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ABSTRACT The number, sign, and distribution of charged residues in the pore-forming H5 domain for inward-
rectifying K channels (IRK1) are different from the otherwise homologous H5 domains of other voltage-gated K
channels. We have mutated Arg!#®, which is perfectly conserved in all inward rectifiers, to His in the H5 of IRK1
(Kir2.1). Channel activity was lost by the mutation, but coexpression of the mutant (R148H) along with the wild-
type (WT) mRNA revealed populations of channels with reduced single-channel conductances. Long-lasting and
flickery sublevels were detected exclusively for the coexpressed channels. These findings indicated that the mu-
tant subunit formed hetero-oligomers with the WT subunit. The permeability ratio was altered by the mutation,
while the selectivity sequence (K* > Rb* > NH," >> Na*) was preserved. The coexpression made the IRKI chan-
nel more sensitive to extracellular block by Mg?* and Ca?*, and turned this blockade from a voltage-independent
to a -dependent process. The sensitivity of the mutant channels to Mg?* was enhanced at higher pH and by an in-
creased ratio of mutant:WT mRNA, suggesting that the charge on the Arg site controlled the sensitivity. The
blocking rate of open channel blockers, such as Cs™ and Ba?*, was facilitated by coexpression without significant
change in the steady state block. Evaluation of the electrical distance to the binding site for Mg®>* or Ca?* and that
to the barrier peak for block by Cs* or Ba?* suggest that Arg!* is located between the external blocking site for
Mg?* or Ca’?* and the deeper blocking site for Cs*™ or Ba?* in the IRK1 channel. It is concluded that Arg!*® serves

as a barrier to cationic blockers, keeping Mg?* and Ca?* out from the electric field of the membrane.
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INTRODUCTION

A physiologically important property of inwardly recti-
fying potassium channels is their very high sensitivity to
cytosolic Mg?* (Matsuda, 1991; Doupnik et al., 1995)
that limits outward current. Carrying inward current is
also important for inward rectifiers in some physiologi-
cal conditions (e.g., reentry of locally accumulated K
ions; see other examples in Hille, 1992). The channel
faces a fairly high extracellular concentration of Mg?*.
External Mg?* preferentially blocks the inward current
(Shioya et al., 1993). In contrast to the Mg** effect
from inside, the block by external Mg?* is voltage inde-
pendent and the sensitivity to external Mg?* is very low;
i.e., in the millimolar range (Biermans et al., 1987; Kell
and DeFelice, 1988; Shioya et al., 1993; Elam and Lans-
man, 1995). This dramatic contrast in the Mg?* sensi-
tivity from inside and outside may reveal a physical pic-
ture of the inward-rectifying K (IRK)! pore that can be
expected to be highly asymmetric.
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To gain insight into the structural requirements for
external Mg?* sensitivity, the sequence of the H5 seg-
ment was aligned for inward rectifier and voltage-gated
K" channels (Fig. 1). The charge distribution of the H5
region of inwardly rectifying potassium channels is
quite different from those of voltage-dependent K*
channels. The only charged residue within the H5 re-
gion of voltage-gated channels is Asp next to the con-
served Gly-Tyr-Gly motif that is common to all known
K" channels. In contrast, inward rectifiers possess one
or two negatively charged Glu located near the center
of H5 and one highly conserved positively charged Arg
that is located at the COOH-terminal end of H5 and
separated from the Gly-Tyr-Gly motif by an aromatic
Phe or Tyr (Fig. 1). We focused on the conserved
Arg!'® of the IRK1 channel (Kir2.1; Kubo et al., 19934
Kubo, 1996) that may face to the external environ-
ment. The “fractionally” charged residue, His, was in-
troduced to this site (R148H).

In an attempt to clarify a physical picture of the IRK
channel, electrophysiological studies were carried out
by probing with cationic blockers. The results show that
Arg!®#® of the IRK1 channel forms an electrostatic bar-
rier at the external entrance of the pore and prevents
block by extracellular Mg?* and Ca?*. Thus, the chan-
nel’s high barrier to external Mg?* in combination with
a high affinity blocking site for internal Mg?* makes it
work effectively as an “inward rectifier.”
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FiGure 1. Sequence alignment of the pore re-
gion from different cloned potassium channels.
Shaker (Kv1.1; Tempel et al., 1987), Kvl.1 (Bau-

mann et al., 1988), Kv2.1 (Frech et al., 1989), and
Kv3.1 (Yokoyama et al., 1989) encode voltage-
gated K* channels. ROMKI (Kirl.la; Ho et al,,
1993), ROMK2 (Kirl.1b; Zhou et al., 1994), and
ROMKS3 (Kirl.1c; Shuck et al., 1994) are ATP-acti-

Old New

name name

Shaker Kvi1 DAFWWAVVTMTTV|GYGD
Kv1.1 DAFWWAVVSMTTV|GYGD
Kv2.1 ASFWWATITMTTV|GYGD
Kv3.1 IGFWWAVVTMTTL|GYGD
ROMK1 Kirt1la S[A F L F S|L[E T|Q V|[T I ¢ ¥ G|F
ROMK2 Kirl.1lb S|A F L F S|L|E T|Q V|T I G Y G|F|I
ROMK3 Kirlic S|A F L F S|LIE T|Q V|T I G Y G|F|I
IRK1 Ki21 A|AFLF S|I|ET|QT|TIGYG|F
bIRK2 Kir22 AAFLF S|I|ET|QT|TIGY G|L|E
mbIRK3 Kir23 G|AFLF S|VIET|QT|TIGY G|F
GIRK1 Kir31 S|AFLF[FI|/ETEAITIGY G|Y
GIRK2 Kir32 S|AFLFS|I|ETET|ITIGYG|Y
CIR Kir34 S|AFLF S|I|ET|E T|T[T|G Y G|F
BIR Ki2 S|AFLFSs|I|E[voV|T I G[F|c|c

vated weak inward rectifiers cloned from kidney.
IRKI1 (Kir2.1; Kubo et al., 1993a), rbIRK2 (Kir2.2;
Koyama et al., 1994), and mbIRK3 (Kir2.3; Mor-
ishige et al., 1994) are cloned from a mouse
macrophage cell line, rabbit brain, and mouse
brain, respectively, and highly expressed in heart,
brain, and skeletal muscle; these channels exhibit
steep inward rectification. GIRK1 (Kir3.1; Kubo et
al., 1993b), GIRK2 (Kir3.2; Lesage et al., 1994),
and CIR (Kir3.4; Krapivinsky et al., 1995) are
cloned from rat heart, mouse brain, and rat heart,
respectively, and represent G-protein-activated
inwardly rectifying K* channels. BIR (Kir6.2; Ina-

=2 << yl'<: Q OO O"I:I":I KK KH

gaki et al., 1995) is cloned from rat pancreatic islets and encodes inwardly rectifying K* channels that are inhibited by intracellular ATP.
For inward rectifiers, the abbreviations that the authors originally used and “unified” names (Chandy and Gutman, 1993; Nichols and Lo-
patin, 1997) are given. The shaded box represents the Arg residue highly conserved in all types of inward rectifiers. The open frames en-

close other conserved segments in the P-region.

METHODS

Molecular Biology

The wild-type (WT) cDNA of IRKI was a generous gift from Dr.
LY. Jan (University of California, San Francisco, San Francisco,
CA). Site-directed mutagenesis was performed using the Sculptor
in vitro mutagenesis kit (Amersham International, Little Chal-
font, UK). Mutation was confirmed by dideoxy sequencing of the
region containing the mutation. mRNAs were synthesized by lin-
carization with Xho, followed by transcription with T3 poly-
merase using the mCAP™ mRNA capping kit (Stratagene Inc.,
La Jolla, CA). Transcript concentration was estimated spectro-
photometrically and aliquots were stored at —80°C. Stage V and
VI Xenopus oocytes were defolliculated by collagenase treatment
(Type I, 1 mg/ml for 2—4 h; Sigma Chemical Co., St. Louis, MO)
in Ca?*-free Barth solution, injected with 50-150 nl (“Nanoject”;
Drummond Scientific, Broomall, PA) of mRNA solution (0.5 ng/
nl) and incubated at 19°C in normal Barth medium supple-
mented with antibiotics.

Electrophysiology

Electrophysiological measurements were made 2-10 d after
mRNA injection. Whole-cell currents were recorded in oocytes
with the two-microelectrode voltage clamp technique using a
“bath-clamp” amplifier (CA-1; Dagan Corp., Minneapolis, MN).
Oocytes were impaled with two 3-M KClilled micropipettes (tip
resistance, 0.5-1 M) that served as voltage-recording and cur-
rent-injecting electrodes. Separate electrodes (Ag-AgCl elec-
trodes; IVM, Healdsburg, CA) were used to pass the bath current
and control the bath potential (two-electrode “virtual ground”
circuit). The voltage-sensing electrode was placed near the out-
side surface of the oocyte (~¥1 mm). To check the series resis-
tance error, the external potential was monitored by an addi-
tional microelectrode that was placed just above the membrane
surface (<50 wm). The series resistance thus evaluated was <0.2
k(). Series resistance compensation was used when necessary. A
grounded shield was placed between the micropipettes to reduce
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capacitative coupling. Another current electrode for compensat-
ing capacitative current was placed in the bath. Adjusting three
time constants and phase delay provided high performance in
capacitance compensation. Linear leakage currents were sub-
tracted off-line.

Control bath solution for whole-cell recordings consisted of
(mM): 90 KCl, 5 HEPES, and 0.1 EGTA, pH 7.4. Niflumic acid
(200 wM) was added to block endogenous chloride currents.
Mg?*, Ca®**, Cs*, and Ba?* were added to this solution as the
chloride salts to the indicated final concentrations. The free Ba**
concentration was calculated according to Oiki et al. (1994).

Bathing solution was continuously perfused at a rate of 2.5-3
ml/min through a recording chamber of 0.15 ml total volume.
Junction potentials were corrected for high Mg?* and Ca?* solu-
tions.

Since at a high ratio of mutant mRNA in the injecting mixture
the resulting current was small in amplitude, it was necessary to
eliminate the possible contribution of endogenous currents to
the recording currents. The averaged currents from three paral-
lel experiments with noninjected cells were subtracted from cur-
rents measured in injected cells. For careful analysis of current—
voltage (I-V) shapes (see Fig. 2 C) and for selectivity measure-
ments (see Fig. 10), oocytes were injected with a maximum
amount of mRNA (up to 150 nl of 0.5 ng/nl).

Cell-attached single-channel recordings were performed on
oocytes after manual removal of the vitelline envelope as de-
scribed by Methfessel et al. (1986). Depolarizing bath solution
consisted of (mM): 100 KCI, 10 EDTA, and 10 HEPES, pH 7.3.
Patch pipettes, coated with Sylgard (Corning Glass Works, Corn-
ing, NY), were filled with the bath solution used for whole-cell
measurements. Single-channel recordings were performed by an
Axopatch 200A patch clamp amplifier (Axon Instruments, Foster
City, CA). Capacitance transients were subtracted off-line using
null traces.

Voltage protocols were generated using a 486-based computer,
coupled to a TL-1 or DigiData 1200 (Axon Instruments) inter-
face. Currents were filtered at 1 kHz and sampled at 5 kHz. Data
acquisition and analysis were done using pCLAMP6 (Axon In-
struments).

Experiments were performed at room temperature (23-25°C).
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Data Analysis

Dose-response data for cationic block were fitted to the equa-
tion:

Vi, = /L= U/l + (IX]/K)} + U, (1)

where I/1, is the fractional current in the presence of blocker at
the concentration [X], K; is the apparent dissociation constant,
and Uis an unblocked fraction of current at saturating [X]. The
voltage dependence of blockade was examined using the
Woodhull model (Woodhull, 1973) according to the equation:

Ky(V) = Ky(0) exp[—2zd FV/RT], (2)

where K,(0) is the apparent dissociation constant at 0 mV mem-
brane potential, 8 is the fractional electrical distance from the ex-
tracellular side, z is the valence of the blocker, and F, R, and T
have their usual thermodynamic meanings.

The blocking kinetics of Ba?" and Cs* were analyzed by fitting
the time course of current to a single exponential function that is
the first approximation, particularly for fast blocking kinetics.
Voltage dependence of the blocking rate constants was evaluated
by a rate equation in which the release rate of blocker was ig-
nored:

1/7 = k(0) exp[—28 FV/RT], (3)

where 7 is the blocking time constant, and k, the rate constant
at 0 mV. Rewriting the equation follows the Eyring rate equation:

1/7= Aexp[—(AG + 28 FV) /RT],

where AG# is the activation energy and A is the frequency factor.

The permeability ratio Pyx/P; was determined from measure-
ments of shifts in reversal potential (AE,,,) when 90 mM KCI in
the bathing solution was replaced with 10 mM KCI and 80 mM of
XCl, where X was either NMDG (N-methyl-p-glucamine), Na, Rb,
NH,, or Cs, according to the formula derived from the Goldman-
Hodgkin-Katz equation:

Py/ Py = (90 X 108w/% — 10) /80. (4)

Single-channel amplitudes were measured by manually placing
cursors at the open and closed channel levels.

Data from three oocytes for each measurement are presented
as the mean = SD unless otherwise noted.

RESULTS

Homomeric Channel of the Mutant R148H

No channel activity was detected using the two-elec-
trode voltage clamp technique, even when a large
amount (up to 75 ng) of the mutant R148H (Arg!*® re-
placed by His) mRNA was injected into Xenopus oo-
cytes. Current did not appear at low pH (pH 6.0),
where the His residue should be fully charged (n = 6,
not shown). These results suggest that Arg!*® is crucial
for channel formation or function of IRKI.

Macroscopic Current of Coinjected Qocytes

To overcome the problem of nonfunctional expres-
sion, R148H mRNA was coinjected with the WT mRNA
at different ratios (hereafter referred to as f, for the
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fraction of the mutant in mRNA mixture). Voltage
steps from +40 to —140 mV were applied from the
holding potential of —30 mV. Recorded currents were
small in amplitude when mutant mRNA was coinjected
with that of WT (Fig. 2 A). The current amplitude de-
creased progressively as the ratio of mutant mRNA
coinjected was increased (Fig. 2 B), while the total
amount of injected mRNA was kept constant. Instanta-
neous current-voltage relationships in the coexpressed
oocytes (Fig. 2 C) showed inward rectification that was
similar to that of the WT IRK1 channel. However, the
chord conductance—voltage (G-V) curves normalized at
—140 mV showed a slight difference in shape between
WT and mutant channels (Fig. 2 D), suggesting inho-
mogeneity in the coexpressed channels.

Single-Channel Current for Homo- and Hetero-Oligomer

Fig. 3 A shows representative single-channel traces re-
corded from Xenopus oocytes under the cell-attached
patch-clamp configuration in depolarizing bath solu-
tion (see METHODS). Oocytes were injected with WT
mRNA (Fig. 3 A, left) or a mixture of mRNA with a ratio
of R148H:WT = 1/1 (f, = 0.5; Fig. 3 A, middle and
right). The prominent difference in the single-channel
properties was that heterogeneous channels with smaller
unitary amplitude (for example, 25.2 = 0.4 pSand 14.3 =
0.5 pS for middle and right, respectively) appeared in the
coinjected oocytes. The inward-rectifying property was
not changed significantly by the mutation, as seen on
the I-V curves (Fig. 3 B).

The distribution of the unitary amplitudes obtained
from different patches and different oocytes are shown
as a histogram (Fig. 3 C). For WT IRKI channels, a sin-
gle peak with a mean unitary amplitude of —2.9 = 0.2
pA at —100 mV was observed (Fig. 3 C, top). For the
channels from coinjected oocytes (the R148H/WT ra-
tio of 1:1; f,, = 0.5), the data from all of our single
channel recordings obtained from >60 patches (>40
oocytes) were combined into a histogram (Fig. 3 C, bot-
tom). The histogram, unlike the pure WT channel, dis-
plays additional peaks on current amplitude. No single
channel current with unitary amplitude higher than
that of the WT channel was observed.

From these observations, we conclude that the mu-
tant channel protein was expressed on the plasma
membrane of the oocytes and was able to make com-
plexes with the WT protein to form multiple hetero-oligo-
meric channels with smaller single-channel conduc-
tances. Hereafter, we will use the term “hybrid channels”
to refer to the channels produced by coexpression.

Effect of R148H Mutation on Mg?* Blockade

In Fig. 4 A, the effects of external Mg?" on whole-cell
IRK1 currents are shown. Block by Mg?* was largely in-
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stantaneous, with little effect on slow inactivation, and
thus only instantaneous I-V curves are shown in Fig. 4
B. For both WT and mutant, the current was depressed
progressively as external Mg?* was increased. In Fig. 4
C, the concentration dependency of the relative cur-
rent amplitude at —140 mV is shown. Coexpression
with R148H increased the Mg?* sensitivity of the K*
currents. As the mutant:WT ratio was increased, the ap-
parent K; that were evaluated from Fig. 4 C decreased
progressively from 4.4 mM for WT to 1.3 mM for hybrid
channels of f;, = 0.75 (see legend to Fig. 4 C). For the
WT channel, 31% of the current remained unblocked
at saturating concentrations of Mg?*. The unblocked frac-
tion also decreased progressively as the mutant ratio
was increased (5% for f, = 0.75; see legend to Fig. 4 C).

Fig. 4 D shows representative single-channel traces re-
corded in the cell-attached configuration with patch pi-
pettes containing 5 mM Mg?*. The single-channel con-
ductance was depressed significantly for the WT chan-
nel (12.8 £ 0.2 pS) in the presence of 5 mM external
Mg?* compared with that in the absence of external
Mg?* (29 pS; Fig. 3). For coinjected oocytes, no single-
channel current of higher unitary amplitude than the
WT channel was observed under Mg?*-containing con-
ditions. The most frequently observed hybrid channels

had a single-channel conductance of 5.1 = 0.2 pS (f, =
0.5; Fig. 4 D, right). Flickery events could not be de-
tected in either WT or hybrid channels at this record-
ing resolution (1 kHz). The gating properties of the hy-
brid channels looked to be similar to those of WT.
Thus, the Mg?* block was mainly due to a depressed
single-channel conductance.

In Fig. 5 A, the normalized G-V curves for the macro-
scopic current in the presence of extracellular Mg?*
are shown. For the WT channel, the shape of the G-V
curve was almost flat at high negative potentials (Fig. 5
A, B). The apparent K; values showed negligible volt-
age dependency for the WT channel (Fig. 5 B). This
suggests that in the WT channel the Mg?*-blocking site
is located outside the membrane electric field. By con-
trast, hybrid channels were blocked by Mg?* in a poten-
tial-dependent manner. The G-V curves of hybrid chan-
nels showed a rising phase in the potential region from
—140 to —60 mV (Fig. 5 A, open symbols for f, = 0.5 and
0.75). The apparent K, values decreased as the mem-
brane potential was hyperpolarized (Fig. 5 B). The volt-
age dependency of apparent K; values became steeper
as the mutant:WT ratio was increased. The electrical
distance of the Mg?* blocking site was evaluated from
the voltage-dependent K; changes using the Woodhull
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FIGURE 3.

Single-channel currents of WT and R148H/WT (f,, = 0.5) hybrid channels. (A) Representative single-channel currents re-

corded from Xenopus oocytes injected with mRNA of WT (leff) and the mixture of WT and the R148H mutant (f,, = 0.5; middle and right).
Representative traces from channels of two different conductances are shown from coinjected oocytes. Downward and upward arrows indi-
cate the beginning and the end of the voltage step (500 ms), respectively, from the holding potential of —30 mV. (B) Single-channel IV curves
for WT (M) and hybrid (O and A) channels. (C) Distribution of single-channel currents for WT (Zop) and coinjected R148H/WT (f,, =
0.5) channels (bottom) at —100 mV obtained from different patches and oocytes (» = 21 and 60 for WT and hybrid channels, respectively).

model (Eq. 2). As the mutant:WT ratio was increased,
the electrical distance progressively increased from
0.03 to 0.10 for f, = 0.25-0.75 (Fig. 5 C).

Effect of pH on the Channel Activity and Mg2+ Blockage

To explore the basis for the higher Mg?* sensitivity of
the hybrid channels, we first carried out a pH titration
of the His residue(s) from the extracellular side. Nor-
malized currents (/L = g5) of —140 mV at different
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external pH are shown in Fig. 6 A. The WT channel was
relatively insensitive to external pH. For hybrid chan-
nels (f,, = 0.5), the current amplitude decreased signif-
icantly as the external pH was reduced, although signif-
icant currents remained at pH 6.0. The results could be
well fitted by a titration curve of a single group with an
apparent pK of 7.23 * 0.03 at —140 mV. This value is
close to the pK value of a His residue. Thus, the His!*®
residue appears to be located near the extracellular en-
trance to the pore. The apparent pK value implies that
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a significant fraction of the His!*® residues should be
deprotonated at physiological pH.

Single-channel recordings were performed to exam-
ine protonated hybrid channels. Representative single-
channel currents recorded at pH 7.06 under Mg?*-free
(01 mM EDTA in pipette solution) conditions are
shown in Fig. 6 B. Sublevels could be detected for the
hybrid channels (Fig. 6 B, middle and right) in 11 of 14
channels, whereas no sublevels were observed for the
WT channel (Fig. 6 B, left) in all the experiments (n =
12). The same sublevels of the hybrid channels were
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neous I-V curves at different con-
centrations of Mg?* for WT and
hybrid channels (f, = 0.5). (C)
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the Mg?* blockage of the frac-

-8 tional current at —140 mV.

Curves represent fitting to Eq. 1

with K; = 4.38 = 0.19 mM (WT;

W), 321 = 0.19 mM (f,, = 0.25;

0y, 1.92 = 0.14 mM (f, = 0.5;

O), and 1.31 = 0.06 mM (f, =

0.75; A). The unblocked fraction

of currents was 0.31 £ 0.07 for

WT, 0.20 = 0.10 for f,, = 0.25,
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Representative traces of single-

channel currents for WT (left)

and hybrid (f,, = 0.5; right) chan-
nels recorded with patch pipettes
filled with the bath solution con-
taining 5 mM Mg?*". Downward
and upward arrows indicate the
3pA f =05 beginning and the end of the
m ’ voltage step, respectively, applied
repetitively to —100 mV from a
holding potential of —30 mV.

200 ms

observed less frequently at pH 7.4 (n = 5, not shown).
It was surprising that we observed a long-lasting sub-
level at ~50% conductance level that was rather quiet
without exhibiting flickery events (Fig. 6 B, middle).
Such long-lasting sublevels appeared exclusively for the
25 pS channel. In contrast, flickery transitions between
a main level and sublevels were observed for the 20 pS
channel (Fig. 6 B, right). The emergence of sublevels
for the hybrid channels exclusively suggests that the
His!*® residue induces lower conductance substates.
The Mg?* sensitivity of IRK channels was evaluated at
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FIGURE 6. pH sensitivity conferred by the mutation, R148H. (A) pH dependency of the steady state current amplitude at —140 mV nor-
malized to the control current (L,;1/ L,y - 5 B). The line fitted to the hybrid channel data represents the titration curve of a single group
with pK = 7.23 = 0.03. [Mg?*],,;, = 1 mM. (B) Steady state single-channel current traces, pH 7.06, recorded at —100 mV. The WT channel
(30 pS) does not show sublevels. Long-lasting sublevels are shown for the 25 pS channel (middle) and flickering sublevels are shown for the
20 pS channel (right). Transition from the sublevel to the closed level was observed (for example, B, middle second trace). (C) The effect of
pH on Mg?* block of WT (l) and hybrid (f,, = 0.5; O) channels. The degree of current block by 5 mM Mg?* is plotted as a function of pH.
Here, I, is the current at —140 mV in Mg?*-free solution and 7is the current in the presence of 5 mM Mg?*. The line fitted to the hybrid
channel data represents the titration curve of a single group with a pK = 7.06 = 0.03.

671 SABIROV ET AL.



various pH. The fractional block by 5 mM Mg?* at
—140 mV (lyg = 5/lyg = o) is shown in Fig. 6 C. The
higher sensitivity of hybrid channels (f,, = 0.5) at physi-
ological pH was augmented significantly as external pH
was increased up to 8.5 (Fig. 6 C). When pH was de-
creased to 6.0, however, the difference in Mg?* sensitiv-
ity between hybrid and WT channels was abolished.
The apparent pK value thus obtained was 7.06 = 0.03,
which is very close to the apparent pK for the titratable
current amplitude. Thus, the deprotonated His residue
made the channel more sensitive to Mg?* blockade,
while the protonation made the hybrid channels less
sensitive to Mg2* with fractional blocking similar to that
of the WT channel.

Effect of R148H Mutation on Ca?* Blockade

Another common physiological divalent cation, Ca2*,
also blocked the WT IRK1 channel (Fig. 7 A). The ap-
parent K; value for Ca?* measured at —140 mV was

A

1.04

1.0

s

0.5
0.5

Chord conductance

0.0 0.0

a0

more than twice that of Mg?* (see legends to Figs. 4 C
and 7 A). The Ca®" block of the WT IRK channel was
voltage independent, as shown in Fig. 7 C. The effect of
the mutation on Ca%" block was very similar to the ef-
fect of the mutation on Mg?* block. Hybrid channels
were more sensitive than WT channels to Ca?" and
were blocked in a voltage-dependent manner, as can be
seen in the G-V curves (Fig. 7 B) and voltage dependen-
cies of K, (Fig. 7 C). Moreover, the mutation produced
the same increase in the fraction of the electrical field
sensed by Ca?* (up to 0.09 for f, = 0.75, Fig. 7 D).
Therefore, it is likely that the mechanisms for Ca?* and
Mg?* block are the same.

The concentrations of divalent cations used were
fairly high. However, the observed blocking effects
were not due to a nonspecific increase in ionic strength,
since addition of NMDG-CI up to 180 mM produced
little effect on macroscopic currents (n = 5, data not
shown).
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Ficure 7. Ca?" blockade of WT and
hybrid channels coexpressed at differ-
ent f,. (A) Dose-response relation-
ships. Curves represent fitting to Eq. 1
with K; = 9.4 = 27 mM (WT; B), K, =
6.4 *1.2mM (f, = 0.25; ), K; = 5.5 =
1.0 mM (f, = 0.5; O), and K, = 3.9 =
0.6 mM (f,, = 0.75; A). (B) Chord con-
ductances normalized at —140 mV as a
function of voltage for WT and 60 mM
Ca?* (W), f, = 0.5 and 60 mM Ca*"
(O), and f, = 0.75 and 60 mM Ca?*
(A). Essentally similar results were ob-
tained in three experiments. (C) Volt-
age dependency of dissociation con-
stants for Ca?* block of WT and hybrid
channels. Symbols are the same as those
in Fig. 2. Lines represent fitting to Eq. 2
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with & plotted in D. (D) Electrical dis-
tances for block by Ca?* as a function of
mutant content in mRNA mixtures.
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Effect of R148H Mutation on Cs* and Ba?* Blockade

proach to the binding site. As illustrated in Fig. 8 A, the

The potent open-channel blockers, Cs* and Ba%*, can Ba2™ block was much slower than the Cs™ block. For
be used to explore, through their transient and steady ~ both Cs* and Ba?*, the blocking rate was accelerated by
state kinetics, the properties of the pore in the ap-  the mutation. The current traces were fitted by a single

Time constant (ms)

0.14

[Cs']= 40 uM [Ba™]= 2.5 uM

WT

5ms

5ms

S—— Ficure 8. Blocking rate of Cs*

o and Ba®" in WT and R148H/WT
f,=0.5 hybrid channels. (A) Representa-

tive current traces showing the
4pA time course of Cs™ and Ba?* block
WT - of WT (top) and hybrid (f, = 0.5;

400 ms bottom) channels. (B) Single-
exponential fitting of blocking
time course for Cs* (lff) and
Ba?* (right) at —140 mV. Dotted
lines correspond to fitting with
time constants of 0.82 and 0.37
ms for WT and f, = 0.5, respec-
tively, for Cs* block and 149 and
L] 57 ms for Ba?* block. (C) Voltage
| .
a) dependence of the time constant
/ for Cs* (lefty and Ba®* (right)
blocking for WT (M) and hybrid

WT /I/i L]
E &

I/ip /Q/ (fiu = 0.5; O) channels. Lines are
2] fits to Eq. 3. For Cs* block, k(0)

100 !
/H/ f =05 =164+ 82571, = 0.35 + 0.04

o’ " for WT and k(0) = 166 = 90 s,
8 = 0.49 = 0.11 for the hybrid.
For Ba?* block, k(0) = 0.13 =
0.01s7!,8 = 0.37 = 0.01 for WT
and k(0) = 0.22 * 0.002s71, 8 =

F
Time constant (ms)

. . i 104 0.39 = 0.001 for the hybrid. The
-140 -120 -100 . T ! AAGH (=AGH5q — AGHyr) val-
- _1 00 _75 hybrid WT
mv 125 ues were —0.02 RT for Cs™ block
mV and —0.47 RT for Ba%* block.
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exponential function to the first approximation (Fig. 8
B), where the fitting to the fast kinetics for Cs* block-
ing was an approximation due to the experimental lim-
itations. The voltage dependency of the blocking time
constants of Cs* and Ba?* are shown in Fig. 8 C (lft for
Cs™ and right for Ba?"). In the membrane potential
range tested, the blocking of hybrid channels was faster
than that of WT channels.

The electrical distance to the barrier peak was calcu-
lated from the voltage dependence of the blocking
time constants using the Eyring rate equation (Fig. 8 G;
Eq. 3). In the WT channel, the electrical distances to-
wards the barrier for Cs*™ and Ba®>" were similar (0.34 =
0.04 for Cs™ and 0.35 * 0.02 for Ba?"). Those values
were only slightly affected by mutation (0.49 * 0.08 for
Cs* and 0.39 = 0.02 for Ba** on hybrid £, = 0.5). On
the other hand, the height of the barrier peak was com-
pared as a difference of the energy level between the
WT channel and the mutant channels (AAG* = AGHp,5q —
AG*yr). The value of AAG was —0.02 and —0.47 RT for
Cs™ and Ba?" blocking, respectively. Thus, at least for
the Ba?* blocking, the main barrier for the blocker was
depressed by the mutation without changing the posi-
tion in the electric field.

In contrast to the blocking rate, the steady state
blocking was not significantly effected by the mutation.
The potential-dependent Cs* block was observed as a
negative slope in the steady state I-V curves for WT
channels (Fig. 9 A, l). Coexpression with R148H (Fig.
9 A, open symbols; f,, = 0.5) produced little effect on I-V

B 1.0

mn,

0.5+
.

relationships (Fig. 9 A, O). Fractional blocking as a
function of Cs* concentration was plotted for WT and
hybrid channels with different f, (Fig. 9 B). The K, val-
ues were not effected significantly by the mutation (see
legend to Fig. 9 B). The electrical distance for steady
state Cs* blocking was evaluated to be 1.09 = 0.03 and was
not altered by the mutation (Fig. 9 C). The value of the
electrical distance suggests multiple ion blocking by Cs™.
Essentially similar results were obtained for the steady
state Ba?* block. Similar K; values were obtained for WT
(0.15 £ 0.01 wM) and mutants (0.13 = 0.02 uM for f, =
0.75) for the steady state Ba?* block at —140 mV. The elec-
trical distance for the Ba?* blocking site was ~0.5 for both
WT (0.48 * 0.02) and mutant channels (0.51 = 0.04).

Effect of RI48H Mutation on Ion Selectivity

The effect of the mutation on the selectivity of IRKI
channel was examined, since Arg!'*8 is located close to
the selectivity signature sequence. Both WT and hybrid
channels did carry outward currents near the reversal
potential (Fig. 10). Upon reducing the extracellular K*
concentration from 90 to 10 mM using NMDG™ or Na*
as a substitute, the shifts in the reversal potential corre-
sponded to the change in the Nernst potential for K*
in both WT and hybrid (f, = 0.75) channels (Table I).
These data indicate that both WT and R148H:WT
channels are practically impermeable to NMDG™* and
Na*. For the Cs* replacement, there was no outward
current, and the inward current was also very small.

Ficure 9. Cs* blocking of WT
and hybrid channels. (A) Repre-
sentative I-V relationships for WT
(@) and hybrid (f,, = 0.5; O)
channels at different concentra-

-204

0
1007

[Cs] (uM)

-30-

K, ( uM)

tions of Cs*. Currents for hybrid
channels were scaled up to
match the WT current at —100
mV in the absence of blocker.
(B) Fractional currents at —140
mV as a function of Cs* concen-

tration. The curve represents fit-
g ting of the WT data to Eq. 1 with

200
[Cs"] (M)

300

/@/ Ky =137 = 0.4 pM. 14.6 + 0.26
- uM for f, = 0.25,15.03 = 0.30 uM
for f;, = 0.5and 17.24 = 0.91 uM

for f,, = 0.75.(C) Voltage depen-

dence of dissociation constants.

A line represents fitting of WT

data to Eq. 2 with K4 (0 mV) =

674

-100 75 5.62 * 0.75 mM and 8 = 1.09 =
myV 0.03. Symbols are as in Fig. 2.
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Calculation of the permeability ratio for Cs* was not
possible. By contrast, both channels were permeable to
Rb* and NH,*. The outward “hump,” while small in
amplitude, in the I-V curve was seen in the presence of
80 mM Rb* or NH,* ions, and the reversal potential
could be determined (Table I, wild type). The perme-
ability ratio, calculated using the Goldman-Hodgkin-
Katz equation (Eq. 4), was altered by the mutation
R148H (Table I, R148H:WT). The hybrid at f, = 0.75
was still highly selective to K* over Na*. The changes in
Rb* and NH,* permeabilities were significant, while
the mutation did not alter the selectivity sequence K* >
Rb* > NH," >> Nat* = NMDG".

DISCUSSION

We have identified a residue, Arg!*, that is involved in
protecting the IRK channel from block by extracellular
divalent cations in physiological solutions. This Arg is
conserved perfectly among the family of inwardly recti-
fying K channels. The present study demonstrates that
low sensitivity of the IRK channel to extracellular Mg?*
and Ca?* is rendered by this Arg, which may serve as an
electrostatic barrier for entrance of extracellular cat-
ionic blockers and keep divalent cations away from the
membrane electric field.

In our experiments, the mutant molecule was coex-
pressed with the WT molecule, since the homo-mutant
channel was nonfunctional. Recently, the tetrameric
nature of the IRK channel has been revealed (Yang et
al., 1995). The broad distribution of the unitary ampli-
tude and different types of sublevels in single-channel
recordings indicated that hetero-tetramer channels were
formed in coinjected oocytes in the present study. Thus,
the macroscopic current represented the average behav-
ior of these heterogenous populations. On average, the
number of mutant subunits in a tetramer should increase
as the coinjected-mutant:WT ratio is increased (MacKin-
non, 1991). Thus, the systematic changes in Mg?* sen-
sitivity observed in coexpressed oocytes such as the
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FiGure 10. Cation selectivity of
WT and RI148H/WT hybrid
channels. Current-voltage rela-
tionships for WT (lgff) and hy-
brid (f, = 0.75; right) channels
were observed in the presence of
10 mM KCI and 80 mM XCI,
where X was either K, NMDGT,
, Na*, Rb*, NH,*, or Cs*. The
/ holding potential was —30 mV
| and currents were evoked by
) steps from +40 to —140 mV in
5-mV increments.

decreased K, values, increased voltage sensitivity, and
decreased unblocked fraction indicate an “additive”
contribution of the mutant subunit, and thereby the
His residues, to Mg?* sensitivity in a tetrameric channel
(Durkins et al., 1993).

To examine whether the higher Mg?" sensitivity in-
troduced by His!*® was related to the protonatable na-
ture of the His residue, titration of the His!*® residue
was performed. The macroscopic current amplitude
for the hybrid channels was depressed significantly as
external pH was decreased. On the other hand, the WT
channel showed little sensitivity to the external pH
change, although the unitary amplitude was depressed
slightly at lower pH (Sabirov et al., 1997). The apparent
pKvalue (7.23) for current amplitude indicated that a
significant fraction of the His!*® residue is depro-
tonated at physiological pH. In single-channel record-
ings, we could detect sublevels exclusively for the hy-
brid channels, suggesting that the His!*® residue might
control distinct conductance levels. In parallel to the
pH dependency of the current amplitude, the sensitiv-
ity of the His!*® subunit containing channels to Mg?*
became increased when external pH was increased.
The similar apparent pK values for the Mg?* sensitivity
(7.06) and the current amplitude (7.23) indicate that
the deprotonated His residue rendered the channel
more sensitive to Mg?*. In contrast, no pH dependence

TABLE I

Tonic Selectivity of WI and RI48H/WT (f,, = 0.75) Channels Estimated
by the Shift of Reversal Potential (AE,,,)

Cations NMDG™* Na* Rb* NH,*
Wild type

AE,, (mV) —=55.6=*19 -576*x09 —-258*31 —-424=*+13

Py/Px <0.004 <0.004 0.28 £0.05  0.09 = 0.01
R148H:WT (f,, = 0.75)

AE,, (mV) —571*16 -56.1*26 -202*23 —30.6=*26

Py/Px <0.005 <0.005 0.39 = 0.04  0.22 = 0.04




in Mg?* sensitivity was detected for the WT channel.
Thus, not only the average number of the His!*® resi-
dues on a channel but also the fraction of the depro-
tonated His!*® residue should enhance Mg?* sensitivity.
For the WT channel, permanent charge on this site in
physiological solution should prevent the Mg?* blocking.

One might imagine that the deprotonated His!*® resi-
dues form the Mg?* binding site. It is less likely, how-
ever, from the following experimental observations. We
found that Mg?* block became voltage dependent for
the mutant channels. However, K;(0) values for Mg?*
block evaluated by the Woodhull model (see legend to
Fig 5 B) were similar in both WT and mutant channels.
Thus, in the absence of a potential difference across
the membrane, the Arg!*® site contributes little to the
affinity for Mg?*, suggesting that His!*® is not the bind-
ing site for Mg?*. The blocking site for the mutant
channels should exist in the membrane electric field.
Why did the electrical distance increase progressively as
the mutant:WT ratio was increased? The reduced elec-
trostatic repulsion from progressively lesser positive
charges on the His site may allow Mg?* ions to pene-
trate deeper into the pore. Then where is the binding
site? If a blocking ion interacts with the pore wall
weakly, as expected from the low affinity, then ions
might have a diffuse distribution of favorable sites. Pro-
gressive depression of the electrostatic barrier at the
His site may shift the most favorable site for the low af-
finity blocker deeper. On the other hand, the WT
channel has enough of an electrostatic barrier to ex-
clude Mg?* away from the membrane electric field.

Cs* and Ba?* entered deeper to the pore. From the
transient and steady state kinetic analyses, we demon-
strated a mutational effect that exclusively facilitated
the blocking rate, rather than changing the blocking
affinity. For the Ba?* blocking, the voltage dependence
of the blocking time constant was little changed by the

mutation (Fig. 8). Thus, the mutational effect can be
assigned to the reduced AG* rather than 8, where the
barrier is located at ~35-39% of the distance from the
external entrance to the channel. This main (rate-limit-
ing) barrier for open channel blockers seems to be
formed by the Arg residues, and the higher blocking
rate for mutant channels (negative AAG# values) could
be due to the reduced positive charge density intro-
duced by less positive His. For the steady state blocking,
the effect of mutation was negligible. Therefore, the
Arg site did not affect the binding site of Ba?* and Cs™.

It is notable that among hetero-tetramer channels no
single-channel was observed that had a higher unitary
amplitude than that of the WT channel. The shape of
the single-channel I-V curve was not changed signifi-
cantly by the mutation, indicating that the altered po-
tential profile for permeating K* was quantitative rather
than qualitative. Permeating K* ions should experience
the Arg barrier just as Ba®>" and Cs* do. However, re-
duction of the electrostatic barrier at the His site for
Ba?* did not bring about an increased single-channel
conductance for K* permeation. Steric hindrance of
the His residue might predominate for K* permeation.

In conclusion, our experiments demonstrate that
Arg!® is located between the deeper blocking site for
Cs™ or Ba?* and the external divalent cation binding
site of IRK1 channel and forms an electrostatic barrier
that keeps Mg?* and Ca?" out from the electric field of
the pore, thereby antagonizing their potent blocking
effect from the extracellular side. This barrier is rate
limiting for permeating blockers, such as Ba?* and Cs™,
from the extracellular solution. In series with the K* se-
lectivity filter represented by the Gly-Tyr-Gly motif
(Heginbotham et al., 1994), the Arg!*® barrier modifies
the selectivity of permeating ions significantly. This
Arg!8 also participates in the formation of a salt bridge.
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