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d in the selectivity filter and concerted K+ and water movements in this region
ensure high conduction rates in K+ channels. In channels with long pores many K+ binding sites are located
intracellular to the selectivity filter (inner vestibule), but their contribution to permeation has not been well
studied. We investigated this phenomenon by slowing the ion permeation process via blocking inwardly
rectifying Kir2.1 channels with Ba2+ in the selectivity filter and observing the effect of K+ in the inner
vestibule on Ba2+ exit. The dose–response effect of the intracellular K+ concentration ([K+]i) on Ba2+ exit was
recorded with and without intracellular polyamines, which compete with K+ for binding sites. Ba2+ exit was
facilitated by the cooperative binding of at least three K+. Site-directed mutagenesis studies suggest that K+

interacting with Ba2+ bound in the selectivity filter were located in the region between selectivity filter and
cytoplasmic pore, i.e. the water cavity and G-loop. One of the K+ binding sites was located at residue D172 and
another was possibly at M301. This study provides functional evidence for the three K+ binding sites in the
inner vestibule previously identified by crystal structure study.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
K+ channels are multi-ion pores that selectively allow K+ to bind
with high affinity while allowing high conduction rates. How K+

channels conduct K+ selectively, yet at rates approaching the diffusion
limit, has been attributed to the balance between ion channel affinity
and ion–ion repulsion [1–5]. The crystal structures of K+ channels have
revealed several K+ binding sites in the pore, with two K+ binding sites
located near the extracellular opening, four in the selectivity filter, and
one in thewater cavity [6,7]. Recently, in a chimeric channel formed by
splicing Kir3.1 and KirBac1.3 channels, two other K+ binding sites were
identified at positions corresponding to the inner helix bundle gate
(near M301 in the Kir2.1 channel) and the apex of the inner vestibule
formed by theG-loop (near A306 in the Kir2.1 channel) [7]. MacKinnon
et al. [6,8] have suggested that the four selectivity-filter sites are not all
occupied simultaneously. Using ion-occupancy measurements, they
further suggested that two K+ separated by a single water molecule
shift in a concerted fashion between two configurations within the
filter until a third K+ enters the selectivity filter, displacing the ion on
the opposite end of the queue [6]. Since the energy difference between
the two configurations is close to zero for K+, themaximumconduction
rate is achieved [6]. By carrying out molecular dynamics free energy
simulations based on the structure of the KcsA K+ channel, it has been
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suggested that ion conduction involves transitions between two states
with either two or three K+ in the selectivity filter and that the two K+

binding states and the transition state are energetically similar [9]. In
other words, the conduction process in the selectivity filter is
energetically barrierless [9].

The importance of K+ binding and concerted K+ transport in the
selectivity filter has been clearly demonstrated, but these properties
have not been well studied in the pore intracellular to the selectivity
filter (referred to as the “inner vestibule” in this study). Fig. 1 shows
that the inner vestibule consists of the water cavity, the G-loop [10],
and a wide cytoplasmic pore. Although the translocation of K+ in
single file through the selectivity filter is expected to be the rate-
limiting step in ion permeation, the contributions of other parts of the
channel to total conduction may also be important. In particular,
although the inner vestibules of inward-rectifier K+ channels are very
long [7,11], the interaction of K+ with each other and with the channel
pore in this region has not been well studied. Since K+ conduction is
very fast (near the diffusion limit), it is difficult to determine the
contribution of K+ in the inner vestibule to ion permeation in K+

channels. Our approach to investigating this topic was to slow down
the ion permeation process by blocking Kir2.1 channels with Ba2+ [12].
It has previously been shown that a T141V mutation in the Kir2.1
channel decreases Ba2+ binding affinity in the pore, whereas a V140T
(equivalent to T141 in the Kir2.1 channel) mutation in the Ba2+-
insensitive Kir1.1 channel increases Ba2+ affinity [13]. Furthermore, the
crystal structure of the KcsA channel shows that Ba2+ is bound at, or
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Fig. 1. Homology model of Kir2.1 channel structure. The model was constructed based
on sequence alignment with the structure of a Kir3.1-prokaryotic chimera [7]. Two of
the four subunits of the Kir2.1 channel are shown. Residues involved in K+, Ba2+, and
spermine bindings are shown as ball-and-chain models.

Fig. 2. Kinetics of Ba2+ block of the Kir2.1 channel. A: Representative currents recorded at
Vm range of −150 to −100mV (left panel) and atmore positiveVm as indicated (right panel)
from inside-out patches expressing Kir2.1 channels exposed to 3 μM [Ba2+]o. B: Vm-
dependence of kon calculated using Eq. (1) (•). The solid line is the fit to the data using the
Boltzmann equation: kon=kon(0)×exp(−zδFVm/RT] with kon(0)=1.26×105 M−1s−1 and
δ=0.4. Symbol, ○, represents extrapolated kon at 0, +40, +60, and +100 mV. The dotted
line is the extrapolation of the kon–Vm relationship to +100 mV. C: Vm-dependence of koff.
Symbol, •, denotes koff values calculated by using Eq. (1) and ○ denotes koff values
estimated as 1/τrecov. n=5–12.
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near, a single location (equivalent to T141 in the Kir2.1 channel) [14].
Based on these findings, we assumed that Ba2+ is bound at, or near, the
T141 site. We then studied the role of K+ in the inner vestibule in the
process of Ba2+ exit and found that the cooperative interaction of at
least three K+ in the G-loop andwater cavity was required for Ba2+ exit
to the extracellular side.

2. Materials and methods

2.1. Molecular biology and preparation of Xenopus oocytes

Mutations were constructed using PCR and checked by sequencing.
cRNAs were obtained by in vitro transcription (mMessage mMachine,
Ambion, Dallas, USA). Xenopus oocytes were isolated by partial
ovariectomy from frogs anaesthetized with 0.1% tricaine (3-amino-
benzoic acid ethyl ester). All surgical and anesthetic procedures were
reviewed and approved by the Academia Sinica Institutional Animal
Care and Utilization Committee. Oocytes were maintained at 18 °C in
Barth's solution containing (in mM): NaCl (88), KCl (1), NaHCO3 (2.4),
CaN2O6 (0.3), CaCl2 (0.41), MgSO4 (0.82), HEPES (15), and gentamicin
(20 μg/ml), pH 7.6, and were used for electrophysiology 1–3 days after
cRNA injection.

2.2. Electrophysiology

Giant-patch recordings were sampled at 10 kHz and filtered at
2 kHz using the patch clamp technique [15,16] and an Axopatch 200B
amplifier (Axon Instruments, Foster City, USA) at room temperature
(21–24 °C). The extracellular solution contained (in mM): KCl (71),
KOH (20), EDTA (5), K2HPO4 (4), and KH2PO4 (1), pH 7.4. The 30–
600 mM [K+]i intracellular solutions contained (in mM): KCl (1–571),
KOH (20), EDTA (5), K2HPO4 (4), and KH2PO4 (1), pH 7.4; in the cases of
the 30, 50, and 75 mM [K+] solutions, 140, 100, or 50 mM sucrose was
added, respectively, to keep the viscosity constant. The 20 and 4 mM
[K+]i intracellular solutions contained respectively (in mM): KOH (11),
EDTA (2), sucrose (160), K2HPO4 (4), and KH2PO4 (1), pH 7.4, and KOH
(4), EDTA (0.5), sucrose (192), and HEPES (5), pH 7.4. The free [Ba2+]
(3 μM) in the extracellular solution was calculated using the MaxC
program (Chris Patton, Stanford University) and the stability constants
reported by Martell and Smith [17].

The membrane voltage (Vm) was controlled, and data acquisition
processed, using a personal computer, a DigiData board, and
pClamp6 software (Axon Instruments, Foster City, CA, USA). CGC-
11179 (∼46 Å long), a synthetic polyamine with 10 amines, was
synthesized and provided by Progen Pharmaceuticals, Inc. (Redwood
City, California, USA).
2.3. Data analysis

Throughout the study, 3 μM [Ba2+] was used for Ba2+ block and
recovery experiments. At this concentration, extracellular Ba2+ does
not block the instantaneous inward currents through the Kir2.1
channel and the block process follows a first-order reaction [18].
Therefore, the Ba2+ exit rate (koff) could be estimated from the time
constant for recovery from Ba2+ block (τrecov) and the association rate
constant (kon) using the equation:

koff = 1=τrecov−kon× Ba2+
� � ð1Þ

Due to the low binding affinity of extracellular Ba2+ to the Kir2.1
channel at VmN−40 mV (Fig. 2A), kon could not be accurately
determined at Vm≥0 mV. Therefore, we estimated kon at Vm ranging
from −150 to −50 mV and then obtained kon values at Vm≥0 mV from
extrapolation as follows.

We first calculated kon as previously described [19] from the
following equation:

kon = 1−fð Þ= τblock× Ba2+
� �� � ð2Þ

where f= Iss/Iinst, is the steady-state channel block by Ba2+. Iss and Iinst
are the steady state and instantaneous currents. τblock is the time
constant for the decay of inward currents induced by extracellular Ba2+

and is obtained by exponential fit to inward currents. Fig. 2A shows that
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inward currents recorded at Vm ranging from −150 to −100 mV (left
panel) decreased over time due to Ba2+ block. At more positive Vm, 3 μM
extracellular [Ba2+] was unable to block currents at VmN−40 mV (Fig.
2A, right panel). Since steady-state block, f, was very small, kon values
could not be accurately estimated by Eq. (2) at VmN−40 mV and were
obtained from extrapolation. Fig. 2B shows the kon estimated by Eq. (2)
(●) and the extrapolated kon (○). Fig. 2C shows the koff calculated by
using Eq. (1) (●) and by 1/τrecov (○). Because the two sets of data were
superimposed, throughout this study koff were determined as 1/τrecov.

3. Results

3.1. Different intracellular blockers retard Ba2+ exit from the Kir2.1 pore
to varying degrees

Spermine and Mg2+ completely inhibit K+ efflux through Kir
channels [20–23], but spermine is much more effective than Mg2+ in
reducing the rate of Ba2+ exit [18]. In this study, we first compared the
effects of polyamines of various lengths on Ba2+ exit from the Kir2.1
channel. To estimate the Ba2+ exit rate at Vm≥0 mV, the rate of
recovery from Ba2+ block was measured using a two-pulse protocol in
Fig. 3. Effects of different intracellular blockers on recovery from Ba2+ block. A: A two-pulse vo
identical test pulses to −120 mV was increased until recovery from Ba2+ block reached a stea
patches in which Ba2+ exit was very slow, the blockers were washed out and the patches hel
episode. B: Current traces recorded with Vr=+40 mV in the Kir2.1 channel in the presence of
various Vr in control solution, 100 μM spermine, or 100 μM CGC-11179. The recovery was calc
(I2) by that at the first pulse (I1). The solid lines are the fit to the data using a monoexponentia
result at Vm=100mV is shown for CGC-11179. The solid lines are the fit to the data using the B
valence of ions moving during Ba2+ exit, δ the apparent electrical distance between the Ba
meanings. zδ and koff (0) (s−1) were 0.26 and 7.48 in the control (ctrl), 0.49 and 0.04 in spermi
inside-out patches (Fig. 3A). The channels were blocked over time by
3 μM Ba2+ at −120 mV during the first test pulse (averaged time
constant of 72.0±1.3 ms; n=16), then a fraction of the channels was
allowed to recover from Ba2+ block during the application of recovery
voltages (Vr) of different durations before application of the second
test pulse. Fig. 3B shows current traces recorded using Vr=+40 mV
for the Kir2.1 channel perfused intracellularly with control solution
(polyamine- and Mg2+-free), 100 μM spermine, 100 μM spermidine, or
300 μM putrescine. The instantaneous currents recorded with the
second test pulse increased when the interval between the two test
pulses was increased. The intracellular blockers slowed the rate of
recovery from Ba2+ block by varying degrees, with spermine being
the most potent. A long synthetic polyamine, CGC-11179, can protect
several amino acids located internal to residue 160 in the Kir6.2
channel (equivalent to D172 in the Kir2.1 channel) from chemical
modification [24]. By comparing the ability of CGC-11179 and
spermine to protect the channel pore from chemical modification
and their lengths, it has been suggested that the head of CGC-11179
may bind deep in the selectivity filter of the Kir6.2 channel [24]. If
this is true, CGC-11179 may displace Ba2+ in a way similar to K+. We
therefore examined the effects of CGC-11179 on recovery from Ba2+
ltage protocol was used tomeasure recovery from Ba2+ block. The time between the two
dy state. The Vr ranged from 0 to +100 mV. The protocol was applied at 0.02 to 1 Hz. In
d at +40 mV between episodes to ensure complete Ba2+ recovery before the subsequent
control solution or the indicated blocker. C: Time-courses of recovery from Ba2+ block at
ulated by dividing the (peak current−steady-state current) obtained at the second pulse
l function. D: The Vm-dependence of the koff in the presence of various blockers; only the
oltzmann equation, ln(koff)= ln(koff (0))+zδFVm/RT, where koff (0) is the koff at 0 mV, z the
2+ binding site and the outer pore of the channel, and F, R, T, and Vm have their usual
ne (spm), 0.4 and 0.38 in spermidine (spd), and 0.31 and 3.49 in putrescine (put). n=3−8.
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block. Fig. 3B shows that CGC-11179 also slowed recovery from Ba2+

block, but its effect was less than that of spermine. Fig. 3C shows the
time-courses of the averaged fractional recovery from patches
exposed to control solution, spermine, or CGC-11179 at different Vr.
The recovery time-courses fit an exponential function and the
recovery rate (1/τrecov) increased with the Vr. Note that recovery
from Ba2+ block was not complete when the channels were held at
Vr=0 mV in the presence of spermine and at Vr=0 to +60 mV in the
presence of CGC-11179. The reason for the incomplete Ba2+ recovery
is unknown, but could be due to the trapping of Ba2+ in the channel
or an increase in the Ba2+ binding rate in the presence of intracellular
blockers. In this study, only time-courses showing complete recovery
were used to calculate the Ba2+ exit rate, koff. Fig. 3D shows the Vm-
dependence of the koff in the presence of control solution or different
intracellular blockers. Under all conditions, the koff increased with an
increase in the Vr. The koff values in the presence of the blockers were
smaller than in the control and the order of the retarding effect of the
blockers on Ba2+ exit was spermine NCGC-11179 ≈ spermidi-
neNputrescine. The effects of the blockers on koff values indicate
that the K+-Ba2+ interaction is critical for Ba2+ exit. When this
interaction was prevented by the blockers, Ba2+ exit was slowed
down.

3.2. Competitive effects of K+ and spermidine on Ba2+ exit reveal that at
least three K+ must bind in the inner vestibule to facilitate Ba2+ exit

It has been suggested that intracellular K+ affect the degree of inward
rectification by competing with polyamines for the same binding sites
[25], so the different effects of blockers on Ba2+ exit may be due to
different extents of competition between K+ and blockers.We therefore
examined the effect of [K+]i on Ba2+ exit in the presence or absence of
Fig. 4. Effects of [K+]i on Ba2+ exit. A: Current traces and time-courses of recovery from 3 μM B
were +40 and −80 mV in patches exposed to 20 mM [K+]i and −45 and −165 mV at 600 mM [
the Vr was kept at +60 mV for all [K+]i in the absence and presence of 1 and 10 μM spermidine
on normalized Ba2+ exit in the presence of intracellular 1 and 10 μM spermidine at Vr=+60. Th
the half saturating concentration and h the Hill coefficient. The K0.5 and h were respectively
polyamines. Fig. 4A shows traces of currents recorded using the same
Vmprotocol described in Fig. 3Aat [K+]i of 20and600mManda constant
extracellular [K+] of 100 mM (upper panels) and the time-course of
recovery from Ba2+ block at Vr=+60 mV (lower panels). The recovery
was faster at 600 mM [K+]i than at 20 mM [K+]i. Fig. 4B shows that Ba2+

exit increased as [K+]i increased and did not saturate at a [K+]i up to at
least 600 mM. Because the Vr was maintained at +60 mV at all [K+]i,
these effectswereprobably due to ahigherdriving force at a higher [K+]i.
WhenVr−Erev was set at +100mV, [K+]i ranging from20 to 600mMhad
a similar effect on Ba2+ exit (Fig. 4C). A further decrease in [K+]i to 4 mM
resulted in a slight increase in the koff; however, because the ionic
strengthwas so low, the effect of such a low [K+]i on Ba2+ exitmay not be
due to the change in [K+]i alone. TheKir2.1 channel quickly randownat a
low [K+]i and we could not carry out experiments at a [K+]ib4 mM and
obtain a complete dose–response curve, so the contribution of K+ in the
inner vestibule to Ba2+ exit could not be directly determined.

In the presence of spermidine under the same conditions as above,
Ba2+ exit became strongly dependent on [K+]i in the range of 20 to
600 mM. Fig. 4B shows the effect of [K+]i on the Ba2+ exit rate
determined at Vr=+60 mV in the presence of 1 and 10 μM spermidine.
The Vr was set at a constant value to avoid different degrees of K+-
spermidine competition at different Vr. To eliminate different driving
force effects, the koff obtained with spermidine (koff (PA)) was divided
by that of the control (koff (ctrl)) at each [K+]i. Fig. 4D shows the [K+]i-
dependence of the effects of spermidine on Ba2+ exit. The dose–
response curve was shifted to the right when the concentration of
spermidine was increased from 1 to 10 μM due to stronger
competition by the blocker with K+ for binding sites. The Hill
coefficient of the dose–response curves in 1 or 10 μM spermidine
was 2.4, suggesting that Ba2+ exit is facilitated by the cooperative
interaction of at least three K+.
a2+ block recorded at 20 and 600 mM [K+]i, respectively. The holding and test potentials
K+]i. The Vr was +60 mV at both 20 and 600 mM [K+]i. B: Effects of [K+]i on the koff when
. C: The koff values obtained with Vr−Erev=+100mV in control medium. D: Effects of [K+]i
e smooth curves are the fit of the data to the Hill equation [1+(K0.5 / [K+]i)h], where K0.5 is
80 mM and 2.37 in 1 μM spermidine and 180 mM and 2.43 in 10 μM spermidine.



Fig. 5. Effects of spermine on Ba2+ exit in the D172N mutant. A: The upper panels
show current traces recorded with Vr=+60 mV in the D172N mutant in control
solution and 100 μM spermine. The D172N mutant was exposed to 3 μM extracellular
Ba2+. The lower panels show time-courses for the recovery from Ba2+ block at various
Vr in control solution and in spermine. The solid lines are the fit to the data using a
monoexponential function. B: Vm-dependence of the koff in control medium and
100 μM spermine. The solid lines are the fit to the data from +40 to +100 mV, using
the Boltzmann equation. In the D172N mutant, zδ=0.34 and koff (0)=10.5 s−1 in
control medium and 0.28 and 5.6 s−1 in spermine. Data for the wild-type channel
(plotted in Fig. 2D) are shown for comparison. C: Averaged koff in the absence
and presence of polyamines for the wild type channel and the D172N mutant. n=3–6.
⁎, pb0.05; ⁎⁎⁎, pb0.005.

Fig. 6. Effects of 10 μM spermidine on Ba2+ exit for the M301A, M301G, and A306G
mutants. A: The upper panels show current traces recorded at Vr=+60 mV in control
solution and 10 μM spermidine for the M301A mutant. The lower panels show time-
courses for the recovery from Ba2+ block in control solution and spermidine. The solid
lines are the fit to the data using a monoexponential function. B: Averaged koff in the
absence and presence of 10 μM spermidine for the wild type channel and the three
mutants. n=3–11. ⁎, pb0.05; ⁎⁎⁎, pb0.005.
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3.3. The effect of polyamines on Ba2+ exit is altered by D172N mutation in
the water cavity and by M301A mutation in the G-loop

Previous studies show that polyamines inhibit outward currents by
interacting with D172 in the water cavity and with E224 and E299
located in the cytoplasmic pore in the Kir2.1 channel [26,27]. Our
previous study shows that polyamines interacting with D172 block the
Kir2.1 channel pore, whereas polyamines interacting with E224 and
E299 do not occlude the large cytoplasmic pore but reduce the
diffusion rate of K+ moving through the cytoplasmic pore via an
electrostatics effect [28,29]. To study the effect of K+-polyamine
competition for binding in the water cavity on Ba2+ exit, we examined
Ba2+ ext in the D172Nmutant. Fig. 5A shows the currents and recovery
time-courses of Ba2+ block in the D172N mutant. Compared to the
wild-type Kir2.1 channel, Ba2+ exit in the absence of intracellular
blockers was faster in the D172N mutant. Spermine (100 μM),
completely inhibiting outward currents, only slightly decreased the
koff at Vr ranging from 0 to +100 mV (Fig. 5B), in contrast to its strong
retarding effect on Ba2+ exit in thewild type. Fig. 5C shows that, for the
wild type channel, increasing spermidine concentrations reduced Ba2+

exit in a dose-dependent way and that spermine (100 μM) was more
effective than spermidine (10–300 μM). The effects are consistent with
K+ competing with polyamines for binding sites, as shown in Fig. 4D.
However, these effects were not observed in the D172N mutant (Fig.
5C), suggesting that the K+ binding sites involved in facilitating Ba2+

exit were not affected by polyamines interacting with E224 and E299
in the mutant. The results show that site D172 is the K+-polyamine
competition site for the regulation of Ba2+ exit. Furthermore, the
reduced effect of spermine on Ba2+ exit in the D172N mutant suggests
that the K+ binding sites involved in facilitating Ba2+ exit are located
external to sites E224 and E299 in the cytoplasmic pore, i.e. the G-loop
and water cavity. We next tested the effects of site-directed mutations
in the G-loop on Ba2+ exit using mutants M301A, M301G, and A306G.

Fig. 6A shows the currents and recovery time-courses from Ba2+

block in the M301A mutant. In the absence of intracellular blockers,



505H.-K. Chang et al. / Biochimica et Biophysica Acta 1788 (2009) 500–506
the Ba2+ exit rate was the same in the M301A mutant and the wild
type. The effect of 10 μM spermidine on Ba2+ exit was slightly greater
in the M301A mutant than in the wild type (Fig. 6B). In the M301G
mutant, the Ba2+ exit rate was slower in control medium than in the
wild type, but the effect of 10 μM spermidine on Ba2+ exit was the
same in both (Fig. 6B). These results suggest that K+ bound at or near
site M301 in the G-loop may be involved in K+ interaction that
regulates Ba2+ exit. Ba2+ exit rates were the same in the A306Gmutant
and wild type channel in both control medium and 10 μM spermidine
(Fig. 6B). Because only the glycine substitution was well tolerated at
site 306 [10], the effects of other mutations at site 306 were not
examined. Whether both sites in the G-loop can be simultaneously
occupied by two K+ or whether both are involved in facilitating Ba2+

exit requires further investigation.

4. Discussion

K+ binding and concerted K+ transport in the selectivity filter
contribute to the near-diffusion limit conductance of K+ channels
[6,9,30], but these properties in the inner vestibule of K+ channels are
not well studied. The previous study of crystallized Kir3.1–KirBac1.3
channels shows one K+ binding site in the water cavity and two sites at
the inner helix bundle gate and the apex of the inner vestibule formed
by the G-loop [7], but their contribution to permeation has not been
studied. For example, it is unknownwhether all three binding sites are
occupied during ion conduction. It has been shown that the selectivity
filter has four K+ binding sites in the crystallized KcsA channel [5] but
only two K+ are simultaneously occupying the selectivityfilter when the
channel is conducting ions [31]. It is difficult to study ion permeation
because ion conduction rate is very fast in ion channels. Using a novel
experimental design, we determine the role in permeation of K+ in the
inner vestibule. We find that at least three K+, interacting with positive
cooperativity, are involved in Ba2+ exit and that the K+ binding sites are
located between the cytoplasmic pore and selectivity filter. In addition,
the results suggest that K+ bound at or near site D172 and in G-loop are
involved in facilitating Ba2+ exit into the extracellular pore.

Another interesting finding of this study is that polyamines do not
mimic the effects of K+ in accelerating Ba2+ exit from the pore. Instead,
polyamines, including a long synthetic polyamine, CGC-11179, slow
down Ba2+ exit. Intracellular polyamines are known to block the Kir2.1
channel but the physical location of polyamine binding remains
unclear. Some studies propose a shallowmodel of spermine blockwith
spermine binding between the D172 site and several rings of
negatively charged residues located in the cytoplasmic pore in the
Kir2.1 channel [32,33]. Other studies suggest a deep model of
polyamine blockwith spermine binding between the aspartate residue
in the water cavity and the selectivity filter in Kir2.1 and Kir6.2
channels [28,34,35]. However, it remains unknown how “deep” the
polyamine is located in the pore. For example, it is unclear whether
polyamines can insert in the selectivity filter. By examining the effects
of polyamine occupancy on the rate of MTSEAmodification of cysteine
residues located at pore-lining sites in Kir6.2[N160D] channels, Kurata
et al. [34,36] suggest that the leading amine of spermine and CGC-
11179 can be approaching or enter the selectivity filter. The conclusion
is reached based on the assumption that polyamines do not bend or tilt
in the large water cavity. Our data show that polyamines reduce Ba2+

exit into the extracellular space, suggesting that polyamines may not
replace Ba2+ from its binding site at T141. However, we cannot rule out
other possibilities such as a polyamine inserting in the selectivity filter
and also induce conformational changes of the selectivity filter such
that Ba2+ exit rate is reduced.

Fig. 4D suggests that the cooperative interaction of K+ is important
for facilitating Ba2+ exit. However, in addition to K+ binding, other
mechanisms may be involved in the facilitating effects of [K+]i on Ba2+

exit. It is possible that Ba2+ exit requires further K+-Ba2+ interactions, e.g.
themovement of a K+ from thewater cavity to the innermost K+ binding
site (S4) in the selectivity filter may displace Ba2+ from its binding site
and facilitate Ba2+ exit by repulsion. Recently, the concerted transport of
K+ in the selectivity filter has been modeled using molecular dynamics
simulations [30]. Based on the analysis of the interaction energies, it is
suggested that the concerted movement is dominated by shorter-range
dipolar interactions involving the ion, water, and carbonyl groups,
rather than by long-range electrostatic ion–ion repulsion. It is possible
that K+ entry into the S4 site may be increased by K+–K+ interaction and/
or concerted K+ transport in the G-loop and water cavity. For example,
since some water molecules may separate the K+ in the cavity and the
Ba2+ ion in the S4 site, these have to move to allow the K+ to move to S4
to displace Ba2+. In addition, because the electron density map of the
crystal structure of the KcsA channel shows a focused position for the K+

in thewater cavity [5], K+ maymove from the G-loop through thewater
cavity into the selectivity filter by a specific route determined by the K+

channel and K+–water movements. In summary, K+ may interact with
one another and with the channel pore in order to flow through the
channel, instead of just binding and passively diffusing in the inner
vestibule of the Kir2.1 channel.

Inward rectification is weaker in the D172N mutant than in the
wild-type Kir2.1 channel [22,26,37]. In addition, molecular calcula-
tions suggest that a negatively-charged residue in the water cavity
may stabilize the binding of K+ in the water cavity and thus decrease
the rate of K+ entry into the selectivity filter of the Kir3.2 channel [38].
Therefore, it is likely that the K+–Ba2+ interaction is stronger, and that
K+ can compete more efficiently with polyamines for binding sites, in
the D172N mutant than in the wild-type Kir2.1 channel. Indeed, in
control medium, the Ba2+ exit rate was faster for the D172N mutant
than the wild type and spermine did not efficiently reduce Ba2+ exit in
the D172N mutant (Fig. 5). It has been shown that inward rectification
is weaker in the M301A mutant than in the wild type [10], suggesting
that K+ compete more efficiently with polyamines for binding sites in
this mutant. However, 10 μM spermidine was more effective in
slowing Ba2+ exit in the M301A mutant than in the wild type (Fig. 6).
These results suggest that K+, polyamines, and Ba2+ interact in a
complex manner that is not yet completely understood.

In conclusion, we showed that the binding of K+ in the water cavity
and maybe in the G-loop is critical in facilitating Ba2+ exit from the
selectivity filter. We provide functional evidence for the three K+

binding sites in the inner vestibule previously identified by crystal
structure study [7]. This study examines the functional roles of K+ in
the G-loop and water cavity of the Kir2.1 channel. Further investiga-
tions are required to understand the complex interaction of ions with
the channel pore.
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