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Abstract

We report on the behavior of unsupported and surface layer (S-layer)-supported lipid membranes at the application of a uniform hydrostatic
pressure. At a hydrostatic pressure gradient higher than 6 N/m?, unsupported lipid membranes, independent from which side pressurized and
S-layer-supported lipid membranes pressurized from the lipid-faced side revealed a pronounced increase in capacitance. A maximal
hydrostatic pressure gradient of 11.0 N/m? resulted in an almost doubling of the capacitance of the (composite) membranes. S-layer-supported
lipid membranes showed a hysteresis in the capacitance versus pressure plot, indicating that this composite structure required a certain time to
reorient when the pressure gradient acting from the lipid-faced side was balanced. By contrast, the S-layer-supported lipid membrane
pressurized from the protein-faced side revealed only a minute increase in capacitance (C/Comax=1.17 £ 0.05), reflecting only minor
pressure-induced area expansion. In addition, no hysteresis could be observed, indicating that no rearrangement of the composite membrane
occurred. The maximal induced tension was with 4.3 + 0.2 mN/m, significantly higher than that of unsupported (2.5 £ 0.3 mN/m) and S-
layer-supported lipid membranes pressurized from the lipid-faced side (2.6 + 0.1 mN/m). © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Crystalline proteinaceous cell surface layers (S-layers)
represent the outermost cell envelope component in organ-
isms of almost every taxonomic group of walled bacteria
and archaea [1-3]. The S-layer from Bacillus coagulans
E38-66/v1, used in the present study, represents a highly
specialized supramolecular structure and is composed of
identical, nonglycosylated protein subunits with a molecular
weight of 100.000. The S-layer lattice is a highly porous
structure (Fig. 1) with a thickness of about 5 nm [4,5].
Previous studies revealed that isolated S-layer subunits from
B. coagulans E38-66/v1 recrystallize into large-scale closed
arrays on various lipid films generated either by the Lang-
muir-technique [4,6,7] or on planar phospholipid bilayers
[8—10].

S-layer-supported lipid membranes (Fig. 2; Ref. 11)
mimic the cell envelope structure of gram-negative archaea
possessing an S-layer as exclusive cell wall component
external to the cytoplasm membrane [12]. From a general
point of view, supported lipid membranes gain increasing
importance in the development of biosensors [13—15] and
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in the characterization of functional transmembrane pro-
teins. In previous studies, it was demonstrated that S-layer-
supported lipid membranes are suitable to incorporate a
large amount of sensing molecules without rupture [6,8], but
also to perform single channel recordings [16—18].

In this context, it is interesting to note that mechanosen-
sitive ion channels, like the family of epithelial Na " -chan-
nels (ENaC), can be activated by a hydrostatic pressure
difference [19]. For example, the a-bovine-ENaC showed a
maximal single channel open probability at a hydrostatic
pressure gradient of 9.5 N/m? [20]. With unsupported planar
lipid membranes, however, the applied pressure gradient
caused the formation of a new curved surface as it can be
concluded from capacitance measurements. That is why
there are two nonexclusive possibilities that can account
for the activation of the channel: a curvature-induced
mechanical activation or a water flow-induced activation
[19]. Thus, to distinguish between the two activation mech-
anisms, there is a strong need for a composite lipid mem-
brane that shows enhanced stability against bulging when a
hydrostatic pressure is applied. The present work investi-
gated the intrinsic features, in particular the change in
capacitance, of unsupported and S-layer-supported bilayer
lipid membranes in dependence of an applied hydrostatic
pressure gradient. The results strongly suggest that S-layer-
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Fig. 1. (A) Electron micrograph of negatively stained preparation of the S-
layer of B. coagulans E38-66/v1, recrystallized on a monolayer made of
1,2-diphytanoyl-sn-glycero-3-phosphatidylcholine (DPhPC)/hexadecyl-
amine (HDA) (molar ratio 10:4). The bar corresponds to 100 nm. (B)
Computer image reconstitution of the transmission electron microscopic
images of the oblique S-layer lattice of B. coagulans E38-66/v1. The bar
corresponds to 10 nm.

supported lipid membranes may be used as incorporation
matrix with a significantly enhanced robustness against
applied hydrostatic pressure gradients if the composite struc-
ture was pressurized from the protein-faced side.

2. Materials and methods
2.1. Generation of the lipid membrane

Black lipid membranes were made from a 1% (wt/wt)
solution of a mixture (molar ratio 10:4) of DPhPC (Avanti

Polar Lipids, Alabaster, AL, USA) and HDA in n-decane
(both from Fluka, Buchs, Switzerland) as described else-
where [21,22]. A custom-made polytetrafluoroethylene
(Teflon) cuvette was separated into two cells (cis and trans)
by a septum with an orifice 0.9 mm in diameter. The orifice
was pre-painted with the same lipid mixture but dissolved in
chloroform and dried with N, for at least 20 min. Both cells
were filled with 12 ml buffer (2 mM CaCl,, 10 mM KClI,
adjusted with citric acid to pH 4.0) and equilibrated to
guarantee equal buffer levels. The cis-cell was grounded, the
trans-cell was connected by another Ag/AgCl-electrode to a
voltage clamp set-up (EPC 9, HEKA Elektronik, Lam-
brecht/Pfalz, Germany). A drop of lipid mixture was put
on a Teflon loop and was stroke up the orifice. Thinning of
the lipid membranes was followed by capacitance measure-
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Fig. 2. Schematic view on the experimental set-up and of an S-layer-
supported bilayer lipid membrane (not drawn to scale). In (a), the ex-
perimental set-up is shown. Each cell is contacted by an Ag/AgCl electrode.
The hydrostatic pressure gradient is applied either by adding (not shown) or
by removing electrolyte from the cis-cell. In (b), the architecture of the S-
layer-supported lipid membrane is shown. On the bilayer lipid membrane,
an S-layer lattice has been recrystallized from the frans-side.
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ments and the experiments were started after reaching a
constant value. The membrane conductance was usually
<10~ ® S/em®. All experiments were performed at room
temperature (22 + 1 °C).

2.2. Recrystallization of the S-layer protein

Growth of B. coagulans E38-66/v1 in continuous culture,
cell wall preparation and extraction of S-layer protein were
performed as previously described [23]. The clear solution
containing the disassembled S-layer subunits or oligomeric
precursors (1.8 mg protein/ml) was used for all recrystalliza-
tion experiments.

After membrane formation, the S-layer solution was
carefully injected into the frans-cell of the cuvette to a final
protein concentration of 0.2 mg/ml. The same volume of
buffer was added to the cis-cell. The recrystallization
process of S-layer subunits was completed within three
hours [10]. In control experiments, S-layer protein was
recrystallized on a monolayer of the same lipid composi-
tion. It is known that the lipid monolayer is a valid model
also for lipid bilayer membranes as S-layer proteins recrys-
tallize on both lipid films in the same time scale and quality
[8]. After 3 hours, the composite structure was transferred
on carbon-coated electron microscope grids. The negatively
stained preparations were inspected by transmission elec-
tron microscopy (Philips CM12, Eindhoven, The Nether-
lands).

2.3. Set-up

The current response from given voltage functions was
measured to provide the capacitance and conductance of
unsupported and S-layer-supported bilayers. Data handling
was performed on a Power Macintosh 7600/120 personal
computer by the Pulse+ PulseFit 8.11 software (HEKA
Elektronik). Statistical analysis was 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 and 1.5 kHz, respectively. A triangular
voltage function (+40 to —40 mV, 20 ms) was used to
determine the capacitance of the lipid membrane.

2.4. Application of the pressure gradient

Hydrostatic pressure was applied to lipid bilayers by
asymmetrical addition or removal of buffer from the cis-cell
by a syringe pump (SP120p, WPI, Sarasota, FL, USA) at a
flow rate of 2 ml/h. The basal area of both cells was 7.1 cm?,
and thus, a volume change in one of the cells of 0.8 ml
resulted in a difference in height of the buffer level of 1.13
mm. This difference in height, A4 (Fig. 2), corresponded to
a hydrostatic pressure difference, AP, of 11.02 N/m” as
determined from

AP = pghAh (1)

with p, the specific weight of water at 22 °C (997 kg/m®),
and g, the acceleration due to gravity. Upon deformation,
the membrane changes its area (A4) and possibly also its
thickness, which can be monitored by a change in the
capacitance (AC). As a change in thickness of the mem-
brane is very unlikely because of the high value of Young’s

modulus [24-26], A4 can be estimated from the measured
AC by

A4 = ACd /e (2)

with d, the bilayer thickness, which is 4.5 nm [27], e=2.1,
the dielectric constant of the membrane, and ¢, the dielec-
tric constant of free space. For curvature induced by the
hydrostatic pressure difference AP across the planar lipid
bilayer, the induced tension, 7, is given by

T = APR/2 (3)

where R is the radius of the curvature of the bulged
membrane, which can be calculated from AA4 [25,28-31].

3. Results
3.1. S-layer recrystallized on lipid films

In the present study, the S-layer protein of B. coagulans
E38-66/v1 was recrystallized on planar phospholipid mono-
and bilayers. Electron microscopical studies on lipid mono-
layers coated with S-layer proteins have shown large-scale
closed monolayers of crystalline arrays (Fig. 1). The regu-
larly structured S-layer had a crazy-paving appearance. All
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Fig. 3. Characteristic increase in capacitance upon application of an external
hydrostatic pressure to the trans-side of unsupported (W) and to the cis- and
trans-side of S-layer-supported lipid bilayer membranes (®). The up-arrow
1 indicates that the hydrostatic pressure increased from 0 to 11.0 N/m?,
whereas the down-arrow | indicates the decreasing pressure from the
maximal to the initial value.
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randomly oriented crystallites reached an average size of
several micrometers. As previously mentioned, the lipid
monolayer is a valid model system for lipid bilayers
[8,10] and, thus, it can be concluded that the S-layer
proteins recrystallized in the same quality on the bilayer
lipid membranes.

3.2. Pressure application on unsupported lipid membranes

The capacitance of unsupported bilayer lipid mem-
branes before the application of a hydrostatic pressure,
Co, was determined to be 1.8 £ 0.2 nF (number of experi-
ment, n=21). Subsequently a hydrostatic pressure from
the cis- or trans-side was applied. No matter from which
side the hydrostatic pressure acted, only minor effect on
the measured capacitance was observed up to a pressure
of ~ 6 N/m?”. Increasing the hydrostatic pressure from 6
to 11.0 N/m? resulted in a pronounced increase of the
capacitance of the lipid membrane, C. Again, no differ-
ence was observed depending on which side the pressure
was applied. For a better visualization, this behavior is
shown in Fig. 3 for a hydrostatic pressure acting from the
trans-side on the lipid membrane. The additional lipid
needed for the increase of the membrane area is presum-
ably supplied by the lipid of the annulus [32]. The highest
ratio of the measured capacitance at a pressure of 11.0
N/m? divided by Cy, C/Comax Was found to be 2.07 + 0.3
(n=16). As summarized in Table 1, the radius of curva-
ture of the bulged membrane, R, was estimated to 0.46
mm and, thus, the lipid membrane has to be shaped semi-
circular. The induced tension caused by a AP of 11.0
N/m* was calculated to 2.5 mN/m (Table 1). Balancing
the hydrostatic pressure resulted in a slightly higher value
(~ 2%) than the initial capacitance. Further increase in
pressure induced a huge increase in capacitance of up to

Table 1
Summary of the physical parameters of lipid bilayers with and without an
attached S-layer lattice

Bilayer, Bilayer + Bilayer+
cis/trans S-layer, cis S-layer, trans
rx 10* [m]* 45 45 45
d x 10° [m]° 45 45 45
AP, [N/M?] 11.02 11.02 11.02
C/Co max 2.07 £ 0.30 1.87 + 0.04 1.17 £ 0.05
Adiax X 107 [m?] 4.6+0.6 3.4+0.1 0.7 £ 0.03
Rinax X 10% [m] 4.6+0.6 47+0.1 77403
Tinax [mMN/m] 25403 2.6%0.1 43402

The radius of the aperture is r, d is the bilayer thickness, AP, is the
maximal hydrostatic pressure difference across the planar lipid bilayer, C/
Co.max 18 the maximal ratio of the measured capacitance at APy, divided
by the capacitance before the application of a hydrostatic pressure gradient,
AApmax and R, are the maximal increase in area and in the radius of
curvature of the bulged membrane, induced by AP, respectively, and
Tmax is the maximal induced tension.

? One aperture was used in all experiments.

® Value was taken from Ref. [27].

five to eight times of the initial value and subsequently
the membranes ruptured.

3.3. Pressure application on S-layer-supported lipid mem-
branes

After recrystallization of the S-layer protein of B. coag-
ulans E38-66/v1 on the frans-side of the lipid membrane,
the measured Cy of the composite membrane was 1.6 + 0.1
nF (n=17), resembling the values determined for unsup-
ported lipid membranes. The application of a hydrostatic
pressure from the cis-, lipid-faced side induced an increase
of the capacitance (Fig. 3). As observed with unsupported
lipid membranes, C/Cy increased slowly at low pressures.
At a higher hydrostatic pressure, C/Cy increased faster and
reached finally a C/Cymax of 1.87+0.04 (n=6) at a
pressure of 11.0 N/m”. R was found to be similar to that
of unsupported lipid membranes and the induced tension
was with 2.6 mN/m only slightly higher than that of the
latter one (Table 1). The capacitance of the membrane, C,
decreased upon reduction of the pressure, although at zero
pressure, it was about 4% higher than the initial value. The
most pronounced effect of the attached S-layer was
observed at the application of a hydrostatic pressure from
the trans-side, the S-layer face of the composite membrane.
C/Cy increased very slowly and reached the maximal value
of 1.17 + 0.05 (n=6) at a pressure of 11.0 N/m?* (Table 1).
In this case, R was significantly higher compared to the
previously described experimental series (Table 1). Thus,
the lipid membrane was bulged to a much lower extent and
the induced tension was calculated to 4.3 mN/m. By
balancing the pressure difference, the capacitance of the
composite structure returned to a value slightly higher
( £2%) than the initial one (Fig. 3).

4. Discussion

In the present study, a hydrostatic pressure gradient was
applied to unsupported and S-layer-supported lipid mem-
branes. The effect of a closely attached S-layer lattice on the
deformation was measured by the change of the capacitance
of the lipid membrane. The symmetric unsupported lipid
membrane, pressurized from the cis- or from the trans-side,
and the asymmetrically formed S-layer-supported lipid
membrane, pressurized from the lipid-faced, cis-side re-
vealed similar values for C/Comax. As R was found to be
very close to the radius of the aperture, the bulged mem-
brane must have an almost semicircular shape (Table 1). A
higher hydrostatic pressure would most probably result in a
cigar-shaped structure, which is obviously not stable as the
capacitance increased not reproducibly and the membrane
ruptured as determined with unsupported lipid membranes.
The pressure-induced tension was, for both membranes at
the previously described conditions, in the range of ~ 2.6
mN/m and thus, in the range reported for other painted
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bilayer lipid membranes [25,33]. However, a significantly
less maximal increase in area (Table 1) and a more pro-
nounced hysteresis at the pressure versus capacitance plot
was observed for the S-layer-supported lipid membrane
pressurized from the cis-side compared to unsupported
membranes (Fig. 3). Applying a pressure from the lipid
face resulted in bulging of the S-layer together with the lipid
membrane away from the Teflon septum. A previous study
demonstrated that the S-layer protein recrystallized not only
on the membrane spanning the aperture, but also on the
Teflon septum in the vicinity of the hole, which is lipid-
coated from the pre-painting [8]. The observed slight
hysteresis might be explained by a rearrangement of the
closed S-layer lattice into patches at few places, including
the edge of the aperture. By balancing the pressure, the
composite membrane returned into the planar shape, but the
S-layer patches might require some time to reorient into the
original, closed lattice structure. Another possibility might
be that the S-layer lattice did not disintegrate into patches
and the additional composite structure was provided from
the vicinity of the aperture. Again, a certain time might be
required for the relaxation of the S-layer-supported lipid
membrane into its planar shape.

A totally different behavior was observed for the asym-
metric S-layer-supported lipid membrane pressurized from
the protein-faced, trans-side. C/Cymax Was significantly
lower than that of unsupported and S-layer-supported lipid
membranes pressurized from the opposite, lipid-faced side.
X-ray and neutron reflectometry measurements on S-layer-
supported Langmuir films demonstrated that peptide mate-
rial interpenetrated the phospholipid head group region in its
entire depth but did not affect the hydrophobic lipid acyl
chains [34,35]. The head group region of the adjacent lipid
monolayer is modulated by the S-layer in terms of a reduced
hydration, altered orientation and fluidity, and increased
surface viscosity and bending stiffness [7,9,35]. In S-la-
yer-supported lipid membranes, two components (opposite
lipid leaflet and lipid leaflet with the closely attached S-
layer lattice) with different intrinsic physicochemical fea-
tures are linked primarily by hydrophobic forces. In addi-
tion, the S-layer from B. coagulans E38-66/v1 revealed a
pronounced asymmetry of the topography and physico-
chemical properties of the two faces oriented to the bacterial
cell wall (“inner face™) or pointing away to the environment
(“outer face”) [4,5]. The inner, more corrugated face of the
S-layer lattice is electrostatically and via specific interac-
tions linked to the adjacent lipid monolayer [7,35]. Due to
the topographical feature of the inner S-layer surface,
repetitive contact sites in approximately 2 nm dimensions
have been estimated. Consequently, detaching of the lipid
membrane from the S-layer cannot be expected. Although
the three-dimensional structure of the S-layer lattice at
atomic resolution is not known, the S-layer lattice itself
may posses different robustness when a hydrostatic pressure
is applied from the inner or outer surface, particular in
combination with the attached lipid membrane. The max-

imal induced tension calculated for an S-layer-supported
lipid membrane reflects the difference in bending stiffness
depending on the side of application of the hydrostatic
pressure gradient. The induced tension of the composite
membrane, pressurized from the trans-side, was more than
65% higher compared to a pressure acting from the opposite
side (Table 1). Thus, this observation strengthen the as-
sumption made above. In addition, no hysteresis in the
pressure versus capacitance relationship, which refers to
the absence of significant rearrangements of components of
the S-layer-supported lipid membrane, was observed.

Summarizing these results, the S-layer-supported lipid
membrane pressurized from the protein-faced side was able
to maintain its shape to a much higher extent, particularly in
a pressure range of 8 to 11 N/m® Consequently, these
composite membranes might be used for the reconstitution
of mechanosensitive ion channels, like ENaC, whenever a
reduction of the curvature-induced activation is desired [36].
Based on the present data, it was not possible to figure out
explanations on the molecular level. Further studies with
less complex structures like Langmuir films will be neces-
sary to understand the observations in more detail. With this
first insight into the intrinsic features of S-layer/lipid mem-
branes upon application of hydrostatic pressure gradients,
further work as well with functionalized membranes will be
the focus of future research.
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