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Abstract

We obtained a membrane fraction enriched in the contractile vacuole by aqueous-polymer two-phase partitioning and its
Žchannel activities were analysed by incorporating it into artificial planar lipid bilayers. In asymmetrical KCl solutions cis,

. q300 mMr100 mM, trans , we observed single-channel currents of a highly K -selective channel with slope conductance of
102 pS and reversal potential of y20.4 mV, which corresponded to P rP s7. They showed bursts separated byKq Cly

infrequent quiescent periods. At 0 mV the mean open time was 2.0 ms. Among monovalent cations, Naq and Liq were
impermeable, whereas Rbq showed permeability equivalent to that of Kq, although the unitary conductance was apparently
reduced when the current flowed from the Rbq containing side, suggesting that Rbq is a permeant blocking ion. The open
probability within bursts remained constant at approx.0.6 as long as the holding potential was positive on the cis side with
respect to the trans side, but it decreased to 0 at negative potential. This channel was blocked by submillimolar
concentrations of quinine and 30 mM TEAq. The open probability-voltage relationship showed a striking dependency on
the KCl concentration on either side. This channel may play a role in water transport in this organelle.

ŽKeywords: Contractile vacuole; Planar lipid bilayer; Inward rectifier potassium channel; Aqueous-polymer two-phase partitioning; D.
.discoideum ; Quinine
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1. Introduction

The contractile vacuole is a prominent structure
which can easily be recognized in fresh-water proto-
zoa and amoebae. This organelle is believed to accu-
mulate water from the cytosol and excrete it into the
extracellular space, in this way allows fresh-water
organisms to survive under hypotonic environments
without losing intracellular essential ions. The great
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mystery lies in the mechanism whereby water is
pumped up from the more hypertonic cytoplasm and
excreted into more hypotonic extraplasmic space. The
large amount of water estimated to flow from the
cytoplasm into the vacuole suggests the involvement

w xof active transport of salts 1 .
Recently, the structure of the contractile vacuole

complex in Dictyostelium discoideum was investi-
gated in detail by electron microscopy using a quick-
freeze, deep-etch technique, which revealed the pres-
ence of interconnected array of tubules and cisternae

q w xrich in V-H -ATPases 2 . This organelle was iso-
lated by sucrose density gradient centrifugation and
found to consist of two kinds of vacuoles, the central
large vacuole bladder and satellite tubules spon-

w xgiomes, as seen in other protozoa 3 . Spongiomes are
highly enriched in V-Hq-ATPases, which are likely
to play an important role in the energetic process of
water accumulation. Bladders are more buoyant vac-
uoles which are enriched in alkaline phosphatase

w x w xactivity 3,4 and membrane-bound calmodulin 5 ,
and are believed to be the locus where the contractile
vacuole complex fuses with the plasma membrane
w x6 . Acidosomes, which have been isolated from
buoyant membrane fractions, are also highly enriched

q w xin V-H -ATPases 7–9 , but its relationship with the
contractile vacuole complex remains to be clarified
w x3,10 . Interestingly, cells of a clathrin heavy chain-
deficient mutant lack contractile vacuoles, which im-
plies that a certain mechanism common to clathrin-
mediated endocytosis is involved in the generation or

w xretention of this organelle 11 .
The mechanisms of water accumulation and extru-

sion remain controversial. In large amoebae, Amoeba
proteus and Chaos chaos, it has been suggested that
the formation of the hypotonic fluid in the vacuole
takes place in two steps: First, bulk fluid is brought
into the vacuole, by fusion of isotonic vesicles or by
passive influx of water following the transport of
osmolytes such as Kq ions. Second, the osmolytes
are reabsorbed into the cytoplasm leaving hypotonic

w xfluid behind 1,12,13 . On the other hand, based on
the finding that V-Hq-ATPases are present abun-
dantly on the contractile vacuole membranes, Heuser

w x yet al. 2 proposed that HCO is transported into the3

contractile vacuole by the proton motive force where
it acts as an osmolyte causing water to accumulate
passively. To understand the mechanism of water-

pumping by the contractile vacuole, it is therefore
necessary to characterize the ion transport across its
membrane. We isolated a membrane fraction en-
riched in contractile vacuoles by aqueous-polymer

w xtwo-phase partitioning 14 , fused it into artificial
planar lipid bilayers, and analysed its channel activi-
ties. We focused on a frequently observed channel
that was highly Kq-selective and showed unusual
voltage-dependency. Part of this work was presented
at the 12th International Biophysics Congress, 11–16

ŽAugust 1996, Amsterdam Progress in Biophysics
.and Molecular Biology, 65, suppl. 1, P-C2-07 .

2. Materials and methods

2.1. Cells and fractionation by two-phase system

D. discoideum strain AX-2 was cultured in HL-5
medium on a gyratory shaker at 175 rpm, 238C, to

6 7 w x5P10 ;1P10 cellsrml 15 . To obtain starved
cells, vegetative cells were washed and shaken in 10

Ž .mM NarK phosphate buffer pH 6.5 for 5;9 h at a
cell density of 2.0P107 cellsrml. Cells were pelleted
at 800=g for 1 min, washed in a homogenate buffer
Ž Ž . .5 mM glycinerNaOH pH 8.5 , 0.1 M sucrose
w x7,8 , resuspended in the same buffer supplemented

Žwith 1 mM EDTA and protease inhibitors 1 mM
.PMSF, 1 mgrml leupeptin , and homogenized by

passage through a polycarbonate filter with 5 mm
pores. The homogenate was then centrifuged at 1000
=g for 1 min to remove intact cells and at 122 800
=g for 1 h, and the resulting pellet was resuspended

Ž .in 5 mM potassium phosphate buffer pH 8.0 con-
taining 0.3 M sucrose. About 5;10 mg protein of
the membrane pellet was loaded on aqueous-polymer
two-phase system to yield 12-g system in a 15-ml
plastic tube with final concentrations of 6.0 ;

Ž . Ž .6.4% wrw dextran T500, 6.0 ; 6.4% wrw
Ž . Ž .poly ethylene glycol PEG 4000 , 3 mM KCl, 0.3 M

Ž .sucrose, and 5 mM potassium phosphate pH 8.0 .
Each tube was prepared by weighing contents sepa-
rately. Membranes were partitioned three times and

w xre-extraction was performed as described in Ref. 14 .
Ž .The upper poly ethylene glycol phases and the first

partitioned lower phase, were separately collected
and diluted 5–10-fold with a buffer consisting of 10

Ž .mM Tris and 20 mM Hepes pH 7.4 . After cen-
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trifuged at 122 800=g for 1 h, the resulting pellet
was resuspended in the same buffer containing 0.3 M
sucrose. The final protein concentration was 2;5
mgrml. The samples were stored in 30;50 ml
aliquots at y708C until use.

2.2. Marker enzyme assays

Protein was determined with BioRad Protein As-
say kit using bovine serum albumin as a standard
w x16 . Alkaline phosphatase and NADH oxidoreduc-

w xtase were assayed as described in Ref. 17 , acid
w xphosphatase as described in Ref. 8 , and ATPase as

w xdescribed in Ref. 7 . NBD-Cl-sensitive ATPase ac-
tivity was determined as the difference between the
activities in the presence and absence of 25 mM
NBD-Cl. Vanadate-sensitive ATPase activity was de-
termined as the difference between the activities in
the presence and absence of 100 mM vanadate. Mito-
chondrial ATPase activity was measured at pH 9.5.

2.3. FITC-labelling of cell surface

ŽCells were washed in 5 mM NaHCO rNaOH pH3
.9.5 , 0.1 M sucrose, and resuspended in the same

solution containing 400 mgrml FITC at a cell den-
8 w xsity of approx. 5P10 cellsrml 18 . After shaken at

238C for 5 min, cell suspension was diluted at least
Fig. 1. Negatively-stained electron micrographs of a sample from

Ž . Ž .the upper phase. Bars a 500 nm, b 200 nm.

Table 1
Characteristics of the crude membrane pellet and the partitioned fraction

Marker Activity in Activities in two phase Enrichments
Ž .crude membrane fractions % of crude membrane

Ž .nmolrmin Upper Lower

Ž .Protein 16.6 mg 7.5 44.7 –
aAlkaline phosphatase 104 37.7 34.4 4.9

bNBD-Cl-sensitive ATPase 4500 3.2 102.2 0.44
cVanadate-sensitive ATPase 2940 6.0 67.7 0.78

Cell-surface label – 2.9 53.4 –
dAcid phosphatase 5190 1.4 45.3 0.21

eNADH oxidoreductase 16200 1.0 72.7 0.13
Mitochondrial ATPase 12300 2.9 50.4 0.39

Ž 9 .Membrane was pelleted from the homogenate of 5;7-h developed cells ;2P10 cells and subsequently partitioned by a two-phase
Ž . Ž .system composed of 6.0% dextran-6.0% poly ethylene glycol . Averages of three samples one of which is FITC-labelled are shown

except for cell-surface label, where means of two independent experiments are shown. Enrichments were calculated as the specific
Ž .activities nmolrmin per mg of the upper fraction divided by those of the crude membrane

a A marker for contractile vacuole; b a marker for acidosome; c a marker for plasma membrane; d a marker for endosomerlysosome; e a
marker for endoplasmic reticulum.
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Ž . qFig. 2. a Single-channel recordings of the Dictyostelium K
channel. Applied voltages are indicated at the left of each trace.
The lines on the right-hand side show the baseline current. The

Ž .bathing solution consisted of cisr trans 300:100 mM KCl, 10
Ž . Ž .mM Tris, 20 mM Hepes pH 7.4 . b A single-channel recording

in a more compressed scale to show long silent periods. Condi-
Ž .tions are the same as in a .

Ž .30-fold in ice-cold 5 mM glycinerNaOH pH 9.5 ,
containing 0.1 M sucrose. Cells were centrifuged and
the pelleted cells were resuspended and washed three

Ž .times in 5 mM glycinerNaOH pH 8.5 , containing
0.1 M sucrose. Little cell lysis was observed under
these conditions. The specificity of cell surface la-
belling was evaluated by fluorescence quenching upon
acidification of the solution to pH 4 by addition of

Fig. 3. Current-voltage relationships of the Dictyostelium Kq

channel obtained in different salt solutions. The composition of
Ž . Ž .the solutions cisr trans are, A 300 mM KCl:100 mM KCl,

Ž . Ž .B 100 mM KCl:100 mM NaCl open circles , 100 mM KCl:80
Ž . Ž .mM NaCl q20 mM KCl closed symbols , C 100 mM KCl:80

mM LiClq20 mM KCl, each buffered with 10 mM Tris, 20 mM
Ž . Ž . Ž . ŽHepes pH 7.4 . Data from independent A 5, B 2 closed
. Ž .symbols , C 2 bilayers are represented by different symbols.

The lines shown here were generated by regression with combi-
nation of all the data from different bilayers with the same

Ž . Ž .solution. For B open circles , the curve was generated accord-
ing to the GHK equation assuming that Cly is impermeable.
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HCl. About 90% of the fluorescence was quenched
upon acidification in these experiments described,
whereas a considerable amount of fluorescence was
resistant to acidification if pH below 9.5 was used.
Aliquots of membrane fractions obtained by the two-
phase method were suspended in buffer containing 1
mM Tris, 2 mM Hepes, 0.1 M sucrose, and 0.1%

Ž .Triton X-100 pH 7.4 , and fluorescence was mea-
sured at excitation and emission wave lengths of 495
and 520 nm, using a spectrophotometer. Basal fluo-
rescence of cell lysates without FITC has been sub-
tracted from all measurements.

2.4. Electrophysiology

Planar lipid bilayers were prepared with soybean
L-a-phosphatidylcholine dissolved at 20 mgrml in

w xn-decane 19 . Prepared samples were mixed with a
Žhalf volume of 3 M KCl to yield a final concentra-

.tion of 1 M KCl and fused into the bilayer by
pressure application. The recording solutions were
composed of the indicated concentrations of salts and

Ž .10 mM Tris, 20 mM Hepes pH 7.4 . A 50-GV

resistive-feedback current-to-voltage converter was
w xbuilt according to 20 . Signals were recorded on

videotapes after processing with a digital audio pro-
Ž .cessor PCM-501ES; SONY Corp. .

2.5. Data analysis

Electrical signals were regenerated from the stored
videotapes, filtered at 1 kHz, digitized at 5 kHz, and

Fig. 4. Current-voltage relationships of the Dictyostelium Kq

channel in the presence of Rbq. Data from independent 2 bilayers
Ž . Ž . qfilled and open symbols are shown. a Effects of Rb present
on the trans side. Cis sides100 mM KCl, trans sides100 mM

Ž . Ž .KCl circles , 10 mM RbClq90 mM KCl squares , 20 mM
Ž .RbClq80 mM KCl triangles , 80 mM RbClq20 mM KCl

Ž . Ž . qdiamonds . b Effects of Rb present on the cis side. Cis
Ž . Žsides100 mM KCl circles , 10 mM RbClq90 mM KCl trian-

. Ž .gles , 20 mM RbClq80 mM KCl squares , with trans sides100
mM KCl. All the solutions were buffered with 10 mM Tris, 20

Ž .mM Hepes pH 7.4 . The lines shown here were generated by
regression with combination of all the data from different bilay-

Ž .ers with the same solution. c The corresponding channel traces.
Ž .From top to bottom: cis 100 mM KClr trans 100 mM KCl 30

ŽmV, y30 mV, cis 20 mM RbClq80 mM KClr trans 100 mM
. ŽKCl 30 mV, y30 mV, cis 100 mM KClr trans 20 mM

.RbClq80 mM KCl 30 mV, y30 mV.
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Ž .analyzed by pCLAMP software Axon Instrument .
Ž .In this paper, voltages of the cis sample-applying

side relative to the trans side are shown, and the sign
of the current is positive when it flows from cis to
trans.

For the statistical curve-fitting, the lines and curves
were generated by the least-square fitting method

Žusing computer softwares KaleidaGraph 3.0 for
.Macintosh or Ngraph v.5.31 for NEC PC-9801 .

2.6. Materials

Dextran T500 was purchased from Pharmacia, PEG
Ž .4000 from Kishida Kagaku Osaka, Japan , FITC

Ž .from Dojindo Laboratories Kumamoto, Japan , L-a-
phosphatidylcholine, quinine, cAMP, cGMP from

Ž .Sigma, folic acid from Wako Osaka, Japan and
Ž .charybdotoxin from Peptide Institute Osaka, Japan .

3. Results

3.1. Characterization of the sample preparation

A high-speed precipitate of a cell homogenate was
Žfractionated into two phases by a poly ethylene gly-

.col -dextran system as described in Section 2. As
shown in Table 1, markers of the plasma membrane,
‘acidosome’, endosomesrlysosomes, endoplasmic
reticulum, and mitochondria were predominantly par-
titioned in the lower phase, whereas alkaline phos-
phatase, a marker for contractile vacuoles in Dic-

w x w xtyostelium 3,4 , but see Ref. 21 was enriched 5-fold
in the upper phase. We concluded that our phase
system preferentially extracts contractile vacuoles
from cell homogenates.

Fig. 1 shows electron micrographs of negatively
stained vesicles from the upper phase. These vesicles
show the characteristics of contractile vacuoles previ-
ously described, such as large angular holes and

w xsmooth and crispy membrane surfaces 3 .

3.2. Frequency of obserÕing channel actiÕities

When these preparations were incorporated into a
lipid bilayer, we observed many kinds of conductive
activities. Most of these activities showed very fast or
irregular gating kinetics. In this paper, we concen-

trated on a specific channel with reproducible charac-
teristics which appeared in 59 bilayers of a total of
2290 trials. This channel showed a strong voltage-de-
pendency such that it opened at a high probability

Ž .when the cis side sample-applying side was posi-
tive while it closed when the cis side was negative
Ž .Fig. 2a . In another 9 bilayers, the same channel was

Ž . Ž .Fig. 5. Open probability A and open time distribution B in the
burst period. The analyses were performed on the recordings

Ž .shown in Fig. 2a. In A , data are fitted according to Boltzmann’s
w max � Ž . 4xequation P s1r 1rP qexp ze V yV rkT whereopen open 0

P max is maximal open probability, z an equivalent valence, e theopen

elementary charge, V the voltage of half-maximal activation, V0

voltage, k the Boltzmann’s constant, and T temperature. For this
case, P max s0.57, zs1.6, and V s4.34 mV was obtained. Inopen 0
Ž .B , the histogram shows the number of openings per bin of 0.2
msec width. The continuous line shows an exponential probabil-
ity density function that has been fitted to the observations
Ž .above 0.4 ms by the maximum likelihood method. It has a time
constant of t s2.0 ms at V s0 mV.
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observed in reverse orientation. Since the sidedness
of the vesicle membrane of the preparations is un-
known, the orientation of the channel within the cell
remains to be determined.

3.3. Conductance size and ion selectiÕity

Representative traces of single channel currents
Ž .recorded in asymmetrical cisr trans 300:100 mM

KCl solutions are shown in Fig. 2. The current-volt-
Ž .age I-V relationship revealed a slope conductance

of 102.3"2.8 pS and a reversal potential of y20.4
"0.8 mV which corresponds to P qrP ys7K Cl
Ž . Ž .Fig. 3A, ns5 . In asymmetrical cisr trans 100
mM KCl:100 mM NaCl solutions, the slope conduc-
tance was 57.1 pS at positive holding potentials but
the I-V relationship shows non-linearity at negative
potentials and the I-V curve never intersects the

Ž .V-axis Fig. 3B, open circles . In asymmetrical solu-
tions which contains 100 mM KCl in the cis side and
80 mM NaCl plus 20 mM KCl in the trans side, the
relationship was almost linear between y45 and 30
mV, the slope conductance and the reversal potential
being 57.9;1.2 pS and y31.5"1.7 mV, respec-

Ž .tively Fig. 3B, closed symbols, ns2 . The perme-

Fig. 6. Voltage-dependence of open probabilities shifted by
changes in the trans concentration of Kq ion. In one experiment,
the trans side solution was sequentially exchanged by perfusion

Ž . Ž .from 30 mM closed circles , to 300 mM open circles , to 1000
Ž . Ž .mM closed triangles , and finally to 100 mM open triangles

KCl. Cis side solution was 300 mM KCl for all records. The
values of half-activation voltage were approximately y30 mV in
30 mM trans KCl, 10 mV in 300 mM KCl, and 60 mV in 1000
mM KCl, respectively, whereas the values of reversal potential

Žwere y50.6 mV, 1.2 mV, and 26.6 mV, respectively not
.shown .

Ž .Fig. 7. A Voltage-dependence of open probabilities in various
q Ž .concentrations of K ion. B The corresponding current-voltage

relationship. The means"S.E. are shown. Cisr trans solution
Ž . Žwas 300:30 mM closed circles, ns8 , 300:300 mM open

. Ž .circles, ns5 , and 30:300 mM closed triangles, ns3 KCl. In
Ž .A , the data are fitted according to the Boltzman equations in the
same way as in Fig. 5A. The values of P max are 0.63, 0.53, andopen

0.58, respectively. The values of z are 1.5, 1.7, and 1.5, respec-
tively. The values of V are y23.3, 24.1, and 38.3 mV, respec-0

Ž .tively. In B , the data are fitted according to quadratic equations.
The values of the reversal potential were, y43.6, y0.8, and 43.9
mV, respectively.

ability ratio P rP was calculated to be almostNaq Kq

0 according to the Goldman–Hodgkin–Katz equa-
tion, that is, Naq is an impermeable ion. Similarly,

q Ž .Li was shown to be impermeable Fig. 3C .
On the other hand, the behaviour of Rbq was more

complex. When part of Kq ions on the trans side in
symmetrical KCl solutions was replaced by Rbq

ions, the observed currents at negative holding poten-
Ž qtials i.e., potentials driving the Rb ions across the

. Ž . qchannel were reduced Fig. 4a . Rb ions present in
the cis side solution, on the contrary, did not affect
the currents irrespective of the direction of the hold-

Ž .ing potential Fig. 4b . The corresponding traces are
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shown in Fig. 4c. The reversal potential obtained by
interpolation was approx. 0 mV with all RbqrKq

ratio examined, indicating that the permeability ratio

P qrP q was approximately 1. These resultsRb K

pointed out that Rbq ion is permeant but it blocks
this channel effectively at the same time.

q Ž . q Ž . Ž . Ž .Fig. 8. Blockade of the Dictyostelium K channel by quinine a and TEA b , applied from the cis side. In a and b , the
Ž .concentrations of the drugs are shown to the left. Cisrtrans solution was 300:100 mM KCl. Holding potentials30 mV. c Dose-effect

q Žrelationship of TEA blockade. The curve shown is the best fit of the data from 2 independent bilayers represented by different
. Ž w qx . qsymbols , assuming the following equation, grg s1r 1q TEA rK , where g denotes the conductance at the indicated TEA0 d

concentrations and g without TEAq, and K s30 mM.0 d
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3.4. Gating properties

The open probability of this channel was depen-
dent on the applied potential, becoming almost 0 at

Ž .negative potentials Fig. 5a . As seen in Fig. 2b, long
silent periods were frequently observed, especially at
positive potentials. We analyzed open probabilities
only within bursts, ignoring closed events longer than
100 ms at positive potentials. Open probability ap-
peared to saturate at approx. 0.6. As shown in Fig.
5b, the open time histogram fitted well to a single-ex-
ponential curve of ts2.0 ms at 0 mV.

The trans side of a bilayer was perfused succes-
sively with solutions of varied KCl concentrations
Žwhile the cis side was held constant at 300 mM

.KCl . The open probability curve shifted dramatically
to the positive direction when the KCl concentration

Ž .was raised Fig. 6 . The maximal open probability
was also lowered when the trans KCl concentration
was raised from 30 to 300 mM and from 300 to 1000
mM. This decrease in the open probability was recov-
ered after lowering the KCl concentration to 100
mM.

Fig. 7A shows the open probabilities of the chan-
nels in cis 300 mM; trans 30 mM, cis 300 mM;
trans 300 mM, and cis 30 mM; trans 300 mM KCl
solutions plotted against the applied voltage. The
voltages of half-maximal activation, estimated by

Ž .curve-fitting see Section 4 , were y23.3 mV, 24.1
mV, and 38.3 mV, respectively. The reversal poten-
tials were obtained from the corresponding I-V curves
Ž .Fig. 7B to be y44.2 mV, 1.8 mV, and 48.1 mV,
respectively. It is obvious that the trans Kq concen-
tration greatly affects the open-probability-voltage
relationship, whereas the cis Kq concentration af-
fects only slightly. The maximal open probabilities,
estimated by curve-fitting, were 0.63, 0.53, and 0.58,
respectively.

3.5. Blockers

Effects of well known Kq channel blockers, qui-
Ž q.nine, tetraethylammonium TEA , and charybdo-

toxin were examined. Quinine blocked this channel
Ž .effectively at submillimolar concentrations Fig. 8a .

TEAq blocked this channel at relatively high concen-
Ž .tration, i.e., with K of about 30 mM Fig. 8b,c .d

Apparent conductance size was reduced when the

concentration of TEAq was raised. In addition, TEAq

seemed to increase the open duration, which strongly
suggests that this is due to open-channel block. In

Ž .both cases, the block was reversible not shown .
Charybdotoxin, up to 300 nM, did not block this
channel.

3.6. Effects of second messengers

We tested 1 mM cyclic AMP, 10 mM cyclic GMP,
2 mM ATP, and 1 mM folic acid on this channel for
their effects on this channel. We did not observe any
obvious effects of these agents applied on either side
of this channel.

We investigated whether this channel shows
Ca2q-dependency using Ca2q-EGTA buffer, but could
not find any major effects on its gating activities.

4. Discussion

Aqueous-polymer two-phase partitioning is an es-
tablished method for isolation of right-side-out vesi-

w xcles of plasma membrane 14 . We found that mem-
brane preparations obtained from Dictyostelium cells
by this method were poor in the plasma membrane
markers, such as vanadate-sensitive ATPase and
cell-surface labels, but instead highly enriched in
alkaline phosphatase activity. In Dictyostelium, it has
been clearly shown by electron-microscopic cyto-
chemistry that this enzyme is localized in contractile

w xvacuoles 3,4 . Additionally, the negatively stained
images of our preparations were morphologically in-
distinguishable from those of the purified contractile
vacuoles, characterized by large holes, and smooth
and crispy membrane surface. We concluded that the
upper phase of the two-phase is rich in contractile
vacuoles under our experimental conditions.

By incorporating these contractile vacuole-en-
riched fraction into planar lipid bilayer, we observed
single Kq channel currents as described above. We
are inclined to think that this channel resides on the
contractile vacuole membranes. In support of this, we
have fairly often encountered similar channel activi-
ties in buoyant subcellular fractions obtained by suc-
cessive centrifugation in 45% and 12% sucrose solu-

Žtions, which contain contractile vacuoles Yoshida,
w x.K., unpublished observations. Also see Refs. 8,9 .
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However we cannot rule out at the moment the
possibility that this channel derived from other mem-
branes, because we observed this channel in only

Ž .3.0% of the total trials Section 3.1 , which is compa-
rable to the percentage of the contaminated mem-
branes recovered in the samples. We did not investi-
gate whether the lower-partitioned fraction contain
the same Kq channel activity because it often exhib-
ited unidentified conductive activities, which destabi-
lized the planar bilayer and made the measurements
almost impossible. Since the contractile vacuole regu-
larly fuses to the plasma membranes, it is well possi-
ble that the same channel exists on both membranes.

q Ž .Two types of K channels DI and DII have been
described in the plasma membrane of aggregative
cells of Dictyostelium by cell-attached patch-clamp
w x22 . However, they are most likely different from
ours because DI showed voltage-independent mean
open-time of 21 ms within a burst, which is distinct
from our channel which shows voltage-dependent
mean-open time around 2.6 ms. As for DII, available
information is limited, but the overall pattern of the
traces is clearly different from that of our channel.

Our channel was almost completely impermeable
to Naq and Liq ions, but permeable to Rbq ions.
However, the conductance was apparently reduced
when the current flowed from the Rbq containing
side to the other. Such a behaviour of Rbq as a
permeable blocker was also reported for other Kq

w xchannels 23 . The conductance of this channel satu-
Ž .rates at approx. 100 pS Fig. 3A, Fig. 7B , a large

conductance comparable to that of the maxi Ca2q-
q Ž . 2qactivated K BK channel. However, Ca did not

have any obvious effects on the gating of this chan-
nel, and charybdotoxin, a blocker of BK channel, did
not block this channel. It is noteworthy that the
conductance also depends on the Kq concentration of
the side into which Kq ions flow.

When the KCl concentration on either side was
varied, the open probability-voltage relationships was
shifted to the same direction as the changes in the

Ž .equilibrium potential of potassium ions E . SuchK

voltage-dependent gating with regard to E is aK

well-known property of the inward rectifier Kq chan-
nels. In our channel, the KCl concentration on the
trans side greatly affected the half-maximal activa-

Ž .tion voltage V ; see Fig. 5 legend , whereas the KClo

concentration on the cis side showed much weaker

effects. It has been shown that rectification of the
inward rectifier Kq channel in starfish egg depends

Ž .only on the membrane potential E but not on the
q Ž .K equilibrium potential E when E is altered byK K

changing the internal Kq concentration at a fixed
external Kq concentration, while it depends on Ey
E when E is altered by changing the external Kq

K K
q w xat a fixed internal K concentration 24 . As for

inward rectifiers, voltage-dependent block by intra-
cellular cations such as Mg2q ions or polyamines is
considered to be the cause for the rectification. As for
our channel, blockade by such extrinsic cations is
unlikely, because divalent cations had been removed
by EDTA during sample preparations and no such

Ž q.cations were added except Tris . In the ClC-0
voltage-dependent chloride channel, binding of per-
meant anions to sites in the pore is necessary to open

w xthe intrinsic gate 25 . By analogy to the inward
rectifiers and ClC-0, voltage-dependent binding of
Kq ions to sites on the trans side surface or in the
pore may lead to closure of the intrinsic gate or
blockade by Kq ion itself. Blockade of this channel
by another permeant ion Rbq is intriguing, but fur-
ther study is necessary to identify the binding sites
for these cations.

The physiological roles of this channel in the
function of the contractile vacuole remain to be clari-
fied. We recently found that inclusion of quinine in a
hypotonic medium caused abnormal swelling of con-
tractile vacuoles and rounding-up of the cell shape,
suggesting that some quinine-related activities may
be involved in the function of contractile vacuole
Ž .Yoshida et al., manuscript in preparation . Quinine
at a concentration range which blocked our channel
was previously shown to exert various effects on the
physiology of Dictyostelium cells, i.e., inhibition of

q w xcyclic AMP-induced K release 26,27 , inhibition of
w xcyclic AMP-induced hyperpolarization 28 , and for-

w xmation of long-stalked fruiting bodies 29 . These
phenomena were interpreted as consequences of the
effects of quinine on a hypothetical plasma mem-
brane Kq channel. However they may be equally
attributable to the effects of blockade by quinine of
the contractile vacuole channel observed in this study
since quinine is membrane-permeant.

The membrane potential of contractile vacuole in
Amoeba proteus is 10 to 20 mV positive luminal side

w xto cytoplasmic side 30 . The presence of an inside-
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positive membrane potential in the contractile vac-
uole suggests that voltage-dependent channels may
exist in that membrane. Our channel may be one such
channel whose function, for example, is to reabsorb
Kq ion from inside the contractile vacuole to the
cytosol before the vacuole discharges its content. The
rectifying property of this channel would then pre-
vent the opposite flow of the Kq ions. Identification
of the gene would help to clarify its functions.
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