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Abstract

In the present work, S-layer supported lipid membranes formed by a modified Langmuir—Blodgett technique were investigated by
electrochemical impedance spectroscopy (EIS). Basically two intermediate hydrophilic supports for phospholipid- (DPhyPC) and bipolar
tetraetherlipid- (MPL from Thermoplasma acidophilum) membranes have been applied: First, the S-layer protein SbpA isolated from
Bacillus sphaericus CCM 2177 recrystallized onto a gold electrode; and second, as a reference support, an S-layer ultrafiltration membrane
(SUM), which consists of a microfiltration membrane (MFM) with deposited S-layer carrying cell wall fragments. The electrochemical
properties and the stability of DPhyPC and MPL membranes were found to depend on the used support. The specific capacitances were 0.53
and 0.69 pF/cm?® for DPhyPC bilayers and 0.75 and 0.77 uF/cm? for MPL monolayers resting on SbpA and SUM, respectively. Membrane
resistances of up to 80 MQ cm? were observed for DPhyPC bilayers on SbpA. In addition, membranes supported by SbpA exhibited a
remarkable long-term robustness of up to 2 days. The membrane functionality could be demonstrated by reconstitution of membrane-active
peptides such as valinomycin and alamethicin. The present results recommend S-layer-supported lipid membranes as promising structures for

membrane protein-based biosensor technology.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

In the last decade, research on functional synthetic
model membranes for biosensoric devices was mainly
focussed on the development of supported membranes
[I-7]. The challenge is to overcome the drawbacks of
conventional free-standing lipid membranes in terms of
long-term robustness without impairing resistance, ionic
reservoir on both sides of the membrane, and functionality
by the solid support.

Recently, the biomimetic concept of applying two-
dimensional crystalline bacterial surface layers (S-layers)
as molecular building blocks within the scope of solid
supported functional phospholipid and tetraetherlipid mem-
branes has been introduced [8,9]. It has been demonstrated
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that S-layers act as a stabilizing and separating ultrathin
layer that preserves the fluidity of the membrane and
provides a non-denaturing environment for membrane-
related functional molecules [10—12]. S-layers represent
the outermost component of the cell envelope of many
procaryotic organisms (archaca and bacteria) [13]. Wild-
type S-layer proteins usually are isolated from purified cell
wall fragments. In recent years, different kinds of geneti-
cally engineered S-layer protein species with distinct
properties and specific binding domains (e.g. streptavidin)
have been synthesized [14—16] offering a broad applica-
tion spectrum in the field of nanobiotechnology and
membrane protein-based biochip technology. The most
remarkable property of isolated monomeric wild-type and
recombinant S-layer proteins is their ability to self-assem-
ble in suspension, on various solid supports (e.g. gold,
silicon), at the air/water interface, on Langmuir lipid films,
on bilayer lipid membranes and on liposomes [13]. In
gram-negative archaea, the crystalline S-layer is the only
cell wall component external to the cytoplasmic membrane
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[17]. In contrast to bacterial S-layers, domains of the
polypeptide-chain of many archeal S-layers are integrated
into the hydrophobic core of the cytoplasmic membrane
[17]. In the course of evolution, archaea have developed
unique membrane lipids due to their extreme environments
[18]. Their cytoplasmic membrane mainly consists of
bolaamphiphilic membrane-spanning glycerol ether lipids,
resulting in a remarkable stability and very good insulating
properties [18,19].

In this study, the well-characterized S-layer protein
SbpA from Bacillus sphaericus CCM 2177 [8,20] was
used as an ultrathin crystalline, water-containing hydro-
philic layer between a gold electrode and the membrane.
For SbpA a square lattice with a lattice constant of 13.1
nm has been determined [21]. One morphological unit
(A~ 170 nm?) consists of four protein monomers. The
pores are of identical size and morphology with a diameter
of ~3.5 nm [21]. One protein subunit has a relative
molecular weight of ~ 127,000 [20]. The thickness of an
SbpA lattice is ~8 nm [22]. The randomly oriented
crystallites had a crazy-paving appearance and reached
an average size of 0.1—1 pum in diameter. With regard to
their orientation in vivo, a common feature of S-layers of
many Bacillaceae is their smoother, charge-neutral outer
surface and a more corrugated, net-negatively charged
inner surface [9]. The N-terminus of the polypeptide-chain,
which is located on the inner surface, contains at least one
S-layer homologous motif that anchors the SbpA monomer
via the secondary cell wall polymer to the rigid peptido-
glycan layer [22,23]. SbpA recrystallizes in monomolecu-
lar lattices with the charge-neutral outer surface exposed to
the aqueous solution and the net-negatively charged inner
surface attached to the gold (Neubauer, A., Gyorvary, E.S.,
personal communication).

The motivation of the present work was the implemen-
tation of electrochemical impedance spectroscopy (EIS) as
an investigative tool for S-layer supported biomimetic
membranes. In order to mimic the supramolecular archi-
tecture of the archaeal cell envelope, the commonly used
synthetic phospholipid DPhyPC and the bolaamphiphilic
main tetraether phospholipid (MPL) isolated from Ther-
moplasma acidophilum have been chosen for membrane
formation. As there are serious difficulties in isolating
archaeal S-layer proteins due to the tight interaction of
hydrophobic domains of the S-layer and the lipids (e.g. use
of detergent is required), no detailed procedure for recrys-
tallization of archaeal S-layer proteins on surfaces and
interfaces is available, and thus, SbpA isolated from
gram-positive B. sphaericus was used. EIS has been
applied to probe the physical properties of functionalized
supported lipid membranes [24-28]. Further on, S-
layer ultrafiltration membranes (SUMs) and microfiltration
membranes (MFMs) have been used as reference supports
to the recrystallized SbpA lattice. An SUM is composed of
a polyamide MFM, where S-layer fragments of B. sphaer-
icus CCM 2120 were deposited. The latter S-layer protein

is known to be very similar to SbpA. Finally, chemical
cross-linking of the S-layer fragments was performed using
glutaraldehyde [29,30]. In order to approve the function-
ality of the membranes, reconstitution experiments using
the membrane-active peptides valinomycin and alamethicin
were performed.

2. Materials and methods
2.1. Chemicals

The phospholipid 1,2-diphytanoyl-sn-glycero-3-phos-
phatidylcholine (DPhyPC, Avanti Polar Lipids, Alabaster,
AL) and the main tetraether phospholipid of 7. acidophilum
(MPL, Matreya, Inc., Pleasant Gap, PA) were dissolved and
stored at —20 °C in n-hexane/absolute ethanol (9:1, v/v,
both Merck, Darmstadt, Germany) at a concentration of 10
mg lipid/ml. Their chemical structures are illustrated in Fig.
1. Buffer solutions were prepared in Milli-Q-water (Milli-
pore, minimum resistance >18 M cm), thoroughly
degassed and filtered through a 0.2-um filter (Sartorius
AG, Gottingen, Germany) before use. As a standard buffer
for electrochemical measurements, an aqueous solution of
10 mM Tris (pH=7.4) containing 50—100 mM NaCl and
KCl, respectively, was used. All chemicals were purchased
from Sigma-Aldrich (Vienna, Austria).

2.2. Preparation of gold subtrates

Glass microscope slides (ELKA, Germany) were cut into
half and cleaned by ultrasonic treatment twice for 15 min in
2% Hellmanex (Hellma, Miillheim, Germany) and twice for
15 min in absolute ethanol. After each ultrasonication step,
the slides were rinsed thoroughly in Milli-Q-water. Finally,
they were dried in a stream of nitrogen. Subsequently, a
100-nm thin layer of gold was deposited onto the glass
(sputter coater SCD 004, Balzers, Lichtenstein). Before the
recrystallization of S-layer proteins, the substrates were
stored in clean air for approximately 2 days.

2.3. Isolation and recrystallization of S-layer proteins

Growth, cell wall preparations, and extractions of the S-
layer protein SbpA isolated from B. sphaericus CCM 2177
(Czech Collection of Microorganisms) were performed as
described elsewhere [31]. The SbpA stock solution was
diluted with 0.5 mM Tris (pH=9) containing 10 mM CacCl,
to a final concentration of 0.1 mg/ml. The gold substrates
were immersed into the solution and recrystallization was
performed over night (18 h). SbpA-coated gold substrates
were stored in Milli-Q-water at 4° until usage. Atomic force
microscopical (AFM) investigations (Nanoscope 111, Digital
Instruments Inc., Santa Barbara, CA) were performed to
confirm the entire coverage of the gold surface with a
crystalline SbpA lattice. In some experiments, the SbpA
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Fig. 1. Chemical structure of (B) the phospholipid DPhyPC and (A) the bolaamphiphilic main tetraether phospholipid (MPL) isolated from 7. acidophilum.

lattice was cross-linked with glutaraldehyde (20 min; 0.5%
glutaraldehyde in 100 mM phosphate-buffer, pH 7.5).

2.4. Production of SUMs

B. sphaericus CCM 2120 was obtained from Czech
Collection of Microorganisms (CCM), Brno, Czech Repub-
lic. To produce SUMs, S-layer carrying cell wall fragments
were deposited on MFMs with an average pore size of 0.4
um (SM 25058, Sartorius) as described elsewhere [29,30].
SUMs were stored in Milli-Q-water containing 50 mM
NaNj (Merck) at +4 °C. The integrity of the ultrafiltration
layer which consisted of the S-layer fragments was checked
by filtration of a ferritin solution as previously described
[32]. All SUMs used showed a closed defect-free ultrafil-
tration layer.

2.5. Formation of S-layer-supported phospholipid and
tetraetherlipid membranes

A sheet of polyethylene plastic (Saran Wrap, DowBrands
Inc., Canada) was attached vertically to the open side of the
home-made measuring chamber (Fig. 2). The contact area
between the sheet and the chamber was sealed with silicone
paste (Bayer AG, Leverkusen, Germany). An orifice was
made through the plastic sheet by punching with a perforat-
ing tool (0.4 mm in diameter) [33]. The orifices showed an
area of (1.0+/—0.29) x 10”2 cm? as determined by light
microscopy. An SbpA-coated gold substrate (test electrode)
was placed over the aperture with the S-layer pointing
toward the compartment (Fig. 2). For SUM-supported mem-
branes, a piece of SUM (15 X 15 mm) was placed over the
aperture between the plastic sheet and the gold electrode.
The side of the ultrafiltration membrane with attached S-
layer lattices was facing the compartment. After fixing the
substrate, the chamber was filled to just above (for DPhyPC)
or below (for MPL) the aperture with electrolyte and was

placed into a Faraday cage. The lipid stock solution was
diluted 1:20 with n-hexane/absolute ethanol (9:1, v/v).
Subsequently, 2 pl of the diluted lipid solutions was spread
on the aqueous surface. The membranes were generated by a
modified Langmuir—Blodgett technique by transferring the
DPhyPC monolayer twice over the aperture by lowering and
raising the electrolyte level [11]. With MPL simply one
raising step of the lipid monolayer was sufficient [12].
Membrane formation was confirmed by impedance spec-
troscopy. After each experiment, the measuring cell was
cleaned extensively with 2% Hellmanex, methanol, ethanol,
rinsed in Milli-Q-water and finally dried for 30 min at 60 °C.
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Fig. 2. Schematic drawing of the three-electrode measurement set-up with
different porous supports (not drawn to scale). MPL and DPhyPC
membranes were generated (A) on a closed lattice of the S-layer protein
SbpA recrystallized on a gold test electrode, (B) on an S-layer ultrafiltration
membrane (SUM), and (C) on a bare nylon MFM. The membrane separates
the bulk electrolyte solution (cis) from the ionic reservoir (frans) within the
porous supports.
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2.6. Incorporation of valinomycin and alamethicin

Membrane-active peptides such as the potassium-selec-
tive ion carrier valinomycin and the voltage-dependent
channel-forming peptide alamethicin were used for the func-
tionalization of the membranes. The peptides were injected
with a syringe from an ethanolic stock solution into the
electrolyte to a final concentration of 4 X 10”7 M for
valinomycin (Sigma) and 0.1—1 pg/ml for alamethicin (Sig-
ma). The content of ethanol was kept very low and, thus, did
not interfere with the reconstitution process or changing the
resistance of the membrane. Amiloride stock solutions were
prepared for alamethicin channel inhibition experiments.
Amiloride—HCI-H,O and 5-(N-ethyl-N-isopropyl)-amiloride
(both Sigma) were dissolved in Milli-Q-water to a final
concentration of 2 mM and stored at 4 °C until usage.

2.7. EIS

The electrical properties of S-layer-supported lipid mem-
branes were investigated with an impedance analyser (IM6,
Zahner Electronics, Kronach, Germany). All data were
recorded with the IM6-Thales software. A self-made refer-
ence electrode (Ag/AgCl-wire in 2.5% agarose gel prepared
in IM KCI), a platinum counter electrode and the gold
substrate as the test electrode were used to form a three-
electrode-system (Fig. 2). Impedance spectra were recorded
in a frequency range from 10 mHz to 100 kHz. Not the
whole frequency range was used in each measurement. A
small AC sinusoidal voltage of 10 mV between the test
electrode and the reference electrode was applied and the
system’s current response was measured. Additionally, DC
bias voltages of — 800 to +800 mV were applied between
the test electrode and the counter electrode. The polar Bode
plot and the complex Nyquist plot were used to represent
impedance spectra. For data analysis, the Zview2 program
(Scribner Associates, Inc.) was used.

Electrochemical parameters such as membrane resistance
and capacitance were obtained by fitting the data to an
appropriate equivalent circuit. Knowing the membrane
capacitance Cm, the thickness d of the hydrophobic core
of the membrane can be estimated using the following
equation:

d =egpA/Cm (1)

where d [m] is the thickness of hydrocarbon chains of the
membrane, & (=8.854 x 10~ '? [F/m]) is the dielectric
constant of free space, ¢ (=2.1) is the relative dielectric
constant, 4 [m?] is the membrane area and Cm [F] is the
membrane capacitance. The fitting procedure is also de-
scribed in Section 3.2.1 by means of an example.

Statistical analysis was performed using the ORIGIN
6.1G software (OriginLab Corporation, Northampton,
MA). All experiments were performed at room temperature
(22+/—-2 °C).

3. Results and discussion
3.1. S-layer supports

In the present study, the S-layer protein SbpA of B.
sphaericus CCM 2177 was recrystallized on a gold surface
to provide an isoporous water-containing intermediate layer
between the solid support and the membrane. For the
deposition of a lipid bilayer with optimal electrical proper-
ties, a defect-free large-scale protein layer of crystalline
arrays is required. AFM studies revealed a homogeneous,
coherent SbpA lattice that covered the entire gold surface
(Fig. 3C-D). The surface roughness was determined by
section analysis and revealed 3—7 nm for the bare gold and
0.3—1.1 nm (1.7 nm as a maximum value) after S-layer
recrystallization. Thus, the SbpA-coated gold surface
exhibited a significant smoother topography compared to
bare gold (Fig. 3A—B). In some experiments, the freshly
recrystallized SbpA lattice was treated with glutaraldehyde
(GA) for stabilization purposes on the one hand, and the
production of an S-layer surface comparable to the surface
of an S-layer ultrafiltration-membrane (SUM) on the other
hand. As GA cross-links the inter- and intramolecular
aminogroups of proteins, only the negatively charged car-
boxy-groups remain on the protein [30,32]. Therefore, the
surface of an SUM as well as the GA-fixed SbpA lattice
were negatively charged, whereas an untreated SbpA lattice
exhibited a charge-neutral surface. As asserted by AFM, the
treatment of SbpA with GA did not have any impact on the
topography of the crystalline lattice. We used the bare MFM
as an intermediate layer for membrane formation as well.
Successful application of SUMs and MFMs as supports for
lipid membranes within the scope of voltage clamp experi-
ments were described previously [11].

3.2. Characterization of S-layer-supported membranes with
EIS

3.2.1. Data evaluation and fitting procedures

Membranes were generated by a modified Langmuir—
Blodgett technique [12]. The great advantage of this method
is a fast and reproducible formation of membranes on
hydrophilic protein-supports with electrical properties com-
parable to classic free-standing black lipid membranes
(BLMs). EIS was applied to probe the capacitive and
resistive behaviour of DPhyPC and MPL membranes on
SbpA, SUM and MFM supports. In an impedance spectrum,
different characteristic electrical elements (resistors and
capacitors) dominate along the different frequency domains.
These elements are connected to an electrical equivalent
circuit to which the experimental data are fitted [34]. A
physical model often used to qualify supported membranes
combines the electrolyte resistance Rel at high frequencies
in series with a parallel assembly of membrane resistance
Rm and membrane capacitance Cm in the mid frequency
range, followed at lower frequencies by a serial linkage of
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Fig. 3. AFM images of sputtered gold surface and the S-layer protein SbpA recrystallized on gold. Images were recorded in contact-mode in liquid (100 mM
NaCl). (A) Height-image (Z-range = 6 nm) of the bare gold electrode. The section analysis revealed a surface roughness of 3—7 nm. (B) Height image (Z-range =6
nm) of a recrystallized SbpA layer lattice. The average surface roughness was 0.3 — 1.1 nm (maximum values ~ 1.7 nm). (C) Height image (Z-range =10 nm) of a
larger S-layer-coated gold area. (D) Deflection image (Z-range = 1.5 nm) of the crystalline square lattice of SbpA (lattice constant=13.1 nm).

Cdl, which is the electric double layer (Helmholtz) capac-
itance at the gold/electrolyte interface [25,35—37]. The
Helmholtz capacitance strongly depends on the capacity of
the ionic reservoir [25,38,39] and revealed a typical value of
~ 40 pF/cm? in the lower frequency domain [24,25]. In
contrast to supported lipid membranes, impedance spectra
of free-standing BLMs did not exhibit a Helmholtz capac-
itance [40]. All used supports are highly porous and
electrolyte containing structures. Thus, the S-layer lattice
between saran wrap and gold electrode did not only consti-
tute a considerable ionic reservoir, but allows also that the
whole gold electrode may be utilized for ion transport. Due
to the configuration of the measurement cell used in our
experiments (Fig. 2), there was no limitation of the gold
electrode area and the ionic reservoir (electrolyte in pores of

SbpA, SUM and MFM). The area of the gold electrode was
very large (~ 1.5 cm?) compared to the orifice in the plastic
sheet [(1.0+/—0.29) x 10~ > cm?], which connected the
ionic reservoir (frans-side) with the aqueous bulk solution
(cis-side). Thus, no distinct measurable ionic double layer at
the gold/electrolyte interface was formed in the measured
frequency range. In impedance spectra of the composite,
various porous support/gold-structures before membrane
formation, the electrolyte resistance Rel dominated the
whole frequency range. At lower frequencies (< 10~ ? Hz),
a tendency to capacitive behaviour (Cdl) was observed (data
not shown). Consequently, a simple analogue model circuit
(Fig. 4) of a capacitor Cm in parallel with a resistor Rm was
chosen for data fitting to determine capacitance and resis-
tance of supported membranes. For a better understanding,
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Fig. 4. Simple analogue electrical model circuit of an S-layer-supported
lipid membrane. The electric elements, which were not considered within
the fitting procedure (Rel, Cdl), are drawn in brackets.

the electric elements, which were not considered within the
fitting procedure (Rel, Cdl), were drawn in brackets. Fig. 5A
shows impedance spectra of a DPhyPC membrane on an
SbpA lattice with and without reconstituted alamethicin
channels. The whole frequency range was dominated by
Cm (=0.55 pF/cm?®) in the curve of the non-conducting
membrane (open squares). Therefore, the electrolyte resis-
tance Rel was neglected. In most cases, the membrane was
still capacitive at low frequencies, although the phase
already showed a slight downward tendency (Fig. 5A). If
the fitting procedure led to a high fitting error for Rm (60—
100%), whereas the fitting error of Cm was below 2%, the
curve was first fitted to the given equivalent circuit and Cm
was determined. In a next step, an impedance simulation
curve over an extended frequency range of 1 mHz—100 kHz
was performed by using the previously determined Cm
value. Rm was determined by adjusting the simulation curve
visually to the experimental curve (continuous curve in Fig.
5A; Rm (sim)=80 MQ cm?). Fitted Rm values were
considered in the evaluation as long as the fitting error
was below 10%. In addition, instead of simulating Rm, the
admittance at 0.1 Hz may be determined as a lower limit for
the membrane conductivity [25].

3.2.2. Resistance, capacitance and thickness

A summary of the obtained EIS data (capacitance Cm,
resistance Rm, conductivity at 0.1 Hz and thickness d of the
hydrophobic membrane core) and corresponding voltage-
clamp data of free-standing [12,41] and SUM supported
[12] DPhyPC and MPL membranes are given in Table 1.
DPhyPC membranes on SbpA showed capacitances of
0.53 +/— 0.14 uF/cm?, resistances up to 80 MQ cm” and
conductivities of 0.36—0.61 pS/cm? at 0.1 Hz. SUM-sup-
ported DPhyPC membranes showed slightly higher capaci-
tances (0.69 + 0.04 uF/cm?) and conductivities (0.49—0.63
uS/em? at 0.1 Hz) and lower membrane resistances (up to 50
MQ cm?), whereas Cm values of voltage-clamped SUM-
supported DPhyPC membranes [12] were slightly lower
(Cm=0.62 + 0.03 puF/cm?). Folded DPhyPC bilayers (sol-
vent: n-hexane/ethanol) supported by SbpA were slightly
thicker (3.5+/—0.7 nm) and those resting on a SUM
(2.7+/— 0.2 nm) were equal than painted membranes out of
squalene (2.6—3.0 nm). Painted DPhyPC membranes out of
n-decane revealed with 4.5 nm the highest thickness. The

specific capacitance, and hence the resulting thickness, is
known to depend on the type of solvent used for bilayer
formation. A certain amount of solvent, like n-decane, is
present within the gap of the two hydrophobic ends of the
bilayer leaflets and yields in a higher thickness [42]. In
contrast, painted bilayers formed out of squalene are sol-
vent-free, because squalene is not soluble in the bilayer [43].
In comparison to solvent-containing bilayers, folded lipid
bilayers contain very little solvent; however, they are not
entirely solvent-free [44,45].
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Fig. 5. (A) BODE plots of a DPhyPC membrane on recrystallized SbpA
with (circles, filled) and without (squares, open) alamethicin [1 pg/ml] in
the presence of 50 mM NaCl, 10 mM Tris, pH 7.5. The solid line represents
the simulation curve of the alamethicin-free membrane: Cm (fitted) =0.54
pF/em?, Rm (simulated)=80 MQ cm?. (B) Inhibition of reconstituted
alamethicin ion channels with 5-(N-ethyl-N-isopropyl)-amiloride. Inhibitor
concentration/membrane resistance Rm: 0 pM/954 Q cm? (circles, filled),
10 uM/1121 Q cm? (squares, open) and 20 pM/1311 Q cm? (triangles,
open).
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Table 1

Summary of the electrochemical parameters of S-layer-supported, painted and folded DPhyPC and MPL membranes

Lipid Solvent Support Cm [uF/cm?] Rm Conductivity at d [nm]
[MQ cm?] 0.1 Hz [pS/em?]

Electrochemical impedance spectroscopy

DPhyPC n-hex/EtOH SbpA (n=19) 0.53+0.14 5.0-80 0.36-0.61 3.5+0.7

MPL n-hex/EtOH SbpA (n=16) 0.75 £ 0.07 0.9-60 0.64—1.7 25102

MPL n-hex/EtOH SbpA, GA fix. (n=5) 0.74 £ 0.07 1.5-55 0.58—1.05 25+0.2

DPhyPC n-hex/EtOH SUM (n=06) 0.69 + 0.04 25-50 0.49-0.63 27402

MPL n-hex/EtOH SUM (n=12) 0.77 £ 0.08 5-55 0.59-0.76 24+02

MPL n-hex/EtOH MFM (n=3) 0.75 +0.03 0.23-25 0.62-4.3 25+0.1

Voltage clamp

DPhyPC [12] n-hex/EtOH SUM 0.62 +0.03 3.0£0.2

MPL [12] n-hex/EtOH SUM 0.76 + 0.01 24+0.1

DPhyPC [12] n-hex/EtOH folded BLM 0.64 + 0.04 29102

DPhyPC [41] n-decane painted BLM 0.41 4.5

DPhyPC [41] squalene painted BLM ~ 0.7 2.6-3.0

MPL [41] n-decane painted BLM 0.74 2.5-3.0

In contrast to DPhyPC bilayers, membrane-spanning
MPL monolayers exhibited almost the same specific
capacitances Cm ranging from ~ 0.74 to ~ 0.77 pF/cm?
on SbpA, GA-fixed SbpA, SUM and MFM supports (Table
1). The calculated thickness for all MPL monolayers is
~ 2.5 nm. These data are in good agreement with those of
free-standing painted and folded SUM-supported MPL
membranes (Table 1). The uniformity in Cm for all MPL
membranes strongly indicates a much less pronounced
sensitivity against experimental (investigation method),
environmental (surface of support) and preparation (sol-
vent) conditions. The latter may be explained that, in
contrast to bilayers, MPL membranes are composed of a
hydrophobic core without providing a gap for any solvent
[41]. The hydrophobic core of a DPhyPC bilayer was
found to be thicker than that of tetraetherlipid monolayers
[46,47]. Tetraetherlipids may be tilted with respect to the
membrane plane, which gives rise to a lower membrane
thickness of ~ 2.4 nm [48]. The Rm values of MPL on
various supports did not differ very much as well (up to 60
MQ cm?). Only MFM-supported MPL membranes
exhibited lower resistances (up to 25 M cm?), although
it has to be indicated that only three experiments have been
performed. In conclusion, Cm, Rm, and d of DPhyPC and
MPL membranes supported by various S-layer lattice
structures and by MFM are highly comparable to conven-
tional BLMs. Furthermore, although differences in the
structure of the DPhyPC and MPL membranes have been
observed (Cm, d), Rm and the conductivity at 0.1 Hz did
not vary significantly for all the investigated membranes
resting on the different supports.

3.2.3. Stability and lifetime

The major drawback of free-standing BLMs is their low
long-term stability, lasting rarely more than 8 h [49]. A lot
of research effort was done on the development of solid-
supported, polymer-supported and tethered membranes,
which are believed to be the answer to this problem

[1,50,51]. Although supported membranes exhibited signif-
icant higher mechanical and long-term robustness, the
functionality of transmembrane proteins often is impaired,
due to a lack of membrane fluidity [52,53] or direct
interaction with the solid support [54]. The stability of
SbpA- and SUM-supported lipid membranes was investi-
gated with and without insertion of the commonly used
membrane-active peptides valinomycin and alamethicin
(Table 2). At this point, it should be mentioned that
membrane formation and lifetime strongly depended on
the quality of the aperture in the plastic sheet. If the rim
of the orifice was fringy or badly punched, membrane
formation was difficult (or even not feasible) and rupture
occurred within 10 min. Generally, in the absence of
membrane-active peptides, membranes on untreated SbpA
exhibited significant higher long-term stabilities (5—46 h for
DPhyPC, 4—44 h for MPL) than those on GA-fixed SbpA
(2—18.5 h for MPL) and on SUMs (117 h for DPhyPC, 1—
18 h for MPL). The voltage-clamp reference data for
DPhyPC and MPL supported by a SUM showed a stability
of 7.94/—2.4 and 8.3 +/— 2.9 h, respectively, which is for
both lipids much lower than the lifetime data obtained by
EIS. This clearly demonstrates that also the respective
method to investigate the system had an impact on the
stability. As mentioned above, MPL membranes on various
supports did not vary significantly in their electrochemical
parameters; nonetheless, significant deviations in lifetime
were observed between membranes on non-modified SbpA
and on GA-fixed SbpA. The latter ones exhibited approx-
imately the same long-term stability of ~ 18 h than SUM-
supported ones. Accordingly, the maximum lifetime of
DPhyPC membranes resting on a SUM was shortened as
well (17 h), in comparison to SpbA-supported ones (46 h).
This strongly indicated that the increased net-negatively
charged GA-fixed SbpA and SUM surfaces apparently
affected the lifetime of MPL membranes. Future studies
will show if changes in the surface charge of SUMs have an
influence on the lifetime. The addition of membrane-active
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Table 2

Stability of S-layer-supported lipid membranes with and without reconstituted membrane-active peptides

Lipid Support Stability [h] Reconstituted membrane-active peptides
No membrane With membrane Valinomycin Alamethicin Gramicidin
peptides peptides
Electrochemical impedance spectroscopy
DPhyPC SbpA 5-46 (n=06) 0.5-42 (n=13) yes yes yes
MPL SbpA 4-44 (n=5) 2-24 (n=6) yes yes yes
MPL SbpA, GA fix. 2-18.5 (n=5) 1-18 (n=4) yes n.a. n.a.
DPhyPC SUM 1-17 (n=38) 1-4 (n=6) n.a. yes n.a.
MPL SUM 1-18 (n=17) 0.5-18 (n=28) yes yes n.a.
Voltage clamp [12]
DPhyPC SUM 79+24 yes
MPL SUM 83+29 yes
DPhyPC folded BLM 6-7 yes

peptides had an influence on the lifetime of DPhyPC and
MPL membranes and enhanced the probability for mem-
brane rupture (Table 2). DPhyPC membranes on SbpA with
reconstituted valinomycin or alamethicin revealed almost
the same lifetime than without the membrane-active pep-
tides, although some broke very shortly after addition of the
peptides. However, rupture of DPhyPC membranes resting
on a SUM occurred not later than 4 h after alamethicin
addition. MPL membranes showed a divergent behaviour
upon reconstitution of valinomycin and alamethicin (Table
2). Whereas the lifetime was reduced to one half on the
SbpA-support, no effect on the stability due to peptide
reconstitution was observed for MPL membranes on GA-
fixed SbpA and on SUMs. This provides evidence that the
reduction of the lifetime of MPL membranes by surface
properties of the support is more serious than possible
defects induced by the peptides.

Finally, a broad range of DC bias voltages from — 800
to +800 mV was applied to SbpA-supported DPhyPC and
MPL membranes and the effect on the membrane capaci-
tance was measured (Fig. 6). All membranes remained very
stable as Cm did not change significantly along the voltage
spectrum, although no lipids were covalently linked to the
supporting layer in contrast to tethered lipid membranes.
MPL membranes happened to rupture once in a while at
DC bias voltages higher than & 500 mV. By applying a
broad range of DC bias voltages on ionophore-containing
membranes, the function and the capacity of the subjacent
ionic reservoir can be determined [25]. The intrinsic prop-
erties of various ionic reservoir types may have a great
impact on the conductivity of incorporated ionophores with
respect to the ion species [39]. Therefore, the robustness of
S-layer-supported membranes against applied DC potentials
is very helpful in characterizing the function of the nano-
porous S-layer reservoir. Admittedly, for this purpose a
different configuration of the measurement cell is required,
as the area of the membrane and the porous support should
be equal. Therefore, membrane formation on S-layer sup-
ports should be performed by vesicle fusion or classic
Langmuir and Langmuir—Schaefer techniques instead of

the modified Langmuir—Blogdett technique used in the
present paper.

3.3. Incorporation of membrane-active molecules

Valinomycin and alamethicin were incorporated to in-
vestigate the functionality of S-layer-supported lipid mem-
branes. These membrane-active peptides are well studied
and understood and therefore are often used for the charac-
terization and the functionality proof of convenient and
supported lipid membranes.

3.3.1. Alamethicin

About 10-20 min after addition of alamethicin at a
concentration of 1 pg/ml, the membrane became conductive
without application of a DC bias voltage, which was
indicated by the drop in the phase angle towards 0° and,
thus, a resistive behaviour of the membrane in the middle
frequency range (Fig. 5A). The membrane resistance
dropped from ~ 80 MQ cm® to ~ 950 Q cm?, whereas
the capacitance did not change. The fraction of the peptide
molecules, which inserts in the membrane without an
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Fig. 6. Membrane capacitance Cm of DPhyPC and a MPL membranes,
respectively, on an SbpA support with respect to an applied DC bias voltage
from —800 to +800 mV. The error bars for Cm of the DPhyPC
membranes are within the width of the triangles.
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applied voltage, depends on a critical peptide-to-lipid ratio
and on the used lipid (for DPhyPC 1/40) [55]. After
alamethicin incorporation, inhibitor was added to the solu-
tion (Fig. 5B). The inhibition of alamethicin-mediated
conductance of tethered membranes with the sodium chan-
nel blocker amiloride and analogues was recently published
[56]. Partial inhibition of alamethicin channels with 5-(N-
ethyl-N-isopropyl)-amiloride at a DC bias voltage of 0 mV
is shown in Fig. 5B. With increasing amount of inhibitor (in
10 uM steps), the specific resistance of the SbpA-supported
DPhyPC-membrane increased to 1120 () em? (10 uM) and
1310 Q cm? (20 uM).

In another experiment, the effect of an applied DC bias
voltage on alamethicin channels (c=0.1 pg/ml), which were
reconstituted into an MPL-membrane supported by an
SbpA-lattice, was demonstrated (Fig. 7A). Alamethicin-
mediated conductance already was observed in the absence
of an electric field (DC bias voltage=0 mV). An applied
DC bias voltage boosted insertion and ion channel forma-
tion. In the presence of an electric field, single alamethicin
peptide strands reorientated to form an ion channel [57—-59]
and caused a decrease in membrane resistance. With in-
creasing applied potential, an increase in the ohmic influ-
ence was observed (see Fig. 7A). The major effect was
obtained at the application of the first DC bias voltage ( — 5
mV) after measuring at zero DC bias voltage. An inductive
behaviour of the system is indicated by the loop-like form of
the curve in the lower frequency domain, which was
interpreted to be a current overcompensation effect [40].
Blocking of alamethicin channels reconstituted in an SbpA-
supported MPL-membrane with amiloride—HCI-H,O, mea-
sured at a DC bias voltage of 0 mV, was successful as well
(Fig. 7B). Stepwise addition of inhibitor caused a partial
blocking of the channels resulting in an increase in Rm.

In conclusion, the incorporation of alamethicin channels
could be demonstrated as DPhyPC and MPL membranes
already became conductive in the absence of an applied DC
bias voltage. Application of DC bias voltages enhanced
channel formation and, thus, a decrease in Rm was ob-
served. The successful inhibition of alamethicin channels
with two kinds of amiloride inhibitors (5-(N-ethyl-N-isopro-
pyl)-amiloride and amiloride—HCI-H,O) provided evidence
that, as a matter of principle, S-layer-supported membranes
are highly qualified for screening tests on pharmaceutical
molecules.

3.3.2. Valinomycin

The antibiotic polypeptide-like carrier valinomycin
shows a distinct transport selectivity for K" over Na®
[60—62]. The selective potassium-transport across a MPL
membrane supported by a GA-fixed SbpA was monitored
(Fig. 8). After membrane formation, a solution of valino-
mycin at a concentration of 4 X 10”7 M was added to the
buffer, containing 50 mM NaCl, 10 mM Tris, pH 7.5. The
membrane resistance dropped from ~ 30 to ~ 17.4 MQ)
cm?. After addition of 50 mM potassium chloride into the
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Fig. 7. (A) Voltage-dependent insertion of alamethicin channels (¢=0.1 pg/
ml) into MPL-membranes resting on an SbpA covered gold electrode.
Electrolyte: 50 mM NacCl, 10 mM Tris, pH 7.5; 30 min after addition, DC
bias voltage (DCBV)=0 mV (squares, filled), DCBV=—35 mV (squares,
open), DCBV=—25 mV (circles, open), DCBV=—50 mV (triangles,
open) and DCBV=-100 mV (diamonds, open). (B) Inhibition of
alamethicin channels with amiloride—HCI-H,O; DCBV =0 mV. Inhibitor
concentration/membrane resistance Rm: 0 pM/1786 € cm? (squares, filled),
20 pM/2099 Q cm? (squares, open), 30 pM/2145 Q cm? (circles, open),
50 uM/2278 Q cm? (triangles, open), 60 pM/2362 Q cm? (diamonds, open).

buffer, the membrane immediately became conductive
(Rm=42.5 kQ cm?), due to the much higher transport
efficiency of valinomycin for K ions. The K'/Na" ratio
of the valinomycin-mediated ion transport across the MPL
membrane was calculated to be 410. This observed K'/
Na' transport ratio is not only in good agreement with
data obtained with BLMs [63,64], but also with tethered
lipid membranes as a reconstitution matrix for valinomy-
cin [25]. Consequently, the biomimetic applicability of S-
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Fig. 8. MPL-membrane on glutaraldehyde-fixed SbpA with (triangles,
filled) and without (squares, open) valinomycin at a concentration of
4x10~7 M in 50 mM NaCl, 10 mM Tris, pH 7.5. In a further set of
experiments, 50 mM KCl (circles, open) was added into the buffer. The K/
Na' ratio of valinomycin-mediated membrane conductance was 410.

layer supported membranes for studying membrane pro-
cesses was shown by valinomycin-operated selective ion
transport.

Impedance measurements also were performed with
gramicidin. The functionality of this membrane-active pep-
tide was approved. These data will be published in a
separate paper together with other currently ongoing studies
on gramicidin.

4. Conclusion

In the present study, the suitability of EIS as a transducer
principle in determining the electrochemical properties of S-
layer supported DPhyPC and MPL membranes was dem-
onstrated. The insulating properties of phospholipid bilayers
and archaeal bolamphiphilic tetraetherlipid membranes sup-
ported by various S-layer lattice structures were highly
comparable to conventional free-standing lipid membranes.
A significant enhancement in long-term robustness was
achieved, especially with membranes deposited on recrystal-
lized SbpA lattices. S-layers provided an excellent biochem-
ical environment for the reconstitution of membrane-active
molecules such as valinomycin and alamethicin. The major
advantage of S-layer proteins recrystallized on metal surfa-
ces over SUMs is their enhanced application potential: The
outstanding property of monomeric S-layer proteins is their
ability to recrystallize on various surfaces such as silicon,
gold and indium-tin-oxide in a large-scale order. Therefore,
S-layer subunits are very promising building blocks, partic-
ularly with regard to functionalized membranes resting on
S-layer-covered photolithographic fabricated microelectrode

arrays for medical and pharmaceutical high-throughput-
screening devices. It is assumed that the usage of S-layer/
streptavidin fusion proteins as a support for biotinylated
membranes will lead to an additional improvement in long-
term robustness. S-layers are an auspicious alternative to
other polymer-cushioned supports [2,52,65]. Another inter-
esting approach would be the application of S-layers as a
stabilizing matrix for membranes on a planar “patch clamp
on a chip” [66,67]. The present results demonstrate that the
implementation of crystalline arrays of S-layer proteins as a
hydrophilic, isoporous, water-containing intermediate and
stabilizing matrix is a very competitive technology for the
development of membrane protein-based biosensors.
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