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Vas Deferens Epithelial Cells
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ABSTRACT We have recently shown that a maxi-K* channel from vas deferens epithelial cells contains two Ba®"-binding
sites accessible from the external side: a “flickering” site located deep in the channel pore and a “slow” site located close to
the extracellular mouth of the channel. Using the patch-clamp technique, we have now studied the effect of internal Ba®™ on
this channel. Cytoplasmic Ba®" produced a voltage- and concentration-dependent “slow” type of block with a dissociation
constant of ~100 wM. However, based on its voltage dependence and sensitivity to K* concentration, this block was clearly
different from the external “slow” Ba®* block previously described. Kinetic analysis also revealed a novel “fast flickering”
block restricted to channel bursts, with an unblocking rate of ~310 s~ ', some 10-fold faster than the external “flickering”
block. Taken together, these results show that this channel contains multiple Ba®*-binding sites within the conduction pore.
We have incorporated this information into a new model of Ba®* block, a novel feature of which is that internal “slow” block
results from the binding of at least two Ba®* ions. Our results suggest that current models for Ba®>* block of maxi-K* channels
need to be revised.

INTRODUCTION

Calcium-activated, voltage-dependent maxi-kchannels At the single-channel level, the effect of Bahas been
are widely distributed and occur in both excitable andtested on maxi-K channels from both native tissues (Ver-
nonexcitable cells. They are involved in regulating a num-gara and Latorre, 1983; Benham et al., 1985; Miller, 1987;
ber of important functions, such as cell excitability, vascularBrown et al., 1988; Sheppard et al., 1988) and cloned
tone, electrolyte transport, and volume regulation (McMa-maxi-K* channels fromDrosophila (dSlg (Perez et al.,
nus, 1991). Recent molecular studies have shown that thed®94) and human myometriurh$lg (Diaz et al., 1996). In
channels belong to a superfamily of voltage-gatéddkan-  all of these studies, Ba reduced channel activity in a
nels that includes the archety@thakerk * channel and the  voltage-dependent manner and induced the appearance of
erg-related K channels. Members of this superfamily all long-lived closing (blocking) events lasting for seconds
contain a conserved-subunit that consists of six putative (slow block). Detailed kinetic analysis showed that’Ba
transmembrane domains (S1-S6) and an H5 segment benly entered an open channel, where it then bound tightly to
tween S5 and S6 that is suggested to form the channel potgsingle, well-defined site located within the channel pore,
(Pongs, 1992). and blocked K permeation. Moreover, based on the effects
Barium ions are known to block a large variety of K of K* concentration on B block, Neyton and Miller
channels, including members of this superfamily, and they1988a,b) proposed that the conduction pathway of the
have been a useful probe for investigating the mechanismgkeletal muscle maxi-K channel contained at least four
of ion conduction. At the molecular level, recent site-di- jon-binding sites: two lock-in K sites located at the inter-
rected mutagenesis studies oBhaker K™ channels nal and external sides of the channel, an external enhance-
(Slesinger et al., 1993; Lopez et al., 1994; Hurst et al., 1996)nent K" site, and a single Bad-binding site.
have identified regions in the S4-S5 loop, the S6 domain, Our recent study (Sohma et al., 1996), which explored the
and the pore region, which are involved in barium b|OCk.effect of Bngr on a maxi-K" channel obtained from human
However, similar molecular studies have not yet been peryas deferens epithelial cells, indicated that a singlé"Ba
formed on maxi-K channels. binding site was not sufficient to explain the type of block
we observed. From kinetic analysis we proposed that this
maxi-K* channel had at least two distinct Babinding
Received for publication 28 May 1997 and in final form 30 SeptemberSites accessible from the extracellular side; one was located
1997. deep in the channel pore close to the cytoplasmic side of the
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tend our studies by investigating in detail the properties of., = ~1-2 ms). Because the very fast time constants were not affected by

internal block of the vas deferens maxi-kchannel. the blocker (datz_a nqt shown), we have simplified our analysis by reducin_g
the number of kinetic states to a single open and closed state, by choosing

appropriate bin widths.

MATERIALS AND METHODS We were not able to consistently maintain excised, inside-out patches
for long enough periods to obtain sufficient “slow” blocking events to
Human vas deferens cell culture construct reliable closed-time histograms. We therefore #sediata for

kinetic analysis of the “slow” block, because here the contribution of the
Primary monolayers of vas deferens cells were grown on collagen-coatetiast flickering” block to the reduction oP, by Ba&* was negligible
glass coverslips from explants of second-trimester human fetal vas defe(<1%).
ens as previously described (Harris and Coleman, 1989). Three normal For kinetic analysis of the “fast flickering” block, we usually used
fetuses obtained within 48 h of midtrimester prostaglandin-induced termiinside-out patches containing only one active channel. However, when we
nations or spontaneous abortions were used in this study. Once establisheged high B&" concentrations (5 mM) and/or depolarized voltagegQ
two main cell types predominate in the cultures; a large angular cell typanv), channel activity was very lowP(, < ~0.01), and it was therefore
that does not appear to be tightly packed, even at confluence, and difficult to obtain sufficient “fast flickering” blocking events from a single
relatively small “cobblestone” cell type that always appears in tightly channel to make reliable closed-time histograms. To overcome this prob-
packed colonies. Both cell types have been identified as epithelial cells orem, we used multichannel patches, containing two to four channels, to
the basis of morphological, biochemical, and immunocytochemical evi-generate sufficient blocking events. During low activity, channels open in
dence (Harris and Coleman, 1989). The cultures were passaged onto glasisort bursts separated by long blocked periods (see FX), and under
coverslips (passage numbers were between 1 and 6), and 2—4 days lateese conditions it was unusual for more than two channel bursts to
were sent from Oxford to Newcastle upon Tyne. After arrival in Newcastle, overlap. However, any events that did overlap were excluded from subse-
they were incubated for 1-7 days in standard growth medium (Harris an¢juent analysis. With this mode of analysis, open-time histograms showed
Coleman, 1989) minus cholera toxin before electrophysiological studies single exponential distribution, whereas closed-time histograms showed
were performed. two distinct exponential distributions, corresponding to the channels’ nat-

Measurement of single-channel activity

We studied a total of 33 coverslip cultures (between 5 and 18 coverslipsA 10pA|
from each of the three fetuses). Single-channel recordings were made at
21-23°C using the patch-clamp technique (Hamill et al., 1981). All patches 1sec

were obtained from the upper surface of small “cobblestone” cells in __
confluent areas of the monolayers. Full details of the electrophysiological A AW A R lkbis - CONTROL
technique used in this study are described elsewhere (Gray et al., 1990).
The tissue bath was grounded, and the potential difference across excised, -
inside-out patches\{,) was referenced to the extracellular face of the
membrane. Junction potentials were measured using a fip®ik KCI
electrode (Gray et al., 1988), and the appropriate corrections applied to our --- A BRI "Wl 0.5 mM
data.

The Na'-rich, extracellular-type solution had the following composi-
tion (in mM): 138 NacCl, 4.5 KCI, 2 CagGJ 1 MgCl,, 5 glucose, 10 HEPES - Ty RN W ™ 5 mM
at pH 7.4. The 25 K/115 Na" solution contained 115 NaCl, 25 KCl, 2
CaCl, 1 MgCl,, 5 glucose, 10 HEPES at pH 7.4. The fich, intracel-
lular-type solution contained 140 KCI, 2 CgClL MgCl,, 5 glucose, 10
HEPES at pH 7.4. When these solutions were used in the pipette, fie Ca B

T N A AR LB .05 MM

concentration in these solutions was stabilized taM with a buffer 1.0
system that contained 2 mM EGTA, glucose was omitted, and they were Po &
filtered through a 0.2s#m membrane filter. The free €& and Mg™* 0.8
concentrations in these solutions were calculated with the EQCAL program
(Biosoft). All other chemicals were purchased from commercial sources 0.6
and were of the highest purity available.
0.4
Data analysis 0.2
To determine open-state probability,§, mean open timet(), and mean 0
close time (), current records were digitized at 200-10 kHz with a CED _ _
1401 interface (Cambridge Electric Design) and analyzed with a two- 80 40 0 40 80
threshold transition algorithm that employed a 50% threshold crossing Vm(mV)

parameter to detect evenfd, was calculated as the fraction of total time

that channels were open, for a minimum of 60 sec of data. When mulFIGURE 1 Effect of internal B&" on maxi-K" channel activity. A)
tichannel patches were used for these determinations, we assumed that fhgpical single-channel activity recorded from an inside-out patch held at
total number of channels present was equal to the maximum number of 20 mV in the absence or presence of the indicate®i" Rancentration.
simultaneous current transitions and that channels open and close indepe®elutions: pipette, K-rich; bath, K"-rich (140:140). Dashed lines indicate
dently of one another (Sohma et al., 1994). In our previous paper (Sohmthe closed state of the channel. Low-pass filtered at 1 kBy.P(ot of

et al., 1994), we reported that in the absence of barium, this méxi-K open-state probabilityR(,) againstV,,. O, Control;®, 0.05 mM B&"; W,
channel has at least two open and two closed states. The faster open-cloggd mM B&*; A, 5.0 mM B&". Lines were fitted by fourth-order poly-
kinetic state has submillisecond duratioyg & ~0.2 ms;t.,, = ~0.2-0.5 nomial least-squares regression analysis. Current recordings used for anal-
ms). The slower kinetic state has millisecond duratidgs € ~2-5 ms, ysis were filtered at 5 kHz and digitized at 10 kHz.
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ural fast closing events and a novel type of “fast flickering” block (see Fig.

5). These results indicate that all of the channels in a multichannel patc

exhibit similar blocking kinetics, validating this approach. a
To compare the frequency of Bablocking events at different Ba

concentrations, we calculated the fractional ratio amplitude of closing T
events (FRA) as follows:

FRA = (A - t)/(Act - tcr) @ b
whereA; andt; andA., andt., are they axis intercept (amplitude), and

time constant of the Bd-induced fast flickering block and the channels’ o
Significance of difference between means was determined by using

Student’s paired or unpairgeest. Significance of difference between the B
slopes of population regression lines (i.e., the “fast flickering” blocking
rate constant) was determined using analysis of covariance. The level of
significance was set & < 0.05. All values are expressed as meaSEM
(number of observations).

100 1

—_
o
I

RESULTS

Fig. 1 shows the basic characteristics of internalBalock
of a maxi-K" channel obtained from the apical membrane 0.1 .
of a human vas deferens epithelial cell. FigAlshows e 10 20
single-channel current records from an inside-out patch OPEN TIME DURATION ({ms)
bathed with symmetrical K-rich solutions containing 0,
0.05, 0.5, and 5.0 mM B4 in the bath, recorded at a c
holding potential of—20 mV. On this slow time base, it is 10 - 100 -
clear that internal B& blocks the channel and introduces
long-lived closed periods lasting many seconds. Fi@ 1
summarizes the effect of cytoplasmic Baon the open
probability (°,) of the channel. These data show that barium
block is both voltage and concentration dependent, a findinggd
previously described by many investigators (Vergara and & o
Latorre, 1983; Benham et al., 1985; Miller, 1987; Brownet | Jo ; ‘ .
al., 1988; Sheppard et al., 1988). 0 5 10 (ms) 0 10 20 (s)

Although the slow block was the major reason for the
decrease irP,, careful kinetic analysis revealed an addi-
tional faster type of channel block during bursts of channek|gure 2 Internal B&" produces two types of channel blocka)(
openings. Fig. 2A shows single-channel records displayed single-channel current records displayed on a faster time-bjsétbout
on a faster time base for a control channel (Fig\(&)) and and @) with 5 mM internal B&". Same conditions as in Fig. 1. Scale
a channel exposed to 5 mM internal ZBa(Fig. 2 A(b)), ipdicates 50 mshorizonta) anq 5 pA (ertical), respectively. Low—pass
obtained at-20 mV. Inspection of these records shows that/ered at 2 kHz. B andC) Semilog plots of ) open- and() closed-time

T . . histograms for control@) and a channel exposed to 5 mM internaPBa

Ba®* caused the channel to undergo rapid blocking eventyg). open-time distributions were fitted by a single exponential with time
lasting for milliseconds. Fig. 2B and C, shows the open- constants of 3.1@) and 2.4 ms®), respectively. The bin width of the
and closed-time histograms for these data, obtained from kistogram is 2 ms. The closed-time distribution for the control was fitted by
single channel that maintained stable activity for more thar® single exponential with a time constant of 0.35 ms. The closed-time

. + . . distribution with B&™ was fitted by three exponentials with time constants
an hour. Without B& , the open- and closed-time histo of 0.37 ms, 3.4 ms, and 3.0 s. The bin widths aeQ.5 ms andlf) 1 s.

grams had an exponential distribution. Note that the Veryrme current recordings used for analysisBimnd C(a) were filtered at 5
rapid (submillisecond) opening events that we have previkHz and digitized at 10 kHz. The current recording used for analysis in
ously reported for this channel (Sohma et al., 1994) weré(b) was recorded for 1690 s, filtered at 100 Hz, and digitized at 200 Hz.
effectively removed by choosing appropriate bin widths forPo = 0-93 in control and 0.12 with Ba.

the sake of simplifying the analysis (Materials and Meth-

ods), and that the control closed-time histogram usually

showed an additional, smaller, and slower distribution undeof 3.4 ms and 3.0 s (see Fig.Q(a) andC(b)). For the faster
this condition (see Fig. 5). In the presence of Bthe mean  kinetics (Fig. 2C(a)), the data were best fitted by the sum
open time {5, 2.19 = 0.13 ms,n = 5) was significantly  of two exponential functions. The faster component had a
smaller than in the absence of Ba(t,: 3.62+ 0.63 msn = mean closed time in the presence of Bdt,g,) of 0.40 +

5). For the closed-time histogram, two additional, slower0.05 ms ( = 5), which was not significantly different from
distributions were apparent, with time constants on the ordethat in the control {t; = 0.49 = 0.09 ms,n = 5), and

PROBABILITY (%)

ABILITY (%)

NUMBER OF EVENTS
)

CLOSED TIME DURATION
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represents the normal fast gating of the channel. The novelifferent B&" concentrations measured over a range of
component seen in the presence of Baad a mean closed voltages. These semilog plots Kf/[Ba®*] against voltage
time of 2.89+ 0.57 ms ( = 5). Overall, these data show are essentially linear under all of the conditions tested.
that application of cytoplasmic Ba caused a classical ThereforeK4(V,, can be described as
“slow” block as well as a novel “fast flickering” block
lasting for milliseconds. That B4 decreased, but did not Ka(Vim) = Ky(0) - exp(—28FV,/RT) @)
significantly change,, suggests that both forms of internal |, yere K,4(0) is a dissociation constant at 0 m¥3 is an
block occur according to an open channel blocking SChemeapparent effective valence of the blocking reaction; Bnd
The “fast flickering” blocking events described here areT andF have their usual meanings (Woodhull, 1973). Fig.
considerably faster than we previously reported for externa@l E andF, shows that botK(0) andzs were essentially
Ba®* block (Sohma et al., 1996) and resemble the Cha””elsi’ndependent of BY concentration, but were affected by
natural closing state. Moreover, this block is only seeny + concentration. We therefore pooled all of thgdata at
during bursts of channel openings. With highe”B&on-  yhe various B&* concentrations. Overall, these data show
centrations, in which the “fast flickering” block should {44t at the same voltage and®Baconcentration, changes in
occur more frequently, the burst length becomes shortéfe concentration of K in both the intracellular and extra-
(Fig. 1 A), and the frequency of blocking events actually ce|iyjar solutions affect the amount of block, but not the
observed is decreased. This is one reason why it was inisjo\ plocking kinetics. In addition, changes in extracel-
tially hard to identify the “fast flickering” block. In terms of | 1ar k* had more pronounced effects on?Bablock than

reducing P,, the “slow” block was predominant and the changes in cytoplasmic Kconcentration (compare Fig/8
contribution of the faster block to the reduction Bf is  \yith Fig. 3D).

estimated to be-1% of the total blocked time. Fig. 4 A shows thaK varied exponentially with voltage

and altered as extracellular'kconcentration changed. Fig.
Characteristics of internal slow block 4, B and C, illustrates the effect of extracellular'Kcon-
centration, [K'],,, on K4(0) andzs, respectively. With a
fixed cytoplasmic K concentration of 140 mM, increasing
[K"]ex from 4.5 to 140 mM increasel{4(0) from 1.1 X
ioﬁ +72X108%(N=51t10x10*+12x10°

The characteristics of the “slow” block were studied by
using P, data because of the difficulty in obtaining suffi-
cient blocking events for lifetime distributions. In the fol-
Iowmg_analy3|s, we have assumeq that 1) block occurred 8): z5 also increased from 1.08 0.06 {1 = 5) to
according to an open channel blocking scheme, and 2) in th — .
. .34+ 0.09 ( = 8). Both logK,4(0) andzs saturated with
absence of blocker, the natural gating of the channel con- . . .
increasing [K']o, With saturation constant¥p,, of 46.0

sisted of a single closed and open state (Fig. 2). In this way .
internal “slow” B&" block can be described by the kinetic MM and 51.6 mM, respectively. When extracellulaF as

kept constant at 140 mM, decreasing the cytoplasmic K

model below: concentration from 140 to 4.5 mM increaskég(0) signifi-
cantly from 1.0x 10°% + 1.2 X 10°° (n = 8) to 3.0 X
CIOSEdB open - open blocked 10 % + 2.2 X 10 ° (Fig. 4 B, open circlesn = 10p <
C &0+B& s OB& 0.01) but did not changes significantly (Fig. 4C, open
a Kot circle overlapsclosed circleat 145 mM [K'],,).
(Scheme 1) Neyton and Miller (1988a,b) suggested that bound'Ba

could dissociate from its binding site to either the internal or
external side of the skeletal muscle maxi-i€hannel, de-
pending on conditions. This process can be described by the
scheme below:

wherekg, and k,_; are the blocking and unblocking rate
constants of the slow Ba block, respectively.

By using Scheme 1, the kinetics of Bablock can be
obtained from the relationship (Benham et al., 1985)

Ky(Vy) = [Ba&*] - Pyblock- PycontrollP,controlP,block) open  blocked —open
(2) O+Ba2+<k—> OB&™ — O + B&?*

where K4(V,,,) is the voltage-dependent dissociation con- (Cyt) (Ext)

stant, andPblock andPcontrol are the open probabilities

in the presence and absence of Barespectively. Because (Scheme 2)

the contribution of the “fast flickering” block to the reduc- According to Scheme 2,

tion of P, is negligible &1%), Ky(V,, represents the ki-

netics of “slow” block. Ka(Vim) = (ks-1 + ke)/ks
In our previous report (Sohma et al., 1996), we found that

external B&" block showed a strong dependence oh K

concentration. Fig. 3 summarizes the effect of changing = Kyy(0) - exp(—z8,FV,/RT)

both cytoplasmic and extracellular "Kconcentration on

internal “slow” B&" block. Fig. 3,A-D, shows data at three + Kg(0) - exp(—2z8,FV,/RT) (4)

= Kg1 + Kez
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FIGURE 3 Summary of the effect of voltage and K
concentration on the kinetics of slow Bablock. (A-D) C D -1
Semi . _— ; 1 10
emilog plots of the dissociation constaiit/Ba")
against voltage. K concentrations (in mM; pipette: 107! 0-2
bath): @) 140:4.5 0 = 10), B) 140:140 6 = 8), (C) { ?'t._‘ 1
25:140 = 5), (D) 4.5:140 ( = 5). B&" concentra- g -2 S -3
tions: ®, 0.05 mM;l, 0.5 mM; A, 5.0 mM. E) Log-log = 10 = 10
plot of the dissociation constant at 0 mk(0), against < 3 ~ -4 \\
Ba?* concentration. K) Semilog plot of effective va- 10 10
lence ¢8) against BA" concentration. K concentra- . -5
tions (in mM; pipette:bath)O, 140:4.5 6 = 10); @, 10 10
140:140 = 8); [, 25:140 o = 5); ®, 4.5:140 o1 = 5). -40 0 40 80 -40 0 40 80
K4(0) andzs were calculated using Eq. 3. Lines were VvmimV) Vm(mV)
fitted by first-order least-squares regression analysis.
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whereK,;(0) andK4,(0) are “directional” zero-voltage dis- Characteristics of the fast flickering block

sociation/association constants for’Balissociating to the
cytoplasmic and extracellular sides, respectively, add

and z3, are the respective effective valences. We appliec0

Scheme 2 to th&, data shown in Fig. A by using Eq. 4.

Fig. 4 D shows that these data were well described b

Fig. 5 shows the effect of 0.5 mM and 5.0 mM internafBa
n the open- and closed-time histograms for channels
bathed with asymmetrical &rich solutions (140 pip:4.5

)})ath) and studied at voltages betweeB80 mV. Note that

Scheme 2 and that overall, Eq. 4 gave a better it to the datf" these data we have ignored the much longer-lived block-
points than an exponential function. The advantage of thig"d events. In the absence of blocker, the open-time histo-
scheme is that it allows us to fit th€, data with a common ~ 9rams showed a exponential distribution with time con-

set of constant effective valences, andzs,, over the four

stantst,, on the order of 10 ms (see Table 2). The effect of

different [K*] conditions. Table 1 shows the values of B&  was to decrease open timesg(), and this was de-

K41(0) andK,(0) obtained by fitting Eq. 4 to thK, data in
Fig. 4 D. With [K™],,, = 140 mM, increasing [K]e,
increased bothK4,(0) and K4,(0). The value ofKy,(0)/
K42(0) also increased from 0.11 to 12.0 when'[K, in-

pendent on the B4 concentration (Fig. & and Table 2).
The control closed-time histograms were best fit by the

sum of two exponential functions at20 and 0 mV, and by

a single exponential at 20 mV (Fig. bpen circle}. The

creased from 4.5 mM to 140 mM. This suggests that'Ba faster time constant () was essentially voltage-indepen-
predominately dissociates to the extracellular side of thelent and some three- to fourfold faster than the slower time
channel when [K]., = 4.5 mM, and conversely, it disso- constant{,) (see Table 2). In the presence of internaf Ba

ciates to the cytoplasmic side when K, = 140 mM.
With [K "o« = 25 mM, Ky;(0)/K4(0) was equal to 1.0,
implying that under this condition Ba dissociated equally
to the cytoplasmic and extracellular sides.

a new, slower distribution appeared on the closed-time
histogram {,,,) that was approximately threefold slower
thant.,. It should be noted that even a0 mV and 0 mV,

at which the control closed-time histogram showed a double



204 Biophysical Journal Volume 74 January 1998

A o B 1073
Kq 4
FIGURE 4 Characteristics of slow B& block. (&) 1074 Kq(O)
Voltage dependence &f,. K* concentrations (in mM; s
pipette:bath)O, 140:4.5 i = 10); ®, 140:140 f = 8); 10
[, 25:140 o = 5); W, 4.5:140 @ = 5). Data were 107¢ .\'\_\.\'
calculated from Fig. 3. The lines were fitted by first-
order Ieast-sciiljares regression analy&isQ) Effect of 1078 1077
extracellular K™ activity on B) K4(0) and C) z8. Bath _ —
K* concentrationsO, 4.5;®, 140 mM. Data are from 80 40V ? ) 40 80 0 50+ 100 150
Fig. 3. The lines were fitted using the following equa- C m{mV D 5 [K™]gx{mM)
tions: @) log K4(0) = a + (b — a)(1 + Kpw/[K*1ey) 3 10
with Ko = 46.0 MM @ = 59X 1077, b = 5.3 X z8 K
10%;(C)z8 =a+ (b — a)l(l + Kpw/[K e with 2 1074
Kok = 51.6 mM @ = 0.92,b = 2.86). O) Experimen-
tal and calculated voltage dependenc&gfor internal
Ba?* block. Experimental data from Fig.A Solid lines 1 1078 .\‘\_\.\‘
were fitted to Eq. 4. Fitted parameters are shown in =
Table 1. 0 10—8
0 50 100 150 -80 -40 O 40 80
[K*],x(mM) Vm({mV)

exponential distribution, the closed-time histogram withBa®" located at the cytoplasmic side of the “fast flickering”
Ba®* was still best described by the sum of two exponentialsite. If this were the case, Ba binding to this lock-in site
functions (Fig. 5,A andB). Occasionally, a--20 mV and  would prevent bound Bd from dissociating to the cyto-
with 5 mM B& ", the closed-time histogram needed threeplasmic side of the channel. A similar lock-in effect by
exponentials to fit the data (data not shown). The very fasBa®" was reported by Neyton and Pelleschi (1991) for the
closed time constants.(z,) were not significantly altered rat skeletal muscle maxi-K channel.
by the presence of 5 mM Ba (Table 2). The data presented in Fig. 2 suggested that the “fast

Fig. 6, A andB, summarizes the effect of Baon mean flickering” Ba®* block occurred according to an open chan-
open and mean closed times. It is clear that'Beeduced nel blocking scheme. It is therefore possible to use a sim-
mean open times voltage dependently, and this was alsglified kinetic model for the analysis of this type of block as
dependent on blocker concentration (Figh)6Note that the  follows:
voltage dependences Rfandt,g, are quite different, which
excludes the possibility that block is due simply to a shiftin  closed2closed1 open open blocked
the voltage-gating curve of the channel toward more depo-

: . . B2 B ki [Ba2+]
larized potentials (caused, e.g., by an electrostatic effect of (C2<—>) Cl <O+ B&" OB&*
Ba®* or by channel run-down). The frequency of the block- az o k-1
ing events was also dependent orf Baoncentration (at 20
mV with 5 mM B&*, FRA = 0.16 + 0.03,n = 5; with 0.5 (Scheme 3)
mM Ba?", FRA = 0.035=+ 0.008,n = 4, p = 0.01). The Where the closed states 1 and 2 correspond to the channels’
tm Was largely voltage independent with asymmetricalnatural faster closed time distributions (see Materials and

K "-rich solutions (Fig. 6B), but was dependent on Ba  Methods). For the sake of simplicity, the channels’ natural
concentration. AV,, = 20 mV, t.,, = 3.39+ 0.24 ms (1 = open-closed kinetic scheme has been reduced to one open

5) with 5 mM B& ™. This is significantly slower than 2.16 and two closed states, although the natural slower closed

0.24 ms with 0.5 mM B& (n = 4, p = 0.009). This state (closed2, in parentheses) is difficult to resolve at

suggests that there might be a lock-in site with affinity for depolarized potentials20 mV). Note that in this scheme,
increasing [B&"] increases the probability of the channel
existing in the blocked state, OBa, and decreases the prob-

TABLE 1 Values of Ky,(0) and K,,(0) for slow barium block ability of the channel existing in the other states, including
Solution [K*o,i[K “Toye the closed?2 state. Moreoveg, (~0.5-1.5 ms) is relat_lve_ly
(mM) Kaa(0) (M) Kgz(0) (M) Kyy(0)/K(0) close tot, (~2—3 ms), so that the natural slower distribu-
45140 Lox107  89x 107 o011 tion could be buried in the Ba-induced dlstrl_but|on. _
25:140 25 10°¢ 25x 10°° 10 In the presence of B4, the mean open timetg,) is
140:140 84x 105 6.9x10°° 12.0 described by the backward rate constant, and the “fast
140:4.5 28<10* 3.3x10°° 8.4 flickering” blocking rate constankg,, so that

Values were obtained by fitting Eq. 4 to the data in Fid Avherezd, =
2.86 andzs, = 0.92. toga = 1lay + Kgp - [BEEY)) (5)
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FIGURE 5 Kinetics of the fast flickering blockA-C) Semilog plots of open- and closed-time histograms obtained)at 20 mV, B) 0 mV, and C)

20 mV. O, control; A, channel exposed to 0.5 mM B3 @, channel exposed to 5.0 mM internal®aAll data were obtained from a patch containing

a single channel, except f@, where data in the presence of 5.0 mMBavere obtained from a patch containing four channels. Open-time distributions
were fitted by a single exponential. For data-€20 mV (A) time constants were 7.8 m®), 6.5 ms @). At 0 mV (B) time constants were 11.7 md),

6.7 ms @). At 20 mV (C) time constants were 12.1 mS); 8.3 ms @), 3.0 ms @). Closed-time distributions were fitted by a single or double exponential.
For data at-20 mV (A), time constants were 0.27 and 1.1 ry,(and 0.31 and 2.5 m®@). At 0 mV (B), time constants were 0.29 and 1.2 mg,(and

0.29 and 3.9 ms®). At 20 mV (C), time constants were 0.25 n19), 0.23 and 1.8 ms&), and 0.20 and 2.8 m®. Bin widths were 2 ms for open-time
distributions and 0.5 ms for closed-time distributions. Note that the current recordings used for analysis were filtered at 2 kHz and digitized at 5 kH
Solutions: pipette, K-rich; bath, Na -rich (140:4.5).

The new B&"-induced closed-time distribution (see Figs. 2 Becauseky, was not significantly dependent on barium
and 5),t.,, is described by the “fast flickering” unblocking concentration between 0.5 and 5 mM (by analysis of co-

rate constant;_,, so that variance p = 0.79), this suggests that the on rate of the fast
o = kg ©6) flickering block (, * [Ba®*]) changes proportionally with
cfm -t changes in B&" concentration, as would be predicted for a
Therefore k¢, andk;_, are described by bimolecular process. On the other hakg, , was signifi-
cantly dependent on barium concentration. Therefore we
ki = (Utopa — L1)/[BE"] (") have used the value &f; _, obtained with 5 mM B&" for
and further analysis.

Fig. 6 C shows the voltage dependencekgf andks_;.
K1 = Ltem (8)  With a K*-rich pipette and a N&rich bath solution, the

TABLE 2 Effect of internal barium on mean open and mean closed times

Open-time distribution Closed-time distribution
Vm (mV) t0 (ms) tOBa (ms) tcl (ms) th (ms) tclBa (ms) tcfm (ms)
+20 13.3+ 1.2 (5) 3.76x 0.41 (5) 0.26+ 0.02 (5) — 0.24+ 0.04 (5) 3.39+ 0.24 (5)
0 11.1+ 0.4 (4) 5.67+ 0.62 (7) 0.26+ 0.04 (4) 0.69+ 0.05 (4) 0.30+ 0.03 (7) 3.45+ 0.31 (7)
-20 7.79+ 0.52 (5) 6.10+ 0.65 (7) 0.30+ 0.04 (5) 1.16+ 0.10 (5) 0.36+ 0.03 (7) 3.01* 0.40 (7)

Values are means SE, with the number of observations in parentheses. Values were obtained from lifetime distributions described in Fig] 5 [Ba
5 mM, [K ToipeelK "Tpan = 140:4.5 mM.
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A B DISCUSSION

g j Our results presented here indicate that internal barium

by = E//i,/i causes a complicated type of channel block that is consistent

ERE £3 with multiple barium-binding sites within the conduction

- = 52 $ pathway. Internal B& produced a voltage-dependent

© 1 “slow” block, with properties similar to those reported by

S o). : : : : 0 other groups. A much faster type of block (fast flickering
~60 —40 -20 0 20 -0 0 20 plock), which has not been described before, has also been

Vm(mV) vm(mvV)

identified, and it uses a binding site different from the one
underlying “flickering” block (Sohma et al., 1996). Overall,
10° 10° these new data indicate that the vas deferens maxi-K
channel has at least two distinct Babinding sites acces-
sible from the cytoplasmic side of the channel in addition to
the two binding sites we have already identified (Sohma et
al., 1996).

@

kin M7's7'] (o,m)
2
2

Ki—1 [s7"] {0,0)

-40 -20 O 20
ym(my) Characteristics of internal slow barium block

“ 1l + .
FIGURE 6 Voltage dependence of the fast flickering blodk) fean The . slow” Ba " block showed .mOSt Of. the characteristics
open time for controlt() (O), 0.5 mM B&* (&), and 5 mM BA&" (t.s.) previously reported for both native maxitkchannels (Ver-
(®). (B) Mean blocked timet(,,,) induced by 0.5 mM B&" (A)and5mM  gara and Miller, 1983; Benham et al., 1985; Miller et al.,
Ba®* (@) at different membrane potentials. The solid lines were fitted by 1987; Brown et al., 1988; Sheppard et al., 1988) and for
first- or third-order polynomial least-squares regression analysis. Data werg|oned maxi-K* channels (Perez et al., 1994; Diaz et al.,

obtained from seven single-channel patches and nine multichannel patch .
by the analysis described in Materials and Methods. Solutions: pipett?gge)' Block was concentration dePendent and followed a

K *-rich; bath, N& -rich (140:4.5). C) Voltage dependence of the blocking single-site inhibition scheme. Thk, was exponentially
rate kq,) (@, M) and the unblocking rateég_,) (O, [J). Solutions:O, @, voltage dependent and was strongly affected by the K
pipette, K'-rich; bath, Nd -rich (140:4.5).C, W, pipette, K'-rich; bath, ~ concentration in the bathing solutions. The value&gD)
K*-rich_ (140:1_40).kﬂl and l_<ﬂ,l were calculated from Egs. 7 and 8, (100 uM with symmetrical 140 mM K: 1.1 uM with
respe_cnvely. Linear regression analy§|s was u_sed for caIcthﬂnQom cytoplasmic 4.5 mM and extracellular 140 ml\/ﬂ(are in
unpaired data. The solid lines were fitted by first-order polynomial least- . .
squares regression analysis. For comparison, the dashed line shows tﬂ%e same range reported for both native and cloned maixi-K
corresponding unblocking rate for the “flickering” block induced by ex- channels. Thed value (2.3, with symmetrical 140 mM K
ternal 5.0 mM B&", with asymmetrical K-rich solutions (pipette 140: s also similar to the previous reports.
bath 4.5) (taken from Sohma et al., 1996). It has been suggested that relief of internally applied
channel blockers by external'Kcould arise from multiple

ion occupancy and repulsive interactions between ions in

blocking rate constank,,, was voltage dependenti¢sed the channel pore (Armstrong, 1975; Yellen, 1984; Hille and
circles), but the unblocking rate constaky, ,, was largely S.chwarz, 1978). Neyton a.nd Miller (1988b) reported that
voltage independenibpen circle$ and more than 10-fold high 'exterr'1al' K’ concentrations .(100_1000 ”.‘M) mcregsed
faster than the extracellular “flickering” block (20—30% the dissociation rate of Ba applied from the internal side

dashed linén Fig. 6C) under the same condition (Sohma et of the channel (“enhancement” effect) in the skeletal muscle

et : :
al., 1996). This suggests that the vas deferens maxi-K maxi K" (lzhalgnel. We have shown herel thaF mcrleasmg
channel has a low-affinity Bd binding site in the channel extracellular K- (at constant 140 mM Cytop'asrnlc*B(aso .

N, e S . relieved internal B&" block and resulted in increases in
pore, which is distinct from the “flickering” binding site.

: . both K4(0) andzé (Fig. 4,B andC), which was very similar
Increasmg cytoplasmic [K] from 4,'5 mM o 140 mM 4 1o “enhancement” effect reported by Neyton and Miller
(square$ increasedky ,(0) approximately fourfold and (19ggh) This suggests that the relief might also occur

changedk _, from voltage independent to voltage depen-,ccording to a multiion occupancy mechanism and involve
dent with positive polarity. This suggests that Kntering 4 repulsive interaction between Baand K.

the channel from the cytoplasmic side “knocks off’Ba  ith a constant extracellular K concentration of 140
from the “fast flickering” site, mainly to the extracellular m\, decreasing the cytoplasmic'kconcentration, [K]cyv
side of the channel under a symmetrical 140 mM K galso resulted in an increase Ky(0). This effect can be
condition. Thatky, was voltage dependent and displayedpartially explained by the internal “lock-in" effect; that is,
positive polarity under both symmetrical and asymmetricalk * binding to a site located at the cytoplasmic side of the
K*-rich conditions indicates that in Scheme 3°Banter-  blocker binding site reduces the rate of dissociation df'Ba
ing the pore from the internal side binds to the “fast flick- to the cytoplasmic side (Neyton and Miller, 1988b). In
ering” site. contrast toK4(0), z6 was not significantly affected by de-
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creasing [K].,, from 140 to 4.5 mM. The simplest inter- cellular side. This result is inconsistent withBabinding to
pretation of this result is that with high extracellulai"K  the fast site and then dissociating to the cytoplasmic side. In
Ba®" mainly dissociates to the cytoplasmic side of theaddition, even if BA" mainly dissociated to the extracellu-
channel at both high and low cytoplasmic”Koncentra- lar side of the channel, “slow” block should have occurred
tions. This is supported by the analysis using Scheme inore frequently than the “fast flickering” block in this
(Table 1). model, which it clearly did not. Therefore the second two-
site model is also inadequate for explaining our experimen-

tal data.
Are internal and external slow barium-binding

sites the same?

One of the key questions to answer from this present worlp four-state cyclic equilibrium model for
is whether the internal and external “slow” Babinding  parium block

sites are the same. We have shown here that when the )
channel was bathed with a high extracellular-ch solu- W€ can summarize the present results and those we have

tion, 1) application of internal B4 produced a “slow” Previously reporteid (Sohma et ?‘I"_ 1996) as follows:
block, whereas under this condition external’Bawas 1. External Ba pr:)duc?s a “flickering” as well as a
previously shown to be ineffective (Sohma et al., 1996), and/oltage-lndepenflent slow type of ghannelnblock.

2) B&* entering the channel from the internal side mainly 2- Internal B& pr:)ducszs a "fast flickering” as well as a
dissociated back to the same side, which indicates that Ba voltage-d?pende'znt" SIOW“ type of ch.anr:el block.

is not able to reach the external “slow” site (see Fig and 3. The “flickering” and “fast flickering” block are kinet-

Table 1). These two findings make it unlikely that the IC@lly distinct and involve separate binding sites.
internal and external “slow” B4 sites are the same. 4. The internal “slow” blocking site is different from the
external “slow” blocking site.

5. Both fast types of block as well as the internal “slow”
Characteristics of the novel fast flickering block were observed under conditions in which the blocking
barium block ion, during a cycle of binding and unbinding, actually

) . passed through the channel pore.

The large difference between the unblocking rates of the aq yescribed in the previous section, the last finding

“fast flickering” block (ks _,) and the external "flickering”  ;5nnot adequately be explained by a “two independent site”
block (k_,) we have previously described (Sohma et al.,oqel (Fig. 7,A andB). We have incorporated this infor-
1996), when measured under the same conditions, sSugges{Sion into a novel blocking model consisting of a four-

that this. maxi-K~ channel has two distinct binding sitgs state cyclic equilibrium of B& binding to an open channel
responsible for fast channel block. However, the IO""""‘ff'r"(Fig. 7C). The novel feature of this model is that it includes

ity Ba®" site identified here did ;how a “knock-off” effect 5 single-occupancy B4 sites, “fast 1" and “fast 2,”
(Armstrong, 1975) by cytoplasmic K(Fig. 6C), a property  onnected to a double-occupancy state. The voltage-depen-
also dlsplayeq_by the “flickering” bmdmg site ‘(‘Sohmz?’ etal., yent “slow” form of block (caused by internal B3 is only
1996). +In addition, we have also described a *lock-in” effectopserved when both sites are occupied, because the Ba
by B&* (Neyton and Pelleschi, 1991) on the fast flickering gissociation rate is decreased under double occupancy. With
block. a single-file channel pore, this new model can explain the
experimentally observed characteristics of Bélock (1—

5), excluding the external “slow” block.

If we now consider the case where Ba entering the
channel from either the internal or external solution, disso-
An important question to consider is whether the “fastciates to theexternalside (e.g., under symmetrical'Krich
flickering” and “slow” sites interact. If we first assume that conditions), and assuming thiat, < k_, and thatk_, >
the two sites do not interact and are located sequentialli_5 (because of the “lock-in” effect of K), external B&"
from the extracellular to cytoplasmic side within a single- will first bind to the “fast 2” site and then dissociate back to
file channel pore (Fig. A), internal B&" should only cause the external side of the channel, producing “flickering”
“slow” block. For a scheme in which the sites are located inblock (note that under these conditions, the external “slow”
the opposite orientation (Fig.B), as recently described by site is occupied by K and B&" is unable to bind). With
Hurst et al. (1995, 1996) for fast and slow externafBa internal B&" this will first bind to the “fast 1” site and then
block of wild-type and mutanShakerK ™ channels, “fast move to the “fast 2” site and finally dissociate to the
flickering” block should be caused by Babinding to this  extracellular side of the channel, producing the “fast flick-
site and then dissociating back to the cytoplasmic side of thering” block. In both cases the unblocking rate should be
channel. However, Fig. 6 shows thak;_, decreased with mainly limited byk_,. This is supported by the fact that the
hyperpolarization with symmetrical rich solutions, unblocking rates for internal “fast flickering” and external
which suggests that B4 mainly dissociates to the extra- “flickering” are similar under symmetrical K conditions

Relationship between “fast flickering” and
“slow” block
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A Cytoplasmic Extracellular

e

"Slow"  "Fast flickering'

FIGURE 7 Cartoons depictingA( >

B) a two-independent-site model and N~ W/
(C) a four-state cyclic equilibrium "Fast flickering"  "Slow"
model of the human vas deferens ep-
ithelial maxi-K* channel. The slow

site refers to the binding site respon-

sible for the voltage-dependent -
“slow” block induced by internal bar- (/
ium. For simplicity, the site responsi-

ble for “slow” external barium block,

which is located in the extracellular
mouth of the channel pore, has not

been included (see figure 8 of Sohma
et al., 1996). @ —>

U

"Fast 1" "Fast2"

k5 [Ba® y
"Fast 1" "Fast 2"

k,
e — |
k.

ks [Bazy

(Fig. 6 C and Sohma et al., 1996). In the case wheré'Ba equal tok_, and should be faster thak_,, which was
entering the channel from either the internal or externabbserved.

solution, dissociates to the internal side (e.g., under asym- Our finding that theK, for the long-lived block showed a
metrical K™ conditions, with high extracellular K), and  proportional and not a square-law dependence on barium
assuming thak, < k_5 and thatk_, << k_,, external BA"  concentration would seem to be inconsistent with the dou-
will first bind to the “fast 2” site and then to the “fast 1” site, ble-occupancy model. However, because we could only
and finally will dissociate to the internal side of the channel,measure over a relatively narrow concentration range, it is
producing “flickering block.” In this casd;_, is mainly  possible that we were unable to detect any square-law
dependent ork, in the two-binding-site scheme. On the dependence. For example, the double-occupancy model has
other hand, internal B4 will first bind to the “fast 1” site  a B&" concentration-independent step , within the
and then dissociate back to the internal side of the channeblocking sequencek; - [Ba®*] — k_, — ks - [Ba®'].
producing the “fast flickering” block. In this cadg,_, is  Therefore, assuming th& , << ks - [Ba®*] and k, +

VAVEERVANERVAN
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k_; < ks * [Ba®"], the B&" concentration dependence of Gray, M. A, J. R. Greenwell, A. J. Garton, and B. E. Argent. 1990.

; : ; | 2+ Regulation of maxi-K channels on pancreatic duct cells by cyclic
the on rate is mamly determined by the s1le§p [Ba ] AMP-dependent phosphorylatiod. Membr. Biol.115:203-215.

Under this condition, the on rate may dlsplay a pro_portlonalHamill, O. P., A. Marty, E. Neher, B. Sakmann, and F. J. Sigworth. 1981.

and not a square-law, dependence ofi'Baoncentration for Improved patch-clamp techniques for high-resolution current recording

a small amount of block and/or over a narrow concentration from cells and cell-free membrane patche8ugers Arch.391:85-100.

range. A|th0ugh double occupancy may be energetica”)ﬁal’l’is, A., and L. Coleman. 1989. Ductal epithelial cells cultured from
. . . human foetal epididymis and vas deferens: relevance to sterility in cystic

unfavorable .because.o.f. ion-ion repulspn (Newland et al., firosis.J. Cell Sci.92-687—690.

1992)7 thereis a pOSSIbI|Ity t'hat a §trong Interaction betWeerl]iille, B., and W. Schwarz. 1978. Potassium channels as multi-ion single-

the channel pore and Ba ion might make the double- file pores.J. Gen. Physiol72:409—442.

occupancy state stable. Although our novel blockingHurst, R. S., R. Latorre, L. Toro, and E. Stefani. 1995. External barium

scheme is jUSt one of many the model suggests that thebIOCk of Shakerpotassium channels: evidence for two binding sites.

. . . . J. Gen. Physiol106:1069-1087.
n ” <+
slow” block induced by internal BQa arises from multlple Hurst, R. S., L. Toro, and E. Stefani. 1996. Molecular determinants of

barium ions binding to the channel pore. external barium block irShakerpotassium channel&EBS Lett.388:
Although our data have identified a novel type of fast 59-65.
channel block, there is evidence that fast block does occuyattore, R., and C. Miller. 1983. Conduction and selectivity in potassium
in other channels. Brown et al. (1988) reported that in CMannelsd. Membr. Biol.71:11-30. _
ddition to the classical “slow” block. hiah concentrations Lopez, G. A., Y.N. Jan, and L. Y. Jan. 1994. Evidence that the S6 segment
a X "\ _' g of the Shakervoltage-gated K channel comprises part of the pore.
of internal B&* also reduced the single-channel conduc- Nature.367:179-182.
tance of a maxi-K channel fromNecturuschoroid plexus, McCann, J. D., and M. J. Welsh. 1986. Calcium-activated potassium

ing th rapid| i rr i i channels in canine airway smooth muscle.Physiol. (Lond.).372:
suggesting that Bd rapidly occupied or reoccupied a site s

at a rate hlgh enoth to prevent the full channel Currenr\lchanus, 0. B. 1991. Calcium-activated potassium channels: regulation

from ever being resolved. McCann and Welsh (1986) also py calcium.J. Bioenerg. Biomemb23:537-560.

reported that internal and external Bareduced the con- Miller, C., R. Latorre, and |. Reisin. 1987. Coupling of voltage-dependent

ductance of K channels from tracheal smooth muscle in a gating and Ba" block in the high-conductance, Cé-activated K

voltage-dependent manner. These results are consistent Wi&thhIa”r;e"é' ?:e”'JngS'Ao;g?"‘ﬂ';“i rembel and W. Al 1662
+ . - . ewland, C. F., J. P. Adelman, B. L. Tempel, and W. Almers. .

Ba’® producmg frequent’ eXtremer brief blOCk!ng .eve.nts Repulsion between tetraethylammonium ions in cloned voltage-gated

that can only be detected as an apparent reduction in single-potassium channelfleuron.8:975-982.

channel conductance. This suggests that the “slow” block ofieyton, J., and C. Miller. 1988a. Potassium blocks barium permeation

other maXl_w channels by Bch' may also involve a mech- tngU%ré?a calcium-activated potassium chandelGen. Physiol.92:

nism similar to the one we hav ri here, alth et
anis . S . ar to the 0 e we have described here, alf OUQK]eyton, J., and C. Miller. 1988b. Discrete Bablocks as a probe of ion
the kinetics may be different. Taken together, we speculate ccypancy and pore structure in the high-conductance -@etivated

that our novel scheme for B& block could be applicableto  K* channel.J. Gen. Physiol92:569-586.

Ba®" block of other maxi-K~ channels. Neyton, J., and M. Pelleschi. 1991. Multi-ion occupancy alters gating in
high-conductance, Ga-activated K channels.J. Gen. Physiol 97:
641-665.
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