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Purification of a K*-channel protein of sarcoplasmic reticulum
by assaying the channel activity in the planar lipid bilayer system
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A K* channel protein of the sarcoplasmic reticulum (SR) was purified by assaying the channel activn!y in a plannr
lipid bilayer system. The light fraction of SR vesicles was solubilized in 3-[(3-cholami

1-propanesulfonate (CHAPS) and fr: d by an ani hange chromatography and followed by gel filtration
chromatography and affinity chromatography with concanavalin A, All fractions in each steps were mixed with
asolectin solubilized in CHAPS and reconstituted into vesicles by dialysis. The channel activity of each fraction was
assayed after the reconstituted vesicles had been fused into a planar lipid bilayer. The final fraction which showed
the K* channel activity contained only 100 kDa protein in a silver-stained gel after SDS-PAGE and an
anti-Ca2*-ATPase antibody did not recognize the protein. The ch of the K* cl 1 were id 1 to
those observed in mative SR vesicles when using the same method. The channel showed a single-channel
conductance of 120 pS in 0.1 M KCl and marked voltage dependence. The channel did not permeate Ca** and C1~

and was blocked by neomycin B.

Introduction

In the last 10 years, a number of ion channel pro-
teins were purified and their primary structures were
determined from the DNA sequences of their clones,
for example, Na* channels from several sources [1-3],
a dlhydropyrldme receptor from skelctal muscle [4,5)],
an 1 1 | from electric organ
[6], and a GABA receptor channel from brain [7,8].
Further, the bination of the molecular genetic and
biophysical studies allows us to identify specific residues
in the channel protein that directly affect channel
activity [9-11]. However, in order to deduce the gen-

n .

different kinds of ch 1 p
their amino acid sequences.
Miller and Racker made it posslble to measure the
electric current through ch Is in
by incorporating them into a planar bllayer [12). By
pplying this method to SR)
vesicles, they found K* and a- channels, and their
properties were studied in detail on the single-channel
levels [13-16), although molecular entity has not been
made clear.
In the present study, we purified a K* channel from
the light fraction of sarcoplasmic reticulum (LSR) of
rabbit skeletal muscle usmg a combination of chro-

and to

eral law of channel activity such as the molecul

mechanisms of gating and ionic selectivity, it is neces-
sary to know about the configuration of various kinds
of channels. Thus, it is important to isolate many

l; iati SR, i LSR, light fraction of
sarcoplasmic reticulum; CHAPS, 3-|(3-cholamidopropyl)dimethylam-
moniol-1-propanesulfonate.

by g the cl 1 activity in the
planar bilayer system. The purified protein had a
molecular mass of 100 kDa and showed the same
channel activity as observed in native SR vesicles in the
planar bilayer method. Part of this work has already
been reported {17].

Materials and Methods

Materials
Asolocti in B, and protei
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were hased from Sigma, Con A-Sepharose and
SDS gel molecular standards were from Pharmacia,
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Asolectin was used without purification throughout the
experiment. All other chemicals were
products of analytical grade.

Preparation of SR vesicles

LSR vesicles were prepared from rabbit skeletal
muscle by the method of Kasai et al. [18] with slight
modifications. Briefly, dorsal and leg muscles of the
rabbit were homogenized with 4 volumes of 0.1 M
NaCl and 5 mM Tris-maleate (pH 7.0), using a mixer
MX-A30G (Toshiba, Japan) for 2 min. The ho-
mogenate was centrifuged at 4000 X g for 30 min. The
supernatant was centrifuged at 10000 X g for 30 min to
remove mitochondria, then at 53000 X g for 60 min.
This precipitate was suspended in 20-30 volumes of
0.6 M KCI and 5 mM Tris-maleate (pH 7.0), and the
suspension was centrifuged again. The sediment was
suspended in 0.1 M KCl, 0.3 M sucrose, and 5 mM
Tris-maleate (pH 7.0), and stored at —80° C. Through-
out, care was taken to keep the temperature close to
4°C. The proteinase inhibitors (0.5 pg/ml aprotinin, 1
upg/ml leupeptin, 1 pug/mi pepstatin, 1 pg/ml an-
tipain) were included in all solutions used.

Solubilization

LSR vesicles were solubilized in 10 volumes of 1%
3{(3-cholamidopropyl)dimethylammonio}-1-propane-
sulfonate (CHAPS), 2 mM EGTA, and 20 mM Tris-HCl
(pH 7.0) in the presence of a mixture of protei

transfer to an affinity column, EGTA in the gel filtra-
tion fractions was removed by a short gel filtration
column, PD-10 (Pharmacia).

Reconstitution of the vesicles containing the channel

Before reconstitution, proteins solubilized in
CHAPS were supplemented with asolectin solubilized
in 1.0% CHAPS, 0.1 M KCl and 20 mM Tris-HCI to
give a final concentration of 2-5 mg/ml and then
dialyzed for over 72 h at 4°C against 1000 volumes of
the buffer solution containing 0.1 M KCl, 2 mM EGTA,
and 20 mM Tris-HCl (pH 7.0). The buffer solution was
changed at least three times during the dialysis. In
some experiments, 0.3 M sucrose was added to the
buffer solution to increase the fusion probability of the
vesicles.

Bilayers and resicle incorporation

Planar bilayers were formed by the painting method
of Mueller and Rudin [19]. Asolectin solution (15
mg/ml in n-decane) was applied to a small hole made
in a polypropylene film fixed in a polystyrene cup. In
order to make the small hole (100-500 pm in diame-
ter), a glass rod heated with a burner was pushed on a
polypropylene film to make a projection, and the top of
the projection was planed with a razor. The film was
fixed in a polystyrene cup with adhesive. The planar
b|layer separates two aqueous solutions. The vesicles

inhibitors by stirring them at 4° C for 2 h. The suspen-
sion was centrifuged at 100000 X g for 30 min, and the
supernatant was separated from the pellet.

Ani H ch graphy (HPLC)

The supernatant obtained above was applied to an
anion exchanger column, COSMOGEL DEAE (Nacalai
tesque, Japan), which was equilibrated in 1% CHAPS,
2 mM EGTA, the mixture of protease inhibitors de-
scribed above, and 20 mM Tris-HC! (pH 7.0). Elution
was performed with a discontinuous gradient of KCl in
the same buffer.

Gel filtration chromatography (HPLC)

The anion-exchange fraction was injected into a size
exclusion cotumn, TSK-G4000SW (Tosoh, Japan), and
the sample was cluted with an elution buffer contain-
ing 0.8% CHAPS, 0.1 M KCl, 2 mM EGTA, and 20
mM Tris-HCl (pH 7.0). Before use, the column was
equilibrated in the same elution buffer.

Affinity chromatography

The gel filtration fractions were applied to a Con
A-Sepharose column (10 mm X 7 mm), which had been
equilibrated with 0.5 M KCl, 0.8% CHAPS, 1 mM
CaCl,, 1 mM MgCl,, and 20 mM Tris-HCI (pH 7.0),
and eluted with 1 M a-methyl-p-mannoside. Before

cc forming p were added to the
aqueous solution on one side of the planar lipid bilayer
(cis side) in the presence of 1 mM CaCl,. Vesicles
could fuse with a planar bilayer without osmotic gradi-
ent. The osmotic gradient between cis and trans solu-
tions enhanced the fusion rate. Within a few minutes
after the addition of the vesicles, the membrane con-
ductance began to increase in discrete steps which
reflected fusion of the vesicles with the planar bilayer.
The recorded data were digitized by a 12 bit A/D
converter at an iate ling rate. Analysi

was carried out using a microcomputer.

Sodium dodecylsulfate polyacrylamide gel electrophoresis
(SDS-PAGE)

Electrophoresis wa: carried out on 10% polyacry!
amide gels using the buffer system of Laemmli [20).
Proteins solubilized in detergents or reconstituted into
vesicles were supplemented with 3/16 volume of SDS-
PAGE sample buffer (50% sucrose, 6% SDS, 0.01%
Bromophenolblue, and 0.4 M Tris-HCl, pH 6.8) and
1/16 volume of 2-mercaptoethanol, and boiled for 2
min. Samples were electrophoresed on 10% polyacryl-
amide slab gels in buffer containing 0.1% SDS, 25 mM
Tris, and 192 mM glycine (pH 8.3). The gels were
stained with silver. Standard proteins were (in daltons):
phosphorylase b (94 000), bovine serum albumin
(67 000), ovalbumin (43 000), carbonic anhydrase



(30000), soybean trypsin inhibitor (20000), and a-
lactalbumin (14 400). Molecular weights of the peptides
in the experimental samples were determined from a
plot of log M, versus relative migration for the stan-
dard peptides.

Dot blot analysis

A protein solution was spotted onto a nitrocellulose
sheet. The sheet was incubated with 5% (w/v) skim
milk and 5% (v/v) calf serum in 150 mM NacCl and 50
mM Tris (pH 7.6) for 1 h to block non-specific binding
sites, and then it was washed with the NaCl-Tris buffer,
The sheet was incubated with the antibodies in the
same buffer for 3 h at room temperature. The nitro-
cellulose bound antibodies were reacted with horse
radish peroxidase-conjugated anti-rabbit 1gG and after
washing the sheets, the proteins were visualized by
incut with dimethylaminoazob (DAB) and
H,0,.

Results

Purification of K * channel protein

LSR vesicles were solubilized in 1% CHAPS and
the supernatant ot d after centrifugation was ap-
plied to an anior-exchange column. Fig. 1A shows a
typical elution profile. The elution was accomplished
with a discontinuous gradient of KCL: 0.1, 0.2, 0.3, 04,
0.5, and 0.6 M KCI. The amount of eluted proteins was
about 23, 3, 42, 20, 5, and 7% of total LSR proteins,
respectively. Each fraction was analyzed by SDS gel
electrophoresis followed by silver staining as shown in
Fig. 1B. Most fractions contained a dark band protein
which was about 100 kDa as a major component.

Asolectin solubilized in 1% CHAPS was added to
all the DEAE fractions to a final concentration of 5
mg/ml, and proteins were reconstituted into vesicles
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by dialysis as described in Materials and Methods.
Vesicles rece d from each fi were added
to the cis side of a planar bilayer to determine the
fraction containing cation channels. Current fluctua-
tions were observed when protein eluted with 0.5 M
KCi was reconstituted into the planar bilayers by fu.
sion of the vesicles (data not shown). In the presence
of 0.1 M KCl on the cis / trans sides of the membrane,
they were dasa ion of t t
potential. The frequency distribution of current fluctu-
ations indicated the presence of a channel with a large
single-ch 1 condi The f in which
channel events were observed was very high. Whenever
1/1000 volumes of the vesicle suspension (approx. 0.1
ug protein) was added to the cis solution, channel
events could be observed (data not shown, but similar
to Fig. 4). Moreover, it was usual that several channels
were simultaneously incorporated into the bilayer, On
the contrary, in spite of several tens of bilayer experi-
ments for each fraction, no cationic channel event was
observed when proteins from the other fractions were
incorporated into the lipid bilayers. The fraction eluted
with 0.5 M KC! (Lane 0.5) contains a protein which
was about 100 kDa as a major component.

F i ion by i h h h
was followed by further purification using a gel exclu-
sion column, TSK-G4000SW (elution profile shown in
Fig. 2A). The anion-exchange fraction eluted with 0.5
M KCl was transferred directly to the gel exclusion
column, which had been equilibrated in 0.8% CHAPS,
0.1 M KCl, 2 mM EGTA, and 20 mM Tris-HCI (pH
7.0), and elution was accomplished with the same solu-
tion at a flow rate of 3 ml/min. SDS-PAGE analysis of
the TSK-G4000SW fractions (Fig. 2B) indicate that
most contain protein of about 100-kDa molecular mass.

To all the fractions, asolectin solubilized in 0.8%
CHAPS was added to a final concentration of 2 mg/ml,

(B) XCl conc. (M)
Mw

- 94
-7

[ X%

Fig. 1. (A) DEAE column elution profile with a discontinuous KCI gradient. 7.5 mg of SR proteins solubilized in 1% CHAPS, 2 mM EGTA, and
20 mM Tris-HCI (pH 7.0), in the presence of a mixture of proteinase inhibitors was applied to the DEAE column, and eluted with a

discontinuous gradient of KCl from 0 10 0.6 M in the same buffer at the flow rate of 0.75 ml/min. Ay, {

) and KCI concentration

[CETRR ) are shown in figure. (B) SDS-PAGE (10% acrylamide gels) analysis of DEAE column fractions. Peptides were stained by silver.
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Fig. 2. Gel exclusion column elution profile. The DEAE fraction ¢luted with 0.5 M KCl was transferred directly to the gel exclusion column,
TSK-G4000SW. The sample was eluted with 0.1 M KCl, 0.8% CHAPS, 2 mM EGTA, and 20 mM Tris-HCI (pH 7.0), at the flow rate of 3
ml/min. (A) A, is shown in the figure. (B) SDS-PAGE of the fractions from TSK-G4000SW. Proteins were stained by silver.

and vesicles were formed by dialysis. Only when the
vesicles reconstituted from the fraction No. 17, which
contained a 100-kDa protein and a very small amount
of 120-kDa protein, were incorporated into the lipid
bilayers, cationic channel events were observed. No
other ct Is, anionic or = lective ct Is, were
observed in the same vesicles. Other fractions exhib-
ited no cationic channel event as far as we could
determine.

Since small amount of 120-kDa protein was ob-
served in fraction No. 17 the fraction was further
purified by affinity chromatography with Con A-Sep-
harose. The 120-kDa protein was adsorbed to the
column and the non-adsorbed fraction showed K*
channel activity (Fig. 3). On the contrary, the adsorbed

TN
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Fig. 3. Single-channel fluctuations in the purified channel, The

proteins which did not absorbed to Con A-Sepharose column were

reconstituted into vesicles, and was incorporated into a lipid bilayer

by vesicle fusion. The current records were taken in the symmetrical

solution of 0.1 M KCl and 10 mM Hepes-Tris (pH 7.2} at the
indicated voltages.

fraction did not show K* channel activity. Thus, we
concluded that the 100-kDa protein can form K* chan-
nel without 120-kDa peptide. Since the molecular mass
of K* channel protein is very close to that of Ca®*-
ATPase, cross reactivity with anti-ATPase antibody
was studied. An anti-sera against the Ca2*-ATPase of
scallop SR, which could cross-react with rabbit Ca?*-
ATPase, did not cross-react with the purified proteins
(data not shown), indicating that the purified protein
was different from Ca?*-ATPase.

Properties of purified K* channel

Since the yield of the purified protein after Con A
chromatography was largely decreased, we used frac-
tion No 17 for further analysis of the properties of the
purified K* channel protein. Fig. 4A shows current
fluctuations of the purified channels. The cis solution
contained 0.25 M KCl, 1 mM CaCl,, and 10 mM
Hepes-Tris (pH 7.2), and the trans solution was the
same buffer with 0.1 M KCI. The frequency distribu-
tion of the current fluctuations indicated the presence
of a cation-selective channel with a 2/3-subconduc-
tance state. Single-channel current was measured as a
function of transmembrane potential, and the current-
voltage relationships shows that the single-channel
conductance was about 120 pS (Fig. 4B). The measured
reversal potential was —17 mV, cotresponding to a
permeability ratio (Py/P,) of about 7.

Under the same condition as in Fig. 4, positive
current fluctuations were observed when the voltage
was held at 0 mV. This indicated that K* ions moved
from the cis side to the trans side in the purified
channel. We perfused the cis chamber with the buffer
containing 0.1 M NaCl instead of KCl, and observed
that the amplitude of current fiuctuations began to
decrease gradually and finally the direction of the
current reversed. This indicated that the purified chan-
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Fig. 4. Current records following addition of vesicles reconstituted
from fraction No. 17 in Fig. 2B to the cis side of a bilayer. (A)
Current was recorded in 0.25 M KCI, I mM CaCl,, 10 mM Hepes-Tris
(pH 7.2) (cis), and 0.1 M KCl, 10 mM Hepes-Tris (pH 7.2) (rans).
‘The applied voltage was held at 0 mV. The arrow denotes the
baseline. (B) Current-voltage relationship for the channel.

nel is selective for K* over Na*. Analysis of current-
voltage relationship yielded a reversal potential of 17
mV (Fig. 5). The equation

RT  PglK)rans + PnoINa)irans

Erer = N bl + PrfNales

was used to calculate a permeability ratio, Py /Py, of

Fig. 6 shows the relationship between single-channel
current and the applied voltage of a bilayer containing
a purified K* channel. The currents were recorded in
0.1 M symmetrical solutions of KCl, NaCl, and CsCi.
The current-voltage relation indicates that the slope
conductance of the channel was 120, 70 pS and small
conductance less than 1 pS, respectively. These values
agree with those of native K*-channel of SR [13].

Fig. 7 shows the voltage dependency of opening and
closing of the purified channel. Single-channel current
fluctuations and corresponding amplitude histograms
are shown in the figure. Increase of applied voltage
shifts the channel from the closed (c) to the open (o)
state. This result indicates that the purified K*-chan-
nels are oriented to its natural direction in the recon-

217

T T T T T Vi
-60 45 / “

Fig. 5. The purified channel was sclective fer K* over Na*, The

purified protein was incorporated into a lipid bilayer in symmetrical

solutions of 0.1 M KCi, 10 mM Hepes-Tris (pH 7.2). Then, the cis

chamber was perfused with 0.1 M NaCl, 10 M Hepes-Tris (pH 7.2),

and the current fluctuations were measured as a function of applied
voltage.

stituted vesicles. Furthermore, Fig. 8 shows that the
purified channel was blocked by ncomycin B in the
same manner as a native K*-selective channel from
LSR [21). 200 M neomycin B was added to the cis
side, and resulted that the channel was blocked voltage
d dently. Single-ch 1 d was de-
creased with the increase of the applied voltage.

All these characteristics of the purified channel
agree with those of a native K*-selective channel from
LSR.

Discussion

A ber of ion cl 1p were purified by
using specific markers. For example, STX or TTX was
used for purification of Na*-selective channels from
brain [22], from electric organ {23], and from skeletal
muscle [24], DIDS for anion-selective channel of elec-
tric organ [25), and ryanodine for Ca?* release channel
from SR [26-28). However, no specific marker for the

vimv)

LI s

Fig. 6. Current-voltage relation of records from a puritied K *-chan-

nel. The purified channe! was reconstituted into a lipid bifayer, and

current fluctuations were observed as a function of applied voltage in

symmetrical solutions of 0.1 M KCI (D), 0.1 M NaCl (@), 0.1 M
CsCl(a), and 10 mM Hepes-Tris (pH 7.2)
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of the channel into a lipid bilayer. 1/100 volumes of the reconstituted vesicle

suspension was added to the cis wlulmn and current fluctuations were recorded in a symmetrical solution of 0.1 M KCl, 1 mM CaCl,, and 10

mM Hepes-Tris (pH 7.2). i h and

current records from the channel at an indicated voltage, illustrating the

voltage dependence of channel gating.

K*-channel from SR has been found. For an ion chan-
nel protein that has no specific ligand, new teck

As described in the above, we fractionated proteins
from the LSR of rabbit skeletal muscle by anion ex-

to assay the protein is required. In this paper, we
employed the planar lipid bilayer method to ascertain
the exi of ch | ins. We may be the first
to employ this techmque for the purification of a
channel protein, as well as our initial report about the
purification of Cl~ channel [29].

1{pAl

Vimv}

0 10 20 30 40 50

Fig. 8. Effect of B on the single-ch 1

Current fluctuations were recorded in a symmetrical solution of 0.1

M KCl, and 10 mM Hepes-Tris (pH 7.2), and the maximum currents

were determined in the absence () and in the presence (&) of
neomycin B (200 uM cis addition).

change ct ygraphy, gel filtration chromatography
and Con A affinity chromatography, and assayed all
these fractions by the planar bilayer experiments, Con-
sequently, we found that the K *-selective channel from
SR is formed by 100-kDa proteins.

In order to select a detergent, we preliminary tested
some detergents, including CHAPS, Triton X-100, NP-
40, octyl glucoside and Lubrol PX. These detergents
have no net charge th Ives, facilitating sut
purification procedures. With all of these detergents,
we have succeeded in reconstituting the channels into
vesicles. However, nonionic detergents often produced
artifactual current records resembling those expected
from ion channels {30], so that we decided to use
CHAPS, which is zwitter-ionic and reported to be very
effective with solubilization efficiencies and stability
characteristics.

Further, we tested some ieconstitution methods,
dialysis, dilution, gel filtration, salting out, and
polystyrene resin (Bio-Beads SM-2). Consequently, we
have found that the combination of the CHAPS solubi-
lization and the reconstitution by dialysis is the most
effective one. We also attempted to incorporate chan-
nel proteins which were solubilized in detergent di-
rectly into planar lipid bilayers without a procedure of
reconstitution into vesicles. However, success rate of
incorporation was much lfower than by the vesicle fu-
sion method. Thus, finally we employed the vesicle
fusion method for purification of ion channels.




It is reported that Ca?*-ATPase, which has a molec-
ular mass of about 100 kDa, forms for 60-70% of total
amount of protein from SR (3] and that its fragment
forms a divalent cation ionophore in membrane {32].
The purified anion-selective channel also has the
mo' icular mass of about 100 kDa [29); therefore it can
not be distinguished from Ca2*-ATPase by the assay
on SDS gels alone, However, because the purified
channel did not conduct divalent cations and the anti-
ATPase anti-sera did not cross-react with the purified
proteins, the purified protein was different from Ca®*-
ATPase.

Recently, Zaidi et al. reported that a 106-kDa pro-
tein from SR forms a cationic channel in lipid bilayer
[33). SDS-PAGE assay can not distinguish the purified
channel from 106-kDa protein. However, according to
Zaidi, the 106-kDa channel is cation-selective and has
a high single-channel conductance in NaCl (375 pS)
and CaCl, (107 p8), whereas our purified channels had
rather low conductance in NaCl and did not conduct
divalent cations. These results indicate that the K*-
channel purified is not the same channel as the 106-kDa
channel.

In the last few years, several cDNA clones encoding
K* channels were isolated, and expression of these
c¢DNAs in Xenopus oocytes yielded K* currents with
properties of A-type K* channels [324-36] and de-
layed rectifier channels [37]. The K* channel isolated
in the present study belong to neither the A-type nor
the delayed rectifier class of channels. it is different
from both types of channel in the channel activities.
We succeeded in isolating a novel K* channel protein.

In the present study, it was found that the K*-chan-
nel of SR is formed of 100-kDa proteins alone. How-
ever, since the frequency that the channel cvents was
observed is much lower after removal of a 120-kDa
protein, the possibility that the 120-kDa protein is a
regulatory subunit of the channel cannot be elimi-
nated. Further characterization of the molecular prop-
erties of the purified channel is now in progress.

Acknowledgements

The anti-Ca?*-ATPase antibody was kindly given by
Dr. T. Yamamoto, Faculty of Science, Osaka Univer-
sity. This work was supported in part by a Grant-in-Aid
for Scientific Research on Priority Area of ‘Transmem-
brane Control’ (02223107) and ‘Impulse Signaling’
(02241101) to M.K. from the Ministry of Education,
Science and Culture of Japan.

References

1 Noda, M., Shimizu, S., Tanabe, T., Takai, T.. Kayano, T., Ikeda,
T.. Takahashi, H., Nakayama, H., Kanaoka, Y., Minamino, N.,

219

Kangawa, K., Matsuo, H,, Raftery, M.A.. Hirose, T., Inayama, S.,
Hayashida, H., Miyata, T. and Numa, S. (1984) Nature 312,
121-127.

2 Noda, M., Ikeda, T., Kayano, T, Suzuki, H., Takashima, H.,
Takahashi, H.. Kuno, M. and Numa, S. (1986) Nature 322,
826-828.

3 Auld, VJ., Goldin, A.L.. Krafte, D.S., Marshall, I.. Dunn, $.M.,
Catterall, W.A, Lester, HA., Davidson, N. and Dunn, RJ.
(1988) Neuron 1, 449-461.

4 Tanabe, T., Takeshima, H., Mikami, A., Flockerzi, V., Takahashi,
H., Kangawa, K., Kojima, M., Matsuo, H., Hitose, T. and Numa,
S. (1987) Nature 328, 313-318.

§ Ellis, $.B., Williams, M.E., Ways, N.R., Brenner, R., Sharp, AH.,
Leung, A.T., Campbell, K.P., MacKenna, E., Koch, W.J., Hui, A,
Schwartz, A, and Harpold, M.M. (1988) Science 241, 1661-1664,

6 Noda, M., Takahashi, H., Tanabe, Y., Toyosato, M., Furutani, Y.,
Hirose, T., Asai, M., Inayama, 5., Miyata, T. and Numa, S. (1982)
Nature 299, 793-797,

7 Schofield, P.R., Darlison, M.G., Fujita, N., Burt, D.R,, Stephen-
son, F.A., Rodriguez, H., Rhee, LM., Ramachandran, ., Reale,
V.. Glencourse, T.A., Secburg, P.G., and Barnard, E.A. (1987)
Nature 378, 221-227.

8 Levitan, ES., Blair, LAC. Dionne, V.E. and Barnard, E.A.
(1988) Neuron 1, 773-781.

9 1moto, K., Busch, C., Sakmann, B.. Mishina, M., Konno, T.,
Nakai, J., Bujo, H., Mori, Y., Fukudo, K. and Numa, S. (1988)
Nature 335, 645-648.

10 Leonard, R.J., Labarca, C.G., Charnet, P.. Davidson, N. and
Lester, H.A. (1988) Science 242, 1578-1581.

11 Stuhmer, W., Conti, F., Suzuki, H., Wang, X., Noda, M., Yahagi,
N, Kubo, H. and Numa, S. (1989) Nature 339, 597-603.

12 Miller, C. and Racker, E. (1976) ), Membr. Biol. 30, 283-300.

13 Coronado, R., Rosenberg, R.L. and Miller, C. (1980} J. Gen.
Physiol, 76, 425-446,

14 Labarca, P., Coronado, R, and Miller, C. (1980) 3. Gen. Physiol.
76, 397-424.

15 Coronado, R. and Miller, C. (1982) J. Gen. Physiol. 79, 529-547.

16 Tanifuji, M... Sokabe, M., and Kasai, M. (1987) J. Membr. Biol.
99, 103-111.

17 Ide. T., Morita, T., Kawasaki, T., Taguchi. T. and Kasai, M.
(1990} Biophysics (Kyoto) (in Japanese) 30, S172.

18 Kasai, M. and Miyamoto, H. (1976) 3. Biochem. 79, 1053-1066.

19 Mueller, P, and Rudin, D.O. (1969) in Laboratory Techniques in
Membrane Biophysics (Passow, H. and Stampfli, R., eds.), pp.
141-156, Springer-Verlag, Berlin.

20 Laemmii, UK. (1970) Nature 227, 680-685.

21 Oosawa. Y. and Sokabe, M. (1986) Am. J. Physiol. 250, C361-
C364.

22 Messner D.J. and Catterall, WA, (1985) J. Biol. Chem. 260,
1059710604,

23 Agnew, WS, Levinson, S.R., Brabson, J.S. and Raftery. MA.
{1978) Proc. Natl. Acad. Sci. USA 75, 2606-2610.

24 Barchi, R.L. (1983} J. Neurochem. 40, 1377-1385.

25 Taguchi, T. and Kasai, M. (1980) Biochem. Biophys. Res, Com-
mun. 96, 1088-1094.

26 Inui, M., Saito, A, and Fleischer, S. (1987) J. Biol. Chem. 262,
1740-1747.

27 Imagawa, T., Smith, 1.8, Coronado, R. and Campbell, K.P.
(1987} J. Biol. Chem, 262, 16636-16643.

28 Lai, F.A,, Erickson, H.P., Rousseau, E., Liu, Q. and Missner, G.
(1988) Nature 331, 315-319,

29 Ide, T., Sukamoto, H.. Morita, T., Taguchi, T. and Kasai, M.
(1991) Biochem. Biophys, Res. Commun. 176, 38-44,

30 Tanaka, J.C., Furman, R.E. and Barchi. R.L. (1986) in lon
Channel Reconstitution. (Miller, C., ed.), pp. 277-305. Plenum
Press, New York.

31 MacLennan, D.H. (1970) J. Biol. Chem, 245, 4508-45138.




220

32 Shamoo, A.E.. Ryan, R.E., Stewart, P.S., and MacLennan, D.H.
(1976) J. Biol. Chem. 251, 4147-4154.

33 Zaidi, N.F., Lagenaur, C.F., Hilkert, R.J., Xiong, H., Abramson,
1.J. and Salama, G. (1989) J. Biol. Chem. 264, 21737-21747.

34 Timpe, L.C., Schwarz, T.L., Tempel, B.L., Papazian, D.M., Jan,
Y.N. and Jan, LY. (1988) Nature 331, 143-145,

35 Iverson, L.E., Tanouye, M.A,, Lester, H.A,, Davidson, N. and
Rudy, B. {1988) Proc. Natl. Acad. Sci. USA 85, 5723-5727,

36 Timpe, L.C., Jan, Y.N, and Jan, LY. (1988) Neuron 1, 659-667.

37 Swhmer, W., Stocker, M., Sakmann, B., Secburg, P., Baumann,
A., Grupe, A. and Ponga, O. {1988) FEBS lett. 242, 199-206.




