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B
acterial cells continuously need to
exchange small molecules, nutrients,
and proteins with the exterior envir-

onment, simultaneously keeping toxic sub-
stances out. Selective transport of mole-
cules through the cell wall is a fundamental
process in bacterial life. Many of these pro-
cesses involve channels made by aggrega-
tion of peptides, membrane proteins, or
receptors.1�6 For example, the cell walls of
Gram-positive bacteria contain a thick pep-
tidoglycan layer, which allows the permea-
tion of hydrophilic substances up to a mol-
ecular mass of 100 kDa.7 From this follows
that unlike Gram-negative bacteria, Gram-
positive bacteria do not require pore-
forming proteins in their cell wall to trans-
port hydrophilic molecules.5,7 However,
among this group of bacteria, a subgroup

belonging to the order actinomycetales
contains an even thicker cell wall with a
large amount of lipid covalently linked via

arabinogalactan to the peptidoglycan layer,
termed mycolic acid.7 This thick lipid layer
is called the mycolic acid layer because of
the presence of long-chain mycolic acids.
It represents a second permeability barrier
besides the cytoplasmic membrane. In re-
cent years, water-filled pores have been
identified in themycolic acid layer of certain
bacteria that allow the permeation of hydro-
philic molecules into the space between the
inner membrane and themycolic acid layer.
A well-studied channel belonging to this
class ofmembrane channels includesMspA,
a major porin of Mycobacterium smegmatis,
mediating the exchange of hydrophilic
solutes across the outer membrane.7�9
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ABSTRACT We investigated translocation of cationic peptides

through nanochannels derived from the Gram-positive bacterium

Nocardia farcinica at the single-molecule level. The two subunits

NfpA and NfpB form a hetero-oligomeric cation selective channel. On

the basis of amino acid comparison we performed homology

modeling and obtained a channel structurally related to MspA of

Mycobacterium smegmatis. The quantitative single-molecule mea-

surements provide an insight into transport processes of solutes

through nanochannels. High-resolution ion conductance measure-

ments in the presence of peptides of different charge and length revealed the kinetics of peptide binding. The observed asymmetry in peptide binding

kinetics indicated a unidirectional channel insertion in the lipid bilayer. In the case of cationic peptides, the external voltage acts as a driving force that

promotes the interaction of the peptide with the channel surface. At low voltage, the peptide just binds to the channel, whereas at higher voltage, the

force is strong enough to pull the peptide across the channel. This allows distinguishing quantitatively between peptide binding and translocation through

the channel.
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This porin has an octameric goblet-like conformation.
The constriction zone of the octameric MspA channel
consists of 16 aspartate residues (D90/D91) creating a
high density of negative charges, which likely explains
the high cation selectivity of this porin.8 Similar
to M. smegmatis, the cell wall of the Gram-positive
bacterium Nocardia farcinica contains also a cation-
selective channel composed of two subunits, N.

farcinica porin A (NfpA) and N. farcinica porin B

(NfpB), that form together a channel in artificial lipid
bilayers.10�12 The N. farcinica channel (NfpA�NfpB)
is a hetero-oligomer and structurally related to MspA
ofM. smegmatis based on amino acid comparison. The
amino acid sequence alignment suggests an overall
amino acid sequence identity of 11% between NfpA,
NfpB, andMspA, whereas the identity betweenNfpA and
NfpB is about 52%.10�12

The complexity of biological systems makes it im-
portant to study specific functions of membrane pro-
teins in vitro. Techniques such as electrophysiology,
computer simulations, and X-ray crystallography are
used to investigate the translocation pathways of anti-
biotics, nutrients, genetic material (DNA), polyelectro-
lytes, and peptides across protein channels.13�19 The
purification from the nativemembrane and reconstitu-
tion of the purified protein into an artificial biomimetic
membrane is the primary method by which the char-
acterization of membrane proteins can be studied
isolated from other components.20 To obtain initial
information on the function of membrane channels,
the method of choice is to record the ion currents
across the channel.13,14,17 The underlying measuring
principle is the huge difference in ion conductance
between the insulating lipid membrane and ion con-
ducting channel, allowing readily a first characteriza-
tion of single channels with respect to pore size or ion
selectivity.2,16,17,22 Porins reconstituted into liposomes
and planar lipid bilayers were recently used for mea-
surements of substrate translocation.20�22 As the en-
ergy barriers for influx of several substrates are asym-
metric with channel orientation, it becomes interesting
to investigate the orientation of reconstituted porins
relative to their directionality in vivo.22,23

The interaction of polypeptides with transmem-
brane protein pores is of fundamental importance in
biology.24 Today most studies on the mechanism of
protein and peptide translocation across lipid mem-
branes used the ion channels alpha-hemolysin and
aerolysin reconstituted into planar lipid bilayers as
model translocation systems.25�31 Here in this work,
we express and purify outer membrane porin subunits
from N. farcinica, NfpA and NfpB, that form hetero-
oligomeric channels when reconstituted into planar
lipid bilayers. The single-channel properties such as ion
conductance, selectivity, and channel gating were
investigated. We analyzed also the interaction path-
ways of the peptides by reconstituting single porins

into artificial planar lipid bilayers and measuring the
binding of peptides by time-resolved ion current block-
ages. Homology modeling of the N. farcinica channel
with respect to MspA indicated that the channel is
highly asymmetric in shape, and we probed the ori-
entation of the channel in the lipid bilayers by adding
peptides asymmetrically to either the cis or the trans
side. Furthermore, we have shown that the entry and
exit dynamics of charged peptides of different lengths
with respect to the pore can be substantially altered by
applying an external electric field. Therefore this effect
can change the balance between the forces driving
polymers into the pore and the forces driving themout.

RESULTS

Homology Modeling. The structural model of the
N. farcinica channel was built based upon the Modeler
suite of programs.8,12 Initially, several iterations of the
PSI-BLAST protein sequence search program in the
PDB database were performed to allow detection of
remote homologues of the N. farcinica channel. Only
the templates with nonredundant structures were kept
and further used for building the homology model.
These templates included the MspA protein from
M. smegmatis. The three-dimensional structure of
MspA is known (PDB code: 1UUN) and therefore was
used as a template to model the N. farcinica channel
(NfpA�NfpB) structure.8 From the modeled structure,
it can be concluded that the N. farcinica channel
forms a highly asymmetrically shaped channel similar
to MspA, and in its heteroligomeric architecture, two
subunits, NfpA andNfpB, aremost likely to be arranged
in an alternating fashion (Figure 1). In addition, the
channel is cation selective with a cluster of negatively
charged amino acids distributed through the channel
lining and an electrostatic potential surface indicating
a highly negative potential inside the lumen of the
channel (Figure 1). Moreover, the periplasmic side
(stem) of the channel consists of negatively charged
residues clustered like a ring, yielding a high charge
density, whereas, in the extracellular side (cap), nega-
tively charged residues are scattered rather randomly
along the channel surface.

Structural Asymmetry Causes Asymmetric Transport Proper-
ties. To test the structural prediction, single N. farcinica
channels (NfpA and NfpB) were reconstituted into
planar lipid bilayers. The single channel conductance
was measured to be 3.0 ( 0.2 nS at 1 M KCl (Figure 2).
The channel showed a slight asymmetry of conduc-
tance with respect to the polarity of the applied trans-
membrane potential, supporting the view of an asym-
metrical channel reconstituted in lipid bilayers. In
addition, the channels showed asymmetric closure
with respect to the polarity of the applied voltage. At
positive voltages, we observed that the threshold
potential for channel closure was around 30 mV,
whereas at negative voltage the threshold potential
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for channel closure was above 200 mV (Figure 2).
The mechanism of this voltage-dependent closure of
the channel is so far unclear. Moreover, ion selectivity
measurements indicated that the channel is cation
selective.12

Ourmodel (Figure 1) is used for the interpretation of
possible binding sites and their effect on the ion cur-
rent. To elucidate the effect of the asymmetric struc-
ture on the transport properties, we characterized
the translocation of differently sized polyarginines
(tri, penta, and hepta) using ion current fluctuation

analysis. Addition of triarginine to the cis side of the
channel hardly induced any ion current blockages,
showing negligible interaction of the peptide with
the channel surface (Figure 3A). Titrating the channel
with penta-arginine caused short, unresolved ion cur-
rent flickering (Figure 3B). As expected, ion current
flickering increased with increasing peptide concen-
tration. Addition of the hepta-arginine causes fluctua-
tions in a concentration- and voltage-dependentmanner.
However compared to penta-arginine, the number of
events is higher (Figure 3C). Under negative potentials

Figure 2. (A) Stepwise insertion of fourN. farcinica channels reconstituted into planar lipid bilayers at�100mV. (B) I�V curve
of single-channelN. farcinica channel. Ionic currents through singleN. farcinica channel at (C)þ30 and (D)�150mV. At 30mV,
the channel fluctuates between open and closed conductance state with random gating, whereas at �150 mV the channel
exists in one open state. Experimental conditions are 1 M KCl, 10 mM HEPES, pH 7.4.

Figure 1. The modeled structure of the N. farcinica porin A (NfpA) and N. farcinica porin B (NfpB) subunits based on multiple
templates of MspA fromM. smegmatis. Negatively charged amino acid residues are clustered in the channel, resulting in high
charge density. (A) Electrostatic potential surface of the modeled structure showing highly negative potential (red color
surface) inside the lumen of the channel. (B) Four NfpA and four NfpB subunits are shown in red- and blue-colored secondary
structures, respectively, where they are arranged in an alternating fashion. Negatively charged amino acid residues shown as
sticks are clustered in the channel stem region, resulting in a high charge density.
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the addition of peptides on the cis side of the chamber
increased the number of events, whereas positive vol-
tages had no effect (i.e., created no blockage events).
We hypothesize that when peptide enters the channel
through the extracellular side, there is enough space
for the ions to pass through, which means cis side
addition of the peptide does not produce pronounced
blocking.

Reversing the external voltage and the side of
peptide addition revealed the asymmetry of the chan-
nel. Addition of peptides to the trans side induced
pronounced blocking of the channel, indicating strong
interaction with the channel surface but with reversed
voltage dependence: positive voltages induced ion
current blockages, whereas at negative voltages no
ion current blockages were produced. As mentioned
above, the frequency of channel closure (gating) in the
absence of the peptide drastically increased at positive
voltages. To distinguish between spontaneous and
peptide-induced gating of the channel, we selected
the time interval that showed only little intrinsic
gating. Triarginine (1 μM) added to the trans side of
the membrane produced short but visible ion current
blockage events (Figure 4A). In contrast, penta-
arginine and hepta-arginine strongly interacted with
the channel, resulting in ion current blockages in
different steps with reduction in the ion conductance
(Figure 4B and C). The corresponding amplitude histo-
gram showing the different conductance states is
shown in supplementary Figure 1. This indicated that
longer peptides have multiple binding sites in the
channel. It is important to note that a concentration
in the low nanomolar range of these peptides added
to the trans side is strong enough to block the channel

as compared to addition of peptide to the cis side. The
strength of the channel�peptide interaction is in the
order hepta-arginine > penta-arginine > triarginine.
The channel blockades caused by the peptides penta-
arginine and hepta-arginine are greater in amplitude
and duration than those for a short peptide, triarginine.
We hypothesize that in the case of trans side addition
of the peptide, the negative charges clustered in rings
on the periplasmic entry strongly interact with the
peptide and there is only limited space for the ions
to pass through. As a result, we observed strong
blocking of the channel by the peptide. From the
asymmetrical addition of the peptide, we concluded
that the channel is oriented in the bilayers with the
extracellular part at the cis side and the periplasmic
part inserted into lipid bilayers that can easily be
accessed from the trans side.

Previously it has been shown that noise analysis of
the single-channel level revealed asymmetries in chan-
nel transport.14,22 Such asymmetries are often hidden
in membrane preparations with multiple insertions, in
which the channel orientation appeared to be equally
distributed. Previous analysis of the ion current fluctua-
tions under asymmetric conditions revealed that the
kinetics of sugar entry depends on the side of addi-
tion for maltoporin reconstituted into artificial lipid bi-
layers.22Moreover, chemicalmodifications of the sugar
allowed only the entry of the sugar on one side but no
permeation. This enabled us to distinguish transloca-
tion from entry and bouncing back to the same side. It
has been shown that maltoporin catalyzes the trans-
port more efficiently from the outside to the inside
than under reversed asymmetric conditions.14,22,23,34

Figure 3. Typical ion current recordings through a single
N. farcinica channel in the presence of 20 μM (A) triarginine,
(B) penta-arginine, and (C) hepta-arginine added to the
cis side of the lipid membrane with applied voltage of
�150 mV. Experimental conditions are 1 M KCl, 10 mM
HEPES, pH 7.4. Corresponding schematic representation
showing peptide translocation through the channel driven
by applied voltage.

Figure 4. Typical ion current recordings through a single
N. farcinica channel in the presence of (A) 1 μM triarginine,
(B) 100 nM penta-arginine, and (C) 100 nM hepta-arginine
added to the trans side of the lipid membrane with applied
voltage of þ100 mV. Experimental conditions are 1 M KCl,
10 mM HEPES, pH 7.4. Corresponding schematic represen-
tation showing peptide translocation through the channel
driven by applied voltage.
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Here we extended our study toward interaction of
peptides with the hetero-oligomeric channel from
N. farcinica. As shown in Figure 1, the channel consists
of an extracellular part of large diameter, whereas the
periplasmic side consists of a rather narrow opening.
The addition of cationic peptides of different charge
and length produced an asymmetry in the peptide
binding kinetics that can be used to distinguish the
orientation of the channel reconstituted into lipid
bilayers.

Resolving Binding and Translocation. To elucidate the
electrostatic contributions of peptide interaction with
the channel surface, we reduced the salt concentration
from 1 M to 150 mM KCl and investigated the peptide
binding kinetics by single-channel analysis. Addition of
penta-arginine and hepta-arginine to the cis side of the
channel produced well-defined ion current blockage
events. The channel fluctuated between the fully open
conductance state and the closed conductance state
(Figure 5). The frequency and duration of the ion
current fluctuations depended strongly on the applied

voltage and peptide concentration. The number of
peptide blocking events and the average residence
time of the peptide blockage increased at low salt
concentration, which indicated charge effects on the
peptide�channel interaction. The peptide binding ki-
netics was derived from the two factors τc (blockage
time) and τo (open time or time between successful
blockage) fittedwith an exponential fit of the open and
closed time histogram. We found that the reciprocal of
τo (the mean interevent interval) is linearly dependent
on the polypeptide concentration, whereas τc (the
mean dwell time) is independent of the polypeptide
concentration. The applied voltage serves as the main
driving force to pull the cationic peptides from the
aqueous bath to the channel surface.Weplotted τc and
τo as a function of the applied voltage from �100 mV to
�250mVfor thecis sideadditionof thepeptide (Figure6).
The plot of average residence time as a function of the
applied voltage allows distinguishing peptide binding
from the translocation. The τc is higher for hepta-
arginine as compared to penta-arginine (supplementary

Figure 5. Typical ion current recordings through a single N. farcinica channel in the presence of (A) penta-arginine added to
the cis side at �150 and �250 mV and (B) hepta-arginine added to the cis side at �150 and �250 mV. The closed current
represents the time spent by the peptide in the channel or the residence time of the peptide. Experimental conditions are
150 mM KCl, 10 mM HEPES, pH 7.4.
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Figure 2). In case of hepta-arginine τc increased with
increasing voltage from �100 mV to �150 mV, which
indicated that hepta-arginine just binds to the channel
without effective translocation. Surprisingly, when the
voltage was increased above�150 mV, we observed a
decrease in the average residence timewith increasing
voltage, suggesting successful translocation of the
peptide through the channel. The threshold potential
for pulling hepta-arginine through the channel was
calculated to be ∼�150 mV, where force is strong
enough to drag the peptide from the binding site of
the channel. In the case of penta-arginine, we observed
a similar behavior of increase in the residence time at
lower voltages and a decrease in residence time at
higher voltage. However, the threshold potential for
effective translocation to pull the peptide out of
the channel was calculated to be ∼�175 mV. The τo
decreased with increasing concentration of peptide
and increasing applied voltage. Addition of the pep-
tide to the trans side completely closed the channel

due to strong binding at low salt concentration caused
by charge effects. Subsequently τo and τc could not be
obtained. The results suggested a simple bimolecular
interaction between the polypeptide and the pore. The
rate constants of association kon can be derived from
the slopes of plots of 1/τo vs [pept], where [pept] is the
peptide concentration in the aqueous phase. The rate
constants of dissociation (koff) were determined by
averaging the 1/τc values recorded over the whole
concentration range. The equilibrium association con-
stant was then calculated by using K = kon/koff, which
gives the affinity of the peptide to the channel. Peptide
binding kinetics for penta-arginine and hepta-arginine
are summarized in Table 1.

Most approaches investigate the modulation of the
ion current through channels in thepresenceof permeat-
ing solutes caused by slight size differences.13,17,33 How-
ever, the translocation of macromolecules through
nanopores is not only determined by the size but
to a large extent also influenced by electrostatic,

Figure 6. (A) The residence time and (B) the open channel time as a function of the applied voltage (�100 to �250 mV) for
penta-arginine andhepta-arginine. Experimental conditions are 150mMKCl, 10mMHEPES, pH7.4. Peptide is added to the cis
side of the channel.

TABLE 1. Rate Constants of Peptide Association (kon) and Dissociation (koff) and Equilibrium Binding Constant K of the

Interaction between Peptide and Nocardia farcinica Channel

penta-arginine hepta-arginine

voltage [mV] Kon [M
�1 s�1] � 109 Koff [s

�1] � 103 K [M�1] � 107 voltage [mV] Kon [M
�1 s�1] � 109 Koff [s

�1] � 103 K [M�1] � 107

�100 2.5 ( 0.2 2.4 ( 0.24 0.11 ( 0.01 �100 7.7 ( 0.8 0.4 ( 0.04 1.74 ( 0.02
�150 5.8 ( 0.5 0.6 ( 0.05 1.06 ( 0.1 �150 9.6 ( 0.9 0.09 ( 0.01 9.88 ( 0.04
�250 7.6 ( 0.7 1.9 ( 0.20 0.39 ( 0.04 �250 8.4 ( 0.8 2.7 ( 0.3 0.31 ( 0.02
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hydrodynamic, hydrophobic, and van der Waals inter-
actions with the nanopore walls.13�19 The quantifica-
tion of transported uncharged molecules across a few
nanometer long channels remains experimentally a
challenge. Ensemble measurements on liposomes (lipo-
some swelling) have only a limited time resolution.20

The above-described method of noise analysis of the
ion current has a number of unique advantages, among
others, the use of very little material with single-
molecule resolution, the potential for parallelization,
and the relatively good time resolution. However, with
respect to the translocation of uncharged molecules, a
direct conclusion from binding on transport is not
possible.32 In contrast for charged compounds, the
applied transmembrane voltage is the driving force
to pull the molecule out of the channel.

In particular pulling DNA through nanopores for
next-generation sequencing remains a very prominent
research area.6,19,36 Despite the rapid development of
single-molecule techniques, the underlying mecha-
nisms and forces in this molecular transport are poorly
characterized and not fully understood. Previously it
has been shown that solid-state nanopores and biolo-
gical nanopores have been used to study the coupling
between protein translocation and folding.7,24,28�31,33

This allows for detection and analysis in real-time
protein translocation events. For example, alpha he-
molysin was used to study the partitioning of synthetic
cationic alanine-based peptides.25�27 The kinetics of
association and dissociation rate constants obtained
from a single alpha hemolysin channel in the presence

of micromolar concentrations of peptide are strongly
dependent on the transmembrane voltage and pep-
tide length.31

CONCLUSION

Here in this work, we introduced a new type of
channel, a novel hetero-oligomeric nanochannel de-
rived from N. farcinica. In the present contribution, we
showed an experimental strategy to illuminate various
kinetic contributions to polypeptide translocation
through the N. farcinica channel reconstituted into
lipid bilayers. We have been able to measure time-
resolved single-molecule events of peptide entry into
the pore and obtain detailed kinetic information. More-
over, it has been discussed that N. farcinica channels
reconstituted into planar lipid bilayers have asym-
metric properties in both ion conductance and peptide
binding. This asymmetry in the peptide binding reveals
that channel insertion is unidirectional. The applied
transmembrane voltage acts as a possible driving force
for diffusion of cationic macromolecules through the
channel. We hypothesize that the binding is enhanced
at low voltages and that with increasing applied
voltage the peptide is pulled out of the channel,
resulting in successful translocation. The kinetic data
obtained from our single-channel measurements can
be used to distinguish the peptide binding events from
the translocation events. In conclusion this work de-
monstrates that a biological nanopore can represent a
versatile single-molecule tool for exploring protein
interactions.

METHOD
Purification of Two Subunits of Porins from Nocardia farcinica. The

purification of the two subunits NfpA and NfpB expressed in
E. coli BL21 (DE3) Omp8 was performed as described previ-
ously.12,37 In brief, the genes flanked with 10 histidine residues
were cloned into the expression plasmid pARAJS2 containing
an arabinose-induced promoter sequence.38 This plasmid had
been prepared, and the porin-deficient E.coli Omp8 cells con-
taining the plasmid were grown in an LB-ampicillin media at
37 �C until it reached the OD600 of 0.5�0.9. The cells were then
induced with 0.02% of arabinose for overexpression and were
grown at 16 �C for 16 h. The cell broth was centrifuged at 5000g
for 10min at 4 �C, and the pellet was resuspended in 10mM Tris
pH 8. The resuspended pellet was later broken down by French
press, and the cell debris was obtained by centrifugation at
5000g for 10 min at 4 �C. The supernatant was ultracentrifuged
at 48000g for 1 h at 4 �C to obtain a supernatant containing the
cytosolic proteins and the pellet containing membrane pro-
teins. Our proteins of interest were found to be present in both
the supernatant and pellet fractions. The protein present in the
supernatant fractionwas obtained as inclusion bodies that were
not large enough to pellet down during ultracentrifugation. The
temperature of 16 �C used for cell growth after induction with
arabinose facilitated the smaller aggregation of proteins as
inclusion bodies. Nevertheless, the His-Tag protein purification
from the supernatant fraction had to be performed under
denaturating conditions using urea buffer. The purification
under denaturating conditions was performed by suspending
1 mL of the supernatant in 4 mL of 8 M urea/10 mM Tris/200 μL

Ni-Sepharose High Performance/20 mM imidazole pH 8 buffer
for 6 h at room temperature. The beads were then extensively
washed with 8 M urea/10 mM Tris/100 mM imidazole pH 8 to
remove impurities. Later the NfpA/NfpB proteins were eluted
with the solution containing 8 M urea/10 mM Tris/500 mM
imidazole pH 8. The expression andpurification of proteinswere
monitored by SDS page andWestern blot in every step. The two
subunits, purified separately, were refolded together to form a
hetero-oligomeric channel by ammonium sulfate precipitation.
The two purified subunits weremixed together in a 1:1 ratio and
precipitated using saturated ammonium sulfate solution. The
solution was incubated overnight and was centrifuged at
18000g for 30 min to remove the supernatant. The precipitated
protein pellet was refolded to native state by incubating for 12 h
in 10 mM Tris-HCl with 1% Triton X-100 and 150 mM NaCl.12

Solvent-Free Lipid Bilayer Technique. Reconstitution experi-
ments and noise analysis have been performed as described
in detail previously.32,35 The phospholipid bilayer was formed
with DPhPC (1,2-diphytanoyl-sn-glycero-3-phosphocholine) by
employing the classic Montal and Muller technique.35 A Teflon
cell with an approximately 50 μm diameter aperture in the
25 μm thick Teflon partition was placed between the two
chambers of the cuvette. The aperture was small enough to
form a stable bilayer with the possibility of protein insertion.
As the electrolyte, 1 M KCl, 10 mM HEPES, pH 7.4 was used
and added to both sides of the chamber unless otherwise
indicated. Standard silver�silver chloride electrodes from WPI
(World Precision Instruments) were placed in each chamber to
measure the ion current. For single-channel measurement, small
amounts of porin were added to the cis-side of the chamber
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(side connected to the ground electrode). Spontaneous channel
insertion was usually obtained while stirring under applied
voltage. In order to prevent insertion of more than one porin,
the cis side of the chamber was carefully diluted with the
same buffer to remove the remaining channels. Conductance
measurements were performed using an Axopatch 200B am-
plifier (Axon Instruments) in the voltage clamp mode. Signals
were filtered by an on board low pass Bessel filter at 10 kHz
and recorded onto a computer hard drive with a sampling
frequency of 50 kHz. Amplitude, probability, and noise analyses
were performed using Origin (Microcal Software Inc.) and
Clampfit (Axon Instruments) software. Single channel analysis
was used to determine the peptide binding kinetics. To obtain
good statistics for the results, the experiments were repeated
five times with different N. farcinica channels. We determined
the association and dissociation rate constants and the parti-
tioning data from single-channel recordings of the N. farcinica
channel. In a single-channel measurement the usual measured
quantities as illustrated in Figure 6 are the duration of closed
levels residence time (τc) and open channel time (τo), or for short
blockages the average residence time (τc) and the number of
blockage events per second.
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