et al., 2000b; Wellman and Nelson, 2008; Ferndndez-Fernén-
dez et al., 2004).

Agents that enhance BK channel activity (BK channel
openers) may therefore be effective in protecting neurons
from damage following an ischemic stroke and/or in sup-
pressing excess activity of smooth muscle tissues (Lawson,
2000). Many compounds that were found from natural prod-
ucts or were synthesized have been reported to be BK chan-
nel openers (Coghlan et al., 2001). Most of these BK channel
openers, including BMS-204352 (Gribkoff et al., 2001), are
not highly potent activators (EC,, values >300 nM} under
the resting cellular conditions where intracellular Ca?* con-
centration is 50 to 150 nM (Schrgder et al., 2003). Terpenoids
derived from natural products—-dehydrosoyasaponin-I, max-
ikdiol, and 1.-735,334—have been reported as BK channel
openers (Kaczorowski and Garcia, 1999). In addition, 178~
estradiol (Valverde et al., 1999) and epoxyeicosatrienoic acids
(Fukao et al., 2001) may be endogenous BK channel openers,
and some transmitters and hormones can enhance BK chan-
nel activity via kinase activation (Vergara et al., 1998).

In our previous study (Imaizumi et al., 2002), novel com-
pounds, including pimaric aeid, were discovered from terpe-
noids, which have chemical structures similar to that of
maxikdiol, a moderate BK channel opener (Singh et al,,
1994). Moreover, our recent study (Ohwada et al., 2003) has
revealed that chemical modification of abietic acid, an inac-
tive compound of resin acid derivatives, to dehydroabietic
acid resulted in BK channel opening, and further chemical
modification to 12,14-dichlorodehydroabietic acid (diCl-
DHAA) led to finding of a potent BK channel opener.
However, the underlying mechanisms of diCl-DHAA-
induced activation of BK channel and the selectivity
against voltage-dependent Ca®* (CaV) channel have not
been defined. The present study was therefore undertaken
to identify molecular mechanisms of diCl-DHAA-induced
activation of BK channels and to examine the selectivity
against inhibition of CaV channels by using human em-
bryonic kidney (HEK) 293 cells as an expression system.

Materials and Methods

Vector Constructs, Cell Culture, and Transfection. Restric-
tion enzyme-digested DNA fragments of BKa (KpnI/Xbal-double di-
gested) and BKfA1 (EcoRI/Xbal-double digested) were ligated into
mammalian expression vectors peDNA3.1(+) and peDNA3.1/Zeo(+)
(Invitrogen, Carlshbad, CA), respectively, using the TaKaRa ligaticn
kit version 1 (TaKaRa, Osaka, Japan) (Yamada et al, 2001).
HEK293 cell lines were obtained from Health Science Research
Resources Bank (Tokyo, Japan) and maintained in minimal essential
mediwm (Invitrogen) supplemented with 10% heat-inactivated fetal
calf serum (JRH Biosciences, Lenexa, KS), 100 units/ml penicillin
(Wako Pure Chemicals, Osaka, Japan), and 100 pg/m! streptomycin
(Meiji Seika, Tokyo, Japan). Stable expression of BK« and BKg was
achieved by using calcium phosphate coprecipitation transfection
techniques as reported previously (Imaizumi et al., 2002). G418- and
(G418/zeocin-resistant cells were selected as those which were BKa-
expressing and BKB1-coexpressing, respectively.

The ¢DNAs encoding voltage-dependent Ca®* channel «1C sub-
unit of the rabbit (*CaValC) and £3 subunit of the mouse (mCaVp3)
were kind gifts from Dr. Veit Flockerzi (Institut fiir Pharmakologie
und Toxikologie, Universitidt des Saarlandes, Hamburg, Germany)
and were ligated into mammalian expression vectors pcDNA3.1(+)
and pTracer(+), respectively (Murakami et al., 2003). These plasmid
vectors were transfected into HEK293 cells for transient expression.
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The functional coexpression of rCaValC and mCaVB3 was success-
fully determined by the appearance of the inward currents and green
fluorescent protein fluorescence.

Solutions. The standard HEPES-buffered solution for electro-
physiological recording had an ionic composition of 137 mM NaCl,
5.9 mM KCI, 2.2 mM CaCl,, 1.2 mM MgCl,, 14 mM glucose, and 10
mM HEPES. The pH of the solution was adjusted to 7.4 with NaOH.
The pipette solution for whole-cell recordings of K* currents con-
tained 140 mM KCI, 1 mM MgCl,, 10 mM HEPES, 2 mM Na,ATP,
and 5 mM EGTA. The pCa and pH of the pipette solution were
adjusted to 6.5 and 7.2 by adding CaCl, and KOH, respectively. For
recordings of single BK channel currents in the excised inside-out
patch configuration, the pipette solution contained the standard
HEPES-buffered solution or K*-rich HEPES-buffered solution that
was prepared by replacement of 134.1 mM NaCl in the standard
HEPES-buffered solution with equimolar KCI. The bathing solution
contained 140 mM KCI, 1.2 mM MgCl,, 14 mM glucose, 10 mM
HEPES, and 5 mM EGTA. Selected pCa of the bathing solution was
obtained by adding adequate amount of CaCly, and the pH was
adjusted to 7.2 with NaOH. The pipette solution for whole-cell re-
cording of Ca®™ inward currents had an jonic composition of 140 mM
CsCl, 1 mM MgCl,, 10 mM HEPES, 2 mM Na,ATP, and 5 mM
EGTA. The pH of the pipette solution was adjusted to 7.2 by adding
CsOH.

Electrophysiological Experiments. The whole-cell and inside-
out patch clamps were applied to single cells using CEZ-2400 ampli-
fier (Nihon Kohden, Tokyo, Japan) and EPC-7 amplifier (List Elec-
tronics, Darmstadt, Germany), respectively. The procedures of
electrophysiological recordings and data acquisition/analysis for
whole-cell recording have been described previously (Imaizumi et al.,
1989). The resistance of the pipette was 1.5 to 3 M{} for whole-cell
and 15 to 25 MQ for inside-out patch configurations when filled with
the pipette solutions. The series resistance was partly compensated
electrically under whole-cell voltage clamp, Whole-cell and single
channel recordings were carried out at room temperature (24 = 1°C).
Single channel current analyses were done using software PAT
V7.0C (developed by Dr. J. Dempster, University of Strathclyde,
Glasgow, Scotland). The open probability (P,) was measured from
the event histogram plotted against current amplitude. The number
of channels in a patch was determined from recordings at pCa = 3.5,
and the analyses were performed only when the number of channels
in a patch was less than six.

Chemicals. Most of pharmacological agents were obtained from
Sigma-Aldrich (St. Louis, MO), unless mentioned otherwise. Iberio-
toxin was obtained from Peptide Institute Inc. (Osaka, Japan). Pima-
ric acid, abietic acid, dehydroabietic acid, and diCl-DHAA were ob-
tained from Helix Biotech (New Westminster, BC, Canada). The test
compounds were dissolved with dimethyl sulfoxide. The final con-
centration of dimethyl sulfoxide was 0.03% or lower.

Statistics. Data are expressed as means = S.E.M. Statistical
significance between two groups and among multiple groups was
evaluated using Student’s ¢ test and Scheffé’s test after F-test or
one-way analysis of variance, respectively.

Results

Effects of diCl-DHAA on Macroscopic BK Channel
Currents. Effects of diCl-DHAA on BK channel currents
were examined in single HEKBKaf1 under whole-cell volt-
age-clamp mode. The Ca®* concentration in the pipette solu-
tion was fixed at pCa = 6.5 using a Ca®"-EGTA buffer (see
Materials and Methods). Depolarization from —60 to +10mV
induced outward currents in both native HEK and
HEKBK«S1, whereas the current density was approximately
4 times larger in the latter cells as reported previously
(Imaizumi et al., 2002). Application of diCi-DHAA in a con-
centration range of 0.1 to 1.0 uM increased the outward
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Fig. 1. Effects of diC-DFIAA on macroscopic membrane currents in HEKBKaf1. A and B, a single HEKBK a1 was depolarized from —60 to +10 mV
for 150 ms under whole-cell voltage-clamp mode. diCI-DHAA was applied in a concentration range of 0.1 and 1 M. Original current recordings at
different concentrations were superimposed and are shown in A. The peak outward current amplitude at +10 mV was measured and plotted against
time in B. The original traces were obtained at the time indicated by vertical arrows in the time course. It is notable that effects of 0.1 to 1 uM
diClI-DHAA were completely removed by washout. C, conecentration-response relationships for diCl-DHAA. Experiments were carried out in a manner
typically shown in A. Data about current density at 10 mV, which was obtained by dividing peak current amplitude with cell capacitance in each
cell (pA/pF), are summarized as open columms. The relative amplitude of peak outward current at +10 mV in the presence of diCI-DHAA
Tyicr.orran’Teonwe) Was also determined by taking the amplitude in the absence of diCl-DHAA as unity (closed columns). Means = S.E.M. are shown
by columns and vertical bars, respectively. #/#, p < 0.05 and =+/##, p < 0.01 versus control.

currents in HEKBKapB1 in a dose-dependent manner (Fig. 1,
A and B) but not in native HEK cells (data not shown). The
enhancement of the outward currents in HEKBKaB1 was
completely removed by washout of diCl-DHAA (Fig. 1B). The
relationship between concentrations of diCl-DHAA and cor-
responding responses is summarized in Fig. 1C. The increase
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in outward current density by diCl-DHAA was significant at
a concentration of 0.1 pM and higher. Taking the current
density at +10 mV in the control as unity, the relative am-
plitude of peak outward currents in the presence of 0.1, 0.3,
and 1 uM diCl-DHAA was also plotted against concentration
(Fig. 1C).

+ 100 nM [bTX

Fig. 2. Effects of diCl-DHAA on I-V
relationship in BKap1. A, each single
HEKBKapl was depolarized from
-60 mV by 10-mV steps for 150 ms
under whole-cell voltage-clamp mode.
The outward currents elicited by de-
polarization was markedly enhanced
by application of 1 pM diCl-DHAA
and then reduced by the addition of
100 nM iberiotoxin. B, I-V relation-
ships were obtained in the control
{open cireles), in the presence of diCl-
DHAA (closed circles), and after the
addition of 100 nM iberiotoxin {closed
triangles) in experiments such as typ-
ically shown in A. Number of exam-
ples is seven. C, voltage dependence of
the potentiation of BK channel cur-
rent by diCl-DHAA was reevaluated
from the data shown in B. The rela-
tive potentiation of the outward cur-
rents by 1 uM diCl-DHAA was plotted
against test potentials by taking that
at +30 mV as unity. = p < 0.05 and
=2, p << 0.01 versus unity at +30 mV.
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Fig. 3. Effects of diCl-DHAA on single BKe channel currents recorded
using an inside-out patch-clamp techniques. A, single channel currents
were recorded at +40 mV in a patch from HEKBK« under symmetrical
140 mM K™ conditions. The free Ca®* in the bathing solution was ad-
justed to pCa = 7.0. The original current traces were recorded before and
after application of 1 pM diCl-DHAA and after the washout of diCl-
DHAA. A closed triangle on the left side of each trace indicates the zero
current level. B, amplitude histograms in the control, in the presence of
1 uM diCl-DHAA, aund after the washout were obtained from the record-
ings shown in A. The ordinate expresses the relative area (percentage) at
the corresponding amplitude in each bin (0.2 pA). C, summarized data
demonstrate the relationship between concentrations of diCl-DHAA and
P, of BKa. P, was calculated from the histogram shown in B as the
relative time spent at open state based on the total number of BKa
channels in the patch, which was determined by elevating Ca** concen-
tration to pCa = 3.5 (open columns). The relative P was obtained taking
the P, in the absence of diCI-DHAA as unity (closed columns). Number of
examples is six. #/#, p < 0.05 and #+/##, p < 0.01 versus control.

Voltage Dependence of diCl-DHAA-Induced En-
hancement of BK Channel Currents. In Fig. 2, the volt-
age-dependent enhancement of BK channel currents was
examined by analyzing effects of diCI-DHAA on the current-
voltage (I-V) relationship. HEKBK«aS1 was depolarized from
a holding potential of —~60 mV to test potentials in the vange
between —50 and +30 mV with 10-mV steps (Fig. 2A). Ap-
plication of 1 M diCl-DHAA increased the currents at any
test potential. Addition of 100 nM iberiotoxin, a specific BK
channel blocker, removed the enhancement of outward cuzr-
rents, supporting that the action of diCI-DHAA was selective
to BK channel currents. Figure 2B summarizes the relation-
ships between current density of peak outward currents and
test potentials in the absence and presence of 1 uM diCl-
DHAA and after addition of 100 nM iberiotoxin. The current
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Tig. 4. Structure-activity relationships of abietic acid devivatives on P, of
BKa. A, chemical structures of test compounds pimaric acid, abietic acid,
dehydroabietic acid, and diClI-DHAA. B, concentration-response relation-
ships for compounds listed in A. Effects of abietic acid (open triangles),
DHAA (open squares), and diCI-DHAA (closed circles) were examined in
experiments identical to that shown in Fig. 3 for diCl-DHAA. The data for
pimaric acid (closed squares) are taken from a previous study (Imaizumi
et al., 2002). The velative P, was determined taking the P, in the absence
of compounds as unity (a dotted line). Means = S.E.M. are shown by
symbols and vertical bars, respectively. Number of experiments is four to
six for each compound.

density at +30 mV was increased from 39.13 = 7.34 to
142.55 = 30.81 pA/pF (n = 7; p < 0.01). In Fig. 2C, the
voltage dependence of diCl-DHAA-induced enhancement of
BK channel currents was determined as the relationship
between the relative potentiation of outward currents and
test potentials by taking the potentiation at +30 mV in the
presence of 1 M diCl-DHAA as unity. The potentiation at
—20 and —10 mV was significantly greater than that at +30
mV (4.48 + 1.15 and 3.80 = 1.09 times at —20 and —10 mV,
respectively, p < 0.01, versus unity at +30 mV).
Activation of Single BKa Channel Current by diCl-
DHAA and Related Compounds. Effects of diCl-DHAA on
single BK« channel currents were examined in excised in-
side-out patch configuration. The bathing and pipette solu-
tion contained symmetrical 140 mM K. The free Ca®* con-
centration in the bathing solution was pCa7. Under these
conditions, the unitary current amplitude and open probabil-
ity (P_) at +40 mV was 10.1 = 0.2 pA and 0.0028 *+ 0.0005
(n = 6), respectively. The application of 1 uM diCl-DHAA
increased channel activity without change in the unitary
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Fig. 5. Effects of diC]-DHAA on single channel conductance and voltage dependence of BKe. Single channel currents of BK« were recorded in inside-out
patch configuration at pCa = 7.0 in symmetrical 140 mM K~ conditions. Recordings were obtained at several test potentials in the range of 0 to +130 mV
in the absence and presence of 10 uM diCl-DHAA. Experimental conditions, except applied potentials, arve the same as those shown in Fig. 3. A, original
current traces at +30, 470, and +130 mV in the absence (left) and presence of 10 pM diCl-DHAA (right). B, relationship between unitary current amplitude
and test potentials was plotted in a range of 0 and +70 mV in the absence (open circles) and presence of 10 pM diCl-DHAA (closed circles) and was fitted
by a linear line. The single channel conductance was determined from the slope (n = 6). C, effects of diCI-DHAA on voltage dependence of BKa. The
relationships between P, and test potentials were obtained in the absence (open circles) and presence of 10 pM diCl-DHAA (closed circles). Number of
examples is five for each. The data were fitted using the Boltzmann equation (see “Results™). The fitted lines are based on the following values of V., S, and
C: 110.7 mV, 10.5 mV, and 0.15 in the absence and 72.3 mV, 12.2 mV, and 0.13 in the presence of 10 uM diCI-DHAA, respectively.

current amplitude (10.43 = 0.28 pA, 0.0180 = 0.0047, n = 6;
Fig. 3, A and B). It is notable that diCl-DHAA was effective
on BKa even when applied to the cytosolic phase. This effect
of diC1-DHAA was completely removed by the washout. The
P, was significantly increased by diCl-DHAA at 0.3 uM and
higher concentrations (Fig. 3C), and the relative P, deter-
mined by taking P, in the control as unity was 1.26 =+ 0.13,
1.92 + 0.19, 6.24 + 0.67, and 14.45 * 1.72 in the presence of
0.1, 0.3, 1.0, and 3.0 pM diCI-DHAA, respectively (n = 4—6).
These results are mostly comparable with those obtained
under whole-cell clamp conditions (Fig. 1C). In Fig. 4, the
potency of diCl-DHAA to activate BKa was compared with
that of abietic acid and dehydroabietic acid, an aromatic
derivative of abietic acid. The data for pimaric acid, a potent
BXK channel opener, were also taken from a previous study,
where the potency of pimaric acid was determined under the
same experimental conditions (Imaizumi et al., 2002). Even a
high concentration of abietic acid at 30 and 100 uM failed to
increase the activity of BK«, whereas dehydroabietic acid at
3 and 10 pM increased activity significantly. Nevertheless,
diCl-DHAA was much more potent as an activator of BKa
than dehydroabietic acid and pimaric acid.

Effects of diCl-DHAA on Characteristics of Single BK«
Channel Currents. In Fig. 5, effects of diCl-DHAA on charac-
teristics of single BKo channel currents were systematically
examined in the excised inside-out patch configuration. The
bathing and pipette solution contained symmetrical 140 mM
K*. The pCa in the bathing solution was 7. The conductance of
BKe, which was determined by slope of the regression line
between 0 and +70 mV, was 224.8 = 4.1 and 224.8 = 4.3 pSin

the absence and presence of 10 uM diCl-DHAA, respectively
(n = 6; p > 0.05; Fig. 5B), indicating that diCl-DHAA did not
affect BKa channel conductance. The inward rectification
shown at high potentials (more than +80 mV) was consistent
with that reported as voltage-dependent block of BK channel by
Na™ (Yellen, 1984) and was not affected by diCI-DHAA. More-
over, the P, in the absence and presence of 10 uM diCl-DHAA
was calculated and plotted against test potentials in Fig. 5C.
Under these conditions, the increase in P, was voltage-depen-
dent in the range of +30 to +130 mV, and a set of data were
well described by Boltzmann relationship:

Py = (1~ CVI1 + exp{(Vip~V,)/S}] (1)

where V,,, V.., S, and C is the voltage required for half-
maximum activation, membrane potential, slope factor, and
constant, respectively. Application of 10 uM diCI-DHAA nei-
ther changed S nor C (S, 10.5 + 1.5 and 122 = 1.3 mV; C,
0.15 = 0.03 and 0.13 = 0.02 in the absence and presence of
diCl-DHAA, respectively; n = 5), whereas it significantly
shifted V,,, to a more negative potential (110.7 = 3.3 and
724 = 5.7TmV, respectively; n = 5; p < 0.01).

In Fig. 6, the effects of diCI-DHAA on Ca®* sensitivity of
BKa were examined at 0 mV in asymmetrical 5.9/140 mM K™
conditions. When Ca®* concentration in the bathing solution
was elevated in a pCa range between 7.0 and 5.0, the P, was
increased in a concentration-dependent manner (Fig. 6, A
and B). The relationship between Ca®* concentration and the
P, of BK« was fitted by the following equation:

P, = (1 — OV1 + (K/[Ca* )" (2)
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where K, is an apparent dissociation constant of Ca®",
[Ca®™]; is the pCa in the bathing solution, m is a Hill coeffi-
cient, and C is a constant. Under the control conditions, K,
m, and C, which were obtained from the best fitting, were
pCa = 5.68 = 0.03, 4.65 = 0.92, and 0.152 = 0.029, respec-
tively (n = 4). In the presence of 10 uM diCl-DHAA, K, was
changed to pCa = 5.94 * 0.03 (n = 4; p < 0.05), whereas the
Hill coefficient, which indicates binding of one Ca®* to each «
subunit in the tetrameric complex of a functional BKa chan-
nel, was not significantly affected (3.83 + 0.45; p > 0.05
versus control). C was 0.102 = 0.008 and not affected by
diCI-DHAA (p > 0.05 versus control). The relative P, in the
presence of 10 pM diCl-DHAA to that of the control was
plotted against [Ca®*]; in Fig. 6C. The lower the P, in the
control conditions, the larger the enhancement by diCl-
DHAA.

Effects of diCl-DHAA on the kinetic properties of BKo were
examined in excised inside-out patches, which included only
one chaunel (Fig. 7). These patches had a single channel
event even when [Ca®"]; was elevated to pCa = 3.5. Figure
7A shows original current traces of BKa at pCa = 6.5 in the
absence and presence of 10 pM diCl-DHAA. The data for
open and closed dwell time in Fig. TA were reconstituted as
distribution histograms in Fig. 7, B and C, respectively.
These histograms were well fitted by a double and triple
exponential function, respectively (Fig. 7, B and C). As shown
in Table 1, application of 10 uM &iCl-DHAA caused a marked
decrease in the mean closed time (7,) and its relative mag-
nitude (As,) of the slow component (4-5 times change),
whereas other parameters were moderately changed (7q,, 708
Tcir and Agg) or were not affected (7op Aps Act, and Ag)
(n =5).

Comparison of diCl-DHAA-Induced Effects on BKa
with Those on BKapl. The enhancement of single BKa
channel activity by diCl-DHAA indicated the direct action of
this compound on BKa. It has been, however, established
that coexpression of 1 subunit with BK« increases the sen-
sitivity of BKa to Ca®* and voltage (Wallner et al., 1996; Cox

P

:\'WMN‘W“MW”

L d
kU R ERd it

Activation of BK Channel by diCi-DHAA 149

10 uM diC-DHAA Fig. 6. Effects of diCI-DHAA on Ca**

dependence of BKw. A, single channel
currents of BKa were recorded in in-
side-out patch configuration at 0 mV
in asymmetrical K conditions (5.9/
140 mM K™} in the absence and pres-
ence of 10 pM diCl-DHAA. Recordings
were obtained when [Ca®"]; was 0.1,
1, or 10 pM. B, relationships between
P, and [Ca®"]; were obtained in the
absence (open circles) and presence of
10 pM diCl-DHAA (closed circles).
Number of examples is four for each
experiment. The data were fitted with
the Hill equation (see Results). The
fitted lines were plotted based on the
following values of K, m, and C: 2.06,
4,65, and 0.15uM in the absence and
1.14, 3.83, and 0.10 uM in the pres-
ence of 10 uM diCI-DHAA, respec-
tively. C, relative P, in the presence of
10 uM diCl-DHAA versus that in the
absence of 10 uM diCl-DHAA was re-
evaluated at various [Ca®"]; from the
data shown in B. =, p < 0.01 versus
relative P, at 0.1 uM Ca®*,
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Fig. 7. Kinetics of diCl-DHAA-induced activation of BKa. A, single chan-
nel currents of BKa were recorded at +50 mV in inside-out patch config-
uration at pCa = 6.5 in symmetrical 140 mM K* conditions. B, dwell-time
histograms of open times before (left) and after (right) application of 10
pM diCl-DHAA. The open-time histogram in the absence and presence of
diCl-DHAA was fitted by a double exponential function. 7o, and 7,
represent time constants of the fast and slow components of the open
times in BKa kinetics, respectively. Continuous lines show the sum of
individual components (dotted lines). C, dwell-time histograms of closed
times before (left) and after (right) application of 10 uM diCl-DHAA. The
closed time histogram was fitted by a triple exponential function. 7¢q 764,
and 7, rvepresent time constants of the fast, intermediate, and slow
components of closed times, respectively.
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and Aldrich, 2000). To determine whether diCI-DHAA also
acts on the functional coupling between BKa and 1 sub-
units, the increase in P, by diCl-DHAA in BKaB1 was com-
pared with that in BK« in inside-out patches. The P, of BKa
at pCa = 7.0 was increased at any test potential by coexpres-
sion with B1 subunit (Fig. 8A). Since the increase in P, by
diCl-DHAA depended on a basal P, before application (Fig.
6C), effects of diC1-DHAA on BK« at +40 mV were compared
with those on BKaf1 at +20 mV. The basal P, values were
comparable with each other (0.0028 = 00006 versus
0.0023 = 0.0006; n = 5; Fig. 8B). The application of 1 uM
diCl-DHAA increased the P, to 0.0180 * 0.0058 in BKa (n =
5; p < 0.05) and to 0.0208 * 0.0037 in BKapl (n = 5; p <
0.01). The ratio of P, in BK« in the presence and absence of
diCl-DHAA was 7.2 = 0.8 and therefore not significantly
different from that in BKegl (11.1 = 3.1; p > 0.05). This
finding strongly suggests that coexpression of 1 subunit did
not affect the diCl-DHAA-induced enhancement of BKa.
Selectivity of diCl-DHAA on BK Channel Versus
Voltage-Dependent Ca®" Channel. To examine whether
the action of diCl-DHAA is selective to BK channels over CaV
channels, effects of 0.3 and 1 M diCl-DHAA on BKa were
compared with those on CaV channel currents in HEK293

TABLE 1
Time constants and relative weights
Control dicipHAs  GIGEDHAA
Time constants (ms)
Tor 1.49 + 0.17 153022 1.02%0.10
Tow 10.34 * 3.75 23.73 £ 538 2.68 = 0.52%
Tesr 0.65 = 0.05 0.74 £ 0.04 1.14 = 0.04%
e 43.32 = 11.05 1133 %396 0.41 = 0.16*
Tas 19556.19 £ 560.17 264.08 = 77.97 0.21 * 0.07**
Relative weights
Aoy 0.53 % 0.11 0.16 £ 0.04 0.40 = 0.12%
Ao 0.47 = 0.11 0.84 = 0.04 2.15 = 0.44
Ay 0.40 = 0.08 0.82 = 0.02 2.43 + 0.54
Ag 0.12 = 0.04 0.11+0.01 1742073
A 0.44 = 0.11 0.07 £0.02 0.23 = 0.07*
#p < 0.05 and ** p < 0.01 vs, unity (n = 5).
1.01
g BKa {n=5)
o84 # BKafi1(n=5)
0.64
o]
).
0.4+
0.24

0.0+ g Ot A | T T
0 20 40 60 80 100 120 140
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cells, which coexpressed al subunit of rabbit CaV channel
and 33 subunit of mouse CaValCB3. Here, effects of pimaric
acid on CaValCB3 were also examined. The inward currents
through CaValCp3 were elicited upon depolarization from a
holding potential of —60 mV to test potentials in a range of
-50 and +40 mV by 10-mV step every 10 s. The maximum
amplitude was obtained at +10 mV (peak amplitude, 193 =
54.4 pA; n = 6; Fig. 9A). CaValCpB3 channel currents were
not inhibited by 0.3 uM diCI-DHAA or pimaric acid, whereas
they were gignificantly inhibited by both compounds at 1 uM
(only diCl-DHAA; Fig. 9A). Data about effects of diClI-DHAA
and pimaric acid on BKa are those shown in Fig. 3 and
provided in a previous study (Imaizumi et al., 2002) and were
obtained in inside-out patches at +40 mV and pCa = 7.0
under symmetrical 140 mM K" conditions. Enhancement of
BK channel activity by diCI-DHAA was significant at 0.3 and
1 uM, indicating that 0.3 uM diCl-DHAA is selective for the
BK channel over the CaV channel.

Discussion

In the present study, we have demonstrated that diCl-
DHAA is one of the most potent synthesized activators af-
fecting the BKa subunit via changing the voltage and Ca®*
sensitivity of the channel. Chemical modification of abietic
acid, an inactive compound, to dehydroabietic acid and diCl-
DHAA provides a potent and selective BK channel opener.
The latter has an inverse voltage dependence for BKa chan-
nel activation and is one of the most potent openers available
by application from outside of the cell membrane.

BK channels consist of channel-forming « subunits and
accessory f8 subunits (81-34) arranged in tetramers (Vergara
et al., 1998). Each B subunit interacts with N-terminal region
of an o subunit (Wallner et al., 1996) and regulates the
activity of the o subunit by changing Ca®** and voltage sen-
sitivity and/or channel kinetfics. Although only one major
type of « subunit with splice variants has been defined, the
combination of the BK channel o subunit encoded by KC-
NMA1 and B subunits encoded by KCNMB1-4 provides the

B
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Fig. 8. Comparison of effects of diCl-DHAA on single channel currents due to BKa or BKapl. A, relationships between P, and test potentials were
obtained in HEKBK« (open squares) and HEKBKap1 (closed squares). Recordings were obtained at pCa = 7.0 in symmetrical 140 mM K* conditions.
Number of examples is five for each experiment. The data were fitted using the Boltzmann equation (see Results). The fitted lines are based on the
following values of V,,, S, and C: 110.7 mV, 10.5 mV, and 0.15 in HEKBK« and 96.3 mV, 11.4 mV, and 0.20 in HEKBKap1, respectively. B, effect

of 1 pM diCl-DHAA on P, of BKapS1 was compared with that of BKa. The P, of BKa in the absence of diCl-DHAA was 0.00382

0.00104 at +40 mV

and close to P, of BKapl at +20 mV (0.00346 * 0.00079; p > 0.05). Number of examples is five for each. #, p < 0.05 and ==, p < 0.01 versus the

corresponding control.
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Fig. 9. Inhibitory effects of diC-DHAA and pimaric acid on CaV channel
currents. A, representative current traces obtained from HEKs coex-
pressing rabbit «1C and mouse B3 with GFP (see Materials and Meth-
ods). The inward currents were elicited by 150-ms depolarizing pulses to
+10 mV from a holding potential of ~60 mV in the absence and presence
of 0.3 or 1 uM diCl-DHAA. B, summary of effects of diCI-DHAA and
pimaric acid on CaV channel currents (closed columns). For comparison,
their effects on BKa are also illustrated. Inhibitory effects of diCI-DHAA
and pimaric acid on CaV channel currents were examined in experiments
identical to that shown in A, and the relative amplitude of inward cur-
rents at +10 mV in the presence of each compound was determined
taking the amplitude in the absence as unity. For revaluation of effects of
diCl-DHAA and pimaric acid on BKa, the same set of data shown in Fig.
3 (present study) and Fig. 5 (Imaizumi et al., 2002) were used. Means *
S.E.M. are shown by colummns and vertical bars, respectively. The number
in parenthesis denotes number of cells used. #, p < 0.05 and =+, p < 0.01
versus unity.

diversity of BK channels (McManus et al., 1995; Brenner et
al., 2000a; Uebele et al., 2000), which offers opportunities of
development of new therapeutic agents. Benzimidazolone
derivatives such as biarylureas (NS-1608), NS8-1619, BMS-
204352 (Gribkoff et al., 2001), arylpyrrole (NS-8), and indole-
3-carboxylic acid esters (CGS-7181 and CGS-7184) have been
characterized as effective BK channel openers (Coghlan
et al., 2001).

Natural products have also been evaluated as BK channel
openers, and terpenoids such as dehydrosoyasaponin I (Mc-
Manus et al, 1993), maxikdiol (Singh et al., 1994), and
1.-735,334 (Lee et al., 1995) have been identified as active BK
channel openers. Our pioneer work of pimarane compounds,
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which have a close structural similarity to maxikdiol, has
revealed that pimaric acid is a potent BK channel opener
that interacts with BKa subunit but not with the BKp1
subunit (Imaizumi et al., 2002). Pimaric acid activates BK
channels in HEKBKaf1 when applied externally as well as
when applied to the “internal phase” in inside-out patches.
Its potency seems to be slightly higher than that of maxik-
diol. An important comparative result in the previous study
ig that abietic acid did not show BK channel opening action
despite of the fact that abietic acid is a structural isomer
(CyH300,) of pimaric acid.

Of importance is our recent finding that chemical modifi-
cation of abietic acid to dehydroabietic acid as well as diCl-
DHAA produced compounds active to the open BK channel
(Ohwada et al., 20083). In the present study, we provided new
information about mechanisms of diCl-DHAA-induced acti-
vation of BK channels. diCI-DHAA activated BK channels in
HEKBK« when applied externally as well as when applied to
the internal phase in inside-oul patches. Its potency was
obviously higher than that of pimaric acid in whole-cell re-
cording under the same experimental conditions, since sig-
nificant activation was observed at 0.1 pM diCl-DHAA
(Imaizumi et al., 2002). Dehydrosoyasaponin-I (Giangiacomo
et al,, 1998), 17B-estradiol (Valverde et al., 1999), and tamox-
ifen (Dick et al., 2001) interact with 8 subunits of BK chan-
nels to increase the channel activity. In contrast, NS-1619
(Ahring et al., 1997), epoxyeicosatrienoic acid (Fukao et al,,
2001), Evans blue (Yamada et al., 2001), and pimaric acid
(Imaizumi et al,, 2002) act on the BKa subunit. Our results
clearly showed that diCl-DHAA interacts with the BK« sub-
unit but may not interact with the BKg1 subunit. We also
found that 100 nM iberiotoxin completely removed the diCl-
DHAA-induced potentiation of the macroscopic BKaf1 chan-
nel currents. This finding suggests that diCl-DHAA does not
affect the iberiotoxin binding to BKapl, although effects of
diCl-DHAA on '#5I-iberiotoxin binding were not examined in
this study. Consistently, the concentration-response relation-
ship of charybdtoxin for the inhibition of macroscopic BKap1
channel currents was not affected by the presence of 10 uM
pimaric acid, which has a close structural analogy to diCl-
DHAA (Imaizumi et al., 2002).

It is obvious from the present results that diCI-DHAA
activates BK channels in a voltage- and Ca®*-dependent
manner. It is very notable that the potentiation of BK chan-
nel activity by diCl-DHAA was significantly larger at nega-
tive potentials as well as at lower Ca?" concentrations. In
contrast, BMS-204352, a potent BK channel opener, caused
activation of BK channel currents only at positive potentials
{more than +30 mV; Gribkoff et al., 2001; Schrgder et al.,
2003). To our knowledge, diCI-DHAA, and presumably pima-
ric acid as well, are the only compounds that show marked
inversed voltage dependence for potentiation among various
types of BK channel openers. This characteristic feature of
diCl-DHAA can be considered particularly effective to pre-
vent membrane depolarization, hyperexcitability, and/or ex-
cess Ca®" influx to the cell and may be advantageous for
clinical use. Moreover, diCl-DHAA decreased the time for the
channels to stay in the prolonged closed states. It can be,
therefore, suggested that this kinetic change in the presence
of diCl-DHAA causes activation of BK channel. Niflumic acid
opens BK channels mainly by decreasing the time in the
long-closed states (Ottolia and Toro, 1994).
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It is important to characterize the selectivity of diCl-DHAA
to BK channels over that of other ion channels. We found that
diCl-DHAA at concentrations of 0.3 uM or less increased BK
channel activity without inhibiting CaV channels. Moreover,
even though diCl-DHAA-induced inhibition of CaV channels
at T uM was comparable with that by 1 pM pimaric acid
(~30% of the control), the activation of BK channel currents
by diCl-DHAA was significantly greater than that by pimaric
acid, suggesting that the potent activation of BK channels by
diCl-DHAA provides more selectivity against CaV channels
than that by pimaric acid. The selectivity of BK channel
openers against CaV channels has not been well defined, but
nordihydroguaiaretic acid or NS-1619-induced inhibition of
CaV channel currents was comparable with or slightly more
potent than the activation of BK channels, respectively (Hol-
land et: al., 1996; Yamamura et al., 1999). For development of
potent and selective BK channel openers, scaffoldings of de-
hydroabietic acid may be useful (Ohwada et al., 2003).

Effects of diCl-DHAA on small (SK) and intermediate (IK)
conductance Ca®*-activated K* channels were not examined
gystematically in this study. BK channel openers reported so
far, including pimaric acid, are however selective over SK
and IK channels (Kaczorowski and Garcia, 1999; Coghlan et
al., 2001; Imaizumi et al., 2002), and our preliminary data
suggest that 1 uM diCl-DHAA did not affect the activities of
SK2 and SK4 channels (K. Sakamoto, unpublished data).
Genetically, and even functionally in some aspects, KCNMA
(BK) is closer to voltage-dependent K™ channels than KCNN
(SK and IK), because of the presence of its voltage-sensitive
domain (Vergara et al., 1998). It is therefore worth examin-
ing the effects of diCl-DHAA on cloned voltage-dependent K™
channels, which remain to be determined.

In conclusion, our results provide new information of
mechanisms underlying diCl-DHAA-induced activation of
BK channels and the selectivity against CaV channels. diCl-
DHAA is effective from either side of cell membrane and acts
on BKa subunit to increase Ca®* and voltage sensitivity. In
contrast to many other BK channel openers, the effect of
diCl-DHAA on BKa significantly showed inverse voltage de-
pendence, i.e., larger potentiation at lower membrane poten-
tials. In this respect, diCl-DHAA may be one of the most
potent BK channel openers ever known to sensitize the neg-
ative feedback control of [Ca®*]; regulation via activation of
BK channels, which suppress depolarization from resting
membrane potential, and subsequently, membrane excitabil-
ity. diCI-DHAA at low concentrations (<1 uM) shows selec-
tivity to the BK channel over CaV channels and possesses
higher selectivity to BK channels than pimaric acid. Dehy-
droabietic acid, including diCl-DHAA, is a new prototype
scaffolding as a potent BKa channel opener.
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Abstract

Recombinant P2X, receptor was observed by atomic force microscope in the aqueous phase. The P2X, receptor was expressed in an
insect cell line, and recombinant proteins were prepared under native conditions. The membrane fractions were extracted, and histidine-
tagged receptor protein was purified from the fractions by column chiromatograply. When the purified protein fraction was diluted with water
and served for atomic force microscopy, dispersed particles of about 3 nm in height were observed. In the presence of 1 mM ATP, the
assembly-like images of the particles were obtained. More densely assembled images of the particles were achieved when the protein was
dissolved in a Tris buffer containing 1 mM ATP. Under this condition, imaging of the surface of the particles exhibited a circular structure
with a diameter of about 10 nm having a pore-like structure. These tesults suggest that atomic force microscopy provides structural

information about P2X, receptor in aqueous phase.
© 2005 Elsevier B.V. All rights reserved.

Keywords: P2X receptor; Atomic force microscopy: Protein structure; ATP

1. Introduction

P2X veceptors are ion channel forming membrane
proteins that are activated by extracellular ATP, and their
physiological roles have been shown in various tissues
including the central nervous system (see reviews, Khakh,
2001; North, 2002; Vial et al,, 2004). This ion channel/
receptor family consists of 7 subclasses (P2X to P2X), and
is believed to have molecular structures distinct from so-
called “ligand-gated channe! super family” including
nicotinic acetylcholine receptor/channels and ionotropic
glutamate receptor channels. Structural analyses such as

* Corresponding author. Tel.: +81 3 3700 9704; fax: +81 3 3707 6950.
E-muil uddress: nakazawanihs.go.jp (K. Nakazawa),
' Present address: Center for Polymers and Organic Solids, Department
of Chemistry and Biochemistry, University of California, Santa Barbara,
CA 93106-9510, USA.
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the X-ray crystal analysis have not been made for P2X
receptor/channel family. In addition, because of their
distinct structures, estimation from homology modeling
based on known three-dimensional structures of other
proteins is difficult. Thus, information concerning the
structure and morphology of P2X receptor is lacking.
Atomic force microscopy is an approach for structural
analysis that allows the analysis ot a small amount (nano-
gram to microgram) of uncrystalized protein. Atomic
microscopy enables the observation of both individual and
assembled protein molecules in the aqueous phase, which
may reveal dynamic forms of biologically active proteins
(Miiller and Engel, 2002). Recently, Barrera et al. (2005)
reported atomic force microscopy imaging of dried P2X
receptor protein. In the present study, we have prepared
P2X, receptor protein from an insect cell line expression
system, and made atomic force microscopy imaging in
aqueous phase. The imaging has revealed that P2X, receptor
is a pore-forming protein for the first time.
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2. Materials and methods
2.1. Preparation of recombinant P2X; receptor protein

N-terminal hexahistidine-tagged recombinant rat P2X, receptor
was expressed using baculovirus-Sf9 system, which has been used
for the expression of membrane receptor proteins (e.g.. Boundy et
al., 1993; Ng et al., 1993). ¢cDNA encoding rat P2X, receptor
(Brake et al., 1994) was subcloned into pFast BAC HTc vector
(BD Bioscience Clonetech, Palo Alto, CA, USA). The recombinant
virus was transfected to insect-derived clonal S{9 cells. After
culturing at a volume of 500 ml at room temperature, the culture
medium was centrifuged at 130 xg for 5 min, and the precipitated
cells were washed with Ca™*, Mg™"free phosphate buffered saline
(137 mM NaCl, 2.7 mM KCl, 8.1 mM Na,HPO,, and 1.5 mM
KH,PO,; PBS(—)) twice. The cells were then suspended in a Tris--
HCI (pH 7.4) lysis butfer containing Triton X-100, and homogen-
ized. NaCl was added such that its final concentration became 100
mM. This solution was centrifuged at 30000 xg for 20 min, and
the supernatant was then centrifuged at 380000 xg for 10 min.
Polyacrylamide gel clectrophoresis followed by immunoblotiing
analysis with anti-hexahistidine antibody showed that hexahisti-
dine-tagged proteins of an expected size (56 kD) were found in this
supernatant. Further purification was made using Chelating
Sepharose FF colums, Ni**-bound columns were equilibrated with
a buffer containing 20 mM Tris—HC1 and 0.5 M NaCl (pH 8.0),
and samples were applied. The bound receptor proteins were eluted
by stepwise increase of imidazole (10, 20, 50, 100, 200 and 500
mM). The concentrations of the receptor protein in the eluted
solutions were estimated by measuring absorbance at 595 nm. The
most purified P2ZX; receptor protein (>90% of total protein) was
found in the fraction eluted by 10 mM imidazole, and this fraction
was served [or atomic force microscopy imaging. The purified
P2X, receptor exhibited the ability to bind ATP when photoaffinity
labeling with [a->"PJATP was performed according to Kim et al.
(1997). In this experiment, the binding of [0-"P]ATP was
markedly reduced by 100 pM nonradiolabeled ATP.

2.2, Atomic force microscopy imaging

The protein solution (about 1.5 pM) was diluted to appropriate
concentrations (0.1 to 10 nM) with water, and the diluted solution
was placed on freshly cleaved mica. After 30 min, unbound
proteins were washed away with water, and served for atomic force
microscopy imaging. When ATP (disodium salt; Sigma, St. Louis,
MO, USA) was added to water, 1 mM solution was neutralized to
pH 7.4 with 2 N NaOH (final Na* concentration was about 16
mM). Tn part of the experiments, the protein solution was diluted
with a Tris buffer of the following composition (in millimolar): Tris
50, KC1 150, MgCl, 10, dithiothreirol 1 (pH 7.0). This buffer
composition was similar to that utilized for atomic force micro-
scopy imaging of Escherichia coli GroES (Cheung et al., 2000).
Imaging was made in an aqueous tapping mode using MFP-3D
(Asylum Research, Santa Barbara, CA, USA) equipped with
OMCL-TR800PSA (Olympus, Tokyo, Japan) as a probe.

3. Results
Fig. 1A shows atomic force microscopy images of purified

P2X, receptor proteins in water. A larger part of the proteins were
found as dispersed particles. The height of single P2X, receptor
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Fig. 1. (A) An atomic force microscopy image of P2X, receptor proteins in
water. Isolated single receptor proteins and their small assemblies are seen.
(B) A section of the image shown in (A). The section was made along with
the line. The height of receptor proteins is about 3 nm or less. (C) An image
of P2X; receptor proteins in the presence of I mM ATP. In addition to single
receptor proteins, clots of the proteins (indicated by arrows) were also seen.

proteins was about 3 nm (Fig. 1B). In the presence of 1 mM ATP,
larger particles, presumably clots of several receplor proteins, were
observed in addition to dispersed particles (Fig. 1C). A flatly and
densely assembled image was obtained when the proteins were
dissolved in a Tris buffer containing 1 mM ATP (Fig. 2A). Densely
packed assembly is advanlageous for atomic force microscopy
imaging because resolution is improved due to smaller movement
ol probes along Z-axis (Miiller and Engel, 2002). When the protein
assembly shown in Fig. 2A was imaged at higher magnification, a
circular structure with a pore was observed (Fig. 2B). The diameter
of the circular structure was about 10 nm, and that of the pore was
several nanometers. Without ATP, the protein was not densely
assembled and did not exhibit uniform direction {(not shown).

4. Discussion

For atomic force microscopy imaging of membrane
proteins, densely expressed proteins in particular cells have
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100 nm

20 nm

Fig. 2. (A) An image of P2X, receptor proteins in a Tris buffer containing 1
mM ATP. The proteins were flatly and deusely assembled. (B) An expanded
image. The upper surfaces of individual proteins exhibited a circular
structure having a pore in its center.

been served in the presence of lipid bilayers (Miiller and
Engel, 2002; Miiller et al., 2002). This two-dimensional
(2D) protein crystal can provide high resolution of images,
especially when combined with image processing including
averaging. However, preparation of 2D crystals requires
skilled techniques or special equipment. The present study
has shown that recombinant P2X, can be imaged by atomic
force microscopy without special techniques, but by simply
adding agonist molecule, ATP. The role of ATP in promoting
the densely packed assembly is unclear at present. It is
speculated that receptor protein molecules without ATP
freely move and exhibit various conformations, whereas
ATP-bound receptor molecules exhibit only one or a
restricted number of conformations in aqueous phase. The
pore identified in the center of the protein may be the ion
channel involved in P2X; receptor. A similar pore has been
observed in connexin that also forms ion channels (Miiller et
al., 2002). It is unclear that the pore corresponds to the inner
mouth or the outer mouth of the channel. Nevertheless, it is
interesting that a number of proteins appear to exhibit similar

surface structure (Fig. 2B). P2X receptor possesses a large
extraceltular domain, and, thus, it is possible that this
domain is orientated upward to increase contact with the
aqueous phase. Atomic force microscopy imaging of
isolated membrane proteins may be less advantageous to
elucidate biological functions compated to those embedded
in lipid bilayer. However, isolated proteins are more readily
observed than membrane preparations, and the imaging of
these proteins may provide insights into the intrinsic
properties of proteins and useful information to clarify the
interactions between proteins and the membrane.

Barrera et al. (2005) observed dried P2X, receptor
protein as a simple particle. We have revealed the outer
structure of the protein, suggesting that resolution was better
in the present study. However, our observation has not
resolved trimeric assembly of P2X, receptor protein, which
has been shown using antibodies specitic for the protein
(Barrera et al., 2005). Trimeric assembly of P2X receptor
has been also demonstrated by electrophysiological and
biochemical studies, and two transmembrane regions of
each subunit are believed to contribute to the forming of
channel pore (North, 2002; Vial et al, 2004). If P2X,
receptor forms a six-barrel channel like connexin, this may
account for a similar pore size (about several nanometers).
Further improvement will be necessary to identify individ-
ual subunit proteins that form P2X, receptor and clarify
more detailed structure by atomic force microscopy.
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Abstract

The role of a voltage-dependent gate of recombinant P2X; receptor/channel was investigated in Xenopus oocytes. When a voltage step to
—110 mV was applied from a holding potential o' =50 mV, a gradual increase was observed in current evoked by 30 p™M ATP. Contribution
of this voltage-dependent component to total ATP-evoked current was greater when the current was evoked by lower concentrations of ATP.
The voltage-dependent gate closed upon depolarization, and half the gates were closed at —80 mV. On the other hand, a potential at which
half the gates opened was about —30 mV or more positive, which was determined using a series of hyperpolarization steps. The results of the
present study suggest that the voltage-dependent gate behavior of P2X, receptor is not due to simple activation and deactivation of a single
gate, but rather due to transition from a low to a high ATP affinity state.

© 2004 Elsevier B.V. All rights reserved.

Keywords: P2X receptor; Voltage dependence; Gate; Kinetics; Ligand affinity

1. Introduction

Extracellular ATP is considered a neurotransmitter, and its
fast neurotransmission is mediated through ion channel-
forming P2X receptors (see reviews, Ralevic and Burnstock,
1998; Khakh, 2001; North, 2002). To date, at least seven
subclasses of P2X receptor (P2X.7) have been cloned, which
form hemo- or heteromeric receptors that act as functional ion
channels (North and Surprenant, 2000). Each subclass
consists of two transmembrane domains (TM1 and TM2)
and one long extracellular domain (E1) between them. Both
TMI (Jiang et al., 2001; Haines et al., 2001) and TM2
(Rassendren et al., 1997; Egan et al., 1998; Migita et al.,
2001) contribute to formation of the channel pore. P2X
receptor/channels are permeable to cations, but demonstrate
poor cation selectivity. The channels are gated by ATP
molecules, and the narrowest part of the channel pore opens
when activated (Rassendren et al., 1997). The ATP-binding
site for gating is partly attributable to basic amino acid
residues near the outer mouth of the channel pore formed by

* Corresponding author. Tel.: +81 3 3700 9704; fax: +81 3 3707 6950.
E-mail uddress. nakazawa(@nihs.gojp (K. Nakazawa).

0014-2099/% - see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/].ejphar.2004.12.005

TM1 and TM2 (Ennion et al., 2000; Jiang et al., 2000}, and
the possibility that aromatic residues in E1 contribute to the
binding site has also been suggested (Nakazawa et al., 2002;
Roberts and Evans, 2004).

In addition to ATP, other factors are known to modulate
channel activity. Zn>" and acidic conditions facilitate ATP-
mediated gating by increasing ATP sensitivity of P2X,
receptor (Clyne et al., 2002). Neurotransmitters, including
dopamine, and related compounds also facilitate ATP-
mediated gating (Nakazawa et al, 1997a). Membrane
potential may also play a role. It has been reported that
ionic current activated by ATP is enhanced by hyper-
polarization in pheochromocytoma PC12 cells (Nakazawa et
al., 1997b). We observed similar voltage-dependent gating
of recombinant P2X, receptor/channel, which was origi-
nally cloned from PCI12 cells (Brake et al, 1994). and
qualitatively analyzed its properties in the present study.

2. Methods

Recordings of ionic current through recombinant P2X,
receptor/channels were performed according to our previous
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report (Nakazawa and Ohno, 1997). Briefly, the cloned rat
P2X, receptor (Brake et al, 1994) was expressed in
Xenopus oocytes by injecting in vitro transcribed cRNA.
After 4 days of incubation at 18 “C, the membrane current
of the oocytes was recorded. Oocytes were bathed in ND96
solution containing (in mM) NaCl 96, KCI 2, CaCl, 1.8,
MgCl, 1, HEPES 5 (pH 7.5 with NaOH). In some
experiments, oocytes were bathed in solution containing
10.8 mM BaCl; instead of 1.8 mM CaCl,. When achieving
a low extracellular chloride concentration, 96 mM Na-
acetate was added instead of 96 mM NaCl. ATP (adenosine
5" -triphosphate disodium salt; Sigma, St. Louis, MO,
U.S.A)) was applied by superfusion for approximately 10
s at regular 2-min intervals, Membrane current was
recorded using the standard two-electrode voltage-clamp
techniques, and electrical signals were stored on a data
recorder (PC204Ax; SONY, Tokyo, Japan) for off-line
analysis. Curve fittings to data were made using Microsoft’
Excel X.

3. Results
3.1. Voltage-dependent component of ATP-evoked current

Fig. 1A compares membrane currents in the absence and
presence of 30 uM ATP in a P2X, receptor-expressing
oocyte. The oocyte was held at —50 mV and stepped to
— 110 mV for 200 ms. In the presence of ATP, inward
current at —110 mV did ot instantaneously reach steady-
state, but gradually increased: a biphasic increase in current
was observed with a voltage-independent component (*“a” in
Fig. 1A) and a voltage-dependent component (*b” in Fig.
1A). When the voltage was returned to —50 mV, a gradually
declining inward “tail” current was observed (*¢” in Fig.
IA). The voltage-dependent component of the inward
current at —110 mV was observed to follow first-order
kinetics with a time constant of 40 ms (Fig. 1B).

Fig. 2A demonstrates an increased magnitude of the
voltage-dependent component when activated from a less
negative holding potential. The voltage-dependent compo-
nent was larger when the step to —110 mV was applied from
—10 mV (“a” in Fig. 2A) than when it was applied from
—70 mV (“b" in Fig. 2A). This dependence of the voltage-
dependent component on holding potentials is ilustrated in
Fig. 2B. It is worth noting that Ca”*-activated currents exist
in Xenopus oocytes (Weber, 1999; Zhang and Hamill,
2000). Since P2X receptor/channels are Ca -permeable
(Khakh, 2001), a secondarily activated Ca”"-induced current
might contribute to the observed voltage-dependent
changes. This does not, however, appear to be the case
since a similar dependence on holding potentials was
observed when extracellular Ca®" was replaced with 10.8
mM Ba®". Time constants for the activation of the voltage-
dependent component were obtained as shown in Fig. 1B,
and the mean values were plotted against holding potentials
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Fig. 1. (A) Current traces of an oocyte stepped to —110 mV from a hoiding
potential of —50 mV in the absence (—ATP) or presence (+ATP) of 30 M
ATP. The current evoked by ATP is represented by the difterence between
the two traces. Upon hyperpolarization, a gradual increase in current was
observed in the presence of ATP, suggesting activation of a vollage-
dependent gate (denoted by “b”). The current denoted by “c” represents a
gradually declining “tail current” that was observed when the voltage was
returned to 50 mV. (B) Time course of activation of the voltage-dependent
component, Current amplitude of the voltage-dependent component
represented by “b” in panel A was plotted against time after the onset of
liyperpolarization at --110 mV. The voltage-dependent component could be
made to fit a curve with a time constant of 40 ms.

(Fig. 2C). While the current amplitude demonstrated voltage
dependence (Fig. 2B), voltage did not have an effect on time
course of the activation.

3.2. Effect of ATP concentrations

Fig. 3A shows the voltage-dependent component of the
current activated by 10 M or 300 pM of ATP in a single
oocyte. The relative size of the voltage-dependent
component involved in total ATP-evoked current became
smaller when the current was evoked by greater concen-
trations of ATP (Fig. 3A and B). A similar dependence on
ATP concentration was observed for the current evoked in
the presence of 10.8 mM Ba®" instead of 1.8 mM Ca™”
(Fig. 3B). Dependence on ATP concentrations was also
found for activation time constants for the voltage-
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Fig. 2. Effect of holding potential on current. Current was evoked by 30
1M ATP. (A) Voliage-dependent ciorent at —110 mV when stepped from
a holding potential of —10 mV (“a”) or —70 mV (“b"). (B) Effect of
holding potential on voltage- dependem current. The amplitude of the
voltage-dependent current was measured as described in Fig. 1A. Mean
values obtained from 4 oocytes in a standard extracellular solution
containing 1.8 mM Ca™” (@) and an extracellular solution containing 10.8
mM Ba®" (instead of Ca>™1 O) were plotted. Bars represent the $.E.M. (C)
Time course of activation of the voltage-dependent component. Time
constants were determined as shown in Fig. 1B, and mean values obtained
from 4 oocytes were plotted against holding potentials. Bars represent the
S.E.M.

dependent component; the time constants were larger for
10 uM ATP than 30 uM ATP (Fig. 3C).

3.3. Activation and deactivation kinetics

CI™ cwrrents are observed in Xenopus oocytes (Weber,
1999; Zhang and Hamill, 2000). In the following experi-
ments, current measurements were made using an
extracellular solution containing 96 mM Na-aspartate
instead of NaCl in order to facilitate the analysis of the

&=
¥y

voltage-dependent component of ATP-evoked current by
reducing ClI™ currents. In doing so, there was an obvious
reduction in outward current upon depolarization, result-
ing in better voltage-clamp conditions. Using this
extracellular solution, the ECsy value for ATP-activated
current measured at —50 mV was about 40 M, which
was lower than the value obtained with the standard
extracellular solution containing 96 mM NaCl (about
100 uM; Nakazawa and Ohno, 2004). Fig. 4 illustrates
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Fig. 3. Effect of ATP concentration. The voltage-dependent current was
activated by hyperpolarization (— 110 mV) from a holding potential of —50
mV. (A) Voltage-dependent current activated by 10 uM or 30 pM ATP,
Current traces in the absence (—-ATP) or presence (+ATP) of ATP are
superimposed in each panel. (B) Contribution of the voltage-dependent
current to total ATP-evoked current using different ATP concentrations,
Mean values obtained from 4 oocytes in a standard extracellular solution
containing 1.8 mM Ca® (@) and an extracellular solution containing 10.8
mM Ba®” (instead of Ca®"; Q) were plotted. Bars represent the 8.5.M. (C)
Time cowrse of activation of the voltage-dependent components. Time
constants were determined as shown in Fig. 1B, and mean values obtained
from 4 oocytes were plotted against holding potentials. Bars represent the
S.E.M.
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Fig. 4. Activation and tail current. (A) Gradual increase in magnitude of the
tail current with increasing voltage-dependent current, Current traces
obtained upon exposure to hyperpolarizing pulses (—120 mV) of different
durations are superimposed. {B) Time course of activation of the voltage-
dependent (8) and tail ( & ) currents. Cwvent amplitude was plotted against
duration of hyperpolarization (also shown in panel A). The results of both
time course activation experiments fit curves with a single time constant of
65 ms.

the relation between activation kinetics of the voltage-
dependent component and time course of tail current. As
shown in Fig. 4A, oocytes were stepped to 70 mV and
then to —120 mV to induce the voltage-dependent
component. When hyperpolarization at —120 mV was
terminated after various periods, a gradual increase in
amplitude of the tail current was observed with increased
duration of hyperpolarization at — 120 mV. Time courses
of both the voltage-dependent component and tail current
could be fitted with curves with a single time constant
(65 ms in this case; Fig. 4B). Similar fitting with single
time constants were made for 4 oocytes tested, and the
mean time constantxS.E.M. was 66.3+2.4 ms.

With increased duration of the +70 mV depolarizing
pulse, increased amplitude of the voltage-dependent
component was observed at —120 mV (Fig. 5A). This
may reflect “deactivation” of the voltage-dependent com-
ponent (Scheme 1):;, where A is ATP, and R and R* are
closed and open states, respectively, of the voliage-
dependent component of P2X, receptor/channel. The
deactivation time course could be fitted with a time
constant of 70 ms in this case (Fig. 5B; meantS.E.M.,
71.34+1.3 ms; n=4).

|
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{% total ATP-activated current)
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Fig. 5. Deactivation of the voltage-dependent component. {A) Curreni
traces obtained using depolarizing pulses (+70 mV) of two different
durations. The amplitude of the voltage-dependent component increased
when the duration was prolonged. (B) Time course of deactlivation of the
voltage-dependent component. Cuwrrent amplitude was plotted against
duration of the depolarizing pulses (also shown in panel A).

3.4. Voltage dependence of activation and deactivation

As shown in Fig. 1, contribution of the voltage-
dependent component to total ATP-evoked current was
influenced by the holding potential prior to hyperpolariza-
tion. This was further examined by testing a number of
prepulses at various potentials prior to hyperpolarization
(Fig. 6A). As the prepulse became more depolarized, a
greater contribution of the voltage-dependent component to
total ATP-evoked current was observed, and this contribu-
tion became maximal near 0 mV (Fig. 6B). Thus, the
voltage-dependent gate must be completely closed at
potentials equal to or more positive than 0 mV. The data
were fitted with a curve in accordance with the following
model of “deactivation™

d, = 1/{1+exp[(E1p = Em)/k] }, (H

where d . represents the relative proportion of closed gates
at steady state, £, is the voltage at which the half-
maximal closing occurs, £, is the membrane potential, and

(activation)
AR ] AR*
(deactivation)

Scheme 1.
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Fig. 6. Prepulse experiment. An ATP concentration of 30 uM was used. (A)
Current traces obtained using prepulses of +30 mV (“a”) or -90 mV {“b")
prior to hyperpolarization at — 120 mV. (B) Effect of prepulses. The relative
contribution of the voltage-dependent current to total ATP-evoked current at
—120 mV was plotted against each prepulse voltage. Some of this data ig
also shown in panel A.

k is a slope factor reflecting an energy barrier (Hodgkin and
Huxley, 1952; Hille, 1992a). As shown in Fig. 6B,
potential at which half the gates closed was estimated to
be —90 mV i this case (mean+S.EM., —78.8+5.2 mV,
n=4).

The voltage dependence of activation was also
examined. As shown in Fig. 7A, the channels responsible
for the voltage-dependent component was sufficiently
“deactivated” by applying a prepulse of +100 mV, and
they were then activated at various hyperpolarization
potentials. Contribution of the voltage-dependent comipo-
nent to total ATP-evoked current decreased as the
hyperpolarization became more negative up to —45 mV
in the case shown in Fig. 7B. Potentials exceeding —45
mV could not be examined since the resultant ATP-
evoked current was not large enough to analyze. The data
were fitted in accordance with the following model of
“activation”:

a. = 1/{1 —+ Cxp[(El/z - Em)//\TH» (2)

where a ., represents the degree of gate opening at steady
state. The other parameters are the same as those described
above. The data obtained using Eq. (2) (Fig. 7B) could be

fitted with a curve indicating that half of the gates were
open at a potential of —30 mV.

The above data suggest that activation of the voltage-
dependent gate occurs at more positive potentials than gate
deactivation. To further investigate this, the fraction of the
gates that escaped deactivation (1~ .) was calculated from
the data obtained during deactivation experiments. The
deactivation data was then plotted alongside data obtained
from activation experiments (Fig. 7C). These data suggest
that the activation potential is 50 mV more positive than the
deactivation potential,
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Fig. 7. Effect of hyperpolarization on voltage-dependent curent, (A)
Current traces before (control) and during the application of 30 pM ATP. In
the panel on the vight, two curtent traces obtained following hyper-
polarization at —45 mV (“b”) and —~60 mV (“c”) are superimposed. (B)
Contribution of voltage-dependent curreny to total ATP-evoked current at
various hyperpolarization potentials. Some of these data are shown in panel
A. (C) Comparison of activation and deactivation. Parameters describing
activation and deactivation were determined as described in the text. Each
data point represents data obtained from individual oocytes.
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4. Discussion
4.1. Schematic model of voltage-dependent gating

Recombinant P2X, receptor/channels expressed in Xen-
opus oocytes exhibited voltage-dependent gating properties
similar to those of the channels in PCI12 cells (Nakazawa et
al.,, 1997b). The following similarities were observed: (1)
the gate opens at negative potentials, (2) activation follows a
time course with a time constant of 40 to 70 ms, and (3)
gating depends on ATP concentrations. Thus, voltage-
dependent gating in PCI2 cells may be due to intrinsic
expression of P2X, receptor/channels. We depict here a
model that has been proposed to explain voltage-dependent
gating of the channels in PC12 cells (Scheme 2):, where A is
ATP, Ry and Ry represent closed states, and R* represents
the open state (Nakazawa et al., 1997b). In this model,
voltage-dependent gating is explained by transition between
low and high ATP-affinity states. Upon hyperpolarization,
there is a shift from the R, to the Ry conformation. ATP
preferentially binds to channels in the Ry state (A - Ryy), after
which the channels open (A - Ry*). Binding of ATP is the
rate-limiting step since activation kinetics were observed to
depend on ATP concentrations in the present study (Fig,
3C). The following rate constants have been proposed
{Scheme 3): where k., parallels the concentration of ATP
(ko= _[ATP]), and Ky is given by k_ /& + (Hille,
1992b). In the present experiment, an activation time
constant of 65 ms was observed in the presence of 30 uM
of ATP (Fig. 4), which is equivalent to a rate constant of 15
s7!. Using these values, &', =k, ,/[ATP]=15 s~ '/(30
puM)=5x10" M~ " 57!, An inactivation time constant of 70
ms was observed in the presence of 30 pM of ATP (Fig. 5),
which is equivalent to a rate constant of 14 s~'. Thus, K4
was calculated to be k_ /K’ _ =14 s~ /(5x10° M~ s7Hh=28
KM, which is slightly less than the EC5q value obtained at
—50 mV (about 40 uM). This estimation is in accordance
with the finding that the voltage-dependent component is
not completely activated at —50 mV (Fig. 7C). It is difficult
to quantify the low-affinity ATP binding state since the
relationship between concentration and response needs to be
assessed at highly positive potentials, while P2X, receptor/
channels permit only small current due to their inward-

(low-affinity process)
A

=

R, =\ AR, == AR*
(voltage-dependent) J[

Ry ‘_‘—TI AR, &=3 ARy
A
(high-affinity process)

Scheme 2.

A+ Ry = ARy

Scheme 3,

rectifying nature. We estimate here the low affinity from
simple theoretical concenfration—response curves, Fig. 8
shows two concentration—response curves. One demonstrates
an ECsq of 30 pM, comresponding to a high-affinity state. If
the other low-affinity state demonstrates an ECsq of 100 uM,
more P2X; receptor/channels were in the high-affinity state in
the presence of 10 {M ATP, and more were in the low-affinity
state in the presence of 300 uM ATP. This is consistent with
the greater observed contribution of the voltage-dependent
component to total ATP-evoked current in the presence of 10
1M, while little was observed in the presence of 300 uM ATP
(Fig. 3). Thus, the low-affinity state may be lower than the
high-atfinity state by threefold or larger.

The idea of the transition of P2X, receptor/channels
between low- and high-affinity states might explain the
“non-voltage-dependent” component of ATP-evoked cur-
rent. For example, the current evoked by 30 pM ATP was
not completely observed as voltage-dependent component
even when activated at very negative potentials (Fig. 7B) or
following deactivation at very positive potentials (Fig. 6B).
This “non-voltage-dependent current” (about 20% of the
total ATP-evoked current) might result from the activation
of P2X, receptor/channels in the low-affinity state prior to
voltage-dependent activation.

The voltage dependence of activation and deactivation
differed, with deactivation occurring at more negative
potentials (Fig. 7C). This indicates that the activation and
the deactivation do not arise from a simple reversible “back-
and-forth” process, rather, two voltage-dependent processes

100
% 80
]
&
2
; 80 high aftinity
g i
s o N/ /1 ECso 100 pM
o
2
3 20
@
g | low affinity
|
6 5 “ N
log ATP (M)

Fig. 8. Voliage-dependent change in sensitivity to ATP might explain
dependence of the voltage-dependent current on ATP concentration. Low-
affinity (ECs5o=100 uM) and high-affinity (ECs54=30 uM) states of the
receptor are thought to exist (Hill coefficient: 1.5). Bach receptor shifis from
a low-affinity to a high-affinity state upon hyperpolarization (A F). With 10
UM ATP, only a small proportion of the receptors, many of which were in
the low-affinity state, were activated prior to hyperpolarization, but many
more were activated upon induction of the high-affinity state by hyper-
polarization. In the presence of 300 uM ATP, a larger proportion of the
receptors were activated even in the low-affinity state, and induction of the
high-affinity state caused only a marginal increase in activated receptors.
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Ry —L‘ AR, == AR*

(route 1) J[ J[ (route 2)

[y

Ry =% AR, == AR/
A

Scheme 4.

may be involved. We propose the following modification to
Scheme 2.

This model (Scheme 4) involves two voltage-dependent
processes, one resulting in activation through “route 17, and
the other resulting in deactivation through “route 2”. Such
model would explain the observed difference in voltage
dependence between activation and deactivation. However,
we would expect this model to result in more difficult to
interpret data than we did above based on Schemes 2 and 3.

4.2. Relevance of voltage-dependent gating

P2X, receptor is expressed in a number of neurons (e.g.,
Atkinson et al., 2000; Rubio and Soto, 2001). P2X,
receptor/channel is permeable to Ca®" (Egan and Khakh,
2004), and Ca®" influx through the channel may influence
cellular activity, although its exact role remains to be
clarified. The voltage-dependent gating reported here may
be relevant to the Ca®" influx from the following consid-
eration. Na~ current (/n,) and Ca®* current ({ca) permeating
through P2X; receptor/channel are:

ha = — P

EnF? [Na], _
(3)
RT | —exp( — EF/RT)

EnF? [Cal exp( — 2EF/RT)
RT | —exp( — 2EF/RT)"’

lea = — 4Py (4)
where P, and Pe, represent the permeability of Na” and
Ca®", respectively, £, represents the membrane potential,
and #, R, and T are their usual physicochemical meanings
(Fatt and Ginsborg, 1958; Nakazawa et al., 1989). The ratio
of Iy, to e, is thus:

Iea _ 4PcCal, ]
e Paa[Na), exp(EnF/RT){exp(EnF /RT) + 1]

(5)

This equation indicates that the ratio of I¢,/In, 18 larger at
more negative potentials. The ratio calculated at —90 mV is
about 13-fold larger than that calculated at —30 mV. Thus,
channel opening at negative potentials favors Ca®" over Na*
influx. Thus, voltage-dependent gating may facilitate
cellular Ca®*-dependent responses when cells are hyper-
polarized. This may occur when efflux through K channels

outpaces depolarization afforded by opening of P2X,
receptor/channels.

4.3, Conclusion

The results of the present study suggested that P2X,
receptor exhibits voltage-dependent gating, and that this is
not due to simple activation and deactivation of a single
gate, but rather, due to a transition from a low ATP affinity
to a high ATP affinity state. This may favor Ca®" influx at
negative potentials, although further studies are required to
clarify the physiological significance of voltage-dependent
gating of P2X; receptor.
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