7897

The phenomenon of inward rectification, whereby the K*
conductance increases under hyperpolarization and decreases
under repolarization, has been demonstrated in a variety of
cell types (Katz, 1949; Hall et al. 1963; Kandel & Tauc,
1966; Hagiwara & Takahashi, 1974). This behaviour plays
an important role in permitting long depolarizing responses.
Studies on native cardiac channels and cloned inwardly
rectifying K™ (IRK1) channels (Kubo et al. 1993) indicate
that inward rectification mainly results from a voltage-
dependent block of the channel pore by intracellular Mg>*
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To investigate the molecular basis of the sublevels induced in the outward current during
block by intracellular Mg®*, single-channel currents through inwardly rectifying K™ (IRK1)
channels were studied.

c¢DNA encoding a functional murine IRK1 channel was transfected into COS-1 cells (a Green

Monkey kidney cell line) using the liposome method, and voltage clamp experiments were
done after 48—72 h.

Intracellular Mg®" at micromolar concentrations induced sublevels in the outward current at
one-third and two-thirds of the unitary amplitude seen in wild-type channels. Replacing
Asp 172 with Asn (D172N) and Gln (D172Q) abolished these sublevels, i.e. the channel
showed only the fully open and fully blocked states.

Both mutations reduced the Mg** sensitivity of the channel at 2 um Mg®". However, the
Mg™* sensitivity did not differ significantly at higher concentrations (10 um) and voltages
(+70 mV).

Channels expressed from D172E showed the sublevels, indicating that a negative charge is
indispensable to the substate behaviour.

Channels from tandem tetramers of IRK1 with one and two D172N mutant subunits mainly
showed sublevels with two-thirds amplitude, while those from tetramers with three D172N
mutant subunits showed no sublevels.

These findings suggest that differences in Mg** binding patterns lead to different conductive
states in a single-barrelled channel.

(Matsuda et al. 1987; Vandenberg, 1987; Matsuda, 1988)  conductive states in a single-barrelled channel.

and polyamines (Ficker et al. 1994; Lopatin et al. 1994;
Fakler et al. 1995).

The key feature of a Mg®" block of the cardiac inwardly
rectifying K™ channel is that in the presence of intracellular
Mg®* at micromolar concentrations the outward single-
channel current fluctuates between four equally spaced
conductance levels, including zero current (Matsuda, 1988,
1991a). Three distinct blocked states are also seen during

blockade by intracellular Ca®" (Matsuda & Cruz, 1993) and  is proposed.
extracellular Cs* or Rb" (Matsuda et al. 1989). The

distribution of the current levels agreed reasonably well
with the binomial theorem at different probabilities for the
blocked state. The substate behaviour can be most simply
explained by assuming that the inwardly rectifying K*
channel consists of three identical conducting units that
usually function co-operatively to form a single channel and
that blocking ions enter and plug each conducting unit
independently. Another mechanism that could induce
sublevels involves different binding patterns of the blocking
ions to sites on the channel protein, leading to different

We confirmed that intracellular Mg®* induces sublevels in
channels expressed by transfecting COS-1 cells with the
IRK1 gene, as in native channels (Omori et al. 1997). In the
present study, we report that a negatively charged residue at
position 172 in the second hydrophobic segment of the
IRK1 channel is essential for the substate behaviour,
favouring the latter mechanism proposed above. A model to
explain the substate behaviour in a single-barrelled channel
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METHODS
Molecular biology

The IRK1 gene (Kubo et al. 1993) was digested with
HindIIl and Stul. The HindIII-Stul fragment (~1-8 kb)
which contains 5 untranslated, coding and part of the 3’
untranslated sequences was subcloned into a pTZ19R vector
(Pharmacia, Uppsala, Sweden) for mutagenesis or the
construction of tandem multimers. Site-directed mutagenesis
of the ¢cDNA was performed using a QuikChange site-
directed mutagenesis kit (Stratagene, La Jolla, CA, USA).
The mutation was confirmed by sequencing. The DNA
fragment containing the mutation was excised by restriction
enzymes and used to replace the corresponding fragment in

the wild-type cDNA.

For construction of tetrameric ¢cDNA, two Pstl-sites were
separately introduced by site-directed mutagenesis in the 5’
untranslated sequences adjoining the initiation codon and in
the 3’ untranslated sequences, including the third position
of the termination codon. The two mutant cDNAs were
ligated at the Pstl-site to make dimeric cDNA. The amino
acid sequence of the linking region between two subunits
was Ile(428)-Trp-Leu-Gln-Pro-Met(1). To form tetrameric
¢DNA, we made a cDNA with PstI-sites in both the 5" and
3’ untranslated sequences and used it for insertion into the
dimeric cDNA. Although most of the transformed bacterial
colonies made trimeric or self-ligated dimeric cDNA, ~2—-3%
of the transformed colonies produced tetrameric ¢cDNA
inserted as the concatemer with correct direction. All the
constructed tandem tetramers could be digested completely
by Pstl. The direction of the inserted c¢cDNAs of the
constructs were confirmed by restriction enzyme digestion

(BglT).

For expression in COS-1 cells (Riken Gene Bank, Tsukuba,
Japan), cDNA was subcloned into pSVL expression vector
(Pharmacia). COS-1 cells were transiently transfected with
the expression plasmid (1 ug per 35 mm dish) using Lipo-
fectamine (Gibco BRL, Gaithersburg, MD, USA) according
to the manufacturer’s protocol. Currents were recorded from
cells 48—72 h after transfection.

Electrophysiology

The coverslips (3 mm x 18 mm) on which COS-1 cells were
grown were transferred to a recording chamber. Whole-cell
and single-channel currents were recorded using a heat-
polished patch electrode (Hamill et al. 1981) with an EPC-7
pateh clamp amplifier (List Electronic, Darmstadt, Germany).
Pipettes were made from capillaries of hard borosilicate
glass (Pyrex), and for single-channel recording were coated
near the tips with silicone to reduce electrical capacitance.
Single-channel current records were obtained from inside-
out patches in high-K* solution. The electrode resistance
ranged between 5 and 15 MQ when filled with a pipette
solution containing (mm): KCI, 150; CaCl,, 1; Hepes, 5
(pH 7:4). Whole-cell currents were recorded in Tyrode
solution using electrodes filled with high-K*, Mg**-free
solution (electrode resistance, 2—5 M). Tyrode solution
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contained (mm): NaCl, 140; NaH,PO,, 0-:33; KCl, 5:4; CaCl,,
1-8; MgCl,, 0-5; Hepes, 5; glucose, 5:5; pH was adjusted to
7+4 with NaOH. High-K" solution contained (mm): potassium
aspartate, 60; KCl, 65; KH,PO,, 1; MgCl,, 0-3:62; EDTA,
2-5; K,ATP, 3; Hepes, 5; the pH was adjusted to 7:4 with
KOH. The free Mg®" concentration was calculated by means
of a computer program (Fabiato & Fabiato, 1979; Tsien &
Rink, 1980) using the dissociation constants (Martell &
Smith, 1974) corrected for temperature and ionic strength
(Harrison & Bers, 1989). Experiments were carried out at

23-26 °C.

Data were collected on digital audiotape using a PCM data
recorder (RD-120TE, TEAC, Tokyo, Japan) and stored for
subsequent computer analysis (PC-98XL, NEC, Tokyo,
Japan). The unitary currents were filtered using a four-pole
low-pass Bessel filter (FV-665, NF, Kanagawa, Japan) with
a —3 dB corner frequency of 1:2 kHz and sampled at 5 kHz,
unless otherwise indicated. Mean open-channel currents
were calculated as follows. A threshold was set just above
the zero current level and data points below the threshold
were averaged. The difference between each datum point
lying above the threshold and the averaged baseline was
calculated, and the differences were integrated. The
resulting integrated value was then divided by the duration
of the channel opening. Membrane potentials were corrected
for the liquid junction potential at the tip of the patch
pipette in Tyrode solution and for that at the tip of the
indifferent reference electrode filled with Tyrode solution
and placed in the bathing solution (Matsuda, 1991 a).

Averaged results throughout this paper are given as
means + s.D. Student’s unpaired ¢ test was performed, and
P values of less than 0-05 were regarded as significant.

RESULTS

Effects of mutations of D172 on gating

As reported previously (Stanfield et al. 1994; Wible et al.
1994), mutations which neutralize a negatively charged
residue at position 172 (D172N and D172Q) affect onset of
the inward currents on hyperpolarization (Fig. 1). Both cells
transfected with wild-type IRK1 and those transfected
with mutants showed inward rectification under whole-cell
recording. In the former, voltage steps to levels more
negative than the equilibrium potential for K* (E) induced
inward currents which increased with time during the first
several milliseconds. In contrast, onset of inward currents
through channels formed from D172N and D172Q mutants
was virtually instantaneous.

Time-dependent increase in the inward current through the
inwardly rectifying K* channel is ascribed to activation of
the channel and/or unblock of intracellular polyamines
upon hyperpolarization (Ficker et al. 1994; Lopatin et al.
1994). The instantaneous onset of inward currents in
mutant channels indicates that the open probability of
mutant channels at positive potentials is higher than that of



J. Physiol.510.3

WT D172N

Neutralization of D172 of IRK1 and sublevels 677

D172Q

e
- -
: 1 nA r________________ A L 1 nA
— — "
10 ms

Figure 1. Instantaneous onset of inward currents in mutant channels

Whole-cell currents recorded from COS-1 cells transfected with wild-type (WT) and mutant (D172N and
D172Q) forms of IRK1. Superimposed current records were elicited by 300 ms depolarizations from —19 to
+40 mV in 30 mV increments (upper panel) and by hyperpolarizations from —57 to —136 mV in 10 mV
increments (lower panel). Holding potential, —48 mV. Here and in subsequent figures unless otherwise

stated the dotted line indicates the zero current level.

wild-type channels. Indeed, outward currents through
mutant channels could be recorded in steady-state conditions
at potentials more positive than +50 mV (Fig. 2), while
those through wild-type channels could not be recorded
(Omori et al. 1997). Figure 24 shows single-channel currents
recorded in steady-state conditions in the inside-out
configuration without intracellular divalent cations and
polyamines. FEy, predicted from 150 mm extracellular and
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intracellular K concentration, was 0 mV. The unitary
current—voltage (i—V) relationships were almost linear (Fig.
2B) and the channel conductance averaged 32:0 £+ 2:1 pS
(n= 21 experiments) in D172N and 297 + 15 pS (n=11)
in D172Q. The conductance of D172N was not significantly
different from that of wild-type channels (34-1 4+ 2:0 pS,
n=13; Omori et al. 1997), but the conductance of D172Q
wag smaller than those of wild-type and D172N channels.
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Figure 2. Single-channel currents recorded from mutant channels (D172N) expressed in COS-1

cells in the inside-out configuration

A, steady-state currents filtered and digitized at 1 kHz. Numbers to the left of each current trace refer to
the holding potential (V,). Mg**-free intracellular solution. B, single-channel i~V relationship obtained
from the same patch. The slope conductance of the unitary current was 311 pS.
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Figure 3. Neutralization of D172 abolishes the substate behaviour in Mg?* block

Outward currents recorded in steady-state conditions in the presence of 2 um intracellular Mg**. Mutant
channels (D172N, left-hand panel; D172Q, right-hand panel) fluctuate between the fully open and the fully
blocked levels.
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Figure 4. Comparison of Mg** block between wild-type and mutant (D172N) channels

Outward currents were evoked by stepping the membrane potential for 130—140 ms every 1 s in the wild-
type channels, while outward currents through the mutant channels were recorded in steady-state
conditions. Outward mean open channel currents in the presence of intracellular Mg** were calculated and
normalized to the unitary amplitude without Mg**. Numbers at the top of each column refer to the
potential level during the depolarizing steps from —48 mV (WT) or the holding potential (D172N).
*P < 0-05.
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Effects of mutations of D172 on the block by
intracellular Mg**

Inward rectification depends, in part, on voltage-dependent
block of channels by intracellular Mg** (Matsuda et al. 1987;
Vandenberg, 1987). Conductance sublevels at one-third and
two-thirds of the unitary amplitude of the outward currents

were induced by low intracellular Mg®" in the cardiac
inwardly rectifying K channel (Matsuda, 1988, 1991 a) and

channels expressed by transfection with JRK1 (Omori et al.
1997). Such sublevels were not observed in mutant channels.

Instead, the outward currents fluctuated between only the
fully open and fully blocked (zero current) levels during the
low intracellular Mg®* blockade (Fig. 3). With larger
depolarizations transition became faster and blocked times
were prolonged.

To compare the extent of Mg** block in wild-type and
mutant channels, we calculated the mean open-channel
current and normalized it to the unitary current with no
Mg*" blockade (Fig. 4). Normalized currents were larger in

the mutant channel (D172N) than in the wild-type channel.

However, there was no significant difference when the
extent of the block increased at +70 mV and 490 mV with
10 um Mg®*. This finding suggests that a binding site other
than D172 is critical in Mg** blockade.

Sublevels were preserved in D172E

To test whether a negative charge at position 172 or the Asp
residue per se is crucial for the substate behaviour, we
replaced Asp at position 172 with Glu (D172E). Figure 5
shows whole-cell and single-channel currents through

A

10 ms
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channels expressed from D172E. Both a time-dependent
increase of the inward current on hyperpolarization and the
sublevels with low intracellular Mg®" were preserved in this
mutant. This result indicates that it is not the aspartate
residue in particular, but rather a negative charge, which is
required for the substate behaviour.

Tandem tetramer with wild-type IRK1 and D172N

The findings presented so far suggest that the different ways
in which Mg®" binds are responsible for the sublevels in a
single-barrelled channel (see Discussion). Therefore, we
examined the effect of the number of negative charges at
D172 on the sublevels by constructing tandem multimers
with wild-type IRK1 and D172N. It has been reported that
IRK1 channels (Yang et al. 1995b) and other strongly
rectifying K* channels (BIR10; Glowatzki et al. 1995) are
tetrameric, like voltage-gated K* channels (MacKinnon,
1991; Tytgat & Hess, 1992). Although our previous study
on the subunit stoichiometry did not support the notion that
TRK1 channels consist of four subunits (Omori et al. 1997),
we constructed tandem tetramers containing wild-type
IRK1 and D172N (Fig. 6). Channels expressed from tetra-
meric cDNAs containing D172N linked as the fourth unit to
a wild-type trimeric IRK1 (WT3-D172N) showed sublevels
during the block by intracellular Mg®". However, the
substate behaviour was different from that in wild-type
channels: the channel fluctuated between fully open, two-
thirds open and zero current levels. In one of twelve patches,
the channel did not show sublevels. A high open probability
at +90 mV suggests that this channel contained more than

2 um M2+

+69
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Figure 5. Time-dependent onset of inward currents and sublevels were conserved in D172E

A, whole-cell currents recorded from a cell transfected with D172E. Voltage protocol was the same as in
Fig. 1. B, outward unitary currents in D172E in response to the voltage steps indicated from —48 mV

show the same sublevels as for wild-type IRK1 with 2 ym Mg

** The dotted lines indicate, from bottom to

top, zero, one-third, two-thirds and fully open current levels. At +88 mV, fully open current levels were

not observed.
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Figure 6. Outward currents of channels expressed from tetrameric cDNAs containing wild-type
IRK] and D172N

Steady-state currents were recorded at +52 mV in the presence of 2 um intracellular Mg** (upper panel).
The dotted lines indicate, from bottom to top, current levels for zero, two-thirds (or one-half) and fully
open in WT3-D172N (left panel) and WT—(D172N)2—WT (middle panel), and for zero, one channel open
and two channels open in WT—(D172N)3 (right panel). Lower panel shows histograms of current amplitude
from the same patch as in the upper panel. The curve is the sum of three Gaussian distributions fitted by a
least-squares method. The parameters (area, mean, s.0) were as follows. In WT3-D172N: 0-104, 0-11,
0-14; 0-686, 1-10, 0:15; and 0:149, 1-78, 0-16. In WT—(D172N)2-WT: 0-131, 0-05, 0-11; 0-676, 1-08,
0-18; and 0-128, 1:76, 0-16. In WT—(D172N)3: 0-09, 0:03, 0-14; 0:399, 1:76, 0-18; and 0-318, 3-49, 0-24.
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Figure 7. Steady-state open probability in channels expressed from WT, WT3-D172N,
WT-(D172N)2-WT, WT—-(D172N)3 and D172N

The steady-state open probability was calculated from the amplitude histogram. Currents were filtered
with a —3 dB corner frequency of 0:5 kHz and digitized at 1 kHz. The data represent the average of
three to five experiments and are fitted with the Boltzmann equation. The slope factor and the voltage of
half-activation, respectively, for each channel were: 7:36 mV and +26:6 mV (WT, @), 964 mV and
+33:8 mV (WT3-D172N, A), 8:96 mV and +47-7 mV (WT—(D172N)2-WT, A), 9:65 mV and +74:0 mV
(WT—(D172N)3, m) and 19:0 mV and +99-8 mV (D172N, 0O).
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three D172N subunits (see below). Channels expressed from
tetramers containing D172N linked as the second and third
units (WT—(D172N)2—W'T) also showed sublevels of two-
thirds amplitude. In two of seven patches, sublevels of one-
half' of the unit amplitude were also observed. However,
they were so infrequent that the amplitude histogram
showed the peak corresponding to the two-thirds level but
not the peak corresponding to the one-half level. Channels
expressed from tetramers containing three mutant subunits
(WT—(D172N)3) did not show sublevels. In two of fourteen
patches, sublevels of two-thirds were observed, presumably
owing to one or two wild-type subunit(s) replacing mutant
subunit(s).

Effects of D172N mutation on steady-state open
probability

As mentioned above, outward unitary currents were recorded
in steady-state conditions at more positive potentials in
channels expressed by transfection with D172N or D172Q
monomers. To determine the effect of the number of D172N
subunits on steady-state activation, we constructed the
amplitude histogram of the steady-state outward currents
in the absence of intracellular Mg** and polyamines and
calculated the open probability (Fig. 7). The data were fitted
to Boltzmann distributions to estimate the slope factor and
the voltage of half-activation. As the number of D172N
mutant subunits in tetrameric cDNAs increased, the steady-
state open probability—membrane potential relation shifted
in the positive direction. The slope factor yielded the gating
charge of 3:4 (WT), 2:6 (WT3-D172N), 2:8 (WT—(D172N)2—
WT), 2:6 (WT—(D172N)3) and 1:3 (D172N monomer).

DISCUSSION

The aspartate residue in the second hydrophobic segment of
the TRK1 channel is thought to form part of the site for
Mg®* and polyamine blockade (Stanfield et al. 1994; Wible et
al. 1994 ; Ficker et al. 1994). However, little is known of the
block by intracellular Mg®* of D172 mutant channels at the
level of single channels (Wible et al. 1994). We recorded
single-channel currents through D172 mutant channels and
found that the negative charge at this site affects the
substate behaviour in the presence of low intracellular Mg>".

A triple-barrelled structure of the inwardly rectifying K*
channel has been proposed as the simplest model to explain
the three distinct blocked states during blockade by
intracellular Mg*" or Ca®" and extracellular Rb" or Cs* and
the binomial distribution of occupancies of each current
level (Matsuda, 1988; Matsuda et al. 1989; Matsuda & Cruz,
1993), and has attracted the attention of investigators of ion
channels (Hille, 1992; Aldrich, 1993). This model requires a
common gate to regulate conducting units so that they act
as a single channel in the absence of blockers. Simple
transitions between the fully open and zero conductance
levels in mutant channels are interpreted, in terms of a
triple-barrelled channel, by assuming that removal of the
negative charge at D172 makes a common gate close as one
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of three units is plugged by a Mg** ion. It is, however, more
likely that removal of the negative charge hinders Mg** ions
binding to this site. The experiments on tandem tetramers
containing D172N mutant subunits support the idea that
different Mg** binding patterns produce the sublevels in a
single-barrelled channel.

The finding that channels expressed from the D172N
monomer were blocked without showing sublevels indicates
that binding of Mg®" to the D172 site induces partially
blocked states but not the fully blocked state. Evidently, at
least one more Mg®" binding site apart from D172 should
exist to produce the zero current level. Glutamate at position
224 in the putative cytoplasmic carboxyl domain is one
such candidate (Taglialatela et al. 1994; Yang et al. 1995a).
Channels expressed from tetramers with one or two D172N
subunits showed sublevels with two-thirds of the unitary
amplitude, but not with one-third, and those expressed
from tetramers with three D172N subunits showed no
sublevels. These findings suggest that one Mg®" ion binds to
a pair of aspartate carboxylates to produce a partial block,
and support the following hypothesis for the molecular basis
of substate behaviour in a single-barrelled channel.

A set of four aspartate carboxylates can interact
simultaneously with two Mg®" ions, inducing the one-third
level in the case where another binding site is free of Mg®".
If only one Mg®* ion binds to the D172 site and another
binding site is free, the two-thirds level appears. Thus,
transitions between substates during the open state of the
channels can be described as:

0, =0, =0,=0,,
00 (10 (20 (22

where O,, O,, O, and O, are the substates of zero, one-third,
two-thirds and fully open, respectively. The numbers in
parentheses represent the number of Mg** ions binding to
the D172 site (left) and to another site (right). We assume
that the binding of two Mg*" ions to a site more interior
than D172 results in the zero current level. Mutant channels
from WT3-D172N and WT—(D172N)2—WT have three or
two aspartate carboxylates at position 172 respectively, and
cannot interact with two Mg®" ions simultaneously.
Therefore, the O, state does not appear in these mutants,
and transitions during the open state can be described as:

0, =0, =0,.
00 (10 (1,2
In channels from the WT—(D172N)3 tetramer and the
D172N monomer where no Mg*" ion can bind to the D172
site, O, and O, states do not occur. Transitions during the
open state of the channel can be described as:
0, =0,.
0,0 (0,2)
In the present experiments, the extent of Mg®" block was
not significantly different in wild-type and mutant (D172N)
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channels at higher Mg** concentrations and voltages. This
implies that the D172 site is a subsidiary Mg** binding site
which produces a partial block. With increasing Mg®*
concentration and depolarizations, the probability that the
site other than D172 is occupied by two Mg®" ions should
increase, resulting in a complete block. In this situation,
Mg®* binding to D172 is of little importance.

Inward rectification was ascribed to voltage-dependent Mg®*
block and an intrinsic gating mechanism that closes the
channels under depolarization (Matsuda, 1991b). Blockade
of the IRK1 channel by intracellular polyamines (Ficker et
al. 1994; Lopatin et al. 1994) seems to obviate the necessity
for intrinsic gating for inward rectification. We measured
the steady-state open probability at least 40 min after
isolating patches and perfusing a 0:06 ml chamber with
polyamine-free, ATP (3 mm)-containing solution at a rate of
1:5ml min™" Polyamines are effectively bound to ATP
(Watanabe et al. 1991; Fakler et al. 1995). It is thought that
the concentration of polyamines at the time of measurement
should have been reduced to subnanomolar levels (Yang et
al. 1995a; Yamashita et al. 1996), the lowest possible level
attained for a limited time because of run-down of the
channel activity. The finding that the steady-state open
probability decreases with larger depolarizations even after
profound washout of polyamines may suggest that IRK1
channels possess an intrinsic rectification mechanism. The
negatively charged residues at 172, which interact with
Mg®* and polyamines under the physiological conditions,
might act as voltage sensors in the absence of intracellular
blockers. In this context, the reduced ability of the channel
to sense voltage may reflect shifts of the voltage of half-
activation in the positive direction as the number of
negative charges decreased, and a reduction in the gating
charge in D172N mutant channels. Further studies using a
more rapid and eflicient perfusion system will provide
evidence for the intrinsic rectification mechanism.
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