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ABSTRACT. The miniature viral K channel Kcv represents the pore module of alldhannels. A synthetic

gene of Kcv with an elevated GC content compared to that of the wild-type gene was expressed
heterologously irPichia pastoris and the purified protein was functionally reconstituted into liposomes.
Biochemical assays reveal a remarkable cation selctive stability of the channel tetramer vi2 SGE.

Only cations, which permeate Kcv, were able to protect the oligomer against disassembly into monomers
at high temperatures. Electrophysiological characterization of the single Kcv channel reveals a saturating
conductance/Amay Of 360 pS; the single-channel curremoltage relation was strongly rectifying with

a negative slope conductance at extreme voltages. The channel was highly selectivediod Kas
blocked by B&" and in a side specific manner by Nand C¢ also. The channel conducted Ribut as

a consequence, the channel was shifted into a hyperactive state. We conclude that specific binding
interactions of cations in the conductive pathway are an important determinant of channel stability and
function.

Paramecium bursarieChlorella virus (PBCV-1) (genus  of structurally more complex Kchannels from eukaryotic
Chlorovirus, family Phycodnairidae) is a double-stranded  organisms, suggesting conserved pore architecture. Kcv even
DNA virus that infects certain isolates of unicellular eu- exhibited some voltage dependency, resulting in a moderate
karyoticChlorella-like alga (). Sequencing the PBCV-1 330 inward rectification $). This combination of basic K
kb genome revealed an ORF (ORF A250R) encoding a smallchannel properties with miniature size makes Kcv an ideal
protein of 94 amino acids (Kcv) with similarities to the model system for examining the minimal molecular archi-
family of two transmembrane domain potassium®™(K tecture and structural requirements for a functional K
channel proteins. The predicted transmembrane topology ofchannel. So far, however, there are no reports about
the protein shows two transmembrane domains (TM1 and purification of Kcv protein from either natural or overex-
TM2) connected by a pore region (P) containing the pressed sources. Although Kcv has been successfully ex-
canonical TXXTXGFG amino acid sequence of the selectiv- pressed in HEK293 cells aitenopusocytes, these systems
ity filter of K* channels Z). Peculiar to the Kcv protein are  are not suitable for the production of the large amounts of
a short cytoplasmic N-terminus of 12 amino acids and the pure protein which are required for structural studies.
absence of a cytoplasmic C-terminus. Thus, Kcv representsFurthermore, a steady supply of pure protein is needed to
essentially only the “pore module”, i.e., a membraipore— perform functional analysis at a single-channel level. Here
membrane structure common to all khannels3). Previous we report the successful overexpression of the Kcv gene in
studies have established that Kcv forms in spite of its small the eukaryotic heterologous expression systeivhia pas-
size a functional K channel in several heterologous systems, toris. The channel protein was produced in sufficient quantity
including Xenopuocytes 2) and mammalian cells. The for purification to homogeneity, functional reconstitution, and
selectivity for K" and the sensitivity to channel blockers of  subsequent electrophysiological characterization in an arti-
the Kev channel in these expression systems resemble thoseicial lipid bilayer. Our data show that Kcv protein forms
TS work was suonorted 1 part by the DEG and by Grant highly st_able tetramers. The stability of the functional
RBAUOQ1JTOC from the FI):FI)RB Progra?m of t%/e Ministero deII’Istr{Jzione, tetramer Is cation spe_mﬁc; Kand to some extent also Rb
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oocytes Finally, the yield of purified protein is such that it sodium phosphate (pH 7.6), 4% glycerol, and 1 mM EDTA]

opens the possibility for future structural studies. of 100 mL containing 0.1 mg/mL protease inhibitors of
soybean trypsin inhibitor, 1 mM benzamidine, and 0.1 mM
EXPERIMENTAL PROCEDURES Pefabloc SC and resuspended using a Poltyron homogenizer

(30 s at medium speed). An equal volume of ice-cold, acid-
washed glass beads (0-28.5 mm diameter) was added, and
the mixture was vigorously mixed for 2 min in a Beadbeater
(Biospec Instruments). Glass beads, unbroken cells, and other
cell debris were removed by centrifugation at 1§®6r 10
min. The supernatant was removed and centrifuged at 50000
for 30 min. The resulting crude membrane pellet was
suspended in ice-cold water, and the protein content was
determined using the DC protein assay (Bio-Rad). Mem-
branes were diluted with ice-cold water to 20 mg of protein/
mL prior to freezing and storage at80 °C.
. . Purification of the K& K™ Channel from P. pastoris.
Manufactgre of Expression Cgmstruct; and P. pastoris Membranes (30 mL) from cells expressing the synthetic Kcv
Transformation.Polymerase chain reactions (PCRs) em- gene construct were detergent-solubilized in buffer containing

ployed eitherpfu | or the Taq Precisior_1 Plus System 50 mM imidazole (pH 7.4), 4% DDM, 600 mM NaCl, and
(Stratagene). The sequence of the synthetic gene of Kcv WaS00 mM KCl for 1 h at 4°C and cleared by centrifugation

designed and edited using RESTR) @nd synthesized by 10000@ for 1 h). Th tant loaded (0.5 mL/
Entelchon GmbH (Regensburg, Germany) and inserted imofnin) o(r?toorlo %’L Oef: Séjéae_wﬁAanregﬁs ((%?ageen§ .prenj
the PCRtopq4 vector. The open_r_eading frame enc_oding theequilibrated with buffer A. The column was then washed at
Kcv synthetic gene was amplified from synthetic Kcv- 1 mL/min twice with 10 mL of buffer containing 50 MM

PCRtopo4 by PCR [forward primer (F1YGACGACGAT- niqazole (pH 7.4), 0.1% DDM1 M NaCl, and 200 mM
GACAAGATAATGTTGGTCTTCTCCS; reverse primer KCI and twice with 10 mL of buffer containing 75 mM

(R1), BGGAGAAGACCAACATTATCTTGTCATCGTC- imidazole (
; . " - ) pH 7.4), 0.1% DDM, and 200 mM KCI. To
GTC3], introducing a 5BanH| restriction site and a'3od recover bound protein, the column was eluted at 0.3 mL/

restriction site. The PCR fragment was subcloned into ..~ . o -
) ) . th a buff t 300 mM imidazole (pH 7.4),
BanHI—Not-digestedP. pastorisexpression vector pPIC3.5K gn |1n%W|DD§1/I ;ngrz%oonrzllalr}?a mM imidazole (p )

(Invitrogen). The construct was confirmed by DNA sequenc-

Escherichia colistrain TopolOF (Invitrogen) was used
for subcloning and propagation of recombinant plasmids.
Protease-deficierR. pastorisstrain SMD1163 (his4, pep4,
prb) (Invitrogen) was used routinely for the expression of
the K channel gene. Enzymes for molecular biology were
obtained from New England Biolabs or Stratagene. The
detergent dodecyp-p-glucopyranoside (DDM) was from
Glycon (Berlin, Germany). DNA sequencing was performed
by MWG Biotech. All other reagents were obtained from
Sigma Chemical Co. or Merck GmbH, unless otherwise
stated.

) Reconstitution of K& The Kcv eluate typically had a
Ing. ) o protein concentration of20 ug/mL and was reconstituted
To aid purification, tag sequences were added to the 5 ji liposomes by the addition of 0.09% dodeg§o-

end of the synthetic Kcv coding region, to yield the following  51t0side (minimum of 99%, Biomol GmbH, Hamburg
N-terminus: MAWSHPQFEKTRH(9)D(4)KI, includ_in_g .the Germany) and 10 mg/ml.-a-phosphatidylcholine [from
Strep Il tag, WSHPQFEK‘_I'R?Q, followed by a_nonahlstldlne soybean, type IV-Sz30% (TLC), Sigma, in 100 mM KCI
tag and by the enterokinase cleavage site, DDDIBK. a4 10 mM Mops/Tris (pH 7.0)]. After an incubation time
pastoriscells were transformed by electroporation with-15 ¢ 30 min. the detergent was removed by the addition of

20 ug of Pme-linearized vectors, using conditions recom- g, Beads (SM2 Adsorbent, Bio-Rad). Kcv proteoliposomes
mended by the manufacturer. After initial selection forHis  \yere formed overnight at room temperature with three

transformants, multicopy integrants were selected by their exchanges of Bio-Beads.
resistance to increasing concentrations of G418 (Sigma). pjanar Lipid Bilayer.Planar lipid bilayers were produced
Clones resistant to 0:21.0 mg/mL G418 were selected for by the painting techniquel@). A solution of 80 mg/mL
further study. purified azolectin (Sigma, type IV-S) in-decane (Merck,
Induction of K- Channel PrOdUCtiOﬂSingle colonies were ana|ytica|-grade) was app“ed to a hole fsmolum diam-
grown at 30°C overnight in MGY medium [0.34% (W/V)  eter) in a Teflon septum, separating two bath chambers
yeast nitrogen base, 1% (w/v) ammonium sulfate, 20-% (volume of 3 mL each). The resulting bilayers had a typical
(w/v) biotin, and 1% (w/v) glycerol] to an absorbance at 600 capacitance of 0.&F/c? and a resistance of 100 Q.
nm (Aeoo) of 2—6. After centrifugation at 15@pfor 10 min, The noise was 3 pA (rms) at 10 kHz bandwidth. An osmotic
the pellet was resuspended to/Agoof 1.0 in MM medium  gradient of a channel-permeant solute and a channel being
[0.34% (wlv) yeast nitrogen base, 1% (w/v) ammonium jn the open state1l) are prerequisites for fusion of
sulfate, 4x 10-°% (w/v) biotin, and 0.5% (w/v) methanol]  proteoliposomes with the bilayer. The Ag/AgCl electrodes
and grown for 48 h. Additional methanol was added after were connected to the chambers thioudy M KCl—agar
24 h to a final concentration of 0.5% (v/v), to maintain pridges. The electrode of the trans compartment was directly
inducing conditions. connected to the headstage of a current amplifier (Axon Gene
Large-scale cultures were performedd 5 L fermenter Clamp 500B, Axon Instruments, Foster City, CA). Reported
(Labfors 111, Infors AG) using a glycerol fed-batch strategy membrane potentials are referred to the trans compartment.
to accumulate biomass prior to induction with metha®pl ( The amplified currents were digitized at a sampling interval
with sodium hexametaphosphate added as the phosphatef 0.1 ms and fed into a Digidata1302 A/D converter (Axon
source 9). Instruments) to store on the hard disk of a personal computer.
P. pastoris Membrane PreparatioCells (100 g) were Channel transitions between the closed state and full and
suspended in a final volume of breaking buffer [50 mM intermediate conductance states were analyzed with a mean
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variance method. The mean current and variance werenant Kcv protein was solubilized in DDM. Initial experiments
therefore calculated as an average moving value for aindicated that this detergent was able to maintain Kcv in
window of 10 data points. Only temporally well resolved solution without aggregation. After solubilization with DDM,
gating events describe a full arc with low variance values the recombinant protein was purified on 2GOITA affinity
associated with an open and a closed state. For a positivecolumn, because the protein was found to bind the conven-
detection of a gating event, the current level has to be tional Ni#*-NTA column with only low affinity. A Coo-
constant for at least 10 data points (i.e., 1 ms at a samplingmassie-stained gel of a typical purification experiment
rate of 10 kHz) before and after the fluctuation. This (Figure 1D, left) shows that most of the contaminant proteins
procedure excludes the possibility that unspecific current passed through the column, with some extra weakly bound
spikes due to noise are considered; at the same time, fasprotein removed by the first washing step. The Western blot
and unresolved gating fluctuations are missed. furthermore shows that only a small fraction of Kcv was

Remarks on the Terminology “Slow and Fast Block. found in the flow-through (Figure 1D, right). The Kcv protein
general, the reason for'kchannel block by cations like Na ~ could be eluted from the column with a high imidazole
Cs', and B&' is assumed to be competition for the same concentration (300 mM), resulting in a pure fraction of Kcv
binding site rather than an allosteric effet®). In the work ~ Protein. Like the membrane-bound Kcv, the pure protein ran
presented here, the terms “slow” and “fast” block refer to at the mass of the putative tetramer (55 kDa) when the
the definitions described in réf2. A fast block is character- ~ Sample was not heated. However, unlike in the case of
ized by the apparent reduction of a channel amplitude due membrane-bound protein, no dissociation into the monomeric
to events below the time resolution of data acquisition (10 14 kDa fragment was observed upon heating t6@%data
kHz). A slow block is marked by a shortening of the open Not shown), suggesting that the soluble form of Kcv was

channel dwell time or by omission of an open state. more stable.
Effect of Monealent Cations on the Stability of the Kc
RESULTS Oligomer.To examine the different behavior of membrane-

bound and purified Kcv on SDSPAGE, we investigated

Expression of Ke Protein in P. pastorisThe wild-type  the effect of the buffer components on the observed state of
(Wt) gene was initially tested for the production of the gligomerization. Membranes were usually resuspended in
recombinant protein irP. pastoris Even though several pyre water, while the purified protein was in a buffer
clones were selected, grown, and induced with methanol, containing 600 mM NaCl and 200 mM KCl. When the
prOdUCtion of Kcv recombinant protein was never observed. membrane preparation was resuspended prior toSIPSE

It is known that genes with a high-AT content are not  in buffer with the same salt composition that was used for
efficiently transcribed inP. pastoris (13, 14); AT-rich the purified protein (i.e., 600 mM NaCl and 200 mM KCI),
stretches can putatively act as premature transcriptionalthe Kcv tetramer appeared to become more stable. Figure
terminators. Since the AT content of wild-type Kcv is 60% 2A shows that the protein ran at an apparent molecular mass
and thus relatively high, we decided to construct a synthetic of 55 kDa even after heating at & for 3 min. Further
variant in which the codon usage was optimized forfhe  experiments showed that this stability of the tetramer was
pastorissystem 15). The deduced amino acid sequence of due to the presence of KClI rather than NaCl in the buffer.
Kcv was reverse translated; codons were replaced with thoséVhen membranes were heated in the presence of only 600
used in the highly express&d pastorisalcohol oxidase gene. mM NacCl, the channel ran in its monomeric form (14 kDa)
The resulting nucleotide sequence was then manually edited(Figure 2A). In contrast, when 200 mM KCI was included
to increase the GC content t850%. In addition, short in the SDS-PAGE sample buffer, the 55 kDa form was
sequences encoding two tags for purification (Strepll and found (Figure 2A). There are at least two possible explana-
polyhistidine) and an enterokinase cleavage site were in-tions for the observed effect of KCI on the stability of the
cluded at the N-terminus. The final construct sequence is Kcv tetramer. First, KCl may act directly on the protein. That
shown in Figure 1A. The synthetic gene was transformed is to say, that by binding the channel;"Kons strengthen
into P. pastoriscells by electroporation, and the resulting the intersubunit interactions. Second, the effect of KCI could
colonies were further selected for multiple genomic insertions be indirect; it may simply cause depletion of dodecyl sulfate
(see Experimental Procedures). Western blot analysis using(DS) from the SDS buffer, because the potassium salt of
either anti-polyHis or anti-strep antibodies indicated the DS is insoluble at room temperature. The latter scenario,
production of Kcv in the membrane fraction of these cells however, seems unlikely to account for the observed results
upon induction with methanol (Figure 1B). Only one band, since K™-DS is soluble at 95°C. Hence, any potential
with an apparent relative molecular mass of 55 kDa, was precipitation should be reversed by the heating procedure.
detected by each antibody. No band was observed in controlNonetheless, we endeavored to exclude that unspecific effects
experiments with cells expressing the empty vector. The due to K'-related precipitation of SDS were responsible for
value of 55 kDa is considerably higher than the expected the observed cation specific stability of the oligomer, by
value for the Kcv monomer (14 kDa). The observed mass performing experiments in which the oligomer stability was
was approximately 4 times that of the monomer, and we tested in nominally identical concentrations of free DS
speculated that it represented the canonical tetrameric formbuffers, with and without K. To do this, we prepared SBS
of K* channels 16). This hypothesis was confirmed by PAGE sample buffers containing either 100 or 150 mM SDS.
heating the membranes in the SDS-containing buffe(®5  KCI was then added to the two different SDS buffers at
for 3 min) prior to electrophoresis. In this case (Figure 1C), concentrations between 0 and 50 mM. If one assumes a 1:1
a band at 14 kDa, i.e., at the expected molecular mass ofprecipitation ratio of K and DS (7), the estimated
the monomer, was observed. For purification, the recombi- concentration of free SDS, which is expected to remain after
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Ficure 1: Purification of the Kcv protein. (A) Sequence of the synthetic Kcv gene. The sequence carries an N-terminal Strep Il tag
followed by a nonahistidine tag. The two transmembrareelical stretches identified by hydropathy analy&@sdre denoted with TM1

and TM2, and the selectivity filter is shaded. In the synthetic Kcv gene, the GC content was increased from an original 40% in the wild
type to 49%. (B) Kcv protein production iR. pastorisSMD1163 cells. Crude membranes (89 of protein) were subjected first to
electrophoresis on a 15% SDS gel and then blotted onto a PVDF membrane. Blots were probed with anti-poly-His monoclonal antibody
(left) and anti-strepll tag polyclonal antibody (right) and visualized with alkaline phosphatase-coupled secondary antibody. Arrows denote
the molecular mass of the tetramer (55 kDa) and the monomer (14 kDa). (C) Effect of heating on the apparent oligomeric state of Kcv on
SDS-PAGE gel. Membrane proteins (3@) in SDS sample buffer were loaded with (right, heating) or without heating &%6r 3 min

(left, no heating). (D) Solubilization and purification of Kcv expressedPirpastoris Coomassie staining of different purification steps

(left) and respective blot of an 8 to 24% acrylamide gradient gel (right). The Western blot was probed with anti-poly-His antibody: lane
1, crude extract (oL, 10 mg/mL); lane 2, flow-trough (FT) of the €o-NTA column (5L, 10 mg/mL); lane 3, washing step with 50 mM
imidazole; lane 4, washing step with 75 mM imidazole; and lane 5, one of the eluted fractions.

precipitation with K-, can be calculated. For example, in at these nominally identical free DS concentrations only
Figure 2B, we assumed that when 50 mM I§ added to when K" is present (Figure 2B). Thus, the different stabilities
the sample buffer with 150 mM SDS, the free DS concentra- of the oligomer in the different buffers cannot be explained
tion drops to a minimum of 100 mM (Figure 2B, outer left by a K* specific precipitation of SDS. Rather, it is likely to
lane, bottom panel). With respect to the free SDS concentra-reflect a cation specific effect of Kon the channel protein.
tion, this buffer can therefore be directly compared with the Previous studies have shown that a cation (e.3),90ecific
K*-free 100 mM SDS buffer (Figure 2B, outer right lane, depletion from the solution results in a destabilization and
top panel). Comparison of the two experimental conditions distortion of the selectivity filer in KcsAX8). Our observa-
shows that the tetrameric form of Kcv (55 kDa band) is found tion of a cation specific stabilization of the Kcv oligomer
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Ficure 2: Stability of the Kcv tetramer as a function of cations.
(A) Cation specific effect on the apparent oligomeric state of Kcv
on a SDS-PAGE gel. Membrane proteins (3@) were heated for

3 min at 95°C in a buffer containing 600 NaCl and 200 mM KClI
(lane 1), 200 mM KCI (lane 2), or 600 mM NaCl (lane 3). Kcv
protein was detected on a Western blot probed with anti-poly-His.
(B) Oligomeric state of Kcv in SDSPAGE as function of free
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protein distributed roughly equally between monomer and
tetramer. The two ions, which are not permeable} ldad
Lit, are unable to protect the oligomer from dissociation
upon heating.

Channel Properties of Reconstituted Recombinant Ko
examine whether the purified recombinant Kcv protein in
its oligomeric state functions as a"Khannel, we reconsti-
tuted the protein into liposomes. These were used for an
electrophysiological assay of single-channel activity in planar
lipid bilayers. Under symmetrical ionic conditions, fusion
of the Kcv liposomes with the bilayer resulted in typical
single-channel fluctuations at both positive and negative
membrane potentials (Figure 3A). In addition to the main
unitary open channel amplitude, the Kcv channel also
displayed occasionally diverse sublevel gating (Figure 3D,F).
The mean variance plot in Figure 3F illustrates the main
transitions between the closed state, two discernible inter-
mediate states, and the full open states. The different states
are revealed by data clusters~ad pA (closed state), 2 and
5 pA (substates), and 12 pA (fully open state). The transition
trajectories between the clusters reveal that channel fluctua-
tions were such that the open state was generally accessed
from the closed state. No direct switching between the full
and intermediate open levels was detected with a sampling
rate of 10 kHz.

The overall open probability of Kcv turned out to be rather
low at all voltages (approximately30%). Even with several
channels incorporated into the bilayer, simultaneous opening
of two channels was rare.

Figure 3C summarizes the current amplitudes between
open and closed forms of the main open state and of the
dominant substate as a function of voltage. Provided that
only a single active channel had been incorporated into the
bilayer membrane, a rectifying single-channel current
voltage relationship was observed (Figure 3C). With multiple
incorporated channels, sometimes an additional mirror-
inverted curve was observed (data not shown), indicating
that the Kcv channels can in principle insert in either
direction into the liposome membrane. However, in the
majority of the experiments>(80%), the Kcv channels were
incorporated with a preferential orientation, yielding the
outward rectifying current voltage relation shown in Figure
3C. The rectifying characteristic of the main conductance at
negative potentials displays not only saturating behavior but

DS. KCl was added at concentrations between 0 and 50 mM to ag|so a negative slope conductance at voltages more negative

buffer containing 100 mM SDSKSDSy) (top panel) or 150 mM
SDS (bottom panel). The resulting free DS concentrations
(=SDS¢) are shown for each condition and are calculated
assuming a 1:1 precipitation ratio offkko DS (17). Membrane
proteins (3Qug) were heated at 98 for 3 min in respective SDS
buffer and probed for the oligomeric or monomeric state in a
Western blot with anti-poly-His. (C) Like panel A without £8)

or with addition of 200 mM monovalent cations.

than approximately-60 mV. This is also observed for the
dominant subconductance level at membrane potentig)s (
of >60 mV (Figure 3C).

In asymmetric buffer with a 10-fold gradient of KClI, the
Kcv channel exhibited a zero current potentid).{) of 50
mV (Figure 3E), indicating an almost perfect cation selectiv-
ity of the Kcv channel. The concentration dependence of
the linear section of the main conductance state revealed a

suggests that the presence of a transportable cation in thesaturation conductanceé\f..,y) of 362 pS (Figure 3B).

filter may enhance oligomer stability. To test this hypothesis,
we examined the stabilizing effect of other alkaline cations,

Channel Block under Bi-lonic ConditionSingle-channel
currents were also measured under bi-ionic conditions. In

which are transported to varying degrees by the Kcv channelthis case, K was either in the cis or in the trans chamber

(2, 3). Experiments described in Figure 2A were repeated
with either RlF, Cs', or Li*. The test of oligomer stability
shows (Figure 2C) that the permeable catiort Réan largely
substitute for K. On the other hand, Cswhich has a very
low channel permeability, exhibits a mixed effect, with the

with another cation (Naor Cs') in the opposite chamber.
Recordings under a range of bi-ionic conditions (cis/trans,
500 mM each; N&K*, K*/Na', Cst/K*, and K"/Cs") reveal
that the Kcv channel is permeable neither for'Neor for
Cs" (Figure 4A), with no detectable current for either ion.
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Ficure 3: Single-channel conductance properties of the reconstituted Kcv protein. (A) Single-channel currents recorded under symmetrical
conditions, cis/trans 500 mM KCI with 10 mM Mops/Tris (pH 7.0)4z20 and+100 mV. Dotted lines denote corresponding current levels

of the closed and fully open conformations of Kcv. A pronounced rectifying behavior becomes obvious when current levels at 100 and
—100 mV are compared. (B) Conductance of the Kcv channel at different KCl activities, under symmetrical conditions, cis/trans 10 mM
Mops/Tris (pH 7.0) with the indicated KCI activity. Conductance values are based on the slope of the linear sectibn \¢fréiationship

depicted in panel C. Data were fitted with a saturation isotherm, yielding a maximum conductar8&0qfS and a half-maximal conductance

at 125 mM. (C) Single-channét-V relation of the reconstituted Kcv channel in symmetrical cis/trans 500 mM KCI with 10 mM Mops/Tris

(pH 7.0) electrolytes. Positive values denote potassium flow from the trans to the cis compartment. Kcv exhibits rectifying behavior with
ever-decreasing current amplitudes at very negative potentials. At positive voltagesytieation is linear. The common main conductance

is shown with filled squares, and a subconductance conformdtipis ¢arely occupied. In more than 70% of all cases, Kcv was incorporated

into the bilayer with the orientation shown.~ 3000 gating events in 22 independent bilayers. (D) Single-channel currents under the
conditions described for panel A with respect of the subconductance state (open [sub]). While the subconductance level is only rarely
occupied, the trace shows an unusual frequent occurrence of this state. In nearly all gating events, any open state was accessed from the
closed conformation (see also panel F). [EV relation of Kcv in asymmetrical cis/trans 1 M/100 mM KCI and 10 mM Mops/Tris (pH

7.0) conditions. Kcv exhibits a high selectivity for potassium over chloride with a reversal potentidsomV. (F) Mean-variance plot

of the current trace in panel D. The main conductance state as well as the subconductance state is accessed from the closed state; full and
intermediate open states are generally reached directly from the closed state.

Moreover, when only Nawas present in the trans compart- completely blocked [Figure 4A%)]. Since K" and Na were
ment, the current carried byKfrom cis to trans was almost  in opposite chambers, this block cannot be explained by a
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Ficure 4: Cation selectivity of the reconstituted Kcv channel. (A) Channel activity was recorded under bi-ionic conditions with the cis/
trans (c/t) configuration shown in the inset. AV characteristics asymptotically approach the voltage axis; this means that Kcv is
impermeable for Naand Cg ions. The difference in the-V relations between the corresponding sodium and cesium experiments can be
explained by different abilities for these ions to block Kcv (see panel®B (B) Voltage-dependent fast block of Kcv by sodium ions.
Channels were assessed in the absence and presence of 50 mM NaCl in a control electrolyte of 500 mM KCI and 10 mM Mops/Tris (pH
7.0). (C) Block of K current by cesium ions. CsCl was successively added to the standard electrolyte [500 mM KCI and 10 mM Mops/Tris
(pH 7.0)] in the cis chamber. This revealed a voltage-dependent fast block at negative voltages. The effective inhibitory concentration was
below 2 mM CsCl. (D) Relative block of Kcurrent by CsCl as a function of voltage. Data from panel C are expressed as the relative block

[=1 (Icdlo)] and fitted with the Boltzmann equation.

conventional mechanism such as competition of Mad
K* for the entry or passage of the pore;Nather blocks

the K™ current at the exit of the channel. We designate this

Na" has under the same conditions no significant impact on
the inward current.
Under these conditions, unlike in the bi-ionic setup; Cs

effect as a transmembrane block. Under inverted conditionsblocks the channel currents only from the cis compartment
(cis Na/trans K'), transmembrane block does not occur (Figure 4C,D). This fast block occurs in a voltage-dependent
[Figure 4A (v)]. For example, the current at 100 mV reaches manner with a Csconcentration for a half-maximal current
values comparable to that measured in symmetrical 500 mMreduction E(Isee)] of 2.6 mM (at—50 mV) and 1.2 mM (at

K+ (Figure 3C).

—100 mV). This causes the maximal (or peak) current at

A transmembrane block does also become apparent undenegative potentials to be shifted fron60 mV when no C$

bi-ionic conditions with K and Cg in the solution. In this
case, however, the effect is apparent for both cigtians
Cs' and cis Cs/trans K" (Figure 4A).

Asymmetry of CsBlock under Symmetrical KCondi-
tions.In further experiments, we examined the effect of Na
and Cg when 500 mM K was also included in the buffer.

is added t0—30 mV in 18 mM Cs.

The asymmetry of the Cseffect [at concentrations up to
50 mM on the trans side, Cseduces the Kcv current only
by roughly 20% (Figure 4C, D)] allows us to assign the
orientation of the channel in the membrane of cells which
heterologously express Kcv. Previously, it was obser2ed (

The results of these experiments further illustrate the different that 10 mM C$ ions were unable to block the Kcv channel
effects of Na and Cg on Kcv-mediated K currents. For  in Xenopusocyte membranes when it was added from the
example, when 50 mM NaCl is added to both chambers in outside. Thus, it is reasonable to assume that the trans
an experiment with symmetric 500 mM KCI, the Nans compartment (where no significant Cislock was observed)
cause a voltage-dependent fast block of the current from thecorresponds to the extracellular side of the membrane.
trans compartment only (Figure 4B), with the current reduced Therefore, we conclude that in the cellular context, Kcv
at positive voltages by up to 20% at 100 mV. Remarkably, exhibits an inward-rectifying currentvoltage relationship.
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o dop MV of Rbt ions is via an effect on the stability of the tetrameric
unit as indicated in Figure 2C.

TR LTI A T — Barium Block of the KCV Channélo examine the effect
-60mv , of Ba&?" on Kcv conductance, the divalent cation was added
at different concentrations. Figure 6A illustrates a representa-
tive experiment in the absence of B4top trace) and after
addition of B&" at 0.66 mM (middle trace) and 4 mM
(bottom tace) to the cis chamber. The blocking effect of
Hostabitzed increasing concentrations of Baon K* inward current is
summarized in the currentoltage relation in Figure 6C.
However, the B& effect was similar if it was added to the
trans chamber (not shown). Comparative analysis of the

+60 mV

o
8

current [pA]

S
S

)
S

o

0 Bt ¥ RN ——— g o single-channel data in the absence and presence f Ba
- o shows that the inhibitory effect of 4 mM Bais due to a
0 1 2 3 slow block of the Kcv channel; the bivalent cation decreases

time [s]

the overall open probability, which in turn can be assigned
to a decrease in the open dwell time of the channel (Figure
6B).
Interestingly, in the lower millimolar range an additional
voltage-dependent fast block by Bavas observed, indicat-
. ing that at least two different Ba binding sites in the Kcv
channel are present (Figure 6A, bottom trace). The effects
of B&* are similar to those recorded with Ciens but with
a slightly lower efficacy. The B4 concentration for a half-
maximal current reductiorc(lsee)] is >4 mM (at—50 mV)

-1I20 -1I00 -éO -éO 0 2lO 4I0 SIO 8I0 160 1I20 and 1.4 mM (at_loo mV)
- -20+ voltage [mV] ) )

-40- DISCUSSION

Ficure 5: Effect of R on the conductance properties of the . .
reconstituted Kcv channel. (A) Kcv current trace of a control Kev-mediated currents have already been measured in a

experiment in the standard electrolyte [500 mM KCI and 10 mM Variety of heterologous systems by using Kcv cRNA or
Mops/Tris (pH 7.0)] in cis and trans &60 mV. Obvious in panel cDNA (2, 4). In the next step, we sought to measure Kcv
B is the fact that at least three copies of the channel were gctivity without any potential impact of modulatory cellular
incorporated into the bilayer. Dashed lines |nd|ca}rte the closed or factors. To do this, we needed to produce the channel protein
fully open state of Kcv. (B) After the standard*kcontaining . fficient ts t bl fituti f th
electrolyte in the trans compartment was replaced with 500 mM In su 'C'?n amour! s 1o _ena e recons ltution o _e pure
RbCI and 10 mM Mops/Tris (pH 7.0), the positive current carried channel in well-defined bilayers. Making pure protein also
by Rbt ions is increased; distinct channel fluctuations are no longer has the attraction of potentially allowing determination of
visible. The Kcv channels seem to be destabilized in response tostrycture-function correlates. Previously, work from one of

Rb" conductance (at a positive voltage) but not Bonductance g ; ;
(at a negative voltage). As soon as the current’s direction is inversedOur labs attempted Kev gene expressiofieircoli, but with

and carried by potassium ions, the channel regains its “normal” imited successP. pastoristoo initially failed to produce
function. (C)I1-V relationship of the mean current (1 min) at the appreciable amounts of protein despite the fact this system
respective holding voltages. Data were taken from an equivalent has been used for overproduction of the more complex Kv
but independent experiment as in panel B. The time-average Rb channels 19). However, by constructing a synthetic gene
current is greater than the*current. chiefly using codons found in the strongly expressed AOX1
gene, we were able to produce significant amounts of Kcv
Rubidium Currents Carried by KcWhen under bi-ionic protein, which exhibited channel activity in planar lipid
conditions with K and Rb on opposite sides of the bilayers. This illustrates the importance of the codon usage
membrane, Rbwas driven across the Kcv channel by the and AT content of the heterologous gene and may be a useful
applied membrane potential, the gating (Figure 5A,B) and approach for overcoming poor expression levels for other
open probability of the channel were drastically altered targets in this system.
(Figure 5C). Fluctuations to distinct open channel current  Oligomerization and Selecity Filter. Previous investiga-
amplitudes were hardly observed, the channel remainingtions of purified Kt channel proteins have revealed a high
mainly in the open state. Furthermore, the overall conduc- stability and heat tolerance of the channel oligonis; 20,
tance of the open channel increased significantly. This effect 21). These data show that Kcv shares this remarkable stability
was not dependent on the side of the channel to which thewith these larger, more complex channel proteins. Interest-
Rb" was applied. However, although dramatic, the effect of ingly, Kcv lacks significant cytoplasmic domains, which
Rb" permeation on channel function was readily reversible; could contribute to oligomer stability2). Hence, the oligo-
when the opposite voltage was applied allowing ko meric association must be based entirely on interactions
permeate the channel rather than rubidium, the structuredbetween the monomers within the membrane bilayer. Even
gating of the channel reappeared and the open probabilityin channels with large extracellular domains, such as Kv
returned to control values (Figure 5B, bottom trace). We, proteins, this is also likely to be the case since the removal
therefore, propose that the pronounced effect on the con-of cytoplasmic domains does not prevent production of
ductance properties of the Kcv channel exerted by permeationfunctional tetramers.

¢/t 500 mM
= KCI
2 KCI/RbCl
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presence of K, even heating to 95C could not dissociate
the oligomer. From all tested cations, those with an atomic
radius larger than that of K(Rb* and Cg) are able to
stabilize the tetramer while the smaller ones {Nad Lit)

do not. This protection effect appears to be related to the
permeability of the cation in question. Nand Lit, which

do not pass through the channel and apparently do not enter
the pore, have no stabilizing activity. On the other hand, the
permeant cation Rbalso stabilizes the oligomer, although
the stabilizing effect of Rb seems to be somewhat weaker
than that of K. Cs" does not permeate the channel in the

P 1 i || B9 SRR T A 1 900 2 bilayer, but it is able to block the conductance in a voltage-
z g-m dependent manner (Figure 4). This implies that €an enter
T 5201 the channel pore from at least one side; this limited
-0, ! . i , accessibility of the pore to Csis consistent with the
g g i ] i 8 observation that also Csan partially stabilize the oligomer
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conformation. These cation specific modulations on the
channel’s oligomeric stability might be important for the
interpretation of the effects of these cations on channel
function. It is tempting to speculate that these interactions
with the channel protein are the molecular basis for
phenomena such as transmembrane block and the unusual
gating in the presence of Ri{see below).

These findings agree well with previous studies of KcsA
(18). Also in this channel, the stability of the tetramer was
found to be determined by the number and species of cations
bound within the pore. Apparently ions which are able to
enter the selectivity filter of the channel have dual roles. They
are transported, and at the same time, they stabilize the
delicate quaternary structure of the channel protein. This dual
role occurs as a general feature of Bhannels. Previously,
it was found for native channels that a depletion of ¢h

z : . . .
C ¢/t 500 mM KCI = either side of the channel results in a conformational change
e ] ] of the channel pore; the pore essentially collapses reversibly
: :gg or even irreversiblyZ2). Similar observations were obtained
s c23 from crystals of the KcsA channel, prepared in the absence
+ c40

T T
20 40 60 8D 100
voltage [mV]

Ficure 6: B&" block of the reconstituted Kcv channel. (A) Current
traces of at least two copies of Kcv-a60 mV. Successive addition

of K*. The structure determined from these crystals showed
that the channel pore had become distor@g).(Similarly,

it was found that K ions were required during solubilization
of voltage-dependent Kchannels; otherwise, toxin binding
(a sensitive measure of oligomeric structure) could not be
assessed?d). Like the results seen in this study, this effect
was mimicked by permeant Rkbut not impermeant (L

and Na) species, while Cshad an intermediate ability to
retain toxin binding 25). Together with these data, this

of BaCl (middle, 0.66 mM; bottom, 4 mM BaCl) to standard fosters the hypothesis that the selectivity filter contributes
electrolyte in cis causes a slow block of Kcv. This is identified by strongly to the oligomer stability of the channel.

omission of gating events or a reduced dwell time in the open state . . . .
(see panel B). Barium also induces a fast block of Kcv current at Functional PropertiesiThe viral channel has in the past

negative voltages (see panel C). (B) Current as a function of dwell Peen expressed in different heterologous systems, where it
time from data in (A, top, no B4; and bottom, 4 mM B%) in a generated a K selective conductance,(4). However, so
semilogarithmic diagram. In the presence of 4 mM BaCl (gray far, the functional analysis of the channel was all based on
‘(js'ﬁ)”\:voggsc)k)tfﬁsgpfr:‘ecchuﬁ?e”st' £r¥1V§|liltJIdn;e dgggsngf:ez)::%e&% f’/glﬂgsrecordings of macroscopic currents, assuming that these were
recorded in the absence of Ba(l); this is evidence for a fast generated by the_ actMty O,f |_on chann<_a|s_. T_hese dgta now
block. (C) -V relationship of Kcv currents in the presence of Show that the purified protein in planar lipid bilayers indeed
different concentrations of BaCl in cis. Single-channel currents were exhibits the features characteristic of & Iselective ion
recorded in the standard electrolyte in the absence and presence ofhannel; this confirms a canonical channel nature of this
BaCh concentrations indicated in the inset. Ba@#ads 0 a  minigture membrane protein. As with othet Khannels, the
concentration- and voltage-dependent fast block. The blocking effect : o - !
is much smaller when BaCl is added to the trans chamb20% Kcv-mediated conductance §W|tches in a stochastic manner
relative block, data not shown). between a closed state and discrete open channel amplitudes.
Analysis of current traces containing single or multiple active

A remarkable observation of this study is that the oligomer copies of the Kcv protein revealed a main conductance state

stability was enhanced in a cation specific manner; in the with less frequent subconductance levels (Figure 3C,D,F).
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Table 1: Cations Block Kcv Conductance in a Different Manner Depending on Whether They Are Present on the Cis or Trans Side of the
Membrané

cis trans
cation type of block affinity voltage-dependent TMB type of block affinity voltage-dependent TMB
Cs" fast high yes yes fast low no yes
Na* - - - no fast low yes yes
B+ slow high no slow high no
not detected not detected
fast high yes - - -

a2 The orientation of the channel is in reference to that shown in Figure 3A. TMB stands for transmembrane block.

Worth noting is the fact that the full and sublevel conduc- show that Kcv undergoes in spite of its structural simplicity
tance states are within the resolved time domain exclusively intrinsic gating and, in the absence of the bundle crossing,
achieved from the closed state. This may be important for show that other structures such as the selectivity filter may
the future investigation of the molecular mechanism of the function as a gate3@, 33).

gate(s). _ _ Our data also argue for an intimate relationship between
These single-channel recordings show that the openjon permeation and gating. Nand Cs are both unable to
channel—V relation of Kcv has an articulate rectifyingrV. permeate the channel, but they are able to exert a transmem-

characteristic. In the prevailing membrane orientation (e.9., prane-like inhibition of K current. This transmembrane
Figure 3C), the channel current increases linearly with jnhibition is competitively reversed by the presence of the
positive voltage. In the negative voltage range, the conduc- permeable K ion. The molecular mechanisms of the

linear section of the open channketV relation provides  experimental data, but on the basis of the background of these
information about the saturation of the Kcv conductance as findings, one explanation could be a competition of ©s

a function of substrate. The extrapolated maximal conduc- Ng+ with K+ for binding sites in the exit from the channel

tance (360 pS) and;3> value (125 mM) show that the pore. The data are consistent with a model in which the
channel has a large unitary conductance; it is in the rangechannel has a high- and a low-affinity binding site for'Cs
of the limiting conduction observed for Kcs&€, 27). Only on the cis and trans sites, respectively. Low-affinity binding
the conductance of Kcv is saturated at slightly lower KCI of Na' is On|y relevant on the trans site. The occupancy of
concentrations and displays:ﬁfznax value lower than that of  the low-affinity binding sites by Naor Cs" explains the
KcsA. strong reduction of the Kinward current in experiments

At negative voltages, the open channel amplitude of Kcv with bi-ionic conditions. As soon as™Kis present, it forces
decreases, resulting at extreme negative voltages even in &€s" or Na© out of the respective sites and suppresses any
negative slope conductance (Figure 3C,E). The molecularblock. Interestingly, a higher membrane voltage, which
mechanisms underlying this decrease in open channelpromotes the flow of K ions through the channel, leads to
conductance remain unsolved. With the temporal resolution a partial relieving of the transmembrane channel block by
of the recording, it is not possible to determine whether, for Cs" (see Figure 4A). Altogether, these data argue for one or
example, fast gating2@) or conformational changes in the several sites of cation specific interaction within the conduc-
channel proteinZ9) are responsible for this negative slope tive pathway of the protein (see Table 1). Similar conclusions
conductance. It is possible that voltage-induced forces within can be drawn from the behavior of the channel inf Rthese
the molecule lead to a distortion and consequent reductiondata and previous experiments reveal that Kcv is highly
of the open conformatior3Q). permeable for Rb (3). However, transport of Rbthrough

Rectification of the open channel conductance in Kcv is the channel appears to lead to a change in the channel
different from that reported for KcsA, rectification of this  properties. In heterologous systems, the activity of the
channel is at negative voltages mainly due to a preferential channel decreases at negative voltages in a voltage- and time-
occupancy of a smaller subconductance states, while atdependent manner when Rpasses through the chann@). (
positive voltages, the channel preferentially switches to the In this study, we find at the single-channel level that the
larger main conductance stat@8). In contrast to this, Kcv  channel loses its clear openlosed transitions and becomes
rectification can be clearly attributed to smaller open channel hyperconductive. Again, the data argue for an involvement
amplitudes at aV, of <O mV for both the main and of structures in the conducting pathway on this altered
subconductance states. channel behavior. Under bi-ionic conditions, thetRiffect

The observation that Kcv reveals typical channel gating is only apparent when Ripasses through the channel. This
is of particular interest in the context of the structural effect can be readily reversed by & Kurrent in the opposite
simplicity of the channel protein compared to other K direction, i.e., a current, which depletes "Rifrom the
channels. Due to the very short second transmembraneconducting pathway. The pore of potassium channels is
domain of Kcv @), the channel presumably lacks the asymmetric with respect to its global structuig)and K*
structural prerequisite to form the pronounced crossing of and RB binding sites 84). The finding that Rb affects Kcv
the inner transmembrane domain bundles (“tepee conforma-function in a similar fashion from both sides of the membrane
tion”), found in the KcsA channell@). Conformational furthermore suggests that the effect of this cation cannot be
transitions in the tepee region of KcsA have been associatedassigned to any of the asymmetrical features of the channel;
with the gate of this channel81). The data presented here therefore, the selectivity filter is a good candidate as a site
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of action. Notably, the effects on the channel properties by functional features, including a transmembrane inhibition by
various ions correlate with their effect on oligomer stability. Na* and C¢g ions and a modulation of the typical channel
Thus, only K" is able to fully protect the channel quaternary fluctuation characteristics when Rlis entering the pore.
structure from dissociation (Figure 2). Rand Cs are only
weakly protective and Naand Li* not at all protective. =~ NOTE ADDED AFTER ASAP PUBLICATION
Hence, cations other than‘Kause some kind of destabiliza-
tion of the perfect geometry of the selectivity filter of the
native channel protein. These small distortions might be
sufficient to render the channel inactive with Nand Cg
or hyperactive with Rb. REFERENCES
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