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Abstract. p64 is a protein identified as a chloride chan-
nel by biochemical purification from kidney micro-
somes. We expressed p64 in HeLa cells using a recom-
binant vaccinia virus/T7 RNA polymerase driven sys-
tem. Total cell membranes were prepared from infected/
transfected cells and fused to a planar lipid bilayer. A
novel chloride channel activity was found in cells ex-
pressing p64 and not in control cells. The p64-associated
activity shows strong anion over cation selectivi-
ty. Single channels show prominent outward rectifica-
tion with single channel conductance at positive poten-
tials of 42 pS. The chloride channel activity is activated
by treatment of the membranes with alkaline phospha-
tase and inhibi ted by DNDS and by TS-TM
calix(4)arene. Whole membrane anion permeability was
determined by a chloride efflux assay, revealing that
membranes from cells expressing p64 showed a small
but highly significant increase in chloride permeability,
consistent with expression of a novel chloride channel
activity.
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Introduction

Chloride channels play a variety of roles in cellular
physiology. Plasma membrane chloride channels are im-
portant in transepithelial transport, in setting the mem-
brane potential in skeletal muscle cells, and in the de-
fense against hypotonic swelling [9]. In addition to the
well known roles of plasma membrane channels, chlo-
ride channels in intracellular membranes also play a
number of critical roles [1]. Particularly well docu-
mented are the importance of chloride channels in the

acidification of intracellular organelles [2,3,13] and in
exocytosis of certain regulated secretory vesicles [5,6,22].

Over the past several years, a number of genes re-
sponsible for some of the plasma membrane chloride
channels have been identified [9]. However, the proteins
responsible for intracellular channels have been less well
defined. p64 is a protein originally identified as purify-
ing with chloride channel activity from bovine kidney
microsomes [10]. cDNA encoding p64 has been cloned
[12]. Antisera raised against a p64 fusion protein ex-
pressed in bacteria were found to selectively remove re-
constitutable chloride channel activity from solubilized
kidney microsomes, thus demonstrating that p64 is
physically associated with this activity [12].

p64 cDNA encodes a 438 amino acid protein which,
based on hydropathy analysis, has been proposed to have
two transmembrane segments with both N and C termi-
nal hydrophilic domains exposed on the cytoplasmic face
of the membrane [12]. These presumed cytoplasmic do-
mains of the protein contain consensus phosphorylation
sites for protein kinases A and C as well as casein kinase.
Immunolocalization studies suggest that native p64 is
expressed exclusively in intracellular membranes
[15,16]. When exogenous p64 is expressed inXenopus
oocytes or mammalian cells, it is excluded from the
plasma membrane [12,16]. Thus p64 is thought to be a
component of a chloride channel which normally resides
in intracellular membranes.

P64 is a member of a closely related gene family. Re-
cently, two homologues of p64 have been implicated in
specific chloride channel activities. A 27 kD human ho-
mologue of p64 has been proposed to function as a chlo-
ride channel in the nuclear membrane [23]. A 62 kD
protein which is antigenically related to p64 has been
identified as the chloride channel in osteoclast ruffled
border [17].

A key point in determining whether p64 is in fact a
channel is to determine whether expression of p64 results
in the appearance of new channel activity. However, be-Correspondence to:J.C. Edwards
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cause p64 is normally an intracellular protein excluded
from the plasma membrane, expressed p64 has been in-
accessible to the usual whole cell ion flux or electro-
physiologic approaches commonly used to assess chan-
nel expression.

In this study, we have taken a novel approach to
functional expression of a channel protein. We ex-
pressed p64 at high levels in HeLa cells using a vaccinia/
T7 RNA polymerase-driven system. Using a lipid bi-
layer method to study channels in unfractionated whole
cell membranes, we demonstrate and partially character-
ize a novel anion channel activity associated with ex-
pression of p64 in these membranes.

Materials and Methods

CELLS AND CLONES

HeLa cells and recombinant vaccinia stock encoding T7 RNA poly-
merase, were provided by Dr. Andrey Shaw, Washington University,
St. Louis MO. Plasmid NHDP [12], containing the entire p64 coding
region downstream of a T7 promoter, was used to drive expression of
p64. pBluescript KS-(Stratagene, La Jolla, CA) which is the parent
plasmid for NHDP served as the control plasmid.

PREPARATION OF MEMBRANES

Vaccinia-T7 driven expression was carried out essentially as described
[4,20]. In brief, HeLa cells were plated in 3.5 cm dishes at 5 × 105

cells/dish (about 50% confluence) in DMEM (Dulbecco’s modified
Eagle’s medium) with 10% newborn calf serum. The next day, cells
were rinsed with serum-free medium. Cells were infected with vac-
cinia in 0.75 ml of DMEM at a multiplicity of infection of about 10 and
incubated at 37°C for 30 min. 5mg plasmid DNA and 15ml of Lipo-
fectace (Gibco-BRL, Bethesda, MD) were combined in 0.75 ml of
DMEM and added to the infected cells. The infected/transfected cells
were then incubated at 37°C in 5% CO2 for 10 hr.

Cells were rinsed with PBS and then scraped into 0.5 ml ice-cold
buffer containing (in mM): 250 sucrose, 10 imidazole, 1 DTT (dithio-
threitol), 1 EDTA (ethylene diamine tetra-acetic acid), 0.1 PMSF
(phenylmethysulfonyl fluride) (pH 7.0). Cells were homogenized with
twenty strokes in a tight fitting Potter homogenizer, passed through a
25-gauge needle 10 times, and then centrifugated at 4,000 rpm at 4°C
in an Eppendorf microfuge to remove unbroken cells and debris. The
resulting whole cell lysate was centrifuged at 40,000 rpm for 1 hr in a
Beckman 70.1Ti rotor (100,000 ×G), yielding a soluble fraction su-
pernatant and a membrane fraction pellet. The pellet was resuspended
in 200 ml of homogenization buffer and used directly in the bilayer
experiments.

Western blotting was carried out by standard methods [7], using
affinity-purified rabbit anti-p64 antibodies [16] and the Supersignal
detection method from Pierce Biochemical (Rockford, IL).

METABOLIC LABELING

Infected/transfected cells were rinsed with phosphate-free medium and
then incubated in phosphate-free medium supplemented with 500mCi/
ml 32P orthophosphate for 1 hr at 37°C. Cells were then stimulated
with vehicle or agonist for 10 min at 37°C. Cells were then quickly

rinsed with ice-cold PBS. Cells were solubilized in (mM) 200 NaCl,
1% Triton-X100, 1 EDTA, 25 Tris pH 8.0, 0.1 PMSF at 4°C for 15
min. Insoluble material was removed by centrifugation in an Eppen-
dorf microcentrifuge at 15,000 RPM for 10 min. 5ml of anti-p64
anti-sera were added to each and incubated at 4°C overnight. 20ml of
50% suspension of protein A agarose was added to each and incubated
1 hr. The agarose beads were collected by centrifugation and washed
four times with solubilization buffer before separation by SDS-PAGE
(sodium dodecyl sulfate polyacrylamide gel electrophoresis) followed
by autoradiography.

To test alkaline phosphatase activity on p64, cells were labeled
with 32P as above. Cells were collected in (mM) 250 sucrose, 10 Tris
pH 8.0, 1 EDTA and homogenized in a Potter homogenizer as de-
scribed in the preceding section. The homogenate was centrifuged at
4,000 RPM for 10 min and the supernatant divided into three equal
parts. Two samples were kept on ice. To one sample, MgCl2 was
added to 3 mM and alkaline phosphate (Promega, Madison WI) added
to 10 u/ml followed by incubation at room temperature for 20 min.
EDTA was then added to 3 mM. All three samples were then solubi-
lized by addition of Triton-X100 to 1% final concentration. The
samples were then processed for immunoprecipitation as above. The
control consisted of nonphosphatase treated sample precipitated with
pre-immune sera´.

LIPID BILAYER METHODS

Bilayers were prepared using soybean asolectin (cat #P5638, Sigma, St.
Louis, MO) that was extracted with chloroform, the solvent evaporated
and then stored under nitrogen. Lipid was dissolved in decane at
30 mg/ml. Two microliters of lipid solutions was applied to the 0.25
mm orifice in the bilayer chamber and solvent allowed to evaporate.
The cuvette and chamber were filled with the indicated solutions and
connected to a BCA-525 bilayer clamp and headstage (Warner Instru-
ments, Hamden, CT) with 3M KCl-agar bridges and silver chloride-
coated silver wire. The lipid was spread over the orifice with a pol-
ished glass rod and the bilayer was allowed to thin to 0.4mF/cm2.
Bilayers were formed and thinned in 140 mM KCl in the cis chamber
and 140 mM CsCl in the trans chamber, both solutions buffered with 10
mM HEPES pH 7.0. After thinning, channels were allowed to fuse into
the bilayer by adding 0.1 to 1.0mg (protein) of HeLa cell membranes
to the cis chamber and recording for channel activity. In some experi-
ments, alkaline phosphatase was added to the cis chamber at a concen-
tration of 17 u/ml. After activity was observed, the vesicle containing
media was replaced with fresh solution and the channels studied as
described. Solutions in the cis cuvette were changed as indicated.
All solutions were buffered to pH 7 with 10 mM HEPES. Recordings
were done under voltage-clamp conditions and data were collected
using Axotape or Axoscope software and analyzed using Pclamp6 soft-
ware (Axon Instruments) and Origin5. Open and closed current levels
for single channel data were determined by all points histograms. Stan-
dard errors were derived from histogram statistics. Data were archived
on videotape using a Neurocorder DR-484 (Neuro Data Instruments,
NY).

CHLORIDE EFFLUX ASSAY

Membranes from cells expressing p64 or from control cells were pre-
pared and suspended as above. Membrane suspension was solubilized
by addition of one tenth volume 14% N-octyl glucoside followed by
centrifugation at 100,000 ×G for one hour to remove nonsolubilized
material. Protein concentration of the supernatant was determined.
100mg of solubilized protein was brought to 1 ml in (mM) 250 sucrose,
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10 imidazole, 1 EDTA, 1.4% N-OG (N-octyl glucoside) and combined
with 0.1 ml of 100 mg/ml asolectin, 90 mg/ml N-OG. The mixture was
dialyzed for a total of two days against three changes of 200 mM KCl,
2 mM HEPES pH 7.

Chloride efflux assays were performed by monitoring the release
of chloride from vesicles into isosmotic sucrose using a chloride se-
lective electrode (essentially as described by Preston et al. [14]). 200
ml of the reconstituted vesicle suspension was passed over a 3-ml spin
column prepared from Bio-gel P6 (Bio-Rad) equilibrated in 400 mM

sucrose. The sample was chased through with 300ml of 400 mM

sucrose. The 500ml eluate from the spin column was immediately
added to 2 ml of 400 mM sucrose and the extravesicular chloride
concentration monitored with an Accumet chloride selective electrode
(Fisher Scientific) connected to a pH meter. The output of the pH
meter in millivolts was collected at 0.25-sec intervals on a personal
computer using a digidata A-D converter and Axotape software (Axon
Instruments). After a steady state was reached, 2.5ml of 1 mM valin-
omycin in ethanol was added (1mM final) and recording continued.
Triton-X100 was then added to 0.1% to release all remaining intrave-
sicular chloride. The output of the meter is linear with the log of
chloride concentration in the range between 5 × 10−5 to 10−1 M. A
standard curve was generated with each set of experiments and the raw
data converted to chloride concentration. The difference between the
final total chloride after addition of Triton and the extravesicular chlo-
ride at the time of addition of valinomycin is taken as the initial intra-
vesicular chloride. Fraction of intravesicular chloride released after
addition of valinomycin is plotted against time. The initial rate of
fractional chloride release is determined by linear regression from the
first 10 sec after addition of valinomycin.

ABBREVIATIONS

The abbreviations used are: DMEM, Dulbecco’s modified Eagle’s me-
dium; PBS, phosphate buffered saline; DTT, dithiothreitol; EDTA,
ethylenediaminetetraacetic acid; PMSF, phenylmethylsulfonyl fluo-
ride; Tris, tris-(hydroxymethyl) aminomethane; SDS-PAGE, sodium
dodecyl sulfate-polyacrylamide gel electrophoresis; DNDS, 4,48-
dinitrostilbene-2,28-disulfonic acid; CFTR, cystic fibrosis transmem-
brane conductance regulator; ORCC, outwardly rectifying chloride
channel; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid;
N-OG, N-octyl glucoside.

Results

EXPRESSION OF P64 IN HELA CELLS

HeLa cells were infected with recombinant vaccinia en-
coding the T7 RNA polymerase and then transfected
with control plasmid DNA or DNA encoding p64 down-
stream of a T7 promoter. Expression of p64 was docu-
mented by western blot as shown in Fig. 1. Whole cell
lysates (Fig. 1A), soluble fractions (B), and membrane
pellets (C) from control cells (‘−’ lanes) or p64 trans-
fected cells (‘+’ lanes) were probed with affinity-purified
anti-p64 antibodies. Control infected/transfected cells
have no detectable p64 while p64 is abundantly ex-
pressed in cells that were transfected with p64 cDNA.
In cells expressing p64, the protein is present both in the
soluble fraction and in the membrane pellet. Although

p64 is abundantly expressed and easily detected by west-
ern blot, it does not become a major fraction of total cell
protein. The p64 band is not detectable above the normal
pattern of proteins in crude extracts or membrane frac-
tions when gels are stained for total protein.

CHLORIDE CHANNEL ACTIVITY ASSOCIATED WITH

EXPRESSION OF P64

Membrane suspensions of control or p64-expressing
cells were introduced to the cis chamber of the bilayer
apparatus and the bilayer was monitored for evidence of
channel activity. At the dilution of membranes we used,
spontaneous channel activity in control membranes was
rare. However, with prolonged recording, potassium-
selective channels were observed in all membrane prepa-
rations. To avoid confusion between potassium and
chloride selective channels, many recordings were initi-
ated with 140 mM KCl in the cis chamber and 140 mM
CsCl in the trans chamber. With these solutions, chlo-
ride selective channels will show a reversal potential of
0 mV while potassium selective channels will reverse at
strongly negative potential. Under these conditions, a
single type of chloride selective channel activity was
routinely encountered in membranes from p64 express-
ing cells (quantification presented below). Single chan-
nel recordings from this channel are shown in Fig. 2.

Data collected at a series of holding potentials from
single channels observed in four independent experi-
ments was analyzed to construct the current voltage re-
lationship shown in Fig. 2B. The single channel conduc-
tance is Ohmic at positive holding potentials, showing a
slope conductance of 42 ± 2 pS. At negative holding
potentials, single channels show rectification. TheI/V
relationship for channel in symmetric 140 mM KCl (not
shown) is indistinguishible from that derived with the
KCl cis, CsCl trans conditions shown here. Current-

Fig. 1. Vaccinia/T7-driven expression of p64 in HeLa cells. Thirty
micrograms of whole cell lysates (A), soluble protein (B), and mem-
brane fractions (C) from recombinant vaccinia infected cells trans-
fected with control plasmid (−lanes) or with p64-encoding plasmid
(+lanes) were separated on a 10% polyacrylamide gel, blotted, and
probed with affinity-purified antibody to p64. Positions of molecular
weight standards are marked.
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voltage plots of channels in asymmetric KCl solutions
were used to determine the reversal potential determined.
The derived Cl to K selectivity is greater than 20:1.

The chloride channel activity in the bovine micro-
somal membranes from which p64 was originally puri-
fied was activated by phosphatase [11]. To see if chan-
nel activity from exogenous p64 expressed in HeLa cells
could be regulated by dephosphorylation, alkaline phos-
phatase was added to the cis chamber during membrane
fusion. We routinely found marked increase in activity
of the rectifying Cl-selective channel in response to al-
kaline phosphatase in the p64-containing membranes but
not from the control membranes. We have been unable
to effect channel activity by treatment with catalytic sub-
unit of protein kinase A and Mg-ATP in the bilayer
chamber.

To determine objectively whether the chloride chan-
nel was in fact related to expression of p64, a standard
approach was taken to assess presence of channel. Mem-
brane preparations were fused into lipid bilayers in
asymmetric KCl and held at zero potential so that the

polarity of current would indicate whether an observed
channel was anion or cation selective. After introduction
of membranes into the cis chamber, the bilayer was
monitored for 10 min for appearance of channel. If no
channel was encountered, alkaline phosphatase was in-
troduced into the cis chamber at 17 u/ml. The bilayer
was again monitored for 10 min. Representative traces
from this protocol are shown in Fig. 3. In this experi-
ment, the trans chamber contained 0.75M KCl, 10 mM

HEPES; the cis chamber contained 0.15M KCl, 10 mM

HEPES. Under these conditions, chloride channel activ-
ity at 0 mV holding potential will produce a positive
current with a predicted reversal potential of −41 mV.
Membranes from p64 expressing cells were added to the
cis chamber at the beginning of the trace shown in panel
A. At intervals, the bilayer was briefly clamped to plus
or minus 50 mV as reflected in capacitance spikes in the
recording. There was no spontaneous activity in >400
sec of continuous recording. Alkaline phosphatase was
added to the cis chamber and observation of the bilayer
was continued (panelB). About 6 min after addition of
alkaline phosphatase, a large positive current suddenly
appeared, presumably representing fusion of a vesicle
with many active channels. The current-voltage relation-
ship derived from this macro current is shown in panelD.
The reversal potential is −42 mV, consistent with a chlo-
ride selective permeability. PanelC shows a representa-
tive tracing using membranes from control cells not ex-
pressing p64. No channel activity appears in 500 sec of
recording after addition of alkaline phosphatase.

In 6 independent paired sets of p64 and control
membranes, 2 preparations of membranes from p64-
expressing HeLa cells demonstrated spontaneous chan-
nel activity and 4 displayed activity only after alkaline
phosphatase treatment. None of the 6 preparations of
control membranes showed chloride channel activity ei-
ther spontaneously or following alkaline phosphatase
treatment.

The bilayer from the alkaline phosphatase treated
samples shown in Fig. 3B was broken and reformed un-
til single channel activity was obtained. A representative
recording from this activity is shown in Fig. 3E and the
derivedI/V relationship shown in 3F. The single channel
activity in alkaline phosphatase membranes shows con-
ductance and rectification properties identical to the ac-
tivity seen in untreated membranes (seeFig. 2) but the
alkaline phosphatase activated channels seem to show
more rapid openings and closings.

In another series of studies, the experimenter oper-
ating the bilayer was blinded to the identity of control
and p64 expressing membranes. In 4 out of 4 indepen-
dent trials using the protocol described above, the mem-
branes from p64-expressing cells were correctly identi-
fied based on the presence or absence of the character-
istic p64-associated channel.

To summarize data from all experiments, we have

Fig. 2. Chloride channel activity associated with expression of p64.
Bilayer recordings were made as described using membranes from cells
expressing p64. (A) Single channel transitions of the p64-associated
activity at a series of holding potentials as marked. The zero current
level for each tracing is marked with the dotted line. Solutions (in mM):
140 KCl, 10 HEPES pH 7 cis; 140 CsCl, 10 HEPES pH 7 trans. (B)
Voltage dependence of single channel chloride currents averaged from
4 independent p64-expressing HeLa cell membrane preparations. Data
from each experiment is represented by a different symbol. The error
bars represent the standard error of mean derived from the determina-
tion of transition amplitudes. The linear region at positive potentials
gives a slope conductance of 42 ± 2 pS. The calculated slope conduc-
tance at negative potentials is less than 5 pS.
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performed 102 trials of membranes derived from more
than 20 independent sets of HeLa cells overexpressing
p64. In 26 of these trials (26%), the characteristic p64
associated channel was observed to be spontaneously
active, the activity appearing at 10.2 ± 9.9 min after
addition of vesicles to the cis bilayer chamber. In 44 of
the 76 trials in which no spontaneous activity was ob-
served, alkaline phosphatase was introduced into the cis
chamber. In 28 of those 44 trials (65%), activity ap-
peared after addition of alkaline phosphatase, the activity
appearing 5.2 ± 2.6 min after the addition of phospha-
tase. Combining data from those membranes that
showed spontaneous activity and those that received al-
kaline phosphatase, we found the p64 associated activity
in 73% of the trials. In contrast, we have carried out 33
trials using membranes from 20 independent prepara-
tions from cells that were infected with vaccinia but
transfected with the parent plasmid vector rather than the
plasmid encoding p64. In none of these trials was the
characteristic p64 associated channel seen, either spon-
taneously or after treatment with alkaline phosphatase.
In all 20 membrane preparations we observed potassium
channel activity in at least one trial.

P64IS PHOSPHORYLATED IN VIVO

The response of channel activity to alkaline phosphatase
suggests that the channel is phosphorylated when ex-

pressed in HeLa cells. To assess in vivo phosphorylation
of p64, control vaccinia-infected HeLa cells or cells ex-
pressing p64 were labeled by growth for 1 hr in phos-
phate-free media supplemented with32P. Cells were
solubilized, immunoprecipitated with anti-p64 antisera,
separated by SDS-PAGE and detected by autoradiogra-
phy. As shown in Fig. 4, p64 is phosphorylated at base-
line in vivo. Treatment of the cells for 10 min with for-
skolin, PMA or calcium ionophore each failed to alter
significantly the amount of radioactive phosphate incor-
porated in p64.

To see if the in vivo phosphorylation of p64 is sen-
sitive to dephosphorylation by alkaline phosphatase in
vitro, cells expressing p64 were labeled with inorganic
phosphate as above. Cells were homogenized and
treated with alkaline phosphatase before solubilization
and immunoprecipitation with anti-p64 antibodies. As
shown in Fig. 4C, the radioactivity associated with p64
is sensitive to alkaline phosphatase treatment in vitro.

EFFECT OFINHIBITORS ON P64 CHANNEL ACTIVITY

In some experiments, a large number of channels simul-
taneously fused into the bilayer, resulting in large cur-
rents in which individual channel transitions could not be
discerned. We used such preparations to assess effect of
inhibitors on channel activity as shown in Fig. 5. Figure

Fig. 3. Activation of p64 associated activity by
alkaline phosphatase. Membrane vesicles were
introduced into the cis chamber of the bilayer
apparatus and current recorded at 0 mV holding
potential. Solutions: 0.15M KCl, 10 mM HEPES
pH 7 cis; 0.75M KCl, 10 mM HEPES pH 7 trans.
(A) 5 ml of membrane suspension from cells
overexpressing p64 were added at the beginning of
the tracing. At intervals, + or −50 mV command
potentials were applied and these are reflected in
capacitance spikes in the current record. No
channel activity appeared during this recording.
(B) Continuation of the trace shown in A with
addition of alkaline phosphatase to 17 u/ml at
point marked with the arrow. At the end of this
trace, command voltages of +/− 10, 20, 30, and 40
mV were applied to test the voltage dependence of
the current (plotted in panelD). (C) 5 ml of
membranes vesicles from control cells were
studied as in panelsA andB. 500 seconds of
recording are shown after addition of alkaline
phosphatase (arrow). (D) I/V relationship derived
from the macro current from panelC. The reversal
potentials is −42 mV. (E) Single channel activity
from an alkaline-phosphatase-activated bilayer.
Recordings were made at a series of holding
potentials as in Fig. 2 with (mM): 140 KCl, 10
HEPES pH 7 cis; 140 CsCl, 10 HEPES pH 7
trans. The zero current level for each trace is
marked with the dotted line. (E) I/V relationship
derived from the data shown in panelD. The
slope conductance at positive potentials is 40 pS.
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5A shows a continuous recording in a bilayer formed
between 140 mM K-gluconate, 10 mM HEPES cis; and
140 mM CsCl, 10 mM HEPES trans. Membranes from
p64-expressing cells were introduced into the cis
chamber. There are two spontaneous insertions at about
45 and 60 sec resulting in a large outward chloride cur-
rent which varies with voltage as expected. DNDS was
introduced into the cis chamber as marked and the ac-
tivity disappeared. The cis solution was then replaced
twice with 140 mM KCl and the activity reap-
peared. This observation has been repeated 3 times.
Thus, DNDS reversibly inhibits the p64-associated chlo-
ride channel.

TS-TM calix(4)arene is a recently described high
affinity inhibitor of plasma membrane outwardly recti-
fying chloride channels [21]. Figure 5B shows a multi-
channel current in membranes from p64-expressing cells
with 140 mM KCl, 10 mM HEPES in both chambers.
The macro current is outwardly rectifying. TS-TM
calix(4)arene was added to the cis chamber at 3 nM final
concentration and the macro current disappeared. The
cis chamber was washed with several exchanges of 140
mM KCL 10 mM HEPES and the outwardly rectifying
current returned. We have repeated this observation 3
times. Thus, like DNDS, TS-TM calix(4)arene revers-
ibly inhibits the p64-associated chloride current. Neither
inhibitor affected the K channel activity observed in
these membrane preparations.

EXPRESSION OF P64 RESULTS IN INCREASED

RECONSTITUTABLE CHLORIDE PERMEABILITY

The lipid bilayer results indicated that expression of p64
results in the appearance of an novel chloride channel.
To determine whether expression of p64 has any effect
on total chloride permeability, we turned to a population
based assay rather than the single molecule bilayer sys-
tem. Membranes from cells expressing p64 or from con-
trol cells were solubilized and reconstituted in phospho-
lipid vesicles using detergent dialysis (10,12,15) such
that the vesicles were loaded with 200 mM KCl. To as-
say chloride permeability, extravesicular chloride is rap-
idly removed by passage through a gel filtration spin
column equilibrated in 400 mM sucrose. The column

Fig. 4. Phosphorylation of p64 in vivo. (A andB) Infected/transfected
HeLa cells expressing control DNA (panel A) or p64 (panelB) were
labeled with inorganic32P for one hour. At the end of the labelling
period, cells were treated for 15 min with vehicle (c), 10mM forskolin
(f), 0.1 mM PMA (p) or 1 mM A23187 (a) before solubilization and
immunoprecipitation with p64 antisera. (C) HeLa cells expressing p64
were labeled with32P as above and then homogenized. Homegenate
was solubilized and immunoprecipitated with pre-immune sera (lane 1)
or with p64 antisera either without (lane 2) or with (lane 3) prior
treatment with alkaline phosphatase.

Fig. 5. Pharmacologic Inhibition of p64-associated channel activity.
Simultaneous recording of current (above) and holding potential (be-
low) are shown. (A) DNDS. Bilayers were formed and p64-expressing
HeLa cell membranes were introduced into the cis chamber (Solutions
in mM): 140 K-gluconate, 10 HEPES pH 7.0 cis; 140 CsCl, 10 HEPES
pH 7.0 trans). At about 40 and 60 sec, fusions occurred with appearance
of multichannel current. DNDS was introduced into the cis chamber to
200mM at 110 sec and the bilayer rechallenged with a series of holding
potentials. No current is evident. The cis solution was then exchanged
twice (arrows marked W) with 140 mM KCl, 10 mM HEPES pH 7 to
remove DNDS, and the bilayer was rechallenged with a series of hold-
ing potentials, revealing reappearance of the conductance. (B) TS-TM
calix(4)arene. Vesicles from p64-expressing HeLa cells were intro-
duced into the cis chamber, resulting in outwardly rectifying multi-
channel macro current. (Solutions: 140 mM KCl, 10 mM HEPES pH 7
both cis and trans). TS-TM calix(4)arene was added to the cis chamber
at a final concentration of 3 nM. Subsequent +/− 50 mV challenges
resulted in capacitance spikes but no steady state current. The cis
chamber was washed several times (arrow marked W) and the out-
wardly rectifying current returned.
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eluate is then diluted into 400 mM sucrose and extrave-
sicular chloride concentration continuously monitored
using a chloride selective electrode. Valinomycin is in-
troduced to initiate potential driven chloride efflux. At
the end of the experiment, the vesicles are solubilized
with detergent to release any remaining intravesicular
chloride. A typical tracing from such an experiment is
shown in Fig. 6A. The initial deflection is at the point of
addition of vesicles with some small amount of residual
extravesicular chloride. Valinomycin and detergent are
added at the time points marked. The output of the elec-
trode in mV is converted to chloride concentration using

a standard curve generated with each set of experiments.
To determine chloride permeability, the fraction of in-
travesicular chloride released per second after addition of
valinomycin is plotted versus time as shown in Fig. 6B.
An initial rate of fractional chloride efflux representing
chloride permeability of the reconstituted vesicles is de-
termined from the first 10 sec after addition of valino-
mycin.

We have determined the rate of chloride efflux from
19 individual assays of material derived from 6 indepen-
dent expression-reconstitution experiments. In each
case, reconstituted vesicles were prepared in parallel
from control infected/transfected cells and from cells ex-
pressing p64. There was no difference in yield of mem-
branes or efficiency of solubilization between control
cells or cells expressing p64. The reconstitution of
vesicles was also equivalent with the intravesicular vol-
ume (as reflected by the total chloride concentration after
solubilization with detergent) identical between the con-
trol and p64 samples. The results are shown in the
Table. The efflux rate for control membranes was 5.53 ×
10−3 ± 0.00029 sec−1 while the efflux rate of membranes
from cells expressing p64 was 7.08 × 10−3 ± 0.00028
sec−1. As an additional control, asolectin was reconsti-
tuted into vesicles in the absence of protein. Chloride
efflux from ‘no protein vesicles’ was 1.34 × 10−3 ±
0.00022 sec−1. The difference in fractional efflux rate
between vesicles reconstituted from cells overexpressing
p64 and from control cells is highly statistically signifi-
cant (P < 0.0005) and amounts to a 28% increase over
control permeability. Thus, expression of p64 results in
increased reconstitutable chloride permeability. To date,
we have not detected a difference in efflux rates as a
result of alkaline phosphatase treatment before reconsti-
tution. Treatment with alkaline phosphatase after recon-
stitution causes a significant loss of intravesicular vol-
ume in both p64 and control vesicles, making it impos-
sible to measure efflux rates accurately. We have not yet
been able to assess the effects of inhibitors on this ac-
tivity due to contaminants in available inhibitor prepara-
tions which interfere with the electrode.

Fig. 6. Chloride efflux assay. (A) Representative tracing from a chlo-
ride efflux experiment. KCl loaded phospholipid vesicles were recon-
stituted using solubilized membrane proteins from HeLa cells express-
ing p64. Extravesicular chloride was removed by passing the vesicles
through a spin column equilibrated in isosmolar sucrose. The vesicles
were then added to 2 ml of sucrose solution whose chloride concen-
tration was continuously monitored using an ion-selective electrode as
shown in the tracing. The initial deflection is at the point of addition of
vesicles with some residual extravesicular chloride. Valinomycin and
Triton-X100 were added at the arrows as marked. A standard curve for
chloride was generated for the electrode immediately before the ex-
periment as shown in the inset. (B) Fractional chloride efflux. Data like
that in panelA were converted from millivolts to ‘fraction of total
intravesicular chloride released’ as described in the text. Fractional
chloride release was plotted as a function of time for the first 10 sec
after addition of valinomycin. These data represent and average of four
replicas from a single reconstitution experiment. Lines derived from
these data using linear regression are plotted. The slopes of the regres-
sion lines represent the vesicular chloride permeability.

Table. Rates of chloride efflux from reconstituted proteoliposomes

Sample CI efflux
(fraction/sec)

n Standard
error

p64 7.08 × 10−3 19 2.88 × 10−4

Control 5.53 × 10−3 19 2.78 × 10−4

No protein vesicles 1.34 × 10−3 4 2.2 × 10−4

Proteoliposomes were reconstituted with solubilized membrane protein
from cells expressing p64, from control cells, or in the absence of
added protein. Initial rates of fractional chloride efflux were determined
from the first 10 sec after addition of valinomycin as described in the
text. P < 0.0005 for each combination of pairwise comparisons.
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Discussion

We have described a novel chloride channel activity as-
sociated with expression of p64 in HeLa cells. The p64-
associated activity is strongly anion selective, rectifying,
phosphatase activated, and inhibited by DNDS and ca-
lixarene. This activity is detectable not only as single
channels in lipid bilayers but also as increased total re-
constitutable chloride permeability as measured by chlo-
ride efflux from vesicles. Our methods represent a novel
approach to study intracellular channels which may be
otherwise inaccessible to more commonly used methods.

Since the orientation of membrane vesicles prepared
from cells is somewhat unpredictable, the polarity of the
rectification demonstrated by the p64-associated channel
is not immediately apparent. However, since we find
predominantly one polarity of rectification, the p64
vesicles must be mostly either cytoplasmic side out or
cytoplasmic side in. The response to alkaline phospha-
tase is a useful clue as to orientation. One would predict
that a phosphorylation site important in channel regula-
tion would be exposed on the cytoplasmic face of the
membrane. Since we observed response to alkaline
phosphatase when added to the cis chamber only, the
cytoplasmic face of the membrane must be exposed on
the cis side of the bilayer and on the outside surface of
the vesicles. Thus, these vesicles must be in a cytoplas-
mic face out orientation. Consequently, the polarity of
rectification would be outward if the channel were ex-
pressed on the plasma membrane.

Although we clearly see a new activity when p64 is
expressed, this result does not necessarily mean that p64
is itself a channel. p64 could be activating an endog-
enous channel or complexing with an endogenously ex-
pressed subunit to form a channel. Previous immuno-
depletion studies showed that p64 is physically associ-
ated with chloride channel activity in solubilized kidney
microsomes. Here we have described that appearance of
a chloride channel activity coincident with expression of
p64. Taken together, the data strongly support the hy-
pothesis that p64 is a component of an intracellular chlo-
ride channel.

The single channel properties of the chloride chan-
nel activity associated with expression of p64 is particu-
larly interesting since it is quite similar to the plasma
membrane outwardly rectifying chloride channel
(ORCC) which has been associated with the cystic fibro-
sis gene product, CFTR [18,19]. Like the p64-associated
channel, the CFTR-associated ORCC is an outwardly
rectifying channel of about 40 pS conductance inhibited
by DNDS and calixarene. The protein responsible for
the plasma membrane ORCC activity has not yet been
identified. It seems quite unlikely that p64 itself encodes
the CFTR-associated ORCC since p64 is excluded from
the plasma membrane. However, one homologue of p64
from rat brain has been reported [8] and a number of p64

homologues have been reported as expressed sequence
tags in Genbank. Perhaps one of the homologues of p64
is responsible for the CFTR-associated ORCC.

We thank Dr. Andrey Shaw for generously providing vaccinia stock
and Dr. Robert Bridges for providing the TS-TM calix(4)arene. This
work was supported by National Institutes of Health grants R29
DK46212-04 (J.C.E.) and RO1 AR42370 (P.H.S. and J.C.E.), and by a
grant from the Barnes-Jewish Hospital Foundation (J.C.E.).

References

1. Al-Awqati, Q. 1995. Chloride channels of intracellular organelles.
Curr. Op. Cell Biol.7:504–508

2. Bae, H.R., Verkman, A.S. 1990. Protein kinase A regulates chlo-
ride conductance in endocytotic vesicles from proximal tubule.
Nature348:637–639

3. Barasch, J.B., Kiss, B., Prince, A., Saiman, L., Gruenert, D., Al-
Awqati, Q. 1991. Defective acidification of intracellular organelles
in cystic fibrosis.Nature352:70–73

4. Fuerst, T.T., Niles, E.G., Studier, F.W., Moss, B. 1986. Eukaryotic
transient expression system based on recombinant vaccinia virus
that synthesizes T7 RNA polymerase.Proc. Natl. Acad. Sci. USA
83:8122–8126

5. Fuller, C.M., Eckhardt, L., Schulz, I. 1989. Ionic and osmotic
dependence of secretion from permeabilised acini of the rat pan-
creas.Pfluegers Arch.413:385–394

6. Gasser, K.W., DiDomenico, J., Hopfer, U. 1988. Secretagogues
activate chloride transport pathways in pancreatic zymogen gran-
ules.Am. J. Physiol.254:G93–G99

7. Harlow, E., Lane, D. 1988. Antibodies: A Laboratory Manual.
Cold Spring Harbor, NY: CSH Laboratory Press

8. Howell, S., Duncan, R.R., Ashley, R.H. 1996. Identification and
characterisation of a homologue of p64 in rat tissues.FEBS Lett.
390:207–210

9. Jentsch, T.J. 1994. Molecular physiology of anion channels.Curr.
Op. Cell Biol.6:600–606

10. Landry, D.W., Akabas, M.H., Redhead, C.R., Edelman, A., Cra-
goe, E.J., Jr., Al-Awqati, Q. 1989. Purification and reconstitution
of chloride channels from kidney and trachea.Science244:1469–
1472

11. Landry, D.W., Reitman, M., Cragoe, E.J., and al-Awqati, Q. 1987.
Epithelial chloride channels: development of inhibitory ligands.J.
Gen. Physiol.90:779–798

12. Landry, D.W., Sullivan, S., Nicolaides, M., Redhead, C., Edelman,
A., Field, M., Al-Awqati, Q., Edwards, J. 1993. Molecular cloning
and characterisation of p64, a chloride channel protein from kidney
microsomes.J. Biol. Chem.268:14948–14955

13. Mulberg, A.E., Tulk, B.M., Forgac, M. 1991. Modulation of coated
vesicle chloride channel activity and acidification by reversible
protein kinase A phosphorylation.J. Biol. Chem.266:20590–
20593

14. Preston, C.L., Calenzo, M.A., Dubinsky, W.P. 1992. Isolation of a
chloride chennel-enriched membrane fraction from tracheal and
renal epithelia.Am. J. Physiol.263:C879–C887

15. Redhead, C.R., Edelman, A.E., Brown, D., Landry, D.W., Al-
Awqati, Q. 1992. A ubiquitous 64kDa protein is a component of a
chloride channel of plasma and intracellular membranes.Proc.
Natl. Acad. Sci. USA.89:3716–3720

16. Redhead, C., Sullikan, S.K., Koseki, C., Fujiwara, K., Edwards,
J.C. 1997. Subcellular distribution and targeting of the intracellular
chloride channel, p64.Mol. Biol. Cell. 8:691–704

126 J.C. Edwards et al.: Functional Expression of p64



17. Schlesinger, P.M., Blair, H.C., Teitelbaum, S.L., Edwards, J.C.
1997. Characterization of the chloride channel of osteoclast ruffled
membrane and its role in bone resorption.J. Biol. Chem.
272:18636–18643

18. Schweibert, E.M., Egan, M.E., Hwang, T., Fulmer, S.B., Allen,
S.S., Cutting, G.R., Guggino, W.B. 1995. CFTR regulates out-
wardly rectifying chloride channels through an autocrine mecha-
nism involving ATP.Cell 81:1063–1073

19. Schweibert, E.M., Flotte, T., Cutting, G.R., Guggino, W.B. 1994.
Both CFTR and outwardly rectifying chloride channels contribute
to cAMP stimulated whole cell chloride currents.Am. J. Physiol.
266:C1464–C1477

20. Shaw, A.S., Amrein, K.E., Hammond, C., Stern, D.F., Sefton,

B.M., Rose, J.K. 1989. The lck tyrosine kinase interacts with the
cytoplasmic tail of CD4 glycoprotein through its unique amino-
terminal domain.Cell 59:627–636

21. Singh, A.K., Venglarik, C.J., Bridges, R.J. 1995. Development of
chloride channel inhibitors.Kidney Int.48:985–993

22. Takuma, T., Ichida, T. 1991. Roles of potassium and chloride ions
in cAMP-mediated amylase exocytosis from rat parotid acini.Cell
Struct. Funct.16:405–409

23. Valenzuaela, S.M., Martin, D.K., Por, S.B., Robbins, J.M., War-
ton, K., Bootcov, M.R., Schofield, P.R., Campbell, T.J., Breit, S.N.
1997. Molecular cloning and expression of a chloride ion channel
of cell nuclei.J. Biol. Chem.272:12575–12582

127J.C. Edwards et al.: Functional Expression of p64


