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inward Rectification of the IRK1 K* Channel Reconstituted in
Lipid Bilayers

Andrei Aleksandrov, Bratislav Velimirovic, and David E. Clapham
Department of Pharmacology, Mayo Foundation, Rochester, Minnesota 55905

ABSTRACT Inwardly rectifying potassium (K*) channels (IRK1) were incorporated into lipid bilayers to test the relative
contributions of various mechanisms to inward rectification. IRK1 channels were expressed in Xenopus laevis oocytes and
oocyte membrane vesicles containing the channels were fused with lipid bilayers. The major properties of the IRK1 channel
were similar whether measured in the oocyte membrane or lipid bilayer; the single channel conductance was 21 pS in 140
mM symmetrical [K*] and varied as a square root of external [K*]. Importantly, IRK1 channels display voltage-dependent
inward rectification in the absence of divalent ions or charged regulators such as spermine, indicating that they possess an
intrinsic rectification mechanism. Although rectification was significantly increased by either Mg?* or spermine added to the
cytoplasmic face of the channel, their effects could not be explained by simple block of the open pore. The Hille and Schwartz
(1978) model, originally proposed to explain inward rectification by singly charged blocking particies, cannot be used to
explain rectification by multiply charged blocking particles. As an alternative, we propose that in addition to a slow gating
mechanism producing long lasting open and closed states, there is a distinct, intrinsic fast gating process amplified by
cytoplasmic Mg2* and/or polyamine binding to the channel.

INTRODUCTION

Inwardly rectifying K* channels differ from voltage-gated
outward rectifiers in structure and function. The inward
rectifier is presumably a tetramer composed of subunits
with two transmembrane-spanning domains surrounding a
K*-selective pore (H5). In contrast, voltage-gated K* chan-
nels are tetramers of six transmembrane-spanning segments
in which the pore region lies between the domains S5 and
S6 (Kukuljan et al., 1995). Inward rectification in native
channels occurs through voltage-dependent block by cyto-
plasmic Mg2+ (Matsuda et al., 1987; Logothetis et al., 1987;
Vandenberg, 1987) and voltage-dependent intrinsic gating
(Ishihara et al., 1989; Silver and DeCoursey, 1990). The
expression-cloning of the IRK1 inward rectifier K* channel
from a mouse macrophage cell line (Kubo et al., 1993)
enabled structure/function studies to be performed. Mu-
tagenesis studies have shown that amino acids in the M2
domain (D172) and C-terminal domain (E224) play an
important role in the mechanism of inward rectification.
Mutations in these residues dramatically reduce Mg - and
polyamine-induced rectification, presumably by lowering
the affinity of this negatively charged domain for these
positively charged open channel blockers (Stanfield et al.,
1994; Taglialatela et al., 1994; Wible et al., 1994; Fakler et
al., 1994; Yang et al., 1995; Lopatin et al., 1994; Fakler et
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al., 1995). It has been suggested that open channel block by
polyamines accounts for an additional voltage-gating mech-
anism, complementary to the Mg?* block. Block by both
Mg®* and polyamines has been proposed to obviate the
need for any other mechanism for inward rectification
(Lopatin et al., 1994; Fakler et al., 1995; Yang et al., 1995).

Hille and Schwartz’ theory (1978) explained inward rec-
tification on the basis of the block of an invariant, conduc-
tive pore without an intrinsic channel gating mechanism.
We present evidence that this simple mechanism cannot
explain the experimental data without the inclusion of a
mechanism for fast intrinsic gating. The fast gating process
of IRK1 is enhanced by Mg?* and polyamines, but it is not
caused by voltage-dependent block of the open channel. A
preliminary report of this work has appeared previously in
abstract form (Aleksandrov et al., 1995).

MATERIALS AND METHODS

The cDNA encoding the murine inward rectifying potassium channel,
IRK1 (Kubo et al., 1993), was transcribed in vitro (mCAP, Stratagene, La
Jolla, CA). Xenopus oocytes were surgically removed, defolliculated in 2
mg/ml collagenase and injected with 2 ng/oocyte of IRK1 cRNA. Injected
oocytes were screened for inwardly rectifying K* current 4872 h later.
Two-electrode voltage clamp recordings were performed with a Turbo
TEC 01C (NPI Instruments, Tamm, Germany). The bath solution (K-96)
contained in mM: 96 KClI, 2 NaCl, 1.8 CaCl,, 1 MgCl,, and 5 K-HEPES
(pH 7.4). Inside out patch clamp recordings were filtered with an 8-pole
Bessel filter (cutoff frequency 2 kHz), sampled at 10 kHz through a
DigiData 1200 A/D converter (Axon Instruments, Sunnyvale, CA), and
analyzed with pCLAMP 6.0 software. Amplitude histograms were fitted by
multiple Gaussian functions using Origin software (MicroCal Software,
Inc., Sunnyvale, CA).

For lipid bilayers, plasma membranes from oocytes were isolated ac-
cording to Bretzel et al. (1986), and plasma membranes were detached
from the cortical vesicles according to Kinsey et al. (1980). Water-injected
oocytes served as controls. The probability of inward rectifier K*-channel
incorporation after fusion was <1% in controls compared to membrane
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vesicles from expressing oocytes, which was in a good agreement with the
low density of basal inward rectifying K* channels in oocyte plasma
membranes. Lipid bilayers were prepared from a phospholipid solution in
n-decane containing a 1:1 mixture of 1-palmitoyl-2-oleoyl-sn-glycero-3
phosphocholine/1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine
(15 mg/ml). The 0.2-mm diameter bilayer capacitance was ~100 pF. The
lipid bilayer separated 1.0 ml of solution in the teflon cup from 4.0 ml of
a solution in an outer glass chamber. Both chambers were magnetically
stirred. The teflon cup will be referred to as the cis compartment and the
glass chamber as the trans compartment. Electrical contact with the solu-
tions was provided by Ag/AgCl electrodes through agar bridges filled with
0.5 M KCl. The membrane potential difference was measured as the
difference between trans and cis potentials. The trans side was grounded
and electrical measurements of the single channel current were performed
under voltage clamp using an Axopatch 200A (Axon Instruments) ampli-
fier. The output signal was filtered with an 8-pole low pass Bessel filter
with the cutoff frequency set at 200 Hz. Membrane vesicles were added as
a concentrated stock solution to the teflon chamber only (cis side) for a
final protein concentration of 15-30 ug/ml. Spontaneous fusions of the
vesicles with the preformed bilayer were recorded as fast transient capac-
itance currents in the voltage-clamp mode and were followed by the
appearance of rectangular current jumps typical for single ionic channels.
The best results were achieved in symmetrical salt solutions containing, in
mM: 120 KCH;SO,, 5 EGTA, 2 MgCl,, 10 HEPES, and 20 KOH. Without
free Ca®*, and with low concentrations of Cl~ ions on both sides of the
membrane, inwardly rectifying K* channels appeared in <10% of the
fusions. An unrelated, high-conductance, nonselective, voltage-dependent
channel was also observed. Fusions were accomplished by intensive stir-
ring of the cis chamber, and further fusion events were prevented by
termination of the stirring.

RESULTS
Recording of IRK1 in Xenopus oocyte

In two-electrode voltage clamp recordings from Xenopus
oocytes expressing IRK 1, barium (Ba**) block of IRK1 was
strongly voltage- and time-dependent, with the highest level
of block at more negative voltages (Fig. 1 a). BaCl, (0.2
mM) blocked >95% of the current at —140 mV. At nega-
tive potentials, Ba®>" block was time-dependent (Fig. 1 a,
inset) with time constants in the range of 100 ms. Cs™ block
of the channel was voltage-dependent (90% block by 0.8
mM Cs*) and appeared instantaneously with hyperpolariza-
tion (Fig. 1 b). Single channel recordings of IRK1 from
inside-out oocyte patches revealed a conductance of 21 pS
in equimolar [K*] (140 mM; Fig. 1 ¢). With 1.8 mM MgCl,
in the bath solution, the channel rectified strongly in the
inward direction (Fig. 1, ¢ and d). The dwell times were fit
by a single exponential for mean open times (7, = 510 *= 40
ms, n = 4) and a double-exponential for mean closed times
(1 =75*15ms,n =4and 7, = 550 £ 50 ms, n = 4)
(Fig. 1 e). These data do not differ substantially from the
electrophysiological properties of the IRK1 channel re-
ported by Kubo et al. (1993).

Giant patch current recordings were performed on oo-
cytes expressing IRK1 channels (Fig. 2, @ and b). At the
beginning of the experiment, pipette and bath solution were
identical (140 mM KCl, 2 mM MgCl,. Fig. 2 a trace 1).
When the bath was perfused with the Mg?* -free solution, an
increase in inward current was observed (Fig. 2 a trace 2),
which increased further after excision (Fig. 2 a trace 3).
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Excision in the Mg>*-free solution also caused a large
increase in the outward current, but inward rectification at
potentials more positive than +60 mV was still present.
After extensive washout of the intracellular side of the patch
and removal of the oocyte from the recording bath, sperm-
ine added to the bath solution blocked the outward current
(Fig. 2 a, trace 4 and Fig. 2 b, curve 4). The zero current
potential was shifted by —32 mV by the addition of 400
mM KCl to the bath solution (Fig. 2 a, trace 5 and Fig. 2 b,
curve 5), corresponding to the predicted shift of Ex. The
relative conductance (G/G,,,,) plotted as a function of the
membrane potential demonstrated the characteristic feature
of inward rectification; the midpoint of the curve shifted
with Eg (Fig. 2 ¢).

Recording of IRK1 in lipid bilayer membranes

Membrane vesicles were prepared from IRK1-expressing
oocytes and fused with the lipid bilayer. We observed that
the cytoplasmic face of IRK1 channels oriented to the trans
compartment, as determined by the direction of rectifica-
tion. Functional IRK1 channels did not run down for more
than 1 h after fusion into the bilayer. The electrophysiolog-
ical properties of these channels closely corresponded to the
properties of native channels measured in patches. In solu-
tions with equimolar 140 mM [K*] and 2 mM [Mg?*],
small but measurable single channel currents were recorded
in the outward directions (Fig. 3, a and b). The single
channel conductance in the inward direction was 21 pS and
varied in direct proportion to the square root of cis [K*]
(corresponding to [K*])) up to 600 mM (Fig. 3 g). The
slope of the relation between the IRK1 channel reversal
potential and cis [K*], was 55 mV/decade, consistent with
a K*-selective pore (Fig. 3f).

Although removal of Mg?* from the trans (cytoplas-
matic) side increased the amplitude of the outward single
channel current, it did not completely remove rectifica-
tion (Fig. 3, ¢ and d). We did not obtain a linear single
channel I-V relation in symmetrical Mg?*-free solution
in contrast to published data from inside-out patches
(Matsuda et al.,, 1987; Vandenberg, 1987). The likely
explanation for this discrepancy is that a rapid (150 ms)
ramp protocol (—100 to 100 mV) was used in the patch
clamp experiments whereas a slow (4 s) ramp protocol
(—100 to 80 mV) was used for the lipid bilayer. Use of
the slow ramp protocol or measurement of steady-state
single channel currents, revealed the nonlinearity in the
current-voltage relation. The nonlinearity developed as a
smooth transition without any apparent changes in single
channel kinetics. The same residual rectification was
reported for recombinant IRK1 channels in giant patch
experiments under steady-state conditions (Fakler et al.,
1994). In cardiac inward rectifying potassium channels,
three subconductance levels recorded in the outward di-
rection (steady state; low [Mg“]i; Matsuda, 1988) were
used to justify a triple barrel model. For IRK1 reconsti-
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FIGURE 1 IRKI expressed in Xe- 02 mM BaCl,
nopus oocytes. Expressed IRK1 cur-
rent exhibited strong inward rectifi-
cation under voltage clamp
conditions and was blocked by ex-
ternal Ba%* and Cs* (a,b). Currents
were measured at the end of the
400-ms voltage steps (—100 mV to
+60 mV in 20-mV steps). Holding
potential was —10 mV. Bath solu-
tion contained in mM: 96 KCl, 2
NaCl, 1.8 CaCl,, 1 MgCl,, 5
HEPES-KOH (pH = 7.4). a) Ba®*
block of expressed IRK1 current. b)
Cs* block of expressed IRK1 cur-
rent. ¢) Single IRK1 channel records
from excised inside-out oocyte
patches. Records were filtered at
500 Hz (low pass Gaussian filter). C

0.1 mM BaCl2

control

voltage, mV voltage, mV

0.8 mM CsCl
control control

100 M BaCl,
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|
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Pipette and bath solutions contained
in mM: 120 KCl, 5 EGTA/10 KOH,

2 MgCl, 10 HEPES-KOH (pH =
7.2). d) i-V relation for a single
IRK1 channel expressed in an oo-
cyte. IRK1 single channel current
was recorded during a ramp protocol
from —100 mV to +100 mV (200
mV/300 ms). Capacitance and leak-
age currents were subtracted using
blank records. The superimposed
open circles indicate the current val-
ues calculated from amplitude histo-
grams of single channel records at 1

the appropriate voltages shown in c. d 1LpA
e) Distribution of the dwell-times -
for the IRK1 single channels shown
in ¢. Open times were well-fitted by
a single exponential of 7, = 490 ms,
and by a double-exponential for
closed time constants 7., = 70 ms
and 7, = 520 ms.

tuted in the lipid bilayer, outward currents under steady-
state conditions (+100 mV; Fig. 3) were threefold
smaller than currents recorded at —100 mV. This could
be accounted for by channels opening to the first putative
subconductance level (Fig. 3, ¢ and d). But, in contrast to
the data from ventricular myocytes, our reconstituted
IRK1 did not display a linear I-V relation in the outward
direction. For example, the single channel current at +50
mV was only twofold smaller than at —50 mV. Therefore
our data do not support the triple barrel model for IRK1.

The dwell times for both the open and the closed states
measured at steady state could be fitted by monoexponential
functions with time constants of 7, = 545 * 35 ms, n = 6,
and 7, = 3.5 = 0.7 s, n = 6 (Fig. 3, e and f), accounting for
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the observed slow gating process. Neither the mean open
times nor mean closed times varied significantly with mem-
brane potential for the slow gating process (Fig. 4 a). Mean
closed times were slightly longer in the absence of Mg>*,
but open times were not significantly different in the pres-
ence or absence of Mg>*. Open channel probability (p,;
calculated as 7./(7,+7.)) also did not vary as a function of
[K™], over the range from 100 to 600 mM [K*] (Fig. 4 b).
In summary, observable slow channel kinetics were inde-
pendent of both membrane voltage and [K*]. The fast
gating process presumed to underlie the rapid decay seen in
oocytes at depolarized potentials (Figure 2 a, trace 3) could
not be recorded from the bilayer because of the large bilayer
capacitance. The settling time restricted our observations to
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FIGURE 2 IRK! currents measured from giant patches from Xenopus oocytes. The pipette solution in all experiments contained, in mM: 120 KCl, 5
EGTA, 2 MgCl,, 10 HEPES-KOH (pH = 7.2). a) Current recordings were elicited by a 400-ms duration rectangular pulse protocol from —100 mV to +100
mV in 20-mV increments. At the beginning of the experiment (1) the pipette and bath solution were identical. In (2) the bath was perfused in the same
solution but without Mg>*. Note the small increase in inward current. Qutward currents developed after excision of the patch (3). The addition of 25 uM
spermine to the bath solution blocked the outward component (4). Ex was shifted to —~32 mV by the addition of 400 mM KCl in the bath solution (5). b)
I-V relations were plotted from the steady-state currents measured at the end of rectangular pulses in a. ¢) I-V curves like 4 and 5 were used to plot relative
conductance (G/G,,,) as a function of membrane potential, V,,. Experimental points shown represent mean values * SEM for three different sets of
experiments. The shift of the midpoint of G/G,,,, was accompanied by a shift in the zero current potential, V,.

the steady state (measured 1 s after the depolarization step)
and concomitant bandwidth limitations restricted time res-
olution to =5 ms.

Comparison of experimental data with theory

Hille and Schwarz (1978) proposed that the K*-selective
inward rectifier channel is a multi-ion single-file pore and
inward rectification could be explained by a cytoplasmic
charged blocking particle. Three main assumptions of the
model were 1) comparable binding site affinities for block-
ing and permeating ions in the channel; 2) equal charges for
blocking particle and permeating ion; and 3) sufficient
concentrations of permeating ions to produce multiple oc-
cupancy of the pore along with comparable concentrations
of the blocking particle and permeating ions.

We converted the distribution coefficient between
blocked and unblocked states (Eq. 20 in Hille and Schwarz,
1978) to the relative conductance, G/G,,,,, as a function of
membrane potential, V., (Fig. 5). We used a three-binding-
site model as the simplest explanation for the observed
sensitivity of G/Gp,, to the reversal potential. By assuming
a ratio of blocking particles/permeating ions (polyamines/
[K*]1 = 0.001) as a typical range under experimental con-
ditions, rectification was observed at membrane potentials
more positive than +75 mV (instead of 0 mV, the zero
current potential under our experimental conditions; Fig. 5).
This deviation from theory was not surprising given the
underlying assumption that comparable concentrations did
not exist for blocking and permeating ions (Hille and
Schwartz, 1978). The experimental data shown in Fig. 5
demonstrate that rectification takes place at potentials near
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FIGURE 3 Single IRK1 chan-
nels incorporated in lipid bilayers.
a) Ramp protocol (—100 mV to
+80 mV at 40 mV/s) reveals strong
inward rectification (2 mM
[Mg®*],) of an IRK1 channel in a
lipid bilayer. The superimposed
open circles indicate the current
values calculated from amplitude
histograms of single channel cur-
rents at the indicated voltages. b)
IRK! single channel currents. The
capacitance and leakage currents
were subtracted using blank
records and filtered at 100 Hz. ¢, d)
Weak inward rectification of single
IRKI channel incorporated in the
bilayer after removing [Mg2*], (ad-
dition of 20 mM EDTA-KOH to
the trans chamber). ¢) Distribution
of the dwell-times. Experimental
data were fit by a single exponen-
tial with time constants 7, = 530
ms for mean open time and 7, = 3
s for mean closed time. f) Reversal
potential for single IRK1 channel
as a function of [K*], (cis); [K*);
(trans) was kept constant at 140
mM. The best fit is a straight line
with a slope of 55 mV/decade. g)
IRK1 single channel conductance
in the inward direction as a func-
tion of [K*], (cis). The best fit of
the slope was 0.42, close to the
expected square root dependence of
inward rectifier conductances on
[K*],.

open time, s

the zero current potential (V;) and that the shift in V, (AV))
by increasing [K*]; leads to the parallel shift (AV,) of
G/G,,.- The blocking particle model predicts less than half
the observed shift of G/G,,,, (AV,; Fig. 5 a). The same
blocking particle model predicts an equal shift in G/G,,,, if
AV, is shifted by an appropriate change in [K*],. In other
words, for the single charge blocking particle model, the
shift of the relative conductance depends on the mechanism
by which V, is shifted—it depends not only on [K*1./[K*],,
but also on the [blocking particle]/[permeating ion] ratio.
The data shown on Fig. 5 a cannot be fit by the singly
charged blocking particle model, regardless of the number
of binding sites.

The midpoint of G/G,,,, can be shifted by increasing the
charge of the blocking particles (Fig. 5 b), but electrical
forces on the blocking particle and permeating ion would no
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longer match and AV, will always be much less than AV,
(Hille and Schwartz, 1978). The position of the midpoint of
G/G,,, on the V, axis will be governed by V, to a greater
extent than V,. The blocking particle model for inward
rectification assumes equal charges for the blocking particle
and permeant ions. But block by Mg>* or any other multi-
ply charged cation would cease at negative potentials for
any reasonable ratio of blocking particle/permeating ion
concentration and thus cannot explain the rectification ob-
served at potentials approaching Ex under physiological
conditions.

If we suppose a higher binding site affinity for the block-
ing particle, we would expect to detect the block of both
outward and inward currents in contrast with experimental
results. A multiply charged blocking particle with higher
binding site affinity results in pure block rather than inward



Aleksandrov et al.

5.0
4.5
4.0
3.5
5 3.04
2.54
2.04
1.5
1.0
05{ T35 =5 5 - 5 <

0.0

T ( no Mg2+)

S

T (2 mM Mg2+)

ime

T

2100 -50 0 50 100
V, mV

0.25
0.20

I~
'.
o
e

o’ 0.15

He—

0.10
0.05

0.00 T T v T v T
100 200 300 400 500 600

(K+]_, mM

FIGURE 4 Slow (>5 ms) IRK1 channel kinetics are independent of V,,
and [K*],. @) Mean open and closed times of IRK1 channels incorporated
into lipid bilayers do not vary significantly over the physiologic voltage
range. Single channels were recorded in symmetrical 140 mM [K*], *2
mM Mg?*. Closed times averaged slightly longer in the absence of Mg”*.
Each point is the mean = SEM from three to five separate experiments. b)
Channel open probability (P,) is independent of [K*],. Mean open times
averaged 620 * 90 ms and mean closed times (in 2 mM Mg>*) averaged
3.1 0.1 sat—100 mV.

rectification. Under symmetrical conditions most often used
in inside-out patches, simple block of the open channel
could be mistaken for rectification. Shifting the membrane
potential away from zero is necessary to distinguish be-
tween open channel block and inward rectification. We
conclude that a model of inward rectification based on the
blocking particle mechanism with multiple charges and/or
high binding site affinity cannot explain our experimental
results.

DISCUSSION

Inward rectification in native channels involves both volt-
age-dependent block of the open channel by cytoplasmic
Mg®* and voltage-dependent intrinsic gating (Matsuda et
al., 1987; Vandenberg, 1987; Ishihara et al., 1989; Silver
and DeCoursey, 1990). Block of the open channel by inter-
nal polyamines was proposed as the mechanism of intrinsic
gating (Lopatin et al., 1994; Fakler et al., 1995). In this
paper we have shown in lipid bilayers, where polyamines
are presumably absent, that IRK1 channels still possess
intrinsic, voltage-dependent inward rectification.
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FIGURE 5 Failure of the blocking particle model (for a K* channel with
three binding-sites) to fit the experimental data. The fraction of unblocked
channels, G/G,p,,,, was solved using Eq. 20 from Hille and Schwarz (1978).
In the Hille and Schwartz nomenclature, R, is the fraction of blocked
channels. We solved for 1 — Ry, the fraction of unblocked channels, to
obtain G/G,,,, as follows:

[G/Gual™ =1+ qilsi { 1 + exp (Vi) * g/,
+ exp (Vm - EK) + [exP (Vm) * qi/so + eXP (Vm - EK)]z}

where G/G,,,, = ratio of conductance to the maximum conductance at
—100 mV, g;, 5, 5, are dimensionless reduced activities (as defined in Hille
and Schwartz, 1978) of the internal blocking particles [K*]; and [K*],,
respectively. V,, and E are membrane potential and K* equilibrium
potential, respectively. a) Comparison between experimental data (solid
lines) from Fig. 2 ¢ and theory (dashed lines) predicted by the blocking
particle model with a singly charged blocking particle. Right dashed curve
is G/G,, calculated for symmetrical conditions s;/s, = 1, Ex = 0, and g;/s;
= g,/s, = 0.001 assuming [blocking particle] = 100 uM. The theoretical
shift in relative conductance (AV, = —12 mV) is associated with the shift
of zero current potential AV, = —32 mV by increasing [K*];: s/s, = 3.9,
qi/s; = 0.00025, g/s, = 0.001, Ex = —32 mV or —1.28 kT/e. Experi-
mental data are the same as in Fig. 2 c. Experimental data were fitted by
a Boltzmann function (solid line; z = 2.6). The shift between experimental
curves at G/G,,,, = 05 is AV, = AV, = —32 mV or —1.28 kT/e. b)
G/G,,.x plotted for multiply (n) charged blocking particles (dashed line;
e.g., Mg?* and/or polyamines). Experimental data from @) fitted by a
Boltzmann function (z = 2.6), are shown for comparison.

Point mutations in a region of the second putative trans-
membrane-spanning domain in IRK1 (amino acid #172) and
ROMKI1 alter the degree of rectification. For IRKI1
(D172N), the instantaneous and steady-state I-V relation
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became linear when internal Mg?* was removed (Wible et
al., 1994). Inverse point mutations in ROMK1 at the same
position (N172D) led to stronger rectification (Lu and
MacKinnon, 1994). In both cases, the point mutations did
not change single channel conductance or selectivity, im-
plying that the D to N mutation lowered the affinity of the
channel for Mg?* and polyamines, but maintained other
properties of the open channel as a water-filled pore (Lopa-
tin et al., 1994; Ficker et al., 1994; Yang et al., 1995). This
suggests that the M2 domain is not a part of the pore and
therefore intrinsic rectification is not a property of the open
pore structure. An additional point mutation (E224G) in the
carboxyl terminal attenuated the potency of Mg** and poly-
amine block, and could not be explained by 1-1 binding
(Yang et al,, 1995). Yang et al. suggested that part of the
hydrophilic C-terminal domain as well as the hydrophobic
M2 domain contributed to the channel pore in IRK1. These
data suggest a mechanism other than simple open channel
block for inward rectification. We hypothesize that inward
rectification is an intrinsic property of channel structure and
may be modulated by positively charged species such as
Mg>* or polyamines.

In contrast to the results of Wible et al. (1994), but in
agreement with Fakler et al. (1994), the IRK1 single chan-
nel i-V measured from the lipid bilayer under steady-state
conditions (0 [Mg?*];,) was not linear. A gradual reduction
in the open-state conductance was demonstrated by Coro-
nado and Miller (1979) for the Cs* block of the sarcoplas-
mic reticulum K* channel. They proposed that internally
applied Cs* ions move part of the way across the open pore
to form the blocking complex and produce extremely brief
interruptions of the ion current that can only be detected as
an apparent reduction in the level of the open channel
current. For IRK1, we have observed a gradual reduction in
the open channel conductance for a single reconstituted
channel in symmetrical solutions containing no cations
other than K*. To explain this phenomenon in the simplest
way, we propose an intrinsic fast gating mechanism with an
open/closed ratio dependent on membrane potential, [K*];
and [K*],. The apparent open channel conductance will
correspond to a time-averaged value determined by the
rapid open-closed flickering rate. According to our experi-
mental data, neither of the rate constants of the slow gating
process are voltage- or K*-dependent. Thus, there are at
least two different gating mechanisms, a slow one that is
voltage- and K+-independent, and the other a fast one that
is voltage- and K™ -sensitive.

The simplest kinetic model for two independent gating
mechanism has four states: (O) fast gate open, slow gate
open; (C) fast gate closed, slow gate open; (I,) fast gate
open, slow gate closed; (I.)) fast gate closed, slow gate
closed. Using the kinetic scheme of Fig. 6 we can solve the
coupled-state equations to obtain G/G,,,,. Taking into ac-
count the fact that the slow equilibrium constant, X, is
voltage- and [K*]-independent, the equations reduce to
G/G,.« = 1/(1+K;). The experimental data for single chan-
nel and macroscopic current shown in Fig. 6 b illustrate
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FIGURE 6 Kinetic model of the IRK1 channel. a) The fast gate is
represented as a hinged oval that is negatively charged at one end. In the
open state, the negatively charged end is exposed to the extracellular
solution and provides a binding site for K}. In the closed state, the
negatively charged domain faces the intracellular solution and is the
binding site for K*; and polycations like Mg?* and polyamines. Mg?* and
polyamines can bind to the fast gate and prolong the closed state. This is
the simplest mechanism that demonstrates fast gating, but it is not meant to
imply structure. b) G/G,,,,, was plotted based on measured macroscopic (n
= 3) Fig. 2 b trace 3 (open circles) and single channel (n = 5, bilayer)
currents (Fig. 3 ¢ (closed circles); =SD). The mean values were fit by a
Boltzmann function assuming the kinetic scheme shown in the inset. The
fast gating equilibrium constant, K, was derived from the best fit. Inset:
The fast and slow gating mechanisms operate independently. We assume
the same equilibrium constant (K) for fast (0)-(C) and (I,)-(L.) transitions.
The equilibrium constant for the slow gating mechanism (K,), is indepen-
dent of voltage and thus does not appear in the final equation for G/G,y,,.

good agreement with the proposed kinetic model. The fast
gating mechanism does not turn on immediately at poten-
tials more positive than the zero current potential. The speed
of the transition between different modes of operation de-
pends on the concentration of free Mg?* and/or polyamines
at the cytoplasmic face, becoming faster in solutions with
increasing concentrations. The voltage dependence of Mg?*
and the polyamine modulation of the fast gating mechanism
must be explained by a mechanism other than open channel
block. The simplest model assumes voltage-dependent for-
mation of binding site(s) for Mg?* and/or polyamines at the
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cytoplasmic face of the channel, correlated with briefly
closed or open states. The binding of Mg®>* or polyamines
to these binding sites changes the rate constants of the fast
gating mechanism. Thus, the probability of Mg?* or poly-
amine binding will depend on the mode of operation of the
fast gating mechanism, which is too fast to measure at our
recording bandwidth. According to our analysis, rectifica-
tion is basically an intrinsic property of the channel struc-
ture and is enhanced by intracellular Mg®* and/or poly-
amines binding temporarily to sites on the cytoplasmic face
of the channel. These features are consistent with the elec-
trochemical regulation of the gating mechanism as proposed
by Ciani et al. (1978) and modified in the K*-activated
K*-channel model of Pennefather et al. (1992).
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the Minnesota Heart Association (BV).

REFERENCES

Aleksandrov, A., B. Velimirovic, and D. E. Clapham. 1995. Recombinant
IRK1 channel shows inward rectification in the absence of intracellular
Mg?*. Biophys. J. 68.2:A100 (Abstract).

Bretzel, G., J. Janeczek, J. Born, M. John, H. Tiedemann, and H. Tiede-
mann. 1986. Isolation of plasma membranes from Xenopus embryos.
Roux’s Arch. Dev. Biol. 195:117-122.

Ciani, S., S. Krasne, S. Miyazaki, and S. Hagiwara. 1978. A model for
anomalous rectification: electrochemical-potential-dependent gating of
membrane channels. J. Membr. Biol. 44:103-134.

Coronado, R., and C. Miller. 1979. Voltage-dependent caesium blockade
of a cation channel from fragmented sarcoplasmic reticulum. Nature.
280:807-810.

Fakler, B., U. Brandle, C. Bond, E. Glowatzki, C. Konig, J. P. Adelman,
H.-P. Zenner, and J. P. Ruppersberg. 1994. A Structural determinant of
differential sensitivity of cloned inward rectifier K* channels to intra-
cellular spermine. FEBS Lett. 356:199-203.

Fakler, B., U. Brandle, E. Glowatzki, S. Weidemann, H.-P. Zenner, and J.
P. Ruppersberg. 1995. Strong voltage-dependent inward rectification of
inward rectifier K channels is caused by intracellular spermine. Cell.
80:149-154.

Ficker, E., M. Taglialatela, B. Wible, C. M. Henley, and A. M. Brown.
1994. Spermine and spermidine as gating molecules for inward rectifier
K* channels. Science. 266:1068—-1072.

Hille, B., and W. Schwarz. 1978. Potassium channels as multi-ion single-
file pores. J. Gen. Physiol. 72:409-442.

Ishihara, K., T. Mitsuiye, A. Noma, and M. Takano. 1989. The Mg2+
Block and intrinsic gating underlying inward rectification of the K*
current in guinea-pig cardiac myocytes. J. Physiol. 419:297-320.

Inward Rectifier K* Channels

2687

Kinsey, W. H,, G. L. Decker, and W. J. Lennarz. 1980. Isolation and partial
characterization of the plasma membrane of the sea urchin egg. J. Cell
Biol. 87:248-254.

Kubo, Y., T. J. Baldwin, Y. N. Jan, and L. Y. Jan. 1993. Primary structure
and functional expression of a mouse inward rectifier potassium channel.
Nature. 362:127-133.

Kukuljan, M., P. Labarca, and R. Latorre. 1995. Molecular determinants of
ion conduction and inactivation in K* channels. Am. J. Physiol. (Cell
Physiol. 37). 268:C535-C556.

Lauger, P. 1985. Ionic channels with conformational substates. Biophys. J.
47:581-590.

Leach, C. A., and P. R. Stanfield. 1981. Inward rectification in frog skeletal
muscle fibers and its dependence on membrane potential and external
potassium. J. Physiol. 319:295-309.

Logothetis, D. E., Y. Kurachi, J. Galper, E. J. Neer, and D. E. Clapham.
1987. The By subunits of GTP-binding proteins activate the muscarinic
K™ channel in heart. Nature. 325:321-326.

Lopatin, A. N., E. N. Makhina, and C. G. Nichols. 1994. Potassium channel
block by cytoplasmic polyamines as the mechanism of intrinsic rectifi-
cation. Nature. 372:366-369.

Lu, Z., and R. MacKinnon. 1994. Electrostatic tuning of Mg* affinity in
an inward-rectifier K* channel. Nature. 371:243-246.

Matsuda, H., A. Saigusa, and H. Irisawa. 1987. Ohmic conductance
through the inwardly rectifying K* channel and blocking by internal
Mg?*. Nature. 325:156-159.

Matsuda, H. 1988. Open-state substructure of inwardly rectifying potas-
sium channels revealed by magnesium block in guinea-pig heart cells.
J. Physiol. 397:237-258.

Pennefather, P., C. Oliva, and N. Mulrine. 1992. Origin of the potassium
and voltage dependence of the cardiac inwardly rectifying K-current
(Ix,)- Biophys. J. 61:448—-462.

Silver, M. R,, and T. E. DeCoursey. 1990. Intrinsic gating of inward
rectifier in bovine pulmonary artery endothelial cells in the presence and
absence of internal Mg>*. J. Gen. Physiol. 96:109-133.

Stanfield, P. R., N. W. Davis, P. A. Shelton, M. J. Sutcliffe, I. A. Khan, W.
J. Brammar, and E. C. Conley. 1994. A single aspartate residue is
involved in both intrinsic gating and blockage by Mg?* of the inward
rectifier, IRK1. J. Physiol. 478.1:1-6.

Taglialatela, M., B. A. Wible, R. Caporaso, and B. M. Brown. 1994.
Specification of pore properties by the carboxyl terminus of inwardly
rectifying K* channels. Science. 264:844-847.

Vandenberg, C. A. 1987. Inward rectification of a potassium channel in
cardiac ventricular cells depends on intenal magnesium ions. Proc.
Natl. Acad. Sci. USA. 84:2560-2564.

Wible, B. A., M. Taglialatela, E. Ficker, and A. M. Brown. 1994. Gating
of inward rectifying K* channels localized to a single negatively
charged residue. Nature. 371:246-249.

Yang, J., Y. N. Jan, and L. Y. Jan. 1995. Control of rectification and
permeation by residues in two distinct domains in an inward rectifier K*
channel. Neuron. 14:1047-1054.



