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Abstract. Single cardiac ATP-sensitive’kchannels and, Introduction
comparatively, two other members of the inwardly rec-
tifying K* channel family, cardiac k;, and K'ac,y ~ AS in many other excitable tissues, inward rectifiet K
channels, were studied in the inside-out recording modéhannels play an important role in myocardium. By
in order to analyze influence and significance of the elecregulating excitability, they control vital cardiac func-
trochemical K gradient for open-state kinetics of these tions. Cardiac cells express mainly three types with con-
K™ channels. siderable density: the strong rectifier’() which keeps
The conductive state of T&TP) channels was de- the resting potential nedE,, muscarinic K channels
fined as a function of the electrochemical radientin  (K*(acry) generating acetylcholine-activated Kurrents
that increased driving force correlates with shortenedand acting to modulate resting iKonductance as well as
open-channel lifetime. Flux coupling of gating can bethe shape of the action potential in the atrium, and the
largely excluded as the underlying mechanism for twoweakly rectifying ATP-sensitive K channels. K,
reasons: (i¥,penProved identical in 23 pS, 56 pS and 80 channels can be functionally' distinguished froﬁugh? '
pS channels; (ii) K(ATP) channel protonation by an ex- and K*(ATP) channels by a ligand-independent activity
ternal pH shift from 9.5 to 5.5 reduced conductance with-mode.
out a concomitant detectable changergf,, Since gat- These highly K-selective inward rectifiers belong
ing continued to operate &,, i.e., in the absence of K  to a superfamily with a unique transmembrane topology.
permeation through the pore; Kiriving force cannot be Compared with voltage-gated "Kchannels, they are
causally involved in gating. Rather the driving force actscharacterized by a simplified architecture consisting of
to modulate the gating process similar to *Rishose  only two membrane-spanning hydrophobic domains (M1
interference with an externally located binding site sta-and M2) which are connected by the highly homologous,
bilizes the open state. In'l,, and K scr, channels, the  pore-lining H5-segment (Kubo et al., 1988; Dascal et
open state is essentially independent on driving forcedl., 1993; Ho et al., 1993). Four M1-H5-M2 domains
meaning that their gating apparatus does not sense tt@ssemble to form a functional channel with a central pore
electrochemical K gradient. Thus, Karey channels (Yang, Jan & Jan, 1994). Evidence for a more complex
differ in an important functional aspect which may be structure of K.rpy channels emerges from the coex-

tentatively explained by a structural peculiarity of their pression of Kir6.2 channels with the sulfonylurea recep-
gating apparatus. tor, a member of the ATP-binding cassette superfamily,

which is ATP-sensitive and which can be blocked by
sulfonylureas (Inagaki et al., 1995). Each Kir6.2 subunit

Key words: Cardiac inward rectifier K channels —  requires one SUR1 subunit to form a functional channel
Kinetics — Permeation — Electrochemical iyradient  (Clement et al., 1997) in an octameric or tetradimeric
— pH — Rubidium structure (Shyng & Nichols, 1997).

After their discovery in metabolically exhausted
myocardium by Noma (1983), ATP-sensitive” I¢han-
R nels attracted growing interest. During the last 15 years,
Correspondence tdvl. Kohlhardt their elementary properties including the modalities of
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permeation and channel kinetics had been analyzed igistributions. No attempts were done to correct the data for missed

great detail so that this weakly inward rectifief khan- ~ €vents. _ _

nel is biophysically now well defined (for reviewee _ \Wheneverpossible, the data are expressed as meaw #Statis-

Noma & Takano. 1991: Terzic. Jahanair & Kurachi tically significant difference between means was judged by Student’s

. Lo N ! g . ! t-test; P < 0.05 was considered to indicate statistical significance.

1995). Single file diffusion through the pore which si-

multaneously accommodates multiple” Kons can be

modelled by a three barrier energy profile (Davies et al. SOLUTIONS (COMPOSITION IN MMOL/L)

1996). Surprisingly, an important aspect is not yet un- ) ) ) ) )

derstood, namely a sensitivity of the open state to K (A) 3ath|ng solution (e‘md facing ihe_ c_ytopla_sr)(mc me_mb.rane surfa.ce in
L . . . the inside-out recording mode); (i) isotonic” Ksolution: KCI 140;

driving force (Zilberter et al., 1988). This might suggest yigcl, 2 (or 0); glucose 20; HEPES 10; EGTA 2; pH 7.4; (ii) hyper-

a correlation between permeation and open channel lifepnic k* solution: K* aspartate 230; KCI 20; MggR (or 0); glucose

time as it characterizes the behavior of some other ioni@o; HEPES 10; EGTA 2; pH 7.4; (B) Pipette solutions (facing the

channels (Kolb & Bamberger, 1977; VanHelden, Hamill external membrane surface); (i) KCI 5; NaCl 135; Mg HEPES 10;

& Gage, 1977; Ascher, Marty & Neild, 1978; Benneton pH 7.4; (i) KCI 140; MgC}, 2; HEPES 10 (or Tris 5); pH 7.4 (or 9.5,

: o 6.5, 5.5); (i) KCI 250; MgC}, 2; HEPES 10; pH 7.4; (iv) KCI 140;
& Christopherson, 1990). Whether the driving force MgCL, 2. RbCl (4.7-47): HEPES 10: pH 7.4: (v) KCI 140: MgCl:

+ 2
plays actually a causal role for'iarp) channel kinetics - ,"(0'47-4.7): HEPES 10: pH 7.4 Temperature (controlled by a
as proposed by Zilberter et al. (1988) remains to be claripgjier element): 19°C (or 29°C)

fied. Another intriguing question relates to the general

importance of the Kdriving force for open state kinetics

in inward rectifier K channels. ComMPOUNDS

The present inside-out patch-clamp experiments fo, TP, ADP, GDP, acetylcholine (purchased from Sigma Chemie,

cus on this problem and established the electrochemicg}inchen) were freshly dissolved just before use.

K™ gradient as a modulating factor for gating in cardiac

K™ ate) Channels. A comparison with cardiac  and

K™ acny channels studied likewise in cell-free conditions Results and Discussion

excluded the possibility that gating in other inward rec-

tifier K* channels follow this principle. Isolation of K'(srpy channels from their natural environ-
ment is usually followed by rundown of channel activity.
This well-known phenomenon is due to dephosphoryla-

Materials and Methods tion and the loss or a degradation of metabolites needed
at the cytosolic channel surface for maintaining an active

F'eme”ftaryg Curi‘?”tsl thro‘:jghtK’*lTF’)' 500 ta”d f(ACh) cthf‘””te's channel state even at a critically reduced ATP concen-

rom cultured ventricular ana atrial cardiocytes or neonatal rats were, . . .

recorded in the inside-out patch configurati)(/)n by employing the stan-t_ra“on' Exposing the channels to StImUIatory nucleo-

dard patch-clamp technique (Hamill et al., 1981) and an L-M/EPC 5tldes (ADP, GDP) could not always prevent channel de-

amplifier. Disaggregation of the cardiac tissue, cell culture and the@Ctivation. An initial equilibration period of 5 min was,

handling of the short-time (18-24 h) cultured cardiocytes were identi-therefore, expected to ensure that channel activity had

cal with procedures described in detail earlier (Kohlhardt, Fichtner & attained a quasi-steady state, also a requirement for

Frobe, 1989). Rod-shaped cardiocytes were selected for the patchstghle channel kinetics.

clamp experiments because they represent the cell type in the more Open state kinetics of KATP) channels reacted sen-

advanced developmental stage in this primary cell culture. itivelv to ch . b tential but th
Experiments with isolated Karpy channels were performed in siively 1o changes In membrane potenual but they can-

the continued cytosolic presence of a nucleotide mixture (i®!/l not be defined as a function of voltage (Figh dndB) as
ATP, 100.mol/l each of ADP and GDP) to stabilize channel activity reported in the literature (for reviewee Terzic et al.,
in cell-free conditions. Stable activation of isolated tcr, channels  1995). The evidence comes from experiments at differ-
was achieved by the external presence of 10-100 nmol/l acetylcholingnt transmembrane‘Kgradients (5 mmol/l external, 140
and the simultaneous cytosolic presernfce of 50+41®@l/l GTP. Like- mmol/l internal K*: or 140 mmol/l symmetrical P(): ata
wise in the inside-out experiments withi }§ channels, ATP (1 mmol/l) . . .
was added to the internal solution to aég)olisfbﬁp) channel activity. given membrane potentlaimpencalj differ tre.mendOUSIy'
The records were filtered at 1 kHz with a 8-pole Bessel filter, Cons_equen.tly, the eIeCtrOChe.mlcar lgra(?“ent' Em -
stored on tape and digitized with a sampling rate of 5 kHz to beEx), IS precisely the factor which determines open state
analyzed. Single-channel analysis concentratedi gn open and  Kinetics (Fig. ). Sincei = vy (E, — Ex), this depen-
closed times. In some one-channel patches, the apparent gating frelence OfTopen on K* driving force might reflect flux
guency was estimated from the number of resolved openings. Th%oupling as reported from gramicidin channels (KOIb &
latter parameter was obtained from bursts by counting resolved openBamberger, 1977) and some natural ionic channels (Van-

ings or, in K’y channels, by counting resolved events during periods . .
whenP, attained a level of about 0.9. The 50% threshold method wasHeIden et al., 1977; Ascher et al,, 1978; Benneton &

employed to determine open and closed timgs,,and,seqresulted Ch”StOpherson' 1990) Wher%p_e.n correlates mversely_
from the best weighted fit of probability density functions (by neglect- With conductance. This possibility could be excluded in

ing the first bin of 0.4 msec)i,., was obtained from Gaussian event experiments at different external”kconcentrations (5,
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Fig. 1. (A) Records of elementarycurrents through a singlei,rpy channel at membrane potentials more negative Eyaf® mV); symmetrical

(140 mmol/l) K" concentrationC means closed an@ open state. Open time histograms (lower part) could be best fitted by a single exponentiz
at any membrane potential indicating a single conducting state in inwardly permeating channels. EX§)1086.vpltage dependence gf,c,in

K™ @arry channels is determined ;. The filled circles represent mean values of at least 4 individual experiments at symmetrical (140 mmol/
K™ concentrationg, = 0 mV) and a mean channel conductance of 56 pS; horizontal bars indicaemiange. The open circles symbolize a
single experiment (exp1128) at asymmetrical (5 mmol/l external, 140 mmol/l interh@mcentration, = —83 mV), channel conductance was

23 pS. C) Semilogarithmic plot ofr,,.,from 56 pS K a1y channels (filled circles, vertical bars asem) and from a 23 pS Karpy channel (open
circles) against Kdriving force, €, - E«). Shown are the same data points thaB iof this figure.t,.,varies e-fold per a 52-mV change in driving
force over a broad potential range but note the saturation tendency at very strong driving @y&am{logarithmic plot of the apparent number

of openings per second of a*l{py channel vs. &, - E,). Asymmetrical (5 mmol/l external, 140 mmol/l internal)’ Koncentrationf, =

-83 mV.

140, 250 mmol/l) which analyzed the influence of con- channels argues against a modulatofytfinding site in
ductance omr,,.,at a given K driving force. Conduc- a superficial channel region as postulated to exist in en-
tance varied with external Kaccording toy = 13.9 pS  dothelial inward rectifier K channels.

[K*1.03% a somewnhat steeper relationship than observed K+(ATP) channel gating is an intrinsic process that
by Kakei, Noma & Shibasaki (1985). Atak{ —E,) of can basically operate in the absence of an electrochemi-
=70 mV, for exampler,,e,was 2.6 £ 0.15 msem(= 3)  cal K" gradient. Extrapolating the,,e, = (E;, — Ex)

at 23 pS, 2.9 £ 0.11 msean (= 4) at 56 pS, and 2.5 £ relationship to zero driving force (FigQ) yields a value
0.18 msecif = 3) at 80 pS. Consequently, thg,.,—  for 7,,.,0f close to 10 msec, the intrinsic dwell time in
(Em — Ex) relationship of 23 pS and 56 pS'ip) chan-  the open state. Accordingly, the channel continues to
nels obeys the same slope facteegFig. 1C). This is  gate in the absence ofKthrough the pore (Fig. D).
noteworthy with respect to the response of stretch-Apparent values of the gating frequency between 100
activated channels and endothelial inward rectifiér K and 140 openings/sec were found but, for methodologi-
channels where external’kcan stabilize the open state cal reasons, should be considered as an only rough esti
(Yang & Sachs, 1990; Pennefather & DeCoursey, 1994)mate of the true kinetics. Clearly, the electrochemical
The independence of,,., on external K in K*xrpy K gradient is not causally involved in gating of i1p,
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channels as proposed by Zilberter et al. (1988) but has &,pe, — (En — Ere\) relationship to zero driving force.
modulating influence. Internal R, however, failed to prolong the open state as
Additional evidence for a dissociation of gating and observed in 5 experiments at asymmetrical (5 mmol/l
permeation was obtained in pH experiments. Externakxternal, 140 mmol/l internal) Kconcentration and out-
channel protonation by a stepwise decrease of externalard permeation althougdf,;; declined to 38 + 4% of the
pH from 9.5 to 5.5 reduced conductance to 77% (F). 2 control. This excludes that blockade of the pore by Rb
but failed to induce a detectable changetgf., (Fig.  has a stabilizing influence on the open state.
2B). This seems consistent with the notion that distinct ~ Obviously, K'apy channels possess an externally
channel domains are involved in gating of and permedocated, superficial szbinding site whose occupancy
ation through K(ATP) channels. The gating domain ei- can stabilize the open state, either directly or by an al-
ther might be insensitive to the pH range tested or is notosteric reaction. The Rhbinterference was examined in
accessible for external protons. greater detail in pH experiments to exclude that external
K" atp) Cchannels are permeable for Rions (Ash-  acidification from 9.5 to 5.5 modulates the Réffect on
croft, Kakei & Kelly, 1989; Spruce, Standen & Stanfield, 7,,., Another series of experiments was concerned with
1987) although blockade complicates the*Rimassage a possible Rb-K* competition. At symmetrical 250
through the pore. The reaction of {15 channel kinet-  mmol/l K" and 47 mmol/l external Rp .., was 5.5 +
ics in this particular situation was of primary interest in 0.4 msecif = 4) compared with a value of 6.5 + 0.3
the present experiments with external'RlFig. 3). A msec o = 2) at symmetrical 140 mmol/l Kand 47
comparison with control experiments likewise performedmmol/l external Rb at the same driving force, =101 mV.
at symmetrical 140 mmol/l Kand inward permeation Cs' experiments should test the cation specificity of
elucidated two prominent effects, depression gf and the R-sensitive external channel region. As in inward
prolongation of the open state. As expected from bi-rectifier K channels (Quayle, Standen & Stanfield,
ionic conditions (140 mmol/l external’Kplus 47 mmol/l  1988; Matsuda, 1996) external Tsaused fast, unre-
external RB; 140 mmol/l internal K), the iv- solved flicker blockade with &; of 3.5 mmol/
relationship inwardly rectifies (Fig.B9, and a reversal |. Although the values fot,,.,(3.2 £ 0.1 msech = 3;
potential of +42 mV was calculated. As tested at —=70-70 mV) did not significantly differ P > 0.05) from
mV in a cumulative concentration response analysis (Figcontrol (2.9 £ 0.1 msea) = 5; =70mV) in presence of
3C), external Rb prolonged the open state withka, of ~ 2.35 mmol/l C§, this result cannot be unambiguously
about 16 mmol/l and saturation close to 47 mmol/l.interpreted when fast flicker blockade occurs. A classi-
External RB caused a shift of theopen — (Em — Erey)  fication of Cs as a cation lacking the potency to prolong
relationship along the abscissa without a detectablehe open state is difficult for still another reason. As
change of the slope factor (FigBB This means that mentioned above, external Riprolongs the open state
Rb" interferes with the open state in a voltage- with a K, of about 16 mmol/l. This concentration range,
independent fashion. Moreover, the unchanged slopbowever, could not be tested with Ts
factor of this relationship is remarkable with respect to K™ atp) Channels are distinguishable by their driving
the non-ohmic iv-relationship. In the presence of theforce-dependent open state kinetics from other cardiac
saturating RbB concentration, about a 4-fold increased inward rectifier K" channels. A comparative analysis of
intrinsic open time was obtained by extrapolating theK;, and K" xcp,, channels likewise in cell-free condi-
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Fig. 3. Sensitivity of K ,7p) channels to external Rb(A) Records of elementary‘kcurrents (c means closed configuration), open time histograms
and amplitude distributions in the absence (left, exp1112) and in the presence of exterrfabRb expl1212). Symmetrical (140 mmol/l)'K
concentration; membrane potential —70mmB) {v-relationships under control conditions (filled circles= 4 as a minimum) and with 47 mmol/|
external RB (open circlesp = 4 as a minimum); horizontal bars asem. Symmetrical (140 mmol/l) K concentration.right) Semilogarithmic
plot of TopenVS. En — Ere) in the absence (filled circles, = 4 as a minimum) and in the presence of external @Y mmol/l) (open circlesn

= 4 as a minimum), vertical bars asem. lonic conditions as in the left partCj left: Concentration-dependent increasergf,,by external Rb.

right: Driving-force-dependent increase of,., Shown are the same data as in the left part to establish saturation of tregf&ti. Each symbol

is the mean of at least 3 individual experiments, vertical barsave

tions and K inward permeation revealed essentially time in K*(ATP) channels when externally exposed to a
voltage-independent open state kinetics (Fig. 4). Opematurating Rb concentration. An exceptionally low gat-
time in K*ar) channels was 36.2 £ 3.9 msat € 5) at ing rate with an apparent value of close to 10 openings/
-50 mV and 36.6 £ 4.0 mseai(= 3) at —100 mV. In-  sec is an outstanding property of({g channels: K(ACh)
terestingly, these values correspond to the intrinsic opechannels exhibit the same voltage independence of oper
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Fig. 4. (A) Records of elementary ‘Kcurrents through a single’i§,, channel [gft) and the voltage independence of open time fij Kchannels
(right). In the graph, the number under each data point refers to the number of experiments. Symmetrical (250 rhowsid@Ktration.B) Records

of elementary K currents through activated*lc,y channels Igft). Note the very different time scale compared with the record.i®nly one
exponential is needed to fit the open time histogramildle. (Righ) The dependence af,,.,on membrane potential; voltage independence was
stressed by the mean values fgf.,at —110 mV (1.06 + 0.14 mseq; = 5) and at =50 mV (1.31 + 0.24 msee;=4; P > 0.05). Symmetrical
(140 mmol/l) K" concentration.

state kinetics but dwell very short-lasting in the conduc-agrees with the hypothesis that a physical collapse of this
tive configuration, for about 1 msec. The hydrophobicpart of the pore would be the event which structurally
core (M1-H5-M2) but not G, -stimulation of muscarinic  underlies a transition from the open to the closed channel
GIRK1 channels was recently recognized to be importantonfiguration. Still more complicated seems the situa-
for these brief openings (Slesinger et al., 1995). tion in K+(ATP) channels because their gating apparatus
Individual intrinsic open times in Kacpy, K'arpy  Must be supposed to sense the force created by the elec
and K*(i,) channels with an observed rank order for 1/trochemical K gradient.
Topen Of TOUghly 3 : 3 1 1 can bebarely expected in Structural peculiarities in Karpy channels are also
channels sharing exactly the same structural motif of theoredicted by their very individual Ksensitivity of con-
gating apparatus. Moreover, as found in experimentgsluctance when compared with*gﬂ) and K*(ACh) chan-
performed to analyze the temperature dependence of theels (Fig. 5). The present conductance measurements a
apparent gating frequency between 19°C and 29°C, amward K" permeation in K, and K',cpy channels
activation energy for gating of 0.74 kcal/mol was ob- yielded values which nicely fit the conductance —"TK
tained in K's7p) channels, but of 5.2 kcal/mol inig, relationship obtained by Sakmann and Trube (1984) in
channels. The high activation energy points to relativelycardiac inward rectifier K channels. Interestingly, the
large structural and energetic differences between thelope factor of this function is in Kxrp) channels only
conducting and the nonconducting configuration ifyK  half as large, 0.30 instead of 0.62. To consider a func-
channels. This is also noteworthy with respect to thetional consequence for physiologically relevantsitu
large homology of the pore-lining H5-segment and dis-conditions, even major fluctuation of the"Koncentra-
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be maintained in the extracellular space and exterfial K  lar cells.J. Physiol.363:441-462
Externally located K binding sites that are separate from _Single cardiac NachannelsJ. Membrane Biol11267-78
. Kolb, H.A., Bamberger, E. 1977. Influence of membrane thickness and
the po'relwere propq_sed to activate or to CerO' conduc- jonconcentration on the properties of the gramicidin A channel.
tance in inward rectifier Kchannels (Horowics, Gage & Autocorrelation, spectral power density, relaxation, and single
Eisenberg, 1968; Ciani et al., 1978). In" §p) chan- channel studiesBiochim. Biophys. Act#64:127-141
nels, the K interaction with these sites seems to follow Kubo, Y., Baldwin, T.J., Jan, Y.N., Jan, L.Y. 198®rimary structure
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lining H5-segment between the less-conductive IRK and V%, ¥ Reuveny, E,, Slesinger, P.A., Jan, Y'N., Jan, L.Y. 2993
. . Primary structure and functional expression of a rat G-protein-
Fhe more-conductive ROMK1 cha_nnels has little or no coupled muscarinic potassium chanriéhture 364:802—806
influence on K conductance (Taglialatela et al., 1994). matsuda, H. 1996. R Cs' ions and the inwardly rectifying Kchan-
Unfortunately, these authors did not present kinetic data. nels in guinea-pig ventricular cell®fluegers Arch432:26-33
It remains, therefore, an intriguing question whether anNoma, A., 1983. ATP-regulated'kchannels in cardiac muscleature
exchange of the H5-segment alters gating properties or 305147-148 N
not. Nevertheless,Tgr) and K(ACh) channels share with Noma, A., Takano, M. 1991. The ATP-sensitivé khannel.Jap. J.

K" channels a unifying principle, namely failin Physiol. 41:177-187
(ATP) gp pe, y 9 Pennefather, P.S., DeCoursey, T.E. 1994. A scheme to account for the
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References Quayle, J.M., Standen, N.B., Stanfield, P.R. 1988. The voltage-

dependent block of ATP-sensitive potassium channels of frog skel-
Ascher, P., Marty, A., Neild, T.O. 1978. Life time and elementary etal muscle by caesiund. Physiol.405:677-697
conductance of the channels mediating the excitatory effects ofSakmann, B., Trube, G. 1984. Conductance properties of single in-
acetylcholine in Aplysia neurond. Physiol.278:177-206 wardly rectifying potassium channels in ventricular cells from
Ashcroft, F.M., Kakei, M., Kelly, R.P. 1989. Rubidium and sodium guinea pig.J. Physiol.347:641-657
permeability of the ATP-sensitive 'Kchannel in single rat pancre-  Shyng, S.L., Nichols, C.G. 1997. Octameric stoichiometry of theX
atic B-cells. J. Physiol.408:413-430 channel complexJ. Gen. Physiol110:655-664



52 I. Benz et al.: Gating Properties inKpy) Channels

Slesinger, P.A., Reuveny, E., Jan, Y.N., Jan, L.Y. 1995. IdentificationVanHelden, D., Hamill, O.P., Gage, P.W. 1977. Permeant ions alter
of structural elements involved in G protein gating of the GIRK1 endplate channel characteristitdature 269:711-713

potassium channeNeuron15:llf15—1156 o Yang, J., Jan, Y.N., Jan, L.Y. 1994. Control of rectification and per-
Spruce, A.E., Standen, N.B., Stanfield, P.R. 1989. Rubidium ions and i by residues on two distinct domains in an inward rectifier

the gating of delayed rectifier potassium channels of frog skeletal |+ ;o000 Neuron14:1047—1054

muscle.J. Physiol.411:598-610 L . .
Taglialatela, M., Wible, B.A., Caporaso, R., Brown, A.M. 1994. Speci- Yang, X.C., Sachs, F. 1990. Characterization of stretch-activated ion

fication of pore properties by the carboxyl terminus of inwardly ~ channels inXenopusoocytes.J. Physiol.431:103-122

rectifying K* channels Science264:844—-847 Zilberter, Y., Burnashev, N., Papin, A., Portnov, V., Khodorov, B.
Terzic, A., Jahangir, A., Kurachi, Y. 1995. Cardiac ATP-sensitivVe K 1988. Gatingkinetics of ATP-sensitive single potassium channels in
channels: regulation by intracellular nucleotides anddkannel- myocardial cells depends on electromotive forefluegers Arch.

opening drugsAm. J. Physiol269:C525-C545 411584-589



