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I N T R O D U C T I O N

The K+ channel Kcv from the chlorella virus PBCV-1 
(Plugge et al., 2000) is a miniature potassium channel, 
with only 94 amino acids. By homology with the already 
known crystal structures of similar bacterial channels, 
and in particular with that of KirBac1.1 (Kuo et al., 
2003), the monomer of Kcv is assumed to be formed by 
two transmembrane (TM) domains (TM1 and TM2), the 
filter region bearing the consensus sequence (TxxTxGY/
FGD), an extracellular turret, and a very short (12 amino 
acids) N-terminal domain that forms a short slide helix 
(Tayefeh et al., 2007). The channel ends with TM2, and 
the C terminus resides presumably within the membrane 
thickness. For its extremely reduced dimensions, Kcv rep-
resents a very simple and primitive K+ channel. There-
fore, the electrical properties of Kcv are of fundamental 
interest to perform structure–function studies. At the 
moment, Kcv has been extensively characterized in whole 
cell experiments by heterologous expression in Xenopus 
oocytes or HEK 293 cells (Gazzarrini et al., 2002; Moroni 
et al., 2002). Single-channel measurements were so far 
obtained only in artificial membrane bilayer (Pagliuca 
et al., 2007; Shim et al., 2007).

Two-electrode voltage clamp recordings in Xenopus 
oocytes have revealed a characteristic shape of the Kcv 
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open-channel I-V relationship (including a negative 
slope conductance at extreme potentials) and kinetics 
of activation at negative potentials (Gazzarrini et al., 
2002). These observations can be related either to volt-
age-dependent gating mechanisms or to changes in 
conductance. To confirm that these properties are in 
fact due to gating mechanisms, single-channel measure-
ments in the same expression system became necessary 
for the reconstruction of macro-currents from single-
channel properties.

Here, we describe the properties of Kcv single-chan-
nel currents in Xenopus oocytes to examine their gating 
characteristics. We show that Kcv, despite its small di-
mensions, is clearly gated. In particular, a fast- and a 
slow-gating mechanism are both acting in a voltage-
dependent way. The presence of gating mechanisms in 
Kcv is of great significance. In fact, it shows that a simple 
pore domain, without long cytosolic regions and proba-
bly with no bundle crossing (Tayefeh et al., 2009), can 
open and close in response to voltage. This supports the 
growing evidence of a gating mechanism at the level of 
the selectivity filter in other K+ channels (Liu et al., 1996; 
VanDongen, 2004; Bernèche and Roux, 2005; Schroeder 
and Hansen, 2007).
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220 GATING IN KCV CHANNEL

the four-pole Bessel filter was set to 2–5 kHz and the sampling rate 
to 10–25 kHz. Different solutions were fed by gravity, and solution 
change took no more than 20 s. Single-channel analysis was done 
using pCLAMP 9 (MDS Analytical Technologies) with the thresh-
old-based algorithm, except for fast-gating analysis (see below).

Evaluation of fast gating
The measured current in the open state of the channel displays in-
creased noise if gating is faster than can be resolved by the record-
ing apparatus. Often, the value of the apparent single-channel 
current, Iapp, extracted from such records is smaller than the value 
of the true single-channel current, Itrue (which would be measured 
if the temporal resolution of the recording apparatus were high 
enough). Both Itrue and Iapp require clear adequate algorithms as a 
basis for their determinations from measured time series (Hansen 
et al., 2003; Schroeder and Hansen, 2006, 2007, 2008). Base line 
drift, membrane flickering, endogenous channels, and other arti-
facts would distort the analysis. Thus, all data had to be closely in-
spected and cleaned manually from sections showing these kinds of 
artifacts (Sigworth, 1985). Sections of fast gating were extracted 
from the measured time series (excluding sections of obviously 
closed states) by means of a Hinkley detector in the program 
Kiel-Patch (Schultze and Draber, 1993). These “cleaned time se-
ries” were used to generate the open-point histogram (distribution-
per-level; Schröder et al., 2004) of the apparent open state.

Determination of the apparent single-channel current, Iapp
The apparent current Iapp as obtained from the maximum of the 
amplitude histograms strongly depends on the corner frequency 
of the filter of the recording setup (Fig. 2 in Schroeder and  
Hansen, 2008). Nevertheless, it can reach a well-defined asymp-
totic value when the corner frequency of the electronic filter is 
low enough. This value is used here because it corresponds to the 
instantaneous current level obtained from whole cell recordings. 
Because the cleaned time series comprise only sections of fast gat-
ing, they constitute a stationary time series of great length, thus 
enabling the application of filtering (moving average in Kiel-Patch) 
of sufficient low frequency (mainly 500 Hz) and the determina-
tion of the asymptotic value of Iapp.

M AT E R I A L S  A N D  M E T H O D S

Oocyte expression
Capped PBCV-1 Kcv cRNAs were prepared as described by Plugge 
et al. (2000). In brief, kcv cDNA was cloned into pSGEM vector 
(a modified version of pGEM-HE; provided by M. Hollmann, Max 
Planck Institute for Experimental Medicine, Gottingen, Germany). 
cRNA was transcribed in vitro using T7 RNA polymerase (Promega) 
and injected (50 ng/oocyte) into Xenopus laevis oocytes, prepared 
according to standard methods (Plugge et al., 2000). Oocytes were 
incubated at 19°C in ND96 solution (96 mM NaCl, 2 mM KCl, 
1.8 mM CaCl2, 1 mM MgCl2, and 5 mM HEPES, adjusted to pH 7.5 
with NaOH). The experiments were performed 2–7 d after injection.

Electrophysiology
Expression was monitored by recording currents in two-electrode 
voltage clamp configuration (Geneclamp 500; MDS Analytical 
Technologies). Electrodes were filled with 3 M KCl and had a re-
sistance of 0.4–0.8 MΩ in 50 mM KCl. The oocytes were perfused 
at room temperature with a standard bath solution containing  
50 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, and 5 mM HEPES, with 
pH adjusted to 7.4 with KOH and osmolarity to 215 mOsm with 
mannitol. Oocytes showing >6 A of current at V = 60 mV were 
used for patch clamp experiments. Patch pipettes were pulled 
from thin-walled borosilicate glass capillaries, coated with Sylgard 
(Corning), and fire-polished to a final resistance of 0.8–1 MΩ for 
macro-currents and 8–15 MΩ for single-channel experiments. 
Standard pipette solution contained 100 mM KCl, 1.8 mM CaCl2, 
1 mM MgCl2, and 10 mM HEPES, pH to 7.4 with KOH. Macro-cur-
rents and single-channel recordings were made in cell-attached 
and inside-out configurations. The standard bath solution con-
tained 100 mM KCl, 1 mM MgCl2, 1 mM EGTA, and 10 mM 
HEPES, pH to 7.4 with KOH. Experiments were performed at 
room temperature after removal of the vitelline membrane from 
oocytes in a hyperosmotic solution (ND96 solution plus 100 mM 
NaCl). Currents were recorded with a Dagan 3900 amplifier, and 
data were low-pass filtered at 1 kHz and digitized at a sampling 
rate of 10 kHz for macro-currents. For single-channel recordings, 

Figure 1.  Kcv macro-currents recorded in 
Xenopus oocytes. (A) Currents recorded by 
two-electrode (TE) voltage clamp from a 
holding potential of 20 mV, followed by 
steps of 20 mV ranging between 100 and 
200 mV, and returning at 80 mV. Bath 
solution: 50 mM KCl, 1.8 mM CaCl2, 1 mM 
MgCl2, and 5 mM HEPES, pH 7.5. Osmo-
larity was adjusted to 215 mOsm with man-
nitol. (B) I-V curve of the instantaneous 
current shown in A. (C) Currents recorded 
from macropatch in inside-out configura-
tion. Holding potential of 0 mV, with steps 
+50 and 150 mV, returning at 80 mV. 
Pipette solution: 100 mM KCl, 1.8 mM 
CaCl2, 1 mM MgCl2, and 10 mM HEPES/
pH 7.3. Bath solution: 100 mM KCl, 1 mM 
MgCl2, 1 mM EGTA, and 10 mM HEPES/
pH 7.3. (D) Putative structure of Kcv show-
ing in orange and blue two of the four 
identical subunits of the tetrameric chan-
nel. The figure illustrates a snapshot of a 
molecular dynamics simulation of the Kcv 
model (Tayefeh et al. 2009).
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procedure treated Itrue and kCO and kOC differently. The current was 
used as a fixed parameter that was changed stepwise in subse-
quent fits. The computer determined the best set of kOC and kCO 
for each suggested current. The resulting plot “error sum versus 
assumed Itrue” was very helpful for the estimation of the reliability 
of the fit (see Fig. 4 B). In the case of good data, a pronounced 
minimum was found, and the location of this minimum was taken 
as the true single-channel current (see Fig. 4 B). The rate constants 
kCO and kOC of the related fit were used for Fig. 5 B. The software 
for Kiel-Patch and for the  fits (downhill) is available at www 
.zbm.uni-kiel.de/aghansen/software.html.

R E S U LT S

Macroscopic currents
Compared with K+ channels from pro- and eukaryotes, 
the viral channel Kcv is small indeed (Plugge et al., 2000). 
The homology model generated with the prokaryotic 
channel KirBac1.1 (Tayefeh et al., 2009) shows that Kcv 
represents the pore module (TM1–pore loop–TM2) of 
K+ channels (Fig. 1 D). But in spite of this simple struc-
ture, the macroscopic conductance of Kcv still shows 
interesting gating features and voltage-dependent prop-
erties: two-electrode voltage clamp recordings of the 
channel in Xenopus oocytes reveal two kinetic components 
comprising an instantaneous and a time-dependent con-
ductance (Fig. 1 A). The time-dependent component is 
superimposed on the instantaneous component and ac-
tivates at negative voltages and deactivates at positive volt-
ages in a voltage-dependent manner. The instantaneous 

The experiments in MaxiK were done in HEK293 cells with a 
filter corner frequency of 50 kHz, whereas a 5-kHz filter was used 
here for Kcv. To test whether the different experimental condi-
tions may have an influence, the data of MaxiK (Schroeder and 
Hansen, 2007) were refiltered by a digital 5-kHz four-pole Bessel 
filter. The refiltered data led to the same results as the 50-kHz 
data (not depicted). This indicates that differences in the behav-
ior of Kcv and MaxiK are not caused by the different temporal 
resolution of measurements in Kcv and MaxiK.

Determination of the true single-channel current, Itrue,  
and of the rate constants of an O-C model of fast gating
The open-state amplitude histogram of Iapp as obtained from the 
bursts is broader than that of the base line, and its curve shape 
may deviate from that of a Gaussian distribution (Fitzhugh, 1983; 
Yellen, 1984; Klieber and Gradmann, 1993) (see Fig. 4 A). These 
so-called  distributions can be used to determine the true single-
channel current and the rate constants of the underlying Markov 
model (Schroeder and Hansen, 2006, 2007, 2008). Schroeder and 
Hansen (2006) have shown that it is sufficient to use a truncated 
Markov model (two states: O-C) for the analysis of the bursts in 
the time series.

A simplex algorithm (Caceci and Cacheris, 1984) was used to 
fit the “theoretical” open-point histogram obtained from the two-
state model to the open-point histogram of the measured data. 
Unfortunately, there is no straightforward procedure to calculate 
 distributions obtained from higher-order filters (Riessner, 1998). 
Thus, simulations instead of deterministic algorithms were used 
to provide the theoretical curves. This is quite time-consuming 
during a fitting routine, but it turned out to be the most efficient 
way to resolve fast flickering.

The fit algorithm has to determine three parameters of the O-C 
model: the true open-channel current Itrue and the rate constants 
kOC and kCO. Even though it provides the automatic determination 
of all three parameters (Schroeder and Hansen, 2006), the fitting 

Figure 2.  Single-channel recordings obtained from Kcv expressed in oocytes. (Left) Time series measured in the cell-attached mode at dif-
ferent potentials as indicated. Pipette solution contained (in mM): 100 KCl, 1.8 CaCl2, 1 MgCl2, and 10 HEPES, pH 7.3. (Right) Single-
channel I-V curve of the experiment on the left. (Inset) Comparison of experiments performed in cell-attached (black symbols) and 
inside-out mode (red symbols) in the following bath solution (in mM): 100 KCl and 1 HEPES, pH 7.3. Mean values ± SD, unitary channel 
openings from two independent experiments; n ≥ 300 apart from the value at 140 mV in inside-out, in which n = 8.
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when all possible sources of channel block had been  
removed from the solution (magnesium and chelators) 
or lowered 10 times (HEPES). The apparent decrease in 
conductance at extreme potentials (Figs. 1 B and 2, right) 
and the accompanying increase in noise (Fig. 2, left) 
are always observed and can be considered characteris-
tic of Kcv, but the polarity of the voltage effect is not 
constant. Fig. 3 compares two different behaviors ob-
served in Kcv. Fig. 3 (left) shows an experiment where 
the reduction of apparent current, as a consequence of 
flickering at extreme potentials, is more pronounced at 
positive than at negative voltages (compare for instance 
apparent current at +140 and 140 mV). Fig. 3 (right) 
shows another experiment in which current reduction 
at extreme voltages is opposite from Fig. 3 (left), more 
marked at negative than at positive voltages. The most 
common behavior found is that of Fig. 3 (left), support-
ing the choice of data shown in Fig. 2, left. But we also 
found the opposite behavior, shown in Fig. 3 (right). 
Different behaviors are usually found in different batches 
of oocytes, although once they were found in the same 
oocyte. Similar observations have been reported for Kcv 
single-channel measurements in artificial lipid bilayer 
(Pagliuca et al., 2007). In this case, the mirror image of 
Kcv was interpreted as evidence of two possible orienta-
tions of the inserted protein.

Analysis of fast gating
Negative slopes in apparent single-channel I-V curves 
(Fig. 2, right) are often caused by unresolved fast gating 
or “flickering” (Klieber and Gradmann, 1993; Draber 
and Hansen, 1994; Schroeder and Hansen, 2006, 2007, 
2008). Here, the involvement of flickering is suggested by 
the increased open-channel noise at extreme potentials 
(Figs. 2 and 3) (Sigworth, 1985; Hille, 1992; Townsend 
and Horn, 1999). The most powerful method of look-
ing at gating effects beyond the corner frequency of the 
experimental setup (2 or 5 kHz) is based on the analysis 
of amplitude histograms by means of  distributions 

current is quasi-linear in a voltage window of ±40 mV 
around the reversal potential (Fig. 1 B). At more extreme 
clamp voltages, the current shows a negative slope con-
ductance. In inside-out configuration, the macro cur-
rents show the same characteristic voltage-dependent 
kinetics of activation and inactivation (Fig. 1 C). To un-
derstand if kinetics and voltage dependence are inher-
ent gating features of the channel, we have characterized 
Kcv at the single-channel level, as reported below.

Single-channel recordings
To allow the desired direct comparison between micro-
scopic and macroscopic currents, we measured the sin-
gle-channel activity in Xenopus oocytes. Unitary channel 
fluctuations of Kcv have been recorded in the cell-at-
tached configuration over a wide voltage range. Fig. 2, 
left shows typical current traces with apparently one Kcv 
channel in the patch.

The single-channel current reveals characteristic 
features: at moderate voltages the channel opens to well-
defined open levels, whereas at high negative and posi-
tive potentials the apparent conductance decreases and 
the openings become noisy (see Fig. 3). This leads to 
the mean apparent single-channel I-V relation of Kcv 
shown in Fig. 2, right that fully reproduces the nonlin-
ear behavior of the macroscopic I-V relation (Fig. 1 B). 
The curve is quasi-linear in a voltage range between 40 
and +40 mV. At more positive and more negative volt-
ages, the I-V relation shows a negative slope. In its linear 
part (±40 mV), we estimated a conductance of g = 114 ± 
11 pS (n = 10). This value and the general shape of the 
I-V relationship are in agreement with those estimated 
for Kcv in planar lipid bilayers under the same ionic 
conditions (Pagliuca et al., 2007; Shim et al., 2007).

All I-V curves reversed around 0 mV, as expected for a 
selective K+ channel in symmetric KCl conditions (con-
sidering the internal K+ concentration in oocytes is 
100 mM; Weber, 1999). The same I-V relation was ob-
tained in inside-out configuration (Fig. 2, right, inset) 

Figure 3.  Voltage-dependent be-
havior of the apparent conduc-
tance in Kcv. Comparison of bursts 
obtained at ±100, ±120, and ±140 
mV (top traces, positive potentials; 
bottom traces, negative potentials) 
from two different experiments. 
(Left) In this experiment, the de-
crease in conductance and the in-
crease in noise are more marked at 
positive than at negative voltages. 
(Right) Opposite dependence on 
voltage of current reduction found  
in a different experiment. In this 
experiment, the decrease in appar-
ent conductance and the increase in 
open-channel noise are more evident 
at negative than at positive potentials.
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which decreases monotonically with depolarizing poten-
tials (Fig. 5 B) and a somewhat parabolic dependence on 
membrane potential in kOC (Fig. 5 B). Because of the sym-
metric behavior of kOC, negative slopes of the apparent 
I-V curves are expected to occur on either side. However, 
the monotonous voltage dependence of kCO partially 
compensates the changes of kOC on the negative side. Be-
cause of this, negative slopes at negative membrane po-
tentials are found at higher absolute voltages in Kcv than 
at the positive side. Gating analysis by  distributions in 
this region was impeded by two effects: the rare occur-
rence of records and their noisiness. After having done 
the analysis of fast gating, the so-called gating factor R 
(i.e., the ratio R of true [Itrue] and apparent current [Iapp]; 
Eq. 1) can be calculated in two different ways (Schroeder 
and Hansen, 2007). It can be obtained from the average 
of the current in the burst of the time series (Fig. 2, left),

	 R
I
II

true

app

= , 	  (1)

or from the parameters of the two-state model of gating 
(Fig. 5 B),

	 R
k k

kK
CO OC

CO

= +
. 	  (2)

In Fig. 5 C, R obtained either way is displayed for Kcv. 
The coincidence of both curves is a sign of the reliabil-
ity of the analysis. The voltage dependence of the gating 
factor reveals a strong increase at high positive poten-
tials. This resembles the situation as found in MaxiK 
channels (Schroeder and Hansen, 2007). The increase 
of the gating factor at positive potentials can be fitted by 
an exponential function of membrane voltage V:

	 R
I
I

R R
V
V

true

app
K

G

= = +




0 exp , 	  (3)

(Heinemann and Sigworth, 1991; Weise and Gradmann, 
2000; Schroeder and Hansen, 2006, 2007, 2008). Analysis 
by  distributions of currents recorded in cell-attached 
mode at +80 mV is illustrated in Fig. 4. In brief (see  
Materials and methods for further details), closed-channel 
(Fig. 4 A, black line) and open-channel (red line) point 
distributions are generated. A truncated Markov model 
(two states: O-C) with fixed Itrue was used to simulate a 
time series. The open-level distribution of the simulated 
time series is fitted to the measured distribution by min-
imization of the error sum to find the best pair of rate 
constants (Schroeder and Hansen, 2007). Repeating 
the fitting routine with different values of Itrue led to dif-
ferent error sums: the minimum in the error sum curve 
(Fig. 4 B) is assumed to mark the true current. The 
green line in Fig. 4 A is the simulated open-point distri-
bution with Itrue obtained with this procedure.

Fig. 5 A shows the I-V curve of Itrue as compared with 
Iapp, and in Fig. 5 B, the related rate constants are presented. 
According to the results in Fig. 5 A, the true single-chan-
nel current does not show a negative slope at positive 
potentials; instead, moderate saturation is present. This 
indicates that the negative slope of the apparent current 
is caused by fast gating. The gating frequencies related 
to time constants in the range of 1 to 100 µs (Fig. 5 B) 
are too fast as compared with the filter corner fre-
quency of 2 or 5 kHz. Thus, Iapp is presented as an aver-
age over closed and open times at the output of the 
patch clamp amplifier.

Comparison of these results for Kcv with previous fast-
gating analysis on MaxiK (Schroeder and Hansen, 2007) 
reveals that the similar tendency of current reduction at 
positive potentials is due to fast closure of the channel. 
The rate constants of gating of Fig. 5 B show an increase 
in the value of kOC at positive potentials, suggesting that 
fast gating is caused by an increased instability of the 
open state. Kcv shows strong voltage dependence in kCO, 

Figure 4.  Analysis performed by 
 distributions. (A) Point amp-
litude distributions from a time 
series recorded at +80 mV are 
shown (black line, close level; red 
line, open level). Iapp = 5.17 pA 
(vertical line) is obtained from 
the maximum of the open-point 
amplitude histogram (red line). 
The green line is the open-point 
amplitude distribution obtained 
from the time series simulated 
by an O-C model and fitted to 
the measured distribution (red 
line). This procedure gives the  
best pairs of rate constants  
(kOC = 58,400 s1 and kCO = 42,200 
s1 for the example shown). For 

each simulation, the current I was used as a fixed parameter and was changed stepwise in subsequent fits. The current value that gives 
the minimum value in the error sum (see B) is defined as Itrue (vertical line). (B) Dependence of the error sum of the fit on the assumed 
value of I. Itrue = 12.5 pA (vertical line) is the value of I that gives the minimum value in the error sum in this example.
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K+ reduces the noise and increases the current in single-
channel events recorded at approximately the same driv-
ing force of those in low K+ (60 mV from the calculated 
reversal potential).

Slow gating: voltage-dependent open probability
The fast-gating behavior illustrated in Figs. 2 and 3 and 
analyzed in Figs. 4 and 5 contributes to the value of the 
instantaneous current Iinst in Fig. 1. Because the fast gat-
ing only results in a reduction of Itrue, it is not responsi-
ble for the time-dependent component of the whole cell 
traces that is assumed to be related to the open proba-
bility of the single channel.

The steady-state open probability of Kcv is actually 
very variable all along single recordings and significantly 
low at each potential (<4%; see below). Two factors in 
particular render the analysis of open probability diffi-
cult: long periods of silence and the inestimable number 
of channels in the patch given the low open probability. 
These complications become obvious in the experiment 
of Fig. 8 A showing three extracts from a long record of 
60 min at a constant holding potential of 60 mV. The 
NPopen calculated from subsequent 5-min-long sections 
increases dramatically during the recording (Fig. 8 B). 
This is probably due to the activation of some silent 
channels (as evident from double openings in Fig. 8 A, 
bottom trace), but seems to also entail an increase in 
the mean open probability of the single channel (also 
visible in Fig. 8 A, middle trace). For these reasons, we 
avoid the temptation to build up a comprehensive Markov 
model of Kcv including fast and slow gating.

To study the voltage dependence of open probability 
under these unfavorable conditions, we selected experi-
ments with the lower value of open probability (1–4%). 
This behavior corresponds to that in the top trace of 
Fig. 8 A. To exclude outliers, we applied an additional 
constraint when selecting traces for the evaluation: the 

with RO = 1.2 being the offset, RK = 0.9 the amplitude 
factor of the exponential term, and VG = 34 mV the 
characteristic voltage. VG in MaxiK (60 mV) was twice as 
much as in Kcv (34 mV). This indicates that gating in 
Kcv is more voltage dependent than in MaxiK.

The key for the assignment of fast gating in MaxiK to a 
depletion-induced instability of the selectivity filter was 
the dependence on the concentration of the permeant 
ion (Fig. 5 C). We therefore tested the effect of increasing 
the K+ concentration on outward and inward Kcv cur-
rents. Fig. 6 A shows current values recorded from the 
same patch in cell-attached (K+

in, 100 mM; black line) 
and inside-out mode (K+

in, 300 mM; red line), with  
100 mM K+ in the pipette (K+

out). Interestingly, high (cyto-
plasmic) K+ prevents reduction of current (Fig. 6 A) and 
conductance (Fig. 6 B), as observed in low K+ at increas-
ing positive voltages. Fig. 6 C compares traces recorded in 
low and high K+ at approximately the same driving force 
(+80 mV from the calculated reversal potential). In high 
K+, the current level is visibly higher than in low K+. The 
enlarged traces in Fig. 6 C show that in high K+, the single-
channel openings can be less noisy (left) as expected. 
However, events with unreduced noise also still occur. 
This indicates that the attenuation of the ion-aggravated 
induced effect on the selectivity filter is less reproducible 
as it is in MaxiK (Schroeder and Hansen, 2007). As dis-
cussed below, this variability seems to be related to the 
minimal structure of Kcv. We interpret this finding as evi-
dence that the tested K+ concentration, 300 mM, is not yet 
saturating the effect on fast gating. Fig. 7 shows the effect 
of increasing K+ concentrations on inward currents. Here, 
we compare two patches from the same oocyte recorded 
with 100 mM Kout

+ (Fig. 7, A and B, black line) and 300 mM 
Kout

+ (red line) in the pipette. High (extracellular) K+ pre-
vents current reduction at negative voltages (Fig. 7 A), as 
indicated by the single-channel conductance, constant 
over the voltage range (Fig. 7 B). Fig. 7 C shows that high 

Figure 5.  Voltage dependence of fast gating. (A) I-V curves of Iapp (filled black circles) obtained from the time series directly by averag-
ing over the bursts, and Itrue (open red circles) evaluated from the  distribution fits. (B) Voltage dependence of kOC (filled black squares) 
and kCO (open red squares). (C) The gating factor R obtained from Kcv at 100 mM KCl and from MaxiK obtained at 50, 150, and 400 mM 
KCl. For Kcv, RI and RK are both displayed (open squares and filled squares, respectively); for MaxiK, only RI is displayed. The smooth 
lines approximating the data points present the exponential fits by means of Eq. 3. Parameters for Kcv: R0 = 1.2 ± 0.1 mV, VG = 34 ± 3 mV, 
and RK = 11 ± 3. Numbers of individual experiments are given for Kcv.
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Fig. 8 C), and then stepped to 100 mV for activation. 
The individual traces are already indicative of the volt-
age dependency, showing more activity at 100 than  
at +80 mV. The “whole cell” trace shown in the box of 
Fig. 8 D resulted from averaging over 100 different 
pulses. It reveals a clear slow activation at the negative 
voltage. This slow component can be fitted with a single 
exponential yielding a time constant of 17 ms. This value 
is in good agreement with the mean fast time constant 
obtained in two-electrode voltage clamp experiments 
(20 ± 4 ms; Gazzarrini et al., 2002).

D I S C U S S I O N

The main result of this work is that two voltage-depen-
dent gating processes are found in the minimal Kcv 
channel: a fast one in a time scale of microseconds and 
a slow one in a time scale of milliseconds. This indicates 
that the simple pore domain can gate. Another interest-
ing point arises from the comparison of the results from 
Kcv and other channels, namely that an increase in 
complexity in protein structure, typical of mammalian 

variance of the open probability had to be equal for all 
membrane potentials. The last constraint was to ensure 
that the distribution of channel numbers was the same 
for all membrane potentials. The limitation of open prob-
ability may influence the determined voltage dependence. 
Nevertheless, if there were no voltage dependence, a 
horizontal dependence should be found. Fig. 8 C clearly 
shows that even under this restriction, a significant volt-
age dependence does occur. The voltage dependence is 
very weak (with a factor of 1.5/60 mV) even though it is 
statistically significant. The high scatter at negative po-
tentials in Fig. 8 C also confirmed the variability of Kcv. 
By analyzing patches with higher open probability, we 
found a similar but stronger voltage dependence, in-
creasing with negative voltages by a factor of 3/60 mV 
(not depicted). To correlate the open probability and 
the time-dependent component of macroscopic current, 
we used multichannel patch to reconstruct the macro-
scopic currents in Fig. 1 A by ensemble averaging. In the 
experiment of Fig. 8 D, the membrane was first clamped 
to +80 mV, a potential at which the channels were  
observed to be mostly nonconductive (NPo is lowest; 

Figure 6.  Effect of increasing [K+]in on Kcv outward flickering. (A) Open-channel I-V relationship of Kcv recorded from the same 
patch in cell-attached configuration, [K+]in = 100 mM (black symbols and line), and in inside-out configuration, [K+]in = 300 mM (red 
symbols and line). Pipette solution: 100 mM KCl, 1.8 mM CaCl2, and 1 mM MgCl2. Bath solution: 300 mM KCl, 1 mM EGTA, and 1 mM 
MgCl2. (B) Voltage dependence of the calculated single-channel conductance (black, [K+]in 100 mM; red, [K+]in 300 mM). (C) Com-
parison of single-channel fluctuations recorded in [K+]in 100 mM (left) and 300 mM (right) at about the same driving forces (+80 mV 
from current reversal voltage). (Bottom) Enlargements of top traces.
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The common feature between Kcv and MaxiK is the 
increase of the gating factor Itrue/Iapp at high positive mem-
brane potentials. Furthermore, the increase of kOC (de-
stabilization of the open state) is the major source of 
flickering. This would suggest the involvement of basi-
cally the same mechanism for the stability of the open 
state (described by kOC). Schroeder and Hansen (2007) 
have suggested that fast gating at high positive mem-
brane potentials in MaxiK results from ion depletion in 
the selectivity filter when voltage pulls ions more rapidly 
out of the filter than they can be supplemented from the 
cytosol. Our finding that high K+ reduces the open-
channel noise (Fig. 7 C) and increases the apparent cur-
rent and conductance in Kcv (Figs. 6, A and B, and 7, 
A and B) also confirms for this channel a depletion-
aggravated instability of the filter region. The similarities 
in the behavior of these two kinds of quite different chan
nels (MaxiK and Kcv) may imply that the selectivity fil-
ter behaves quite similar in all K+ channels, and that Kcv 
is a good model of K+ channels, at least with respect to 
the selectivity filter. Nevertheless, there are remarkable 
differences between MaxiK and Kcv. Fig. 5 C shows that 

channels, seems to enhance the reliability and fidelity 
of the process, as discussed below.

A preliminary analysis of the instantaneous I-V rela-
tion of Kcv has been performed before (Gazzarrini  
et al., 2006). There, a reaction kinetic model was sug-
gested implying that the negative slopes in the I-V rela-
tionship can be explained by an auto-inhibition in the 
chord conductance. This model predicts effects similar 
to those induced by fast voltage-dependent gating and 
relates them to the deformation of the filter region 
(Gazzarrini et al., 2006). Single-channel measurements 
presented here corroborate the existence of such a fast 
mechanism because at extreme voltages, the channel 
openings become exceedingly noisy because of unre-
solved closures. This is verified by the analysis of  dis-
tributions, which also allows the evaluation of the rate 
constants of this mechanism.

Fast gating
Fast-gating analysis of Kcv single-channel currents re-
veals that flickering is the reason for the negative slope 
in I-V curve as in MaxiK.

Figure 7.  Effect of increasing [K+]out on Kcv inward flickering. (A) Open-channel I-V relationships of Kcv recorded in cell-attached 
configuration in [K+]out = 100 mM (black symbols and line) and [K+]out = 300 mM (red symbols and line). Pipette solution: 100 or 300 mM  
KCl, 1.8 mM CaCl2, and 1 mM MgCl2. Bath solution: 100 mM KCl, 1 mM EGTA, and 1 mM MgCl2. (B) Voltage dependence of the calcu-
lated single-channel (black, [K+]out 100 mM; red, [K+]out 300 mM). (C) Comparison of single-channel fluctuations recorded in [K+]out 
100 mM (left) and 300 mM (right) at almost the same driving forces (60 mV from current reversal voltage). (Bottom) Enlargements 
of top traces.
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Slow gating
Surprisingly, Kcv spends the larger part of the time in a 
closed conformation (Fig. 2, left). The low open proba-
bility in steady-state recordings (Fig. 8 C) is also weakly 
voltage dependent, another result that needs to be con-
sidered in the identification of a gate in Kcv.

After KcsA crystallization (Doyle et al., 1998), the bun-
dle crossing between the four inner membrane domains 
(TM2 or S6) has been suggested as the major gate in 
gated potassium channels (Perozo et al., 1998, 1999; 
Doyle, 2004). However, the second TM domain of Kcv is 
19 amino acids long and appears too short to form an ef-
ficient bundle crossing (Tayefeh et al., 2009). The small 
dimensions of Kcv, basically the simple pore domain, 
constrain us to presume an involvement of the filter re-
gion also in the slow gating of the channel. Different ob-
servations in other potassium channels support the idea 
of a flexible filter switching between nonconductive and 
conductive states. First, certain permeant ions affect gat-
ing in channels, specifically ions with higher occupancy 
like rubidium or thallium (Swenson and Armstrong, 1981; 

the increase of the gating factor at positive potentials is 
much stronger in Kcv than it is in MaxiK. Higher gating 
factors are also found in Kcv at negative potentials as a 
consequence of the parabolic behavior of koc. This is in 
agreement with the sporadic observation of marked 
flickering also at negative voltage values in Kcv (Fig. 3, 
right) and supports the view that the filter in Kcv is less 
stable than it is in MaxiK.

This gives rise to the question of why Kcv is more in-
stable than MaxiK. A speculation may be initiated by 
another question; namely, why do some channels have 
>1,000 residues (like MaxiK) and others (like Kcv) 
have <100? There are some obvious answers: incorpo-
ration of the voltage sensor for voltage-induced gating, 
or the incorporation of cytosolic binding sites for the 
control by messengers. However, one issue of the in-
crease in size may also be related to functional stability. 
The task of Kcv is to do harm to the attacked organism 
(Plugge et al., 2000; Neupärtl et al., 2008). A reliably 
operating selectivity filter may be of minor evolution-
ary value.

Figure 8.  Open probability in Kcv. (A) Time-dependent open probability in a 60-min-long multichannel record. 1-min extract is shown 
from three periods of different channel activity, cross-referenced by colored arrows in B. (B) NPopen calculated over 5-min-long periods 
increases with time (the nominal open probability is To/To+TC, independently from the number of open levels). (C) Steady-state open 
probability: voltage dependence obtained from records of 1 min (n = 7 patches). (D) Consecutive traces at +80 and 100 mV and en-
semble average of 100 similar traces (boxed). Activation kinetic is fitted (red line) by a single exponential ( = 17 ms).
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