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Abstract. The effects of verapamil on the large conduc- Key words: Ca-activated potassium channel — Patch
tance Ca-activated K (BK) channel from rat aortic clamp — Single channel — Antihypertensive agent —
smooth muscle cells were examined at the single channdirterial smooth muscle
level. Micromolar concentrations of verapamil produced
a reversible flickering block of the BK channel activity. Introduction
Kinetic analysis showed that verapamil decreased mark-
edly the time constants of the open states, without anyn low-excitability arterial smooth muscle cells the BK
significant change in the time constants of the closed:hannels are thought to play a major role in the control of
states. The appearance of an additional closed state -membrane potential, which is in turn of cardinal impor-
specifically, a nonconducting, open-blocked state — wasance in the regulation of vascular tone (Somlyo, 1985;
also observed, whose time constant would reflect theNelson, 1993; Nelson & Quayle, 1995). In myogenic
mean residence time of verapamil on the channel. Thesgrteries, the BK channels have been shown to exert a
observations are indicative of a state-dependent, operhegative feedback action to counteract pressure-induced
channel block mechanism. Dedicated kinetic (group)depolarization and contraction (Nelson & Quayle, 1995).
analysis confirmed the state-dependent block exerted byhe functional relevance of this action can be appreci-
verapamil. D600 (gallopamil), the methoxy derivative ated by the observation that block of the BK channels
of verapamil, was also tested and found to exert a similaresults in membrane depolarization and smooth muscle
type of block, but with a higher affinity than verapamil. contraction (Knot et al., 1998). BK channels have been
The permanently charged and membrane impermeant vémplicated in the generation and maintenance of patho-
rapamil analogue D890 was used to address other imogical conditions e.g., hypertension (Bolotina et al.,
portant features of verapamil block, such as the sidednesg91; Rush et al., 1992; England et al., 1993; Cox &
of action and the location of the binding site on the Tulenko, 1995; Liu et al., 1995). Hypertensive states
channel protein. D890 induced a flickering block of BK have been shown to be associated with increased expres-
channels similar to that observed with verapamil onlysjon of BK channels in vascular myocytes. In geneti-
when applied to the internal side of the membrane, incally hypertensive rats, the density of BK channels is 2—3
dicating that D890 binds to a site accessible from thetimes higher than in normotensive rats (Rush et al.,
cytoplasmic side. Finally, the voltage dependence 0f1992). This increased density of BK channels returned
D890 block was assessed. The experimental data fittegh normal levels following pharmacological reversion of
with a Langmuir equation incorporating the Woodhull hypertension (Rush & Runnells, 1994).
model for charged blockers confirms that the D890-  |n this context we have investigated the effect of the
binding site is accessed from the internal mouth of theantihypertensive (and antiarrhythmic) agent verapamil
BK channel, and locates it approximately 40% of the (Godfrain et al., 1986: Rush et al., 1996) on the BK
membrane voltage drop along the permeation pathwaychannel. Verapamil and other antihypertensive drugs,
known primarily as calcium-antagonists, cause vasodila-
tation and in turn lower arterial blood pressure. This
- pharmacological effect is thought to be exerted by block-
Correspondence toA.A. Harper ing high-voltage activated, L-type calcium channels
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(McDonald et al., 1994; Fleckenstein-Grun, 1996), Materials and Methods
which results in a reduction of Ca influx. The present
investigation of the action of verapamil on BK channel
activity was instigated by reports that this drug inhibits
t_he delayed reCtI_ﬁer K (DRK) channels in a number of Freshly isolated aortic myocytes were obtained by enzymatic disper-
tissues (Pancrazio et al., 1990; Rampe et al., 1993; Desion. Male Wistar rats (160-380 g; Charles River-Italia, Como, Italy)
Coursey, 1995; Rauer & Grismer, 1996; Trequattrini etwere used. The animals were killed by concussion and cervical dislo-
al., 1998; Catacuzzeno et al., 1999). The efficacy of Kcation and the abdominal aorta quickly removed. The vessel was
channel block is in some instances higher than that rebathed in ice-cold MOPS Buffered Saline (MBS) containing (im)m
ported for Ca channels, suggesting that the pharmacd-*0 NaCl, 5 KCl, 2 CaGl 2 MgCL, 5 MOPS-NaOH and 10 glucose,
logical effects of this drug can be exerted through apH 7.6. The aorta was cleared of adhering fat and connective tissue,

. . . split longitudinally and rinsed with ice-cold low Ca (0.16wnMBS
concerted action on different ion channels. Further, to, 4 Isolating Solution comprising (in w: 110 NaCl, 5 KCl, 0.16

OUI’. knowledge nq detailed study was available on thQ:aCE, 2 MgCl, 10 MOPS, 0.5 NakPQ,, 0.5 KH,PO,, 0.49 EDTA,

action of verapamil on BK channelsf(Pavenstadt et al., 10 taurine, and 10 glucose, pH 7.0. The tissue was cut into squares

1991; Berweck, 1994). (2-3 mm) and stored in the Isolating Medium, prepared by dissolving

i i - bovine serum albumin (essentially fatty acid free) 0.2% (w/v) in Iso-
In this study we found that micromolar concentra- bovi Ibumin ( ially f id free) 0.2% (Wv) i

tions of verapamil and its methoxy derivative D600 (gal- lating Solution, the enzymes collagenase (Worthington Type 2) 1.5
- - S . mg/ml and papain (Sigma Chemical, St. Louis, MO) 0.15 mg/ml were

Iopamll_) can effgctlvely inhibit the BK channel in these then added and the tissue stored at 4°C for 12—15 hr. The tissue squares

cells with an efﬂ?acy comparable to that found for Cawere incubated in Isolating Medium at 37°C in a shaking water bath

channels ¢eereview by McDonald et al., 1994). We (40 per min) for a time period determined to give optimal myocyte

additionally found that verapamil’s interaction with the yield for individual enzyme activity (range 15-50 min). They were

BK channel depends on the functional state of the chanthen transferred to ice-cold low Ca PSS, triturated, strained through a

p
nel, the open state being preferred. We also investigate%o pm nylon mesh and the resulting suspension plated onto polylysine
other important features of verapamil block such as thé:oated cover slips. The aortic myocytes used in the present work were
ided f acti . heth i .felaxed and spindle-shaped, contracted when superfused wiik, the

SI_ e_ nes_‘e’ oraction (I'e" whe _er verapami acce_sses Ig%onist phenylephrine, and remained viable for several hours when

binding site from the cytoplas_mlc or extr_acellular side Of maintained at room temperature.

the membrane) and the location of the site on the channel

protein (usually obtained by assessing the voltage-

dependence of block). This information is not easily ob-ELECTROPHYSIOLOGY

tained using verapamil, a tertiary amine present in solu- ) ) o

tion both as neutral and as a guaternary (charged) Con}f}mgle-channel currents were recorded in the excised (inside-out and

. . . outside-out) configurations of the patch-clamp method (Hamill et al.,
pound, the relative fractions dependlng on the pH @a 1981). Borosilicate pipettes (1.5 mm o.d., Hilgenberg GmbH, Mals-

8.6; Retzinger et al., 1986). Whereas the charged formy Germany), pulled with a programmable puller (PUL-100; WPI,
which predominates at physiological pH, cannot readilysarasota, FL) were used. Their resistance ranged between 10 and 15
cross the membrane the highly hydrophobic neutral formvQ when filled with standard 140 mKCl pipette solution. Currents
equilibrates rapidly on both sides of the membrane (Dewere measured and amplified with a List EPC-7 amplifier (List Medi-
Coursey, 1995), making it difficult to determine the sid- cal Instruments, Darmstadt, Germany), and digitized with a 12-bit A/D
edness of action of the drug. The assessment of the | onverter (TL-1, DMA interface; Axon Instruments, Foster City, CA).

. . . ’ . . The pClamp software package (version 5.6; Axon Instruments) was
cation of .the site of action on _the Channe,' .prof[eln ISysed on a Compag Pentium PC for generating the command voltage
problematical because verapamil block exhibits little orpyises, recording and archiving the currents, and preliminary analysis
no voltage dependency (Pancrazio et al., 1990;9@@t  of the data. For online data collection, current signals were normally
Rampe et al., 1993; DeCoursey, 1995; Trequattrini et al.filtered at 1 kHz and sampled at 40ec/point.

1998), and the active form is ignored. To circumvent

these problems we used the permanently charged, meng

brane impermeant verapamil analogue D890. This com* LUTIONS

Pound' has been used to determine the S|d¢dness of 8fhe solution perfusing the extracellular side of excised membranes
tion and voltage-dependence of verapamil block forcontained (in mn): 140 KCI, 2 CaCJ, 2 MgCl, 10 MOPS, pH 7.2.
other ion channels (Affolter & Coronado, 1986; DeCour- To probe the K selectivity of the BK channel, KCl was replaced with
sey, 1995; Catacuzzeno et al. 1999). These studies demr equimolar amount of NaCl. The solution perfusing the cytoplasmic
onstrated that verapamil’s binding site is accessed frongide of the membrane contained (imjn 140 KCI, 2 MgCl, 1 EGTA-

the cytoplasmic side of the membrane, and is Iocatedf' 10 MOPS, pH 7.2. The free Eaconcentrations were obtained by

o adding CaCJ at concentrations calculated as described by Magleby and
0
well inside Ca' 40% of the full VOItage drOp) the BK oworkers (Barrett et al., 1982). Experiments were carried out at room

channel pore. A prelimi_nary r_eport of some aspects Oftcemperature (range 18-22°C with a maximum deviation of <1°C for
this work has been published in abstract form (Trequatany procedure). The following drugs were used: verapamil and D600

trini et al., 1996). (Sigma), apamin and charybdotoxin (Alomone Labs, Israel) and D890

MYOCYTE ISOLATION PROCEDURE
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(supplied by Dr. Martin Traut from Knoll AG, Ludwigshafen, Ger- A B
many). Pharmacological agents were prepared immediately before us o KiNa 15T 1(pA)
and were bath applied by gravity-fed superfusion at a flow rate of 2 * KiK 1
ml/min, with complete solution exchange within the cell chambesain omv
1 min. 20mMY et o et

I | 80 40 60

V (mV)
ANALYSIS OF DATA Bk § —
_ |10opa

The dwell time distributions of open and closed current levels were 100 me 18-
constructed from single-channel recordings obtained from patches cor
taining only one active channel (assessed by the number of currer < 1nM [Ca™], +40 mV 0.8 uM [Ca™], +40 mV

levels taken at high voltages and internal Ca concentrations). Multi-

exponential fits of the dwell times distributions were obtained using

pClamp analysis software, and the number of exponential component

necessary in each distribution was determined with the maximum like-

lihood method (McManus et al. 1988). An additional exponential com- H

ponent was accepted when the logarithm of the maximum likelihood

increased at least by a factor of 3. JL’-—FWJ'F'LI
The state-dependence of verapamil block of the BK channel was

also assessed by using the group analysis method applied to singl

channel recordings. The threshold tim& ) corresponding to the D
shortest closed interval that still qualifies as an interburst event, was

100 ms}| 10 pA

determined by applying the interburst interval test (Sigurdson et al., control ] 100 "M CTX _
1987). In particular], was assessed by plotting the mean burst dura-

tions that resulted at varied interburst intervals. On such a pjot,

represented the shortest interburst interval beyond which the mea Jm pA
burst duration remained relatively insensitive to further increases of the 20s

interburst interval. The applicability of the group analysis to each in-
dividual single channel recording was considered viable when less than

5% of the total intraburst closures (in the closed dwell time histogram)Fig 1. General features of the BK channel in rat aortic myocytas. (

exceeded,. For example, in the single channel recording withi® (et of varying potential on unitary BK currents recorded from an
verapamil shown in Fig.A, where @l = 40 msec resulted, only 0.7% outside-out patch in presence of symmetrical 140 K€l and 0.8

of the total intraburst closings would exce&d The results are given [Ca]. (B) Current-voltage plot of mean amplitude of unitary currents
as mean Isem. recorded in symmetrical 140mKClI (filled symbols;n = 3), and after
replacement of external 140MrKCI with 140 nv NaCl (open sym-
bols;n = 2). Linear interpolation of the data points in symmetrical 140
Results mm KCI gave a slope conductance of 228 + 17 p8) Effect of
increasing [C&; from <1 nv (1 mv EGTA and no added Ca; left) to
0.8 um (right), at constant holding potential of +40 mV, on the BK
GENERAL FEATURES OF THEBK CHANNELS IN RAT channel activity. The recordings shown were taken from the same

AORTIC MYOCYTES inside-out patch.[) Single channel outside-out record in symmetrical
140 mm KCI and 0.8um [Ca];, holding potential +40 mV, in control

The BK channel unitary currents were recorded fromconditions and upon external application of 100@TX. In all panels,
the closed (zero current) level is indicated by a dotted line.

excised (inside-out and outside-out) membrane patches
in symmetrical 140 ma KCI solutions. Almost all
patches (60/72, 21 preparations) exhibited high conducternal Na was 5.66 = 0.57 pM(= 6), and the slope
tance levels, but often too many to be reliably analyzedconductance was 138 + 14 p& £ 5) between 0 and 20
Representative unitary current recordings at varyingmV, in good agreement with previous reports for BK
membrane potential are presented in Fi§. The volt-  channels in vascular smooth muscle (Benham & Bolton,
age dependence of the unitary current amplitude wag986; Langton et al.,, 1991), including aortic smooth
well described by a linear regression (Fidg)lthe mean muscle cells (Giangiacomo et al., 1992).

single-channel conductance being 228 + 17 pS=(3). The identification of the BK channel based on the K
When external K was replaced with Na, the single-selectivity and its large conductance was confirmed by
channel current did not display a clear reversal potentialexamining the Ca sensitivity of the current and its phar-
approaching zero current at most negative potentialsnacological profile. Increasing [€§; from <1 nv (1
(Fig. 1B, open symbols), congruent with the channel ex-mm EGTA and no added Ca) to 048v, a marked in-
hibiting a significant selectivity for K over N&P(./P« <  crease in single channel activity resulted, as illustrated by
0.09, as assessed from the absence of inward current tite representative recordings shown in Fig.dbtained
-60 mV). The mean unitary current at 0 mV with ex- in inside-out configuration at a holding potential of +40

.
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A conditions and termed residul},,., were plottedvs.
control verapamil concentration. Data from two experiments

“"'W"""“"]T‘”’WT were pooled, and fitted with the Langmuir isotherm
which gave & for verapamil of 4.1um (Fig. 2B). The

data points were well fitted with the Langmuir equation

10 uM verapamil suggesting that the binding reaction between verapamil
and the BK channel follows a 1:1 stoichiometry, as pre-
I IN Nﬂj_ﬂﬂ lJﬂM viously reported for the blocking action of verapamil in
= LA [ other K channels (DeCoursey, 1995; Trequattrini et al.,
5 ] 5 pA 1998).
50 ms
1.0 KINETIC ANALYSIS OF VERAPAMIL BLOCK

n_§ Verapamil has been shown to block DRK currents from
= 05f various tissues in a state-dependent way, displaying far
3 greater affinity for the open state of the channel (Rampe
o et al., 1993; DeCoursey, 1995; Trequattrini et al., 1998).
ool To assess whether verapamil block of the BK channel

displays similar behavior we carried out a kinetic analy-
sis on patches containing one active channel. The prin-
cipal features expected for an open-channel blocker are
Fig. 2. Effect of verapamil on the unitary BK currenfOutside-out  the following. (i) The dwell open t'mes Shou'q be re-
single-channel recordings in control conditions and after addition of 10duced due to block by verapamil, which would interrupt
wM verapamil to the bath. Experimental conditions were: symmetricalthe open events by bringing the channel into a noncon-
140 mu KCI, 1 pm [Ca], and holding potential +40 mVB) Dose-  dycting, open-blocked state; (i) an extra (open-blocked)
response relationship showing inhibition of BK channel activity by closed state should be revealed, whose time constant

verapamil. The residud®,,., represents th@,,.,in presence of the . . .
blocker normalized to the open probability in control conditions (0.83 would reflect the mean residence time of verapamil on

and 0.77 for the two cells presented). Each data point is the mean df1€ channel; (iii) the closed states should not be affected,
two measurements from two different cells. The solid line represent&ased on the assumption that verapamil does not interact
the best fit of the experimental data with the Langmuir isotherm of thewith these states.

form fo = 1/(1+[B)/K,), wheref is the residuaP,pe, [B] the vera- We tested these predictions by doing a kinetic analy-
pamil concentration, anildy the dissociation constant. The resultiig sis of single BK channels in control conditions and in
was 4.1pm. presence of 3um verapamil. The open time distributions
shown in Fig. & and B, fitted with two exponential
components, show that the dwell open times of both
components decrease significantly following application
of verapamil (fromrg; iy = 4.12 msec andop ey =

0.1 1.0 10 100
[verapamil] (uM)

mV. External application of apamin (10Quh on out-
side-out patches had no effect € 3, data not show)
while superfusion of CTX (100 nn) abolished single

channel activity§ = 4, paneD), in accordance with the 2942 msec down.t?m%ver?t; 1.?1t msec, a';doi(ver) :h .
BK channel properties seen in other preparations (Miller; msec, consistent with a state-dependent mecnanism
et al., 1985; Latorre et al., 1989). of verapamil action on BK channels. The effect of ve-

rapamil on the closed states is illustrated in Fig.&hd

D, which shows the closed time distributions obtained in
VERAPAMIL BLock oF UNITARY BK CURRENTS control conditions and in presence ofu31 verapamil,

respectively. In control conditions two exponential com-
Moderate concentrations of verapamil (0.3+48@) pro-  ponents were observed, whose time constants were 0.31
duced a flickering block of the BK channel, without af- msec and 318.6 msec. After addition of.8 verapamil
fecting the single channel conductance (Fig).2The  an additional, third, exponential component with time
efficacy of verapamil block was not influenced by the constant of 5.82 msec was required to fit the distribution
side (internal or external) of application, consistent withof the closed states. This extra component represented
the high membrane permeability of this drug (DeCour-the nonconducting, open-blocked state induced by vera-
sey, 1995). The efficacy of block was assessed by conpamil. It is notable that the blocker did not have any
structing a dose-response curve for verapamil. Singledetectable effect on the dwell time of the pre-existing
channel recordings sufficiently long to allow a reliable closed components. This indicates that verapamil does
evaluation of the BK channel open probability (e, not bind to them, thus qualifying as an open-channel
were taken at varying verapamil concentratioRg,.,at  blocker of the BK channel. Similar results were obtained
each concentration, normalized to tRg,., in control  in two other patches.
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Fig. 3. Kinetic analysis of verapamil block. Open and closed dwell {é \S"‘ \x\‘\ .—:éo \x\“‘ \x\“
time distributions derived from a long (122 sec) inside-out, single- ¢ N n_;‘? & N q;‘?
channel recording in control conditions and after addition o3
verapamil. Experimental conditions were: symmetrical 140 KCI, Fig. 4. Group analysis.A andB) Single-channel recordings in inside-

10 nv [Ca],, holding potential +100 mV.A and B) The open time  out configuration in control conditions and after addition ofu8
distributions were fitted with two exponential components with time verapamil showing that in both conditions BK channel openings are
constants of 4.125 msec (35.3%) and 29.85 msec (64.7%) in contrajrouped in bursts, separated by long closures. Experimental conditions
conditions, and 1.805 msec (18.9%) and 6.462 msec (81.1%) in preswere: symmetrical 140 mn KCI, 10 nm [Ca];, and holding potential
ence of verapamil.§ andD) The closed time distribution in control +100 mV. C and D) Mean burst and interburst durations from three
conditions was fitted with two exponential components € 0.311 different patches in control conditions and in presence of either 1 or 3
msec, @ = 0.706;7, = 318.6 msec, a= 0.294) while in presence of m verapamil. The threshold time defining intraburst closures in each
verapamil three exponential components were necessary (0.368 recording analyzed was determined as described in Materials and
msec, @ = 0.54;7, = 5.849 msec, a= 0.335;1; = 329.6 msec, a Methods.

= 0.125).

not make transitions into other states), consequently, the
GROUP ANALYSIS length of each event within the burst, and thus the burst
as a whole, would increase by the fraction of time the
Further evidence supporting the open channel bloclkchannel has the blocker bound to it. Taking advantage of
mechanism for verapamil inhibition of BK channels was the markedly different time constants between the short
provided by the group analysis, results shown in Fig. 4 (intraburst closures), and the long (interburst closures)
Figure 4A andB show two representative short segmentscomponents occurring both in the absence and presence
from a long inside-out recording from a patch containingof verapamil, we carried out the group analysis. To this
only one BK channel, in control conditions and in the end a threshold time was set in such a way that it would
presence of 3um verapamil applied at the cytoplasmic discriminate the intraburst from the interburst closures
face of the membrane (holding potential +100 mV, sym-(cf. Materials and Methods). FigureC4andD show the
metrical 140 nw K, and 10 m [Ca™"];. The kinetic ac-  histograms of the burst and interburst durations recorded
tivity of the channel in both experimental conditions oc- in control conditions and in the presence of varying con-
curred in well-defined bursts, with short openings andcentrations of verapamil. The main observation is that
closures within the bursts separated by much longegerapamil markedly increases the burst duration, with no
closed intervals. In the presence of verapamil, the openeffect on the interburst duration, a result satisfying the
ings were markedly shortened, as a result of Vel’apam'ﬂequirements for a state-dependent blocker.
block. The rational for applying the group analysis was
based on the notion that if verapamil blocked the channel
by interacting with the short-lived states within the burst, BLock BY D600 GALLOPAMIL)
but not with the long closed interburst state, only the
mean burst duration should increase in the presence dfo probe the specificity of verapamil block on BK chan-
the blocker, with no change of the interburst durationnels, the action of D600 (gallopamil), the methoxy de-
(alsocf. Colguhoun & Hawkes, 1995). This is becauserivative of verapamil, was investigated. Figuré 5
when the blocker is bound to the channel (which for anshows representative single BK channel recordings in
open-channel blocker can only occur within the burst),outside-out configuration, in control conditions and with
the channel would become kinetically frozen (i.e., it can-varying D600 concentrations. D600 had similar block-
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A control B Fig. 5._Block of_BK chanhels by D600 A) Repre_—
i sentative outside-out single-channel recordings
] m verapamil [] showing the effect of increasing D600 concentra-
80 D600 [] tions on single BK channel activity. Experimental
1uM D600 g conditions were: symmetrical 140MKCl, 10 um
“M ” | r "m |m oy [Ca];, and holding potential +40 mV. At high con-
St g 40 centrations (1.m), D600 produced needle-shaped
10 uM D 600 'g 1—1—‘ openings, most of which did not reach the fully open
= Ii] level. B) Bar histograms comparing the efficacy of
Mwmm 0 verapamil and D600 block. The residudl,e, is
J 10pA 1 uMm 10 uM shown for the two drugs at two concentrations. At 1
40 msec 1M, D600 decreased tHey,enby 37.3% + 4.216 =

2), as compared to 21.6% * 5.1 of verapamil. Atd@, the decrease iR,,e,induced by D600 is 84% + 5.In(= 2), as compared to 70.7% *
6.2 of verapamil. The data for verapamil are from Fig. 2

ing effects to verapamil, markedly decreasing the mearh
open time. At high concentrations (30v), the open control
events were reduced so markedly that most of them did
not reach the fully open level, thus appearing as needle-
like events. This occurred when the concentration of the
drug was increased to the level that the apparent on-rate 200 puM D890

of block reduced the average lifetime of the open state

below the resolution of our recording system. Quantita- (¥ L.

tive evaluation of the efficacy of block, given in FigB5 J 5pA
shows that D600 is a more effective blocker than verag 200 ms
pamil (care was taken to have comparaB)g,,,in con-

trol conditions). This is demonstrated by the observation

1.0

that at same concentrations D600 depressesPijg, < 00
significantly more than verapamil. £ 4o
=
- 20
INVESTIGATING THE SIDE OF ACCESS ANDLOCATION OF 3.0
-50 0 50 100

VERAPAMIL BINDING SITE BY Use oFD890
voltage (mV)

As verapamil can cross cell membranes very easily, angig. 6. D890 action on single BK channelsy)(Representative inside-

rapidly equilibrates on both sides of the membrane, in-out single-channel recordings showing the effect of D890 @apon

formation on the location of its binding site and side of the single BK channel activity. Experimental conditions were: sym-

access was sought by using the permanently chargegiietrical 140 w KCI, 1 um [Cal;, and holding potential +30 mVBj

membrane impermeant verapamil ana|ogue D890I_3Iot of the qgaqtityn(lﬁo -1) vs.voltage| wherég is_ the residual _

Application of D890 to the external face of outside-out Eopen The solid I|n§ represents the bestflt()jthe experlmenial data with

. g. (1). The best fit parameters wé{gg myy = 869m andd = 0.46.

membrane patches at a concentration up toM was

totally ineffective on BK channel activityn(= 3; data

not showi. By contrast, moderate D890 concentrationsdependence. The experimental data could be well fitted

(5—250p.m) applied on the internal side of the membranewith the following modified form of the Langmuir equa-

(inside-out patches) were able to produce a flickerytion which incorporates the Woodhull (1972) model for

block of BK channels, similar to that observed with ve- charged blockers binding to a site located inside the

rapamil (Fig. &\, cf. Fig. 2). These results show that channel pore:

D890 binds to a site accessible only from the internal

side of the membrane, as has been reported previousip(l/f, = 1) = In([D890/Ky myy) — 8ZFVIRT (1)

for Ca and DRK channels (Affolter & Coronado, 1986;

DeCoursey, 1995; Catacuzzeno et al., 1999). wheref, is the residuaP,, of the channel, [D890] is
To gain information about the location of the bind- the blocker concentratioiy, my, is its dissociation con-

ing site on the channel protein, we assessed the voltagstant with no applied potentiat,is its valency, and is

dependence of D890 block by measuring the fractionathe fractional voltage drop sensed by the blocker to reach

Popen reduction at different voltages, at a fixed D890 its binding site. The best fid value obtained from the

concentration in the bath. As shown in pamgID890 plot in Fig. 8 was 0.46. The mean value fércalcu-

block of BK channels showed a substantial voltage-lated from three such experiments was 0.42 + 0.05.
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These results suggest that the D890 binding site is loand D600 precludes identification of their active site in
cated along the permeation pathway of BK channels, athe membrane. We used the permanently charged and
about 40% of the voltage drop across the membrane. membrane impermeant verapamil analogue D890 to ad-
dress other important features of verapamil block such as
the sidedness of action and the location of the binding
site on the channel protein. At micromolar concentra-
tions (5-250wm), D890 induced a flickering block of
The investigation reported here focused on the effects 0Bk channels only when applied to the internal side of the
the antihypertensive drug verapamil on the BK channelnembrane, indicating that D890 binds to a site accessible
of rat aortic myocytes. Verapamil was found to block from the cytoplasmic side. The permanently charged na-
the BK channel in this preparation withkg, of 4.1 M, tyre of D890 allowed us to obtain additional information
as assessed from the decreas@jg.,vs.verapamil con-  apqyt the location of the phenylalkylamines’ binding site
centratlon pIot_fltted Wlth a Langmuir isotherm (F|_g. 2). on the BK channel. For a charged molecule that binds
This block efficacy is comparable to that previously jhside the ion permeation pathway of a channel, the bind-
found for verapamil block of DRK channels (DeCoursey, ing affinity will depend on the applied membrane poten-
1995; Trequattrini et al., 1998), and BK channel fromtia| (Woodhull, 1972) and on the voltage drop the
rabbit aortic myocytes (Pavenstadt et al., 1991). Blocky,cyer experiences in going from the bulk solution to

of the BK channel, i.e., the decrease infig,,, occurred the binding site along the channel pore. We found a

through a marked decrease of the dwell open time, With'significant voltage dependence for D890 block of the BK

. . . Thannel (Fig. 6), suggesting that the phenylalkylamines
(Fig. 3). This efiect was accompanied by the appearanc inding site is located deep into the permeation pathway.

of an additional exponential component to the close he experimental data fitted with a Langmuir equation
time distribution (Fig. ®). This extra closed component . P 9 N

) . i . incorporating the Woodhull model for charged blockers
representing the nonconductive, open-blocked state, Wltmdicated that the D890 binding site is located along the

time constant reflecting the mean residence time of ve- .
¥
rapamil on the channel's binding site. Together, thesd ermeation pathway of the BK channel at about 40% of

results indicated a state-dependent, open-channel bloépe voltage drop across the membrane. .
mechanism. This mechanism was subsequently con- Another group (_)f compoupds, collectively known as
firmed by a dedicated kinetic (group) analysis carried ouduatérnary ammonium (QA) ions and structurally very
under conditions where BK channel activity displayedSimilar to the charged (protonated) form of verapamil,
burstlike behavior. The group analysis showed that veave been shown to block DRK channels by a state-
rapamil increased the mean burst duration, leaving th&eépendent mechanism (Armstrong, 1969; French & So-
mean interburst time unaltered, consistent with the behoukimas, 1981). Tested on BK channels, QA ions have
havior expected for an open-channel block mechanisnPeen found to bind to a common site accessed from the
and found it to inhibit the BK channel with similar ©Of the membrane voltage drop along the permeation
mechanism (i.e., producing a flickery block character-Pathway (Villarroel et al., 1988). Given the strong struc-
ized by very brief openingsf. Fig. 54), but with an even  tural similarity between phenylalkylamines and QA ions,
higher efficacy (Fig. B). together with the comparable voltage-dependence of
The state-dependence of block, and in particular thaheir block it is most likely that these compounds block
preference of the drug for the open channel translates ithe BK channels by binding at the same site.
a higher degree of inhibition the higher is the activity of Verapamil, together with other drugs classified as
the channel. This occurrence can be functionally impor-Ca antagonists, has proved effective in the treatment of
tant. From the following minimal schemé - O o hypertension and other cardiovascular diseases (Aber-
OB, incorporating the essential kinetic states of opennhethy & Schwartz, 1999). The verapamil-induced
channel block (in succession: closed, open, opensmooth muscle relaxation, and the consequent decrease
blocked), it follows that the fractional reduction .,  in arterial blood pressure is generally thought to result
due to a given concentration of the blockes],[will be: from the inhibition of Ca influx through L-type Ca chan-
fo = (1+([B]/KB-Pope,)‘1. Here Kg is the dissociation nel (Kuga et al., 1990; McDonald et al., 1994). The
constant of the blocker, arf®},,.is the open probability modulation of the BK channel conductance by verapamil
in absence of the blocker. The relation above indicatesvas thought to be secondary to the decrease of Ca influx
that factors that change the channdPg., (i.e., [Ca] due to L-type Ca channel inhibition by the drug. Here
and membrane voltage) will indirectly modulate the we show that micromolar concentration of verapamil has
blocker efficacy. also a significant inhibitory effect on the BK channels.
The high membrane permeability of the unchargedThe direct block of BK channels by verapamil may rep-
(unprotonated) form of the phenylalkylamines verapamilresent a significant contribution to the overall reduction

Discussion
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of BK POpen and the consequent negative feedback movements in cardiac and vascular smooth-muscle ¢&tlan. J.
modulation of the membrane potential and arterial tone ~Clin- Lab. Invest46:29-39
of pressurized arteries. Hamill, O.P., Marty, A., Neher, E., Sackmann, B., Sigworth, F.H. 1981.
Improved patch-clamped techniques for higher resolution current
recording from cells and cell-free membrane patcteffuegers
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