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Kird.1/Kir5.1 channels possess strong intrinsic
inward rectification determined by a
voltage-dependent K*-flux gating mechanism

Leticia G. Marmolejo-Murillo™, Ivan A. Aréchiga-Figueroa?®, Eloy G. Moreno-Galindo, Tania Ferrer3, Rodrigo Zamora-Cérdenas?,
Ricardo A. Navarro-Polanco?, José A. Sanchez-Chapula®, and Aldo A. Rodriguez-Menchaca®*@®

Inwardly rectifying potassium (Kir) channels are broadly expressed in both excitable and nonexcitable tissues, where they
contribute to a wide variety of cellular functions. Numerous studies have established that rectification of Kir channels is not an
inherent property of the channel protein itself, but rather reflects strong voltage dependence of channel block by
intracellular cations, such as polyamines and Mg?*. Here, we identify a previously unknown mechanism of inward rectification
in Kird.1/Kir5.1 channels in the absence of these endogenous blockers. This novel intrinsic rectification originates from the
voltage-dependent behavior of Kir4.1/Kir5.1, which is generated by the flux of potassium ions through the channel pore; the
inward K*-flux induces the opening of the gate, whereas the outward flux is unable to maintain the gate open. This gating
mechanism powered by the K*-flux is convergent with the gating of PIP, because, at a saturating concentration, PIP, greatly
reduces the inward rectification. Our findings provide evidence of the coexistence of two rectification mechanisms in Kir4.1/
Kir5.1 channels: the classical inward rectification induced by blocking cations and an intrinsic voltage-dependent mechanism

generated by the K*-flux gating.

Introduction

Inwardly rectifying potassium (Kir) channels are an important
class of cell membrane proteins that regulate membrane excit-
ability, heart rate, vascular tone, insulin release, and K* trans-
port in epithelia and glia (Hibino et al., 2010). Kir channels are so
named due to their characteristic I-V relationship, as they con-
duct large inward currents at potentials negative to the K*
equilibrium potential (Ex) and display a voltage-dependent de-
cline of K* conductance (rectification) upon membrane depo-
larization to potentials positive to Ex.

In mammals, 16 Kir subunit genes have been identified corre-
sponding to 7 subfamilies (Kirl.x to 7.x), which exhibit different
degrees of rectification, from strong (e.g., Kir2 and Kir3) to inter-
mediate (e.g., Kir4) to weak (e.g,, Kirl and Kiré; Hibino et al., 2010;
Swale et al., 2014). Cumulative evidence has established that inward
rectification is caused by cytoplasmic cations, such as polyamines
(spermine [SPM], spermidine, and putrescine) and Mg?*, which
plug the conduction pathway after depolarization, thus limiting the
K* efflux (Vandenberg, 1987; Lopatin et al., 1994; Nichols and Lee,
2018). Several negatively charged residues along the conduction

pore of Kir channels have been proposed as binding sites for
blocking cations (Stanfield et al., 1994; Kubo and Murata, 2001
Pegan et al., 2005). The first to be identified was a residue in the
second transmembrane helices of Kir channel subunits. The
strongly rectifying Kir2.1 contains a negatively charged residue
(D172; called the rectification controller) at this position (Stanfield
et al., 1994), whereas the weakly rectifying Kirl.1 has an uncharged
amino acid (N171). Introducing a negative charge at this position in
Kirl.l channels (N171D) increases affinity for endogenous blockers,
thereby increasing rectification (Lu and MacKinnon, 1994). Addi-
tionally, neutralization of acidic residues on the cytoplasmic pore of
Kir channels (E224 and E299 in Kir2.1 channels) has been shown to
affect the binding of endogenous blockers (Yang et al., 1995; Kubo
and Murata, 2001). Recording of Kir2.1 and Kir4.1 currents in the
absence of polyamines and Mg?* (using the inside-out configura-
tion) practically abolishes inward rectification, exhibiting quasi-
linear I-V relationships (Fakler et al., 1994; Guo and Lu, 2002) and
suggesting that no other mechanism of rectification exists in these
channels.
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Homomeric Kir4.l channels display intermediate inward
rectification, which largely depends on the E158 residue (equiv-
alent to D172 in Kir2.1 channels). The E158N mutation converts
Kir4.1 channels into weaker rectifiers (Fakler et al., 1994). Kir4.1
can also form heteromeric channels with the silent Kir5.1 subu-
nit, resulting in different rectification and kinetic properties, as
well as pH sensitivity (Pessia et al., 1996). Although Kir5.1 contains
a neutral residue in the position of the rectification controller
(N161), heteromeric Kir4.1/Kir5.1 channels display stronger recti-
fication than homomeric Kir4.1 channels, implying that another
mechanism of rectification could exist. Therefore, the mechanism
for inward rectification of Kir4.1/Kir5.1 channels is not completely
understood yet, and deserves further investigation. In the present
study, we show for the first time that heteromeric Kir4.1/Kir5.1
channels possess two mechanisms of inward rectification: the
classical extrinsic rectification induced by polyamines and Mg2?*
plugging the pore and a strong intrinsic voltage-dependent
rectification, generated by a gating mechanism powered by
the K*-flux.

Materials and methods

Cell transfection

Rat Kir4.1 in pEGFPC1 vector (Clontech) was a kind gift from Dr.
Colin G. Nichols (Washington University, St. Louis, MO), and
tandemly linked rat Kir4.1/Kir5.1 in pCDNA3.1 (+) vector (In-
vitrogen) was generously provided by Dr. Stephen J. Tucker
(University of Oxford, Oxford, UK). Kir4.l and Kir4.1/Kir5.1
cDNAs were expressed in HEK-293 cells (American Type Culture
Collection; CRL-1573) by transient transfection with Lipofect-
amine 2000 reagent (Invitrogen). For macroscopic current re-
cordings, cDNAs were transfected as follows: 15 ng (Kir4.1) and
300 ng (Kir4.1/Kir5.1) for experiments in whole-cell configura-
tion and 1.5 pg (Kir4.1) and 2.5 pg (Kir4.1/Kir5.1) for inside-out
configuration. Cells were maintained in Dulbecco’s modified
Eagle’s medium (Gibco), supplemented with 10% FBS (Gibco)
and 1% antibiotic-antimycotic solution (100 U penicillin, 100 pg
streptomycin, and 0.25 pg amphotericin B per milliliter; Sigma-
Aldrich) at 37°C in a humidified atmosphere of air-5% CO,.

Patch-clamp recordings

Electrophysiological experiments were performed at room
temperature (22-24°C) 24 h after the transfection of cDNAs.
Macroscopic currents were recorded in both whole-cell and
inside-out configurations of the patch-clamp technique (Hamill
et al., 1981). Currents were filtered with a four-pole Bessel filter
at 1 kHz and digitized at 10 kHz using an Axopatch 200B am-
plifier (Molecular Devices) driven by pClamp 9 software (Mo-
lecular Devices). Patch pipettes were pulled using a flaming/
brown micropipette puller (Sutter Instrument Company) from
borosilicate capillary glass (WPI). An agar-KCl bridge was used
to ground the bath.

For whole-cell experiments, the bath was superfused with a
solution containing (in mM) 130 NaCl, 4 KCl, 1.8 CaCl,, 1 MgCl,,
10 glucose, and 10 HEPES, adjusted to pH 7.4 with NaOH. The
pipettes had a resistance of 2-3 MQ when filled with (in mM) 110
KCl, 1 MgCl,, 5 K,BAPTA, 5 K,ATP, and 10 HEPES, adjusted to pH
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Table 1. Composition (in mM) of the FVPP solutions

Compound  Standard (K* 200) K*77  Compound K* 19
KCl 123 — KCl 19
K,EDTA 5 5 Na,EDTA 5
K,HPO, 7.2 7.2 Na,HPO, 7.2
KH,PO, 8 8 NaH,PO, 8

KF 5 5 NaF 5
K4P20; 10 10 Na4P,0; 10
Na;VO, 01 01 Na;VO, 01
NaCl — 123 NaCl 104

pH was adjusted to 7.2 with KOH (standard) or NaOH (K* 77 and K* 19).

7.2 with KOH. Series resistance and capacitance were compen-
sated at ~80%.

For inside-out experiments, both the pipette and the bath
solutions were the same, which was a fluoride, vanadate, and
pyrophosphate (FVPP) solution (with no Mg>* and SPM and
containing 200 mM K*) that was used to prevent current run-
down (Huang et al., 1998; Table 1). For recordings in the pres-
ence of different K* concentrations to modify Ex (see Fig. 6), we
first substituted all the potassium chloride (123 mM) by sodium
chloride while maintaining the same other components to obtain
a FVPP solution with 77 mM K* (Table 1). This solution was used
in the pipette or in the bath as required. To further lower the K*
concentration to a level where the same driving force conditions
could be applied for an outwardly and inwardly K* gradient, we
considered that an Ex shift to -60 and +60 mV (total K* gradient
of ~120 mV) would be adequate; thereby, the required K* con-
centration was 19 mM (see Table 1).

All solutions were continuously perfused using a rapid
switcher device (SF-77B; Warner Instruments). Macroscopic
currents are represented as the current sensitive to pH 5.0. This
pH condition was sufficient to abolish any detectable current
through Kir4.1 and Kir4.1/Kir5.1 channels.

Drugs

SPM was obtained from Sigma-Aldrich, dissolved in water as a
100-mM stock solution, and diluted in the bath solution just
before use. Brain phosphatidylinositol 4,5-bisphosphate (PIP;
dissolved in chloroform:methanol:water) was purchased from
Avanti Polar Lipids, aliquoted, dried under a nitrogen stream,
and stored at -80°C. Before the experiment, PIP, was dissolved
in FVPP solution by sonication for 10 min to obtain a concen-
tration of 10 uM. All other reagents were purchased from Sigma-
Aldrich, except K,BAPTA (Santa Cruz Biotechnology).

Data analysis

Data are presented as mean + SEM (n corresponds to the number
of cells or patches recorded from at least three different trans-
fections). Recordings were analyzed using pClamp 10 (Molecular
Devices) and Origin 8 (OriginLab Corp.) software. Nonlinear
least-square kinetic analysis of activation and deactivation
of currents was performed in accordance with a single- or a
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double-exponential equation and based on the simplex algo-
rithm. Where appropriate, paired or unpaired Student’s t test
or ANOVA was used for evaluating statistical difference. A two-
tailed probability value of <0.05 (P < 0.05) was considered
statistically significant.

Results

Kir4.1/Kir5.1 channels exhibit stronger inward rectification
than Kir4.1 channels in whole-cell configuration

Using standard intracellular and extracellular solutions with
an asymmetric (physiological) K* gradient (140 and 4 mM, re-
spectively), we first evaluated HEK-293 cells expressing Kir4.1/
Kir5.1 and Kir4.1 channels in the whole-cell configuration by
means of a square-pulse voltage protocol. From a holding po-
tential of -80 mV, 2-s test pulses were applied to voltages be-
tween -120 and O mV, with 10-mV increments every 10 s.
Representative Kir4.1/Kir5.1 currents are shown in Fig. 1 A. In-
ward currents elicited at voltages negative to Ex exhibited a slow
time-dependent increase that was more prominent at potentials
below -100 mV. At potentials positive to Eg, the outward cur-
rents progressively decreased, reaching a steady state by the end
of the pulse. The outward current decay was voltage dependent,
increasing as the potential became more depolarized. This be-
havior induced a crossover of the outward currents at potentials
above -50 mV (Fig. 1 A, inset). The I-V relationship measured at
the end of the test pulses revealed a strong inwardly rectifying
profile, clearly showing a negative slope conductance at poten-
tials positive to -50 mV (Fig. 1 B).

By contrast, homomeric Kir4.1 channels exhibited inward
currents with faster time-dependent increases (Fig. 1 C) than
those observed in heteromeric Kir4.1/Kir5.1 currents. Addi-
tionally, outward currents showed a time-dependent decline,
though the size of the currents at the end of the test pulses was
always larger as the potential was more positive (Fig. 1 C). The
I-V relationship showed that inward rectification of Kir4.1 cur-
rents was not as strong as that of heteromeric Kir4.1/Kir5.1
channels, and thus a negative slope was not present (Fig. 1 D).

Inward rectification of Kir4.1/Kir5.1 channels persists in the
absence of endogenous blockers

Next, we assessed macroscopic Kir4.1/Kir5.1 and Kir4.1 currents
in the absence of intracellular Kir blocking cations (Mg2* and
polyamines), that is, in the inside-out configuration. FVPP so-
lution (see Materials and methods) was used on both sides of the
membrane patches to prevent “rundown” of currents (Huang
et al.,, 1998). Although Kir4.1/Kir5.1 currents were recorded af-
ter 3-5 min of exhaustive perfusion of the internal side of
membrane patches with a rapid switcher device, the inward
rectification of this channel persisted (even for up to 20-30
min). Thus, to characterize this apparent “intrinsic” inward
rectification of Kir4.1/Kir5.1, we used a triple-pulse voltage
protocol: from a holding potential of 0 mV, a 2-s hyperpolarizing
prepulse to -140 mV was applied, followed by 2-s depolarizing
test pulses to potentials between -140 and +100 mV (in 20-mV
increments) before returning to -140 mV for 2 s. As depicted in
Fig. 2 A, the pulse to -140 mV evoked a small instantaneous
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inward current, followed by a slowly activating current that
proceeded until a steady state was achieved. Depolarizations to
the test pulses elicited instantaneous inward and outward cur-
rents with a driving force-induced variation of their amplitudes,
and then currents decreased with a marked time and voltage
dependence. Notably, outward currents were highly reduced,
although a small K* efflux always remained. The subsequent
hyperpolarization to -140 mV generated instantaneous inward
currents whose amplitude varied with voltage (smaller as the
previous test pulse was more depolarized), followed by the
gradual reopening of channels to reach the same current level as
that in the prepulse potential (Fig. 2 A). The I-V relationship
measured at the end of the test pulses shows the strong inward
rectification of Kir4.1/Kir5.1 channels, even in the absence of
endogenous blockers (Fig. 2 B). By decreasing the EDTA con-
centration of the FVPP solution to 1 mM or increasing it to
10 mM, we obtained the same results as those using the standard
5-mM concentration of the FVPP control solution (Fig. 2, B-D).
As observed in Fig. 2, A-D, it should be emphasized that the
rectification occurred not only at positive voltages to Ex but also
at the most negative voltages evaluated. These results imply that
at the start of the test pulses the channels are initially activated
(open), and then a time-dependent deactivation (closure) occurs.

In contrast, both inward and outward Kir4.1 currents induced
by voltage were virtually time independent (Fig. 2 E), producing
a linear I-V relationship similar to that expected of an ohmic
conductor (Fig. 2 F). Thus, unlike heteromeric channels, mac-
roscopic inside-out Kir4.1 currents exhibited nonrectifying be-
havior in the absence of endogenous blockers, as typical for Kir
channels.

As Kir4.1/Kir5.1 channels displayed inward rectification in
the absence of intracellular Kir blocking cations, we decided to
explore whether exogenous SPM alters the rectification of these
channels. Thus, we elicited macroscopic currents in the inside-
out configuration by using the same triple-pulse voltage protocol
as described for Fig. 2. As expected, SPM did not affect inward
currents (in terms of either amplitude or time dependence),
while a voltage-dependent block was evident at +80 and +100
mV (Fig. 3 A), thereby reducing further the current amplitude
(Fig. 3 B) and accelerating its time-dependent decay (Fig. 3, C
and D). Hence, despite having strong inward rectification, out-
ward currents were still affected by SPM, implying that this
polyamine is able to block the heteromeric channel. Alterna-
tively, the inward rectification of inside-out Kir4.1 currents was
restored after exposure to this polyamine (Fig. 3, E and F), as
previously reported (Kucheryavykh et al., 2008), decreasing the
channel conductance at positive potentials as a result of Kir4.1
block by SPM.

Overall, these results suggest that the inward rectification of
Kir4.1/Kir5.1 channels involves two different mechanisms: the
classical extrinsic rectification induced by endogenous blockers
(Mg*? and polyamines) and a strong intrinsic voltage-dependent
rectification.

Activation and deactivation kinetics of Kir4.1/Kir5.1 channels
It is widely known that Kir channels do not possess a canonical
voltage sensor. Thus, we investigated how voltage dependence
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A B Figure 1. Inward rectification of Kir4.1 and
Kir4.1/Kir5.1 channels in whole-cell control
ria conditions. (A and C) Macroscopic whole-cell
Kir4.1/Kir5.1 Kir4.1/Kir5.1 (A) and Kir4.1 (C) currents in HEK-
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- zero-current level. (B and D) Normalized I-V
< 0mv m/ 10 relationships for Kir4.1/Kir5.1 (B) and Kir4.1 (D)
‘S \\ ’ currents measured at the end of the test pulses
05s and normalized to the amplitude of the current
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arises in Kir4.1/Kir5.1 channels. First, we evaluated the kinetics
of activation and deactivation of currents induced by voltage.
From a holding potential of +100 mV (to promote channel
closure), the activation kinetics was assayed by applying 2-s
hyperpolarizing test pulses between +100 mV and -160 mV
(with 20-mV decrements) to progressively open the channels.
For potentials between +100 and -40 mV, outward and
inward currents were evoked in a voltage-dependent but time-
independent manner, whereas from -60 mV to more hyper-
polarizing potentials, the amplitude of inward currents increased
with voltage and time dependence (i.e., a gradual increase in
current amplitudes was observed; Fig. 4 A). However, when
these latter currents were fitted to a single exponential func-
tion to measure the rate of channel activation (t,.), no signi-
ficant difference was found at the analyzed potentials (Fig. 4 B;
P = 0.18).

The deactivation process of the Kir4.1/Kir5.1 channels was
examined by means of a hyperpolarized prepulse to -140 mV to
open the channels, followed by test pulses from -120 to +100 mV
(in 20-mV increments) to gradually deactivate the channels
(Fig. 4 C). An important feature was that outward currents ex-
hibited a high degree of deactivation (almost complete under
this condition), whereas there was only partial deactivation of
the inward currents; thus, we analyzed inward and outward
currents separately. Currents generated with the test pulses
were best fitted to a single (inward currents) or double (outward
currents) exponential function to estimate the rate of channel
closure (Tgeact). Similar to the activation kinetics, the deactiva-
tion kinetics of both inward and outward currents of the Kir4.1/
Kir5.1 channels was not voltage dependent (Fig. 4 D; P = 0.75 for
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inward currents, while for outward currents P = 0.36 and 0.82
for Tgow and Te, respectively). However, the fact that inward
currents were best fitted to a single exponential and outward
currents required a double exponential function suggests the
presence of a voltage-dependent component in the deactivation
process of Kir4.1/Kir5.1 currents.

PIP, largely reduces the intrinsic inward rectification of Kir4.1/
Kir5.1 channels

There are several intracellular modulators of the gating of Kir
channels, including the membrane-delimited anionic lipid, PIP,,
which induces conformational changes at the helix-bundle
crossing to activate these channels. Consequently, the applica-
tion of PIP, stabilizes the open state of the channel, increasing
the amplitude of macroscopic currents (Rapedius et al., 2007).
Therefore, we aimed to assess the effects of this compound on
the Kir4.1/Kir5.1 intrinsic inward rectification mechanism by
recording macroscopic inside-out Kir4.1/Kir5.1 currents in the
presence of 10 uM PIP,. Representative current traces of Kir4.1/
Kir5.1 in the absence of and during perfusion of PIP, are shown
in Fig. 5, A and B, respectively. Currents were elicited using the
triple-pulse protocol described for Fig. 2. As depicted in Fig. 5 B,
currents increased in the presence of PIP,, and the inward
rectification was strikingly reduced. Normalized I-V relation-
ships for the currents measured at the end of the test pulses are
shown in Fig. 5 C. With PIP,, the relationship displayed an al-
most linear behavior, which contrasts with the strong inward
rectification observed in these channels under control con-
ditions. In addition, the effect of SPM (10 uM) was still appre-
ciated after the application of PIP, (Fig. 5 D) by blocking outward
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. . 1.0 Figure 2. Heteromeric Kir4.1/Kir5.1 but not homomeric
A  Kir4.1/Kir5.1 B —O0—1mMEDTA  Kir4.1 channels inwardly rectify in inside-out configuration.
—O0—35mMEDTA  (A-E) Representative macroscopic Kir4.1/Kir5.1 (A, C, and D)

' 5mM EDTA

Voltage (mV)

Normalized
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and Kir4.1 (E) currents recorded in the inside-out configuration
when applying the triple-pulse voltage protocol depicted in the
inset. The bath (intracellular) solution contained 5 mM (A and E),
1 mM (C), or 10 mM (D) EDTA. (B and F) Normalized I-V rela-
tionships for Kir4.1/Kir5.1 (B) and Kir4.1 (F) currents measured
at the end of the test pulses and normalized to the amplitude of
the current recorded at -140 mV. The dashed line denotes the
zero-current level. n = 6-8 cells for each channel and EDTA
condition.

currents and had no effect on inward currents. This indicates
that PIP, only disrupted the intrinsic rectification mechanism
without affecting the extrinsic inward rectification mechanism.

A K*-flux gating mechanism underlies the intrinsic inward
rectification of Kir4.1/Kir5.1 channels

Recently, the influence of potassium ions on the gating mecha-
nism of ion channels with no voltage sensor was discovered
(Kurata et al., 2010; Schewe et al., 2016). Thus, we next sought to
investigate the role of these ions in the intrinsic inward recti-
fication of Kir4.1/Kir5.1 channels. To this end, we modified Ex by
changing the K* concentration (see Materials and methods) and
performed similar experiments as described for Fig. 2, except
that the prepulse potentials as well as the most depolarizing and
hyperpolarizing test pulses were adjusted to compensate for the
shift of Ex and thus assess currents under similar conditions of
driving force (Fig. 6). From symmetrical K* concentrations (200
mM), inwardly rectifying currents were also evoked by both
decreasing this ion (to 77 mM) in the extracellular (pipette)
solution (Fig. 6 A) or in the intracellular (bath) solution (Fig. 6
C). Measuring currents at the end of the test pulses, the I-V
relationships show that currents reversed very close to the
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predicted Ex (-24 and +24 mV) and exhibited a parallel dis-
placement in accordance with the shift of Ex (Fig. 6 D). We
also estimated an index of rectification (calculated as the ratio
between the outward and inward currents obtained with the
most depolarizing and hyperpolarizing test pulses, respectively),
which was used to evaluate the extent of inward rectification.
Notably, despite the same driving force conditions, the current
ratio was significantly modified depending on the direction of
the K* gradient, 200 mM K*;,,/77 mM Ky versus 77 mM K*;,./
200 mM K*.,; (Fig. 6 E).

To corroborate this finding, we further decreased the K*
concentration (to 19 mM; see Materials and methods and Table 1)
in the extracellular (pipette; Fig. 6 F) or intracellular (bath) so-
lution (Fig. 6 G), thereby changing the Ex to approximately
-60 mV and approximately +60 mV, respectively. As expected,
the I-V curves showed a higher displacement in accordance with
the shift of Ex and a marked difference in the degree of inward
rectification (Fig. 6 H). The current ratio of the outwardly di-
rected K* gradient condition (200 mM K*j,;/19 mM K*.,,) was
0.72 + 0.13, compared with 0.02 + 0.006 for the inwardly di-
rected K* gradient condition (19 mM K*;,,/200 mM K*.,; Fig. 6
I). In summary, these results indicate that the intrinsic inward
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Figure 3. Effect of exogenous SPM on inside-out Kir4.1/Kir5.1 and Kir4.1 currents. (A) Kir4.1/Kir5.1 currents before (control) and after perfusing 1 pM
SPM in the bath. Currents were recorded in the inside-out configuration applying the same triple-pulse voltage protocol as for Fig. 2. (B) Normalized 1-V
relationships for Kir4.1/Kir5.1in the absence (control) and presence of 1 uM SPM. Currents were measured at the end of the test pulses and normalized to the
amplitude of the current recorded at ~140 mV in control conditions. (C) Superimposed Kir4.1/Kir5.1 current traces from A illustrating control currents (black
traces) and their respective SPM-induced block (red traces) at +40, +60, +80, and +100 mV. (D) Time constants (Tejow [Ts] and Tras; [Tf]) of Kird.1/Kir5.1 currents
as shown in C, in control conditions and in the presence of 1 uM SPM. (E and F) Current recordings (E) and normalized I-V relationships (F) for Kir4.1in control
and after 1 uM SPM, obtained as described for A and B, respectively. The dashed line denotes the zero-current level. Data are presented as mean + SEM.n =5
for Kir4.1/Kir5.1 and n = 11 for Kir4.1. *, P = 0.047; +, P = 0.032; x, P = 0.029.

rectification of Kir4.1/Kir5.1 channels is determined by the flux
of K*; that is, it is directly modified according to the direction
and magnitude of the K*-flux.

Importantly, the intrinsic inward rectification is even ev-
ident when applying the slightest depolarization from nega-
tive voltages (for instance, stepping to -120 mV following
a prepulse of -140 mV; Fig. 7, A and B) as a consequence
of partial current deactivation. Measuring currents at the
start of the test pulses, the I-V relationship displayed a linear
behavior (Fig. 7 B, black squares), reflecting the changes
in amplitude dictated by the driving force. However, after
this initial jump (instantaneous currents), currents gradually

Marmolejo-Murillo et al.
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decreased in a time- and voltage-dependent manner (Fig. 7 A),
generating the intrinsic inward rectification of Kir4.1/Kir5.1
(Fig. 7 B, red circles). We quantified the voltage dependence of
Kir4.1/Kir5.1 by plotting the relationship between the fraction
of open channels (I.nq/Istare) and the test potential. For the test
pulse to -140 mV, the current ratio had a value of ~1.0, in-
dicating that the same fraction of channels remained open
during the pulse. In subsequent pulses, the current ratio
steeply decreased with membrane depolarization (Fig. 7 C) as
a consequence of the channel deactivation. These results re-
inforce the idea that the K*-flux is the determining factor of
the intrinsic rectification process.
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with the voltage-step protocols (see insets), which are described in the text and designed for activation (A) or deactivation (C) of currents. (B and D) Time
constants of the activation (t act; B) and deactivation (t deact; D) of Kir4.1/Kir5.1 currents as a function of the test pulse potential. Time constants in black and
red were obtained with single and double exponential functions, respectively. The dashed line denotes the zero-current level. Data are presented as mean +

SEM. n = 8 for activation and n = 6 for deactivation.

Discussion
From the time of the initial description of inward rectification of

K* conductance (Katz, 1949), it took until the late 1980s and mid-
1990s, when intracellular Mg?* and polyamines were demon-
strated to induce the rectification of Kir channels by their
voltage-dependent interaction with negative residues facing the
inner cavity of these channels (Vandenberg, 1987; Fakler et al.,
1994; Lopatin et al., 1994). Later, a weak intrinsic inward recti-
fication was reported despite the use of Mg?* and polyamine-
free solutions (Aleksandrov et al., 1996; Shieh et al., 1996; Lee
et al,, 1999), but it was rapidly found to be caused by trace
contaminants in commonly used buffers (Guo and Lu, 2000,
2002). Nevertheless, data supporting a weak intrinsic rectifi-
cation mechanism in Kir2.1 channels have been reported (Sigg
et al., 2018).

In this study, we show that Kir4.1/Kir5.1 channels possess a
bona fide strong intrinsic rectification mechanism. The intrinsic
inwardly rectifying nature of heteromeric Kir4.1/Kir5.1 channels
is supported by (1) the effective washout of intracellular Kir
blocking components (Mg?* and polyamines; see Fig. 2 and
text); (2) recording solutions that included a phosphate buffer
previously demonstrated to contain no impurities with Kir
blocking effect (Guo and Lu, 2000, 2002); and (3) the absence of

Marmolejo-Murillo et al.
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rectification of homomeric Kir4.1 channels recorded under the
same experimental conditions. Additionally, the concomitant
voltage-dependent effect of exogenous SPM (1 uM) on Kir4.1/
Kir5.1 outward currents implies that the mechanism of intrinsic
rectification coexists with the well-known mechanism of ex-
trinsic rectification produced by Mg?* and polyamines. Fur-
thermore, we provide evidence that the intrinsic rectification
mechanism is due to a noncanonical voltage-dependent behavior
that operates the gate of this channel.

Gating of Kir channels is thought to involve conformational
rearrangements in the cytoplasmic domains in response to
diverse stimuli (e.g., G proteins, phosphoinositides, intracel-
lular Na*, protons, ATP), ultimately opening or closing the
helix-bundle crossing gate (Hansen et al., 2011; Whorton and
MacKinnon, 2013; Meng et al., 2016; Nanazashvili et al., 2018).
However, no studies have reported changes in membrane volt-
age as stimuli for Kir channel gating. In fact, Kir4.1/Kir5.1 do not
possess a canonical voltage-sensor domain like voltage-gated ion
channels, suggesting the existence of an alternative mechanism
of voltage sensing. Indeed, the voltage dependence of the acti-
vation and deactivation kinetics of Kir4.1/Kir5.1 channels did not
exhibit the typical behavior of voltage-gated channels (Fig. 4), a
property also reported for the voltage sensor-less Kir6.2(L157E)
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Figure 5. Exogenous PIP, largely reduces the inward rectification of Kir4.1/Kir5.1 channels. (A and B) Representative Kir4.1/Kir5.1 current traces elicited
by the voltage protocol shown at the bottom of A, in control conditions (A) and in the presence of 10 uM PIP, (B). (C) Normalized I-V relationships for currents
measured at the end of the test pulses, before and after PIP, perfusion (n = 7). Currents were normalized to that obtained at -140 mV. For comparison, an
ohmic behavior is depicted by a dashed line. (D) Superimposed Kir4.1/Kir5.1 current recordings in the presence of 10 uM PIP, and after adding 10 uM SPM
(similar results were obtained in four more cells). Currents were elicited to -140 mV for 2 s previous to a depolarizing pulse (2 s) to +100 mV (holding potential

= 0 mV). The horizontal dashed lines denote the zero-current level.

mutant channel (Kurata et al., 2010). Interestingly, application of
exogenous PIP, greatly reduced the voltage-gating behavior of
Kir4.1/Kir5.1, hence largely decreasing the intrinsic inward
rectification. It is known that PIP, opens the Kir4.1/Kir5.1
channel at the helix-bundle crossing gate by disrupting a hy-
drogen bond formed between amino acids from the TM1 and
TM2 helices, which stabilizes the closed conformation of the
channel (Rapedius et al., 2007). Consequently, the loss of voltage
gating after application of a saturating PIP, concentration can be
explained because the maximal activation of channels has been
achieved, suggesting that both stimuli converge at the same
physical gate (i.e., the helix-bundle crossing gate).

Previous studies have reported voltage-dependent gating in
voltage sensor-less ion channels, including most of the members
of the K2P channel family (Schewe et al., 2016), Kir6.2(L157E)
and Kir6.2(F168E) mutant channels (Kurata et al., 2010; Vilin
et al., 2013), and CIC chloride channels (Chen and Miller, 1996;
De Jestis-Pérez et al., 2016). These studies all emphasize the
importance of the impact the permeating ion has on the voltage-
gating behavior of these ion channels. We observed a similar
phenomenon in Kir4.1/Kir5.1 channels, where the I-V relation-
ships underwent parallel shifts when Ex was modified by
changing the intracellular or extracellular K* concentration.
Moreover, the ion occupancy of the inner cavity seems to have
an influence on gating, as reducing intracellular K* (from 200 to

Marmolejo-Murillo et al.
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77 or 19 mM) decreased the current ratio. These outcomes re-
inforce the notion that the gating of Kir4.1/Kir5.1 is not due to
voltage-induced conformational changes of the channel protein;
rather, they strongly suggest that the gating is driven by the K*-
flux (Kurata et al., 2010; Schewe et al., 2016). Another charac-
teristic observed when changing ionic gradient conditions was
the apparent variation in current kinetics, although this issue
deserves a more detailed exploration in future experiments.

In contrast to the Mg?*- and polyamine-induced rectification,
which primarily occurs at voltages positive to Eg, a notable
feature of the intrinsic inward rectification of Kir4.1/Kir5.1
channels is that it arises from voltages negative to Ex (inward
currents). This behavior can be explained by a K*-flux gating
mechanism, according to the following hypothetical model
(Fig. 7 D): under symmetrical K* concentrations, there is no net
K*-flux at a holding potential of 0 mV. Membrane hyperpolar-
ization to -140 mV generates a high inward K*-flux, which in-
duces a time-dependent opening of the channel (activation).
From this voltage, depolarizing to -100 mV induces a decrease in
the instantaneous current amplitude (because of the diminished
driving force) and an additional time-dependent reduction
originated by the partial deactivation of the channel (either
because the gate partially closes or by a decrease in the channel
open probability) due to the lowered inward K*-flux (Fig. 7 D,
top). Contrarily, the outward K*-flux is unable to maintain an
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Figure 6. Effect of asymmetrical K* gradient (200 versus 77 mM and 200 versus 19 mM) on Kir4.1/Kir5.11-V relationships. (A-C, F, and G) Inside-out
current traces from Kir4.1/Kir5.1 channels obtained using solutions containing the indicated K* concentration. Currents were induced by voltage protocols as
described in the text. (D and H) Normalized I-V relationships for currents evoked under conditions displayed in A (red circles), B (black line), C (blue triangles),
F (maroon squares), and G (green circles). Note: Three additional test pulses are shown in H (empty marron squares) to illustrate the persistence of the inward
rectification. Current amplitudes were measured at the end of the test pulses and normalized to the respective maximum value at each condition. Current
traces in B are those from Fig. 2, which are only shown for comparison purposes, as well as the respective |-V relationship (continuous line in D). The inset at
the right of D refers to the amplification of the area delimited in the box. (E and I) Current ratios for those obtained at the more depolarized and hyperpolarized
potentials under the K* concentration shown in A (red bar), C (blue bar), F (maroon bar), and G (green bar) measuring currents at the end of the test pulses. The

dashed line denotes the zero-current level. Data are presented as mean + SEM. n = 5-6 for all assayed conditions. *, P = 0.048; ***, P = 0.0002.

open gate (Fig. 7 D, bottom); thus, at voltages positive to Ex
currents, it falls to almost the zero-current level, generating
the strong inward rectification. Interestingly, decreasing the
extracellular K* concentration (i.e., increasing the outwardly
directed K* gradient) lessens current deactivation, thereby de-
creasing inward rectification (Fig. 6). This feature could explain
the weaker rectification observed in whole-cell (140 K*;,,/4 mM
K'exs Fig. 1 B) compared with inside-out (200 K*;;,/200 mM
K*exs; Fig. 2 B) configurations.

Marmolejo-Murillo et al.
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Collectively, our data support a model in which the gate
opens powered by the influx of K* but closes (partially and de-
pending on the extracellular K* concentration) during K* efflux.
This gating mechanism underlies the strong intrinsic inward
rectification of Kir4.1/Kir5.1 channels.

Kir4.1/Kir5.1 heterotetramers are mostly expressed in renal
epithelia and glia (Hibino et al., 2010). The K*-flux gating
mechanism of Kir4.1/Kir5.1 could be relevant for astrocytes,
where this channel permits the influx of K* as its concentration
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Figure 7. Gating model for Kir4.1/Kir5.1 channel. (A) Representative Kir4.1/Kir5.1 currents as described for Fig. 2. The red and blue traces display the
currents when the test pulses were -100 and +100 mV, respectively (which are shown at the right of D to illustrate the channel gating behavior).
(B) Normalized I-V relationships measured at the start and at the end of the test pulses and normalized to the amplitude of the current recorded at ~140 mV.
(C) Ratio leng/lstart @s a function of the test pulse potentials. n = 8 cells. (D) Hypothetical model of the Kir4.1/Kir5.1 gating mechanism operated by the K*-flux.
For clarity, two of the four channel subunits are depicted with the ion permeation path between them. The channel activation gate is represented by a hinge.
According to the model, inward currents elicited by hyperpolarizing pulses induce the opening of the gate, whereas depolarizing pulses deactivate (to varying
degrees) the channel. The partial deactivation of the channels observed at voltages negative to Ex could be either because the gate partially closes or due to a

decrease in the channel open probability. Please see a detailed explanation of the hypothetical model in the Discussion section.

increases by neuronal activity, a process called K* spatial buff-
ering, which is important for transferring this ion from areas
where it is highly concentrated into regions with lower K*
concentration (Bellot-Saez et al., 2017). The inwardly directed
electrochemical K* gradient would induce Kir4.1/Kir5.1 opening
to remove K* from the extracellular space and avoid neuronal
hyperexcitability.
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