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Interaction of Ba2®™ with the Pores of the Cloned Inward Rectifier K*
Channels Kir2.1 Expressed in Xenopus Oocytes
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ABSTRACT Interactions of Ba®* with K™ and molecules contributing to inward rectification were studied in the cloned
inward rectifier K™ channels, Kir2.1. Extracellular Ba®>* blocked Kir2.1 channels with first-order kinetics in a V,,-dependent
manner. At V,,, more negative than —120 mV, the K4-V,, relationship became less steep and the dissociation rate constants
were larger, suggesting Ba®* dissociation into the extracellular space. Both depolarization and increasing [K*]; accelerated
the recovery from extracellular Ba®* blockade. Intracellular K* appears to relieve Ba®>* blockade by competitively slowing the
Ba®* entrance rate, instead of increasing its exit rate by knocking off action. Intracellular spermine (100 uM) reduced, whereas
1 mM [Mg?™*]; only slightly reduced, the ability of intracellular K* to repulse Ba®* from the channel pore. Intracellular Ba®" also
blocked outward /.. 4 in @ voltage-dependent fashion. At V,,, = +40 mV, where intrinsic inactivation is prominent, intracellular
Ba®* accelerated the inactivation rate of the outward /,(;,» 4 in @ V,,,-independent manner, suggesting interaction of Ba®>* with
the intrinsic gate of Kir2.1 channels.

INTRODUCTION

Inward rectifier K" channels conduct inward currents at human and mouse brain (Makhina et al., 1994; Morishige et
potentials more negative than thé Keversal potential but al., 1994; Perier et al., 1994), rat kidney (Zhou et al., 1996),
permit much smaller currents at potentials positive to theand human heart (Ashen et al., 1995). Application of extra-
reversal potential (Hille, 1992). Thus inward rectifief K cellular B&" to either native or cloned inward rectifier'K
channels set the resting membrane potential and control thehannels resulted in voltage- and time-dependent inhibitions
excitability of many cell types. Two mechanisms have beerof the K* currents. In contrast, the application of extracel-
proposed to account for inward rectification of 'kchan-  |ular B&" to the delayed rectifier K channels from squid
nels. The first involves the voltage-dependent blockade ofixon reduced the magnitude of kcurrent without chang-
outward K" currents by both intracellular Mg (Matsuda ing its kinetics, whereas intracellular Bainduced time-
etal., 1987; Vandenberg, 1987) and polyamines (Fickler elependent inhibition of the channels (Armstrong and Tay-
al., 1994; Lopatin et al., 1994). These observations ar¢or, 1980; Eaton and Brodwick, 1980; Armstrong et al.,
consistent with the hypothesis that inward rectification is1982). However, detailed characterization of Bélockade
caused by intracellular pore blocking particle(s) (Hille andin the cloned inward rectifier K channels has not been
Schwarz, 1978). The second mechanism is a novel pHcarried out.
dependent gating mechanism that is involved in the inacti- Because B& and K" have similar crystal radii, it has
vation of the outward currents and is independent of intrahbeen hypothesized that Baions inhibit K* channels by
cellular Mg and polyamines (Shieh et al., 1996). entering the pores when the channels are opened by changes
Ba’" is known to inhibit several types of Kchannels  in membrane potential, as evidenced by the findings that
expressed in different tissues, including delayed rectifielextracellular K™ could either knock off the B (Eaton and
K™ channels of squid giant axon (Armstrong and Taylor, Brodwick, 1980; Armstrong and Taylor, 1980) or compete
1980; Eaton and Brodwick, 1980; Armstrong et al., 1982).for the B£* binding site (Vergara and Latorre, 1983) iff K
native inward rectifier K channels of starfish eggs and frog channels. These previous studies suggest that the voltage-
skeletal muscle (Hagiwara et al., 1978; Standen and Stantependent inhibition of K channels by B is due to the
field, 1978), and C& -activated K™ channels (Vergara and nteraction of B&"* ions with the amino acid residues lining

Latorre, 1983; Neyton and Miller, 1988a,b). The inhibitory the pores of the channels, which are presumably located
effects of extracellular Bd have also been demonstrated in yithin the electrical field. Thus B4 has been used as a
different cloned inward rectifier K channels, including probe to learn about the permeability of thé ikhannels.
those cloned from mouse macrophage (Kubo et al., 1993 example, from the studies of'kand B&* interaction in

the pores of the high-conductance*Cactivated K chan-

nels, it has been shown that each channel has at least three
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thus is a useful probe for studying™Kbinding in Kir2.1  Bath solution (control intracellular solution) contained (in mM) 82 KCI, 18
channels. In addition, we identified the interactions of Ba KOH. 5 EDTA, 2 KATP, and 5 HEPES at pH 7.2. Concentrations of K

. e . L from 200 mM down to 20 mM were obtained by changing the concentra-
with the rectifying factors, including intracellular l\ﬂ@ and tions of KCI while the concentrations of HEPES, EDTA, and KOH were

spermine and the “intfrinSiC" gate. The_reSUItS_ demonsnat@ept constant. The rundown of channel activity was avoided by treating the
that although both Mg and spermine induce inward rec- patches with 25uM L-a- phosphatidylinositol-4,5-bisphosphate (RIP
tification by blocking the Kir2.1 channel, their binding sites (Sigma Chemical Co., St. Louis, MO) (Huang et al., 1998) for 20—60 s.

are not identical. B& applied intracellularly appears to PIP, stock solution (1 mM) was prepared by dissolving FlPchloroform.

. s . - On the day of experiments, 128 of the stock solution was Ndried and
accelerate the inactivation of outward current by Interferlngresuspended in 5 ml of control intracellular solution by sonication for 15 s

with the “intrinsic” gating mechanism and thus is a pOten“althree times, separated by 30-s intervals. Although the amplitude of outward
tool for unraveling the essence of the intrinsic gating propA,, , was increased by 26M PIP,, the recovery from the extracellular
erty of the Kir2.1 channel. A preliminary report of these Ba®" blockade and the intrinsic inactivation of the outward currents were
findings has been presented to the Biophysical SocietV‘?t significantly different ¢ > 0.1) between patc_hes _treated with and
. without PIR, (data not shown). To wash out the residual intracellulafMg
(Shieh et al., 1998). . , . .
and polyamines, experiments were carried out after at least 5 min of
continuous perfusion of Mg - and polyamine-free solution after patch
excision. Free [B&'] and [Mg?'] in the intracellular solution were calcu-
MATERIALS AND METHODS lated with the MaxC program (Chris Patton, Stanford University) and
. . stability constants by Martell and Smith (1974).
Molecular biology and preparation of The command voltage pulses and data acquisition functions were pro-
Xenopus oocytes cessed using a Pentium 100 computer, a DigiData board, and pClamp6
software (Axon Instruments, Burlingame, CA). Data were filtered at 1 kHz
by a 8-pole low-pass filter (Frequency Devices, Rochester, NY). Frequen-

sies of stimulation and data sampling are described in the figure legends.

Mouse macrophage Kir2.1 DNA (the original clone in pCDNPAI/Amp was
generously provided by Dr. Lily Jan, UCSF)) subcloned into Bluescript Il
SK+ was a generous gift from Drs. Scott A. John and James N. Weis
(UCLA). Purified linear Kir2.1 DNA and in vitro transcription were carried
out as previously described (Shieh et al., 1996).

Xenopusocytes were obtained by partial ovariectomy from frogs fully Data analysis
anesthetized with 0.1% tricaine and then defolliculated using 2% collage-
nase as previously described (Shieh et al., 1996). Oocytes were pressuﬁljudents‘ independent or pairedest was used to assess statistical signif-
injected 24 h after defolliculation with 10~100 pg of Kir2.1 cRNAs for icance. Results are presented as meaSEM.
whole-cell recordings and 1-10 ng for giant patch recordings. Oocytes
were maintained at 18°C in Barth’s solution containing (in mM) 88 NacCl,
1 KCl, 2.4 NaHCQ, 0.3 Ca(NQ),, 0.41 CaCJ, 0.82 MgSQ, 15 HEPES, Y RESULTS
and 20ug gentamicin/ml at pH 7.6 and were used 1-3 days after RNA
injection. The blockade of inward /y;., by

extracellular Ba%*

Electrophysiology techniques Fig. 1 A shows current traces recorded-at20 mV from a
. _ representative oocyte in the absence and in the presence of

Extracellular B&" blockade of whole-cell;, , was examined at room he indicated [B&'1.. The additi fB&" to th t |
temperature (21-24°C) using a two-electrode voltage-clamp amplifietI ein .ICa € [ ]0' €a ,I lono ,0 € extracel-
(Ca-1 clamp; Dagan, Minneapolis, MN). Oocytes were bathed in a solutiodular side of the membrane induced a time-dependent de-
containing (in mM) 98 KCI, 2 KOH, 1.8 Cagland 5 HEPES at pH 7.4. crease of the inward currents. The rate of inhibitiohg5 ,

Both the voltage-sensing and current-injecting electrodes were filled withwas accelerated by increasing fB@o, and the currents

3 M KCl (resistance 0.2-1 K1). VVoltage steps were applied from a holding reached steady state at the end of hyperpolarizaﬂqgi at

potential of 0 mV to various test voltages ranging frer60 to +40 mV - .
in 10-mV increments. To ensure thatBablockade reached steady state, the onset of hyperpolarization was little affected byzB‘a

2 -
the effects of [B&"] = 30 uM were studied using 10-s depolarizing pulses, FOI €xample, 10uM [Ba 1, reduced the instantaneous
whereas those of [B4] = 100 uM were examined using 2-s pulses.Ba |, recorded at—120 mV by only 5+ 2% (h = 6),
was added directly to the bath solution until the desired concentration waglespite the fact that at the end of the pulse less than 5% of
reached, and the pH was adjusted to 7.4. the current remained. This observation suggests that the

To avoid inadequate voltage clamping in whole cells caused by large ,.
currents, we used oocytes expressing an absolute value of less-fitan (i(er.l channels are not affected by Baat 0 mV, and

wA at —160 mV. The time constants for the blockadgd.,) of the s 1 channels 'mUSt open before Bainhibition takes plaC_e-
recorded at-120 mV by 10uM [Ba?*] in whole cells (123.6+ 8.8 ms, Normalized steady state current-voltagevy relation-
n = 13) were not significantly differenpp(= 0.19) from those recorded in ships in the presence of various ﬁao are summarized in
cell-attached patches (104:310.4 msn = 8). Furthermore, the recovery - pjg 1 B which shows that the effects of extracellularBa
time constants in cell-attached patcheg(, = 412.3*+ 33.6 ms,n = 8) | It d dent. Ext llular’B f

were not significantly differentg( = 0.49) from those obtained in whole on Kir2.1 were vo ag_e ependent. Exiraceliula .apre )

cells (o, = 385.9+ 9.8 ms,n = 7) atV, = +100 mV. These data €rentially affected Kir2.1 channels at more negative poten-
suggest that the voltage clamping in whole cells was as adequate as thatfials. This voltage-dependent effect of 83, (1 or 10uM)
patches. on Kir2.1 channels resulted in a negative conductance at

In experiments where |ntr§cellular_ ionic conc'htlons needed to benegative potentials (Fig. B), as has previously been ob-
changed);» , was recorded using the inside-out giant patch-clamp tech-

nigue (Hilgemann, 1995; Shieh et al., 1996) and an Axopatch 1-D amplifierser\_/ed in Kir2.1 channels (KUbO ,et al., 1993)'
(Axon Instruments, Foster City, CA). Patch electrode solution contained Fig. 1 C shows, from left to right, the dose-response
(in mM) 98 KCI, 2 KOH, 1.8 CaCl (or 5 MgCly), and 5 HEPES at pH 7.4.  curves for the blockade of the steady-sthig, ;, by extra-
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FIGURE 1 Blockade of inward,;., , by extracellular B&". (A) Representative currents elicited by voltage steps 1@0 mV for 2 s from a holding
potential of 0 mV in the presence of the indicated{B8R (uM). The horizontal line indicates the zero current level. Current traces recorded in the presence
of 5mM [B&2"], were used to eliminate the linear leak currer.Normalized current-voltagd-¥/) relationships for the steady-state inwaggl, ,. Data

are the averages from 4-12 cells in the presence @01 (©), 10 (¥), 100 (V), and 1000uM Ba* (M). Steady-state currents measured at the end of
the 2- or 10-s pulses were normalized to that recorded1#0 mV in the absence of B& in each cell and then average@) (Dose-response curves for
extracellular BA" blockade of the steady-stdig,, ; at —160 mV @), —120 mV ©), —80 mV (¥), and—40 mV (V). Lines are the best fits to the averaged
data f = 4-12 for each point) using the Hill equation (Eq. D) K, values obtained from the concentration-dependent inhibition of the steadyxstate

are plotted against membrane potentials. The solid line is the best fit of the data obtaNfyedhaging from—120 mV to—40 mV, using the Boltzmann
equation (Eg. 2). The frequencies of stimulation were 0.05-0.083 Hz, and the sampling ratespf theere 1.43-1.67 kHz.

cellular B&" atV,, = —160, —120, —80, and—40 mV.  coefficients were 0.84/,, = —160 mV; 0.90V,, = —120
liro » @mplitude was normalized to the control amplitudemV; 1.06, V,, = —80 mV; 0.99,V,, = —40 mV. The
([Ba**], = 0) obtained at the same potential and expressedorresponding Hill coefficients were close to 1, suggesting
as fractionall;» ;. The dose-response curves also demonone B& " interacted with one channel protein.

strate the voltage-dependent inhibition of the inwhyg, ; To quantitatively assay the voltage dependence of the
by extracellular B&". As the membrane potential became inhibition of .., by extracellular B&", the K, values
more hyperpolarized, the steady-sthtg, ; was more sen- obtained from the blockade of the steady-staig ; were
sitive to extracellular B&', as if the negative electrical field plotted against the membrane potential (Fi@)1 The solid
attracted B&" inside the membrane. The dose-responsdine is the fit to the data points from-40 to —120 mV,
curves at each potential were well described by the Hillusing the Boltzmann equation:

equation (Eqg. 1):

z6F
1 1 Kq = Kq(0) - eX%RT (Vm)] (2)
WS
Kq

Fractionall i, 1 =

whereK4(0) is the dissociation constant at 0 m¥js the
valence of B&" = +2, § is the apparent electrical distance
whereKy is the apparent dissociation constant and the  between the BH -channel interacting site and the outer
Hill coefficient. The Ky values obtained from the fittings pore of the channel, ané, R, T, andV,, have their usual
were 0.2uM, V,, = —160 mV; 0.5uM, V,, = =120 mV;  meanings. The estimatéq,(0) was 62uM, andé was 0.54
2.2uM, V,, = —80mV; 12.7uM, V,, = —40 mV. The Hill  for the blockade of steady-stdltg,, ;. Note that theK;-V,,
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relationship became less steep\gt more negative than
—120 mV. This may be due to Ba dissociation into the
intracellular site at very negativ¥,, as previously de-
scribed in the high-conductance Caactivated K~ channel
(Neyton and Miller, 1988Db).

Kinetics of the extracellular Ba?*-induced
blockade of Kir2.1 channels

To quantitatively examine the kinetics of the blockade of
Kir2.1 channels by extracellular B4 we obtained the
association K,,) and dissociationk() rate constants of
Ba®" interacting with the binding site. Assuming the inter-
action of B&* with Kir2.1 channels follows a first-order
reaction, as suggested by the dose-response curves (Fig
C), we can then computke,, and k4, using the equations
described by Holmgren et al. (1997):

1—f
on = Toiock X [Ba "] ®)
f
Kotr = Thlock @)

wheref = Isteady—sta[éctrl'
Fig. 2 A summarizes thé-V,, relationship. The solid

line is the fit to the data points from40 to —120 mV,
using the Boltzmann equation withkg,, at 0 mV = 6.8 X
10° s ™M~ and aé = 0.52. This value ob was compa-
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FIGURE 2 Kinetics analysis of inwarl};, , blockade by extracellular
Ba?". (A) k,, values obtained from Eq. 3 are plotted at the corresponding

rable to that (0.54) obtained using stationary analysis Ofmembrane potentialsi(= 6). The solid line was the fit of the data using

dose-response curves (FigC). These results demonstrate
that the voltage-dependent interaction ofBéons with the

binding sites in the channels to induce blockade of Kir2.1

channels is mainly due to the voltage dependende pfin
contrast, thé -V, relationship (Fig. B) showed littleV,,
dependence at,, between—130 and—50 mV. However,
k. increased a¥,, became more negative tharl30 mV.
These results are indicative of Badissociating into the

the Boltzmann equationB} The voltage dependence of tlkg; values
computed from Eq. 4@, n = 6) and those obtained from recovery from
extracellular B&" blockade experimentsC). k,, and ky; values were
estimated by usingiand . obtained at [B4"], = 3 uM. Similark,-V,,
and k.4-V,, relationships were also observed with B}, = 1, 10, and
30 uM.

second pulse. Fig. 2yandB, shows the voltage protocoA(

intracellular space, as previously shown in the high-conduciop pane) with various recovery time intervals and the

tance C&'-activated K~ channels (Neyton and Miller,
1988b) and Shaker Kchannels (Harris et al., 1998). This
is also consistent with the observation thatkhev,, relation-
ship became less steep\gt more negative thar-120 mV.

Recovery of Kir2.1 channels from extracellular
BaZ* blockade

Fig. 2B shows thak, tends to increase &,, > —50 mV.
Unfortunately, currents recorded\4f, > —40 mV were too
small to allow us to estimatk_; at more positiveV,,,. To
obtain experimental estimatesiqf; over the positive range
of potentials, the rate of recovery from 30M [Ba®*],

corresponding current traces recorded With= 0 (A, lower
pane) andV, = +60 mV (B). I«;, 4 activated by the first
hyperpolarizing pulse displayed a monoexponential block-
ade until only 5% of the instantaneous current amplitude
remained at the end of the pulse. The instantaneous current
recorded with the second hyperpolarizing pulse increased as
the interval between the two pulses increased. The recovery
from the blockade followed a monoexponential time course
and was faster with, = +60 mV (time constant 867 ms)

than that withV, = 0 mV (time constant= 1506 ms). The
steady-statd ., ; at the end of the-=120-mV pulse re-
mained constant, independent of the recovery time interval,
the recovery voltage, or the fraction of channels recovered

blockade was examined using a two-pulse protocol. Theat the beginning of the second hyperpolarizing pulse.
fraction of channels blocked by 10M [Ba®*], at —120 The recovery time courses for the instantaneous current
mV was tested by the first pulse, whereas the fraction ofecorded at the second pulse at different recovery voltages
channels recovered from blockade after a given time interare shown in Fig. . The fractional recovery was calcu-
val at various recovery voltage¥,j was recorded by the lated asl,/l;, wherel, was the current recorded 4 ms after
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A Kir2.1 channels recovered from extracellular’Bablock-
ade followed an exponential time course, as shown by the
+60 mV . . .

omv fits to monoexponential functions. The,., values calcu-
—\_ l_ lated from the monoexponential fits, tHe, values de-

scribed in Fig. 2A, and the function X..,, = Kon X

[Ba?*], + ko were used to estimatey at positive volt-
ages. Th,,, values at 0;+60, and+100 mV were obtained
V,=0mv from the extrapolation of th&,,-V,, relationship shown in

0 — e en ooy J Fig. 2A. The calculatedk,; values were plotted againgf,

[( in Fig. 2 B. ks at =40 mV is very close td; determined

from the kinetic analysis of the extracellularBeblockade.
k. Obtained from the recovery for the extracellular’Ba
blockade at potentials positive to 0 mV increased signifi-
J1 A cantly (o < 0.0005) when compared to that calculated from
B 1s the kinetic analysis of the extracellular Bablockade at
V. =+60 mV —40 mV. The voltage dependence lyj; at positive volt-
0 —ew - ages determined from recovery of blockade is probably due
to the effects of the electrical field on the dissociation of
Ba®" into the extracellular side.

Effects of intracellular K* on the recovery from
extracellular Ba®* blockade

@

To further investigate whether extracellular’Baenters the
pore of Kir2.1 channels to induce blockade, we examined
the effects of intracellular K concentration ([K];) on the
recovery from extracellular Ba blockade, as previously
described for delayed rectifier Kchannels of squid giant
axon (Armstrong and Taylor, 1980). To control the intra-
cellular ionic compositions] ;. ; was recorded using a
giant patch technique and a voltage protocol similar to that
described in Fig. &. The hyperpolarizing pulses were set at
V., = —120 mV,V, was set at-100 mV, and the holding
potential was set aV,, = E, throughout this series of
experiments. Fig. A shows a set dff;., ; currents recorded
FIGURE 3 Time course of recovery from extracellular’Balockade.  from a cell-attached patch, with a pipette solution contain-

(A) Upper panel s_howg the two-pulse voltage protocol._ The time intervaling 10 uM [Ba2+] used to induce blockade. The overall
between the two identical pulses (each for 1 s) was increased by 0.6 s

between sweeps (starting at 0.05 s) to assess recovery from bIockacfEharaCterIStICST(ﬂOCk and Tr_ec‘?‘) Of lxirz.1 recorded in ,Ce"-
induced by extracellular B4 (10 uM) during the first pulse. The corre- attached patches were similar to those recorded in whole

sponding current traces recorded with= 0 are shown in the lower panel.  cells (compare to Fig. 3). When the same patch was excised
(B) Current traces recorded with = +60 mV, using the same protocol as  (inside out) into a M@*-free and polyamine-free control
described inA. Currents recorded in the presence of 5 mMiBg were  jnraceliular solution, both the rate of the blockade for the

subtracted from the currents recorded in i [Ba**], to eliminate the inward| nd the rate of the r very from extr lular
linear leak currents. The horizontal lines indicate the zero current l&el. ( ar@lyirp. @ € rate of the recovery from extracefiula

Recovery (1,/1,)

+ . .
Time courses for recovery from extracellular Bablockade withV, = Ba®" blockade were 'ncrea'SEd (Fig. B, anq outward
—40 (V), 0 (@), 60 (O), and 100 ¥) mV. The recovery time constants currents were observed during the recovery interggl,

(Trecoy Were 1160+ 53 ms,V, = —40 mV (0 = 5); 1315 85ms,V, = decreased from 106 ms to 47 ms, and,, decreased from

OmV (n=6); 775+ 48 ms,V, = +60 mV (0 = 6); 386+ 10ms,V: = 455 mg to 42 ms. When the same patch was perfused with
+100 mV ( = 7). Continuous lines are single-exponential function fits to

the data. The estimated maximum fractional recoveries obtained fronf! INtracellular solution containing only 20 mm % t'he

fittings were 0.43+ 0.03,V, = —40 mV ( = 5); 0.94+ 0.03,V, =omv  outward current decreased ¥t = +100 mV, 7., in-

(n=6); 1.01= 0.01,V, = +60 mV (0 = 6); .06+ 0.05,V, = +100mV  creased from 42 to 62 ms, ang,. decreased from 47 to

(n = 7). The frequency of stimulation was 0.04 Hz, and the data sampling2 ms (Fig. 4C).

rate was 0.5 kHz. It was previously considered that there are two possible
mechanisms for relief of the channel blocker by intracellular

the onset of the second pulse minus the steady-state curreit;” (Yellen, 1984). One is that K relieves the block by

andl, was the current recorded 4 ms after the onset of theompeting with the blocker for the same binding site in the

first pulse minus the steady-state current. The fraction othannel. The other is that 'Kaccelerates the exit of the
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A patches. Furthermorer,, was smaller in the inside-out
patches than in the cell-attached patches. Whefi;[Was
C-A increased from 20 to 200 mMy,.o, decreased, whereas
A // - Thiock INCreased. In addition, the fractions of nonblocked
channels at the end of the120-mV pulse increased as
intracellular [K] increased. These results indicate that K
ions interfere with extracellular Ba blockade of the Kir2.1
channels aV,, = —120 mV. To examine how [K]; affects
2 nA the kinetic parameters for the extracellular’Beblockade
1s

of s, recorded at-120 mV, we estimatedt,,, and K«
using Egs. 3 and 4, respectively. Note that hiere | g4
linsta lss.Ba@Nd ling; g5 are the steady-state and instanta-
B 100 MM [K] 4 neous currents recorded atl20 mV in the presence of 10
i uM [Ba*"],. The accurate expression bshould bel g/
| lss.ctn Wherelg . is the steady-state current recorded at
—120 mV in the absence of extracellular ‘Ba Because
currents were recorded in inside-out patches, we were not
able to obtain bothigs g, and lg . in the same patch.
However, we consistently observed that the inward currents
2 nA (7 T recorded in inside-out patches perfused with?Niree and
05s —JLb%ﬂ:;::z-f:'% polyamine-free solution did not decrease over time when
' / there was no B in the pipette (Fig. 6A andB), and that
/2 nA 10 uM [Ba®*], only inhibited 5+ 2% of the instantaneous
01s inwardl ;. 1 in whole-cell experiments. These observations
support our assumption thitg, g, =~ lss ot The averaged
k., andk,; values at different [K]are summarized in Table
ey 1. The results show that increasing [K decreased,,
without significantly affectingk. for the binding of B&*
to the channels at 120 mV. Thus intracellular K appears
to relieve B&" blockade by competing for the Babinding
site in the channel.

/
i

|2 nA
/ 01s Spermine contributes to the slow recovery from
extracellular Ba%* blockade in

FIGURE 4 Effects of [K']; on the time course of recovery from extra- cell-attached patches

cellular B&* blockade of the inward,;,,. (A) Current traces were
recorded av,, = —120 mV from a holding potential of 0 mV and = Fig. 4 demonstrates that the rates of recovery froi'Ba
100 mViin a cell-attached patctB @ndC) Currents were recorded from 4, -0 plockade were faster in inside-out patches exposed
the same patch shown i after excising into the Mg - and polyamine- ot . . .
free solution containing 100 mM [K]; and 20 mM [K'];, respectively. to Mg™"-free and polyamine-free control solution contain-
The blockade of,,, , was induced by the presence of @Bl [Ba?*]inthe ~ iNg 100 mM [K], than those observed in cell-attached
pipette solution. The insets BlandC display currents recorded during the patches_ To examine whether intrace||u|ar2]\‘7|@nd sperm-
second pulse in amplified time scal(_es. Thg horizontal lines indicate the Zerthe were responsible for the difference between the recovery
current level. The frequencies of stimulation were 0.067 Hz. The samplmgrates obtained in the whole cells (or cell-attached patches)
rates were 1 kHzA) and 2.5 kHz B andC). L .

and the inside-out patches, we examined the effects of

perfusing patches with the control intracellular solution
blocker. We can distinguish between these two possibilitiegontaining Mg" or spermine on the recovery from the
by examining the effects of [K]; on the kinetics of extra- extracellular BA" blockade. Fig. 5\ shows a set of current
cellular B&" blockade. If K~ competes with B& for a  traces recorded from an inside-out patch exposed to the
binding site, therk,,, should be affected b, should not  control intracellular solution, using the two-pulse voltage
be affected by [K];. On the other hand, if K knocks off  protocol. Perfusing this patch with the control intracellular
Ba®", k. should be affected. solution containing 1 mM free [Mg] induced a slight

Table 1 summarizes the effects of various'|[Kon the increase in the recovery time constant from the control

extracellular BA" blockade of the Kir2.1 channels with value of 45 ms (Fig. 5A) to 99 ms (Fig. 5B). Note that
V, = +100 mV. 7o, Was about one order of magnitude outwardly;.,, atV, = +100 mV was blocked. However,
faster in the inside-out excised patches perfused with thevhen the same patch was exposed to the control solution
control intracellular solution compared to cell-attachedcontaining 100uM spermine, the block time constant was
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TABLE 1 Effects of various intracellular cations on the kinetics of the extracellular Ba®* blockade of K,,, channels

100 mM [K*]; 200 mM [K*], 20 mM [K™]; +1 mM [Mg?*]; +100 uM [spm];
C-A(n=38) (n = 14) (n=4) (n=23) (n=4) (n=23)

Toiock (MS) 104.3+ 10.48 53.3+ 2.3 65.0+ 7.7* 24.0+ 1.5 70.8+ 0.8" 122.7+ 5.9
Trocoy (MS) 412.3+ 33.6 38.1+1.9 32.3+ 3.4* 57.1+ 6.0 82.8+ 5.9 2300+ 503F

f 0.05+ 0.0¢° 0.12+ 0.01 0.20+ 0.03* 0.08+ 0.01* 0.07+ 0.0 0.05+ 0.03
Kon (10° X sTIMTY) 1.00+ 0.15 1.71+ 0.12 1.31+ 0.23* 3.85+ 0.25* ND ND

kot (579 0.54+ 0.118 2.31+0.11 3.17+ 0.47 3.49+ 0.65 ND ND

(p = 0.24) 0 =0.17)

Pairedt-tests were carried out by comparing data in various groups to the control 100 ;ns®lution group.

*#SThe groups were statistically different at< 0.05,p < 0.005, andp < 0.0005, respectively, unless otherwise indicated.

+1 mM [Mg?*]; = control 100 mM [K']; solution containing 1 mM free [Mg]; +100 uM [spm], = control solution containing 10@M spermine.
TrecovWas obtained from,, , recorded withV, = +100 mV atV,, = —120 mV; 7,ocw T Kone @ndky; were obtained a¥,,, = —120 mV.

ND, not determined.

increased, the recovery time course was dramatically rebetween the bound Ba and K'. Becauase intracellular
tarded (Fig. 5C, T,ecoy = 3071 ms), and the outwaig,,,  Mg?" and spermine inactivated the inwalig,, , recorded
was completely blocked. The effects of 1 mM free [ in the absence of extracellular Ba(data not shown)k,,
and 100uM spermine on the extracellular Bablockade of  andk,, were not determined in patches treated withVg
the Kir2.1 channels are also summarized in Table 1. Theser spermine.

results suggest that spermine, but not“Mgis one of the

major factors that contribute to the slow recovery from

extracellular BA" blockade observed in whole cells and Blockade of Kir2.1 channels by intracellular Ba**

cell-attached patches, possibly by prohibiting the interactiorrg examine whether Kir2.1 channels are inhibited by intra-

cellular B&", we recorded ., ; from excised inside-out
A giant patches. Thq<ir2_1 at positive qnd negative voltages

were recorded in the absence of intracellular “NMgnd
polyamines. Fig. 6 shows the effects of 0, 0.1, andN3
[Ba**]; on thely,, , recorded at+50 and—50 mV (Fig. 6
A) and at+30 and —30 mV (Fig. 6 B) from a holding
potential of 0 mV and a prepulse voltage —40 mV. As
previously described (Shieh et al., 1996), contlgl, ,
([Ba**]; = 0) at +50 mV showed inactivation. In contrast,
the current recorded at-50 mV was nearly constant
throughout the 1.2-s period. The perfusion of the intracel-
lular side of the membrane with 0.1 and 3V [Ba®"]
resulted in reductions of the currents at the end of depolar-
ization to +50 or +30 mV and acceleration of the inacti-
vation of the outward;, ;. In contrast to the effects on
outwardl ., 1, 0.1 and 3uM [Ba**]; caused no change in
the inwardl;, , recorded at-50 or —30 mV. All of these
effects were reversible upon Baremoval.
C The normalized current-voltage relationships in the pres-

ence of 0, 0.1, and @M [Ba?*] are shown in Fig. &. The
normalizedl;., , under control condition showed inward

0 7T rectification at positive potentials, reflecting the presence of
intrinsic inactivation. Intracellular Bd induced a dose-
J4nA dependent and/,-dependent inhibition of the outward
1s

100 mM [K']; + 100 pM [sperminel,

currents.
Fig. 7 A displays from right to left the dose-response
FIGURE 5 Effects of intracellular M and spermine on the recovery CUrves for thd ., , blockade by intracellular Ba at +10,
of the inwardl ., , from blockade by extracellular Ba. A, B, andCare ~ +20, +30, +40, +60, and+80 mV. The currents recorded
the current traces recorded in an inside-out patch perfused with the contrgit the end of the 1.2-s pulses in the presence of intracellular
solution, the control solution containing 1 mM free [R1g, and the control B22+ were normalized to the control at each voltage and

solution containing 10uM spermine, respectively. The same voltage . . .
protocol as described in Fig. 4 was applied. The frequencies of stimulati0|$Xpressed as fraCtlona'J(iFZ-l' Relations of the fractional

were 0.067 Hz imA andB and 0.04 Hz irC. Sampling rates were 2.5 kHz |kir2.1 VEISUS [B&"]; were fitted by the Hill equation (Eq.
(A andB) and 0.5 kHz C). 1). Fig. 7B shows thaK obtained from fitting in Fig. 7A
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100 60 20 20 80 100 FIGURE 7 Dose-re_sponse curves and voltage dependence of Kir2.1
channel blockade by intracellular Ba (A) Dose-response curves #tL0
V,, (mV) (@), +20 (O), +30 (¥), +40 (V), +60 @), and +80 (J) mV were

constructed for intracellular B4 blockade of steady stat;.,,. Data
FIGURE 6 Blockade of Kir2.1 channels by intracellular®8al,,,  were fitted with the Hill equation (Eq. Tontinuous lines The fit Ky and
was recorded at 50 and—50 mV (A) and at+30 and—30 mV (B) in the n values were 0.32M, 0.69,V,, = +80 mV; 0.10uM, 0.61,V,,, = +60
presence of 0, 0.1, and@M [Ba?*];. The residual current obtained in the mV; 0.19uM, 0.63,V,,, = +40 mV; 1.09uM, 0.83,V,, = +30 mV; 4.91
presence of 30 mM intracellular TEA was used to subtract leak anduM, 1.07,V,, +20 mV; 22.00uM, 0.87,V,, +10 mV. (B) Voltage-
capacitative components. The horizontal lines indicate the zero currerlependence oK, Ky at V,, between+10 and +40 mV were fitted
level. (C) NormalizedI-V relationships in the presence of 0 (contr@, (continuous ling with the Boltzmann equation (Eq. 2) witky (0) = 91
n=5),0.1 O, n=05), and 3uM [BaZ']; (¥, n = 5). I, Measured at M andzs = 3.57.
the end of the pulse was normalized to the values obtained @0 mV in
the absence of B4. The frequency of stimulation was 0.15 Hz, and the
sampling rate was 5 kHz. calculated from currents recorded in various®Bavere
normalized to the time constants calculated in the absence
of Ba?* and are shown as a function of membrane potential.
Both 7, and 7, were decreased by intracellular Bain a
dose-dependent but voltage-independent manner. These re-
sults suggest that once intracellular’Bavas bound to the
channel, it interfered with the intrinsic gating process of the

channel in a manner that accelerated the inactivation process.

was steeply dependent &f, between+10 and+40 mV,
and theKg-V,, relationship fit well with the Boltzmann
equation (Eqg. 2). Th&4(0) was 91uM, and thes value was
1.79, indicative of the multiionic pore feature of the Kir2.1
channel (Armstrong et al., 1982; Cecchi et al., 1987). In
contrast,K, showed a slight tendency to increase/gt=
+40 mV.

It was previously shown that the inactivation of outward DISCUSSION
Kir2.1 currents recorded a¥,, = +40 mV followed a
double-exponential time course and that this inactivatio
may be due to a pFbkensitive intrinsic gating movement The blockade of inward rectifier K channels by extracel-
(Shieh et al., 1996). To analyze the effects of intracelluladular B&" has been extensively studied in starfish eggs
Ba®* on the two time constants that describe the inactiva{Hagiwara et al., 1978) and in frog skeletal muscle fibers
tion of the outward ;., ;, currents recorded &t,, = +40  (Standen and Stanfield, 1978). These studies showed that
mV were fitted with a double-exponential function, and theextracellular BA" blocked the inward currents in\4,- and
time constants were extracted at each potential ané'[Ra  time-dependent manner. Thg(0) values for B&" block-

The time constants, (fast, Fig. 8A) andr, (slow, Fig. 8B) ade of the inward rectifier K channels in starfish egg and

nBlockade of Kir2.1 channels by extracellular Ba%*
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other handk, estimated from recovery of B& blockade
increased a¥,, became more positive. This suggests that
the majority of B&" dissociated into the extracellular space

14r in a V,-dependent manner.
12
g 10 1 =
S osl \I—— ./I Interactions of intracellular cations with Ba®*
\gg 06 L é/l'—' applied extracellularly
S 0.4 LV—W —3 Consistent with the previous finding that permearit &an
02 ﬁ/gs\ _v_,v/v compete with B&" for binding within the pores of the
00 VT, Céa"-activated K channels (Vergara and Latorre, 1983),
B R . L L 1 — we demonstrated that in Kir2.1 channels, increasing][K
from 20 to 200 mM increased the rate of recovery from
extracellular B&" blockade by decreasing the Baen-
14 trance rate (Fig. € and Table 1). We also found that when
121 an inside-out patch was perfused with #gfree and poly-
£ 10} I—T amine-free control solution, the recovery from extracellular
P:j» 08l \'\I/I>%ZE/6 Ba?* (10 uM) blockade was much fagter than in whole cells
~ osl T or ce!l-attached patches. One of the intracellular factgrs that
S 6/3\3/ ;__I_I contributed to the slow recovery from extracellular’Ba
© 04 I/T/ blockade in cell-attached patches was identified as sperm-
0.2 h:$’$/$\$\$ ine. We found that although spermine carrie$ 4 charge,
ook 7 it was not as efficient as intracellular 'Kor Mg?* in
40 60 80 100 facilitating the dissociation of the bound Bafrom the pore

V., (mV) of a Kir2.1 channel aV, = +100 mV. Note that in the
presence of extracellular B, spermine (10@.M) was still
FIGURE 8 Acceleration of outward; , inactivation by intracellular  able to completely block the outwald,, ; atV, = +100
B&". The 1 a1 cur Vim relationship &) andr, g7, cyrVim relationship v/ - which indicates that spermine bound to its binding
g?;‘,\),lr ?égi:.’ n=3010.n=11) 10%.n=11) and10¥.n = site(s) in the pore of the channel. These results provide
evidence that a spermine binding site(s) is distinct from that

for K* or Mg?*.

frog skeletal muscle were 560 and 5QM, respectively . In summary, the interactions of extracellular applied

(Hagiwara et al., 1978; Standen and Stanfield, 1978). Thé a* with other cations in the pore of the Kir2.1 channel are
effects of extracellular B4 on these tissues were inter- | complicated. So far we have identified a common

preted as the binding of B4 to sites located within the binding site for K" and B&* and a distinct site for spermine

pores of the channels where they sensed 64—-70% of thine;tremﬁfjhgﬁgpili'rZFlljrg‘iﬂ:‘;?ﬁg\?;@%iﬁﬂu;rne; to
electrical field (Hagiwara et al., 1978; Standen and Stan- X

. . . 2 . . .
field, 1978). TheK,(0) value obtained for the extracellular e'nh'ancement sites Imed up with 'the Babinding éslte
Ba®" blockage of the Kir2.1 channels was f#, suggest- S|mllar o éfgose described in the hlgh-conductanc ca
ing that cloned Kir2.1 channels are about one order O]alctlvated channels (Neyton and Miller, 1988b).

magnitude more sensitive to extracellularBathan the
native inward rectifier K channels in starfish egg or in frog' Blockade of Kir2.1 channels by intracellular Ba2*
skeletal muscle. Furthermore, the apparent electrical dis-
tance § = 0.54) in Kir2.1 channels was smaller in the Intracellular B&" at submicromolar concentrations blocked
oocyte expressed channels than in the native channels. and accelerated the rate of inactivation of the outward
Our results demonstrated that extracellulaf Bantered |, ,. [Ba®']; higher than 10uM resulted in complete
the pores to induce blockade of Kir2.1 channels as previinhibition of outward currents with very little blockade of
ously described in cloned and native inward rectifiefr K the inward currents activated by hyperpolarization. All of
channels. In addition, we showed that tigV,, relation-  these effects were observed in the absence of intracellular
ship became less steep\gg < —120 mV, andk,; values  Mg®" and polyamines. Fig. B shows thak values for the
increased wherv,,, < —130 mV. These observations are inhibition of the outward currents decreased sharply as the
similar to those reported in the high-conductancé@a depolarization increased until a minimum value of 0-16
activated K~ channels (Neyton and Miller, 1988b) and 0.07 uM was reached a#50 mV. As depolarization be-
Skaker K" channels (Harris et al., 1998) and suggest thatame more positivel, for intracellular B&" blockade of
extracellularly applied B can dissociate into the intra- the outward ., ; increased. This may be due to the disso-
cellular space at very hyperpolarizing potentials. On theciation of B&" into the extracellular space facilitated by
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depolarization, as previously shown for Na@ermeating Hagiwara, S., S. Miyazaki, W. Moody, and J. Patlak. 1978. Blocking

; ; effects of barium and hydrogen ions on the potassium current during
through the K' channels o.f the SqUId giant axon (FrenCh anomalous rectification in the starfish egd. Physiol. (Lond.).279:
and Wells, 1977). Alternatively, this may be a result of the 1g7_135.

limitation of B&" access to its binding site when the Haris, R. E., H. P. Larsson, and E. Y. Isacoff. 1998. A permeant ion
intrinsic inactivation gate closed the channel. Our experi- binding site located between two gates of the Shaker dhannel.
mental data also demonstrate that the exposure of the intra-E/0Phys: J:74:1808-1820.

- . Hilgemann, D. W. 1995. The giant membrane patchSingle-Channel
cellular side of the channels to Baresults in an acceler- Recording. B. Sakmann and E. Neher, editors. Plenum Press, New York.

ation of the inactivation at positive voltages. It is tempting 307-328.

to propose that Ba may directly interact with the intrinsic  Hille, B. 1992. Potassium channels and chloride chanihelonic Chan-
gatlng mechanlsm responSIbIe for the Inactlvatlon Of K|r21 nels of Excitable Membranes. S|nauer, Sunderland, MA. 115-139.
channels at positive voltages. The possibility ofBinter- Hille, B., and W. Schwarz. 1978. Potassium channels as multi-ion single-

ti ith the intrinsi ¢ d it ful tool f file pores.J. Gen. Physiol72:409-442.
action wi € Intrinsic gate renders 1t a usetul toot for Holmgren, M., P. L. Smith, and G. Yellen. 1997. Trapping of organic

probing the movement of the intrinsic gate of the Kir2.1 pjockers by closing of voltage-dependent Khannels. Evidence for
channels. trap door mechanism of activation gatidg Gen. Physiol109:527-535.

In conclusion, in this study we report the voltage-depen-Huang, C.-L., S. Feng, and D. W. Hilgemann. 1998. Direct activation of
dent blocking effects of both intracellular and extracellular Nward rectifier potassium channels by pind its stabilization by .

2" . o ] Nature.391:803-806.
B on the cloned inward rectifier K channel Kir2.1. Kubo, Y., T. Baldwin, Y. Jan, and L. Jan. 1993. Primary structure and

Ba®" applied extracellularly can enter the pore of a Kir2.1 functional expression of a mouse inward rectifier potassium channel.
channel and dissociate into the intracellular space at very Nature.362:127-133.

negative membrane potentials Our study of the effects 0lf.opatin, A., E. Makhina, and C. Nicols. 1994. Potassium channel block by
. . : cytoplasmic polyamines as the mechanism of intrinsic rectification.
intracellular cations on the recovery from Bablockade Nature.372:366-371.

suggest that various cations entering the pore of a Kir2.,akhina, E. N., A. J. Kelly, A. N. Lopatin, R. W. Mercer, and C. Nichols.
channel may occupy different binding sites. WhereagMg  1994. Cloning and expression of a novel human brain inward rectifier

produced a degree of efficiency similar to that of Kn potassium channel. Biol. Chem269:20468-20474.

relieving B&+ blockade, spermine bound in the Cha””e|M%r:§!’sAN§;}va$grE' M. Smith. 1974. Critical Stability Constants. Plenum

was much less effective in enhancmg the dissociation OK/Iatsuda, H., A. Saigusa, and H. Irisawa. 1987. Ohmic conductance
Ba®" from the pore. We also showed that intracellulafBa  through the inwardly rectifying K channel and blocking by internal
closely interacts with the “intrinsic” gate and may be ap- Mg*". Nature.325:156-159.

plied to reveal the characteristics of this “intrinsic” gating Morishige, K. I., N. Takahashi, A. Jahangir, M. Yamada, H. Koyama, J. S.

hani in Kir2.1 ch | Zanelli, and Y. Kurachi. 1994. Molecular cloning and functional expres-
mechanism In Kirz.1 channeis. sion of a novel brain-specific inward rectifier potassium chanREBS
Lett. 346:251-256.
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