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The Pore Helix Is Involved in Stabilizing the Open State of Inwardly
Rectifying K™ Channels

Noga Alagem, Semen Yesylevskyy, and Eitan Reuveny
Department of Biological Chemistry, Weizmann Institute of Science, Rehovot 76100, Israel

ABSTRACT lon channels can be gated by various extrinsic cues, such as voltage, pH, and second messengers. However,
most ion channels display extrinsic cue-independent transitions as well. These events represent spontaneous conformational
changes of the channel protein. The molecular basis for spontaneous gating and its relation to the mechanism by which
channels undergo activation gating by extrinsic cue stimulation is not well understood. Here we show that the proximal pore
helix of inwardly rectifying (Kir) channels is partially responsible for determining spontaneous gating characteristics, affecting
the open state of the channel by stabilizing intraburst openings as well as the bursting state itself without affecting K™ ion-
channel interactions. The effect of the pore helix on the open state of the channel is qualitatively similar to that of two well-
characterized mutations at the second transmembrane domain (TM2), which stabilize the channel in its activated state.
However, the effects of the pore helix and the TM2 mutations on gating were additive and independent of each other. Moreover,
in sharp contrast to the two TM2 mutations, the pore helix mutation did not affect the functionality of the agonist-responsive gate.
Our results suggest that in Kir channels, the bottom of the pore helix and agonist-induced conformational transitions at the TM2

ultimately stabilize via different pathways the open conformation of the same gate.

INTRODUCTION

Tonic fluxes across biological membranes are mediated viaion
channels. The process controlling ionic fluxes through ion
channels is broadly termed ““gating”’. A ‘“‘gate’’ is amolecular
element within the channel protein, which enables or disables
ionic flow. A given channel may possess several different
gates, and for ions to flow through the channel, all the gates
have to be open simultaneously. Some gates open and close in
response to biological signals such as voltage, intracellular
messengers, pH, or other proteins. However, even when fully
activated, ion channels switch stochastically between open
and closed states, with a kinetic pattern that is unique for each
channel and serves as its signature. This phenomenon will be
referred to throughout this work as ‘‘spontaneous gating”’. In
K™ channels, a wealth of information concerning gating
phenomena, in combination with the recent crystal structures
for several conformations of bacterial channels (Doyle et al.,
1998; Zhou et al., 2001; Jiang et al., 2002), provides a solid
basis for studying spontaneous gating.

Mutations at the selectivity filter and close to it were
shown to affect ion permeation as well as single-channel
gating (Lu et al., 2001a,b; Proks et al., 2001; Chapman et al.,
1997; Choe et al., 1998, 2001; Zheng and Sigworth, 1998;
Espinosa et al., 2001). It was thus suggested that the
selectivity filter may in itself be a gate, and short-lived
blocking by permeating ions was shown to be the mechanism
of this kind of gating, commonly termed ‘‘fast gating’’ (Choe
et al., 1998, 2001).
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In addition to the selectivity filter region, control of channel
gating has been associated with other channel parts. For
example, in K" as well as in cyclic nucleotide gated (CNG)
channels, functional studies have shown that a bending and/or
rotation of the TM2/S6 transmembrane helix couples the
sensing of voltage (for Kv channels) or intracellular ligands
(for Kir and CNG channels) to channel opening (Holmgren
et al., 1998; Tucker et al., 1998; Perozo et al., 1999;
Loussouarn et al., 2000; Flynn and Zagotta, 2001; Johnson
and Zagotta, 2001; Sadja et al., 2001; Yi et al., 2001; Jiang
et al., 2002; Jin et al., 2002). The pore helix has also been
shown to respond to the activated state of CNG channels (Liu
and Siegelbaum, 2000). A comparison between the crystal
structures of the bacterial channels KcsA (which is pre-
sumably in its closed state) and MthK (which is presumably in
its open state) (Jiang et al., 2002), supports the notion that
activation gating occurs through a bending and rotation of
TM2/S6, which opens the intracellular entrance to the
permeation pathway. On the single-channel level, activation
gating is usually manifested as changes in the duration of
interburst closed times, (Choe et al., 1997; Drain et al., 1998;
Tucker et al., 1998) a phenomenon that is commonly termed
“slow gating’’. Despite all this available data, the phenom-
enon of spontaneous gating, and particularly its connection to
external cue-dependent activation gating, has not been well
characterized.

Inwardly rectifying K™ channels (Kir) have been used as
a tool for studying spontaneous gating. They possess
a prototypic K™ channel structure, with two transmembrane
domains and a pore-loop, and are believed to be similar in
structure to KcsA (Doyle et al., 1998). Some are gated by
external cues whereas others are constitutively active (Stan-
field et al., 2002). Despite a high degree of similarity in
sequence, especially at the pore region, they present a wide
array of single-channel kinetics phenotypes (Choe et al.,
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1999; Yakubovich et al., 2000; Pessia et al., 2001; Proks et al.,
2001). Chimeric approaches were used to identify the core
region (TM1 through TM?2) as the main region responsible for
spontaneous gating phenotype (Slesinger et al., 1995). The
contribution of large domains within the core region to single-
channel kinetics has also been examined (Choe et al., 1999).
Additionally, a glutamine to glutamate mutation at position
140 in Kir2.1 was shown to reduce the mean open time of the
channel, due to the introduction of a frequent brief closed state
(Guo and Kubo, 1998). However, the mechanism by which
these domains influence spontaneous gating has not been
established.

The G-protein-coupled potassium channel, GIRK1/4 or
Kir3.1/3.4, is a classical example of a channel that posses an
intimate relationship between gating by external cues and
complex spontaneous gating. Kir3.1/3.4 is mainly gated by
the G~y subunits of the G-protein and exhibits a very low
open probability, even when coexpressed with a saturating
concentration of GBvy (Sakmann et al., 1983, Sadja et al.,
2001). Single-channel openings are brief, with a mean open
duration of a few milliseconds. Channel openings occur in
the form of bursts, which are grouped as rapid openings and
closings of the channel. These bursts are separated by
distinct periods of long channel closing (Sakmann et al.,
1983). Binding of Gy stabilizes the channel in the bursting
state. However, the bursting phenomenon in itself is not
a result of GBvy gating and is rather an intrinsic property of
the channel (Ivanova-Nikolova and Breitwieser, 1997;
Yakubovich et al., 2000; Sadja et al., 2001). Ligand binding,
e.g., GBy, does not only affect interbursting kinetics, as the
open state within bursts is also stabilized (Ivanova-Nikolova
and Breitwieser, 1997; Nemec et al., 1999; Sadja et al.,
2001). Thus Kir3.1/3.4 channel presents an excellent model
for studying the possible relationship between spontaneous
and agonist-induced gating.

In the present work we took an advantage of Kir2.1 (Kubo
etal., 1993), a constitutively active channel (with no external
cue-dependent activation gating), that displays a radically
different kinetic signature than Kir3.1/3.4. Kir2.1/Kir3.1
chimeras were used as an initial step to screen for regions
that control spontaneous gating. We found that the bottom
of the pore helix is a major determinant responsible for
stabilizing both the open state and bursting activity, without
affecting the interaction of the channel with permeating K"
ions. Furthermore, we found that this control of channel
gating is additive to the control by GB7y subunits. The
molecular mechanism for spontaneous gating and its relation
to activation gating in K* channels will be discussed.

MATERIALS AND METHODS
Mutagenesis

Chimeras and point mutations in Kir2.1 were constructed using a standard
two-step PCR. The PCR products were subcloned back into the parental

301

gene, using silent restriction sites that were previously engineered into the
mouse Kir2.1 gene (Kubo et al., 1993). For Kir3.1/3.4, mutagenesis was
performed using the Pfu PCR method (Promega, Madison, WI; Stratagene,
LaJolla, CA). In all cases, the oligonucleotide used for each mutation carried
a silent restriction site for screening purposes. Positive clones were verified
by sequencing.

RNA preparation

Capped cRNA was transcribed using a home-assembled cRNA transcription
kit (Stratagene, and Pharmacia, Piscataway, NJ). The cRNA integrity and
concentration were determined by running an aliquot on a formaldehyde gel.

Solutions

ND96 solution contained (concentrations in mM) 96 NaCl, 2 KCl, 1 CaCl,,
1 MgCl,, 5 HEPES pH = 7.4. Nominally calcium-free ND96 solution was
prepared as above, but without CaCl,. For two electrode voltage clamp
recordings, the bath solution, which will be referred to as 90 K solution,
contained: 90 KCI, 10 HEPES, 2 MgCl,, and pH = 7.4 (KOH). For
carbachol-gating measurements, 3 wM carbachol (Sigma, St. Louis, MO)
was freshly diluted from a frozen 3 mM stock. For cell-attached patch-clamp
recordings, both the bath and pipette solution contained 90 K. When
necessary, the patch pipette also contained 50 uM GdCl;, aimed at blocking
the endogenous mechano-sensitive channels (Yang and Sachs, 1989).

For Kir2.1(PH2), Kir2.1(QI140E) and Kir2.1(T141A), some of the
recordings were carried using a pipette solution containing 90 KCI, 10
HEPES, 1 EGTA, 3 MgCl, (the free [MgH] was 2 mM, calculated using the
program Bound And Determined 4.30 (S. Brooks)) pH = 7.4. For inside-out
patch-clamp recordings, the pipette solution contained 30, 90, 150, 220, or
300 mM KCl, 10 HEPES, 2 MgCl,, pH = 7.4. In the solutions containing 30
and 90 mM KCl, the cationic concentration was brought up to 150 mM using
NMDG. The bath solutions contained identical KCl and NMDG concen-
trations as the pipette solutions and in addition, 10 HEPES, 10 EGTA, 20
Na,H,P,07, 5 NaF, 0.1 NazVOy, 5 NaOH, pH = 7.4.

Oocyte preparation

Female Xenopus laevis frogs were anaesthetized by immersion in water
containing 0.15% (w/v) tricaine (Sigma) for 10-20 min. The anaesthetized
frogs were placed on ice and several ovarian lobes were surgically removed
under sterile conditions. After the operation, frogs were placed in shallow
fresh water and were monitored until they regained consciousness. Ade-
quate time for healing was allowed between procedures. Oocytes were
defolliculated by shaking in Ca”*-free ND96 solution containing 2 mg/ml
type 1 collagenase (Worthington, Lakewood, NJ) for ~1 h at room
temperature. The oocytes were then washed in ND96 solution. Healthy
looking stages 5-6 oocytes were selected, and then microinjected with ~50
nl cRNA of the various channel mutants. After injection, oocytes were
maintained at 18°C. Currents were recorded 1-7 days post injection.

Electrophysiology

Currents through the expressed channels were recorded by the two-electrode
voltage clamp technique using a CA1-B amplifier (Dagan, Minneapolis MN)
(Reuveny et al., 1994). Electrodes were filled with 3 M KCI and had
a resistance of 0.1-0.6 M{). Data acquisition and analysis were done using
pCLAMP 6.04, pCLAMP 8.1, and pPCLAMP 9.0 (Axon Instruments, Union
City, CA). Open probability was calculated using NP02.13 (J. Sui, freely
available on the Axon Instruments, Union City, CA web site).
Single-channel currents were measured by the patch-clamp technique
(Hamill et al., 1981) in either the cell-attached or in the inside-out
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configurations, using an Axopatch 200B amplifier (Axon Instruments).
Current traces were low-pass filtered at 5 kHz, digitized at 94.4 kHz
(VR-10B analog-to-digital converter by Instrutech), and stored on a VCR
tape. For analysis, data segments of interest were transferred to computer
disk, digitized at 5 kHz, and, using Digidata 1200B (Axon Instruments),
low-pass filtered at 1 kHz using an eight-pole Bessel filter (Frequency
Devices, Haverhill, MA).

Dwell-time analysis

Single-channel transitions were detected by the 50% threshold crossing
criterion. For dwell-time analysis, current records were interpolated before
event detection using the cubic spline function with an interpolation factor of
10, resulting in an effective sampling rate of 50 KHz (using Clampfit 9).
Events were log-binned at 12—15 bins per decade. The y ordinates of the
histograms were square-root transformed for improved display of the
multiple components (Sigworth and Sine, 1987).

Histograms were usually fitted using least-square minimization. The F
criterion was used to determine the number of exponential components
where visual inspection was insufficient.

Burst analysis

Bursts are defined as groups of openings separated by closures that are longer
than a defined critical time, #.. The critical time was calculated by numerically
solving the following equation (Colquhoun and Sakmann, 1985):
1— e*lC/TS _ 6716/717

where 7y is the time constant for the short closings within bursts and 7 is the
time constant for closings between bursts. Since Kir3.1/3.4 displays multiple
closed states (see Tables 2 and 3, Supplementary Material, and also
Yakubovich et al., 2000), 7, and 7; were chosen such that 7; was at least 10
times larger than 7 (For more information, see Supplementary Material).
For burst-duration analysis, current records were analyzed without in-
terpolation using pClamp6. To calculate the number of events per each burst,
the first 5000-10,000 events for each patch were analyzed for burst duration
and number of openings per burst using Microsoft Excel. The burst
durations for bursts containing more than a single opening were sub-
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sequently log-binned and fitted using pClamp6, in a similar way to the
dwell-time histograms.

Unless otherwise indicated, data presented is the mean = SE of the mean.
Statistical significance was set at p < 0.05 using #-test or one-way analysis of
variance.

RESULTS

Two members of the inwardly rectifying K" channel
superfamily, Kir2.1 and Kir3.1/3.4, display radically
different single-channel kinetics (Fig. 1 A) and thus were
used to study the molecular basis of intrinsic gating. We
were first interested in characterizing the kinetic signature of
Kir2.1 and Kir3.1/3.4 wild-type channels expressed in
Xenopus oocytes. Kir2.1 exhibited long openings, with
a distribution that was fitted as a sum of three exponentials,
with decay times of 7,; = 0.8 = 0.06 ms, 7,, = 52.2 = 0.3
ms, and 7,3 = 262 = 0.02 ms at —100 mV (Fig. 1 B). In
contrast, Kir3.1/3.4, coexpressed with a saturating concen-
tration of GBv, exhibited short-lived flickery openings that
were frequently grouped into bursts. The open-time
distribution for Kir3.1/3.4 was fitted as a sum of three
exponentials, with decay times of 7,; = 0.4 = 0.16 ms, 7,
=19 £ 0.4 ms, and 7,3 = 6.6 = 0.3 ms at —100 mV (Fig.
1 C). It thus appears that the main difference between the
two channels is in the time constants of the second and third
components of the open-time distribution. Furthermore, the
tendency of the channel to dwell in the longest open state
also differed substantially between the two channels: at
—100 mV, the fractional area under the curve for the long
open component was 0.83 for Kir2.1 versus 0.28 for Kir3.1/
34 + GBvy. The two channels also exhibited radically
different open probabilities (P,): at —100 mV, for Kir2.1, P,

Kir3.1/3.4.....,NlH Pa—— poditosm bt fert

-
T
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Open duration (ms)
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FIGURE 1 Characterization of single-channel
kinetics of Kir3.1/3.4 + GBvy and Kir2.1 (A)
Single-channel traces of Kir2.1 and Kir3.1/3.4 +
1pA Gpy. The dotted line denotes the closed channel
current level. The currents were recorded at —100
mV. Pipette solution contained 90 K with 50 uM
Gd**. (B) Open-time distribution for Kir2.1 at
—100 mV. (C) Open-time distribution for Kir3.1/
3.4 + GBy at —100 mV. For B and C, the bars are
binned data events and the solid lines are curve
fits. The arrows point to the peaks of the
exponential fit.

Open duration (ms)
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= 0.85 = 0.01, whereas for Kir3.1/3.4 coexpressed with
GBvy, P, = 0.007 = 0.003.

A chimeric approach to single-channel gating
in Kir channels

Having established the differences in single-channel kinetics
between Kir3.1/3.4 and Kir2.1, a chimeric approach was
used to identify the molecular elements responsible for these
differences. Since the channel core region (TM1 through
TM2) was shown to be the main determinant for single-
channel kinetics (Slesinger et al., 1995; Choe et al., 1999),
we arbitrarily divided this region into seven parts. Chimeras
were constructed by replacing Kir2.1 regions with the
corresponding parts of Kir3.1 (Fig. 2 A). Single-channel
currents were then recorded for each chimera and the average
open time and open probability were measured at —100 mV.
All chimeras had open-time distributions that could be
described as a sum of three exponentials, as in their Kir2.1
and Kir3.1/3.4 parent channels (data not shown). Both
parameters, as well as the single-channel amplitude, varied
among the different chimeras, suggesting that single-channel
behavior is fine-tuned by many sites within the channel
protein. The open probability, but not the single-channel
amplitude, correlated with the average open times (Fig. 2,
B-D). The average open time and open probability for
one particular chimera, PH2, which contained two amino
acid substitutions at the bottom of the pore helix (Fig. 2, E),

A B C

Average open time (ms) P(o)
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showed the largest degree of resemblance to the Kir3.1/3.4
phenotype. Single Kir2.1(PH2) channels (Fig. 3, A versus B
and C) exhibited bursts of short openings, with an average
open time of 9.1 ms P, = 0.04 = 0.01 at —100 mV (Fig. 3
A). Kir2.1(PH2) burst-duration distribution was fitted as
a sum of three exponentials with decay times of 7,; = 13.9 =
0.2 ms, 1, = 121 = 0.1 ms, and 7,3 = 828 % 0.2 ms (Fig. 3
D). It is unlikely that the bursts exhibited by Kir2.1(PH2) are
the result of an acquisition of a new short-lived closed state
that punctuates the Kir2.1 channel openings, as was shown for
Kir2.1(Q140E) (Guo and Kubo, 1998). First, in such a case,
we should expect to see a similarity between the burst-
duration distribution for Kir2.1(PH2) and the open-time
distribution for the wild-type Kir2.1. Our results show that
they are not similar. Second, the reduction in the open
probability (Fig. 3 E) displayed by Kir2.1(PH2) is too large to
be explained by a mere acquisition of a short-lived closed
state. In fact, the main reason for the observed reduction in the
open probability of the Kir2.1(PH2) channel is the pro-
longation/acquisition of a long closed state (data not shown).

The PH2 chimera contains only two amino acid
substitutions: QI40E and T141A. T141 in Kir2.1 was
shown to affect the affinity for extracellular Ba>" ion block
(Zhou et al., 1996; Alagem et al., 2001). Since single-
channel gating of Kir channels was shown to be influenced
by even trace amounts of extracellular Ba>" ions, (Choe
et al., 1998), we recorded single-channel currents in the
presence of 1 mM EGTA in the pipette solution to chelate
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-

FIGURE 2 Chimeric approach to study spontaneous
gating in Kir channels. (A) Schematic diagram of the
Kir2.1/Kir3.1 chimeras amino acid sequence. The location
| of the first and second transmembrane domains, M1 and

0 M2, and the pore region, HS, are shown above the
chimeras. The name of each chimera is indicated at its left,

| and the number of amino acid substitutions in each is

PH2(2) b
H5M(5) || I [

indicated in parenthesis. (B) The average open time for
each channel or chimera at —100 mV. (C) Open probability
at —100 mV (D) Single-channel current level at —100 mV
for each channel or chimera. (E) Left, a 3D model of Kir2.1

M2(11) | - | J

backbone based on the published structure of KcsA (Doyle
et al., 1998). Q140 and T141 side chains are shown as
space fill. Right, comparison between the amino acid
sequences of the pore regions of Kir2.1, 3.1, and 3.4. The
two amino acids composing the PH2 region are framed.

Kir3.1 SAFLFFIETENTIGYGYRY 151
Kir3.4 SAFLFSIETETTIGYGFRV 157
Kir2.1 AAFLFSIETDTTIGYGFRC 150
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Kir3.1/3. 4+GBy
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50 ms

FIGURE 3 Kir2.1(PH2) displays Kir3.x-like gating.
(A) Single-channel trace of Kir2.1(PH2) at —100 mV.
The bottom trace is an expansion of a 500-ms segment
(indicated by a horizontal bar) from the upper trace. (B)
A 500-ms trace of a single Kir2.1 channel at —100 mV.

50 ms (C) A 500-ms trace of a single Kir3.1/3.4 channel at
—100 mV. The dotted line denotes the closed channel
T — current level. (D) Burst-duration distribution for

e
Rt et aiid T

Kir2.1(PH2). The bars are binned events, the solid line
is a curve fit. (E) P, at —100 mV for the parental Kir2.1,
Kir3.1/3.4 + GBv, Kir2.1(PH2), Kir2.1(Q140E), and
Kir2.1(T141A).

E 50 ms
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traces of contaminating Ba®" originating from the KCI salt.
The open-time distributions were virtually identical under
the two conditions. The only difference in kinetic parameters
observed in the presence of EGTA was the vanishing of
a component of long closings (results not shown) as was
shown before (Choe et al., 1998). We can therefore conclude
that the differences in single-channel gating between Kir2.1
and Kir2.1(PH2) are not caused by different affinities for
Ba®" ions.

To further explore the relative contribution of the two
amino acid substitutions in PH2 to single-channel gating,
single-channel currents were recorded for Kir2.1(T141A) and
Kir2.1(Q140E). Both mutants exhibited an open-time dis-
tribution that was the sum of a few exponential components
(data not shown). The average open time for Kir2.1(Q140E)
was 45.6 ms and the open probability was P, = 0.32 = 0.07 at
—100 mV. The average open time for Kir2.1(T141A) was
102.2 ms and the open probability was P, = 0.84 = 0.05 at
—100mV (Fig. 3 E). Taken together, the above results suggest
that these two sites act in combination to determine the open-
state stability of Kir2.1.

Biophysical Journal 85(1) 300-312

The effect of the reverse mutations on Kir3.1/3.4

We were interested to test whether the PH2 region controls
gating in Kir3.1/3.4 as well as in Kir2.1. Single-channel
currents were recorded for Kir3.1(E141Q A142T)/
3.4(E147Q) coexpressed with GBvy (referred to as Kir3.1/
3.4(PH2) hereby) (Fig. 4 A). As in the wild-type, the open-
time distribution of this mutant could be described as a sum
of three exponentials (see Table 1, Supplementary
Material). Unexpectedly, 7,; and 7., were similar between
the wild-type and the mutant channel, and additionally,
only a slight increase in the mean duration of the longest
openings was observed for this mutant: 7,3 = 9.7 = 0.1
ms at —100 mV. However, the probability of Kir3.1/
3.4(PH2) to be found in the longest-opening state (as
measured by the fractional area under the plot) increased
considerably, from 0.28 in Kir3.1/3.4 to 0.45 in Kir3.1/
3.4(PH2) (Fig. 4 D).

In addition to the moderate stabilization of the open
state, the reverse PH2 mutations produced a large effect on
the bursting pattern of Kir3.1/3.4. Since Kir3.1/3.4(PH2)
has increased the tendency of the channel to be found in
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FIGURE 4 Reverse PH2 chimera shows increase in open times and burst durations. This phenotype can be attributed to E141Q\E147Q. (A—C) Single-
channel traces (/eft), open-time distributions (middle), and burst-duration distributions of bursts containing more than one opening (right) at —100 mV for (A)
Kir3.1/3.4(PH2) + GBv, (B) Kir3.1/3.4(EQ) + GBv, and (C) Kir3.1/3.4 (A/T) + GBy. For an easy comparison, the fits of the open-time distributions (D) and
burst-duration distributions (E) for the wild-type and the mutants were normalized such that the area under the plot equals 1 and superimposed.

the longest open state, we were first interested in
determining whether it has a similar effect on the bursting
states as well. We therefore examined whether the Kir3.1/
3.4(PH2) chimera exhibits a larger tendency toward firing
bursts over isolated single openings. The bursting
probability Py, was defined as the probability of the
channel to have more than one opening within a burst.
Puurse Was calculated as the fraction of bursts containing
more than one opening for each channel. For the wild-
type, Ppurse Was measured to be 0.34 + 0.03, indicating
that most bursts contained only a single opening. For the
PH2 chimera, however, the majority of bursts contained
multiple openings, with Py, = 0.59 = 0.02. Second, we
examined the effect of the Kir3.1/3.4(PH2) chimera on the
burst-duration distribution of the channel. We therefore
constructed burst-duration histograms for bursts containing
more than one opening. Kir3.1/3.4(PH2) exhibits new long
bursting states along with an increased tendency to be

found in longer bursting states as compared to the wild-
type (Fig. 4 E, see also Table 5, Supplementary Material).
Our results so far suggest that the mutations in Kir3.1/
3.4(PH2), located in the pore helix, are mainly involved in
the stabilization of the bursting mode.

We have shown that in Kir2.1, the combination of the two
mutations, Q140E and TI141A, is required to produce
a Kir3.x-like phenotype. To test whether a combination of
two mutations might also be required for the Kir3.1/
3.4(PH2) phenotype, single-channel currents were recorded
for the individual point mutations Kir3.1(E141Q)/3.4
(E147Q) (hereby referred to as Kir3.1/3.4(EQ)) and
Kir3.1(A142T)/3.4 (hereby referred to as Kir3.1/3.4(AT))
(Fig. 4, B and C). Our results show that in Kir3.1/3.4, the
PH2 phenotype could be attributed to the E141Q/E147Q
mutation alone. The Kir3.1/3.4 (AT) mutant was similar to
the wild-type in its single-channel gating phenotype (Fig. 4,
D and E).

Biophysical Journal 85(1) 300-312
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The effects of the pore helix mutations on
gating are additive to those of TM2 mutations

In a previous work, we described mutations in the second
transmembrane domain of Kir3.1/3.4, which eliminate GB7y
gating, thus producing constitutively active channels (Sadja,
etal., 2001). On the single-channel level, these TM2 mutants
showed an increase both in burst duration and in opening
duration similar to the Kir3.1/3.4(PH2) mutant. We were
therefore interested in finding whether these effects on
single-channel kinetics, originating from two physically
different areas, are operating through the same mechanism.
Therefore, we compared the single-channel opening pattern
of two such TM2 mutations, Kir3.1(S170P)/3.4(S176P)
and Kir3.1(C179A)/3.4(C185A) (hereby referred to as
Kir3.1/3.4(SP) and Kir3.1/3.4(CA), respectively) to that of
the combined mutants Kir3.1(E141Q A142T S170P)/
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3.4(E147Q S176P) and Kir3.1(E141Q A142T C179A)/
3.4(E147Q C185A) (hereby referred to as Kir3.1/3.4(PH2
SP) and Kir3.1/3.4(PH2 CA), respectively). The mutant
channels carrying combined pore helix and TM2 mutations
displayed single-channel openings and bursts that were
considerably longer than either of the single mutations alone,
alongside an increase in the tendency to be found in the long
burst states. (Fig. 5, A—J). The combined pore helix and TM2
mutants also displayed an increase in Py, (Fig. 6 A). The
stabilization of the open and bursting states was reflected in
the channel’s open probability: Both combined pore helix
and TM2 mutants increased P, above the levels of the wild-
type and each of the corresponding PH2 or TM2 mutants
(Fig. 6 B). Interestingly, Kir3.1/3.4(PH2 SP) displayed
a particularly high open probability, 0.72 = 0.04, which is
comparable to the P, value of Kir2.1. In summary, the effects
of the pore helix and the two TM2 mutations on gating are

= Kir3.1(C179A)/3.4(C185A)

100 ms

G Kir3.1(PH2 C179A)/3.4(E147Q C185A)

0 I
101 100 10! 102 10% 10
J Burst duration (ms)

0.6}

Burst duration (ms)

-PH2CA
04

0.2}

O T T T T 1
101 100 10" 102 10% 104

Burst duration (ms)

FIGURE 5 Effect of the PH2 region on gating is additive to the effect of the S170P/S176P and C179A/C185A mutations in the TM2. All the recordings were
made at —100 mV. (A-B) Single-channel recordings of (A) Kir3.1/3.4(SP) and (B) Kir3.1/3.4(PH2 SP). The dotted lines mark closed channel current levels.
(C-D) Burst-duration distributions (of bursts containing more than one opening) for Kir3.1/3.4(SP) and Kir3.1/3.4(PH2/ SP), respectively. The gray bars are
binned events and the solid line is a curve fit. (E) For an easy comparison, the fits of the burst-duration distributions for the wild-type and the mutants were
normalized such that the area under the plot equals 1 and superimposed. (F—G) Single-channel recordings of Kir3.1/3.4(CA) and Kir3.1/3.4(PH2/ CA),
respectively. The dotted lines mark closed channel current levels. (H—/) Burst-duration distributions (of bursts containing more than one opening) for Kir3.1/
3.4(CA) and Kir3.1/3.4(PH2/CA), respectively. The gray bars are binned events and the solid line is a curve fit. (/) For an easy comparison, the fits of the burst-
duration distributions for the wild-type and the CA and PH2 CA mutants were normalized such that the area under the plot equals 1 and superimposed.

Biophysical Journal 85(1) 300-312



Pore Helix Controls Open State Stability

1.0 'ﬁi‘ * %
1
0.8 *
* *
% 0.6
£
=}
B 0.4
0.2
0 T T T T T T
AN F® o qF P
\‘\sﬂxc"? \)\T‘C‘) ?\%\1 d\% 06»\'1 o\%
K10 O\‘\Q 9\?/ DJPJ%
B. 5’\10 ('_,‘\1
AT ol
08 U ke
I
0.6 F
£ 04f
0.2
N * *%
0 — = '_T_‘ N m

N AC s \,1(-,? J\?)6_-,\’ »\'16? ’\%6_)%
W e \ NS GO

O P e
= ¥] %\10 0\1‘3

ged” ol

FIGURE 6 PH2 region and the two TM2 mutations increase the prob-
ability of bursting and open probability in an additive manner. (A)
Probability of entering a bursting state once the channel opens. (B) Open
probability. The single asterisks indicate significant difference from the
wild-type. Double asterisks indicate significant difference of combined PH2
and TM2 mutants over the levels of either of the respective PH2 and TM2
mutants.

additive, and therefore, the pore helix and two TM2 residues
may operate through independent mechanisms to stabilize
the open/bursting state of the channel.

The PH2 region is not energetically coupled to
residues 170/176 and 179/185

Another approach to test whether the pore and TM2 regions
affect gating through two independent mechanisms would be
to test whether the effects of these two regions on the
energies of the open and closed states are coupled. We thus
performed a double mutant cycle analysis (Horovitz and
Fersht, 1990), where the energy difference between the open
and closed states of the channel, AG® (measured in kgT
units), was calculated using:

P
AG’ =1 °
TP,

The changes in the AG caused by mutations were then
calculated as,

AAG = AG] — AG,
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where i is the initial form and j is the additional mutation.
AAGS values were calculated for each step in the cycle,
and compared with those obtained for the opposite side of
the cycle. Differences in AAGS of more than one kgT unit
should indicate energy coupling. The resulting cycles are
shown below. The AAGi(j) values for I = PH2, j = SP,
and for I = PH2, j = CA are 1.98 and 0.35, respectively.

WT AAG=1.71 PH2
AG=-4.7 AG =-2.99
_ 0.35 ’
AAG=0.57 AAG=0.92
CA PH2/CA
AG=-4.13 AG =-2.07
AAG=2.06
WT AAG=1.71 PH2
AG=-4.7 AG =-2.99
- 1.98 ‘
AAG=-1.95 AAG=-3.93
SP PH2/SP
AG=-2.75 AG=0.94
AAG=3.69

These values indicate no energy coupling between the
pore helix and Kir3.1(179)/Kir3.4(185) in the TM2 region.
In the case of Kir3.1/(170)/Kir3.4(176), the value of 1.98 kT
units suggests some nonadditivity. However, this value has
a large inherited error due to ~45% error in the open
probabilities for the Kir3.1/Kir3.4 and for the Kir3.1/
3.4(PH2) channels. We therefore conclude that this 1.98 kT
AAG value (1.17 kCal/mol at 25°C) may not indicate
significant coupling. Values in this range were also
considered nonsignificant in a recent report describing paired
mutations affecting gating in Shaker channel (Yifrach and
MacKinnon, 2002).

Stabilization of the open state by E141Q/E147Q
does not affect GBy-mediated gating

Since there is no significant energy coupling between
positions 170/176 and 179/185 and the pore helix in
stabilizing the open state of the channel, and since the
TM2 mutations stabilize the channel in a GBvy independent
state, we should expect that activation gating by Gy should
not be affected by the pore helix mutations. To verify this
point, Kir3.1/3.4, Kir3.1/3.4(PH2), Kir3.1/3.4(EQ), and
Kir3.1/3.4(AT) were coinjected into Xenopus oocytes along
with RNA for the muscarinic receptor type 2 (m2R). The
functionality of the GB+y gate was then tested by measuring
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FIGURE 7 Agonist activation of the channel is not affected by the pore
helix mutations. Muscarinic type 2 receptor activation by 3 uM carbachol
of Kir3.1/3.4 and its mutants at —80 mV. Carbachol induction levels were
determined as fold increase in current over the basal current before the
application of carbachol.

current induction with 3 uM carbachol, an agonist of the
m2R. As expected from the above hypothesis, carbachol-
mediated gating of Kir3.1/3.4(PH2), as that of the two point
mutations, was not different than that of the wild-type
Kir3.1/3.4 (Fig. 7). These results again support a separate
role for the pore helix and GBvy- induced activation gating, in
stabilizing the open state of the channel.

The 141/147 position does not affect the
interaction of the channel with permeating K* ions

Guo et al. (1998) have hypothesized that in Kir2.1, Q140
(corresponding to E141/E147 in Kir3.1/3.4) controls gating
of Kir2.1 by interacting with permeating K™ ions. Others
have observed a permeant ion effect on “‘fast gating”” (short-
lived closings of the permeation pathway) (Reuveny et al.,
1996; Choe et al., 1998). The selectivity filter and residues in
its close proximity have been shown to affect ‘““fast gating”
(Lu et al., 2001a; Proks et al., 2001), therefore suggesting
that permeation and gating may be coupled at the selectivity
filter. We did not observe any effect of Kir3.1/3.4(PH2) on
the duration of fast intraburst closings (see Tables 2 and 3,
Supplementary Material). However, since position 141/147
is close to the selectivity filter, we were interested in se-
lectively determining the effect of the EQ mutation on K*
permeation. To measure the ability of K" ions to interact
with the permeation pathway, we recorded single-channel
currents under various symmetrical K* concentrations (Fig.
8 A), and measured the dependence of the single-channel
conductance on K* concentrations. As seen in Fig. 8, B and
C, there is no substantial difference in current amplitude and
K" -dependent conductance changes between the wild-type
and the E141Q/E147Q mutant channels. We have also tested
the selectivity of this mutant (K™ versus Na™) and found no
significant difference to the wild-type channel (not shown).
These results may suggest that the gating effects seen with
the E141Q/E147Q mutant are not related to a change in K™
ion-channel interactions.
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FIGURE 8 Potassium ion-channel interaction is not affected by the pore
helix mutation E141Q/E147Q. (A) Current traces recorded at a holding
potential of —80 mV from inside-out patches containing Kir3.1/3.4 channels
under symmetrical K™ concentrations (in mM) 30 (top), 90 (middle), and
300 (bottom). (B) Current-to-voltage plot of single Kir3.1/3.4 (circles) and
Kir3.1/3.4(EQ) (triangles) at 30 (open symbols) and 300 mM K™ (filled
symbols). The solid lines are linear regressions to the data. (C) The
dependence of single-channel conductance on the symmetrical K™ con-
centrations. The solid line is a curve fit. Data are presented as mean * SD.

The open state and the bursting state are coupled

Our results so far show that in Kir3.1/3.4, all our mutants,
either at the pore helix or at the TM2 domain, affect single-
channel gating by stabilizing both the open and the bursting
states of the channel. We were interested in finding the
correlation between open-state stabilization and burst-
duration stabilization for Kir3.1/3.4. Plotting average burst
duration for each of the channel mutants as a function of its
open-state components shows that the average burst duration
exhibits a strong correlation with the longest open-time
component, 7,3—the larger the time constant, the longer the
mean burst duration (Fig. 9 A). It was important to establish
whether the increase in burst duration is due to the sta-
bilization of the bursting state itself or whether it is a mere
consequence of the more stable long open state within bursts.
Thus, the fractional increase (relative to Kir3.1/4 wild-type)
in 7,3, and in the average number of openings per burst for
each mutant, were calculated. Our results show that the
increase in the average number of openings per burst is the
main determinant for the increase in burst duration (Fig. 9 B).
Since burst durations are correlated with 7,3, and since the
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FIGURE 9 Open-time and burst duration are coupled in Kir3.1/3.4. (A)
Average burst duration at —100 mM plotted as function of each mean open-
time component. The solid line is a linear regression. (B) Fold increase over
wild-type in 73 and number of openings per burst for the various mutants.
(C) Number of openings per burst plotted as function of 7,3. The solid line is
a linear regression.

increased stability of the bursting state is mainly due to an
increase in the number of openings per burst, we were
interested to find out whether the stability of the open state
(1,3) correlates with the number of intraburst openings.
Indeed, Fig. 9 C shows a strong correlation between the two,
therefore suggesting that in inwardly rectifying K channels,
the stability of the intraburst open state and the stability of
the bursting state are strongly coupled.

DISCUSSION

Our work demonstrates the importance of the pore helix
region in controlling spontaneous gating of Kir channels.
From our results presented above, it is apparent that the
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amino acid composition at the bottom of the pore helix
dictates the stability of the open state, therefore partially
underlying the spontaneous gating characteristics of the
channel. The control of spontaneous gating by the bottom of
the pore helix mainly affects burst durations without
affecting K" ion-channel interactions. In addition, we have
been able to demonstrate that activation gating control by
Gpvy binding, and spontaneous gating control at the pore
helix, are separate and possibly independent processes.

Fast gating, manifested as rapid transitions between open
and closed states within bursts, has mainly been associated
with regions that interact with permeating K™ ions.
Mutations that affect single-channel mean open time usually
also affect the interaction of ions with the permeation
pathway, either by affecting the ability of the selectivity filter
to select for K¥ ions (Zheng and Sigworth, 1997), or by
changing the rate of ion conduction (Lu et al., 2001a; Proks
et al., 2001). From our results it seems that the E141Q/
E147Q mutation, which has a major effect on single-channel
Kinetics, had no effect on K* permeation of Kir3.1/3.4, as
selectivity and the dependence of single-channel conduc-
tance on symmetrical K concentrations is virtually identical
between the wild-type and this mutant channel. These results
are supported by previous work demonstrating that the side
chain at this position plays no role in permeation: Dart et al.
(1998) have found Kir2.1(Q140C) to be unavailable for
silver modification. Lancaster et al. (2000) showed that
Kir3.1(E141) does not play a role in Ba®" and polyamine
block of Kir3.1/3.4. Moreover, once aligning Kir3.1/3.4 on
the recently resolved KcsA structure (Zhou et al., 2001), it
appears that the glutamate side at the 141/147 position faces
the TM2 helix (probably in its closed state (Perozo et al.,
1999)). Additionally, we observed no effect of the 141/147
position on the mean duration of short intraburst closings
(see Tables 2 and 3, Supplementary Materials), leading us to
suggest that the 141/147 position does not play a role in the
classical process of K* dependent fast gating (Choe et al.,
1998, 2001). Other residues, located closer to the selectivity
filter, seem to play a role in this process in the closely related
Katp channel (Proks et al., 2001). In conclusion, it seems
that the bottom of the pore helix is involved in the
stabilization of a physical gate with a mechanism that is
independent of ion permeation.

What is the interplay between activation gating transitions
and open-state stabilization by the pore helix? On the single-
channel level, the effect of the pore helix mutation on gating
was qualitatively similar to those of two TM2 mutations that
rendered the channel constitutively active by stabilizing the
open conformation of the activation gate. We interpret this
data as stabilization of the open state of the same gate/s by
the pore helix mutation E141Q/E147Q and TM2 mutations.
However, the bottom of the pore helix and the two TM2
mutations seem to stabilize the open state of the spontaneous
gate via two different pathways, as the E141Q/E147Q
mutation does not interfere with activation gating. Moreover,
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the effects of the pore helix and TM2 mutations on gating
were additive, and a partial mutant cycle analysis indicates
no significant energy coupling between PH2 and the 170/176
or 179/185 residues.

We would like to interpret our data in light of the
emerging structural information concerning K* channel
activation gating. It has been established that the bending of
the TM2 helix underlies activation gating in G-protein gated
Kir channels (Sadja et al., 2001; Jin et al., 2002) as well as in
other K™ channels. However, recent data in the field shows
that for Kir2.1, Kir6.2, and CNG channels, access to the pore
from the intracellular side of the membrane is possible in the
closed state. (Craven and Zagotta, 2002; Philips et al., 2002;
Xiao and Yang, 2002) (but see Note added in proof). Given
the high degree of similarity between Kir channels, it is very
likely that the bundle crossing does occlude ion permeation
in the closed Kir3.1/3.4 as well. Our study provides clues to
suggest that the conformation of the TM2 helix does not
solely underlie the open state (and in particular, the bursting
state) stability of Kir3.1/3.4: First, the S170P\S176P mutant,
in which the TM2 helix is kinked to constitutively mimic the
GBvy-bound state of the channel, in which the bundle
crossing at the cytoplasmic end of the TM2 is dilated, still
displays bursting activity and, in fact, spends most of its time
in a closed state. Second, our results show that the pore helix
affects the stability of the spontaneous gate without affecting
the conformation of the TM2 helix, as evidenced by the lack
of effect on activation gating. Our study thus supports the
notion that the spontaneous gate and the TM2 helix bundle
crossing are not structurally identical. We propose that the
conformational changes at the TM2 induced by agonist
binding at the intracellular side of the channel may only serve
as a relay of signaling, to stabilize the opening of a physical
gate located elsewhere in the channel. Further studies are
required to identify the position of the spontaneous gate of
Kir channels, and the mechanism by which the TM2 and
pore helix influence its open-state stability.

The relationship between spontaneous and activation
gating for other K™ channels, such as voltage-gated chan-
nels, where the bundle crossing at the TM2/S6 was shown to
form a physical barrier for ion permeation (Liu et al., 1997,
del Camino and Yellen, 2001; Rothberg et al., 2002) will
need to be examined in detail in the future. It is interesting to
note that for the KcsA bacterial K™ channel, recent data
(Cuello and Perozo, 2002), suggest that a conformational
coupling exists between the TM2 and pore helix, where the
bottom of the pore helix responds to the activation state of
the TM2 helix, but does not affect proton-dependent ac-
tivation gating. It seems, thus, that for KcsA, some interplay
exists between the pore helix and activation gating at the
T™M2.

We have shown that the open-state stability is strongly
coupled to the bursting state stability in Kir3.1/3.4. We
cannot yet offer a plausible explanation to this intriguing
result. However, it seems that this phenomenon is not unique
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to G-protein-coupled channels. ATP was shown to affect
both open-state and bursting stability in the pancreatic Ktp
channel (Li et al., 2002). BK channels also exhibit a link
between intraburst and interburst gating (Magleby and
Pallotta, 1983). These findings suggest that the mechanism
controlling spontaneous gating may indeed be conserved
among different K™ channels.

How can we explain why spontaneous gating in the
constitutively active channel Kir2.1 was affected by
a combination of two pore helix mutations, whereas for
Kir3.1/3.4, only one mutation is sufficient? We have shown
that in Kir2.1 the residues at positions 140 and 141
cooperatively participate in single-channel gating. In
Kir3.1/3.4, however, only the position corresponding to
Kir2.1 Q140 is sufficient for controlling single-channel
gating. This suggests that despite the high extent of sequence
homology between the two channels, subtle differences exist
in the mechanisms by which the gating process is controlled.
The asymmetry in the pore of Kir3.1/3.4 at the 142/148
position may be the reason why this region has different
effects in the two channels. Asymmetry in the pore region of
Kir3.1/4 was previously shown to affect K* selectivity
(Silverman et al., 1998) and Ba®" block (Lancaster et al.,
2000). This fact also may explain the unique single-channel
kinetics of Kir3.4 homotetramers that do not burst (Corey
and Clapham, 1998; Guo and Kubo, 1998). Another
possibility is the fact that Kir2.1 is a constitutively active
channel, and has no apparent control by external cues. This
may suggest that the TM2 in Kir2.1, or in other
constitutively active K* channels, adopt a slightly different
conformation that affect the stability of the open state
differently.

Here we report of a critical domain in K™ channels that
controls spontaneous gating in K channels, through in-
fluencing the stability of the open state, and concomitantly,
the stability of the bursting state. This control of channel
gating is independent of K™ permeation as well as agonist
gating. The mechanism by which this domain influences
channel gating may be conserved among K™ channels.

SUPPLEMENTARY MATERIAL

An online supplement to this article can be found by visiting
BJ Online at http://www .biophysj.org.

Note added in proof: Recently, using methanosulfonate accessibility to the
water-filled cavity of Kir6.2 channel, it has been shown that TM2 bundle
crossing can occlude the accessibility of methanosulfonate reagents,
providing that the channel displays very low probability of opening
(<0.01) (Phillips et al., 2003). This thus suggests that the bundle crossing
may indeed form a physical gate for potassium ions.
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