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ABSTRACT

Many compounds inhibit tetrameric and pseudo-tetrameric
cation channels by associating with the central cavity located
in the middle of the membrane plane. They traverse the ion
conduction pathway from the intracellular side and through
access to the cavity. Previously, we reported that the bacterio-
static agent, proflavine, preferentially blocked a subset of inward
rectifier K (Kin) channels. However, the development of the
inhibition of Kir1.1 by the compound was obviously different
from that operating in Kir3.2 as a pore blocker. To gain
mechanistic insights into the compound-channel interaction,
we analyzed its chemical specificity, subunit selectivity, and
voltage dependency using 13 different combinations of
Kir-channel family members and 11 proflavine derivatives.
The Kir-channel family members were classified into three

groups: 1) Kir2.2, Kir3.x, Kir4.2, and Kir6.2A36, which
exhibited Kir3.2-type inhibition (slow onset and recovery,
irreversible, and voltage-dependent blockage); 2) Kir1.1 and
Kir4.1/Kir5.1 (prompt onset and recovery, reversible, and
voltage-independent blockage); and 3) Kir2.1, Kir2.3, Kir4.1,
and Kir7.1 (no response). The degree of current inhibition
depended on the combination of compounds and channels.
Chimera between proflavine-sensitive Kir1.1 and -insensitive
Kir4.1 revealed that the extracellular portion of Kir1.1 is crucial
for the recognition of the proflavine derivative acrinol. In
conclusion, preferential blockage of Kir-channel family mem-
bers by proflavine derivatives is based on multiple modes of
action. This raises the possibility of designing subunit-
specific inhibitors.

Introduction

Voltage- and ligand-gated cation channels are necessary for
cell and organ physiology, and fine-tuning their functioning
using medication is a therapeutic approach for treating
cardiovascular and mental illnesses. A large portion of these
channels, including inward-rectifier K* (Kir) channels, pos-
sess an ion conduction pathway at the axis of a 4-fold or
pseudo-4-fold rotational symmetry (Bichet et al., 2003; Hibino
et al., 2010). On the membrane plane, the pathway is con-
strained by the ion selectivity filter and bundle crossing that
sandwich the pore-dilated portion known as the central cavity.
The cavity is where various therapeutic agents bind and
thereby interfere with ion conduction. The corresponding
cavity of the human ether-a-go-go-related gene product is
known to accommodate diverse chemicals, leading to the
blockage of K* efflux during the repolarization phase of
cardiac action potential, the prolongation of the QT interval
in an electrocardiogram, and life-threatening cardiac arrhyth-
mias (Sanguinetti et al., 1995). Therefore, the molecular
recognition process in the central cavity of various channels
has drawn increasing attention.
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Salt reabsorption in renal tubules is essential for the control
of blood volume and pressure. A weak inward rectifier, Kirl.1,
present in the apical membranes of various nephron seg-
ments, participates in the ion transport system by secreting
K* into the lumen (Ho et al., 1993; Hebert et al., 2005).
Inherited loss-of-function mutations in Kirl.1 cause a salt-
wasting nephropathy, type II Bartter’s syndrome (Hebert,
2003). Gene-silencing research into Kirl.l yielded mice
showing the same phenotype (Lorenz et al., 2002), and the
symptoms are consistent with those of the side effects of loop
diuretics (Sica, 2011; Tamargo et al., 2014). Therefore, Kirl.1
has been recognized as a novel therapeutic target for diuretics
(Lewis et al., 2009; Bhave et al., 2011).

Previously, we isolated the bacteriostatic agent proflavine
as a pore blocker of the G protein-gated Kir channel, Kir3.2
(Kawada et al., 2016). Proflavine also prevented the channel
activity of Kirl.1, but the drug action was obviously different
from that toward Kir3.2. This suggests that the compound acts
at a site other than the central cavity and the interaction
yields the inhibition of ionic current flow. In this study, we
examined the binding mode of proflavine and its derivatives to
Kir channels by analyzing chemical selectivity, subunit
specificity, and voltage dependency. The results showed that
the compounds blocked the channels through multiple modes
of action. In Kirl.1, in particular, only the extracellular region
mediated the current blockage. These observations both
suggest a strategy for designing novel diuretics and reveal

ABBREVIATIONS: Kir, inward rectifier K*.
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the feasibility of designing novel compounds targeting the
extracellular region of Kir channels.

Materials and Methods

Reagents. Acridine, 9-chloroacridine, 9-aminoacridine, and acridine
yellow G were purchased from Sigma-Aldrich (St. Louis, MO). Quinacrine
and proflavine were purchased from Tokyo Chemical Industry (Tokyo,
Japan). Acriflavine, acrinol, and diphenylamine were purchased from
Nacalai Tesque (Kyoto, Japan). Acridine orange and 4,4'-diaminodiphe-
nylamine sulfate were purchased from Waldeck (Miinster, Germany) and
Wako (Tokyo, Japan), respectively (Supplemental Fig. 1). These com-
pounds were dissolved in dimethylsulfoxide daily at a concentration of
100 mM before experiments were performed.

Molecular Biology. The full length of channel subunits subjected
to cRNA synthesis were as follows: rat Kirl.1 (Kondo et al., 1996),
mouse Kir2.1 (Takahashi et al., 1994), mouse Kir2.2 (Takahashi et al.,
1994), mouse Kir2.3 (Morishige et al., 1994), mouse Kir3.1 (Inanobe
et al., 1995), mouse Kir3.2¢ (Inanobe et al., 1999b), mouse Kir3.2d
(Inanobe et al., 1999a), rat Kir3.4 (Krapivinsky et al., 1995), rat Kir4.1
(Takumi et al., 1995), and mouse Kir6.2, in which 36 amino acids had
been deleted from the C terminal (Kir6.2A36), as well as human
Kir2.4, Kir4.2, Kir5.1, and Kir7.1 (provided by the Kazusa DNA
Research Institute, Chiba, Japan). Chimeras between acrinol-
sensitive Kirl.1 and acrinol-insensitive Kir4.1 were generated using
primer-based polymerase chain reaction, and their sequences were
then confirmed using Sanger sequencing, with assistance from the
Center for Medical Research and Education, Osaka University.

Two-Electrode Voltage Clamp Experiments. Oocytes were
surgically isolated from the abdomen of anesthetized Xenopus laevis
and defolliculated using collagenase type I (Gibco; Thermo Fisher
Scientific, Waltham, MA). The expression plasmids were linearized
and transcribed in vitro using mMESSAGE mMACHINE Transcrip-
tion Kits (Thermo Fisher Scientific). Each of the cRNAs (1.5-5 ng) was
injected into the oocytes. During expression of the G-protein-gated Kir
channels (in combinations of Kir3.1, Kir3.2¢, Kir3.2d, and Kir3.4), the
G protein GB1 and Gy2 subunits were also expressed, to measure the
full activity of the channels without further stimulation. Heteromeric
Kir4.1/Kir5.1 was reconstituted by injecting a mixture of Kir4.1 cRNA
(0.5 ng) and Kir5.1 cRNA (4.5 ng). No current was recorded from cells
injected with the same amount of Kir5.1 cRNA alone. One to two days
after injection of the cRNAs, the oocytes were studied using two-
electrode voltage clamp experiments at ambient temperature (22—
26°C), using a GeneClamp 500 amplifier (Molecular Devices, San Jose,
CA). The glass electrodes had a resistance of 0.4—1.2 M() when filled
with 3 M KCI. The bath solution contained 40 mM KCI, 50 mM NaCl,
3 mM MgCl,, 5 mM HEPES, and 150 uM niflumic acid (pH 7.35 with
KOH). Ba?" is a general blocker for Kir channel members, and honey
bee toxin, tertiapin, is a selective blocker for a subset of the members
including Kirl.1 (Jin and Lu, 1998). To detect the leak current level of
oocytes, Ba?* (3 mM) was administered at the end of the recording.
However, while Kir1.1 blockage by Ba%* is weak at depolarization, the
blockage by tertiapin is constant over voltage. Therefore, to estimate
the leak current level of oocytes expressing Kirl.1 at depolarization,
tertiapin (3 uM) was used instead of Ba?*. Membrane-impermeable
buffer 4-morpholineethanesulfonic acid and HEPES were used to
reveal the effects of external pH.

The dose-response curves for inhibition of Kir channels were fitted
with Hill’s equation:

I(D) = min + (max — min)/[1 + (D/IC5)""]

where I is the relative current at the end of the test pulse, in the
presence of the compound at the tested concentration (D); ICsq is the
half-maximal concentration of the compound; ny is the Hill coefficient;
and min and max are the minimum and maximum values, respec-
tively, where in most situations min is 0 and maxis 1. Data acquisition
and fitting were carried out using the Clampfit software (Molecular
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Devices) and SigmaPlot (Systat Software, Chicago, IL). Data are
presented as the mean * S.D. with n (number of observations).
Statistical analyses were performed using one-way analysis of
variance with post-hoc Tukey-Kramer tests.

Results

Characteristics of Kirl.l1 Blockage by Proflavine.
The K" current recorded from oocytes expressing Kirl.1 was
elicited by administering a combined voltage pulse. Perfusion
with proflavine (300 uM) decreased the current amplitude of
Kirl.l (Fig. 1A, upper panel) (Kawada et al., 2016). This
inhibition developed rapidly, with a time constant of 4.3 = 1.7
seconds (n = 9). Perfusion with a proflavine-free solution
promptly and fully recovered the current amplitude (Fig. 1A,
lower panel). Proflavine also blocked Kir3.2 (Fig. 1B, upper
panel) (Kawada et al., 2016). However, in this case current
inhibition developed slowly, with a time constant of 23.7 = 16.4
seconds (n = 10; Fig. 1B). Recovery from this blockage was also
slow, and the amplitude was not fully restored even by prolonged
perfusion with a proflavine-free solution. Since proflavine did not
alter the endogenous current properties of control oocytes
(Supplemental Fig. 2), the rate of solution exchange in the
chamber could be estimated based on the time constant of
current blockage by Ba?*: 1.30 * 0.4 seconds (n = 48). We,
therefore, conclude that the development of current blockage
may reflect the process of reaching the binding equilibrium
between proflavine and Kir channels, and also that blockage of
Kirl.1 by proflavine is significantly faster than that of Kir3.2.

While proflavine mainly associates with the central cavity of
Kir3.2 and attenuates its channel activity, it also behaves as
an antagonist of the mo-muscarinic receptor (Kawada et al.,
2016). After perfusion of proflavine, oocytes turned intensely
yellowish and the color was preserved even with overnight
immersion of compound-free solution. Therefore, the com-
pounds that are retained in the cells may account for the
sustained blockage of Kir3.2 activity. In contrast, the action of
proflavine on Kirl.1 (rapid onset and recovery, together with
reversibility of current blockage) was revealed when the drug
was present in the external solution, which suggests that the
compound interacts with the extracellular side of Kirl.1 and
then blocks channel activity.

Compound Specificity of Kirl.l1 Blockage. We then
investigated whether proflavine analogs selectively block Kir1.1.
The current in oocytes expressing Kirl.l1 was measured by
changing the membrane potential as described previously. The
compounds (100 uM) were administrated to the cells over a short
period (0.5-1 minutes) (Fig. 2, A and C). Of the 10 proflavine
analogs tested (Supplemental Fig. 1), two (acrinol and acrifla-
vine) were found to suppress Kirl.1 current amplitude (Fig. 2, A
and B). They resulted in rapid onset and recovery of the
inhibition, and reversible inhibition, similar to proflavine (the
time constants for the onset of acrinol, acriflavine, and proflavine
were 3.4 +1.4,2.9 + 0.9, and 4.1 = 2.0 seconds, respectively; n =
6). The other eight compounds (acridine, acridine orange,
9-chloroacridine, 9-aminoacridine, quinacrine, acridine yellow
G, diphenylamine, and 6,6'-diaminodiphenylamine) did not
exhibit inhibitory effects on Kirl.1 (Fig. 2C). Although these
compounds share a basic structural unit, there were profound
differences in their inhibitory effect on Kirl.1 activity, suggesting
that the preference is present in the compound/Kirl.1
interaction.
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Fig. 1. Difference in current inhibition in Kirl.1 and Kir3.2 by proflavine. Currents were recorded by two-electrode voltage clamp experiments in oocytes expressing
either Kirl.1(A) or Kir3.2 (B). A combined step pulse (—120 mV for 0.2 seconds and +10 mV for 0.2 seconds with a 10-millisecond interval at —20 mV), illustrated over
a set of current traces, was delivered every 3 seconds from a holding potential of —20 mV. The external solution contained 40 mM K*. The current amplitude at the
end of the hyperpolarized test pulse was measured. Actual current traces, indicated by # in the lower panels, were picked up. White and black bars indicate the
periods of perfusion of proflavine (300 uM) and Ba?* (3 mM), respectively. Zero current is represented by the dashed line. In the oocytes expressing Kir3.2, G protein

GB1 and G2 subunits were also expressed, for the constitutive activity of the

Inhibition of K™ Currents by Proflavine Derivatives.
We then tested the effects of proflavine analogs on the Kir-
channel family members. The channels were expressed in
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Fig. 2. Selective blockage of Kirl.1 by proflavine derivatives. (A and C) Current inhibition in Kirl.1 by proflavine analogs. Current amplitude at the end

of the hyperpolarized membrane potential was obtained as described in
concentration of 100 uM to oocytes expressing Kirl.1. Current inhibition

Fig. 1. Eleven proflavine derivatives (D, numbers 1-11) were perfused at a
was observed in solutions containing acrinol (8), acriflavine (6), or proflavine

(11). Actual current traces, marked by #1—#8 in (A), are shown in (B). (D) Summary of current blockage by proflavine analogs. Ba**-sensitive current
amplitudes in the presence of 100 uM of the proflavine analog were normalized against those in its absence. Data are shown as mean + S.D. (n = 6-8).
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Fig. 3. Current blockage of Kir channels by proflavine derivatives. Whole-cell currents recorded in oocytes expressing Kir4.1/Kir5.1, Kir3.1/Kir3.4,
Kir2.2, or Kir2.3 were measured using two-electrode voltage clamp (A). Combined step pulses, as shown in Fig. 1, were delivered every 3 seconds and
current amplitude was recorded at the end of the hyperpolarized potential (B). Acrinol (ACN), acriflavine (ACF), and proflavine (PRO) were perfused at a
concentration of 100 uM, as indicated by the bars in each panel. Ba®>* was also administrated at the end of each experiment to estimate the leak current

amplitude at the hyperpolarized membrane potentials.

Kir3.1 and Kir3.4, and Kir3.2), an ATP-sensitive Kir channel
(Kir6.2A36), and K" -transporter Kir channels (Kir4.1, Kir4.2,
Kir4.1 and Kir5.1, and Kir7.1). We administered acrinol,
acriflavine, and proflavine serially to the cells and measured
the K* current by applying combined-voltage step pulses.
Typical traces and current responses of the Kir channels to
these chemicals are shown in Fig. 3 and Supplemental Fig. 3.

The proflavine derivatives blocked the channels to some
extent, and the pattern of current inhibition could be classified
into three groups: 1) Kirl.1l-type inhibition (rapid turn on and
turn off of blockage, reversible suppression), 2) Kir3.2-type
inhibition (slow turn on and turn off of blockage, sustained
suppression), and 3) no inhibition. The heteromeric Kir4.1/Kir5.1
channel was the only subunit combination that was suppressed
by all three proflavine analogs in a similar way to Kirl.1 (Fig. 3;
Table 1). However, while acrinol strongly inhibited Kirl.l,
Kir4.1/Kir5.1 was more sensitive to proflavine.

In contrast to Kirl.1-type inhibition, Kir3.2-type inhibition
developed slowly (Fig. 1). Therefore, brief perfusion of the
compounds led to incomplete blockage of this type of Kir
channels. Nevertheless, these results provided information on
how Kir channels are sensitive to proflavine analogs qualita-
tively: of the four homomeric strong inward rectifiers, Kir2.2
was unique in its susceptibility to the proflavine analogs, and
was effectively suppressed by proflavine (Fig. 3). Kir6.2A36
and Kir4.2 (Supplemental Fig. 3), as well as the heteromeric G
protein-gated Kir3.x channels, were also sensitive to the
compounds. The other Kir channels, Kir2.1, Kir2.3, Kir24,
Kir4.1, and Kir7.1, were essentially insensitive to the compounds

tested. Like polyamines and Mg?*, which confer inward rectifi-
cation property on Kir channels (Hibino et al., 2010), proflavine
could be speculated to enter the central cavity of Kir3.2 from the
intracellular side and prevent outward current (Kawada et al.,
2016). Selective blockage of Kir2.2 among Kir2.x subfamily
members implicated that the mechanism of current inhibition
by proflavine and its derivatives is distinct from those by
polyamines and Mg?". On the other hand, the manner of current

TABLE 1

Kir channel subunits have different sensitivity to proflavine analogs

Ba?*-sensitive K* currents were recorded from oocytes expressing various combinations of
Kir channel subunits as in Fig. 3. The current amplitude recorded 1 minute after
application of compounds (acrinol, acriflavine, or proflavine at a concentration of 100 uM)
was divided by that in the absence of the compounds. Numbers in italic type represent
members that exhibited Kir3.2-type slow inhibition and numbers in parenthesis represent
members that were faint to judge whether Kirl.1-type fast inhibition or Kir3.2-type slow
inhibition occurred. The number of examinations is indicated by n.

Subunit

Composition Acrinol Acriflavine Proflavine n
Kirl.l 52.2 = 3.3 13.0 = 1.1 89 = 0.8 10
Kir2.1 (0.5 = 0.2) (0.2 £ 0.1) 0.4 +0.2) 7
Kir2.2 245 = 2.5 10.0 = 2.2 624 + 9.9 9
Kir2.3 (1.7 = 0.4) (1.9 = 04) (2.8 = 0.5) 8
Kir2.4 (1.2 = 0.5) (0.8 = 0.2) (0.6 = 0.3) 11
Kir3.1/Kir3.2¢ 8.1 =*0.8 124 * 3.0 19.0 = 3.0 9
Kir3.1/Kir3.4 258 £ 1.7 185 £ 1.9 20.5 £ 3.6 8
Kir3.2d 9.9 £ 35 11.7 £ 1.5 19.1 £ 1.8 15
Kir4.1 (1.7 = 0.8) (1.6 = 0.5) 2.8 £ 1.1) 12
Kir4.1/Kir5.1 10.7 = 1.6 7.0 £ 0.9 33.3 £ 8.1 11
Kir4.2 153 = 1.0 13.6 £ 2.0 17.0 £ 5.3 8
Kir6.2A36 13.9 = 2.0 17.8 = 3.6 30.8 = 5.0 10
Kir7.1 (0.2 = 0.1) (0.1 =0.1) (0.3 +0.1) 10
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Fig. 4. Voltage dependence of current blockage by
proflavine derivatives. (A) Currents elicited from oo-
cytes expressing Kirl.l, Kir3.2, Kir4.1/Kir5.1, or
Kir2.2. The oocytes were held at —20 mV, and a linear
voltage ramp from —140 to +20 mV for 1.2 seconds was
repeatedly applied. Leak current levels were estimated

by the perfusion of tertiapin for Kirl.1-expressing cells
and Ba?* for cells expressing Kir3.2, Kir4.1/Kir5.1, or
Kir2.2 (see Materials and Methods). The K* current in
the presence of 100 uM acrinol [(ACN); Kirl.1] or
proflavine [(PRO); Kir3.2, Kir4.1/Kir5.1, and Kir2.2]
was divided by the current measured in their absence.
The current ratio calculated around the reversal po-
tential was omitted. (B) Effects of membrane potential
on current inhibition by proflavine derivatives. The
percentages of current inhibition measured at —120
and +10 mV were calculated by dividing the currents
recorded in the presence and absence of the proflavine
derivatives. Data are shown as mean = S.D. (n = 10—

13); # and ## indicate significance at P < 0.0001 and
P < 0.001, respectively.
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inhibition of Kirl.l and Kir4.1/Kir5.1 are unique among Kir
channel members.

Voltage-Dependent and -Independent Current
Blockage by Proflavine Analogs. Proflavine inhibited
the outward current of Kir3.2 much more than its inward
current (Kawada et al., 2016). To test the voltage dependency
of Kirl.1 blockage by proflavine, K" currents were repeatedly
generated by a ramp pulse from —140 to +20 mV, and then by
the serially applied proflavine analog, acrinol (100 uM), and
tertiapin (Fig. 4A). Acrinol inhibited Kirl.1 at all membrane

-120

+10

potentials. When dividing the tertiapin-sensitive current in
the presence of acrinol by that in its absence, we found the
current ratio was almost constant during the ramp pulse. The
inhibition of Kirl.1 by acrinol was 52.8% *+ 11.0% at —120 mV
and 53.1% = 12.3% at +10 mV (n = 12) (Fig. 4B), indicating
that this inhibition is independent of membrane potential.
The current of the Kir4.1/Kir5.1 complex was also decreased
by proflavine, and again there were no significant differences
in the extent of inhibition at different membrane potentials:
inhibition was 47.7% * 9.7% at —120 mV and 47.2% = 18.7%
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Fig. 5. Extracellular region is crucial for proflavine recognition. (A) Schematic representation of the chimera between acrinol-sensitive Kirl.1 and
acrinol-insensitive Kir4.1. The transmembrane domains of the Kir channels are shown as cylindrical helices. The extracellular region of Kirl.1 (white)
was swapped with the corresponding region of Kir4.1 (red). Design of the chimeras, with the positions of helices in the transmembrane domain presented
in the right-hand side panel. Side view of K141A and top view of K141B are shown. Numbers on the top and bottom represent the position of the amino
acids of Kirl.1 and Kir4.1, respectively. (B) Sensitivity of the Kirl.1-Kir4.1 chimera to acrinol. Currents were recorded in voltage-clamped oocytes
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Fig. 6. Concentration-dependent inhibition of Kirl.1. (A) Example of a set of current traces of Kirl.1 in the presence of various concentrations of acrinol.
The current response was evoked by combined step pulses as indicated above the traces. (B) Effects of acrinol on whole-cell current in oocytes expressing
Kirl.1. Current amplitude was measured at the end of the hyperpolarized potential. The concentration of acrinol is indicated at the top of the panel. (A
and B) Arrowheads represent zero current. (C) Normalized concentration-dependent inhibition of Kirl.1 current by acrinol. The line is a fit of the Hill
equation to the data, as discussed in Materials and Methods, with the IC5q value of 68.5 uM and Hill coefficient of 3.09.

at +10 mV (n = 13). Therefore, blockage of the heteromeric
Kir4.1/Kir5.1 channel also appears to be independent of
membrane potential.

Proflavine also blocked Kir3.2 and Kir2.2 at all membrane
potentials, but dividing the K" current in the presence of
proflavine by the total K* current revealed that the blockage
was greater at depolarized membrane potentials. Further-
more, directly after the jump to hyperpolarization from the
holding potential, transient recovery from the blockage was
recorded in oocytes expressing both channels. This may have
been caused by the transient relief from current inhibition by
rapid voltage shift and the delayed suppression under
equilibrium at hyperpolarization (Kawada et al., 2016). The
percentages of inhibition were 30.5% * 14.4% at —120 mV
and 58.3% = 16.3% at +10 mV for Kir3.2 (n = 10) and 40.6%
+ 10.8% at —120 mV and 52.0% *= 14.7% at +10 mV for
Kir2.2 (n = 13). Therefore, proflavine-induced blockage of
Kir3.2 and Kir2.2 was dependent on voltage. These two Kir
channels demonstrated slow development and imperfect
recovery of current suppression. These drug actions were
also observed in Kir3.1/Kir3.2, Kir3.1/Kir3.4, Kir4.2, and
Kir6.2A36. Since voltage-dependent blockage is one of the
features of proflavine as a pore blocker (Kawada et al., 2016),
Kir3.2-type inhibition may indicate that the chemical ac-
cesses the central cavity from the intracellular side. In
conclusion, the manner of Kirl.1- and Kir3.2-type inhibition
may be explained, at least in part, by the difference in the
mode of drug binding; specifically, whether the drug binds in
the central cavity or not.

Acrinol Associates with the Extracellular Region of
Kirl.l. Based on the rapid onset and recovery of block of
Kirl.1 (Fig. 1A), the extracellular portion of the channels was
assumed to mediate the action of proflavine analogs. We
swapped the extracellular region of proflavine-sensitive
Kirl.1 with the corresponding region of proflavine-
insensitive Kir4.1 (Fig. 5A). This chimera (K141A) did not
show the same degree of susceptibility to acrinol (inhibition:
3.7% * 3.1%, n = 8) (Fig. 5, B and C). In contrast, the reverse
chimera (K414A) was sensitive to acrinol (inhibition: 65% *+ 8%,

n = 7). This clearly suggests that the outward-facing region
mediates the action of acrinol.

The substituted region consists of the slide helix and
selectivity filter with the termini of M1 and M2 helices. When
dividing this portion at the beginning of the slide helix into two
segments, the latter (from the slide helix to the M2 helix)
exclusively occupies the subunit interface of the extracellular
portion and the selectivity filter (Fig. 5A). To gain insight into
the structural element responsible for acrinol-induced current
blockage, we produced chimeras by placing each of these short
segments of Kir4.1 into the equivalent region of Kirl.1 (K141B
and K141C), and we also prepared chimeras in which the N-
and C-termini of Kir4.1 flanked the short Kirl.1 segments
(K414B and K414C). K141B was insensitive to acrinol (in-
hibition: 0.3% = 0.5%, n = 6), but K141C was moderately
blocked by it (inhibition: 25% = 14.3%, n = 12). In contrast,
acrinol inhibited both K414B and K414C (K414B: 44% =+ 11%,
n = 5; K414C: 44% =+ 20%, n = 12). These results suggest that
acrinol is recognized by multiple residues present on the
extracellular region, and neither amino acids close to the
selectivity filter nor the interface between subunits are pre-
requisite for the recognition by themselves. It also implicates
that the compound-binding site is located at each subunit.

Concentration-Dependent Current Inhibition by
Acrinol. To gain further understanding of the binding mode,
we recorded the Kirl.l current in various concentrations of
acrinol (Fig. 6). The current decreased in a concentration-
dependent manner, with an ICsy value of 68.5 = 18.1 uM and
a Hill coefficient of 3.09 =+ 0.64 (n = 8). A possible implication of
the Hill coefficient is that at least three compounds were required
to block the channel. This agrees with the idea that each subunit
possesses a putative compound-binding site (Fig. 5).

According to the open large-scale bioactivity database by the
European Molecular Biology Laboratory (ChEMBL) (https:/
www.ebi.ac.uk/chembl/) (Bento et al., 2014), acrinol has a pK,
value of 11.22. This indicates that most acrinol are positively
charged in neutral pH conditions. Kirl.1 is sensitive to
internal pH, but insensitive to external pH (Tsai et al.,
1995). Next, we tested whether external pH might affect the

expressing chimeras named K141A, K141B, K141C, K414A, K414B, and K414C. The current in the absence of acrinol and Ba?* (blue) is displayed with
that in the presence of 100 uM acrinol (red) and 3 mM Ba?* (black). (C) Comparison of the sensitivity of the chimeras to acrinol. Inhibition by acrinol
(100 uM) was calculated as a percentage of the total Ba%*-sensitive current amplitude for each oocyte tested (n = 7-12).
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Fig. 7. Effects of external pH on acrinol-induced inhibition of Kirl.1 current. (A) Typical current traces of Kirl.1 under different pH conditions. The
currents were evoked with a ramp protocol, as indicated above the first set of traces. The current traces recorded in the presence of acrinol at
concentrations of 10, 30, and 100 uM are colored red, blue, and yellow, respectively. (B) Concentration-response curve for acrinol at pH 6.5, pH 7.5, and pH

8.5. The Ba%*-sensitive current amplitude at —120 mV was normalized to total Ba?

blockage of Kirl.1 by acrinol (Fig. 7). Acrinol inhibited Kirl.1
in a dose-dependent manner in all pH conditions examined
(pH 6.5, 7.5, and 8.5). When fitting the responses with a Hill
coefficient of 3.09 (Fig. 6), the IC5q values for acrinol were
calculated as 50 = 44 uM at pH 6.5 (n = 6), 53 = 37 uM at pH
7.5(n =17),and 15.3 = 14.5 uM at pH 8.5 (n = 7). The degree of
current inhibition of Kirl.1 by acrinol at pH 6.5 was almost the
same as that at pH 7.5. However, the dose-response curve
recorded at pH 8.5 shifted leftward relative to the curve
recorded at pH 7.5. Therefore, it seems likely that the
ionization state of Kirl.1 and/or the molecules around it that
face the external solution affects ligand recognition.

Discussion

Tetrameric and pseudo-tetrameric cation channels are the
target of remedies for various pathologic conditions. Many
compounds enter the ion conduction pathway from the in-
tracellular side and bind to the central cavity of the channels
located in the membrane plane. Previously, we reported that
proflavine and its derivatives were pore blockers of Kir3.2, and
that this inhibition was characterized by slow onset and
recovery, and by sustained and voltage-dependent blockage
(Kawada et al., 2016). Kir2.2, Kir3.x, Kir4.2, and Kir6.2A36
responded similarly to proflavine and its analogs (Figs. 3 and
4;Table 1). Thus, the derivatives appear to act as pore blockers
of these Kir channels. However, proflavine blockage of Kirl.1
functioned uniquely, with high sensitivity to extracellular
compounds (Figs. 1 and 3) but less sensitivity to membrane
potential (Fig. 4). We also found that the extracellular region
of the channel was crucial for drug sensitivity (Fig. 5), and the
extracellular pH milieu affected the response to the compound
(Fig. 7). These results implied that proflavine derivatives
associate with the extracellular portion of Kirl.1. This type
of inhibition was also observed with the heteromeric
Kir4.1/Kir5.1 channel. Thus, a limited number of Kir channels
enable access by proflavine derivatives from the extracellular side.

The central cavity is not the only place where Kir channel
blockers interact. Binding of tertiapin at the external vesti-
bule of the ion conduction pathway prevents the ionic flow of a
subset of Kir channel members (Jin and Lu, 1998). Kir
channels also possess an ion-permeable pore in a domain

*-sensitive current.

exposed to the cytoplasm, which connects to the pore within
the transmembrane domain (Nishida and MacKinnon, 2002).
The cytoplasmic pore of Kir2.1 reportedly binds the antima-
larial agent chloroquine, leading to current inhibition
(Rodriguez-Menchaca et al., 2008). Furthermore, chloroquine
appears to block the channels by interacting with several
distinct areas: the central cavities of Kir6.2 and Kir4.1 (Ponce-
Balbuena et al., 2012; Marmolejo-Murillo et al., 2017) and the
PIPy-binding site of Kir6.2 (Ponce-Balbuena et al., 2012).
These observations indicate that the binding of molecules with
an affinity for any location within the ion conduction pathway,
or the prevention of the association of activator compounds,
would lead to a blockage of the ion passage through the pore.
Therefore, proflavine derivatives have the capacity to differ-
entially block the channel by associating with the extracellu-
lar portion of Kirl.1.

How does the compound association in the extracellular
region cause current blockage? Wang et al. (2016) reported
that there is less conformation change in the corresponding
part of the bacterial Kir-channel homolog during gating.
Fragmentation of the extracellular portion suggested that
multiple residues were involved in the drug recognition (Fig.
5). Furthermore, based on the symmetric property of the
channel, the compound-binding site might be located at each
subunit. Therefore, even though the portion exposed to the
external fluid is restricted the area certainly alters their
conformation during gating, and binding may stabilize the
closed conformation of the channels.

Structural transition in Kir channels during gating is not
limited to the transmembrane domain. The cytoplasmic
domain is thought to rotate (Riven et al., 2003) and change
distance (Tao et al., 2009) relative to the transmembrane
domain. Reorientations of the subunit interface (Clarke et al.,
2010) and changes in the conformation of each subunit
(Inanobe et al., 2011a) are also plausible. Furthermore, the
cytoplasmic pore is required to dilate in order to allow K*
permeation (Robertson et al., 2008; Inanobe et al., 2011b).
Therefore, global alteration in the conformation of the entire
molecule may underlie Kir-channel functioning. This is in
accordance with the distribution of amino acids responsible for
the small-molecule activators of Kir3.x channels, i.e., sodium
(Ho and Murrell-Lagnado, 1999) and alcohol (Aryal et al.,
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2009), associate with the cytoplasmic domain of Kir3.2 and
Kir3.4, and PIP, interacting at the interface between the
transmembrane and cytoplasmic domains of all Kir-channel
members (Kobrinsky et al., 2000). Furthermore, it has been
suggested that a small compound, ML297, recently identified
as a Kir3.1-specific activator (Kaufmann et al., 2013), inter-
acts with two amino acids located in the transmembrane
domain (Wydeven et al., 2014). These observations reveal that
chemicals binding to any position on the channels may
facilitate alteration of their activity by modulating structural
transition negatively or positively. It is thought that a
compound that binds to a site distinct from the primary
binding site of blockers has the potential to overcome some
of the drawbacks of current chemicals (Imming et al., 2006).
While Kir channels exhibited multiple modes of proflavine
recognition, the interactions between their extracellular
portions and proflavine derivatives were selective. Since it is
reasonable to assume that all Kir channels share a compara-
ble molecular architecture and manner of conformational
transition, the difference in the drug sensitivity is based on
the difference in amino acids at drug recognition sites.
Identifying the mode of binding might shed light on the design
of the subunit-selective modulators of Kir channels.
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