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Abstract

Microstructured planar substrates have been shown to be suitable for patch clamp recording from both whole cells and isolated patches of
membrane, as well as for measurements from planar lipid bilayers. Here, we further explore this technology with respect to high-resolution, low
noise single-channel recording. Using solvent-free lipid bilayers from giant unilamellar vesicles obtained by electro-swelling, we recorded
channels formed by the peptaibol alamethicin, a well-studied model system for voltage-dependent channels, focusing on the transient dynamics of
single-channel formation upon application of a voltage step. With our setup, we were able to distinctly resolve dwell times well below 100 μs and
to perform a thorough statistical analysis of alamethicin gating. Our results show good agreement with models that do not rely on the existence of
non-conducting preaggregate states. Microstructured apertures in glass substrates appear promising with respect to future experiments on cellular
ion channels reconstituted in suspended lipid membranes.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Patch clamping with pipettes has been the standard technique
for measuring current signals from ion channels of cell
membranes over the last three decades [1]. Recently, several
reports on ion channel recordings using planar substrates, or
‘patch clamp chips’, have been published. These include
recordings from whole cells [2,3], single channels in cell-
attached mode [3,4], single channels in painted bilayers [2,5,6],
bilayers obtained from lipid monolayers [6], and in bilayers
produced from giant unilamellar vesicles (GUVs) prepared
from charged lipids [7]. A recent review of such experiments [8]
also stresses the potential of the ‘patch clamp on chip’-
technology for single channel recordings with enhanced
resolution.

Both amplitude- and time-resolution (usable bandwidth) in a
voltage clamp experiment are strongly dependent on the total
capacitance of the recording situation [9,6,3]. As far as
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bandwidth is concerned, low access resistances can compensate
the high capacitance (>100 pF) of conventional bilayers,
enabling in a few instances resolution of sub-millisecond
large-amplitude single channel events [10] or application of step
changes in bilayer voltage [11–13]. However, large total
capacitance introduces dominant noise at higher frequencies
even with very low access resistances, because current noise is
either independent of access resistance or, in the case of ReCp-
noise (in the terminology of Ref. [9]) scales with its square root.
Minimizing the total capacitance (contributed by membrane,
pipette, electrode, holder and amplifier) is thus most efficient in
reducing noise as well as in increasing the usable bandwidth of
the recording. For instance, micro-bilayers on 2–5 μm diameter
pipette tips have been used to obtain excellent noise
performance in recording gramicidin channels [14]. In addition
to small aperture size and, therefore, low bilayer capacitance,
the microstructured planar glass substrates we have developed
appear to offer particular advantages: solution volumes needed
to make contact with the electrodes are in the range of a few
microliters. Hence, the surface of the chip that is covered by
solution is small. Also, the thickness of the glass material
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Fig. 1. (A) Schematic drawing of the experimental setup. After formation of a
seal, alamethicin (ellipsoids) is added to the upper compartment. (B) Example of
the seal formation process. A voltage of −10 mV and negative pressure is
supplied to the lower compartment of the chip. In this case, both compartments
are filled with 85 mM KCl solution and a suspension of vesicles filled with
200 mM D-Sorbitol is added to the upper compartment. The negative pressure is
continuously increased until a predetermined seal resistance is achieved and then
set to 0. The insets show the responses to a test pulse of 10 mV amplitude.
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surrounding the aperture is at least 50 μm. In these ways, the
capacitance of the substrate holding the bilayer as well as that of
the bilayer itself is kept small.

We have previously shown that it is possible to obtain
suspended planar bilayers on patch clamp apertures in glass
chips by painting of lipid-solutions in decane and to record
channels formed by gramicidin [15] and alamethicin [2] with
good resolution. However, we noted that with the smallest
apertures that should afford the best noise performance, it
became more difficult to reliably obtain bilayers by the painting
method. To be able to further explore high-resolution bilayer
recording on our device, we therefore adopted the alternative
approach of forming solvent-free suspended bilayers from giant
unilamellar vesicles. The method is similar to that pioneered in
Ref. [7] to form bilayers on an aperture in a SiO2/Si3N4

diaphragm, except that we obtained GUVs by electroformation
[16] and that we positioned them on the aperture by suction
rather than electrophoresis. This allowed us to make use of the
apparatus and software developed for automated patch clamp
recording from cells [17], and essentially obtain suspended
planar bilayers in an automated fashion.

In order to test our current system, we have performed a series
of experiments on alamethicin channels in phospholipid
membranes. Alamethicin is a well-studied peptide (see, e.g.,
Refs. [18–20] for review) that has served as a paradigm of a
voltage gated channel since decades. Typical features of
alamethicin are voltage-dependent conductance, the existence
of multiple non-equidistant conductance levels of a single
channel and its macroscopic dipole moment (e.g., [18,19] and
references cited therein). There is a plethora of reports on
alamethicin single-channel steady-state characteristics including
studies on transient current dynamics after stepwise changes of
the membrane potential, some of them treating macroscopic
conductance properties [21–26] and some being concerned with
single channels [11–13]. In Ref. [11], alamethicin was
incorporated into a lecithin bilayer, obtained from lipid dissolved
in octane, and a small membrane patch of 10 μm diameter was
isolated by touching a glass pipette against the bilayer. The
authors of Ref. [13] have produced a small bilayer patch at the tip
of a patch clamp pipette by passing it through a lipid monolayer.

These rather intricate methods of forming small bilayers are
unnecessary in experiments with glass chips as they are used
here. By combined use of the techniques outlined above, we
were able to demonstrate the feasibility of low noise recordings
of single-channel formation in lipid bilayers with high temporal
resolution in a relatively simple setup using readily available
components. Modifications of this setup seem promising for
further extension of the resolution boundaries of bilayer
electrophysiology.

2. Materials and methods

2.1. Electrophysiology

All experiments were performed with the Port-a-Patch automated patch
clamp system from Nanion Technologies (Munich, Germany) using NPC-1
borosilicate glass chips with an aperture of approximately 1 μm. The
resistance of the apertures was approximately 1 MΩ in 500 mM KCl
solution and the chip capacitance was roughly approximated to be on the
order of 0.5 pF. The total capacitance of the setup without the chip was
4.4 pF, of which 1.3 pF were due to the amplifier input and 3.1 pF to the
other components of the Port-a-Patch system. Current signals were recorded
and amplified by an EPC-8 amplifier from HEKA Elektronik (Lambrecht,
Germany). The system was computer controlled by the PatchControl™
software (Nanion) and GePulse (Michael Pusch, Genoa, Italy, http://www.ge.
cnr.it/ICB/conti_moran_pusch/programs-pusch/software-mik.htm).

The data were filtered using the built-in Bessel filter of the EPC-8 at a cut-off
frequency of 30 kHz and digitized at a sampling rate of 200 kHz using a PCI-
6036E card (16 bit resolution, −10 V to +10 V voltage range) from National
Instruments (Austin, TX). Symmetrical salt solutions of 500 mM KCl, 2 mM
HEPES, pH 7.4 were used for all experiments, unless mentioned otherwise.
1 μM alamethicin (Sigma, Steinheim, Germany, product no. A4665) in the same
salt solution was added to the upper compartment of the chip after a seal had
been formed. The alamethicin solution contained the Rf30 as well as the Rf50
analogue. All applied voltages given in the text are voltages applied to the lower
compartment of the chip (see Fig. 1A). The experiments were performed at room
temperature. The acquired data were analyzed by custom-made software written
in PV-Wave (Visual Numerics, Inc., San Ramon, CA).

2.2. Bilayer formation

The lipid bilayers were obtained from giant unilamellar vesicles (GUVs),
which were positioned onto the chip aperture by application of negative
pressure. The GUVs burst as soon as they touch the glass surface of the chip and
form a bilayer that spans the aperture. An example of the seal formation process
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is illustrated in Fig. 1B. The GUVs were prepared by electroswelling [16]. 10 μl
of 0.25 mM lipid solution (see below) were deposited onto an indium tin oxide
(ITO) coated glass plate and evaporated for 1 h at 15 kPa. A nitrile ring was
placed around the dried lipid film and filled with 230 μl of 1 M D-Sorbitol
dissolved in deionized water. A second ITO coated glass plate was placed on top
of the ring. An AC voltage of 4 V peak-to-peak amplitude and a frequency of
5 Hz was supplied to the ITO slides over a period of 4 h at room temperature.
After successful swelling the vesicles were stored in a plastic vessel at a
temperature of 4 °C until use or used immediately. In all experiments 1,2-
Diphytanoyl-sn-Glycero-3-Phosphocholine (DPhPC) from Avanti Polar Lipids
(Alabaster, AL) was used. The lipid was dissolved in a mixture of methanol
(10%) and diethyl ether (90%). In some of the experiments, the lipid solution
contained 10 mol% of cholesterol (SIGMA, Steinheim, Germany) and/or
250 nM 1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-tetramethylrhoda-
mine. Based on the aperture diameter of the chips and a specific capacitance of
DPhPC of 0.5 μF/cm2 [27] the membrane capacitance can be estimated to be on
the order of 4 fF.
Fig. 2. Current signal recorded from a DPhPC bilayer. At 0 ms, the voltage is
increased from 0 to −100 mV for 400 ms. The total alamethicin concentration in
solution is 500 nM. (A) Complete pulse. (B) Beginning of the pulse (black
trace). The gray trace is obtained by numerically compensating the capacitive
transient (see text for details). (C) Magnification of a part of (A). The gray lines
denote the different single-channel conductance levels. The dotted lines denote
current values that correspond to cases where more than one channel is open. (D)
All-points current histogram including the data of 220 runs of the experiment.
The non-conducting state is denoted by a ‘C’, the conducting single-channel
states are denoted by ‘O1–6’.
3. Results

Since our aim was to perform recordings with high temporal
resolution, a filter frequency of 30 kHz and an amplifier gain of
20 mV/pA were chosen as a compromise between noise,
temporal resolution and measurable current range. At this gain
(500 MΩ feedback resistor), the unconnected amplifier head-
stage produced a noise current of 4.3 pA root mean-square (rms)
when the amplifier lowpass Bessel filter was set to 30 kHz. This
value was reduced to 1 pA with higher gain settings (50 GΩ
feedback resistor), where, however, the amplifier would have
been saturated by currents greater than 200 pA. When the
headstage was connected to the Port-a-Patch measuring station
(without the glass chip), the noise was 4.9 pA rms at 20 mV/pA,
and 2.7 pA rms at 50 mV/pA (30 kHz).

Fig. 2A displays the current response of a DPhPC bilayer
with alamethicin to the application of one voltage pulse from
0 mV to −100 mV. The seal resistance was 14 GΩ. The total
noise current was 5 pA (rms) for the chosen settings of the
amplifier low pass Bessel filter (30 kHz) and the amplifier gain
(20 mV/pA). By selecting an amplifier gain of 50 mV/pA, the
noise could be reduced to 2.7 pA and further to 1 pA rms by
setting the Bessel filter to 10 kHz (not shown).

The beginning of the voltage pulse is shown in detail in Fig.
2B. In order to ensure a correct detection of possible channel
openings at the very beginning of the pulses, the remaining
capacitive transients were subtracted numerically during data
analysis. For this purpose, pulses with the same amplitude but
opposite polarity were applied to the bilayer in such a way that
no channels were active. The average of these pulses was added
to the current traces of interest. In order to preserve absolute
current values, the current corresponding to the leak conduc-
tance was re-added afterwards. The final result of this operation
is shown as the gray trace in Fig. 2B.

Fig. 2C displays amagnification of one single-channel opening.
The typical pattern of different non-equidistant conductance states
of a single alamethicin channel is clearly resolved (see also the
histogram in Fig. 2D and discussion below).

Obviously, sojourns in a certain conductance state with dwell
times well below 100 μs can be captured by the setup. Assuming
that the temporal resolution is limited by the low pass filter
setting of 30 kHz, the corresponding 10–90% rise time [28] of
11 μs and the sampling rate of 200 kHz would allow one to
recognize sojourns of 25μs duration.With a sampling interval of
5 μs, we were not able to correctly resolve 10–90% rise times of
single channel transitions, as there were never more than 3 data
points during a transition. The upper limit of observed transition
times is thus 15 μs, i.e., less than one sampling interval larger
than the theoretical minimum rise time set by the filter. On the
basis of these measurements, we would not feel confident in
making the decision as to whether the rise times were limited by
the filter or by the RC characteristics of our setup. Using the
relation Bmax= (2πRC)

−1 [9], with a total capacitance of
C=4.9 pF (see Materials and methods) and an access resistance
of R=1 MΩ, the maximum bandwidth Bmax of our recordings
would be estimated to be only slightly above 30 kHz.

The conductance of alamethicin single-channel levels
depended approximately quadratically on the order of the
respective level. This is in qualitative agreement with theoretical
estimations [29,30]. However, as is obvious from the current
histogram prepared from a total of 88 s (220 sweeps) of data
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(Fig. 2D), there are also further conductance levels that do not
fit this parabolic dependence. These conductance levels suggest
the simultaneous opening of more than one single channel. This
hypothesis is supported by the fact that all of the current values
corresponding to these levels closely match linear combinations
of the ‘true’ single channel levels that are denoted by gray lines
in Fig. 2C, D. As can be inferred from the histogram, there are
incidents when at least three channels are open simultaneously.

Further statistical analysis is presented in Fig. 3. Panel (A)
displays the response of the alamethicin channels to a −100 mV
voltage pulse averaged over 220 trials. The average response
has a sigmoidal shape. The current does not increase directly
after application of the voltage step. Instead, there is a delay
(approximately 6 ms in the case of Fig. 3), before the current
increases. This is in good correspondence with macroscopic,
i.e., multi-channel measurements of alamethicin currents in
lipid bilayers as reported in, e.g., [22,23].

Fig. 3B shows the probability distribution of the delay
between the application of the voltage step and the first channel
opening. The distribution has a pronounced maximum at about
7 ms. This is in good agreement with the turn-on-delay obtained
from the average current response. The probability distribution
of the conductance state which is entered first is displayed in Fig.
3C. With a probability of 0.982, i.e., almost always, it is the
lowest conductance state (O1) that is entered first. This value was
reproduced in other experiments (0.96±0.05, n=9), regardless
of the fact that voltage, lipid composition or alamethicin
concentration were changed in these experiments. With a
probability of a few percent, the conductance state entered first
is the second lowest conductance state (O2). There are some rare
events where the first current flow occurs through a conductance
state that corresponds to more than one open channel.
Fig. 3. (A) Average trace obtained from 220 runs as in Fig. 2A. (B) Probability
distribution of the time spans from the application of the voltage step until the
first channel opening. (C) Probability distribution of the conductance level that
is entered as the first one after the application of the voltage step. The terms ‘ON’
denote the Nth conductance level as defined in Fig. 2. The term ‘nON’ denotes a
conductance of n times the one of ‘ON’. Note that the probability of the first
opening being in 3O1 or O2 corresponds to 3 or 4 events, respectively.
It has been stated in the literature that the transitions between
the different alamethicin conductance states always occur
between adjacent states [19,31]. Thanks to the high temporal
resolution of the planar chip setup, we were able to perform a
detailed statistical test of this statement. For the sake of
simplicity and clarity, only the ‘true’ single-channel conduc-
tance levels, i.e., those labeled in Fig. 2D were taken into
account: First, the conductance state was determined for every
measured point. We then checked whether it corresponded to a
single-channel conductance level or to a cumulated conduc-
tance of multiple open channels. In the latter case, the detected
state was projected onto a single-channel state. For example, if
the system was detected to be in a state corresponding to the
linear sum of O3 (one channel) and O1 (a second channel), then
the second channel was disregarded, i.e., the system was
considered to consist of a single channel in the state O3. This
procedure is firstly justified by the fact that the probability of
finding the system in a state that corresponded to only one open
channel was 74% (relative to all open states), so that possible
errors would be small. More importantly, however, in transi-
tions between states such as from O3+O1 to O4+O1 the state O1

of the second channel does not change and can be neglected.
Exemplary results of such an analysis for the data presented

in Fig. 2 are shown in Fig. 4. The majority of the transitions into
a certain state is from adjacent conductance levels. For example,
the probability that state O3 is entered either from state O2 or
state O4 is 0.97. With exception of state O6, the probability Padj,s

(s=C,O1,…) for a state to be entered from an adjacent state is
approximately of the same magnitude. For state O6, this
probability is approximately 0.82. On average, the probability
that a conductance state is entered from an adjacent state is
<Padj,s>s=0.95±0.06.

Obviously, there is also a finite probability for transitions
from second-next states to a single state under consideration. An
example is depicted in Fig. 4H. Furthermore, there are also
transitions where more than one state is omitted. However, such
transitions occur very scarcely. Performing the statistics over all
transitions and states, the probability of observing a transition
between non-adjacent states is about 0.013. From the value for
<Padj,s>s given above, one would expect a higher overall
probability (about 0.05) for transitions among non-adjacent
states. However, this apparent discrepancy is explained by the
fact that in 88% of all transitions only the states C,O1,O2 and O3

are involved. For these states, transitions to non-adjacent states
occur very seldom.

The probabilities for observing transitions to non-adjacent
states (especially for transitions from the closed state to state O2

or multiples of state O1) have to be compared to the probability
that an intermediate dwelling in an adjacent state is missed. This
probability was obtained in the fashion established in Appendix
2 of Ref. [32]: The mean frequency of consecutive transitions
was calculated separately for transitions to higher and lower
conductance levels. Based on these frequencies and the
assumption that the setup cannot capture consecutive events
that are spaced closer than the rise time of 11 μs, we obtained a
probability of 0.009 (relative to all detected transitions) that two
consecutive transitions appear as a single one. This is the same



Fig. 4. (A)–(G) Probability PM,N that state N is entered from state M. The probability is relative to all transitions into state N. The data are the same as the ones analyzed
in Fig. 3. (H) Example of a transition between non-adjacent states. The displayed time series is a part of the one of Fig. 2A.
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order of magnitude as the probability with which transitions
between non-adjacent levels were found experimentally.

Qualitatively similar statistical properties of the transitions
between the different single-channel states and of the first state
occurring after a voltage step were also found for other voltages,
voltage jumps from non-zero potential, different alamethicin
concentrations or lipid mixtures containing cholesterol. Fur-
thermore, the statistical properties of the inter-state transitions
described here were also found in steady-state and in
experiments where always only one channel was open.
However, detailed measurements on possible dependencies of
the experimental findings on voltage, alamethicin concentration
or peptide composition are beyond the scope of this paper.

4. Discussion

4.1. Planar patch clamp chips as a substrate for high
resolution bilayer recordings

We have shown that our planar patch clamp system, using
microstructured glass substrates (patch clamp chips), is capable of
analyzing voltage-dependent alamethicin channel gating following
step changes in membrane voltage, and of resolving channel
openings down to dwell timeswell below 100μs. As used here, i.e.,
without any modifications, the planar patch clamp system shows
unusually high bandwidth and low noise compared to classical
bilayer setups. Also, the ability to form solvent-free bilayers from
GUVs in an automated fashion is attractive. In addition, with the
glass chips used here, patch clamp experiments with cells as well as
with artificial bilayers can be performed with the same setup
without the need for any modification. On the other hand, the
performance of the present system (5 pA rms noise at 30 kHz) is still
much inferior to the best low-noise patch-clamp recordings with
pipettes [33,34], which show 6 μs temporal resolution and 1.5 pA
rms noise at 61 kHz filter cutoff, and 12.7 pA rms noise and 3 μs
temporal resolution at 250 kHz filter cutoff, respectively. However,
those results were obtained after substantial modifications of
headstage and amplifier hardware and the use of non-standard
quartz glass pipettes. In contrast, our present recording situation is a
pragmatic compromise between several desiderata (low noise, high
bandwidth, high current amplitude range, ease of use). A large
component of noise in our present setting comes from the input
headstage of the amplifier operating with the 500 MΩ feedback
resistor. Even when the capacitive load was minimized (open
headstage) this was 4.3 pA rms at 30 kHz, i.e., nearly 90% of our
total noise figure of approximately 5 pA rms. The required
amplitude range in recording alamethicin currents did not allow us
to use the feedback resistor of 50 GΩ, which shows an open
headstage noise at 30 kHz of approximately 1 pA. In the latter
setting, we observed a linear increase in rms noise with the
increased capacitive load conferred by the wire connecting the
headstage to the chip holder inside the Port-a-Patch housing
(+1.8 pF) and the chip holder with theAg/AgCl-electrode (+1.3 pF)
from1 (0.35) to 1.92 (0.72) and to 2.7 (0.94) pA rms at 30 (10) kHz,
respectively. An added noise contribution of the chip capacitance
(0.5 pF) was not detectable. Reducing the total capacitance should
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be possible by optimizing the design of the connection between
headstage and chip but seems warranted only when the 50 GΩ
feedback resistor (or alternatively, capacitive feedback [9]) can be
used. Extrapolating the linear relationship between capacitance and
noise reported above would result in an rms noise current at zero
capacitance of 0.27 pA at 30 kHz or 0.11 pA at 10 kHz. These
values might be roughly halved when a capacitive feedback
amplifier is used [9]. However, theywould still bemuch higher than
the ReCF noise expected from a bilayer capacitance of 4 fF and
1 MΩ access resistance (about 14 fA, according to Eq. 10 in [9]).
This term, which is the most important noise source in classical
bilayer recording [35] is therefore essentially eliminated with the
setup used here.

Our findings are in agreement with a recent study using
micron-sized apertures formed in Teflon membranes [6]. With
their smallest (approximately 2 μm diameter) apertures, these
authors found an rms noise of about 1 pA at 10 kHz or
0.44 pA at 4.35 kHz using a capacitive feedback amplifier.
The former value can be directly compared to our noise figure
of 1 pA rms at 10 kHz using the 50 GΩ feedback resistor.
Similar to our findings, these authors obtained a linear
relationship between total capacitive load on the headstage
and rms noise and concluded that the capacitance of the
bilayer does no longer contribute. The total capacitive load in
that study was reported to be considerably higher than in our
case (19 pF as opposed to 3.15 pF). This disadvantage might
be partly offset by the lower intrinsic noise of the capacitive
feedback amplifier used.

To our knowledge, the lowest noise figures in planar bilayer
recording to date were reported by Akeson et al. [36]. Using 25 μm
diameter (or even smaller) apertures at one end of a Teflon tube
connecting two small (70 μl) baths, they report 0.6 pA using
resistive and 0.2 pA rms using capacitive feedback at 5 kHz
bandwidth. These values are almost identical to those we obtain
after post hoc 5 kHz digital 4-pole Bessel filtering of data obtained
at 30 kHz cut-off using the Bessel filter routine from LabView
(National Instruments, Vs. 3.1): 0.62 pA and 0.36 pA rms for the
500 MΩ and the 50 GΩ feedback resistor, respectively.

Finally, the silicon chip system used in Ref. [7] should in
principle exhibit performance characteristics that are similar to
the ones of our system. However, the use of the insulator glass
as the chip material has the advantage of a lower intrinsic
capacitance in comparison to the semiconductor silicon [2].

4.2. Alamethicin channel formation

There exist several models for the formation of alamethicin
channels into lipid membranes [12,37,38,39,40]. These can be
divided into two classes. In one class of models it is assumed
that alamethicin monomers do not form any aggregates before
voltage application [37,40]. The other class of models assumes
non-conducting aggregates at zero applied potential [12,38,39].
In the first class of models, the lowest conducting state is
formed when a minimum number of monomers assemble to
form a conducting pore. Transitions between different conduc-
tance states occur by uptake or release of single monomers. In
the second class of models, the monomers assemble before the
voltage is applied and inter-state transitions occur due to
conformational changes of the aggregates.

The well-known inverse dependence of voltage threshold on
alamethicin peptide concentration (see Ref. [20] for a review) in
itself is a clear indication that channel opening requires the
formation of multimeric aggregates of independent units. In
addition, the geometric series of single channel conductance levels
strongly suggests that conductance grows with increasing number
of monomers per aggregate. Thus, if aggregates do form in the
absence of membrane polarization, then the number of monomers
per aggregate would be expected to show a distribution similar to
that of the conductance states observed in the polarized state.
Therefore, upon application of a voltage step, the amplitude of the
first observed opening could in principle correspond to any of these
conductance states and would not be restricted to the smallest one
(O1). First openings, however, were almost exclusively (P>0.98) to
O1, while apparent first openings to O2 were observed with a
probability on the order of 0.01, (other states were not observed as
first openings). In contrast, the overall probability ratio for states O1

and O2 in these recordings was approximately 2 (see Fig. 2). This
wide discrepancy in the overall distribution of states and that of the
first opening seems difficult to reconcile with models where
voltage-dependent opening of alamethicin-channels occurs by
conformational transitions of pre-existing aggregates. It is in
principle possible that preformed large aggregates can assume
multiple conductance states with multiple voltage-dependent
transitions between them. However, such a model cannot explain
the characteristic reduction of voltage threshold with higher peptide
concentrations in channel forming, nor does it offer an easy
explanation for the geometric series of conductances.

The low but finite probability found for transitions between
non-adjacent conductance states could be taken as an argument
against models without preaggregates. However, the observed
probabilities for such transitions are rather low, so that they
might also be explained by the uptake/release of more than one
monomer into/from an existing pore due to diffusion.
Furthermore, most of these events are likely due to transitions
to adjacent levels which appear too close in time to be properly
resolved. Therefore, we conclude that our experimental
observations are in good agreement with models that do not
rely on the existence of non-conducting preaggregate states.
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