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PC2 is an ;110-kDa integral membrane protein
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Mutations in polycystins-1 and -2 (PC1 and PC2)
ause autosomal dominant polycystic kidney disease
ADPKD), which is characterized by progressive de-
elopment of epithelial renal cysts, ultimately leading
o renal failure. The functions of these polycystins
emain elusive. Here we show that PC2 is a Ca21-
ermeable cation channel with properties distinct
rom any known intracellular channels. Its kinetic be-
avior is characterized by frequent transitions be-
ween closed and open states over a wide voltage
ange. The activity of the PC2 channel is transiently
ncreased by elevating cytosolic Ca21. Given the pre-
ominant endoplasmic reticulum (ER) location of PC2
nd its unresponsiveness to the known modulators
f mediating Ca21 release from the ER, inositol-tris-
hosphate (IP3) and ryanodine, these results suggest
hat PC2 represents a novel type of channel with prop-
rties distinct from those of the other Ca21-release
hannels. Our data also show that the PC2 channel can
e translocated to the plasma membranes by defined
hemical chaperones and proteasome modulators,
uggesting that in vivo, it may also function in the
lasma membrane under specific conditions. The sen-
itivity of the PC2 channel to changes of intracellular
a21 concentration is deficient in a mutant found in
DPKD patients. The dysfunction of such mutants
ay result in defective coupling of PC2 to intracellu-

ar Ca21 homeostasis associated with the pathogenesis
f ADPKD. © 2001 Academic Press
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Fig. 1a) that is homologous to an ;400-residue hydro-
hobic region of PC1 (1, 2), to voltage-activated Ca21

hannels, and transient receptor potential (TRP) chan-
el subunits. PC1 and PC2 are expressed in kidney and

n many other tissues but not always in the same
tructures or same cell types (3–7). PC2 appears to be
ble to oligomerize and to interact with PC1 in vitro (8,
) but its physiological function is unknown. Homozy-
ous mice with either PC1 or PC2 mutations die peri-
atally with massive cystic degeneration of the kidneys
nd pancreas (10, 11). Homozygous PC2 mice also de-
elop heart defects (12). In the present study we de-
cribe the functional expression of PC2 in oocytes. We
how that PC2 is a Ca21-permeable cation channel with
roperties distinct from any known intracellular or
lasma membrane channels. Its regulation by changes
n the level of intracellular Ca21 is disturbed in a mu-
ant found in patients with ADPKD.

ETHODS

Pkd2 cDNA cloning and RNA preparation. The mouse Pkd2
DNA was first isolated by RT-PCR mouse kidney RNA using degen-
rate human PKD2 primers. The most 59 end of the cDNA was
solated from a genomic P1 clone. The R742X mutation was intro-
uced by PCR-based, site-directed mutagenesis. The PC2 expression
onstruct contains the coding region of mouse Pkd2 (nt 1–2091,
enBank NM_00861), in the pTLN2 vector. This construct was ver-

fied by multiple restriction digests and direct sequencing. A
-terminal c-myc epitope tag was introduced by PCR for antibody
ecognition. Capped RNA was synthesized from linearized templates
sing the mMessage mMachine In Vitro Transcription Kit (Ambion).

Oocyte preparation and expression of PC2 in oocytes. Oocytes at
tage V–VI were extracted from Xenopus laevis and were defollicu-
ated by treating for ;2 h at 18°C with 2 mg/ml collagenase (Boeh-
inger Mannheim, Mannheim, Germany) in a Ca21-free solution
ontaining in mM: 90 NaCl, 3 KCl, 0.82 MgSO4, 10 Hepes, pH 7.5.
ocytes were injected on the same day (at least 4 h after defollicu-
0006-291X/01 $35.00
Copyright © 2001 by Academic Press
All rights of reproduction in any form reserved.



lation) or on the following day with 50 nl H2O containing 50 ng cRNA
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f Pkd2 or R742X. Equal amounts of H2O were injected into control
ocytes. Injected oocytes were incubated at 18 or 14°C using Barth’s
olution containing (in mM): 90 NaCl, 2 KCl, 0.82 MgSO4, 0.41
aCl2, 0.33 Ca(NO3)2, 10 Hepes, 10 units/ml penicillin and 10 mg/ml
treptomycin, pH 7.5.

Immunocytochemistry. Oocytes were embedded in OCT (optimal
utting temperature) compound (VWR, Boston, MA), and were sec-
ioned at 5 mm in a cryostat at 220°C and air-dried for 30 min.
ections were fixed in methanol at 220°C for 10 min and incubated
ith primary antibody, anti-c-myc (clone 9E10, Santa Cruz Biotech-
ology, Inc., Santa Cruz, CA), diluted 1/50, for 1 h at room temper-
ture. This was followed by 1 h incubation with secondary Fluo-
escein Anti-mouse IgG antibodies (Vector Laboratories, Inc.,
urlingame, CA). Fluorescence was viewed using a MRI confocal
icroscope (Bio-Rad, Hercules, CA). No differences between the ion

hannel activities of c-myc-tagged and untagged PC2 were observed
n control electrophysiological studies on oocytes injected with c-myc-
agged PC2.

Electrophysiological measurements. Patch-clamp methodology
as employed for measurement of the properties of single ion chan-
els using cell-attached or excised membrane patches (38). The stud-

es on channel activities in intracellular membranes were carried out
sing a modification of a previously described method (14). After

solating the nuclei from the oocytes, segments of the surrounding
embranes were excised using two pipets with large rough tips.
hen one edge of each excised membrane segment was attached to
he plastic dish by touching the bottom with one of the pipet tips
hile the rest of the membrane was left to float in the bath solution.
his procedure allowed access to both sides of the membrane. Pipette
olution contained in mM (unless otherwise specified): 100 KCl, 0.1
aCl2, 10 Hepes, pH 7.5. In some experiments 100 mM KCl was
ubstituted with 100 mM NaCl or equal amounts of other salts as
escribed in the figure legends. When filled with this external solu-
ion, the pipet tip resistances were 5–10 MV. Seals with resistances
f .10 GV were employed in single channel experiments, and cur-
ents were measured with an integrating patch-clamp amplifier.
ingle channel currents were filtered at 3–10 kHz through an 8-pole
essel filter. The bath solution contained, unless otherwise specified:
00 mM KCl, 0.1 mM CaCl2, 10 mM Hepes, 5 mM EGTA, pH 7.5. The
oncentrations of Ca21 in solutions containing low Ca21 (0.1–1 mM)
ere adjusted according to a previous study (39).

Data acquisition and analysis. Voltage stimuli were applied and
ingle channel currents digitized (20–150 ms per point) and analyzed
sing a PC, a Digidata converter, and programs based on pClamp
Axon Instruments, Foster City, CA). The baseline current was mon-
tored frequently to ensure proper analysis of single channel cur-
ents. In all the figures shown, downward deflections represent neg-
tive inward currents. Po was calculated from 20- to 30-s segments
f current records in patches containing apparently only one func-
ioning channel, since only one current level was observed in these
ecordings. Several hundred or more events were analyzed using
alf-amplitude threshold criteria for generating each data point. The
oldman–Hodgkin–Katz (GHK) equation was used to calculate the
ermeability ratios between a defined cation (PX) and K1 (PK): Erev 5
T/F ln[PX/PK], where Erev is the change in reversal potential mea-
ured when K1 is replaced by one of the monovalent cations, Na1 or
H4

1, in the pipette solution; R, T, and F, have their usual meaning.
he Fatt–Ginsborg equation was used to determine the permeability
f Ca21 versus K1: Erev 5 RT/2F ln 4PCa[Ca]o/PK[K]I, where [Ca]o and
K]I are the concentrations of Ca21 in the external pipet solution and

1 in the internal bath solution in studies on inside-out patches,
espectively. The experiments were carried out at 23°C. To estimate
tatistical differences, three or more experiments were performed for
ach condition.
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We isolated and assembled full-length Pkd2 cDNA
nd expressed it in Xenopus oocytes. Ionic currents
ere measured in oocytes 3–5 days after injections
ith synthetic RNA (cRNA) encoding full-length PC2.
ingle channel studies using KCl in the pipette solu-
ion revealed the presence of a channel with distinctive
ursts of frequent openings and closings in PC2-
xpressing oocytes (Fig. 1b). Such activity was absent
n water-injected oocytes (n 5 45) and oocytes express-
ng other proteins (n 5 67). These channel activities,
owever, were observed in only 27 of 170 patches of
C2-expressing oocytes (;16%). To determine whether
his was due to low levels of PC2 expression, we exam-
ned the levels and cellular distribution of PC2 in
ocytes by immunocytochemistry with a specific anti-
ody. PC2 was predominantly expressed in intracellu-
ar compartments with a relatively small amount on
he plasma membrane (Fig. 2). This finding is consis-
ent with a recent report that shows an intracellular
ocalization of PC2, most likely in the ER in cultured

ammalian cells (13). Since the outer nuclear mem-
rane is continuous with the ER, we isolated nuclei
rom PC2- and water-injected oocytes to search for PC2
hannel activities in intracellular membranes. Chan-
el activities in their surrounding membranes were
tudied using a modification of a previously described
ethod (14). The same type of PC2 channel activity

bserved in the plasma membranes was also found in
ntracellular membranes (Fig. 1c) but in larger propor-
ion of patches (e.g., 18 of 48 or 38%). No channel
ctivities with similar properties were found in any of
he 35 patches obtained from intracellular membranes
f water-injected oocytes.
PC2 appears also to be expressed near or on the cell

urface in renal tubules in vivo (6, 7, 11). A plasma
embrane localization would allow PC2 to interact
ith other polycystins, such as PC1 (3, 8, 9), as well as
ith other structurally homologous plasma membrane

hannels. Therefore we examined whether the PC2
rotein could be translocated to the plasma membrane
nder defined conditions, and whether it functions sim-

larly in both plasma and intracellular membranes.
uch translocation would greatly simplify the charac-
erization of the channel, since channels on the plasma
embrane are more easily accessible for patch-clamp-

ng. We treated the oocytes with both chemical chape-
one-like factors and proteasome inhibitors to establish
ptimal conditions for PC2 translocation. Similar ap-
roaches have been used successfully elsewhere (15–
9). An increase in the level of PC2 expression in the
lasma membrane was observed after treatment of
ocytes for 24–36 h with the following agents: 5 mM
actacystin, 5 mM N-acetyl-leu-leu-norleucinal (ALLN),
0 mM trimethylamine-n-oxide (TMAO), and/or 1–
.5% glycerol. Glycerol alone was effective, but better



r
w
O
a
n
w
w
6
i
s
i
t
a

c
t
t
f
t

c
p
i
t
l
m
w

d
P
3
c
c
t
T
(
(
t
t

Vol. 282, No. 1, 2001 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
esults were obtained when it was used in combination
ith the other agents, particularly with lactacystin.
ocytes were kept at a low temperature (14°C) which,
s in earlier studies (18, 20), appears to promote chan-
el translocation to the cell surface. Channel activities
ith large conductance and characteristic kinetics
ith frequent closings and openings were observed in
3 of 185 patches (34%) of PC2-injected oocytes treated
n this way (Fig. 1d) but never in water-injected oocytes
ubjected to the same treatments (n 5 52). The kinet-
cs, conductance (Figs. 1b–1e), and other characteris-
ics of PC2 channels in the oocytes treated with the
gents described above were similar to those in intra-

FIG. 1. Identification of PC2 channels in cellular and intracellul
enotes the pore region. PC2-mediated channel activities were reco
C2-injected oocytes; (c) intracellular ER-nuclear membranes of thes
6 h with a combination of 5% glycerol, 5 mM lactacystin, and 5 mM
urrent sweeps. Downward deflections represent negative inward cu
losed channel current levels. The pipet solution in b–d contained in
he same for all the current traces in b–d. The current–voltage relat
he values for b, c, and d are marked with filled circles, open squares,

n 5 5). (f) Endogenous ER K1 current traces taken at 260 mV in patc
top trace) and after addition of 0.5 mM bis-guanidino-n-decane (BG
aken at 260 mV in patches excised from ER/nuclear membranes of P
o the bath solution (bottom trace). In f and g, the solutions on both
343
ellular membranes of untreated oocytes, showing that
hese procedures did not modify the channel proper-
ies. The translocation of PC2 protein to the cell sur-
ace after the treatments described above can be de-
ected by immunocytochemistry (Fig. 2).

None of the endogenously expressed Cl2, K1 or other
hannels in the intracellular membranes displayed
roperties similar to those of the PC2 channels, includ-
ng conductance and kinetics. For example, one of
hese channels was selective for K1 and showed simi-
arities to previously characterized K1 channels in ER

embranes but its conductance (721/26.3 pS, n 5 4)
as smaller than that of PC2 and it did not show the

embranes. (a) Model of the putative membrane topology of PC2. P
d in cell-attached patches of: (b) plasma membranes of untreated,
cytes; and (d) plasma membranes of PC2-injected oocytes treated for
LN at 14°C. Varying voltages are indicated on the left sides of the

nts. The dashes on the right sides of the current traces indicate the
: 100 KCl, 0.1 CaCl2, and 10 Hepes, pH, 7.5.The calibration bars are
s (e) were similar for the single channel activities measured in b–d.
d crosses, respectively. Each data point in e represents mean 6 SEM
s excised from ER/nuclear membranes of H2O-injected oocytes before
to the bath solution (bottom trace). (g) PC2 channel current traces
-injected oocytes before (top trace) and after addition of 0.5 mM BGD
s of the patches contained the same concentration of KCl, 100 mM.
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ame kinetics and other characteristics. This channel
as blocked by an agent, bis-guanidino-n-decane

BGD) that has previously been used as an effective
locker of the ER K1 channels21 (Fig. 1f) but the same
gent did not affect the activity of PC2 (Fig. 1g) con-
rming that PC2 represents a different type of chan-
el. The conductances and the time-dependent be-
avior of some Cl2 channels were similar to those
escribed in a previous study on nuclear membranes
22). We also treated the oocytes with actinomycin D
10 mg/ml), a well accepted approach to distinguish
loned channels from endogenous channels, and ob-
erved no effects on the PC2 channel activities in in-
racellular or plasma membranes. All these data sup-
ort the notion that the observed channel activity does
ot result from upregulation or modulation of channels
ndogenous to the oocytes.
PC2-mediated channel activities were observed in

he presence of both K1 and Na1 in the external pipette
olution. The conductance in the presence of 100 mM

1, however, was 123.8 6 14.3 pS (mean 6 SEM, n 5
5), substantially higher than that observed with 100
M Na1 (23.4 6 2.6 pS, n 5 8) (Figs. 3a and 3b). The

urrent–voltage relationships and the reversal poten-
ials were determined under bi-ionic conditions (Nao

1/
i
1) in inside-out patches and it was found that the

nward Na1 currents are substantially smaller than
he outward K1 currents (Figs. 3b and d). The current–
oltage relationships for K1 were nearly linear from
120 to 60 mV, but there was a slight inward rectifi-

ation from 70 to 120 mV (Fig. 3d). The outward cur-
ents, which are mediated by efflux of K1, are similar
n the presence of K1 or Na1 in the pipette solution.
he reduced slope conductance for the inward Na1

urrents suggests that the channels may be less per-
eable to Na1 than to K1. The reversal potential was
50 mV and the calculated permeability ratio (PNa/

FIG. 2. Immunocytochemistry of H2O- (a, d), PC2- (b, e), Myc-
agged (c, f) PC2-injected oocytes with and without treatment, with
n anti-myc antibody. A predominant intracellular staining is seen
n untreated oocytes injected with myc-tagged PC2 (c). A reduction in
ntracellular staining and an increase in cell membrane staining can
e visualised in the treated oocytes (f).
344
K

eable to K1 than to Na1. Since the transport of am-
onium is an important function of the kidney, the

onductance and permeability of PC2 channel to NH4
1

ere determined. The amplitudes of the inward NH4
1

urrents were slightly smaller than those of K1 but
uch larger than those of Na1 (Fig. 3c). The outward

urrents due to K1 efflux were similar in the presence
f external K1 or Na1 in the pipet solutions. The con-
uctance of NH4

1, 93.4 6 10.6 pS (n 5 7), was substan-
ially higher than that of Na1 and slightly smaller than
hat of K1 (Fig. 3d). Under bi-ionic conditions (100 mM

ext.
1 /100 mM NH4 int.

1 ) the reversal potential was only
8 mV and the calculated permeability ratio was
NH41/PK1 5 0.73.
The conductances of other monovalent cations, Li1

nd Rb1, have also been determined and compared to
hose of K1 and Na1 in cell-attached patches of PC2-
xpressing oocytes. The conductance of Li1 was similar
o that of Na1, 19.4 6 2.3 pS (n 5 3), while that for Rb1

as at an intermediate level between those of K1 and
a1, 67.2 6 8.6 pS (n 5 4) (Figs. 3e–3g). In 11 patches

f four separate batches of PC2-injected oocytes, we
ere unable to resolve any single channel currents
ith PC2-like characteristics in the presence of 100
M CsCl in the pipette solution. It is possible that the
s1 current amplitudes are small and unresolvable at

he single channel level.
To assess the contribution of anion fluxes to the PC2

hannel currents we have varied the content of anions
nd cations in the solutions on both sides of the inside-
ut patches and found that Cl2 influx or efflux does not
ontribute substantially to the currents (data not
hown).
Sequence analysis suggests the presence of EF hand
otif in the C-terminal cytoplasmic tails of both PC2

Fig. 1a) and polycystin-L (PCL), a close homologue,
hose activity is modulated by an increase in the in-

racellular Ca21 concentration (23). When we examined
C2 channel activity upon increases of intracellular
a21 concentration (Cai) from 0.1 to 1 mM, we observed
transient activation of the channel (Fig. 4a). Multiple

hannel activities can be seen after increasing the con-
entration of intracellular Ca21 (Cai) from 0.1 to 1 mM
n Fig. 4. The Ca21-induced channel activation includes
uperimposed channel openings to a second and third
hannel current levels. Although the probability of PC2
hannel opening was substantial, even in the presence
f low Cai (0.1 mM), it increased approximately 40%
ithin 20–30 s after addition of 1 mM Cai (Fig. 4b).
his effect, however, was transient and the Po de-
reased nearly to the basal level 3–5 min after the
nitial increase. These data show that the basal PC2
hannel activity does not require high Cai but its sen-
itivity to changes in the level of Cai is substantial. The
ime course of the changes in Po was followed several
inutes after the transient increase in Po to verify
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hether there are fluctuations in channel activity dur-
ng this modulation of the channel. We observed a
imilar effect of Cai on PCL in our previous study (23).
he transient increase in Po of the PCL channel, how-
ver, was more pronounced but several minutes later
he channel activity decreased to a level below the
asal level. We attributed this effect to channel inacti-
ation or desensitization which may be related to de-
ned oscillatory physiological processes inside the

FIG. 3. Higher conductance for K1 and NH4
1 than for Na1 and ot

n inside-out patches excised from PC2-injected oocytes in the presenc
ipet solution. The internal bath solution in a–c was the same, 100
n the left side of each trace. Note that the small inward Na1 curr
utward K1 currents, and all the traces in a. (c) Current traces take
M NH4Cl in the external and 100 mM KCl in the internal solut

onditions in a (n 5 6), b (n 5 4), and c (n 5 5). (e and f) Current
resence of 100 mM LiCl or 100 mM RbCl in the external pipet solutio
race. The calibration bars between the two panels are the same for b
n 5 4) are shown in g. The dashes on the right or left sides of the c
345
ells. No such desensitization of the PC2 channel, how-
ver, was observed.
We used a PC2 mutant originally identified from an
DPKD family (1605) in which arginine 742 was sub-
tituted with a stop codon, to further characterize the
ssential channel components and responsiveness of
C2 channel to intracellular Ca21. This mutant pre-
erves all six putative transmembrane domains but
acks the C-terminus of PC2 that contains the EF-hand

monovalent cations of PC2 channels. Current traces were recorded
f 100 mM KCl (a), 100 mM NaCl (b) or 100 mM NH4

1 in the external
KCl. The current records were taken at different voltages marked

s in b are 2-fold expanded in comparison to the top trace with the
t the indicated voltages in inside-out patches in the presence of 100
(d) Current-voltage relations estimated under the three different
es taken in cell-attached patches of PC2-expressing oocytes in the

respectively. The voltages are marked on the left side of each current
e and f. The current–voltage relations for both Li1 (n 5 3) and Rb1

ent traces indicate the closed channel current levels.
her
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otif. We examined its unitary conductance, modula-
ion by changes in the level of intracellular Ca21 and
ther channel characteristics (Fig. 5). Its kinetics and
urrent–voltage relationship (Figs. 5a and 5b) were
imilar to those of the wild-type PC2. Such channel
ctivities were observed in 23 (24.5%) of 94 patches of
ocytes expressing the PC2 mutant. The unitary con-
uctance (116.2 6 9.5 pS, n 5 6) was slightly smaller
han that of the wild-type PC2 but an increase of Cai

rom 0.1 to 1.0 mM failed to mediate significant activa-
ion of the PC2 mutant channel (Figs. 5c and 5d). The
econd current trace with higher basal activity shown
n Fig. 5c confirms that at both low and higher basal
evels of activity the mutant PC2 channel cannot be
ctivated by elevation in Cai. This defective regulation
y Cai is probably due to the missing Ca21-binding
F-hand at the C-terminus of PC2, and provides an
xample of how mutations in PKD2 cause disturbances
n cation transport and Ca21 signaling and homeostasis
n ADPKD.

We also studied PC2 -mediated currents in the pres-
nce of divalent cations. The current amplitudes mea-
ured at defined voltages (Figs. 6a–6c) and the
urrent–voltage relationships (Fig. 6d) for Ca21 are
lightly different from those for Sr21 and Ba21. The I–V

FIG. 4. Modulation of channel activity by intracellular Ca21. (a) S
ecorded in the presence of 0.1 mM Cai. Increasing Cai to 1 mM elici
arked with 1–4 are shown at the bottom at expanded time and curre

n Cai. Po was calculated for 30-s segments of single channel current
rom 0.1 to 1 mM is marked with an arrow. The dashes on the right si
olutions on both sides of the patches contained the same concentra
346
urve for Ca21 was linear at low voltages, 230 to 280
V, but it deviated from linearity at more negative

oltages (Fig. 6d). This voltage dependence was less
ronounced for the other divalent cations. The Ca21

onductance, measured over the linear voltage range
230 to 280 mV), 36.4 6 3.8 pS (n 5 5), was slightly
maller than those of Sr21 (42.3 6 3.5 pS, n 5 3) and
a21 (46.5 6 4.2 pS, n 5 4). The permeability ratio,
Ca21/PK1, determined from studies on inside-out
atches, is 0.21, which is higher than that of PNa1/PK1.
his permeability ratio and the conductances of the
C2 channels for divalent cations were similar in in-
racellular and plasma membranes. The Ca21 conduc-
ance of the PC2 mutant was similar to that of the wild
ype PC2 (data not shown). The presence of millimolar
oncentrations of Ca21 as well as of Mg21 in the exter-
al pipette solution, however, reduced the PC2 channel
urrents with K1 or other monovalent cations as
harge carriers. The blocking effects of these divalent
ations are similar to those of other types of Ca21-
ermeable channels and may play a role in preventing
xcessive Ca21 influx through the channels in vivo. It
hould be pointed out that the relative permeabilities
f Ca21 and other monovalent cations to PC2 channel
n vivo may be somewhat different from what we mea-

le channel activities at 290 mV in inside-out patches were initially
transient channel activation. Selected segments from the top trace
scales. (b) Time course of the changes in Po mediated by the increase
ords taken before and after raising Cai (n 5 5). The increase in Cai

of the current traces indicate the closed channel current levels. The
of KCl, 100 mM (see Methods for more details).
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ured here since the high concentration of Ca21 (50
M) used to resolve the small currents at the single

hannel level probably additionally inhibits the chan-
el. The open state probability of PC2 channel was also
educed by application of extracellular La31 (0.2 mM).

We did not observe any effects of nifedipine, a blocker
f the plasma membrane voltage-gated Ca21 channels
Fig. 6e) as well as of ryanodine and IP3 (Figs. 6f and 6g)
n PC2 channel activity and properties suggesting that
C2 represents a different type of channel.

ISCUSSION

There is a preponderance of evidence for localization
f PC2 within the ER in cultured cells (Ref. 13 and Fig.
) as well as in some cell types in tissues24. These data

FIG. 5. Single channel properties of the PC2 mutant, R742X.
742X-injected oocytes in the presence of 100 mM KCl on both sides
arked on the left side of each trace. (b) Current–voltage relations

urrent traces with low (top trace) or higher (bottom trace) level of ba
ocytes. Single channel activities at 290 mV in inside-out patches w
mM did not mediate substantial channel activation in both patches.

aken before and after raising Cai (n 5 4). The increase in Cai from 0
races. The solutions on both sides of the patches contained the sam
347
istinguish PC2 from PCL not only by a characteristic
inetic behavior and relative permeabilities to cations
ut also in regard to membrane location. Given its
ocation in the ER, and a Ca21 conductance (36 pS) that
s similar to IP3 receptors (26–53 pS in 50 mM Ca21)
25, 26), PC2 likely contributes to Ca21 release from
ntracellular stores as do the ryanodine and IP3 recep-
ors, the two known types of intracellular Ca21 release
hannels. Because PC2 does not bear structural or
opological similarities to these Ca21 release channels
nd is not sensitive to IP3 and ryanodine (this study), it
ay function as a novel type of Ca21 release channel
ith distinct properties and may not only be sensitive

o the levels of Cai but may also contribute to the
egulation of intracellular Ca21 homeostasis.

Current traces were recorded in inside-out patches excised from
he membrane. The current records were taken at different voltages
re determined under the conditions described in a (n 5 6). (c) Two
activity were taken in separate patches excised from R742X-injected

initially recorded in the presence of 0.1 mM Cai. Increasing Cai to
o was calculated for 30-s segments of single channel current records

to 1 mM is marked with an arrow that refers to both top and bottom
oncentration of KCl, 100 mM.
(a)
of t
we

sal
ere

(d) P
.1
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PC2, IP3 and ryanodine receptors all have higher
onductances to K1 than to Ca21 (27) and are sensi-
ive to changes in Cai. Both PC2 and ryanodine recep-
or are not modulated by IP3 but can be activated by
ncreases in Cai associated with physiological or patho-
hysiological processes. With its high K1 conductance
C2 may also contribute to K1 transport across the
embranes of the Ca21-storing organelles. Recent re-

orts support the importance of K1 influx pathways
n the ER that are coupled to Ca21 release as part
f a highly cooperative ion-exchange mechanism(28).
ounter-currents carried by K1 probably maintain the
lectroneutrality of the ER membrane system during
a21 release. PC2 channel may play a key role in such
process.
As an alternative possibility PC2 may not be highly

unctional in ER, if it is inactivated by defined intra-
ellular factors but it may be involved in other ion

FIG. 6. Divalent cations as charge carriers. Single channel curre
rCl2 (b), or BaCl2 (c) in the external pipette solution, respectively. Th
r left sides of the current traces indicate the closed channel current
a21 (n 5 4) are shown in d. The data for Ca21 including those for the
f 50 mM CaCl2 in the external solution and 100 mM KCl in the in
resence of 10 mM nifedipine (bottom trace) in patches formed on th
efore (top trace) or after addition of 20 mM ryanodine (bottom trace
urrent traces taken before (top trace) or after addition of 20 mM IP
–g have been taken at 2110 mV.
348
ransport functions after its translocation to the
lasma membrane due to hormonal stimulation or
inding to other proteins. Cytoplasmic and cell mem-
rane localizations have both been reported for PC2 (6,
, 11, 24, 29). There are precedents for channels resid-
ng in the ER that, under defined conditions, are trans-
ocated to and can function appropriately as plasma

embrane channels. For example, the epithelial Na1

hannel (ENaC) is predominantly located on ER mem-
ranes, but depending on defined turnover mecha-
isms and other factors, it can play an important role

n the plasma membranes of renal and other cells in
ediating Na1 reabsorption. Proteasome inhibitors

nd other agents that inhibit protein degradation have
een used to promote its intermembrane trafficking
19). If PC2 is translocated by defined factors to the cell
urface in some cell types, with its relatively high
onductance for cations it may contribute substantially

recorded in inside-out patches in the presence of 50 mM CaCl2 (a),
libration bars are the same for a–c and e–g. The dashes on the right

els. The current–voltage relations for Ca21 (n 5 6), Sr21 (n 5 4), and
tward currents were measured in inside-out patches in the presence
nal solution. (e) Current traces taken in the absence (top trace) or
lasma membranes of PC2-injected oocytes. (f) Current traces taken

patches of the ER/nuclear membranes of PC2-injected oocytes. (g)
ottom trace) in patches of the ER/nuclear membranes. The traces in
nts
e ca
lev
ou
ter
e p
) in

3 (b
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ase balance.
A channel (SVC) previously characterized in renal

ortical tubule cell lines transformed with SV40 (30)
isplays remarkably similar properties to those of PC2.
his cell line displayed features of thick ascending limb
ells, the predominant site of PC2 expression in adult
idney (7). It is interesting to note that SVC was active
nly in SV40-transformed cells (30). Since the T/t com-
on domain of SV40 can functionally substitute for

efined molecular chaperones (31, 32), it is likely that
he effect of SV40 transformation was to translocate a
hannel normally resident in the cytoplasm to the cell
urface where its activity could be observed. An intra-
ellular location of SVC provides a further point of
imilarity with PC2. That transgenic mice carrying
V40 large T antigen develop polycystic kidneys gives
dditional evidence that abnormal intracellular Ca21

omeostasis may have a role in the pathogenesis of
DPKD.
Two very recent studies on polycystin-2 (PC2) func-

ionally expressed in other membrane systems were
escribed (40, 41). In the first study (40) only a whole-
ell current configuration on CHO cells transiently
ransfected with polycystin 1 (PC1) and/or PC2 was
mployed. Large amplitude, cation-permeable currents
ere observed in cells co-transfected with both poly-

ystins. These channels were permeable to Na1, Ca21

nd other cations. These and other results are compat-
ble with ours, but the single channel approach em-
loyed by us permitted a detailed comparison, for the
rst time, of the properties of PC2 in both intracellular
nd plasma membranes and enabled us to show defec-
ive regulation of the PC2 mutant by intracellular
a21. We have also presented the first evidence that

ranslocation of PC2 from ER to plasma membrane can
e stimulated by modulators of proteasome and chap-
rone mechanisms. These mechanisms could poten-
ially be regulated by various hormones and intracel-
ular messengers and could be as important as PC1 in
his regard, or they could act in concert with PC1 in
egulating the distribution of PC2. Although at the
resent stage the expression patterns of PC1 and PC2
re somewhat controversial, there is ample evidence
hat PC1 and PC2 are not always expressed in the
ame structures or cell types (3, 5, 7, 29, 42, 43). The
econd study (41) employed quite different approaches
rom ours or those used in the other previously pub-
ished study. The PC2 channels were characterized as
a21-permeable cation channels. They were studied in
embrane vesicles isolated from placental syncytiotro-

hoblasts which were reconstituted in artificial lipid
ilayers as well as in SF9 insect cells transfected with
C2. One or two of the main conductances were similar

o those of PCL that we described in our previous study
23) or to those of PC2 in our present study. Thus there
re similarities but also differences between our find-
349
ifferences may be explained by the different ap-
roaches, experimental conditions and expression sys-
ems used in these studies. The advantages of our
pproaches allowed us to characterize for the first
ime: (1) the unique properties and operation of PC2 in
oth plasma and intracellular native membranes; (2)
he stimulation of its translocation from ER to the
lasma membranes by chemical chaperones and pro-
easome modulators; (3) the striking similarities be-
ween the sequence of cation conductances and other
roperties of PC2 and a previously described channel
n renal thick ascending limb which could help identi-
ying the physiological counterpart of PC2 in kidney;
nd (4) the defective function and regulation by Ca21 of
he R742X PC2 mutant.

The potential roles of PC2 in ion homeostasis prob-
bly differ from those of other types of ion channels
uch as CFTR and ENaC, mutations in which cause
ystic fibrosis and Liddle’s syndrome, respectively (33,
4). Via its Ca21 permeability and sensitivity to
hanges in intracellular calcium concentration, PC2
ay take part in the control of many cell functions

ncluding cell proliferation, differentiation and sur-
ival (35–37). Abnormalities in each of these cell func-
ions are features of the pathogenesis of ADPKD. The
eficient regulation by intracellular Ca21 of the mutant
orm of PC2, described in the present study, suggests
hat dysfunctional coupling between PC2 activity and
a21 signaling may underlie the development of this
ommon genetic disorder. Detailed analysis of PC2
hannel and its mutant form in this study opens up
ovel avenues for the invention of therapeutic strate-
ies for ADPKD.
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