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Channel Activity of OmpF Monitored in Nano-BLMs
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ABSTRACT Free-standing lipid bilayer membranes can be formed on small apertures (60 nm diameter) on highly ordered
porous alumina substrates. The formation process of the membranes on a 1,2-dipalmitoyl-sn-glycero-3-phosphothioethanol
submonolayer was followed by impedance spectroscopy. After lipid bilayers had thinned, the reconstitution and ionic
conducting properties of the outer membrane protein OmpF of E. coli were monitored using single-channel recordings. The
characteristic conductance states of the three monomers, fast kinetics, and subconductance states were observed. Blockade of
the ion flow as a result of interaction of the antibiotic ampicillin with the protein was verified, indicating the full functionality of the

protein channel in nanometer-scale bilayer membranes.

INTRODUCTION

Many pharmaceutical drugs are intended to act on ion
channels and transporters that are located in a biological
membrane. Planar lipid membranes spanning a small hole,
~0.1-1 mm in diameter, in thin Teflon films were developed
to electrically follow the function of those proteins (1,2).
Even though these membranes are well established, they do
not allow for integration, automation, parallelization, and
applications on a micro- or nanometer scale as required for
the development of screening systems for ion channels and
transporters. Because there is a lively interest in screening
systems operated with chip technology demanding easy
handling and reliable processes, new strategies have been
developed in recent years. Silicon or glass chips with 0.7—
100-um-large apertures served as supports for lipid mem-
branes suspending a single hole (3—7). These membranes
were prepared in various ways such as painting lipids dis-
solved in organic solvents across the aperture or spreading
vesicles. However, the long-term and mechanical stability
reported for the free-standing membranes averaged only
several hours.

The stability of membranes is essential for an application
in automated screening processes. This requirement is met
by lipid bilayers immobilized on solid supports (8—11). To
establish solid supported membranes (SSMs), either two
separate monolayers can be deposited on the material by
means of the Langmuir-Blodgett or Langmuir-Schifer tech-
nique, or, more easily, self-assembly processes are exploited.
The advantage of a high mechanical stability of SSMs is at
the expense of a lack of a second aqueous compartment,
which hampers the electrical investigation of ion channel
proteins. Furthermore, interactions of transmembrane protein
domains with the solid support might significantly alter their
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properties. Alternative systems with hydrophilic spacer mol-
ecules attached to the surface separating the bilayer from
the solid support by 1-3 nm, known as tethered membranes,
reduce this interaction and provide a small aqueous com-
partment (8,12,13). Recently, tethered membranes with good
electrical sealing properties were successfully prepared and
made it possible to measure ion flow through reconstituted
ion channels (14,15).

More recently, we established an artificial membrane sys-
tem that combines the advantages of SSMs with the need for
a second aqueous compartment to elucidate channel prop-
erties of complex integral membrane proteins (16,17). Porous
alumina substrates with highly ordered pores of 60 and 280
nm in diameter, respectively, were functionalized with lipid
bilayers suspending the pores of the porous material, which
we called nano-black lipid membranes (nano-BLMs). Nano-
BLMs are characterized by a high membrane resistance and
thus proved to be well suited for an application in single-
channel recordings on peptide ion channels (17). Further-
more, nano-BLMs allowed for the investigation of the proton
pump bacteriorhodopsin (18).

Relatively large transmembrane proteins such as a-hemolysin
(19) and the glutamate receptor (20) have been reconstituted
into membranes on orifices in either polycarbonates or sili-
con with diameters greater than 1 um. We raised the ques-
tion of how the pore size of the porous material limits the
incorporation and the functionality of a complex integral
membrane protein in pore-suspending membranes. To ad-
dress this question, the functional insertion of the outer
membrane protein OmpF of E. coli was investigated in nano-
BLMs on porous alumina with a pore diameter of 60 nm by
observing the ion channel activity in single-channel record-
ings. OmpF was chosen because it is well characterized in
terms of structure (21,22) and channel activity. It is com-
posed of 16 antiparallel aligned B-sheets (B-barrel) con-
nected by amino acid sequences referred to as loops and turns,
building up a water-filled pore. Three of these monomeric
units with a molecular weight of 37.1 kDa (22) and a length
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of 5 nm (21) are arranged around a threefold molecular axis.
Loop 3 (L3) folds into the barrel, forming a constriction zone
of (11 X 7) A® at approximately half the height of the
channel. Positively charged residues of L3 and negatively
charged amino acids of the inner barrel wall are postulated to
be the origin of a strong transverse electric field (23,24). The
constriction zone is assumed to be a decisive factor regarding
conductivity and ion selectivity as elucidated by means of
computer simulations and mutant studies (25-28). OmpF is
slightly cation selective (Li" < Na* < K™) (23) and perme-
able for hydrophilic molecules up to 600 Da. External pa-
rameters such as pH, ionic strength, and membrane potential
significantly influence the ion permeability (29-32). At a
critical voltage the channel closes completely, although the
value of the potential necessary to induce this phenomenon
varies considerably (30,31,33,34). Information about the
molecular basis of voltage gating was recently obtained in
computational studies assessing the constriction zone, which
plays a crucial role in the process (35).

Despite the substantial role of computer-based studies on
OmpF, electrical methods are required to understand the
channel properties. To perform such measurements, the pro-
tein is either inserted in classical BLMs and investigated by
the voltage-clamp method or studied in giant liposomes as
well as membrane fractions by means of the patch-clamp
technique (30,36-38). With these methods, only recently, the
phenomenon of subconductance states has been investigated
thoroughly (39). Furthermore, there is great interest in how
specific molecules influence the ion permeability of the pore.
Small molecules such as polyamines or [-lactams, i.e.,
ampicillin, block the ion flow through the pore temporarily,
leading to a fast flickering of the channel activity as moni-
tored in voltage-clamp experiments (40—42), which was cor-
roborated by computational studies (42,43).

Here, we raised the question whether such a large protein
with an area of roughly 80 nm” embedded within a pore that
is covered by only a few thousand lipids is still fully func-
tional or if the supported part of the membrane on the pore
rims influences its activity. The study demonstrates that all
the characteristic properties of the OmpF channel, including
blockade by ampicillin, can be observed in nano-BLMs.

MATERIALS AND METHODS
Materials

Aluminum substrates (thickness 0.5 mm, purity 99.999%) were purchased
from Goodfellow (Huntington, UK). The lipids 1,2-dipalmitoyl-sn-glycero-
3-phosphothioethanol (DPPTE) and 1,2-diphytanoyl-sn-glycero-3-phospho-
choline (DPhPC) were obtained from Avanti Polar Lipids (Alabaster, AL).
Ampicillin sodium salt (purity 99%) was purchased from Carl Roth GmbH
(Karlsruhe, Germany), octyl-polyoxyethylene (0-POE) from Bachem
(Bubendorf, Germany), and n-decane from Sigma-Aldrich (Taufkirchen,
Germany). The protein OmpF was a kind gift from BioMade (Groningen,
The Netherlands). The water used was ion-exchanged and filtered with a
Milli-Q-System (Millipore, Molsheim, France; specific resistance R > 18
MQ cm ™', pH 5.5).

Biophysical Journal 91(6) 2163-2171

Schmitt et al.

Preparation and functionalization of porous
alumina substrates

A detailed procedure for the preparation of porous alumina substrates is
described elsewhere (17). Briefly, the aluminum foils were cleaned with
ethanol, electropolished, and anodized in aqueous 0.3 M oxalic acid solution
at U =40V and T = 2°C for 5 d. The resulting porous alumina substrates
were then incubated with a saturated HgCl,-solution to remove the under-
lying aluminum layer. Pore bottoms were removed by chemical etching at
T = 30°C with 10 wt % phosphoric acid solution, and the bottom surface
was coated with a thin 25-nm gold layer using a sputter coater with a thickness
control unit (Cressington sputter coater 108auto, Cressington MTM-20,
Elektronen-Optik-Service, Dortmund, Germany). The gold-coated substrates
were functionalized with DPPTE (0.5 mM ethanolic solution, r > 12 h).
After thorough rinsing with ethanol, the resulting hydrophobic porous sam-
ples were mounted vertically in a Teflon cell (Fig. 1), which was used for
both impedance analysis and single-channel recordings.

Formation of nano-BLMs and reconstitution
of OmpF

The cis and trans compartments of the Teflon cell were filled with 8.5 ml
electrolyte solution composed of 1 M KCI, 1 mM CaCl,, pH 6.0, and 8.5 ul
of a solution of 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC) (2%
w/v) in n-decane was applied to the surface of the functionalized porous

Ag/AgCl
electrodes

v ~

Teflon
chamber
nano-BLM

electrolyte

lipid

lipid-solvent |
bilayer

/ droplet

thinning

—>

solvent
residue

FIGURE 1 Setup of the measuring chamber. The porous material is fixed
vertically between two Teflon chambers. A membrane is created by applying
a lipid-solvent droplet on the porous substrate. The spontaneous thinning of
the lipid-solvent droplet to a lipid bilayer is depicted in the enlarged part of
the chamber. The resulting membrane spans the pores.
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substrate. After impedance analysis of the formed nano-BLM, 1-5 ul of a
1 pg/ml OmpF solution (1% v/v 0o-POE) was added to the cis-side of the cell,
leading to a final concentration of 0.06-0.3 ng/ml. To investigate the influence
of ampicillin on OmpF, 6 mM ampicillin was added to the buffer. The ampi-
cillin solution was stored at 8°C to avoid polymerization of the molecules.

Impedance spectroscopy

Lipid membranes and their formation process on the porous substrates were
characterized by impedance spectroscopy using the gain/phase analyzer SI
1260 and the 1296 Dielectric Interface (Solartron Instruments, Farnborough,
UK). The measurements were controlled by a personal computer. The
membrane formation process was observed time-resolved by reading out the
absolute value of the impedance |Z|(f) and the phase angle between current
and voltage ¢(f) at a constant frequency of 10° Hz. Impedance spectra [(410)}
¢(p) were recorded in a frequency range of 10°~10° Hz, which took ~35
min. Platinized platinum wires served as working and counter electrodes. All
data points were obtained at zero offset potential applying an AC voltage of
30 mV. The Solartron Impedance Measurement Software (version 3.5.0)
was used for data recording, the software package Zview2.6b with Calc-
Modulus data weighting for data analysis.

Channel current recordings

For channel recordings, the Teflon cell with the nano-BLM was placed in a
Faraday cage to avoid interference from electric fields during measurements.
Two Ag/AgCl wires served as electrodes. The trans compartment was
connected to ground, and all potentials in the cis compartment are given
relative to ground. Currents were recorded with an Axopatch 200B patch-
clamp amplifier (Axon Instruments, Foster City, CA). The analog output
signals were filtered with a low-pass four-pole Bessel filter of 1 kHz and
subsequently digitized by an A/D converter (Digidata 1322, Axon Instru-
ments). The sampling rate was 50 kHz. The recordings in the presence of
ampicillin were carried out with a filter of 2 kHz, and data were acquired at
200 kHz. The software package pClamp9.2 (Axon Instruments) was em-
ployed to control data recording and for analysis. For all measurements, the
applied potential was clamped at U = —100 mV. Measurements were
carried out in a symmetrical nonbuffered electrolyte solution composed of
1 M KCl, 1 mM CaCl,, pH 6.0. OmpF was added at the cis-side.

RESULTS

Impedance analysis of the formation
of nano-BLMs

For the formation of nano-BLMs, highly ordered porous
alumina substrates were used with a mean pore diameter of
60 nm. After spreading 8.5 wl DPhPC (2% w/v) dissolved in
n-decane on the porous substrate, we followed the process of
membrane formation in 1 M KCl, 1 mM CacCl,, pH 6.0 by
means of impedance spectroscopy. In Fig. 1, a schematic draw-
ing of the thinning process and the lipid bilayers suspending
the pores of the porous alumina substrate, which is in a
vertical position between two Teflon chambers, is shown. In
a previous work the formation of pore-spanning membranes
was investigated by monitoring the membrane capacitance
Ch, time-dependently after painting a lipid droplet on the
porous substrate. The increase in capacitance over a period
of ~10-25 min was interpreted as a thinning process of the
lipid bilayer (17). To obtain a better time resolution, here the
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thinning process was followed time-resolved at a fixed
frequency of 10° Hz. Fig. 2, A and B display the absolute
value of the impedance |Z|(f) and the phase angle ¢(f) di-
rectly after the painting of a lipid droplet across the substrate
as well as spectra of a lipid bilayer after the thinning process.
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FIGURE 2 (A) Typical recording of the absolute value of the impedance
|Z|(f) and (B) phase angle ¢(f) monitored for a lipid droplet immediately
after its application on the porous substrate ([J) and after the thinning
process (). The difference between the spectra is most significant at 10° Hz.
(C) Time-resolved increase in ¢(f) during the membrane formation makes it
possible to follow the kinetics and the completeness of the thinning process.
Electrolyte: 1 M KCI, 1 mM CaCl,, pH 6.0.
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At a frequency of 10° Hz, |Z|(f) and ¢(f) before and after
thinning differ significantly. The absolute value of the
impedance of the system with a fully established bilayer is
frequency-independent at 10° Hz, whereas immediately after
lipid application, a capacitance is predominant, and thus, a
phase shift of around —90° is detected. Measuring ¢ at a
frequency of 10° Hz allows the kinetics of the thinning
process to be monitored with high time resolution. Fig. 2 C
illustrates the shift of the phase angle ¢(10° Hz) from —85°
after lipid application to almost 0° after 150 s. The small
increases in d)(lO6 Hz) within the first 50 s followed by a fast
one to a value close to 0° was observed in >50% of all
measurements. Sometimes, within the time course, sudden
small drops of the phase angle, as also observed in the time
course depicted in Fig. 2 C after 110 s, were monitored. As a
first approximation, a monoexponential function was fit to
the data in the time regime of 50-200 s, resulting in a time
constant of 7 = 28 s.

After the thinning process had been completed, impedance
spectra within a frequency range of 10 °~10° Hz were taken,
and an equivalent circuit composed of a parallel connection
of a capacitance C,, and a resistance R, in series to an ohmic
resistance representing the electrolyte resistance was fit to the
data. A good accordance between data and fit was achieved
resulting in a mean specific membrane capacitance Cy,, = 0.4 =
0.1 wF/cm? as calculated from 18 independent experiments
taking the porous area into account (17). This value is in
good agreement with specific capacitance values obtained
from classical BLMs generated by the Miiller-Rudin tech-
nique, which are reported to be around 0.5 wF/cm? (44).

The membrane capacitance is an invaluable parameter to
control and evaluate the process of nano-BLM formation.
The second characteristic parameter is the membrane resis-
tance R,,, which is determined at very low frequencies in the
impedance spectrum. A nano-BLM with a membrane resis-
tance of >1 G() is essential for its application in single-
channel recordings. The resistance of the pore-spanning
membranes generated in this work exceeded the critical
value of around 1 G{) in every preparation, which is suf-
ficient for low-conductance measurements. This high mem-
brane resistance of >1 G{) was monitored during the
experimental period of typically 8-10 h.

Channel activity of OmpF reconstituted
in nano-BLMs

Reconstitution of the OmpF channel into the preformed
nano-BLMs was achieved by adding the protein in detergent
solution to the cis-compartment of the Teflon cell. The
reconstitution of the trimeric protein into the membrane
causes both a three-step increase in conductance and a step
decrease in ionic current corresponding to the opening and
closing of the channel subunits. A characteristic current trace
after insertion of one channel protein in the presence of 1 M
KCl, 1 mM CaCl,, pH 6.0 at a holding potential of U =
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—100 mV is depicted in Fig. 3 A. The graph indicates the
current of the closed state (C) and of the three opening levels
(04, O,, O3). All-point histogram analysis of the current
traces allowed the determination of the three different con-
ductance levels with G; = 1700 = 80 pS, G, = 3360 = 80
pS, and Gz = 5060 = 50 pS (Fig. 3 B). The conductance of
one subunit monomer calculated as the difference between
the conductance states averages G, = 1690 % 20 pS. On occa-
sion, we recorded transient currents as depicted in Fig. 3 C. In
these events, a sudden increase in current is followed by an
exponential decay.
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FIGURE 3 (A) Characteristic channel activity of one OmpF-trimer
reconstituted in nano-BLMs at a holding potential of U = —100 mV. The
current levels of the different opening states (O;, O,, O3) and of the closed
state (C) are indicated. (B) All-point histogram analysis of the current trace.
The peaks represent the three conductance levels. The average conductance
per monomer amounts to G, = 1690 = 20 pS. (C) Transient current trace
after OmpF insertion. Electrolyte, 1 M KCI, 1 mM CaCl,, pH 6.0.
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To obtain a mean value for the conductance of one subunit
monomer of OmpF in nano-BLMs, an amplitude histogram
composed of 583 events was generated with a bin width of
100 pS (Fig. 4). The conductance level of one subunit can be
clearly assigned in the amplitude histogram. A Gaussian func-
tion was fit to the data in a range of 500-2500 pS, resulting in
a mean conductance value of G; = 1400 * 200 pS. This
conductance value is in good agreement with the observed
conductance level of 1500 pS of a single monomer moni-
tored under the same experimental conditions (41). The con-
certed opening of two or three subunits is expected to be in
the range of 2000-6000 pS, where indeed many events were
detected. However, an unambiguous assignment of a defined
conductance level arising from the simultaneous opening of
two or three subunits was not possible.

Previous studies demonstrated that the OmpF channel
exhibited both relatively slow and fast conductance changes.
The terms slow and fast kinetics have been established in
literature (37,39) and are commonly used to describe the
different gating mechanisms of OmpF. We report here that
the fast kinetic conductance changes can also be observed in
nano-BLMs. Fig. 5 A depicts a typical current trace with fast
openings and closures of a single monomer superimposed on
the slow kinetics of the channels. Such fast kinetics could be
observed in ~30% of all events. The all-point histogram
analysis of the data is shown in Fig. 5 B. The first and second
conductance states are clearly split into two different levels.
G and G, can be assigned to the full opening of one and two
OmpF subunits, respectively, with the characteristic mono-
mer conductances of G; = 1800 = 110 pS and G, = 3600 =
60 pS. Most prominent is, however, the conductance state
G,', which is a result of the fast kinetics with a reduced con-
ductance of G;" = 1300 = 100 pS. The second conductance
state, G,', is 400 pS lower (G," = 3200 = 60 pS) than the
conductance of the full open state of two OmpF subunits. It
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FIGURE 4 Amplitude histogram of 583 events (bin width 100 pS). A
Gaussian function was fit to the data in the range of 500-2500 pS, resulting
in a mean conductance value for a single monomer opening of G; = 1400 =
200 pS.
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FIGURE 5 (A) Fast kinetics superimposed on slow channel activity of
OmpF in nano-BLMs at U = —100 mV. The conductance of the short
channel closure is slightly smaller than the slow kinetics. (B) All-point
histogram of the current trace with multiple peaks caused by a smaller
conductance of the fast events. Electrolyte, 1 M KCI, 1 mM CaCl,, pH 6.0.

is important to note that the appearance of the traces is
influenced by the sampling rate and the filtering frequency.
We worked with a sampling rate of 50 kHz and a corner filter
frequency of 1 kHz, which allows detecting kinetic details.
However, one has to be aware of the fact that faster events
might not be monitored because of the limited bandwidth.

Besides analyzing the fast kinetics in terms of conductiv-
ity, their length was determined and compared to those of the
slow kinetics. Fig. 6 A illustrates the number of events as a
function of their length: 502 events were compiled in the
statistics with a bin width of 10 ms. A monoexponential
decay function was fit to the data in a range of 0—150 ms,
resulting in a time constant of 7 = 20 ms. In Fig. 6 B the
duration of the slow kinetics is plotted with a bin width of 1 s.
Most channel events exhibited a length of 1-10 s. The
longest channel opening detected lasted 13 min, which im-
plies that OmpF in the open state has resided within a
membrane over a 60-nm-sized pore during this time period
and did not diffuse across the pore rims, which would result
in a transient current. This long opening is not displayed in
the graph. Fitting a monoexponential function to the data
results in a time constant of 7 = 5.3 s.

Basle et al. (39) reported on conductance levels of OmpF
that are smaller than the monomer conductance, so-called
subconductance states. We were also able to resolve OmpF
activity of minor conductance in nano-BLMs, as displayed in
Fig. 7 A. The subconductance level is well resolved in the
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FIGURE 6 (A) Number of fast kinetic events as a function of their length
(bin width 10 ms, 502 events). A monoexponential decay function (—) was
fit to the data, leading to a time constant of 7 = 20 ms. (B) Statistics of the
number of slow kinetic events (bin width 1 s, 80 events). The fit results in a
time constant of 7 = 5.3 s. The longest event detected lasted 13 min and is
not displayed in the graph. Electrolyte, 1 M KCI, 1 mM CaCl,, pH 6.0.

corresponding histogram (Fig. 7 B), which allows for the
determination of the conductivity Gg = 320 = 100 pS. The
duration time of this particular event is 128 ms. Typically,
the duration of a subconductance state was found to be in the
range of 1-20 ms. If the duration of a subconductance state is
very small, it is difficult to distinguish it from fast kinetics
events. Such minor conductance levels were unambiguously
observed in fewer than 10% of all events.

Influence of ampicillin on channel activity

The monitored three-step opening and closure as well as the
observed fast kinetics are characteristic properties of the
OmpF channel activity and indicate a functional insertion of
the protein into the nano-BLMs. Ampicillin is known to
modify the gating of OmpF such that it transiently blocks the
ion flow. The influence of ampicillin has been investigated
by both computational and electrochemical methods in the
last few years (41,43). With a time resolution of 15 us it is
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FIGURE 7 (A) Current trace displaying a subconductance state of OmpF
gating in nano-BLMs. (B) All-points histogram of the current recording. The
subconductance state is well resolved and exhibits a value of Gs = 320 *=
100 pS. Electrolyte, 1 M KCI, 1 mM CaCl,, pH 6.0.

possible to resolve fast single-molecule ampicillin binding to
OmpF, whereas at a resolution of 150 us blockage events
were observed only as downward spikes. Our setup does not
allow for such high temporal resolution. Assuming that the
resolution is limited by the low-pass filter setting to 2 kHz,
the rise time is 166 ws, which corresponds to the minimum
length of a pulse to which the filter gives a nearly full-
amplitude response. However, after adding 6 mM of ampi-
cillin to the cis compartment, characteristic downward spikes
interpreted as blockades of one OmpF monomer inserted in
the pore-spanning membrane were observed (Fig. 8 A). In
some of the events, an almost full blockade of one mono-
mer was observed. At the end of the current trace the mono-
mer completely switches to the closed state. In comparison,
Fig. 8B depicts the channel activity in the absence of ampi-
cillin. At the beginning of the current trace, a fast kinetic
event is well resolved characterized by a current level of the
closed state. The characteristic downward spikes that mark
the influence of ampicillin are not present. Again, at the end
of the current trace the channel closes.

DISCUSSION

The development of artificial robust membrane systems that
allow for the investigation of integral membrane proteins and
ion channels has been subject to research for many years. To
obtain such a system, we established membranes suspending
the pores of a porous matrix as a hybrid of solid supported
and free-standing bilayers (16—18). Starting with a porous
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FIGURE 8 (A) Current recording for a single OmpF channel reconstituted
in a nano-BLM in the presence of 6 mM ampicillin. The downward spikes
represent the blockade of one monomer. (B) Current recording for a single
OmpF channel reconstituted in a nano-BLM in the absence of ampicillin.
The event at the beginning of the trace marks a fast gating event. Electrolyte,
1 M KCI, 1 mM CaCl,, pH 6.0.

alumina substrate with a pore size of 60 nm, a lipid bilayer is
formed after applying a lipid droplet of DPhPC dissolved in
n-decane onto the DPPTE-functionalized upper surface. The
bilayer formation process can be elucidated by monitoring
the membrane capacitance, showing that the most significant
change arises within the first minutes (17). To investigate the
initial process in more detail here, the phase angle ¢ was
followed time-resolved at a frequency of 10° Hz, which
turned out to be a convenient method to follow the success of
the thinning process. The capacitance of a layer is inversely
proportional to its thickness, which yields in small capac-
itance values for thick layers. A capacitive element causes a
phase shift of —90° between current and voltage. At 10° Hz,
a thick lipid-solvent droplet produces a phase angle of —90°
because its capacitance is small enough to be monitored
at this high frequency. However, a fully formed thin lipid
bilayer has a larger capacitance, which is monitored at fre-
quencies <10°> Hz. Thus, the electrolyte resistance exhibit-
ing a phase angle of 0° dominates at 10° Hz. Even though we
do not know microscopically how thinning occurs in nano-
BLMs, it might in part be similar to what has been observed
in BLMs and solid-supported membranes. Tien and Dawidowicz
(45) postulated a zipper-like mechanism for the thinning of
BLMs generated by the Miiller-Rudin technique. Initial
bilayer areas induced by thermal motion or mechanical
vibration drive the membrane formation along with the ex-
trusion of solvent to the outer area, referred to as the Plateau-
Gibbs border. Fujiwara et al. (46) were able to visualize this
dynamic process by means of a long-distance microscope.
They confirmed Tien’s hypothesis of the zipper mechanism
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and furthermore stated that the initial bilayer areas need to
exhibit a minimum size to promote the formation process.
Otherwise remaining solvent will separate already existing
bilayer areas through a phenomenon called the Marangoni
effect. However, because nano-BLMs exhibit a multitude of
pores with adjoining bilayers, which are separated by solid-
supported membrane areas where the membrane is immo-
bilized via the hydrophobic DPPTE-submonolayer, the
formation of a Plateau-Gibbs border in every single pore is
not very likely. However, on solid supports, thinning of a
lipid bilayer obtained by the painting technique was also
observed (47). After the application of a lipid-solvent droplet
on a hydrophobic monolayer on gold, Florin and Gaub ob-
served a rapid thinning process along with the extrusion of
solvent. Excessive solvent remained on the substrate in a
domain-like manner. As deduced from the rather low
capacitances of (0.4 = 0.1) uF/cm® of the nano-BLMs,
residual solvent is very likely to be present in the membrane
system. This is supported by the observation that in around
50% of all nano-BLM preparations, a sudden small drop of
the phase angle was observed, which might be a result of the
dynamics of residual solvent. Further investigation need to
be performed to fully elucidate the mechanism of nano-BLM
formation.

A detailed characterization of the electrical parameters of
each nano-BLM preparation was performed by impedance
spectroscopy and revealed that the obtained mean specific
membrane capacitances of all nano-BLM preparations were
in good agreement with values of BLMs generated by the
Miiller-Rudin-technique (44) taking the porous area of the
porous material into account. Only the porous area is used
for the calculation of the specific capacitance because of the
assumption that the conductance underneath the supported
membrane parts attached via a DPPTE-monolayer on the
gold surface is negligible. Moreover, nano-BLMs provide a
high membrane resistance of >1 G{) over the entire experi-
mental period of 8—10 h, which is sufficient to perform single-
channel recordings as has been demonstrated by the insertion
of channel peptides (17). Here, we addressed the question of
whether a large transmembrane protein can be functionally
reconstituted into membranes covering nanometer-sized
pores. It has been demonstrated that a functional reconsti-
tution of integral membrane proteins such as a-hemolysin in
a membrane suspending the pores of a porous silicon
substrate with pore diameters of 1-5 wm is feasible (19).
Favero et al. (20) managed to insert the glutamate receptor in
membranes spanning nonordered pores in a polycarbonate
foil with diameters of around 1 wm. In our system, the diam-
eter of the apertures is smaller by a factor of 17-83 than the
abovementioned pores. The difference in terms of pore diam-
eter between our system (60 nm) and the porous material
utilized by Favero et al. (1 um) becomes even more apparent
when the number of lipid molecules covering one pore is
calculated. With the molecular surface area of one DPhPC
molecule of 69 A2 (48) taken into account, one pore of the
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porous alumina holds ~4100 lipid molecules, whereas an
orifice of 1 um diameter is covered by ~1,140,000 lipid
molecules.

Despite this large difference in pore size, we succeeded
in the functional insertion of the outer membrane protein
OmpF, which occupies an area of around 80 nm?* (21), in
nano-BLMs. The characteristic three-step opening and
closing of the pores of one trimer was observed, which had
already been detected in early studies on OmpF reconstituted
in BLMs (32) and was confirmed in publications following
(30,49). The conductance of one monomer deduced from all-
point (G,, = 1690 = 20 pS) and amplitude-histogram
analysis (G, = 1400 = 200 pS) is in good agreement with
the value of 1500 pS reported by Nestorovich et al. (41)
obtained under the same experimental conditions. Mono-
meric events are most likely to occur. However, the
concerted activity of two or three pores was also observed.
Similar findings were made by Morgan et al. (50), who also
ascribed the most frequent events to a single pore. Besides
the characteristic trimeric activity, it has been reported that
OmpF comprises fast kinetics on a much smaller time scale
(23,32,37). We were able to resolve such fast kinetics with a
typical conductance level of the fast events of 1300 = 100
pS, which is slightly smaller than the value of the full
monomer opening. Berrier et al. (37) investigated the fast
gating of OmpF in more detail by means of the patch-clamp
technique and also reported on a smaller conductivity of
these events compared to the values found for a monomer.
Only recently, a thorough description of these so-called
subconductance states was provided by Basle et al. (39).
Using nano-BLMs with a reconstituted OmpF channel, we
were able to monitor such subconductance states. In contrast
to measurements on classical BLMs, occasionally we
observed transient currents (Fig. 3 C), when OmpF was
inserted into a nano-BLM. One explanation might be found
in the diffusion of the OmpF channel from the free-standing
part to the solid supported part. It is also conceivable that a
protein that is localized preferentially in the solid supported
region leads to a transient current in case of channel opening.

In the context of drug development and screening, the
understanding of the essential step of translocation of such
molecules across the target membrane is of major impor-
tance. Here, we investigated the influence of the B-lactam
antibiotic ampicillin on the channel activity of OmpF. Even
though the time resolution of our system was not sufficient to
fully resolve every single ampicillin blockade, as was demon-
strated in the work of Nestorovich et al. (41), blockades of
ampicillin were clearly detected as downward spikes of the
ion flow during the opening of one monomer (Fig. 8 A).

CONCLUSIONS

It has been shown that nano-BLMs on porous alumina
substrates with pore diameters of 60 nm are well suited for
the functional insertion of large transmembrane proteins
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such as OmpF. All characteristic channel activities such as
the trimeric conductance steps on opening and closing of the
three monomers, typical fast kinetics, and subconductance
states were monitored, which indicates that the close
proximity of immobilized lipid bilayers on the pore rims
does not influence the ion channel activity. The influence of
the antibiotic ampicillin on the channel activity of OmpF was
proven, demonstrating the potential of this membrane system
for the development of a drug-screening device.
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