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The viral channel Kcvyrs belongs to the smallest K™ channels known so far. A monomer of a functional
homotetramer contains only 82 amino acids. As a consequence of the small size the protein is almost fully
submerged into the membrane. This suggests that the channel is presumably sensitive to its lipid environment.
Here we perform a comparative analysis for the function of the channel protein embedded in three different
membrane environments. 1. Single-channel currents of Kcvyrs were recorded with the patch clamp method on
the plasma membrane of HEK293 cells. 2. They were also measured after reconstitution of recombinant channel
protein into classical planar lipid bilayers and 3. into horizontal bilayers derived from giant unilamellar vesicles
(GUVs). The recombinant channel protein was either expressed and purified from Pichia pastoris or from a
cell-free expression system; for the latter a new approach with nanolipoprotein particles was used. The data
show that single-channel activity can be recorded under all experimental conditions. The main functional features
of the channel like a large single-channel conductance (80 pS), high open-probability (>50%) and the approxi-
mate duration of open and closed dwell times are maintained in all experimental systems. An apparent difference
between the approaches was only observed with respect to the unitary conductance, which was ca. 35% lower in
HEK293 cells than in the other systems. The reason for this might be explained by the fact that the channel is
tagged by GFP when expressed in HEK293 cells. Collectively the data demonstrate that the small viral channel
exhibits a robust function in different experimental systems. This justifies an extrapolation of functional data
from these systems to the potential performance of the channel in the virus/host interaction. This article is part
of a Special Issue entitled: Viral Membrane Proteins—Channels for Cellular Networking.

© 2013 Elsevier B.V. All rights reserved.
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1. Introduction

Potassium channels are membrane proteins, which catalyze the
flux of K* ions in a selective and regulated (gated) manner across
membranes. Because of their high transport capacity, the activity of
single K™ channels can be measured at high temporal resolution with
various electrophysiological methods. This detailed functional informa-
tion is paralleled by explicit knowledge on the molecular architecture of
K™ channels, which is available from crystal structures [1-3] and MD
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phosphocholine; GUV, giant unilamellar vesicle
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simulations [4,5]. The combination of these high-resolution data is
now frequently used to correlate structural properties with functional
features [6,7].

In this context, however, it occurs that for a full understanding of
ion channel function the membrane, in which the protein is embed-
ded, has to be considered also. Crystal structures for example reveal
the binding of anionic phospholipids to specific pockets in the KcsA
protein [8]. Complementary functional studies underscore the role
of these interactions for channel function [9-11]. Structural data fur-
thermore suggest that the architecture and orientation of transmem-
brane domains of membrane proteins are designed in such a way that
they avoid a thermodynamically unfavorable hydrophobic mismatch
between protein and lipid bilayer [12-14]. This predicts that the
thickness of the membrane, which can vary in the plasma membrane
within microscopic domains [15], may affect the structure of a channel
and as a consequence also its activity. Functional studies in this context
have indeed shown that the conductance of the BK channel is depending
on the thickness of the lipid bilayer in which it is inserted [16]. But the
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membrane-spanning domains of the proteins seem to be not the only
ones involved in lipid-channel interaction. A recent study suggests that
the MO helix of KcsA, which is lying on the cytosolic membrane interface,
performs a “barrel roll” movement upon channel opening; this event
seems to be dependent on the presence of anionic lipids in the inner
membrane leaflet [17].

The activity of ion channels is generally recorded with the patch
clamp method [18] in membranes from living cells, which express a
channel of interest in a homologous or heterologous manner. In this
case, the composition of the membrane in which the channel functions,
is largely unknown and not under the control of the experimenter. In
such a system, there is also little control over the arrangement of the
channel proteins in clusters, their interaction with endogenous proteins
or their insertion into micro-domains like lipid rafts. A reduced system,
which offers more control over the environment of a channel protein, is
provided by the planar lipid bilayer technique [19,20]. With this method,
the lipid bilayer can be chosen and modified by the experimenter on
demand. This offers the opportunity to reconstitute a purified protein
into a pure and defined bilayer. The problem with this approach is that
bilayers may under certain circumstances also generate lipid pores
[21] so that bilayer recordings with reconstituted proteins are some-
times challenged as artifacts [22]. Another source of artifacts in bilayer
recordings is related to the isolation procedure of the channel proteins.
Protein produced recombinantly or isolated from cells may be contami-
nated with endogenous channel proteins from the expression system
[23,24]. A further disadvantage of the bilayer technique is that some pro-
tocols require a solvent like decane for building the bilayer [20]. In the
procedure some solvent may stay in the bilayer and modify the mem-
brane in an unpredictable fashion. Another technique generates planar
lipid bilayers from giant unilamellar vesicles (GUVs) [25]. This approach
does not require any solvents; but in this protocol, usually 10% choles-
terol is used for the fabrication of stable membranes.

In this work, we compare the basic single-channel properties of a
model K channel in a variety of different recording systems. The
small viral K™ channel Kcvyrs is encoded by a Chiorella virus isolated
from an alkaline lake in Nebraska [26]. Kcvyrs is structurally very similar
to Kcvarev.1 from Acanthocystis turfacea Chlorella virus-1 (Fig. 1). The
latter is the prototype of the most recently isolated Chlorella virus
group, which infects SAG type chlorella cells [27]. Previous studies
have already shown that both viral proteins are functional K™ channels
[26,28]. The interesting aspect in the context of the present work is that
Kcvarcy-1 and its orthologs are miniature indeed [29]. The four mono-
mers, which form the functional tetramer, each contain only 82 amino
acids. As we will demonstrate below by molecular dynamics (MD) sim-
ulations this small channel is quasi fully immersed in the lipid bilayer.
We consider this an ideal model system for studying the relevance of
protein/bilayer interactions. The environment of the protein is domi-
nated by the lipid bilayer; extracellular or cytosolic domains can, if
any, only play a minor role for channel function.

The systematic examination of viral K™ channel function in different
experimental conditions is important for a proper understanding of their
role in the virus/host system. The current knowledge is that the great
majority of chlorella viruses (39 over 41), which were sequenced so far,
contain genes for small K* channels [30]. Expression studies show that
the channel protein is produced as a late gene in the infected host cell

M1

Kcvyrs MLLLITHLSILIVFTATIYKMLPGGMFSNTDPTWVDCLYFSA 41

Kcvarcy-1 MLLLITHITILVIFTAIYKMLPGGMFSNTDPTWVDCLYFSA 41
TM2

Kcvyrs STHTTVGYGDLTPKSPVAKLTATAHMLIVFAIVISGFTFPW 82

KcVarcv-1 STHTTVGYGDLTPKSPVAKLTATAHMLIVFAIVISGFTFPW 82

Fig. 1. Amino acid sequence alignment of Kcvarcy-1 and Kevyrs. Exchanges are marked
in gray, the signature potassium filter sequence is underlined. The predicted location of
the two transmembrane helices TM1 and TM2 of Kcvarcy.1 was taken from [28].

[31]. Recent experiments confirm with the help of a monoclonal anti-
body that the prototype channel Kcv from virus PBCV-1 is indeed present
in the mature virion; it is presumably located in the inner membrane of
the virus particle [32]. A bulk of circumstantial data suggests that the
viral channel has a crucial role during early infection. Measurements of
the membrane potential in the host Chlorella NC64A, a unicellular
green alga, have shown that the cells depolarize within the first few
minutes of virus infection [33]. This depolarization is most likely caused
by an insertion of few individual viral K™ channels into the plasma mem-
brane of the host during fusion of virus and host cell membrane [34].
Experimental support for this hypothesis comes from the observation
that the same blockers, which inhibit the viral channel in heterologous
systems or after reconstitution in planar lipid bilayers, also block the
host depolarization [33,34]. The crucial role of the viral channel in host
infection is further underscored by experiments, which show that the
sensitivity of host depolarization to channel blockers reflects the distinct
inhibitor sensitivity of K* channel orthologs from different viruses [33].
It was further found that a block of viral K™ channel activity and the con-
sequent inhibition of the host depolarization prevent infection. The latter
could be attributed to a block of DNA ejection from the virus particle into
the host [34]. A plausible explanation for this scenario is that the depolar-
ization of the host cell, which is initiated by the viral channel, causes an
efflux of K™ salts and consequently water from the host cells [35]. This
lowers the high internal pressure of the host cell and makes it easier
for the virus to transfer its large dsDNA genome into the host. This inter-
pretation of viral channel function during infection is based on extrapo-
lations of functional data from heterologous expression systems and
from reconstituting the viral channel protein in planar lipid bilayers. Be-
cause of the small size of the channels and the aforementioned potential
dependency of channel function on the lipid bilayer it was so far not
known whether these extrapolations are indeed valid.

The present data now show that conductance and gating properties
of the channel are robust and observable in conventional patch clamp
recordings and in different planar lipid bilayer experiments. With the ex-
ception of a smaller conductance and a slightly lower open-probability in
the mammalian cell system, the basic functional features of the channel
are maintained in all experimental approaches. There is little difference
on whether the protein is synthesized by a mammalian cell, expressed
and purified from yeast or produced in a cell-free system. The results of
these experiments stress that functional data from different approaches
can be used to draw conclusions on structure/function correlates in this
miniature channel; the experimental data are also sufficiently general
and allow an extrapolation of channel function in the virus/host system.

2. Methods
2.1. Protein expression in Pichia pastoris

The ORF encoding the Kcvnrs gene was subcloned into a modified
P. pastoris expression vector pPICZ A (Invitrogen) containing a Kozak
consensus sequence, a His7 tag, a proteolytic site for the H3C protease
and a LIC (ligation independent cloning) site on the N-terminus of the
protein sequence. P. pastoris cells (SMD 1163 strain) were transformed
with 3 pg of the Pmel linearized construct by using the Pichia Easy
Comp™ kit as described by the manufacturer (Invitrogen, Carlsbad, CA,
USA). Positive colonies were selected from YPDS (10 g/l bacto yeast,
20 g/l bacto peptone and 20 g/l dextrose) agar plates containing
50 pg/ml zeocin. Single-colony starting cultures were grown in BMGYH
medium [see the Pichia expression kit manual (Invitrogen)] at 30 °C,
300 rpm for 36 h. After centrifugation at 3000 g for 10 min at 4 °C, the
pellet was resuspended to a D600 of 4 in BMMH medium [see the Pichia
expression kit manual (Invitrogen)] and grown at 30 °C, 300 rpm for
24 h. Each gram of cells was suspended in a 1:20 ratio of breaking
buffer as in Gazzarrini et al. [28]. The presence of the overexpressed
protein at the correct molecular weight was verified on SDS-PAGE
and Western blot. Cells were broken with a Cell Disruptor (TS Series
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Benchtop, Constant System, Inc.) set on a 40 kPa pressure. The cell
homogenate was centrifuged at 3000 g for 10 min at 4 °C. The superna-
tant was centrifuged at 30,000 g for 45 min at 4 °C in the presence of
PEG 8000 10% (w/v) and NaCl 200 mM. The pellet, consisting of the mi-
crosomal fraction of the membrane, was solubilized with 200 mM
octyl-glucopyranoside (Anatrace) for 4 h at 4 °C. Elution of the protein
was performed as in Pagliuca et al. [36], in the presence of 40 mM
octyl-glucopyranoside. The integrity and purity of the protein was
checked on SDS-PAGE.

2.2. Cell-free protein production and purification

Cell-free production of the Kcvyyrs protein was done with the
MembraneMax™ HN Protein Expression Kit (Invitrogen) following
the manufacturer's instructions. The gene of Kcvyrs was cloned into
a pEXP5-CT/TOPO®-vector. To express the protein in its native form,
a stop-codon was inserted right before the gene of a 6xHis-tag. Briefly,
the DNA template was incubated with the synthesis reaction mix
(MembraneMax™ HN reagent carrying a polyHis-tag, ribosomes, T7
RNA polymerase and energy renewal system) for 35 min at 37 °C
(1000 rpm). The feeding buffer was added and the reaction was incu-
bated for 1 h 45 min at 37 °C (1000 rpm). After the expression, the
protein was loaded on a Ni-NTA column, which was equilibrated with
an equilibration buffer [500 mM NaCl, 30 mM HEPES, 10% glycerin
(all from AppliChem GmbH, Darmstadt, Germany), pH 7.5]. Unspecific
binding was removed by washing the column with 20 mM imidazole
(Sigma Chemical, Deisendorf, Germany) twice. The protein was then
eluted with 250 mM imidazole in 7 fractions at 100 pl. After elution
the protein was used directly in the planar bilayer system.

2.3. Vertical black lipid membrane (BLM) experiments

Planar lipid bilayers were formed in a vertical bilayer set up
(IonoVation, Osnabriick Germany) by the monolayer folding technique
[19] over a hole (ca. 100 pm in diameter) in a Teflon foil. The hole was
pretreated with a 1% hexadecane solution (MERCK KGaA, Darmstadt,
Germany) in n-Hexan (Carl ROTH, Karlsruhe, Germany). In the next
step a lipid solution of 1,2-diphytanoyl-sn-glycero-3-phosphocholine
(DPhPC, 15 mg/ml, from Avanti Polar Lipids, Alabaster, AL, USA) in
n-Pentan (MERCK) was pipetted onto the experimental solution
(100 mM KCl, 10 mM HEPES, adjusted with KOH to a pH of 7.0). After
evaporation of the detergent, the solutions in both chambers were
raised to form a lipid bilayer. After formation of the bilayer a voltage pro-
tocol was applied for at least 5-10 min to exclude contaminations or
unspecific channel activity of e.g. lipid pores [21]. For incorporation of
ion channels either in detergent (octyl-glucopyranoside) or imidazole
(250 mM) a small amount (1-3 pl) was added into the trans compart-
ment directly. After fusion of ion channels with the lipid bilayer different
voltage protocols were applied to record the resulting currents.

All planar lipid bilayer measurements were done at room tempera-
ture (20-25 °C). Ag/AgCl electrodes were connected to the head-stage
of a patch clamp amplifier (L/M-EPC 7, List-Medical, Darmstadt). Mem-
brane potentials are referred to the cis compartment. Single-channel
currents were filtered at 1 kHz and digitized with a sampling interval
of 280 ps (3.57 kHz) by an A/D-converter (LIH 1600, HEKA Electronik,
Lambrecht, Germany).

2.4. Preparation of liposomes and formation of horizontal lipid bilayers

Giant unilamellar vesicles (GUVs) were formed by electroformation
[37] with the Vesicle Prep Pro station (Nanion Technologies GmbH,
Miinchen, Germany). The lipid solution contained 10 mM DPhPC and
1 mM synthetic cholesterol (AppliChem), dissolved in chloroform
(AppliChem). The preparation of GUVs is reported elsewhere [25]. After
formation of GUVs they were used (3 pl) in the Port-a-Patch system
(Nanion) directly. GUVs touching the surface of the glass chip burst

immediately to form stable lipid bilayers with high ohmic resistance
[25]. In case of unstable bilayers a 0.1 M HCl solution was used to stabilize
the membrane. After stabilization the HCl solution was washed out with
the experimental solution (100 mM KCl, 10 mM HEPES, adjusted with
KOH to a pH of 7.0).

To avoid artifacts in the measurements the bilayers were tested
prior to the addition of protein for at least 5-10 min; only bilayers
which revealed no current fluctuations during the test were used
for further experiments. Afterwards, 0.5-2 il of the protein (solubilized
in octyl-glucopyranoside) was added directly onto the chip. After fusion
of ion channels with the lipid bilayer different voltage protocols were
applied to record the resulting currents. Single-channel currents were
filtered at 3 kHz and with a sampling interval of 100 ps (10 kHz) with
an EPC9 (HEKA) amplifier.

2.5. HEK cell experiments

Kcvnrs was cloned between the Bglll and EcoRI restriction sites of
the multiple cloning site of the pEGPF-N2 vector (BD Biosciences,
Heidelberg, Germany). No stop codon was inserted, so EGPF was
fused in frame directly to the C-terminus of the channel protein.
HEK293 cells were transiently transfected with GeneJuice (MERCK)
following the manufacturer's instructions. The experiments were done
24-36 h after transfection; the GFP fluorescence served to identify suc-
cessfully transfected cells.

Patch clamp recordings were performed in cell-attached and inside-
out mode. Pipette and bath solution were identical and contained
100 mM KdCl, T mM MgCl,, 1.8 mM CaCl,, 10 mM HEPES, and 100 mM
mannitol. pH was adjusted to 7.4 with KOH. Pipettes were pulled from
borosilicate glass (Science Products, Hofheim, Germany) on a two-step
puller (L/M-3P-A, List-Medical) and typically had a resistance of 15-
20 MOhm. Currents were measured by a Dagan 3900 amplifier (Dagan
Corporation, Minneapolis, MN, USA) and digitized by a LIH 8 + 8
(InstruTECH/HEKA) at a rate of 200 kHz. The low-pass filter on the
amplifier was set to 10 kHz or 5 kHz.

2.6. Data analysis

Current traces at different membrane voltages were recorded via
Patchmaster (HEKA) and analyzed with Fitmaster (HEKA) and lab-built
software (KielPatch, www.zbm.uni-kiel.de/aghansen/software.html).
Current amplitudes were determined visually, an automated jump de-
tector [38] was used to construct the open-probability and dwell time
histograms. The dwell time histograms were fitted with sums of 1-3
exponential functions.

3. Results and discussion
3.1. Structural properties of Kcvnrs

The Kcvnrs channel is a very close relative of the previously charac-
terized viral channel Kcvarcy-q [28]; with only 82 amino acids they are
the so far smallest known K" channels. The alignment shows that
both channels differ in only 4 out of 82 amino acids (Fig. 1). When
transfected into HEK293 cells Kcvnrs generates macroscopic currents
[26], which are similar to those obtained with Kcvarcy-q [28].

3.2. Comparison of channel activity in different systems

The influence of different systems for channel expression and recon-
stitution was studied by recording single-channel currents from Kcvyrs
under four different experimental conditions:

1.) The channel was produced in P. pastoris and the isolated protein
reconstituted in a classical planar lipid bilayer (black lipid mem-
branes, BLM).
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2.) The channel was produced in a cell-free system and examined in
the BLM.

3.) Giant unilamellar vesicles (GUVs) were used to form a horizontal
membrane in an integrated planar patch clamp system. Protein
from P. pastoris was reconstituted into this membrane.

4.) HEK293 cells were transfected with a plasmid containing the
gene for a Kcvnrs-GFP fusion protein and examined in a classical
patch clamp setup.

Under all experimental conditions, it was possible to measure the
single-channel characteristics of Kcvnrs. After achieving in each system
the appropriate conditions for single-channel recordings a transmem-
brane potential was applied. Because of the high open-probability of
Kcvnrs (see Fig. 4B, below), the number of active channels could be eas-
ily estimated from a simple visual inspection of the current records.
Bilayers or patches with no or too many (5 or more) channels were

A JUN
+60 mV
BLM /
Pichia pastoris Eotmi
5 pA
S 1s
B B +60 mV
BLM /
cell free
C
horizontal
bilayer [

Pichia pastoris

Patch clamp /
HEK-293 cells

60mV L -

SpA‘

— 500 ms

discarded. If current fluctuations of one to four channels were visible,
a voltage protocol ranging from —120 to +120 mV with steps of
20 mV was applied. If the membrane stability allowed it, the protocol
was repeated multiple times. For the determination of single-channel
I/V curves (current voltage relationships) and for the estimation of the
open-probability, single- and multi-channel data were used. Dwell-time
histograms were obtained from recordings with one channel only.

Fig. 2 shows representative current traces of single Kcvyrs channels at
+60 and — 60 mV for all four experimental approaches. The characteris-
tics of the channels are consistent under all conditions: the unitary con-
ductance is similar and the channel exhibits very high open-probability
throughout. The temporal behavior shows bursts of activity interrupted
by short sojourns in a closed state. During bursts of activity, the channel
approaches an open-probability of virtually 100% even though it is
interrupted by very short closing events. They are visible as incomplete
transitions towards the baseline because of the limited temporal

50 ms

50 ms

Fig. 2. Representative current traces of single Kcvnrs channels in different expression systems. Currents were recorded in steady state at membrane potentials of +60 mV and —60 mV,
respectively. C and O denote the closed and open channel, respectively. (A) Protein produced in Pichia pastoris and reconstituted in symmetric planar lipid bilayer. (B) Protein produced in
a cell-free system in the same type of bilayer. (C) Protein from P. pastoris reconstituted into horizontal membranes formed from GUVs with planar patch clamp. (D) Inside-out patch clamp
on HEK293 cells transiently transfected with a Kcvnrs-GFP fusion protein. Data was offline filtered at 500 Hz (A, B) or 1 kHz (C, D).
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Fig. 3. Subconductance states of a single Kcvyys channel purified from Pichia pastoris and reconstituted in BLM. The dominant current level is O,. Jumps into a higher level O; occur

either via a closed state (upper panel) or directly (lower panel).

resolution. The results of these experiments show that the large unitary
conductance and the gating with a high open-probability, which is
recorded by patch clamp measurements in living cells, are also
maintained in the reduced bilayer systems. This overall similarity con-
firms that the channel fluctuations measured in the bilayer systems are
not caused by lipid pores or detergent-induced membrane defects [21].
Also a contamination from the expression system can be excluded as
the source of channel activity.

A <
2 101
5 !_Y,*-
fal
100 56 50 100
=X -5 VimV
-10
C L] » :-o
- vy ez
£ Bl n= HEts
o
3 F BFgm
21' g 888 g B
2 N “ DAAA
AC
0.14

100 50 0 50 100
V/mV

In addition to the prevailing conductance (marked by dashed lines
in Fig. 2), the channel occasionally displays other conductance states.
This behavior is most obvious in the BLM system, where the channel
could fluctuate between the dominant conductance and a level, which
exceeded the latter by approximately 30%. The channel is able to switch
between the two conductance levels either via a closed state (Fig. 3,
upper panel) or directly (lower panel). This indicates that both conduc-
tances are indeed a property of Kcvnys and not introduced by a
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Fig. 4. Electrophysiological properties of Kcvyrs under different experimental conditions. All panels use the same colors and symbols. Black (squares) and gray (circles): reconsti-
tution in BLM with protein from Pichia pastoris and from cell-free synthesis, respectively. Blue (upright triangles): horizontal bilayers formed from GUVs by planar patch clamp.
Orange (inverted triangles): patch clamp recordings on HEK cells. (A) Single-channel I/V curves of the dominant conductivity. Number of experiments: P. pastoris (n = 5) and
cell-free production in BLM (n = 4), Pichia protein in horizontal bilayers (n = 2) and transfected HEK cells (n = 9, cell-attached and inside-out data were pooled). For clarity,
the standard deviation is only shown for the HEK cell experiments and the Pichia protein in BLM. The lines are polynomial fits (without theoretical meaning) to the HEK cell
data (dashed) and the other three conditions (solid line). (B) Single-channel open-probability. (C) Time constants of closed dwell times from one representative experiment for
each condition. Open and closed symbols denote the two different time constants. (D) Representative closed dwell time histograms obtained at —60 mV from BLM and HEK cells.
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Table 1

Single-channel conductivity of Kcvyys in 100 mM KCl in different systems
as determined by a linear fit from — 60 to +60 mV to the I/V curves from
several experiments. The number of experiments is given in brackets.
From the channel protein expressed in P. pastoris and reconstituted in the
planar patch clamp set up, only two data sets are available. The individual
conductance values, which are appreciably different, are given instead of
the average.

Pichia/BLM (
In vitro/BLM 87 + 6 pS (
Pichia/planar patch clamp 68/80 pS (2
HEK 50 + 6 pS (

81 + 7 pS (5)
4)
)

9

)

contamination. Because these types of fluctuations between a sub-state
and a fully open state were not observed in all measurements it is pos-
sible that the unitary conductance of the channel is underestimated in
the data of the I/V relation.

The single-channel 1/V curve of the dominant conductance level is
essentially linear over the voltage range tested (Fig. 4A). The slope con-
ductance between 460 mV and —60 mV lies between 50 and 90 pS
for the different recording conditions. The results are summarized in
Table 1. There was no apparent difference between the unitary conduc-
tance measured in cell-attached and inside-out experiments on HEK293
cells; the data were therefore pooled for the I/V relation. A comparison
of the unitary conductance values from different methods shows that
the conductivity of the channel in HEK293 cells was significantly
lower (50 pS) than in the artificial systems (~80 pS). The present
data cannot answer the question of why the unitary conductance is
lower in cells than in the bilayers systems. The similarity in channel
conductance from records in cell-attached mode and excised patches
excludes cytosolic factors as an explanation for the low conductance
in cells. One reason could be that the channel, which is expressed in
HEK293 cells is C-terminally tagged with GFP. This explanation is plau-
sible because the single-channel conductance of the similar Kcvarcy-1

channel (Fig. 1) is also 80 pS when measured without a GFP tag in the
plasma membrane of Xenopus oocytes [28]. This value corresponds to
the conductance of Kcvyrs in artificial bilayers (Table 1). In patch clamp
experiments in HEK cells, GFP-tagged Kcvarcy-1 also shows a lower con-
ductance (data not shown). The results of these experiments suggest that
the unitary conductance of the channel is not per se smaller in a native
plasma membrane.

We quantified the gating of the channel by calculating the open-
probabilities and, where possible, time constants from dwell-time histo-
grams. Fig. 4B shows that the open-probability is practically voltage-
independent and similar under all experimental conditions tested. The
open-probability has an average of about 80%. Such a high open-
probability has already been found for the close relative of Kcvyrs:
Kcvarcv-1 also has a single-channel open-probability of about 80%
in Xenopus oocytes [28] as well as in HEK293 cells (data not shown).

Dwell-time histograms were constructed and exponential fits of
the closed-state histograms revealed two different time constants
(Fig. 4C) in all four systems. A third, faster, time constant could be ob-
served only in HEK cells (not shown), most likely because of the faster
filtering and sampling in the patch clamp setup compared to the artifi-
cial bilayers. As expected from the overall open-probability, the time
constants do not depend appreciably on the membrane potential;
they are also within the scatter independent of the expression and
recording system.

3.3. The small Kcvyrs like channels are fully embedded in the lipid bilayer

The data show that the small Kcvyrs channel maintains its overall
activity in a variety of experimental systems. It will be a future goal to
understand the correlations between structure of a channel in its
membrane environment and function in more detail. To tackle this
problem we illustrate the membrane location of such a short channel
by performing preliminary MD simulations of the Kcvarcy.1 variant.
Omitting details of the model building process, which follows closely
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Fig. 5. Results of MD simulations of Kcvarcy-1 in DMPC and POPC membranes. Two snapshot structures after a total simulation time of 40 ns are shown for DMPC (A) and POPC (B)
embedding. The channel monomers are depicted in cartoon representation and are colored individually. Lipid headgroups are shown as red balls, hydrocarbon tails as wire. Solvent
components have been omitted for clarity. (C) The solvent-accessible surface area (SASA) is shown as a function of simulation time (blue: DMPC, red: POPC), indicating different
overall shape in response to varying membrane environments. All calculations and visualizations have been done using VMD [41].
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our earlier simulation studies of truncated KirBac1.1 [4] and Kcvppcy-1
[39] in a solvated DMPC membrane and which will be described else-
where, a homology model was derived from the X-ray crystallographic
KirBac1.1 structure [40], embedded in two different membrane environ-
ments, DMPC (fully saturated) and POPC (unsaturated), built-up using
VMD 1.9 [41] by cutting overlapping lipid molecules from an initial
256 lipid bilayer, and simulated with NAMD 2.9 [42] in 0.1 M aqueous
KCl solution at 310 K and 1 bar with a time step of 2 fs on the basis of
the CHARMM?22 force field [43,44].

The key result is that this very short channel is practically fully im-
mersed in the relatively thin lipid bilayers. This is illustrated in Fig. 5,
which shows snapshot structures in DMPC and POPC after 40 ns sim-
ulation time. The protein remains very stable over several tens of
nanoseconds although the different membrane environments induce
structural modulations, which will be further analyzed in future work.
As a signature, we show the diverging trends of the solvent-accessible
surface of the two simulation setups, which indicate slightly differing
overall shapes of the protein (Fig. 5C).

4. Conclusion

The comparative analysis of Kcvyrs activity shows that the channel
maintains its basic functional features under all four experimental
conditions. There is no appreciable difference between recordings in
a classical bilayer system, which still contains some solvent, and the
solvent free bilayer. The absence of a solvent effect is consistent with
previous data, which also found no difference on channel function be-
tween bilayers with or without solvent [20]. The present data also
show no systematic difference between the function of channel pro-
teins obtained from a cell-free expression system or from expression
in P. pastoris. The results of these experiments suggest that the protein
is properly folded after the different purification procedures. It also oc-
curs that the scaffold protein, which surrounds the channel in the
cell-free expression system [45], is not affecting channel fold or func-
tion. The technique of inserting membrane proteins into nanoscale
membrane disks held together by scaffold proteins has been already
successfully used for pharmacological [46] and NMR studies [47]. To
our knowledge, we present here the first case of an electrophysiological
application of this system.

The robust function of the channel in different membrane environ-
ments and the prevailing high single-channel open-probability of
P > 0.5 in all experimental conditions support the notion that gating
is not dramatically affected by the experimental conditions tested
here. The results of these experiments are important for a further un-
derstanding of the role of the viral channel in infection of the host cell.
It appears that data on channel conductance and activity obtained
from heterologous expression in cells or from reconstitution of the
channel in bilayers can be directly extrapolated into the situation in
the host cell.

The present data from the functional assays are also interesting in
the context of the computational data. The MD simulations of the
small Kcvarey-1 channel in different membranes imply that the micro-
scopic structure of the channel can be influenced by the thickness of
the bilayer. If these structural changes, which are imposed by the
membrane, turn out to be functionally relevant we can assume that
a DPhPC membrane, which is used in the bilayer methods, is suffi-
ciently mimicking the plasma membrane of a mammalian cell.
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