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[K*] Dependence of Open-Channel Conductance in Cloned Inward
Rectifier Potassium Channels (IRK1, Kir2.1)

A. N. Lopatin and C. G. Nichols
Department of Cell Biology and Physiology, Washington University School of Medicine, St. Louis, Missouri 63110 USA

ABSTRACT Potassium conduction through unblocked inwardly rectifying (IRK1, Kir2.1) potassium channels was measured
in inside-out patches from Xenopus oocytes, after removal of polyamine-induced strong inward rectification. Unblocked IRK1
channel current-voltage (I-V) relations show very mild inward rectification in symmetrical solutions, are linearized in nonsym-
metrical solutions that bring the K* reversal potential to extreme negative values, and follow Goldman-Hodgkin-Katz
constant field equation at extreme positive E,.. When intraceliular K* concentration (K,,) was varied, at constant extracellular
K* concentration (Ko,1) the conductance at the reversal potential (Gge,) followed closely the predictions of the Goldman-—
Hodgkin—Katz constant field equation at low concentrations and saturated sharply at concentrations of >150 mM. Similarly,
when Kot was varied, at constant Ky, Grey Saturated at concentrations of >150 mM. A square-root dependence of
conductance on K1 is a well-known property of inward rectifier potassium channels and is a property of the open channel.
A nonsymmetrical two-site three-barrier model can qualitatively explain both the |-V relations and the [K*] dependence of

conductance of open IRK1 (Kir2.1) channels.

INTRODUCTION

Inward, or “anomalous,” rectification of potassium (K) con-
ductance (Katz, 1949) has been described in many cell
types, and this phenomenon is characteristic of a whole
family of K channels (Kir channels) that differ functionally
and, it is now realized, structurally from normal, or outward,
rectifying Kv channels (Nichols, 1993). The defining prop-
erty of strong inward rectifier Kir channels is that conduc-
tance falls to essentially zero at membrane potentials that
are much positive to the reversal potential for K* ions (Eg)
and increases sharply at negative potentials. In the late
1980s it was shown that internal Mg?* ions, driven into the
channel by membrane depolarization, block these channels
in a voltage-dependent manner, thus reducing macroscopic
outward current and producing what is phenomenologically
called “inward rectification” (Vandenberg, 1987; Matsuda
et al, 1987). However, even in the absence of Mg2+, these
channels still rectify strongly in a time-dependent manner,
and this property has been termed “intrinsic” rectification.
The recent availability of cloned strong inward rectifier K
channels (Kubo et al., 1993a; Makhina et al., 1994) has led
to the recognition that “intrinsic” rectification also results
from a voltage-dependent block by internal cationic poly-
amines—spermine, spermidine, putrescine (Lopatinet al.,
1994; Ficker et al., 1994; Fakler et al., 1995; Lopatin et al.,
1995)—in further confirmation of Armstrong’s (1969) orig-
inal suggestion that inward rectification might be caused by
cytoplasmic cationic blocking particles.
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The inward current through strong inward rectifier
channels depends strongly on external [K*] (Koy1); em-
pirical descriptions of conductance suggest that inward
conductance is roughly proportional to the square root of
Kour (Hagiwara and Takahashi, 1974; Sakmann and
Trube, 1984; Kubo et al., 1993a; Makhina et al., 1994,
Perier et al., 1994). However, inasmuch as such measure-
ments are likely to be confounded by polyamine- and
Mg?*-induced rectification, biophysical interpretation of
this phenomenon has been limited by studying only in-
ward currents at potentials negative to Ey. High-level
expression of cloned Kir channels in Xenopus oocytes,
combined with awareness of, and the ability to remove,
polyamine-induced rectification, permits examination of
the currents through unblocked strong inward rectifier
channels over a wide range of potentials. In the present
study we have examined currents in the absence of both
Mg?" ions and polyamines and with full control of ex-
tracellular and intracellular K* solutions. We report that
the conductance of unblocked IRK1 channels saturates
sharply when either Ky or Koy is elevated above that on
the opposite side of the membrane. I-V relationships are
linearized when Ky >> Kgyr and follow the Goldman-—
Hodgkin—Katz (GHK) equation when Koyt << K,
demonstrating internal asymmetry of the ion conduction
pathway. Additionally, we show that a square-root de-
pendence of conductance on Koyt is a property of the
open-channel pore (Ciani et al., 1978; Sakmann and
Trube, 1984).

MATERIALS AND METHODS
Oocyte expression of Kir channels

c¢DNAs were propagated in the transcription-competent vector pBluescript
SK(-) in E. coli TG1. We transcribed capped cRNAs in vitro from linear-
ized cDNAS, using T7 RNA polymerase. Stage V-VI oocytes were isolated
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by partial ovariectomy of adult female Xenopus under tricaine anesthesia.
Oocytes were defolliculated by treatment with 1 mg/ml collagenase (Sigma
Type 1A, Sigma Chemical, St. Louis MO) in zero Ca* ND96 (below) for
1 h. 2-24 h after defolliculation, oocytes were pressure injected with ~50
nl of 1-100 ng/ml cRNA. Oocytes were kept in ND96 + 1.8 mM Ca?*
(below), supplemented with penicillin (100 U/m!) and streptomycin (100
pg/ml) for 1-7 days before experimentation.

Electrophysiology

Oocytes were placed in hypertonic solution (HY solution, below) to shrink
the oocyte membrane from the vitelline membrane. We removed the
vitelline membrane from the oocyte, using Dumont #5 forceps. Oocyte
membranes were patch clamped with an Axopatch 1D patch clamp appa-
ratus (Axon Instruments Inc., Foster City, CA). Fire-polished micropipettes
were pulled from thin-walled glass (WPI Inc., New Haven, CT) on a
horizontal puller (Sutter Instrument Co., Novato, CA). Electrode resistance
was typically 0.5-2 M) when filled with K-INT solution (below), with tip
diameters of 2-20 um. Pipette capacitance was minimized by coating with
a mixture of Parafilm (American National Can Co., Greenwich, CT) and
mineral oil. Experiments were performed at room temperature in a chamber
mounted on the stage of an inverted microscope (Nikon Diaphot, Nikon
Inc., Garden City, NY). PClamp software and a Labmaster TL125 digital-
to-analog converter were used to generate voltage pulses. Data were
normally filtered at 5 kHz, digitized at 22 kHz (Neurocorder, Neurodata,
New York, NY), and stored on video tape. Data could then be redigitized
into a microcomputer by Axotape (Axon Instruments, Inc.). Alternatively,
signals were digitized on line with PClamp software and stored on disk for
off-line analysis. In most cases, especially with inside-out patches and low
concentration of polyamines or Mg>*, leak current and capacity transients
were corrected off line with a P/1 procedure (+50 mV or higher condi-
tional prepulse). Currents were corrected for rundown wherever possible
and necessary.

Solutions

ND96 solution contained (in mM): NaCl 96, KCI 2, MgCl, 1, HEPES 5,
pH 7.5 (with NaOH). Hypertonic (HY) solution contained (in mM): KCl
60, EGTA 10, HEPES 40, sucrose 250, MgCl, 8; pH 7.0. In most exper-
iments, the control bath and pipette solutions were standard high [K™]
extracellular solution (K-INT) containing (in mM): KCI 140, HEPES 10,
K-EGTA 1, pH 7.35 (with KOH). The bath solution additionally typically
contained 1 mM K-EDTA. Concentrations of K™ up to 20 mM were
obtained by dilution of a control K-INT solution with water, with HEPES,
EGTA, and EDTA concentrations held constant. High K* concentrations
were obtained by addition of appropriate amounts of KCIl. The pH of all
solutions was readjusted to 7.3-7.35. No corrections for osmolarity or ionic
strength were made.

Analysis

Instantaneous I-V relations were obtained by extrapolation of a single
exponential function, fitted to the current record, to the beginning of the
test pulse, with the steady-state level taken as a free parameter. After
washout of polyamines from inside-out patches, currents decay in a single
exponential manner with time constants ranging from several milliseconds
to seconds (at +80 mV), far slower than capacitive currents. This mono-
exponential decay of the current is probably due to the presence of trace
amounts of the most potent polyamine, spermine, because with subsequent
application of putrescine, spermidine, and spermine the effect of putrescine
and spermidine can be washed out within seconds, whereas times up to
several minutes are required for removal of the spermine effect. We
calculated slope conductance at the reversal potential (Gggy) from currents
in response to voltage ramps with Microsoft Excel Line Estimation Func-
tion, using parts of the currents as indicated, for example, by the bold lines
in Fig. 2 B below.
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The GHK constant field equation 1 (Goldman, 1943) was used to permit
quantitative comparison of experimental and theoretical currents:

Kiv — Kour  exp(—AVy)
IGHK - AVM 1— exp(—AVM) ’ (1)
where
2F2 A= F
A~ Zhr T RT

One can derive Grgy from Iy by taking the derivative at Vy, = Ey, so

d
GREV(KINvKOUT,V) I V=Ex — E/{IGHK(K[N’KOUT,V)}|V=EK,
2)

Kour K
KOUT)( out BN )’ 3)

Crev = A ln( Kin /\Kour — Kin
where Grgy is a monotonic function of internal [K*] (Ky) at constant
external [K*] (Ko 1) and vice versa. It can also be shown that the slope of
the dependence of Ggrgy on Ky (at Ky = Kgyp) is 0.5 in double
logarithmic coordinates.

If the electrical field inside the pore is not constant, then a more general
form of the GHK equation will be

Kin — Kour  exp(—AVw)
IGHK = AVM y s (4)

[1 — exp(—7y.f(x)/D(x))] dx

x=0

where T = F/RT, f(x) and D(x) are an arbitrary intramembrane potential
and the diffusion coefficient for K*, respectively, and d is the thickness of
membrane. Igyy is still a monotonic function of K* concentration. Data
are presented as mean = SE wherever possible.

Perfusion pipette

In some experiments with inside-out patches, the ionic composition in
the pipette (outside the membrane) was controlled by use of a pipette
perfusion system (Fig. 1A), similar to that used by others (e.g. Tang et
al., 1992). This system allows a relatively fast (Fig. 1 B) and reversible
change of two (control and test) solutions at the tip of the patch pipette.
Using this system, we found that success in obtaining a “gigaseal” with
giant patches is critically dependent on the geometry of the pipette tip:
a conical shape is less effective than a cylindrical one (approximately
10-15 pwm in diameter). The length of this cylindrical part of the pipette
is a major determinant of the rate of solution exchange. “Positive”
pressure (+P) of ~50 cm H,O was applied to speed up the application
of pipette solutions, while a small negative suction ([ —h + (—P)] cm
H,0) was applied to another line to prevent leakage owing to hydro-
static pressure (—h) and suction (—P) applied to the pipette. The end of
the suction tube (ST, Fig. 1 A) was placed between the electrode tip and
the end of the reference electrode, thus preventing contamination of the
solution surrounding the electrode with solution coming from the per-
fusion tubes (PTs) and stabilizing the electrode potential. Tight sealing
of all joints in the system (@) was essential for maintenance of a
constant level of pipette solution and hence of stability of the electrode
potential.

This perfusion pipette system induces more “‘equipment” noise at the
level of single-channel measurements because of the increased “electrical”
size of the pipette. However, with macroscopic currents up to a few
nanoamperes, and at low gain, additional noise and capacity currents were
practically indistinguishable between perfused pipette and standard hold-
ers. After perfusion of a second solution, K+ could be calculated from
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FIGURE 1
struction of pertusion pipette: HD. pipette
holder; ST, suction tube: RE. reference elec-
trode: PTs. perfusion tubes (two): +P. —P.
high pressure for perfusion: i, H. solution lev-
cls; (@), sealed joints (See Materials and Meth-
ods). (B) Characteristic time course of patch
pertusion, changing first from 150 to 1000 mM
K™ and then back to 150 mM K . Cell-at-
tached patch currents were measured in re-
sponse to S0-ms voltage ramps from — &0 to 80

Perfused patch system. (A) Con-

mV every | s. The beginning of patch perfu-
sion is indicated by an arrow, reversal by a @,
and subsequent patch excision by an asterisk.
The zero current level is indicated by a white
dashed line. and the current at zero membrane B
potential is highlighted by 4 white line (man-
ually). At the end of perfusion with 1000 mM.
the K™ reversal potential (+43 mV) was mea-
sured in current clamp mode. Some leakage

develops  at the end of pertusion  with
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150 mM K .
I nA
Zero-voltage current
——————————— ]
T +80 mV
0 mV i
150 Koy — 1000 Koy —® 150 Koy
-80 mV
50 ms
the reversal potential, assuming that IRK1 channels behave as pertect Modeling

K-selective electrodes. In most experiments, the calculated steady-state
change in K- was approximately 10-20% smaller than expected. This
was not due to leakage current because correction assuming leakage causes
reversal of current at very positive potentials (current declines owing to
residual rectification: see Fig. 2B8), which is not reasonable. We attributed
the discrepancy in K, to an incomplete change of [K " ] at the membrane,
resulting trom a slow component of diffusion. Hence. in such experiments.
we have taken the calculated K as correct. Where this assumption
atfects the interpretation of the data. this point is considered.

Previous results (Lopatin et ab.. 1995) showed that there may be multiple
binding sites for polyamines, and hence presumably for K ions, inside the
pore region of strong inward rectifiers. A two-site three-barrier (283B)
model (Fig. 6 below) was used for qualitative examination of channel
behavior. We followed the approach described by Hille and Schwarz
(1978). with some specitic modifications. Model parameters were chosen
to be asymmetric to accommodate the reasonable suggestions that there is

binding at the selectivity filter and that most of the voltage drop occurs at
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FIGURE 2 Polyamine-induced rectification. (A) Currents in response to
a 25-ms voltage pulse to —50 and then to +50 mV from 0-mV holding
potential in a cell-attached patch (/) and in an inside-out patch after
washout of polyamines (2). No leak or capacity subtraction was applied.
(B) Instantaneous 1-V (@, Inst) relation and I-V relation in response to a
25-ms voltage ramp from —80 mV to +80 mV measured after removal of
most of the inward rectification (curve 2 in A). Both I-V relations were
normalized to the same value at —80 mV for comparison. The part of the
ramp 1-V relation highlighted by bold line segments was used for calcu-
lation of zero current conductance (Gggy). Currents are shown with the
following K\ :Kqy ratios (mM) —500:150, 150:150, and 25:150 from left
to right.

the intracellular part of the channel, where multiple blocking particles
(Mg and polyamines) can bind. Rate constants for Jjumping into and out
of the channel were in the form of k = [K]exp(dG) and k = exp(-dG),
respectively, where [K] is the concentration of potassium ions in arbitrary
units and dG is the free-energy difference between the peak and the well
for a specific transition normalized to RT (therefore dG is dimensionless)
in the absence of membrane potential. There is little reason for introducing
absolute rate constants (Eyring, 1935); only the relative value of G is
considered. The repulsion factor F was implemented in a simplified man-
ner (Chizmadjev and Aityan, 1977; Hille and Schwarz, 1978) as an
addition (*£F) to dG for transitions leading into and out of the doubly
occupied state. Hence, the full difference in free energy for a specific
transition was dG + dV * F, where d is electrical distance for a specific
binding site. The scaling factor for the membrane potential was then set to
give the correct reversal potential for potassium ions; potential therefore
has real meaning, whereas current and conductance are in arbitrary units.
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Microsoft Excel was used to solve the system of linear equations
describing the model. The solution was obtained by use of a matrix
approach, and corresponding voltage and concentration dependences were
automatically displayed with the use of Macro facilities.

RESULTS

Kir2.1 currents in the absence of Mg?*
or polyamines

To study the K* conductance of unblocked IRK1 (Kir2.1)
channels, we isolated inside-out patches from Xenopus oo-
cytes expressing IRK1 channels at high density into Mg?*-
free solution buffered with EDTA. Macroscopic currents
were measured after careful washout of intrinsic rectifying
factors (Lopatin et al., 1994) until only a small residual,
slow component of rectification at positive membrane po-
tential (up to +80 mV) remained. Under these conditions,
residual current decay at positive potentials followed a
monoexponential time course (Fig. 2 A), and all patches
with tau,s, < 25 ms were discarded from analysis. As
shown in Fig. 2 B, currents in response to 25-ms voltage
ramps (from —80 to +80 mV) can still display significant
inward rectification relative to instantaneous I-V relations,
despite intensive washout of polyamines. However, in the
range of inward currents, and in the vicinity of the zero
current potential, both relationships coincide. This is also
true for nonsymmetrical [K™*] solutions (Fig. 2 B), reflecting
the fact that the voltage around which the current rectifies
shifts, even under these conditions, almost directly with Ey.
Currents in response to voltage ramps were used to estimate
the zero current conductance (Gggy), but we constructed
current—voltage (I-V) relations from instantaneous currents
by using step voltage protocols.

.

Internal [K*] dependence of IRK1 conductance

Internal [K™*] (Kyn) was varied from 25 to 650 mM while
external [K"] (Kour — pipette) was kept at 150 mM.
Substituting K™ by bigger, nonpermeant cations, such as
NMDG™, to keep ionic strength at control caused a pro-
nounced fast, and shallow, voltage-dependent block, obvi-
ating true measurements of K* conductance over the whole
range of membrane potentials (cf. Neyton and Miller, 1988).
Fig. 3 shows IRK1 currents in response to 25-ms voltage
ramps at different K;y and the corresponding Gggy—V
relation.

The Ky dependence of conductance displays clear satu-
ration at concentrations above 150 mM, whereas it closely
follows the predictions of the GHK equation at lower con-
centrations. When Ky was changed, experimentally ob-
served reversal potentials differed by a few millivolts (es-
pecially at extreme concentrations) from that of a perfectly
K*-selective channel. This was normally corrected on the
assumption that this discrepancy was due to linear leakage
currents, although this correction did not qualitatively affect
the results.



686 Biophysical Journal

FIGURE 3 Dependence of IRK1 conduc-
tance on K. (A) Current traces in response
to voltage ramps (25 ms) from —80 to +80
mV during perfusion with different Ky
(mM): 625, 500, 375, 250, 150, 75, 50, and
25 mM from left to right. Currents are from
different patches and are normalized to cur-
rents in symmetrical 150-mM K, in the
same patch (each curve superimposed). (B) B
Double logarithmic plot of zero current con-
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Vm (mV)

150

[(Ki] (mM)

ductance (@, Gggy, arbitrary units) versus
Kin- The solid curve shows the best fit of 10
the GHK equation (Eq. 2) to the points at
Ky less than 150 mM.

Log(G) 1

External [K*] dependence of IRK1 conductance

We measured the external [K™] (Kout) dependence of
conductance in inside-out patches by varying Kyt within
the experiment, using the pipette perfusion system de-
scribed in Materials and Methods. K1 was varied between
150 and 1000 mM while K was kept at 150 mM. Attempts
to use the perfused pipette system to reduce K, below
150 mM failed because of the smaller ionic currents and
relatively large leakage that developed during perfusion.
Nonperfused patches were stable, with low K™ concentra-
tion in the pipette, and reliable currents could be measured
(see below), although direct comparison of conductance at
different K ;7 was not then possible. Fig. 44 shows a series

1000

of currents in response to voltage ramps at different times
during pipette perfusion with 1000 mM K™*. Zero current
conductance (Gggy) levels off at concentrations above 150
mM, as seen by comparison with the predictions of the
GHK equation (Fig. 3 B). As discussed in Materials and
Methods, Koyt was estimated from the current reversal
potential in perfused patches. The calculated steady-state
concentration was typically ~20% less than the perfusing
solution, and this difference was attributed to incomplete
change of solution at the very tip of the pipette rather than
to incorrect estimation of reversal potential as a result of
leakage (see Materials and Methods). Nevertheless, even
correcting for assumed leakage does not significantly alter
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I(pA)

FIGURE 4 Dependence of IRKI con-
ductance on Kqyt. (A) Family of inside-
out current traces in response to voltage
ramps (50 ms) from —80 to +80 mV
taken at different times during pipette
perfusion with 1000 mM [K*]. (B) Dou-
ble logarithmic plot of zero current con-
ductance (@, Gggy, arbitrary units) ver-
sus Koyp. The solid curve shows Gggy B
calculated according to the GHK equa-
tion. Linear approximation of the Gggy

600 -+

150
Kour] (mM)

K* dependence over this [K™] range 1
gives a slope of 020 + 0.03 (n = 3
patches).

(=

r

Log(G) -

the calculated steepness of the dependence of Gggy on
Koyt Which can be approximated by a line with a slope of
0.2 £ 0.03 (n = 3; Fig. 4 B).

Voltage dependence of IRK1 conductance

Even with symmetrical potassium solutions (150 K5:150
Kout)s I-V curves obtained either in response to voltage
ramps (Figs. 2—4) or by calculation of instantaneous rela-
tionships (Figs. 2 B and 5) display some inward rectification
within the range of potentials from —80 to +80 mV. In
contrast, the instantaneous I-V relations do not rectify in
conditions that bring Ex to extreme negative values either
by increasing intracellular or by decreasing extracellular

100 1000

e ~02

sseon?

[K*]. No matter how this negative reversal potential is
reached, I-V relations are almost linear (Fig. 5 A and B). In
contrast to this, I-V relations obtained in nonsymmetrical
K™ conditions that bring Ey to extreme positive values are
always inwardly rectifying, though not as strongly as pre-
dicted by the GHK equation (Eq. 1).

DISCUSSION
Multi-ion pore nature of Kir channels

It has been realized for many years that K channels are long
pores through which K* ions move in single file (Hille and
Schwarz, 1978). Several K* ions can occupy the channel at
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FIGURE 5 Instantaneous I-V relationships
are linearized at negative Eyx and convex at
positive Ey. (A) Experimental values of I-V (@)
were measured in inside-out patches with Kqyr
= 150 mM and Kj, = 1000, 150, 25 mM (from
left to right). (B) Values of I-V (@) were mea-
sured in inside-out patches with K, = 150 mM
and Koyt = 25, 150, 1000 mM (from left to
right). Each I-V is the average from 2-5 differ-
ent patches. The dashed curves correspond to
GHK predictions (Eq. 1) normalized to the zero
current slope conductance of the corresponding
experimental I-V and with reversal potentials
equal to those observed experimentally. I-V
curves are arbitrarily scaled for the purpose of
presentation.
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any one time, and there may be a strong electrostatic inter-
action between ions inside the pore. This realization is based
on several characteristic properties of ion conduction
through potassium channels, namely, flux coupling
(Hodgkin and Keynes, 1955), anomalous mole fraction ef-
fect (Hagiwara et al., 1977; Shapiro and DeCoursey, 1991),
saturation (Hill et al., 1989; Coronado et al., 1980; Blatz and
Magleby, 1984) and decline of conductance at high K*
concentrations (Wagoner and Oxford, 1987; Villaroelet al.,
1988; Lu and MacKinnon, 1994a), all of which contradict
simple rules based on independent diffusion of ions inside
the pore. Most of this previous research was performed on
weakly rectifying or voltage-activated K channels, and until
now strong inward rectifiers have essentially not been con-
sidered. This has been so because most of the pore proper-
ties of strong inward rectifiers are normally overshadowed
by the presence of rectification, combined with unavailabil-
ity of inward rectifier preparations in which ionic conditions
on both sides of the membrane could be well controlled.
Recent progress in cloning Kir channels (Ho et al., 1993;
Kubo et al, 1993a,b) has greatly improved the ability to
examine the biophysical properties of inward rectifier chan-
nels. The ability to examine macroscopic currents in inside-
out patches has led to the discovery that rectification in
these channels results primarily from a markedly voltage-
dependent block of the channel by intracellular polyamines
(Lopatin et al., 1994; Ficker et al., 1994; Fakler et al., 1995;
Lopatin et al., 1995) and to the location of the binding sites
for these polyamines (Fakler et al., 1994; Yang et al., 1995).

In single-channel measurements it is not feasible to ob-
serve the time course of washout of polyamines. and it is
therefore difficult to assess the degree of relief of rectifica-
tion. Macroscopic currents allow us to observe quantita-
tively the removal of polyamines from inside-out membrane
patches and then to examine the properties of the unblocked
channel while accounting for the presence of residual poly-
amines. In this regard, complete washout of exogenously
applied spermidine or putrescine occurs within a few sec-
onds, but washout of spermine can take minutes, and it is
likely that spermine is the predominant species responsible
for residual slow rectification (Fig. 2). Single-channel data
might be useful in studying kinetic properties (opening and
closing) of these channels, but true intrinsic gating seems to
be absent in the absence of rectifying factors such as Mg?*
and polyamines (Lopatin et al., 1994). (Note: We cannot
formally exclude the possibility that the observed shallow
instantaneous rectification results from a very fast block by
residual polyamines. By use of coated electrodes, the mac-
roscopic capacity transient time constant is reduced to less
than 10 microseconds, and residual rectification is still
apparently instantaneous. The relatively low single channel
conductance of IRK1 channels (~20 ps) means that mini-
mal filtering of ~2 kHz would be necessary to resolve
single channels from the noise. Such a fast block as that
necessary to cause the inward rectification would then be
unresolvable and would be observed only as an apparent
reduction of the single-channel current). The results de-
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scribed above show that conduction properties of unblocked
IRK1 channels are consistent with the idea of strong inward
rectifiers being a single file pore.

K* conductance of an unblocked IRK1 channel: a
barrier model of ion permeation

If an unblocked ion channel were to obey the constant-field
theory (GHK equation, Goldman, 1943; Eq. 1), then the
corresponding [K*] and voltage dependence of conductance
should be observed. The GHK equation assumes that K*
ions diffuse freely and independently of one another under
the influence of a constant electrical field. This means that
1) in symmetrical ionic conditions the I-V relation should be
linear and appropriate curvature should be observed in
nonsymmetrical conditions and 2) no saturation of conduc-
tance should be observed as Ky or Koy is increased. The
present results show that neither prediction is met in the
unblocked IRK1 channel. If it is assumed that the electrical
field inside the pore is not constant, then the denominator in
the GHK equation (Eq. 4) might, in principle, change the
shape of the I-V relation to that seen in a particular exper-
iment. However, overall behavior, including conductance
saturation, cannot be reproduced by such an adjustment.
Hence, we must discard the idea of ion independence and
can suggest instead that ions interact with one another in the
IRK1 channel pore and with specific binding sites. This can
be modeled by use of a multi-ion barrier model (Hille, 1975;
Hille and Schwarz, 1978; Chizmadjev and Aityan, 1977;
Hill and Chen, 1971; Schumaker and MacKinnon, 1990;
Alvarez et al., 1992). It has been shown that many specific
properties of long pores, including saturation (Cecchi et al.,
1986; French et al., 1994; Hill et al., 1989; Chang et al.,
1994) and even decline of conductance (Finkelstein and
Andersen, 1981; Wagoner and Oxford, 1987; Lu and
MacKinnon, 1994a) can be adequately described by this
approach. The aim of the present modeling is to determine
whether a simple 2S3B model (Fig. 6) can qualitatively
explain the observed phenomena and to demonstrate
whether the general behavior of the model under different
conditions corresponds to that observed experimentally.
The excessive potential freedom of such barrier models
requires consideration of as many experimental data as
possible to maximize the usefulness of the exercise. Recent
evidence suggests that the pore of strong inward rectifier
channels might be long enough to accept more than one
spermine molecule (Lopatin et al., 1995; Yang et al., 1995).
Although it is not clear how these molecules are actually
located or folded inside the pore, their size (~20 A long and
4 A in diameter) and charge (+4) suggest that there may be
a lot of space within the channel pore when it is approached
from the inside. To accommodate this suggestion, as well as
other conduction properties described above, the main fea-
tures of the model are as follows: 1) The pore is not
symmetrical (see Results); the central barrier is located
closer to the outer part of the channel. 2) The side barriers
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FIGURE 6 2S3B model. (A) Energy profile of the model. Specific parameters were as follows: d, = 65%, d; = 25%, and d, = 10% (electrical distances
for transitions, expressed as % of total membrane potential drop); G, = 9, G; = 7, G, = 2.5, G; = 0, and G;; = —2.5 (barrier heights and well depths,
respectively, dimensionless and defined as the free energies divided by RT; see Materials and Methods). (Inset) Possible K* transitions according to the
scheme in (4). (B) [K*] dependence of Gggy, for the 2S3B model in (A). Slope conductance at zero membrane potential is plotted against log[K*] for three
different repulsion factors, F = 0, F = 1.5, and F = 3. “Control” [K*] = 10 (1 in a log scale) and repulsion factor F = 1.5 were chosen for further modeling,
as indicated by (@). (C), (D), Families of I-V relations calculated for the 2S3B model in (A), with (C) constant K;y = 150 mM and different Ky, giving
Ey in the range of =50 mV and (D) constant Koyr = 150 mM and different Ky, giving Ey in the range of 50 mV.

are located close to the inside and the outside, respectively,
of the membrane; most of the voltage dependence for bind-
ing sites is in the “off” rates (Lopatin et al., 1995). 3) The
central barrier is smaller than the side barriers; i.e., the
rate-limiting step is entry to (or exit from) the pore (owing
to dehydration). 4) The outermost binding site is deeper than
the inner binding site and the outermost barrier is smaller
than the inside one. Such a profile can also account for the
Koyt dependence of polyamine-induced rectification (un-
published observations), assuming that internal polyamines

permeate the channel up to, but not into, this site. 5) There
is electrostatic repulsion between K ions inside the pore.
Analytical solutions for such a model are not practical,
and investigation of the model behavior requires numerical
simulations. Fig. 6 B shows the dependence of slope con-
ductance at zero membrane potential (Gggy) on [K*] (sym-
metrical) with different repulsion factors (F). This plot
underlines two characteristic properties of long single-file
models: 1) saturation and further decline of conductance at
high [K*] and 2) the fact that electrostatic repulsion spreads
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out conductance over a wide range of concentrations (Hille
and Schwarz, 1978). It has been pointed out (Hille and
Schwarz, 1978) that, because conductance may display mul-
tiple flat (descending) and rising stretches (two local peaks
for two-site models) it becomes difficult to determine the
appropriate range of concentrations where the real channel
operates. It appears from the results presented above that
IRK1 channels operate close to saturation, so we have
modeled the control (150 mM) [K™] on the second rise of
conductance, with repulsion factor F = 1.5, close to the
final, declining, phase (Fig. 6 B, @).

Fig. 6 C and D shows that the selected energy profile
(Fig. 6 A) can produce I-V relations in different ionic
conditions with characteristics similar to those found exper-
imentally. First, because of asymmetry in the energy profile,
the I-V relation in symmetrical [K™] rectifies inwardly.
Second, in nonsymmetrical [K*] solutions that bring Ex to
extreme negative values, the I-V relations are linearized.
This type of linearization has also been shown theoretically
by Hill and Chen (1971) for a 2S3B model. Conversely, I-V
relations become convex in solutions that bring Ex to ex-
treme positive values. In this range of reversal potentials the
predicted I-V relations tend to be somewhat more convex
than the experimental data and coincide with GHK equa-
tion, but the general behavior of the model-predicted I-V
relations with different Ky reproduces that of experiments.

After setting of the “reference” point for conduction in
symmetrical solution (Fig. 6 B), the dependence of current
on Kjy can be obtained and compared with experiment. Fig.
7A shows that the 2S3B model, with parameters described
above, gives a qualitative approximation of the experimen-
tal data, although the conductance saturation is shallower,
with most deviation from experimental data at high K.
The experimentally observed Gggy is predicted by the GHK
equation in the range of K|y concentration lower than 150
mM (Fig. 2), with a slope of 0.5 at Kjy = Koyt However,
when Ky is increased above Kgyr, channel conductance
levels off rather steeply. Although we failed to obtain a full
complementary set of data by lowering K, while keeping
Kin = 150 mM, we may predict (see Sakmann and Trube,
1984) that in this case Grgy Will also follow close to the
GHK predictions with a slope close to 0.5 while saturating
steeply at Koyt = KN, as observed experimentally
(Fig. 4).

Fig. 7 shows that the shape of the concentration depen-
dence of conductance in nonsymmetrical solutions is ex-
tremely sensitive to the position of the side energy peaks
(and wells, not shown) whereas in symmetrical solutions the
shape is independent of the side energy peak positions.
When side peaks (or wells or both) are moved from deep
inside the pore to the edge of the voltage field, Gggy in
nonsymmetrical solutions changes dramatically, approach-
ing the GHK prediction and hence the experimentally ob-
served Grey at low Kpy and then leveling off and declining
sharply at Ky = Koyt In our experiments we did not reach
high enough concentrations to see a real decline in conduc-
tance, so it remains to be established whether such a decline
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really does exist and, if so, at what concentrations. In the
model, it was not possible to have a very steep Grey — Kin
dependence while keeping I-V relations linearized at nega-
tive Ex.

Comparison with previous studies

Although earlier examinations of the [K™] dependence of
inward rectifier conductance were made without knowledge
of the mechanism of steep inward rectification, it is likely
that polyamine-induced rectification was at least partially
removed in studies using inside-out membrane patches.
Even in the presence of strong rectification, single-channel
measurements could represent an even better approximation
of undistorted conduction than could macroscopic currents.
Current saturation at high Ko was observed by Sakmann
and Trube (1984) in strong inward rectifier ix,; channels
from guinea-pig hearts. Superficially, this is in contrast to
our finding that at high [Koyy] (and constant 150-mM
[Kin]; positive Eg) I-V relations are better described by the
GHK equation than at low [Kqyt] (negative Ex). However,
even though I-V relations follow the GHK equation more
closely at membrane potentials close to Ey, they are still
linearized at more negative potentials. As Sakmann and
Trube (1984) measured single-channel currents at —100
mV, far negative to Ey, both I-V linearization and saturation
of Gggy conductance would contribute to current saturation
at high Kqy-

Sakmann and Trube (1984) also showed that conductance
of ik, channels (mostly at low Kgyp) is proportional to
~Kour® %, which is close to the Ko, dependence reported
in other studies with native and cloned inward rectifier
channels (Hagiwara and Takahashi, 1974; Kubo et al.,
1993a; Perier et al., 1994; Makhina et al., 1994; Ho et al.,
1993). However, it seems that this may not be a property
that is unique to inward rectifier channels, because the
simple GHK equation actually predicts that G ~ Kgyro>.
The present results indicate that this Ko, dependence of
conductance is a property of the open channel, as suggested
by previous authors (Ciani et al., 1978; Sakmann and Trube,
1984).

Sakmann and Trube (1984) also noted that single-channel
I-V relations for native cardiac inward rectifier iy ; channels
are linearized at K* concentrations giving negative Ej.
Other channels also display linearization of I-V curves (e.g.,
Chang et al., 1994; glutamate receptor channel). Some of
the above results, for instance inward rectification in sym-
metrical solutions, might involve surface charge or related
effects (Hille, 1992; Lu and Mackinnon, 1994b). Although
these effects probably do play a role in ion conduction,
especially over such wide ranges of [K*], they were not
considered in the present modeling because the amount of
available data is negligible compared with the flexibility of
the model and it is apparent that the simple 2S3B model can
predict properties such as inward rectification in symmetri-
cal potassium, without involving additional effects (Hill and
Chen, 1971).
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more steeply when side energy peaks are located closer to the pore entrance. The dashed curve corresponds to Gggy derived from GHK equation (3).
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The effects of internal [K*] on conductance of inward
rectifier K channels have received less attention. Cohen et
al. (1989) and Hagiwara and Yoshi (1979) observed a slight
rightward shift in the midpoint of the conductance-voltage
relationship when they lowered Ky in cardiac Purkinje cells
and starfish eggs, respectively. These results presumably
reflect a small relief of the polyamine block as a result of
lowering intracellular [K*]. However, the presence of poly-
amine-induced rectification in these studies obviates direct
comparisons between them and the present results.

CONCLUSIONS

After removal of inward rectification, we have examined the
current through unblocked strong inward rectifier K chan-
nels (IRK1, Kir2.1). Unblocked IRK1 channel I-V relations
show a mild inward rectification in symmetrical solutions
and are linearized in nonsymmetrical solutions, particularly
those that bring E to negative values. Channel conductance
saturates when internal, or external, K concentration ex-
ceeds that on the other side of the membrane. As shown by
others, with low KqyT, or Ky, conductance closely follows
the predictions of the GHK equation, suggesting that the
well-known “square-root” dependence of conductance of
strong inward rectifiers on Kyt reflects the properties of an
unsaturated pore. A nonsymmetrical 2S3B model gives
qualitatively good overall approximation for both I-V rela-
tions and the Ky and Koyt dependence of IRK1 conduc-
tance. Models with additional barriers would probably pro-
duce quantitative fits to the data.

Kir2.1 (IRK1) was a gift from Dr. Lou Philipson and Dr. Dottie Hanck
(University of Chicago). This research was supported by grant HL54171
from the National Institutes of Health (to CGN) and an Established Inves-
tigatorship from the American Heart Association (to CGN).
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