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HIGHLIGHTS GRAPHICAL ABSTRACT

» The internal Ba> " block in Kir2.1 channels
showed inward rectification fashion.

* The inward rectification was due to
flux-dependent block.

» The steep changes in k,, near Ex of Ba**
block is driving force-dependent.

* The high affinity Ba?>™ binding site is
located near T141.

* The single-file long cytoplasmic pore pro-
vides structural basis for flux coupling.
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ARTICLE INFO ABSTRACT

Article history: The Kir2.1 channel is characterized by strong inward rectification; however, the mechanism of the steep voltage
Received 31 March 2015 dependence near the equilibrium potential remains to be investigated. Here, we studied the internal Ba®>* block
Received in revised form 6 April 2015 of the Kir2.1 channel expressed in Xenopus oocytes. We showed that the driving force and thus the K™ ion flux
:52?12 tbel: g rﬁf;eﬂ ]2;) }\iril 2015 significantly influenced the apparent affinity of the block by internal Ba>*. Kinetic analysis revealed that the bind-

ing rate shifted with the driving force and changed steeply near the equilibrium point, either in the presence or
absence of the transmembrane electrical field. The unbinding rate was determined by the intrinsic affinity of the
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site. Mutagenesis studies revealed that the high-affinity binding site for Ba>* was located near T141 at the inter-
nal entrance of the selectivity filter. The steep change of the blocking affinity near the equilibrium potential may
result from the flux-coupling effect in the single-file, multi-ion cytoplasmic pore.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Inward rectifier K™ channels (Kir channels) are a family of K™ chan-
nels composed of four subunits with two transmembrane segments
(2TM). Kir channels play important physiological roles. For example,
Kir2.1 channels can regulate the resting membrane potential and
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shape electrical signals in the heart and in neurons. Katp channels can
control insulin secretion in the pancreas in response to glucose level.
Kir1.1 channels in the kidney are involved in the maintenance of
electrolyte balance [1].

Some Kir channel family members, e.g., the Kir2.1 channel, are
characterized by strong inward rectification in their current-voltage
relations. When the membrane potential (Vy,) is negative relative to
the equilibrium potential (Ek), the inward K* currents are much larger
than the outward K™ currents at voltages positive to Ex [1-3]. The
strong inward rectification has been attributed to the blockage of
outward currents by intracellular Mg?* [4,5] and polyamines [6,7].
The outward currents are very sensitive to the intracellular blockers,
whereas the inward currents are relatively unaffected. The inhibition
of the outward currents by intracellular blockers has been shown to
be dependent on the driving force (V,, — Ex) for the K™ ion flux.
When V,, is smaller than Ey, the apparent sensitivity of the inward cur-
rents to the blocker is very small; however, the extent of the blockage
increases steeply when the membrane potential becomes positive to
Ex. If the Ey is shifted by changing the extracellular or intracellular K*
concentration, the current-voltage (I-Vy,) curve in the presence of the
blocker will shift in parallel with the Ey.

The physical mechanism underlying the steep voltage dependence
of the I-V,, curve near Ey is still controversial, and the molecular
events underlying the phenomenon remain a subject worthy of study.
The Woodhull view of voltage-dependent channel block [8], which as-
sumes independent movements between the conducting ions and the
blocker, is insufficient to explain the steep voltage dependence of Kir
channels. The voltage dependence of the apparent affinities of internal
tetraethylammonium (TEA) or Mg?* is much larger than what can be
attributed to the fraction of the electrical field traversed by the positive-
ly charged blocking ions. The measured voltage dependence values, z6,
were shown to be nearly identical for monovalent TEA and for divalent
Mg? ™" in Kir1.1 channels [9]. In a study of the block of Kir2.1 channels by
polyamines, spermine (4+ ) and spermidine (3+) had similar apparent
voltage dependence near Eg [10]. Coupling between the K ions and the
blocking ion in the long channel pore seemed to be a crucial component
of the mechanism of inward rectification. However, how the ion-flux
coupling relates to the inward rectification remains to be investigated.

The scenario underlying the inward rectification in Kir channels may
be more complicated than simple pore blockage. Both high-affinity and
low-affinity blocks contribute significantly to the I-Vy, relationship
in Kir channels [11,12]. The high-affinity spermidine block may
not completely occlude the single-channel pore, but rather elicit a
subconducting state [12]. Moreover, neutralization of the ring of charges
near E224, either by mutagenesis or by the binding of cationic blockers,
may induce some intrinsic gating mechanism that contributes to inward
rectification [13-15].

To focus on the detailed mechanism of pore blockage by the internal
cation and to study the contribution of flux-coupling effects to the in-
ward rectification in the multi-ion long pore, in this study, we investi-
gated the interaction between intracellular Ba>* ions and cloned
mouse Kir2.1 channels expressed in Xenopus oocytes. We examined
the effects of intracellular Ba>* on the macroscopic Kir2.1 currents
using patch-clamp recording techniques. The Ba?™ ion has been
shown to be useful as a probing pore blocker of Kir2.1 channels and of
calcium-activated K* channels [13,16-21]. The Ba®>* ion (1.35 A) and
the K™ ion (1.33 A) have a similar Pauling radius. The dehydrated
Ba?* ion may bind to some K*-ion binding sites in the K™ channel
pore, enabling Ba®™ to serve as a pore blocker that completely occludes
the K™ channel pore. Though the Ba?™ ion is not an endogenous blocker
of Kir channels in physiological conditions, the discrete blocking kinetics
of Ba®™ with K™ channels facilitate the study of the detailed kinetics of
pore block. The majority of the studies previously conducted on Kir
channels examined the effect of extracellular Ba>* on inward currents.
Only one study by Shieh et al. [20] examined the interaction of internal
Ba®* with Kir2.1 channels. Study of the mechanism of the blockage by

intracellular Ba>* would be important and interesting because the
internal Ba®>* block of Kir2.1 channels also has the feature of inward
rectification. By studying the kinetics of intracellular Ba>* blockage,
we tried to elucidate the mechanism of inward rectification by
distinguishing between the contribution of binding and unbinding pro-
cesses to the steep voltage dependence near Ex. We showed that the
steep voltage dependence of the block of outward currents by internal
Ba™ results from the flux-coupling effect. Coupling between the K™
ion flux and the Ba®™ in the cytoplasmic long pore of Kir2.1 channels
significantly affected the apparent affinity, mainly through an effect on
the binding rate between internal Ba>* and Kir2.1 channels. The
single-file, multi-ion cytoplasmic pore, a structural feature of Kir chan-
nels [22-26], is essential for the flux-dependent block and the resultant
inward rectification.

2. Materials and methods
2.1. Molecular biology and Xenopus oocyte preparation

Mouse Kir2.1 channels (UniProt: P35561) [14] were expressed on
the cell membrane of Xenopus oocytes for patch-clamp recordings.
Wild-type Kir2.1 cDNA (GenBank X73052) subcloned into Bluescript II
SK+ was kindly shared by Dr. Ru-Chi Shieh (Institute of Biomedical Sci-
ences, Academia Sinica, Taiwan). Mutant channel cDNAs were prepared
using the QuikChange site-directed mutagenesis kit (Stratagene, La
Jolla, CA, USA). All mutations were confirmed by DNA sequencing.
RNA was synthesized in vitro using the T7 mMESSAGE mMACHINE
transcription kit (Ambion, Austin, TX, USA) from Not I-linearized
cDNA:s.

Xenopus oocytes were obtained surgically from mature female
Xenopus laevis frogs under the guidance of the National Taiwan
University College of Medicine and College of Public Health Institutional
Animal Care and Use Committee. The oocytes were agitated on a plat-
form shaker at 80-100 rpm for 60-90 min in a solution containing (in
mM): 82.5 NaCl, 2 KCl, 1 MgCl,, 5 HEPES, and 2 mg/ml collagenase
(from Clostridium histolyticum, type 1), pH = 7.6. The defolliculated
stage IV and stage V oocytes were selected and incubated in ND96
solution containing (in mM): 96 NaCl, 2 KCl, 1.8 CaCl,, 1 MgCl,, 5
HEPES, and 50 pg/ml gentamycin, pH = 7.6 at 18 °C. RNAs were injected
into the oocytes 16-72 h before electrophysiological recordings.

2.2. Electrophysiological recordings and solutions

Cell-attached and inside-out patch-clamp recordings were per-
formed on the oocytes expressing the wild-type and mutant Kir2.1
channels at room temperature (22-25 °C). Voltage-clamp recordings
were made with the Clampex 6.0 portion of pClamp software, (Axon In-
struments, Foster City, CA, USA) using an Axoclamp 200A amplifier.
Data were low-pass filtered to 1-2 kHz and digitized at 1-10 kHz
through a Digidata-1200 analog/digital interface. The oocyte was
put in a recording chamber in a bath solution containing (in mM):
82 KCl + KOH, 5 EDTA, 8 K,HPO,, and 2 KH,PO4 pH = 74
(100 mM K*). Some experiments were carried out using HEPES-
buffered solutions. The vitelline membrane of the oocyte was removed
in the bath solution using forceps. Pipettes were pulled from borosili-
cate glass and polished. The pipette solution (external solution) and
the control internal solution were the same as the bath solution. In the
experiments in which the K™ concentration of solutions differed from
100 mM, the desired K* concentrations were obtained by adjusting
the content of KCI and KOH. The pipette resistance was 100-400 kQ
when the pipette was filled with the 100 mM K* pipette solution. For
inside-out recordings, the patch was pulled from the membrane of the
oocyte after the cell-attached configuration was obtained. The patch
was lifted and moved to the mouth of one of the gravity-driven flow
pipes that emitted various internal solutions to the cytoplasmic side of
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the patch. Rapid changes of the internal solutions were achieved by a
stepper motor (SF-77B perfusion system, Warner Instrument).

To slow the run-down of the Kir2.1 currents in the inside-out config-
uration, once the inside-out configuration was obtained, the patches were
initially treated with 20 uM phosphatidylinositol-4,5-bisphosphate (PIP,)
in modified FVPP solution containing (in mM): 64 KCl, 16 K;HPO,, 4
KH,PO,, 5 EDTA, 5 NaF, 0.1 Na3VOy,, and 10 NaysP,0,, pH = 7.4 from the
cytoplasmic side for 30-60 s [20,27,28]. Alternatively, a MgATP solution
containing (in mM) 85 KCl, 2 MgATP, 5 K;HPO,, and 5 KH,PO,4, pH =
7.2 with KOH was used to slow the run-down or to reactivate the
channels [29].

In Ba%*-block studies, free Ba®>* concentrations were estimated
according to temperature, pH, and ionic strength using the software
WinMaxc 32 v.2.50 (http://maxchelator.stanford.edu). When the free
Ba?* concentration is 30 pM or above, the endogenous divalent-
activated CI™ currents of the oocytes would be activated. To avoid the
interference of these Cl~ currents, methanesulfonate was used to re-
place CI™ in the internal and external solutions, except that 5 mM Cl™
was left in the pipette solution for proper ionic conduction. Niflumic
acid (500 uM) was added to the internal solution to inhibit the CI™
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currents [30,31]. The Ba>" solution was prepared from Ba(OH),. All
chemicals were from Sigma.

Data were analyzed with Clampfit 8.0 (Axon Instruments), Excel
2000 (Microsoft, Redmund, WA, USA), and SigmaPlot 6.0 (SPSS,
Chicago, IL, USA). The results are given as the mean 4 standard error
of the mean.

3. Results

3.1. The Kir2.1 channel currents showed strong inward rectification in
cell-attached recordings

Macroscopic Kir2.1 channel currents were recorded from Xenopus
oocytes using the patch-clamp recording technique. In the cell-
attached configuration, strong inward rectification was observed, as in
previous studies [4,5,7]. The outward currents were blocked by endog-
enous positively charged blockers such as Mg?™ and polyamines; the in-
ward currents were relatively unaffected. The current-voltage curve
had a steep deflection near the equilibrium potential of the K ion
flux in the cell-attached configuration (Fig. 1). In the inside-out
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Fig. 1. I-V,,, relations of the wild-type Kir2.1 channel in (A) cell-attached configuration and (B) inside-out configuration when the external and internal K concentrations were both
100 mM. (C) The voltage stimulus protocol. The test voltages were stepped from —100 mV to 100 mV in 10-mV increments every 300 ms. (D) The instantaneous [-V, curves of the

inside-out (open circle) and cell-attached (closed circle) configurations.
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configuration, when the patches were washed from the cytoplasmic
side with the blocker-free control solution, the instantaneous I-V, rela-
tion became nearly linear. The outward currents of the wild-type Kir2.1
decayed with time to various degrees at voltages positive to +40 mV,
despite washing in the phosphate-buffered control solution for more
than 20 min. The decay may be due to the block of trace amounts of con-
taminating blockers [32] and to some intrinsic gating mechanism of the
channel [33]. All experiments described below were carried out using
inside-out recordings from the patches when the endogenous blockers
were washed out to a steady state, typically more than 5 min after
being washed by the control solution.

3.2. Internal Ba®™ inhibited the currents in an inward-rectifying manner
and dissociated very slowly during repolarization

Internal Ba®* block of wild-type Kir2.1 channel currents was exam-
ined under conditions of [K" ]y = 100 mM and [K*];, = 100 mM
(Ex = 0 mV). Currents were inhibited by internal Ba>* (0.1 uM to
10 uM) in an inward-rectifying manner, as described previously [20];
the outward currents were inhibited by internal Ba>*, and the inward
currents were relatively much more resistant to the internal Ba™
block (Fig. 2). The rate of Ba>*-mediated inhibition increased markedly
with voltage from + 10 mV to +40 mV. We analyzed the inhibition
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rates by subtracting the current traces in the presence of Ba®>* ions
from the currents in control solutions and fitting the resultant current
trace using a single exponential. In 1 uM Ba™, the T values were
214 4+ 0.05 ms (n = 8) at +20 mV, 7.75 4+ 0.04 ms (n = 9) at
+40 mV, and 3.71 + 0.05 ms (n = 9) at +60 mV (Fig. 2B). The dose
dependence of the internal Ba?>*-mediated inhibition of the outward
current by is shown in Fig. 2D. To obtain the apparent dissociation con-
stant (K4) of the Ba>™ block, the relative currents were plotted against
the [Ba®*], and the data were fit using the Langmuir equation for one-
to-one binding, f = 1/ (1 + [Ba®"] / K4), where fis the relative current.
The apparent dissociation constants decreased steeply from + 10 mV to
+40 mV (Fig. 2E). The K4 values then reached more steady values when
the test voltages were above 4+ 50 mV and even increased slightly with
voltage at voltages above + 70 mV. The voltage dependence of K4 from
+ 10 mV to +40 mV was obtained by fitting the data at the various test
voltages (Vy,) using the equation:

20V,
> = K4(0) exp <25 r:V)

Here, F, R, and T have their usual thermodynamic meanings. The fit
results were K4(0) = 49 4 3.9 uM and z6 = —3.34 4 0.18. The steep
voltage dependence found here needs cautious interpretation. In the
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Fig. 2. Internal Ba>" block of outward Kir2.1 currents in an inward-rectifying manner and dissociated very slowly during repolarization. (A) Ba** (1 uM) inhibited 70% of the outward
current at +60 mV and spared the inward currents from blockage in [K™ ],y = 100 mM and [K™J;;, = 100 mM. (B) Representative currents in control and in 1 uM Ba** at test voltages
of +20 mV and + 60 mV. (C) The recovery rates were slow upon repolarization. The outward currents were inhibited by 10 uM internal Ba>* at the test voltage of +40 mV, and then the
voltage was stepped to — 10 mV to — 160 mV. The long tails were fit with a single exponential. (D) Dose-dependent inhibition by 0.1 uM, 0.3 pM, 1 uM, 3 uM, and 10 uM internal Ba®". The
relative currents were the steady-state fractional currents in the Ba>* solutions relative to the currents in the control solutions. The lines were fit using the Langmuir equation for one-to-
one binding. (E) The apparent dissociation constant, Kq, (in log scale) was plotted against test voltage, Vi,,. The Kq from + 10 mV to +40 mV was fit using Eq. (1). The line was fit with
K4(0) =49 4+ 3.9 uM and z6 = 3.34 + 0.18 (n = 3-10). (F) The dissociation rate of the long recovery tails in (C), ko (log scale), was plotted against the voltage. From — 160 mV to
—120 mV, ko values decrease with voltage. The line was fit using Eq. (2): k.3(0) = 0.10 & 0.02 s~'and z6 = 0.21 & 0.04. Ko values from —60 mV to — 10 mV increase with voltage.
The line is the fit with k. (0) = 0.62 + 0.02 s~ 'and z6 = —0.37 & 0.03 (n = 4-6).
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study of voltage-dependent block, Eq. (1) is usually used to estimate the
equivalent electric distance of the binding site under the rationale that
the blocker with valence z binds to the site located at the equivalent
electric distance 6 within the transmembrane electric field [8], under
the assumption that the binding process of the blocker is independent
of the conducting ions. If Ba?™ block is significantly coupled to the K™
ion flux and 6 can be larger than 1, then z6 cannot be interpreted as
the potential energy difference [9,34]. Though here, we fit the dose-
and voltage-dependent internal Ba®"-mediated inhibition of Kir2.1 cur-
rents using the conventional one-to-one binding formula, the actual
mechanism of Ba>* inhibition may be more complex in several aspects.
A large z6 value indicates ion-flux coupling between the conducting K*
ions and the Ba>* ion in the narrow and long channel pore. A shallower
low-affinity binding site (with a much faster ko¢) may coexist with a
deeper high-affinity binding site (with a slow k) in Kir channels
[11,12], so the one-to-one assumption may not be valid. Further, the
internal Ba>*-mediated inhibition may be related to cation-induced
gating in addition to pore block [13,20].

We found that the recovery phase of the Ba?™ block was very
slow during repolarization when the voltage was stepped back to
— 100 mV from the test pulse (Fig. 2A), a finding that has not been
reported previously, The time constant, 7, was ~ 4 s at —100 mV
when the long recovery tail current was fit using a single exponential,
which contrasts with the rapid recovery rate (within milliseconds) of
the block by Mg?™ and polyamines shown in Fig. 1. The slow recovery
suggests that internal Ba?™ ions may reach and bind to a high-affinity
binding site during the test pulse and may dissociate very slowly from
this binding sites at negative voltages (ko = 1/7 = 0.25/s at
—100 mV). It is interesting that Kir2.1 channels can exhibit strong
inward rectification during internal Ba?>* blockage despite the fact
that the dissociation rate from the Ba? " binding site is also very slow
at negative voltages. The slow unbinding rate raises key questions
about the mechanism of the inward rectification in internal Ba?™
block: how does the direction of K* ion flux affect the apparent affinity
of the internal blockers? Is the binding rate or the unbinding rate affect-
ed by K* ion flux and can thus determine the phenomenon of inward
rectification? If the low affinity of the blocker at negative voltages
were due to constant, rapid push-off of the blocker from the binding
site by the inward K* ion flux [35], the unbinding rate at negative
voltages might have been very fast. However, as shown in Fig. 2A, the
unbinding rate of Ba>* is too slow to account for the low sensitivity of
the inward currents to internal Ba>* when the voltage was steadily
held at —100 mV. A plausible mechanism for the low sensitivity of
the inward K™ currents is that when the K™ ion flux is steadily inward,
the Ba®™ ions in the internal solution can have difficulty binding to the
high-affinity binding site because the permeation route to the binding
site is hindered by the inward K™ flux, which means that there may
be at least one K™ binding site internal to the Ba®™ binding site along
the narrow channel pore.

3.3. The voltage dependence of the slow dissociation rate implies that Ba®*
may exit to the external side as well as to the internal side through the Kir
channel pore

We further analyzed the voltage dependence of the recovery rates
by stepping the voltages to —10 mV to — 160 mV from a test pulse at
+40 mV (Fig. 2C). The long tails were fit using a single exponential
with a time constant (7), and the unbinding rate (ko) of Ba®* from
the high-affinity binding site can be estimated from the relation:
kog = 1/7. Fig. 2F shows the values and the voltage dependence of k.
From —160 mV to —120 mV, ko values decreased as the voltage
increased and were fit using:

20V,
ko = ko (0) €Xp <25 ITII“V) . (2)

The fit results were as follows: koy(0) = 0.10 + 0.02 s~ and
z6 = —0.21 + 0.04. ko values were the smallest from approximately
—100 mV to — 80 mV and then increased with voltage from —80 mV
to — 10 mV. The fits for ko from —60 mV to — 10 mV using Eq. (2)
were ko{0) = 0.62 + 0.02 s~ 'and z6 = 0.37 & 0.03. The results sug-
gest that in the experimental ionic conditions ([K™ ]y, = 100 mM and
[K*]in = 100 mM), Ba®™ from the internal solution may reach and
bind to a high-affinity binding site when the test voltage is positive to
Ex; then, the Ba>™ may either return to the internal side or exit to
the external side of the Kir channel. Ba>* ions may dissociate and re-
turn to the intracellular solution when the voltage is stepped back to
voltages negative to — 120 mV or may dissociate and traverse the se-
lectivity filter to the extracellular solution when the voltage is
stepped back to voltages positive to —80 mV. At voltages between
—120 mV and — 80 mV, the Ba®* ion dissociates and exits to either
the external side or to the internal side, with comparable probabili-
ties. The measured unbinding rate is the sum of the unbinding rate
into the extracellular solution and the unbinding rate into the intra-
cellular solution. The idea that Ba?™ can cross through a K™ channel
pore has been reported previously in blocking kinetics studies of the
high-conductance Ca®"-activated K™ channel [19].

The voltage dependence of the slow dissociation rates in Kir2.1
channels at voltages negative to the equilibrium potential (Ex = 0 mV
in the experimental conditions, Fig. 2F), indicates that the unbinding
process of Ba?* is not strongly influenced by the direction of the K™
ion flux. The direction of Ba®" exit changes at voltages from approxi-
mately — 100 mV to — 80 mV but not at the equilibrium potential of
K™ ion currents. At voltages from — 80 mV to —20 mV, most Ba™"
ions dissociate and exit to the external solution even when net K* ion
flux is predominantly inward, and the dissociation rate, k., increases
as the voltage becomes more positive. Hence, the “rapid push-off”
model [35] cannot explain the low affinity of internal Ba>* block
when K™ ion flux is predominantly inward. The exit direction of the
Ba2™ ions from the high-affinity binding sites seems to be determined
mainly by the intrinsic internal and external energy barriers of the
high-affinity Ba>* binding site rather than by the direction of the
conducting K™ ion flux.

3.4. Kinetic studies of E224G mutant Kir2.1 channels reveal that the strong
inward rectification of internal Ba®™ block results from a change in the
apparent binding rate near Ex

Because the apparent dissociation constant K4 = kog/kon, it seems
logical that we could analyze the kinetics of the inhibition and find out
whether the steep voltage dependence of K4 near Eg results from a
steep increase in k,, or from a steep drop in koz However, in wild-
type Kir2.1 channels, there are theoretical and experimental factors
that confound the analysis. First, at least two binding events are in-
volved in the internal Ba?"-mediated block of the outward currents.
The shallower low-affinity binding site (with a much faster ko) and
the deeper high-affinity binding site (with a slow k) coexist [11,12];
therefore, the one-to-one binding analysis may not be valid. Second,
the outward currents of wild-type Kir2.1 decayed with time to various
degrees at voltages positive to +40 mV despite washing with the
phosphate-buffered control solution for more than 20 min. The decay
may be due to the block of trace amounts of contaminating blockers
[32] or may involve some intrinsic gating mechanism of the channel
[33]. Third, the fast component of the internal Ba>*-mediated inhibition
may be related to cation-induced gating in addition to pore block
[13,20]. However, we will show below that in the E224G mutant, kinetic
analysis of one-to-one pore block becomes feasible. The E224 residue is
located in the cytoplasmic pore (Fig. 9C). In the E224G mutant, in which
the ring of charges of E224 in the cytoplasmic pore region was neutral-
ized by mutagenesis, the internal Ba>*-mediated inhibition of outward
currents can be explained by one-to-one binding. Because the E224 res-
idue has been neutralized, the faster events caused by the shallower
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low-affinity block or by the cation-induced gating would no longer in-
terfere with the Ba>*-mediated block of the pore via the high-affinity
binding site, which we want to investigate. This idea is compatible
with polyamine block studies that showed that the E224G mutation in
the cytoplasmic pore region reduced sensitivity to the low-affinity
block without markedly altering sensitivity to the high-affinity block
[11]. Additionally, the outward currents of the E224G mutant were sta-
tionary at positive voltages and did not decay with time during the test
pulses. Hence, we performed most of the kinetic analysis in the E224G
mutant.

The I-V,, relations of E224G in the inside-out recording are shown in
Fig. S1. There is an intrinsic inward rectification in the absence of the
blocking ions in E224G due to the neutralization of the negative charges
of the glutamate residues [13,15,36]. The magnitude of the instanta-
neous outward current at + 100 mV is approximately 45% of the current
at — 100 mV. Internal Ba>* block of the outward currents of the E224G
mutant is shown in Fig. 3A. At 4+ 60 mV, the steady-state fractional cur-
rent at the end of the 1.2 s test pulse was 0.30 &£ 0.03 in 10 uM internal
Ba?™, and when the voltage was stepped back to — 100 mV, the initial
fraction of the recovered current (the ratio of the head of the long tail
to the steady-state current at — 100 mV) was also 0.30. At test voltages

E224G

>

from + 10 mV to + 100 mV, the steady-state fractional currents were all
similar to the initial recovery ratios at — 100 mV (not shown). The result
support the hypothesis that the internal Ba®>™ block in E224G mutant
channels is a one-to-one binding event and the idea that almost all
the inhibition of the outward current is due to the Ba?"-mediated
block of the pore via the high-affinity site. The blocking rates could be
obtained by fitting with a single exponential. The time constant of the
long tail during recovery when the voltage was stepped back to
— 100 mV was the same as that in the wild-type channel, which sug-
gests that the high-affinity Ba?>* binding site is not affected by the mu-
tation. The dose dependence and the voltage dependence of the internal
Ba®™" block are shown in Fig. 3D and E. The dose dependence of the block
by internal Ba?* in E224G reveals that the voltage dependence of the
block is steep at +10 mV to +40 mV in symmetric 100 mM K™ solu-
tions. The Ky values decreased with voltage from +10 mV to
+30 mV, with z6 = —3.58 £ 0.78 and K4(0) = 116 4 39 uM. The ex-
tent of the block was maximal at +40 mV, and the fractional current
unblocked increased with voltage from +50 mV to + 100 mV. At
+60mV to + 100 mV, K4(0) = 2.34 4 1.74 uM and z6 = 0.33 + 0.22.

To clarify the mechanism of the inward rectification of the Kir2.1
channel induced by the pore block by internal Ba>*, we wanted to
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Fig. 3. Internal Ba?>* block of the outward currents of the E224G mutant in inside-out recordings in [K™]o,c = 100 mM and [K* ], = 100 mM. (A) The outward current at +60 mV was
blocked by an internal concentration of 10 uM Ba?*. (B) Representative currents in control and in 10 M Ba>* at test voltages of +20 mV and + 60 mV. The control current decays little
with time, and the blocking rates were measured from the currents in Ba>*. The value of 7is 282 + 14 ms at +20 mV and 59 + 3.6 ms at + 60 mV. (C) The dissociation rates when the
voltage is repolarized to different voltages from the block by 10 puM internal Ba?* at +40 mV in E224G. In one group, the internal Ba>* was present during the whole process, including the
recovery period, from — 10 mV to — 160 mV; in the other group, the internal solution was changed to the control solution without Ba>* during the recovery period using the rapid stepper
motor. (D) Dose dependence and the voltage dependence of the block by 1 uM, 3 pM, 10 M, and 30 uM Ba**. (E) The estimated K, values are plotted against the voltage. The Ky values
decrease steeply with voltage from + 10 mV to +40 mV and increase with voltage from + 50 mV to + 100 mV. The straight line is the fit using a single exponential. At +10 mV
to 4+ 30mV,Kq (0) = 116 4 39 pM and z6 = 3.58 + 0.78. At +60 mV to + 100 mV, K4 (0) = 2.34 + 1.74 pM and z6 = —0.33 + 0.22 (n = 4-10). (F) The kg values of the long recovery
tails in (C) with and without Ba>* are nearly the same during the recovery period. The fit using a single exponential was performed in the Ba>"-present group. At —160 mV to — 120 mV,
kog(0) = 0.10 + 0.02 s " and z5 = —0.21 + 0.03. At —60 mV to — 10 mV, ko{0) = 0.53 + 0.02 s~ ! and z6 = 0.37 + 0.03 (n = 6-10).
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analyze the kinetic rate constants and determine whether the steep
voltage dependence of Ky near Ex results from ko, or kg As aforemen-
tioned, to focus on the pore-block mechanism of Ba>™ binding with
the high-affinity site and to avoid the interference of the unknown
fast inhibition, we carried out the following experiments in the E224G
mutant channel. In E224G, the inhibition of the outward currents is
almost exclusively due to the pore block by the Ba®™ ion via the high-
affinity site.

The blocking kinetics were analyzed using the following relations,
with the assumption that the block was one-to-one binding [20,37].

__1=f
on = W 3)
kyy = £ 4)

Here, fis the relative current, that is, the ratio of the steady-state
current in the Ba%* solution to the steady-state current in the control
solution. The voltage dependence of the k,, and k. values could be fit
using Eq. (5) and Eq. (2)

z6V
b = kn(©)exp 5 1% ) )

Interestingly, as shown in Fig. 4, the k,, values increased steeply
with voltage at + 10 mV to +40 mV (z6 = 2.62 + 0.61 from + 10 mV
to +30 mV) and then reached more steady values with milder voltage
dependence at +50 mV to + 100 mV (z6 = 0.11 £ 0.10 from + 60 mV
to + 100 mV). In contrast, the ko5 values increased monotonically over
+ 10 mV to + 100 mV, with z6 = 0.78 4 0.05. The results of the kinetic
analysis have important significance. The steep voltage dependence of
K4 from +10 mV to +40 mV results from the steep increase of ko,
over the same range of V.. As we know, the apparent binding rate con-
stant k,, is determined by two factors: the encounter frequency be-
tween the blocker and the binding site and the activation barrier of
the binding reaction. The encounter frequency has an upper limit set
by the rate of diffusion of molecules in solution. In the present case,
the encounter frequency of Ba®>* and the high-affinity binding site
may be significantly affected by the K™ ion flux. The flux-coupling effect
influences the probability that the blocking ion will encounter the bind-
ing site. When the K™ flux is inward, the Ba%* has little access to the
binding site because the inward-flowing K* ions hinder the pathway
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to the binding site. When the K™ flux is outward, the Ba®>™ is coupled
with the outward K™ flow and can reach the binding site. The steep volt-
age dependence of k,, from + 10 mV to +40 mV may result from the
change in driving force near Ex and thus also from the steep increase
in the outward K* flux and the flux-dependent encounter frequency
between Ba®>* and the binding site. The effect of flux coupling on the in-
crease of the apparent binding rate seems to saturate at voltages posi-
tive to +40 mV. At voltages positive to +40 mV, the apparent
binding rate may be limited by the activation barrier of the Ba®™ binding
reaction because the flux-dependent encounter frequency is larger than
the activation rate and because the flux-dependent process is no longer
rate limiting. The structural requisites for flux coupling require that
there is a multi-ion long pore region between the binding site and the
intracellular end of the ion pathway and that there must always be at
least one K™ ion present so that flux coupling can take place in the
long pore [1,34]. The monotonic voltage-dependent increase in kg
over +10 mV to + 100 mV suggests that Ba>* from the intracellular
side may dissociate outward to the extracellular solution over the
range of the test pulses. The unbinding process does not contribute to
the steep decrease in Ky at voltages within + 40 mV above Ey in internal
Ba™ block. The increase of Ky at voltages positive to +40 mV was due
to the fact that Ba?™ may dissociate to the external solution with a z6 for
ko = 0.78, whereas the z6 for k,, is only 0.11 in this voltage range. The
relations between Ky and voltage (Fig. 3E) result from a combination of
the flux-dependent encounter frequency of Ba>* with the binding site
and the simple outward dissociation process of the Ba* ion from the
binding site.

3.5. Dissociation rates of the long tail in the E224G mutant are the same
whether Ba®™ is present or absent during the recovery phase

The recovery rate of the long tail was measured in E224G. The volt-
age was stepped from the steady-state block at +40 mV to negative
voltages (from —10 mV to — 160 mV), and the apparent unbinding
rate was estimated by the relation ko5 = 1/7. As shown in Fig. 3C and
F, the ko values in E224G at various voltages were almost the same as
those in the wild type (Fig. 2F), which indicates that the high-affinity
binding site for Ba?>* is not affected by the E224G mutation. As we
know, the relaxation rates in a one-to-one binding reaction may be af-
fected by the binding rate as well as by the unbinding rate according
to the following: the time constant 7 = 1/ (kon[Ba®*] + kog). To ensure
that the measured recovery rates of the long tails at various voltages
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Fig. 4. ko and kg of the block of outward currents in the E224G mutant in 10 uM internal Ba®* in [K* Jou = 100 mM and [K* i, = 100 mM. k,,, increases sharply with the voltage from
+10mV to +30 mV. The coefficients using a single exponential fit are as follows: k,,(0) = 2.79 & 0.68 x 10*M~' s~ " and z6 = 2.62 + 0.61. At voltages above +40 mV, k,, increases, with
milder voltage dependence. The coefficients of the fit from + 60 mV to + 100 mV are as follows: ko,(0) = 9.39 + 0.30 x 10°M~'s~ ' and z6 = 0.11 + 0.10. In contrast, the kogvalues have
monotonic voltage dependence from +10 mV to + 100 mV. The line is the best fit: ko5(0) = 0.71 + 0.13 s~!and z6 = 0.78 + 0.05 (n = 4-10).
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actually reflected the unbinding rates of the Ba> and were not affected
by the binding process (i.e., the ko,[Ba?™] term), we performed two
groups of experiments when measuring the recovery rate. In one
group, the whole process was carried out in the presence of 10 uM inter-
nal Ba>*, including the recovery process. In the other group, the internal
solution was changed to the control solution without Ba>* during the
recovery process using the electric stepper motor (Fig. 3C). The kg
values in both groups were the same over —10 mV to —160 mV
(Fig. 3F), which indicates that the binding process contributes little to
the recovery rate; therefore, we can be confident that the recovery
rate is the unbinding rate of the Ba?™ from the high-affinity binding site.
The implication of the results is that once the Ba%>* ion dissociates
from the binding site, either to the extracellular or to the intracellular
solution, the K™ ions immediately flow inward and prevent the internal
Ba®* from binding to the site. We can infer that there must be at least
one K™ ion always present in the pathway between the high-affinity
binding site and the cytoplasmic solution. This idea is supported by a
structural study that revealed a K* binding site at the cytoplasmic
domain of the Kir2.1 channel, although the K* ion was not fully
dehydrated [25]. The low apparent affinity to Ba>™ of the Kir2.1 channel
at voltages negative to Ex may result from the low apparent binding rate
rather than from the large unbinding rate. For example, the ko at
—100 mV is 0.25 s~ !; however, even 1 mM internal Ba?>* can hardly
bind to the high-affinity binding site. Therefore, the apparent binding
rate is very small at —100 mV, when the probability of encounter
between Ba®" and the binding site is very low, because the inner ion
binding sites along the cytoplasmic side of the narrow, long pore are
nearly always occupied by K™ ions. Furthermore, the continuous inward
K™ ion flux and the resulting flux-coupling effect prevent the cytoplas-
mic Ba?" ions from encountering the high-affinity Ba>™ binding site.

3.6. Inward rectification is “driving force”-dependent, by changing either
the external K™ or the internal K™ concentrations

A feature of the [-V,,, relations of inward rectifier K™ channels is that
the steep voltage dependence near the equilibrium potential shifts with
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Fig. 5. Effect of driving force on the block of the outward currents in E224G in 10 uM inter-
nal Ba®". The extent of block shifts with the driving force of K* ion flux. E is —40 mV
when [K™ Joue/[K ™ lin = 20 mM/100 mM or 100 mM/500 mM. In all of the K™ ionic condi-
tions shown here, the block takes place when the voltage is positive to Ex, and the extent of
block is greatest when Vy,, — Ex = 40 mV to 50 mV. The relative currents at Ex were mea-
sured from the ratio of the initial recovery (the beginning of the long tail) to the steady
current at —100 mV (n = 4-8).

the equilibrium potential. Thus, we examined the effect of driving force
on the block of the outward currents by internal Ba?™ in E224G. The
relations between the relative currents and the test voltage were com-
pared in four K™ ionic conditions: [K*]oue/[K™ ]in = 100 mM/100 mM
(Ex = 0 mV), 20 mM/100 mM (Ex = —40 mV), 100 mM/500 mM
(Ex = —40 mV), and 500 mM/500 mM (Ex = 0 mV). Fig. 5 shows the
relative currents in 10 uM internal Ba>*. The extent of the block was
highly correlated with the driving force (V, — Ex) rather than with V,,
alone. When [K* Joue/[K™ ]in = 100 mM/100 mM or 500 mM/500 mM,
the steep voltage dependence of the block was observed from + 10 mV
to +40 mV. A smaller fraction of the channel was blocked in
500 mM/500 mM than in 100 mM/100 mM due to the competition of
the Ba?* with K* ions. When compared with the relative currents in
100 mM/100 mM, the relative currents shifted leftward to the same
extent as the Eg shift (from 0 mV to —40 mV), regardless of whether
we decreased the external [K*] to 20 mM or increased the internal
[KT] to 500 mM. When [K"]ou/[KT]in = 20 mM/100 mM or
100 mM/500 mM, the extent of the block increased, with steep voltage
dependence from —30 mV to + 10 mV. In all four of the ionic condi-
tions, the block began when the voltage was above Eg, and the extent
of the block reached a maximum when V, was 40 mV to 50 mV more
positive than Eg. These results reveal that internal BaZ*-mediated
block of the outward current is significantly affected by the driving
force of K™ flux, regardless of whether the Ex was adjusted by changing
the external or internal K concentration. We decided not to attribute
the leftward shift of the relative current curve when [K™ Joue/[K T |in =
20 mM/100 mM as a result of weakened competition between the ex-
ternal K™ and the internal Ba®>™ as some previous studies have sug-
gested because in 100 mM/500 mM, the relative currents also shifted
leftward. The voltage dependence of the block could not be attributed
to the electrical potential alone; if the voltage dependence was due
to the electrical potential alone, the block should have the same
voltage dependence over the same voltage range in various K™
ionic conditions. A plausible mechanism for the strong inward recti-
fication is that the driving force (V,, — Ex), which is equivalent to the
difference of the electrochemical potentials across the membrane,
determined the direction and magnitude of the K* ion flux. The
movement of the Ba?™ ion is significantly coupled to the K™ flux
along the narrow and long cytoplasmic pore of the Kir channels,
and thus the blocking action is highly dependent on the driving
force.

Kinetic analysis of the block by internal Ba>* was performed in the
various ionic conditions described above. As shown in Fig. 6, in the con-
ditions [K* Joue/[K* ]in = 20 mM/100 mM or 100 mM/500 mM, when
Ex = —40 mV in both groups, the k,, values increased steeply from
—30 mV to +10 mV and reached more steady values at voltages
above +20 mV. In 500 mM/500 mM [K™], the steep increase of kop
took place at voltages from + 10 mV to +40 mV. The k; values in all
groups showed monotonic voltage dependence over the test voltages.
The kinetic results in 100 mM/100 mM [K "] are shown in Fig. 4. The
fit results using single exponentials in Fig. 6 are as follows:
(A) [K*]ou/IKTin = 20 mM/100 mM: at —30 mV to —10 mV,
kon(0) = 1.58 & 0.00 x 10° M~! s~ and z6 = 3.24 + 0.01; at
+20mV to +60 mV, kyp(0) = 1.52 + 0.27 x 10 M~ ' s~ and z6 =
027 + 0.01; ky{0) = 4.50 + 0.72 s~ ! and z6 = 0.69 + 0.08.
(B) [KM]out/[KT]in = 100 mM/500 mM: at —30 mV to —10 mV,
kon(0) = 5.48 + 0.65 x 10° M~ ' s7! and z6 = 3.14 + 0.27; at
+20mV to +50 mV, k,p(0) = 7.15 £ 1.26 x 10° M~ ' s~ ' and z6 =
0.27 + 0.11; koy(0) = 3.08 + 0.50 s~' and z6 = 0.99 + 0.09.
(C) [K*]out/[KT]in = 500 mM/500 mM: at +10 mV to +30 mV,
kon(0) = 1.76 £ 1.03 x 10* M~ " s~ " and 26 = 2.22 £ 0.51; ky(0) =
1.58 £+ 0.57 s~ ' and z6 = 0.95 + 0.17. In the four ionic conditions, the
steep voltage dependence of the block from Ey to Ex + 40 mV was
caused by the steep increase of k,,, which results from the sharp in-
crease in the encounter frequency determined by the flux-coupling
effects.
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Fig. 6. k,,, and ko of the block of E224G outward currents in 10 uM internal Ba** in various K™ concentrations. [K™]ou/[K™ Jin = 20/100, 100/500, and 500/500 mM in (A), (B), and (C),

respectively (n = 4-7).

3.7. Flux-dependent block of the inward K™ current could occur at voltages
near but negative to E

From the results and discussion above, we know that the inward rec-
tification in internal Ba?>* block is caused by the flux-dependent block.
When the K* flux is outward, the blocker is coupled with the flow
and reaches the binding site. When the K* flux is inward, the blocker

has little access to the binding site because the inwardly flowing K*
ions prevent the blocker from encountering the binding site. However,
the block at voltages near Ex requires special consideration. In symmet-
ric K™ concentrations, when Ey is 0 mV, the inward currents at negative
voltages near Eg can be blocked by higher concentrations of internal
blockers. The block of inward currents by spermine at voltages negative
to Ex has been studied in single-channel recordings [38]. When the
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internal [Ba®>*] was raised to 1 mM or 3 mM in 100 mM/100 mM [K*],
the inward currents at voltages of —20 mV or — 10 mV were partially
blocked, and the recovery phase had a long tail as well (not shown),
which suggests that the Ba?" interacted with the same high-affinity
site described above. In our interpretation of the flux-dependent
block, the blocking action is coupled with the K* flux. One might then
ask why there is a block of inward currents at voltages near Ex. As we
know, the net K™ flux is the difference between the efflux and influx.
At the equilibrium potential, the efflux equals the influx, and the net
flux is zero. At voltages near and negative to Ey, the net flux is inward;
however, there is still some unidirectional outward flux. The ratio of
the unidirectional efflux and the influx has been described with radioac-
tive tracers using the Ussing flux ratio equation [39,40]:

Jou ard __ [I<+]i ZFVm _ Z(Vm_EK)F
e =, oo () = oo () ©

Hence, when the concentration of the internal blocker is higher, it is
possible for the blocker to reach the binding sites because the blocker
could be coupled with the unidirectional K™ efflux. Higher concentra-
tions of positively charged blockers have another effect on the inward
current; they reduce the current amplitude by shielding the negative
charges at the inner vestibules of the channels [38].

Another strategy of observing the block of the inward currents near
Ex is to reduce the intracellular K™ concentration. When the intracellu-
lar K™ concentration is lowered, the competition effect is weakened and
the cytoplasmic pore is less saturated by the K* ions; therefore, the in-
ternal Ba®™ could have greater access to enter to the pore and to bind
with the high-affinity site. Here, we examined the effects of internal
Ba®* on currents in the E224G mutant in [K* |oue/[K* Jin = 20 mM/
20 mM. Ba? "-mediated block of the inward currents near Ex becomes
obvious in this ionic condition. K4 values at various voltages were esti-
mated using Eq. (1). Fig. 7A shows the dose dependence of the block
in 0.3 pM, 1 uM, 3 uM, and 10 pM internal Ba?". Approximately 20% of
the inward current at —20 mV was blocked, and approximately 50%
was blocked at — 10 mV by 10 uM internal Ba?" (Fig. 7C and D). The rel-
ative currents at Ei can be estimated by measuring the ratio at the initial
recovery when the voltage was stepped back to —100 mV. The Ky
values steeply decreased from —20 mV to + 10 mV and reached more
steady values at voltages above + 20 mV. At —20 mV to + 10 mV, the
fits using a single exponential were as follows: K4(0) = 2.18 +
0.17 pM and z6 = 3.21 4 0.08. The kinetic analysis of the blocking
showed that k,, values increased steeply with voltage from — 10 mV
to +20 mV and reached more steady values at voltages above
+30 mV (Fig. 7E). The kg values had a monotonic voltage dependence
from —10 mV to + 70 mV, with z6 = 0.82 + 0.10. The binding of the
Ba®* ions to the high-affinity site was the same at —20 mV or
—10 mV as they were at positive voltages. The block by internal Ba**
at voltages near and negative to Ex reflects the fact that there is a signif-
icant probability of outward unidirectional flux, although the net flux is
inward at these voltages. Thus, the mechanism we proposed for the
flux-dependent block is appropriate, even when interpreting the block
at voltages near and negative to Eg.

3.8. A “driving force”-dependent block can be demonstrated in various
external [K™] at 0 mV, when there is no transmembrane electrical field

We have shown that the inward rectification of Kir2.1 channels may
be due to the flux-coupling effect. The direction and magnitude of the
K™ flux significantly affect the apparent binding rate of internal Ba®*.
The block mediated by the internal Ba>* depends on the driving force
(Vi — Eg), rather than on Vy, alone. The large z6 values (~3) of K4
near Ex may arise from the flux-dependent encounter frequency and
thus from the flux-dependent k,,. However, the conventional interpre-
tation of the zo near Ey is that the steep voltage dependence is due to the
fact that several K* ions have to move concertedly across the electrical

field to allow the blocker to bind to the binding site [1,2,6,34]. The differ-
ence between the conventional interpretation and our flux-coupling
interpretation of the steep voltage dependence of the block near Ey is
subtle and interesting. Here, we wish to introduce an experiment to
emphasize the idea of the flux-dependent block. We will show that
the block is steeply dependent on the driving force even when the K™
flux is driven by diffusion alone, a condition in which there is no voltage
difference across the membrane. Before doing so, it is useful to review
the concepts of the driving force.

As we know, the driving force for K ion flux across membrane
channels is the difference of the electrochemical potentials across the
membrane.

i =y’ +RT Inc + zFV, (7)

where c is the concentration, z is the valence of the ion, and F, R, and T
have their usual thermodynamic meanings. The ion flux across a
membrane can be empirically expressed as [41]:

J= LAR, &)

where J is the flux due to electrodiffusion, L is a proportional constant,
and Aft is the difference of the electrochemical potentials across the
membrane, (L, —Hoyc)-

~ o~ ~ C;
Ap = Hin —Houe = RT In —%- + ZF(Vin_Vout)
out
RT . ¢
—2F (G I P V=V ), ©)
oul

or, equivalently,
Al = zF(Vyy— Ey). (10)

Eq. (8) has the same meaning as the empirical formulal = G
(Vi — Ex) commonly used by electrophysiologists. Therefore, the driv-
ing force (V, — Ex) is equivalent to the difference of the electrochemical
potentials across the membrane.

Let us consider a condition in which there is no voltage difference
(Vim = 0 mV) across the membrane. The flux is due to diffusion, not
electrodiffusion, and there is no electrical field across the membrane
channel in this case. The driving force is the difference of the chemical
potentials across the membrane. The chemical potential is defined as:

=y’ +RT Inc. (11)
The flux can be expressed as:
J= LAp, (12)

where Au is the difference of the chemical potentials across the
membrane, (tiy — Hout)-

Cir

Al = Win—Hoy = RT In -, (13)
out

or,

A = 2F(—Ey). (14)

Hence, the driving force for the ion flux at 0 mV is the difference of
the chemical potentials across the membrane, which is proportional to
(—Ek) and to the flux

J = LApoe (—Ey). (15)

To study the flux-dependent block by internal Ba>* when the K™
flux is due to diffusion but not electrodiffusion, we changed the external
K" concentration in different patches, while keeping the internal K™
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Fig. 7. Block of the E224G currents by internal Ba>* when extracellular and intracellular [K*] are both 20 mM. (A) Dose dependence and voltage dependence of the block. Note that the
inward currents at —20 mV and — 10 mV are significantly blocked by 10 uM Ba™, even though an Ex of 0 mV is the experimental condition. The relative currents at 0 mV were measured
from the ratio of the initial recovery (the beginning of the long tail) to the steady current at — 100 mV (B) Ky is plotted against the voltage. Ky decreases steeply (z6 = —3.21 4 0.08) at
voltages from —20 mV to + 10 mV and then increases mildly from 420 mV to +50 mV (n = 3-5). (C) At the test voltage of — 10 mV, 10 uM internal Ba®* blocked ~50% of the inward
current. (D) Enlarged view of the inward currents at —10 mV in Ba>" and in control conditions. (E) k,, is estimated from the data obtained during the block by 3 uM internal Ba*". k,,
increases steeply from —10 mV to +30 mV and then reaches a steady value. (F) ko7 shows monotonic voltage dependence, with z6 = 0.82 =+ 0.10. ko5(0) = 2.23 & 0.39 M- 'sTL

concentration at 100 mM. The voltage of the test pulses was 0 mV, so
there was no electrical field across the membrane channel. Then, we
plotted the relative currents recorded in 10 uM internal Ba%" against
Au (Fig. 8A). For example, when the external [K*] was 37 mM, the Au

was 1 RT; when the external [K*] was 20 mM, the Ap was 1.61 RT.
The results show that the block by internal Ba?>* was dependent on
Ap. When Ap < 0, the Kt flux was inward, and there was little block.
When A > 0, the Kt flux was outward, and the extent of the block
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Fig. 8. (A) Block of E224G outward currents by 10 uM internal Ba** with different driving forces at 0 mV. The relative currents were plotted against the driving force at 0 mV or against the
chemical potential difference (Ag) across the membrane. Different driving forces were obtained by changing the external K* concentration of the pipette solution in inside-out recordings
while maintaining the internal K™ concentration at 100 mM for all of the experiments presented here. The extent of the block by internal Ba>* depends on the direction and magnitude of
the driving force for K™ ion flux. The results suggest that the block by internal Ba?" strongly depends on the direction of the K™ flux, even when there is no voltage difference across the
membrane (Vm = 0 mV). The relative currents at Ex were measured from the ratio of the initial recovery currents when the voltage was stepped back to —100 mV (n = 4-7).
(B) Interpretation of the driving force at 0 mV. When the equilibrium potential is E. and E. < 0 mV, the current at 0 mV, Ic, is outward. When the equilibrium potential is E, and
E, > 0 mV, the current at 0 mV, Ia, is inward. If we plot the curves of the current at 0 mV against (— Ex), we obtain the curve in the lower panel. Note that (—Ey) is proportional to the
chemical potential difference Ap. (C) Comparison of the curve in (A) and the relative current vs. (Vi, — Ex) at [K* Joue/[K™ Jin = 100 mM/100 mM.

increased steeply with Au from 0 to 1.6 RT. As shown in Fig. 8C, when
the curve of the relative current vs. Au obtained using this method is
compared with the curve of the relative current vs. V,, obtained in the
previous experiment, when [K™ |o/[K* ]in = 100 mM/100 mM (from
Fig. 3D, 10 uM Ba®™), the two curves can nearly be superimposed.
Although the horizontal axes of the two experiments seem to have
different physical units, they both mean the “driving force” for
electrodiffusion or for diffusion, or more generally, the electrochemical
potential gradient across the membrane. Therefore, we can conclude
that the block by internal Ba®* is flux-dependent or driving force-
dependent, regardless of whether the K™ flux is driven by the electrical
potential gradient or concentration gradient alone. The comparison in
Fig. 8C suggests that the steep driving force-dependence of the extent
of the block near the equilibrium position (At = 0) may not result
from the electrical potential drop caused by the blocker and the migrat-
ing K ions when they cross the electrical field. As shown in Fig. 8A,
when the driving force for the K* flux was equal to the concentration
difference, but not to the electrical potential difference, the extent of
the block steeply increased when Ap increased from O to 1.6 RT. As we
know, the electrical potential difference at 25 mV is approximately 1
RT. A chemical potential difference of 1.6 RT produced a block similar

to the block observed at +40 mV in 100 mM/100 mM [K*], the condi-
tion in which the block was maximal in both experiments (Fig. 8C). One
may question whether the K™ flux and the Ba? "-mediated block by are
also affected by the K* concentrations. In our experiments here, the in-
ternal K™ concentration was always 100 mM, so the competition effect
due to the internal K™ should not differ between the experiments.

3.9. A mutagenesis study reveals that the high-affinity binding site for
internal Ba®* is near T141

In our studies of internal Ba?" block of outward currents, we have
shown that the recovery rates are slow when the voltages are stepped
back to negative voltages in both the wild-type (Fig. 2C) and in the
E224G channels (Fig. 3C). The slow unbinding rate may reflect a high ac-
tivation barrier for dissociation from the high-affinity binding site. The
unbinding rate of Ba>* mainly depends on the intrinsic chemical affinity
of Ba>" with the coordinating ligands at the binding site and depends
less on the K* flux. With this in mind, we tried to identify the location
of the high-affinity binding site for the internal Ba?>™ by mutating the
residues and checking the effect of the mutation on the recovery rate.
Based on the literature, several mutants that might affect ion binding
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in the pore were constructed. In addition to E224G, we constructed
D172N [15,42-45], D172N-E224G [15], C169V [46], S165L [21,47-49],
T141A [16,17,21,48], and T141A-S165L [48]. A Rasmol model of the
structure of the Kir2.1 channel is shown in Fig. 9C; the corresponding lo-
cations of the mutated residues were labeled. The model retrieved from
the SWISS-MODEL Repository [50] is based on the X-ray crystallography
template structure of a Kir2.2 channel (PDB: 3sph) [22].

The recovery rates when the voltage was stepped back to — 100 mV
from the steady-state Ba®>™ block of the outward currents are compared
in Fig. 9A and B. Markedly, the T141A mutant had a 25-fold faster recov-
ery rate (7 = 163 ms, ko= 6.33 s~ ! at — 100 mV) than the wild-type
(T =4s5,kyp=025s""at — 100 mV). The double mutant T141A-S165L
almost abolished the high-affinity Ba>* binding site, and the current
was not affected by even 1 mM internal Ba%*. The several other mutants
tested, including D172N, E224G, D172N-E224G, C169V, and S165L, had
similar recovery rates as the wild-type channel.
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We then examined the recovery rates in T141A at various voltages
from — 10 mV to — 160 mV. The k. values increased when the voltage
became more negative, with a voltage dependence (z6 = —0.17 +
0.01) from — 10 mV to — 160 mV. In contrast with the recovery rates
of the long tails in the wild type, the k,gvalues in T141A showed mono-
tonic voltage dependence over the range of test voltages. The activation
barrier for Ba®" to dissociate inwards from the binding site seems to be
reduced in the T141A mutant, and the Ba?>* preferentially dissociated to
the cytoplasmic solution at voltages from — 10 mV to — 160 mV. The
high-affinity binding site for internal Ba%* is probably located near
T141, which is the residue just before the TIGYG (residues 142 to 146)
signature sequence of the selectivity filter. T141 is located at the
conjunction of the pore helix and the selectivity filter and is the internal
entrance of the selectivity filter. A mutation near the T141 site has been
shown to lower the binding affinity when Ba?>* was applied from the
external solution to block the inward K™ currents [16,17,21]. Our result
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Fig. 9. Mutagenesis studies to compare the dissociation kinetics in the wild-type and mutant Kir2.1 channels. (A, B) The kinetics of the recovery at — 100 mV from the internal Ba®>* (10 uM)
block in the wild-type or mutants are shown. The currents were elicited to +40 mV or 4+ 60 mV and were stepped back to — 100 mV. In E224G, S165L, C169V, D172N, and D172N-E224G,
the 7 of the recovery is 3 s to 4 s, similar to the rate in the wild-type. In T141A, the recovery is 25 times faster than in the wild-type. The 7is 163 & 30 ms (kg = 6.33 £ 0.65 s~ '). The results
suggest that the high-affinity binding site may be near T141 (n = 4-8). The double mutant T141A-S165L was not affected by 1 mM Ba**. (C) Model of the structure based on the X-ray
crystallography template structure of a Kir2.2 channel (PDB: 3sph) [22] of the Kir2.1 channel is shown with Rasmol. Only two chains are shown here. The residues we have mutated in this
study are shown in “ball and stick” mode. (D) The ko5 0f T141A shows monotonic voltage dependence from — 160 mV to — 10 mV, with ko 0) = 3.05 + 0.13 s~ landzs = —0.17 £ 0.01.
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may be the first study demonstrating that T141 is a key site of Ba>™
block when the Ba?™ is applied from the cytoplasmic side to block the
outward K currents. This Ba®>™ binding site corresponds well with
the Ba®™ binding site in the KcsA channel revealed by X-ray crystallog-
raphy [51]. Our mutagenesis studies show that the cytoplasmic Ba®* ion
has to traverse the narrow cytoplasmic pore to reach the high-affinity
binding site near the site of T141, which is just adjacent to the internal
end of the selectivity filter. The cytoplasmic pore is a narrow and long
structure with K* ion binding sites. Several structural studies have re-
vealed that the single-file region in Kir channels may extend from the
selectivity filter to the cytoplasmic domain [23,25,52]; in contract,
most other K™ channels have a single-file region only along the selectiv-
ity filter. The unique structural elements of the single-file, multi-ion
long cytoplasmic pore in Kir channels facilitates the flux-coupling effect
by conducting K™ ions with the blocking ion and contributes to the driv-
ing force-dependent block and the resulting inward rectification
phenomenon.

4. Discussion

4.1. Flux-dependent block accounts for the inward rectification in
Ba?*-mediated blockage of the Kir2.1 channel

We provide evidence that the inward rectification of the blocking
action by internal Ba®™ ions in Kir2.1 channels is mainly due to the
flux-coupling effect. The movement of the Ba>* ions is strongly coupled
with the K™ ion flux in the narrow and long cytoplasmic pore, and thus
the encounter frequency of the Ba? " with the high-affinity binding site
is significantly influenced by the direction and the magnitude of the K*
flux. The steep decrease in the apparent dissociation constant near Ey
results from the steep increase in the apparent binding rate constant,
which is determined by the encounter frequency. In Ba®>* block, the
rate of unbinding from the binding site is chiefly determined by the en-
ergy profile of the binding site. The idea that the flux of the permeating
ions may influence the apparent affinity of the pore blocker has been
proposed for Ca?* channels and Na* channels [53-55].

The driving force for K™ flux through membrane channels is the
electrochemical potential difference across the membrane, that is,
(Vi — Ex), or All. When the electrochemical potential of the extracellu-
lar solution is larger than that of the intracellular solution, the K* flux is
inward; when the intracellular solution has a larger electrochemical
potential, the K* flux is outward. For strong inward rectification to
occur, the blocking action has to be highly coupled with the driving
force, such that only the outward flux is occluded while the inward
flux is unaffected by the blocker. The inward rectifier channels are
equipped with the cytoplasmic pore, a multi-ion long pore that facili-
tates the directional diffusion or electrodiffusion and the flux-coupling
effect.

We demonstrate that the flux-dependent block takes place even
when the K* flux is driven by the concentration difference alone,
when there is no electrical potential difference across the membrane
(Fig. 8). In this case, the driving force is the chemical potential difference
but not the electrochemical potential difference, and the flux is due to
diffusion rather than electrodiffusion. As shown in Fig. 8C, the extent
of the block is dependent on the driving force regardless of whether
the driving force results from a chemical potential difference or from
an electrical potential difference. The results are significant in that the
steep voltage dependence near Ey in the I-V,, curve of Kir channels
may be not caused by the electrical potential drop due to the charge of
the blocker or of the K™ ions across the electrical field. It appears to be
unsatisfactory to attribute the steep voltage dependence and the large
z6 near E to the fact that several K* ions have to move across part
of the electrical field to allow the blocker to bind to the binding site
[1,2,6,34]. Our study shows that the inward rectification of internal
Ba?™ block in Kir2.1 channels results from the “driving force”-

dependent or flux-dependent block, when the K™ flux is driven by the
concentration gradient alone or by the electrochemical potential
gradient of K jons across the membrane.

4.2. The single-file, multi-ion cytoplasmic pore of the Kir2.1 channel is a key
structural determinant of the flux-coupling effect

The flux-coupling effect can occur in a single-file, multi-ion long
pore; in the narrow long pore, the ions cannot pass over each other
and have to move concertedly in a line. Flux coupling cannot take
place in a single-ion pore, where the permeating ions and the blocking
ion compete for the site and where there is no directional force acting
on the blocking ion. In a homogeneous bulk solution, the flux-
coupling effect does not occur. As we know, macroscopically, diffusion
is a phenomenon in which ions move spontaneously from regions of
higher concentration to regions of lower concentration. Microscopically,
diffusion is the result of the random thermal movement of each ion. In a
homogeneous ionic solution, each ion is randomly pushed by the sur-
rounding water molecules and just jiggles, without a specific direction.
The correlation time between two collisions for a K* ion is mD/kgT
(m: mass, D: diffusion coefficient), that is, the mean time for a K ion
to ‘forget’ its initial velocity. In physiological conditions, the correlation
time for the diffusion of a K™ ion is ~10~ '3 s, during which time the ion
moves less than 0.5 A [1]. For comparison, the average distance between
two K ions is 25 A in a 100 mM K™ solution and is 43 Aina 20 mM K™
solution. Therefore, K* ions move independently of each other in a
homogeneous solution; although there is a macroscopic flux due to
the concentration difference, there is no flux coupling.

The single-file, multi-ion cytoplasmic pore of the Kir channels pro-
vides an anisotropic environment for the electrodiffusion or diffusion
of K ions. For the flux-dependent block to occur, there must be at
least one K™ ion located in the pore internal to the blocker binding
site. X-ray structural studies of the cytoplasmic pore of Kir2.1
and Kir3.1 channels have revealed that the cytoplasmic pore is a narrow
and long structure, which extends the K™ ion pathway to 60 A
[23-25,52,56]. The negatively charged environment within the cyto-
plasmic pore may attract K* ions. Moreover, one or two water-caged
K" ions were found to be present at the G-loop of the binding site in
the cytoplasmic pore of the Kir2.1 and Kir 3.1 channels; thus, the
single-file region may extend more than 30 A beyond the selectivity fil-
ter [23,25]. Thus, the narrow and long cytoplasmic pore is an essential
structural determinant for the inward rectification in Kir channels.

4.3. The Ussing flux ratio equation can be used to estimate the encounter
frequency with the binding site near the equilibrium potential

As we have discussed, the steep increase in the apparent binding
rate constant results from the flux-dependent encounter frequency of
the internal Ba®™ with the binding site. The high-affinity binding site
for the internal Ba®" is near the T141 residue. Because the Ba®>™ ion is
coupled with the K™ flux, the encounter frequency may be limited by
the direction and magnitude of the K flux. The blocking action of
Ba2* may involve several steps. First, the Ba>* ions compete with the
K* ions at the entrance of the cytoplasmic pore. Second, the Ba** ion
is coupled with the outward K™ flux and encounters the binding site.
Third, the Ba%>* ion overcomes the activation barrier for the binding
reaction and binds to the site. Then, the Ba>* may dissociate to the ex-
tracellular or intracellular solution after residency at the binding site.
The flux coupling in the second step is the key process that determines
the steep changes of the apparent binding rate near Eg in the present
study.

The detailed kinetic model of Ba>™ block may be complex. However,
we can make a rough estimate of the encounter frequency in a hypo-
thetical condition. Suppose that the intracellular solution contains
10 pM tracer-labeled K™ ions and that the tracer ions have the same
chemical properties as other K™ ions; the encounter frequency of the
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tracer ions to the binding site deep in the single-file pore can be esti-
mated from the outward unidirectional flux (efflux). The efflux can be
calculated from the following relations:

Netflux = efflux-influx (16)
and

Efflux ZF(V,—E)\"

Influx ( RT ) ' (17)

Eq. (17) is the Ussing flux ratio equation raised to the n'th power [1,
39,40], which gives the ratio between the efflux and the influx near the
equilibrium potential. The flux-ratio exponent n’ is a result of the flux
coupling in a single-file, multi-ion pore nature. For example, if the
ratio of the probability that a K ion will be transported outwards to
the probability it will be transported inwards is 1:4, the probability for
a K* ion to be transported outwards for three consecutive steps
would be 1:64. Hence, n’ may indicate the number of ions in the pore
needed to be transported outwards before the tracer ion encounters
the binding site from the entrance of the cytoplasmic pore. The data of
the net flux can be obtained from the single-channel recordings under
similar recording conditions (conductance: 48 pS in the wild-type,
38 pS in E224G, at —80 mV to — 140 mV in 100 mM/100 mM [K™*])
[13] and from the macroscopic currents at various voltages in the [-V
curves. The upper limit of the apparent k,,, of the tracer would be limited
by the efflux. Fig. 10A shows the estimated efflux values in 100 mM/
100 mM [K*] in E224G when n’ = 1, 3, or 5. One can see that the efflux
is sensitive to n’ from negative voltages to about + 40 mV; the larger the
n’, the steeper the efflux increase with voltage. At voltages positive to
+40 mV, the efflux is close to the outward net flux, as the probability
of the outward transport approaches one. The k,, values of internal
Ba® ™" block increase steeply from + 10 mV to +40 mV; over this voltage
range, the efflux increases steeply also. At voltages positive to +40 mV,
the flux-coupling effect on the apparent binding rate seems to be satu-
rated. The apparent binding rate can be limited by the flux-dependent
encounter frequency or by the activation barrier of the Ba>* binding re-
action. At voltages from Ey to Ex + 40 mV, the flux-dependent encoun-
ter frequency is rate limiting because it is slower than the activation rate
of Ba%* binding. When V, is above Ex + 40 mV and the flux-dependent
encounter frequency is larger than the intrinsic activation rate of Ba?™
binding, the apparent binding rate is no longer limited by the flux-
dependent process, and the k., values from +50 mV to + 100 mV
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may reflect the intrinsic binding rate of the Ba>* binding reaction.
From these estimates, at voltages positive to +40 mV, the estimated
binding rate constants of the tracer ion are approximately 60- to
80-fold larger than the k, values of the internal Ba%* block.

4.4. The rectification could be interpreted from a view based on the non-
equilibrium thermodynamics of small systems

The Ussing flux ratio has been interpreted based on the fluctuation
theorem [57]. The ratio of outward to inward unidirectional ion fluxes
can be derived from the fluctuation theorem if we consider the ion
channel and the solutions it contacts to be a small nonequilibrium sys-
tem. Microscopically, the flux ratio is the probability of transporting a
K™ ion down the electrochemical gradient (entropy-producing) to the
probability of transporting a K* ion against the electrochemical gradi-
ent (entropy-consuming). In this regard, the inward rectifier channel
can be viewed as a Brownian nanoscale molecular machine.

It is interesting that at voltages negative and near Ey, unidirectional
outward flux is possible even when the driving force predicts an inward
net K flux. As we demonstrated when [K™ Jou/[K ™ Jin = 20 mM/20 mM,
the internal Ba>* could reach the high-affinity binding site with consid-
erable frequency and block the Kir2.1 channels at —20 mV, —10 mV,
and even at the equilibrium potential, 0 mV (Fig. 7). The current-voltage
curve never bends sharply at the equilibrium potential; instead, it rec-
tifies smoothly, with a small “threshold” at the negative voltages near
the reversal potential due to the thermodynamic limits (Fig. 11B).
From a perspective based on nonequilibrium thermodynamics in small
systems, the inward rectification of the Kir channels is reminiscent of
the rectification in Smoluchowski's trapdoor, in the p-n diode, and in
Feynman's Brownian ratchet [58,59]; backward transport can occur
near the equilibrium condition, although the direction of the net trans-
port still follows the thermodynamic driving force. In cells, the thermo-
dynamic driving force is the concentration difference (for diffusion) or
the electrochemical potential difference (for electrodiffusion) across
the membrane channels. In Feynman's ratchet, it is the temperature dif-
ference of the two chambers (for heat transfer), and for the p-n diode, it
is the voltage difference (for electron transport) across the p—n diode.
The reversal point is determined by the driving forces and cannot be al-
tered by the internal properties of the machine. However, if the transport
barrier can be coupled to the direction of the driving force, rectification
becomes possible. The strong inward rectification in Kir channels occurs
because the barrier of the K™ conduction, which is the probability of
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Fig. 10. (A) The estimated encounter frequency of the tracer ions obtained by calculating the unidirectional efflux when n’ = 1, 3, or 5 in the E224G mutant. The k,, values of the internal
Ba** block of E224G are plotted for comparison. (B) The energy profile of the internal Ba? ™ binding sites in the pore of the Kir2.1 channel. Sites marked with ‘A’ are the low-affinity binding

sites in the cytoplasmic pore. Site B is the high-affinity binding site near T141.
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Fig. 11. (A) Schematic model of flux-dependent block of the Kir2.1 channel pore by internal Ba>*. When the driving force (Vy, — Ex) for K ion conduction is negative, the K™ flux is pre-
dominantly inward. The binding of K* ions on the cytoplasmic pore precludes the Ba>* from encountering the high-affinity binding site. When the driving force is positive, the K* flux is
predominantly outward. Ba®>* ions can be coupled to the K* efflux along the single-file, multi-ion long pore and encounter the binding site near T141 at the entrance of the selectivity filter.
(B) I-Vp, relationships of inward rectifier K™ channels in symmetric K* concentrations (Ex = 0 mV) in the presence of internal blockers. Note that at voltages near but negative to E, the
unidirectional K* efflux exists and flux-dependent block can occur, because backward transport is inevitable near the equilibrium.

Ba2™ block in this study, is also greatly influenced by the same driving
force that influences K ion conduction.

4.5. Model of the energy profile of the binding sites in the Kir2.1 channel for
internal Ba®" ions

We used the kinetic rate constants from this study to construct the
model of the energy profile of the Ba>* binding sites in the pore of
Kir2.1 channels. The estimated binding rate constants or the unbinding
rate constants at 0 mV could be used to calculate the energy barriers of
the binding sites using the following relations:

—AG
kon = Cexp( RTOH> (18)
and
ko = Cexp<_AR;§°ff ) (19)

The pre-exponential factor, C, is chosen as 10° s~ ! because the free
energy level is set to 0 at a 1 M ionic concentration, and the upper
limit of the diffusion rate is approximately 10° M~ s~ !, Hence, the
value, 109, is a fair estimate of the natural attempting frequency. The
energy profile at 0 mV is shown in Fig. 10B. The high-affinity binding
site near T141 for the internal Ba%* block is labeled ‘B’. The electrical dis-
tance of this site from the internal side is approximately 20%. In a study
of the block by internal TEA in the Shaker channel, the electrical distance
was also 20% near the residue T441, which corresponds to T141 in the
Kir2.1 channel [60]. The results suggest that 80% of the transmembrane
potential drops in the region of selectivity filter [60,61]. The double mu-
tant T141A-S165L has been shown to abolish external Rb™ and Cs™
block of inward K+ current in the Kir2.1 channel and to permit Cs™
to permeate as conduction ions [48], indicating that the high-affinity
Ba?* binding site near T141 and S165 may also play a key role in the
K™* permeation mechanism under physiological conditions. The sites la-
beled ‘A’ are the low-affinity ion binding sites in the cytoplasmic pore;
the apparent dissociation constant is estimated to be in the millimolar
range because 3 mM internal Ba>* blocks only approximately 30% of
the inward current at — 100 mV. The low-affinity ion binding sites in
the cytoplasmic pore are essential for the flux-coupling effect.

4.6. Implications of the Ba?* block studies for the inward rectification under
physiological conditions

One of the major contributions of this study is that we propose the
mechanism of the inward rectification of internal Ba®>" block in the
Kir2.1 channel. The steep voltage dependence of the block near Ey is
caused by the flux-dependent block; thus, the block is dependent on
the driving force for K™ flux. In physiological conditions, the inward
rectification of the Kir2.1 channel is caused by intracellular Mg?* and
polyamines. Some of the interpretation from our Ba®" block study
may be applied to studies of Mg?" and polyamines. As a single-file
long pore, the cytoplasmic pore provides an environment for the
flux-coupling effect between K™ ions and blocking ions. Although the
binding sites for Ba>*, Mg?*, and polyamines may be different, the
encounter frequency of the blockers should be coupled with the K™
flux as long as there is a multi-ion, single-file region between the bind-
ing site and the intracellular entrance of the pore.

However, we have to keep in mind that there are differences in the
mechanisms of inward rectification caused by Ba®>*, Mg?™ and poly-
amines. As shown in Fig. 1, in cell-attached configuration, the recovery
rate is very fast when the voltage is stepped back to — 100 mV from
the steady-state block of outward currents at positive voltages. There
are several mechanisms that underlie this phenomenon and it is signif-
icant in several aspects. In inside-out recordings, 1 mM internal Mg? ™"
cannot completely block the outward currents; 10% to 20% of steady-
state currents remain in the presence of 1 mM internal Mg?* [15]. The
Mg?™" ion does not seem to have a high-affinity binding site like the
Ba?™ ion has. During the steady-state block of outward currents, the
Mg?" might be steadily pushed by the outward K™ ion flux and be
locked within the pore. When the voltage is stepped back to
—100 mV, the Mg?* might be pushed back rapidly by the inward K*
ion flux. Therefore, both the k,, and the k,gvalues in the block by inter-
nal Mg?* may be subject to the K* flux coupling. Moreover, internal
Mg?™ has been shown to induce discrete subconductance levels [62];
therefore, Mg?*-induced gating has also been proposed. However,
even with respect to the gating mechanism, if a Mg®™ ion has to move
across the multi-ion, single-file region to reach the receptor site to in-
duce the gating, the encounter frequency near E is still flux-dependent.

The inward rectification caused by intracellular spermine requires
careful interpretation. In addition to the mechanism of flux-dependent
pore block, when spermine molecules bind to the ring formed by the
negative charge residues near E224, the effects of surface charge
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screening could contribute significantly to the inward rectification by
weakening the ion-concentrating ability at the internal vestibule [38]
and by inducing a gating change in the Kir2.1 channel [ 13]. The Ky values
for the inhibition by intracellular spermine have been shown to have
two components: the first K4 was only ~1 nM and accounted for nearly
80% of the inhibition, and the second K4 was 0.6 pM, accounting for the
remaining 20% of the inhibition [15]. The sensitive component of the in-
hibition suggests that some spermine molecules may constantly bind
somewhere on the internal vestibule of Kir2.1 channels even in the
presence of low concentrations of intracellular spermine.
These molecules may cause inward rectification by inducing a flux-
dependent gating mechanism. Hence, in inside-out recordings, when
the voltage was stepped back to — 100 mV from the steady-state inhibi-
tion of outward currents, the inward K* ion flux just pushed the flux-
dependent barrier or gate to allow the inward currents. During this pro-
cess, the spermine might still bind to the channel; therefore, the appar-
ent recovery rate could be within milliseconds, whereas the K4 was only
~1 nM.

From the discussion above, we are aware that our studies here have
focused on the pore-block mechanism by intracellular Ba®>™ in the
E224G mutant. The fast inhibition mechanism of internal Ba%* in the
wild-type Kir2.1 channels, which we have largely not addressed in
this study, may also be an important component of the mechanisms of
inward rectification. The inward rectification caused by Mg?* and poly-
amines is complex in physiological conditions. Nevertheless, our study
emphasizes the importance of the role of the multi-ion, single-file
cytoplasmic pore in the flux-coupling effect, which is essential for the
flux-dependent block by various intracellular blocking ions. The
cytoplasmic pore is also essential for the flux-dependent gating of the
K™ flux in this channel and for the gating regulated by intracellular
biochemical signals, e.g., the regulation by PIP, [27,52].

The relations between outward currents and the membrane
potential in the Kir channels have great physiological significance. For
example, in heart muscle cells, inward rectifier K™ channels regulate
the resting membrane potential and play interesting roles in shaping
action potentials. The -V, relations of the outward currents have a
positive-slope phase from Ex (near —90 mV) to —70 mV and have a
negative-slope phase from — 70 mV to —40 mV [63]. Kir channels func-
tion mainly during subthreshold depolarization and repolarization. The
macroscopic conductance of Kir channels is low during the plateau
phase of the action potential. Cardiac myocytes spend the majority of
the time in depolarized states; in this period, the Kir channels are mostly
shut due to the flux-dependent blockage of intracellular blocking ions.
Evolution has equipped Kir channels with an efficient mechanism for
harnessing the thermodynamic driving force for K flux. This mecha-
nism does not require a large spatial rearrangement of the channel
protein structure, as occurs in voltage-dependent K* channels, but
enables regulation of the blocking and gating actions and influences
the excitability of the cells.

5. Conclusions

We present a novel model to elucidate the biophysical mechanisms
underlying the strong inward rectification in Kir channels, based on
studies of internal Ba>"-mediated blockage in cloned Kir2.1 channels.
The kinetic studies performed in different ionic and voltage conditions
clearly demonstrated that the steep “voltage dependence” near the
equilibrium potential actually results from the flux-coupling effect of
the conducting K* ions on the blocking ion. The encounter frequency
of the internal Ba?>" with the high-affinity binding site near T141 is
strongly coupled with the K* flux along the single-file, multi-ion cyto-
plasmic long pore of Kir channels (Fig. 11A), which leads to steep chang-
es of the binding rate near the equilibrium potential because the
direction and magnitude of the unidirectional K* flux changes dramat-
ically when the transmembrane voltages changes near Ey. The “driving
force”-dependence block, and thus the flux-dependent block, can be

demonstrated even in the presence of the concentration gradient
alone, when there is no voltage difference across the membrane, as
well as in the more general condition when the driving force is the
electrochemical potential difference across the membrane.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bpc.2015.04.003.
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