mm.

3.2. Recrystallization of S-layer protein on a DPhPC
bilayer

S-layer protein was recrystallized on a DPhPC
bilayer out of the standard buffer. Electron mi-
croscopy on holey grids showed coherent hole-span-

Ž .ning S-layer lattices Fig. 2 . Although the holey
grids were placed on the Teflon film next to the
aperture, in most cases one S-layer fully covered the
holey grids, whereas a second S-layer recrystallized

Ž .in large patches on the opposite side Fig. 2 . It was
not possible to prove bilayer formation on the holey
grids by electrophysical measurements as with the
Teflon septum. However, these results clearly
demonstrated the ability of the S-layer protein to
recrystallize on DPhPC films under the chosen condi-
tions.
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Table 1
Electrophysical parameters of plain and S-layer-supported DPhPC bilayers

2 2Ž . Ž . Ž . Ž . Ž .G pS G mSrcm C pF C mFrcm t nms m s d

Plain DPhPC bilayer 115.0"51.8; ns9 0.87"0.04; ns9 72.7"6.1; ns9 0.55"0.05; ns9 3.4"0.3; ns9
S-layer-supported DPhPC bilayer 72.3"12.0; ns7 0.54"0.09; ns7 74.7"4.0; ns7 0.56"0.03; ns7 3.3"0.2; ns7

G: membrane conductance.
G : specific conductance.s

C : membrane capacitance.m

C : specific membrane capacitance.s

t : dielectric thickness of the hydrophobic core of the DPhPC bilayer.d

3.3. Comparison of the electrophysical properties of
plain and S-layer supported DPhPC bilayers

To determine the influence of an S-layer lattice
attached to a phospholipid bilayer, the intrinsic elec-
trical properties of plain and S-layer-supported lipid

Ž .membranes were compared Table 1 . Most impor-
tantly, no disintegration of the lipid bilayer due to the
recrystallization of the S-layer protein could be ob-
served. On the contrary, the S-layer-supported phos-
pholipid bilayer showed a lower conductance than the
plain lipid bilayer. The capacitance and the dielectric
thickness of the hydrophobic core, estimated from the

Ž .measured capacitance Table 1 , were found to be in
w xa good agreement with known data 22 . The capaci-

tance of the S-layer supported DPhPC bilayer did not
differ significantly compared with the unsupported
lipid bilayer.

3.4. Assembly of aHL pores in plain and S-layer-
supported DPhPC bilayers

The functionality of the a HL pore was investi-
gated in plain and S-layer-supported DPhPC bilayers.
As the DPhPC bilayer is symmetrical, a HL can be
assembled into DPhPC bilayers either from the cis or
from the trans side of the membrane. Upon a HL
pore formation, the calculated conductance increased
strongly and finally the bilayer ruptured after a time

Ž . Ž .of F30 min ns8 Fig. 3 . A completely different
behaviour was demonstrated for S-layer-supported
DPhPC bilayers. a HL monomers added to the
trans-side of the DPhPC bilayer, which was covered
by the S-layer, produced no significant increase of
the conductance as detected by voltage clamp mea-

Ž .surements Fig. 3 . These results indicated that no
assembly of the a HL monomers to form open pores

Ž .had occurred Fig. 3 . The conductance measured
over a long period of time did not vary significantly
Ž 2 2 .3.8 mSrcm "1.2 mSrcm ; ns4 and the S-
layer-supported DPhPC bilayer showed no tendency
to rupture within at least 3 h. On the other hand, an
increase in conductance could be observed when
a HL monomers were added to the cis side of the

Ž .S-layer supported DPhPC bilayer Fig. 3 , showing
that assembly of functional a HL pores had occurred.
Compared to plain lipid bilayers, the increase in
conductance of the S-layer-supported lipid bilayer

Fig. 3. A representative experimental run indicating the time-de-
Ž .pendent conductance for a plain v; cis side and an S-layer-sup-

ported diphytanoylphosphatidylcholine bilayer after the addition
Ž y7 . Ž .of a-hemolysin final concentration 1=10 M to the cis B

Ž .or to the trans side l of the lipid membrane. The S-layer has
previously been recrystallized on the trans side of the lipid
bilayer. The conductance was calculated from the transmembrane
current after a voltage step of 40 mV.
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Ž .was not so pronounced Fig. 3 , and leveled off after
60 to 80 min to a conductance of 60.9 mSrcm2 "9.0

2 Ž .mSrcm ns4 . The integrity of this composite
membrane, built of a phospholipid bilayer, an at-
tached S-layer lattice and the transmembrane a HL

Žpores was significantly enhanced 150"22 min, ns
. Ž .4 compared to the unsupported lipid bilayer Fig. 3 .

4. Discussion

In the present paper, we show that a tight
biomimetic membrane, built up by a phospholipid
bilayer and an attached crystalline proteinaceous S-
layer, can be generated on an orifice with a diameter
of 130 mm.

In order to investigate the ability of the S-layer
protein isolated from B. coagulans E38-66 to recrys-
tallize on DPhPC films and as quality control for
determining the generation of a large, coherent S-layer
lattice adjacent to the DPhPC film, LB experiments
were performed. As demonstrated by electron micro-
scopical studies, S-layer subunits recrystallized on the

Ž .DPhPC monolayer Fig. 1A into large coherent lat-
tices as previously observed with other lipid films
w x7,8 . Such DPhPC monolayers, resembling one leaflet
of a bilayer system, were also most suitable for the
screening of the best subphase conditions for both the
S-layer recrystallization and the assembly of a HL
monomers to heptameric pores. Indeed, electron mi-
croscopical studies clearly showed the formation of

Ž .a HL oligomers Fig. 1B . Since the functionality of
the a HL pores assembled in the LB film could not
be determined, it was not possible to distinguish

w xwhether the nonlytic ‘prepore’ 18 or the functional
lytic pore had assembled on the DPhPC monolayer.

To investigate the influence of the S-layer on the
DPhPC bilayer, the intrinsic electrical properties of
plain and S-layer-supported membranes were com-
pared. Since S-layerrDPhPC bilayers revealed a

Žlower conductance than plain DPhPC bilayers Table
.1 , it was obvious that upon recrystallization of the

S-layer lattice, the integrity of the lipid membrane
was not disturbed. Thus, in accordance with a previ-

w xous study 23 , noncovalent interactions between the
S-layer subunits and the lipid film are not accompa-
nied by an interpenetration of the lipid membrane by
domains of the S-layer protein subunits.

The specific membrane capacitance and the dielec-
tric thickness of the hydrophobic core of both mem-

Ž .branes Table 1 were in good agreement with known
w xdata 22 . Compared with the unsupported lipid bi-

layer, the capacitance of the S-layer-supported DPhPC
bilayer did not differ significantly. The attached S-
layer on the DPhPC bilayer was expected to produce
a reduced capacitance due to the increased thickness
of the composite lipidrprotein membrane. However,
the S-layer lattice is a highly porous structure with

w x q3.5 nm pores 5 , filled with water containing K and
Ca2q ions. Furthermore, impedance measurements on
artificial lipid bilayers revealed, in some cases, even
a small increase in the measured capacitance as a

w xresult of the binding of streptavidin 24 , although
ellipsometry measurements clearly showed an in-

w xcrease in thickness of the membrane 24 . Since no
increase in conductance could be observed upon

Ž .adding a HL from the trans side Fig. 3 , it was
concluded that under the experimental conditions, a
coherent S-layer lattice had formed on the DPhPC
bilayer. These results supported the electron micro-
scopical examinations that always revealed an undis-
turbed complete S-layer.

As determined by voltage clamp experiments, the
addition of a HL to both sides of plain DPhPC

Ž .bilayers resulted in pore formation Fig. 4A as judged
by the increase in conductance. A different behaviour
was observed upon addition of a HL monomers to
the cis or trans side of S-layer-supported lipid bilay-

Ž .ers Fig. 3 . An increase in conductance that leveled
off at 60.9 mSrcm2 "9.0 mSrcm2 after a period of
60 to 80 min was measured when a HL monomers

Ž .were added to the lipid-faced, cis side Fig. 4B .
Recently, the crystal structure of the heptameric

pore has been determined by X-ray crystallography to
˚ w x1.9 A resolution 25 . The structure resembles a

mushroom, approximately 10 nm tall and up to 10
nm in diameter, with a pore running vertically through
its centre. The mushroom stem constitutes the trans-
membrane domain and measures about 5.2 nm in

w xheight and 2.6 nm in diameter from C to C 25 .a a

The length of the part of the b-barrel that sticks into
the membrane is around 3 nm. The inner diameter of
the pore is between 1.4 nm and 2.4 nm, and allows
molecules of up to 3000 Da to pass through this

w xwater-filled channel 26,27 . Thus, in accordance with
these structural data, the ;3 nm transmembrane part
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Fig. 4. Schematic illustration of the assembly of a-hemolysin
Ž . Ž .oligomers in a plain A or in an S-layer-supported B diphy-

tanoylphosphatidylcholine bilayer either from the trans or from
Ž .the cis side of the membrane not drawn to scale . Intermediate

structures of the assembly process of a-hemolysin are not con-
sidered.

of the a HL heptamers had penetrated the hydropho-
bic region of the S-layer-supported DPhPC bilayer
for which a thickness of approx. 3.3 nm was calcu-

Ž .lated Fig. 4B, lower part .
The increase in conductance differed significantly

between the plain and the S-layer-supported DPhPC
bilayer. A recent study indicated that the recrystal-
lization of an S-layer affects the order of the alkane
chains of the lipid moiety by driving the fluid lipid

w xinto a phase of higher order 23 . According to the
w x‘semifluid membrane’ model 28 , lipid head groups

in the leaflet adjacent to the S-layer interact specifi-
cally with defined domains of the associated protein
lattice, inducing an enhanced order, and reducing

w xlateral diffusion within the lipid membrane 8,23,29 .
The fluidity of lipid membranes is known to have an
effect on the functionality of integral membrane pro-

w xteins 30,31 . As mentioned above, it has been pro-
posed that a HL monomers bind to membranes and
heptamerization occurs upon their subsequent colli-

sion during lateral diffusion on the lipid bilayer
w x17,18,32 . In analogy to the effect of the S-layer
recrystallization, a higher order of the lipid alkane
chains is also induced by cooling down a phospho-

w xlipid bilayer 33 . Previous studies demonstrated the
ability of a HL to bind to cell membranes and to
assemble to a HL oligomers at low temperatures, but

w xthe kinetics of both processes were slower 15,34 .
The present result indicated that the more rigid lipid
environment in an S-layer-supported lipid membrane
might lower the binding efficiency of a HL monomers
to the membrane and the subsequent assembly pro-
cess to oligomers. Additionally, the final formation of
a lytic pore might be hampered as the a HL domains
forming the transmembrane part of the pore might
penetrate the lipid layer associated with the S-layer
lattice less easily. It can be expected that a consider-
able portion of the lipid molecules are restricted in
their lateral mobility due to interactions with the
S-layer protein. Furthermore, the a HL pores are only
able to stick out of the DPhPC bilayer adjacent to the
S-layer pores, but not at those areas where the S-layer
subunits are attached to the head groups of the lipid
film. In other words, it can be expected that the
accessible lipid area for the formation of transmem-
brane, lytic a HL pores might be reduced compared
to unsupported DPhPC bilayer. However, the time to
measure S-layer-supported phospholipid bilayer with
incorporated functional a HL pores was considerably
improved under the same experimental conditions
compared to unsupported DPhPC bilayer.

Voltage clamp measurements on lipid bilayers sup-
ported by a recrystallized S-layer on the trans side
did not show a significant increase in conductance
Ž 2 2.3.8 mSrcm "1.2 mSrcm upon adding a HL

Ž .monomers to the trans side Fig. 3 . The coherent
S-layer lattice apparently prevents access of a HL

Žmonomers to the lipid bilayer surface Fig. 4B, upper
.part . Previous permeability studies on S-layer lat-

tices from B. coagulans E38-66 showed free passage
Žfor myoglobulin M s17,000; molecular size 2.5r

.nm=3.5 nm=4.5 nm , but rejection of carbonic
Žanhydrase M s30,000; molecular size of 4.1 nm=r

. w x4.1 nm=4.7 nm to 90% 5 . The crystal structure of
Ž .the a HL monomer M s33,200 is not known, butr

a rough estimation of the molecular size might be
w xderived from data of the heptameric pore 25 as the

circular dichroism spectra of the a HL monomers and
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w xheptamers are very similar 35 . This can only be an
assumption of the shape of the a HL monomer, as
structural changes upon formation of the heptamer
can not be excluded particularly at the N-terminus
and the central loop. However, from the crystal struc-

w xture of the heptameric pore 25 it is known, that the
rim domain of a single a HL monomer is shaped like
an ellipsoid that measures 7 nm along the sevenfold

w xaxis, 4.5 nm wide and 2 nm thick 25 . Thus, it is
unlikely that a HL monomers pass through the S-layer
pores. Even if some a HL monomers did pass the
S-layer and bind to the lipid bilayer, the S-layer
lattice most likely would hinder the lateral diffusion
of the a HL monomers, and thus the subsequent
assembly to pores.

Recently, it was demonstrated that the small mem-
brane-active molecule valinomycin could pass through
the S-layer lattice and was incorporated into the lipid

w xmembrane 29 . In accordance with the data presented
in this study, in S-layer-supported lipid membranes,
the incorporation of valinomycin and the ion trans-
port across the lipid layer was shown to be slower in
comparison with unsupported lipid membranes.

Since S-layer-supported lipid membranes reveal a
decreased tendency to rupture especially in the pres-

w xence of ionophores 29 or pore-forming proteins,
S-layer-supported lipid membranes represent an ap-
pealing biomimetic system for studying structural and
functional properties of membrane proteins. In addi-

w x w xtion, light- 36 or ion-modulated 18 a HL mutant
proteins assembled in S-layer-supported lipid mem-
branes might become feasible leading to new nan-
otechnological applications particularly in sensor
technology and electronic devices.
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