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ABSTRACT Potassium channel activation regulates cellular excitability in cells such as neurons and heart. Ion channel
activity relies on a switching mechanism between two conformations, the open and closed states, known as gating. It has been
suggested that potassium channels are gated via a pivoted mechanism of the pore-lining helix. Our analysis suggests that
hinging occurs at the residue immediately preceding the central glycine of the inner helix. Furthermore, we show that the highly
conserved central glycine is necessary to prevent constraining interactions with critical residues in its vicinity, including those
located in the selectivity filter. We show that such interactions can impair channel function, and that upon their removal channel
activity can be restored.

INTRODUCTION

Potassium (K1) channel activation modulates cellular ex-

citability in several physiological systems including that of

neuronal and cardiac cells. A switching mechanism between

channel open and closed states known as gating regulates

activity and is triggered by a stimulus such as a change in

membrane voltage or ligand binding.

Comparison of two related bacterial channels suggested

that the highly conserved central glycine of the inner helix

plays the role of a gating hinge (1). The MthK channel

structure includes its gating machinery (the gating ring) and

contains a bound ligand (a Ca21 ion) that causes the channel

to reside in an open state (PDB code 1LNQ). This structure

was compared to the structure of the closed KcsA bacterial

potassium channel (PDB code 1K4C) (2). A comparison of

the two structures revealed large differences in the inner

helices: in KcsA they are almost straight, whereas in MthK

they are bent ;30�. It was thus concluded that the bend in

MthK occurs at the highly conserved central glycine, which

corresponds to Gly-83 in MthK (1) and to Gly-99 in KcsA

(2). This was attributed to the unique flexibility of this

highly conserved glycine, which is conserved in 81% of potas-

sium channels, following its ability to adopt a wide range of

main-chain dihedral angles. The corresponding central

glycine of the homomeric Kir3.4* (or GIRK4*) channel

(i.e., Kir3.4(S143T) (3)), an inwardly rectifying potassium

channel gated by the bg subunits of G-proteins (4,5), was

mutated to all other amino acids to investigate its role in

the gating mechanism of the channel (6). These experiments

showed that in most cases the mutants exhibited low-level

activity with characteristic long bursts of activity and long

silent periods, suggesting that the flexibility of the glycine at

this position is required for ensuring the frequent gating of

the helix bundle crossing (HBC) of the channel. The HBC is

defined as the position in the inner helix (TM2) at which the

distance between the a-carbon of the residue at this position

and its counterpart on the diagonally facing subunit reaches

a minimum. In Kir3.4 (GIRK4), position 187 was suggested

to be the HBC and to serve as a gate (6).

Following these studies, additional studies in potassium

and sodium channels have suggested that the central glycine

of the inner helix is located at the position at which the inner

helix undergoes a rigid body movement of a pivoted bend

during gating or in its vicinity, thus playing the role of a

gating hinge. These studies include structural studies that in-

volve a comparison between KcsA and the voltage gated po-

tassium channels, KvAP (7) (PDB code 1ORQ), functional

investigations of two eukaryotic voltage dependent potas-

sium channels, Shaker (8,9) and BK (8), and the study of the

bacterial Na1 channel NaChBac (10). In the structural study

of the bacterial KvAP channel, it was suggested that the pore

of the channel is in an open conformation, and that the inner

helix bends at the central glycine. This was attributed to

crystallographic packing forces. In the functional studies that

concentrated on the Shaker and the BK channels, the central

glycine was mutated to Ala among other residues. The

alanine mutation resulted in lack of function in the case of the

Shaker and in reduced currents in the case of the BK chan-

nels, which was attributed to the loss of flexibility due to the

loss of the glycine. Several observations do not fit with this

interpretation. In the case of the Kir3.4* (GIRK4*) channel,

mutation of the central glycine to alanine did not result in

reduced currents. Among the Shaker and the BK channels

themselves there is large variation in the effect of mutation of

the central glycine to alanine. Also, in studies concerned with

members of the KCNQ-type potassium channels (11,12), it

was found that whereas KCNQ1 (Kv7.1) has an alanine at

the equivalent position and is functional, mutation of the

central glycine in KCNQ2 (Kv7.2) to an alanine results in a

nonfunctional channel. In addition, whereas enhanced flex-

ibility induced by glycine residues in transmembrane a-helices
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has been demonstrated by molecular dynamics simulations

(13,14), in a simulation of the G99A mutant of KcsA, it was

found that the channel opening trajectory of the mutant was

very similar to that of the wild-type KcsA (15). In fact, in this

study the central glycine was viewed as a part of an extended

kink region that includes residues 95-105 of KcsA. Further

inconsistencies are also obtained when comparing the result

of the mutation of the central glycine to proline in Shaker, in
Kir3.4* and in NaChBac.Whereas in Shaker and in NaChBac,

this mutation resulted in enhanced currents, in Kir3.4*, the

currents were significantly decreased. Furthermore, follow-

ing the structural study of the bacterial KirBac1.1 potassium

channel (16) (PDB code 1P7B), it was suggested that another

conserved glycine located nine residues below the central

glycine is the gating hinge. This glycine is conserved among

;41% of potassium channels. Moreover, in the structural

study of the mammalian Shaker family Kv1.2 channel (17)

(PDB code 2A79), it was suggested that the pore of the chan-

nel is open due to bending at the PVP motif, whose second

proline is located at the position that corresponds to the lower

glycine. This was also suggested following the mutagenesis-

based studies of this motif in the Shaker-type Kv1.5 channel

(18) and of the equivalent motif, PAG, in KCNQ channels (12).

Here, we first address the question of the location of

the gating hinge of potassium channels. We identify in the

crystallographic structures of both the open ligand gated

MthK and voltage gated KvAP channels the residue located

immediately above the central glycine as the gating hinge of

potassium channels. Comparison between the closed KcsA

and the open MthK and KvAP channels and examination of

the properties of the equivalent residue for the case of the G

protein gated inwardly rectifying potassium channel, Kir3.4*

(GIRK4*), further support this observation. We then address

the question of the importance of the central glycine to gating

through the examination of the effect of its mutation to other

residues in the Kir3.4* channel. We find that mutations of

the central glycine give rise to constraining interactions with

critical residues in its vicinity, including those located in the

signature sequence of the selectivity filter. We conclude that

the small size of the glycine is key in avoiding such con-

straining interactions.

MATERIALS AND METHODS

Conformational memories

The starting coordinates of the 28-residue TM2 segment of Kir3.4* were

modeled as a-helix following the homology model of Kir3.4* to KCSA (6).

The method of conformational memories (19–20) included two phases: the

exploratory phase and the biased sampling phase. The Monte Carlo (21)

simulations of the TM2 were performed by varying the torsional angles.

Backbone dihedral angles were restrained to 650� from the values of

dihedral angles in a-helices: (f,c) ¼ (�57�,�47�). Side-chain dihedral

angles were rotated freely. In each round in the exploratory phase, repeated

runs of Monte Carlo (21) simulated annealing (22) were performed from a

starting temperature of T1 ¼ 4000K, with a cooling schedule of Tn11 ¼
0.9Tn, and 30,000 steps per temperature to reach 295 K. In the sampling

phase, the starting temperature in each round was T1 ¼ 897 K. Analysis of

the resulting conformations was performed at Tn ¼ 295 K. The environment

was modeled by a distance-dependent dielectric. The force field for the

energy calculation, was the CHARMM force field (23). To reach convergence

of the resulting conformations, 200 rounds of independent random simulations

were performed for each construct. 100 representative structures of each TM2

construct were selected for analysis.

Construction of cumulative structures for the
analysis of the differences between
crystallographic structures

Before the construction of the cumulative structures, the backbone dihedral

angles of inner helix residues that correspond to positions 89–110 of KcsA

were determined for KcsA, MthK, and KvAP using CHARMM (23). The

starting coordinates for constructing structures that represent the cumulative

effect of changing the dihedral angles of a closed conformation of the channel

to an open conformation was the crystallographic structure of the KcsA

tetramer (2). The first structure was obtained by changing the backbone

dihedralc angle of position 89 in the different subunits ofKcsA to the value of

the corresponding dihedral angle in the open conformation examined (MthK

or KvAP) using the molecular graphics analysis program Quanta (Accelrys).

The second structure was obtained by changing the values of the backbone

dihedral f and c angles of position 90 in KcsA to the value of the corre-

sponding angles in the open conformation in addition to the change of the di-

hedral angle of position 89. This procedure was continued up to position 110.

Molecular modeling via restrained
molecular dynamics

MD simulations were performed using CHARMM (23) version 26. The

initial structure of Kir3.4* was constructed as a homology model of the

KcsA crystallographic structure (6). We used structurally restrained

molecular dynamics simulations that maintain the structural integrity of

the helical TM domain. Specifically, we imposed NOE type restraints on

a-helical backbone distances as well as harmonic restraints on the Ca atoms

of residues in TM1. Following a minimization stage using the Steepest

Descent and the adopted-basis Newton Raphson algorithms, a 1.2-ns MD

simulation at room temperature was carried out. The environment was

modeled by a distance-dependent dielectric. The force field for the energy

calculation is the CHARMM force field (23). Comparison of the structure of

KcsA with the structure of KirBac1.1 that was crystallized later shows that

the main differences are in the TM1 helix as well as in the C-terminal part of

the inner helix (Supplemental Fig. S1 A). In the simulation we have

examined the region that includes the central and N-terminal parts of the

inner helix as well as the N-terminal region of the signature sequence of the

channel and adjacent residues in the pore helix. In this region, KcsA and

KirBac1.1 almost overlap, such that the RMSD (root mean square deviation)

is 0.75Å (Fig. S1 B). As a result and in view of the constraints applied in the

simulations, the results obtained using a homology model based on the KcsA

structure would be consistent with results that would be obtained on the basis

of a homology model that is based on the more recent KirBac1.1 structure.

Expression of recombinant channels in
Xenopus oocytes

Point mutations on the background of the control or GFP tagged channel

Kir3.4(S143T) (Kir3.4*) (24) were generated using the Quickchange site-

directed mutagenesis kit (Stratagene, La Jolla, CA). cRNAs were transcribed

in vitro using the ‘‘Message Machine’’ kit (Ambion, Austin, TX). cRNA

concentration of Kir3.4* was estimated from two successive dilutions,

which were electrophoresed in parallel on formaldehyde gels and compared

to known concentrations of an RNA marker (GIBCO, Gaithersburg, MD).

Oocytes were isolated and microinjected as previously described (25).
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Expression of channel proteins in oocytes was accomplished by injection of

the desired amount of cRNA into Xenopus oocytes. In all two-electrode

voltage clamp experiments, oocytes were injected with cRNA, 2 ng of

channel, and 2ng of each G protein subunit or bARK1-pH domain or

Muscarinic type 2 (M2) receptor when required. In the single-channel ex-

periments oocytes were injected with 0.1-1ng of channel cRNA. All oocytes

were maintained at 17�C. Two-electrode voltage clamp recordings were

performed 2 days following injection. Single channel recordings were

performed 1–2 days after injection.

GFP surface expression

Detection of GFP-tagged channels in oocytes was performed as was

previously described (26). RNA from GFP-tagged channels was injected

into oocytes and, 2–3 days after injection, Xenopus oocytes were fixed in

4% paraformaldehyde overnight at room temperature. Fixed oocytes were

embedded in 2.5% agarose, and 50-mm sections were cut using a Vibratome.

The cut sections were mounted on cover slips and imaged using a Leica TCS

confocal microscope. To compare fluorescence intensities among different

oocyte sections, image acquisition parameters such as pinhole size, intensity,

and offset were kept constant.

Two-electrode voltage-clamp recording
and analysis

Whole-cell currents were measured by conventional two-microelectrode

voltage clamp with a GeneClamp 500 amplifier (Axon Instruments, Union

City, CA), as previously reported (25). A high-potassium (HK) solution was

used to superfuse oocytes (in mM: 96KCl, 1 NaCl, 1MgCl2, 5 KOH/HEPES

[pH 7.4]). Basal currents represent the difference of inward currents obtained

(at�80 mV) in the presence of 3 mMBaCl2 in HK solution from those in the

absence of Ba21. To evoke receptor-dependent Kir3.4* currents (IK,ACh)
(27), various concentrations of acetylcholine in high K solution were used.

Kir3.4* current (IK,ACh) amplitudes from the application of five different

ACh concentrations were normalized to the maximal current (Imax) elicited

within each oocyte (1 mMACh). Each experiment shown was performed on

3–5 oocytes of the same batch. A minimum of two batches of oocytes were

tested for each normalized recording shown. Recordings from different

batches of oocytes were normalized by the mean of whole-cell basal currents

fromoocytes expressing the control channelKir3.4*. Statistics (i.e.,mean and

standard error of the mean) of each construct were calculated from all of the

normalized data recorded from different batches of oocytes.

Single-channel recordings and analysis

The single-channel activity was recorded using an Axopatch 200A amplifier

(Axon Instruments). The bath solution contained (in mM): KCl 96, EGTA

0.5, and HEPES 10 [pH 7.40]. The pipette solution contained (in mM) KCl

96, EGTA 0.5, EDTA 10 and HEPES 10 [pH 7.40]. 100 mM gadolinium

was routinely included in the pipette solution to suppress native stretch

channel activity in the oocyte membrane. Chemicals were purchased from

Sigma (St. Louis, MO). Single-channel currents were filtered at 1–2 kHz

with a six-pole low-pass Bessel filter, sampled at 5–10 kHz and stored

directly into the computer’s hard disk through the DIGIDATA 1200

interface (Axon Instruments). Single-channel analysis was carried out with

pClamp9 (Axon Instruments).

RESULTS

Location of the gating hinge in ligand gated and
voltage gated potassium channels

Fig. 1 A displays the alignment of residues 165–187 of the

inner helix of Kir3.4 with the corresponding residues of

KcsA, MthK, KvAP, and Kv1.2. We will refer to the num-

bers of the Kir3.4 residues in making reference to a particular

position in each of the channels shown.

Compared with the closed structure of KcsA (PDB code

1K4C), MthK (PDB code 1LNQ), KvAP (PDB code 1ORQ),

and Kv1.2 (PDB code 2A79) all show some degree of open-

ing. Fig. 1 B displays the relative conformations of the four

channels. To compare the extent of opening in these struc-

tures, we examined the distance between the a-carbons of

opposite subunits at the helix bundle crossing (HBC), i.e.,

at the equivalent position to position 187 in Kir3.4 (6).

The crystallographic structure of MthK portays an open

conformation in which the distance at the HBC between the

a-carbons of opposite subunits is ;40 Å. In the crystallo-

graphic structure of the voltage-gated KvAP the correspond-

ing distance is ;27 Å. As the open conformation obtained

for KvAP is not achieved through its native mechanism but

rather most probably due to crystal packing, this structure

may represent an intermediate state between the closed and

open state of KvAP. In the recent crystallographic structure

of the voltage gated Kv1.2 channel, the distance between the

a-carbons of opposite subunits is ;17 Å, which is signif-

icantly less than the opening in KvAP, and which is closer to

the HBC distance of ;9 Å in KcsA, as can be seen in Fig.

1 B. This result casts doubt that the crystallographic structure
of Kv1.2 displays an actual open conformation of the inner

helix. Furthermore, as can be seen in Fig. 1, C and D, MthK

and KvAP show a clear bend in the inner helix, at the vicinity

of the central glycine of the inner helix. In fact, within the

resolution limitations of crystallographic structures, both

structures suggest that the bend occurs at the residue that

precedes the central glycine, position 174 in Kir3.4. Kv1.2,

on the other hand, shows no bend in the vicinity of the

central glycine whereas some bending is observed at the PVP

motif, which is located at the corresponding positions to

182–184 of Kir3.4.

As both the MthK and KvAP crystallographic structures

suggest that there is a bend at the residue that precedes the

central glycine, it is possible that the residue above the gly-

cine and not the glycine itself serves as the hinge in the

transition from the closed to the open channel conformations.

In both Kir3.4 and MthK there is a leucine in position

174 that precedes the central glycine. In KcsA and Kv1.2

there is an alanine and in KvAP a threonine in the equivalent

position.

The structural features of a hinge can be characterized by

two parameters, the bend and wobble angles, which can be

defined in terms of a prehinge helix and a posthinge helix

similarly to the characterization of proline kinks (28), see

Fig. 1 E. These refer to the part of the helix from the

N-terminus to the hinge residue and to the part from the hinge

residue to the C-terminus, respectively. The bend angle is the

angle between the two parts of the helix when it is bent along

its axis. It ranges from 0� to 180�, such that the closer its

value to 0�, the smaller the bend in the helix is. The wobble
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angle is the angle that defines the orientation of the post-

hinge helix in 3D, with respect to the pre-hinge helix. It

ranges from 0� to 360�. The wobble angle is close to 0� (or
360�) when the axis of the post-hinge helix is bent toward the
a-carbon of the hinge residue, and it is close to 180� when it

is moved away from the hinge. Fig. 1 F depicts the bend and

wobble angles for MthK and KvAP (29). MthK displays a

larger bend angle of ;32� compared to KvAP in which the

bend angle is 21�. In addition, the orientation of the post-

hinge helix differs in the two structures. The wobble angle in

the KvAP structure is ;134�, whereas in MthK it is ;71�.
To quantify the details of the bending motion of the inner

helix in potassium channels, we examined the differences in

the dihedral angles of the inner helix residues in the crystal-

lographic structures of the bacterial KcsA channel (2), rep-

resenting the closed state and the bacterial MthK structure (1),

representing the open state. It has been suggested that MthK

represents the open conformation of potassium channels.

FIGURE 1 (A) Sequence alignment between residues 165–187 of the inner helix of Kir3.4 with the corresponding residues of KcsA, MthK, KvAP, and

Kv1.2. Leu-174 of Kir3.4, Ala-98 of KcsA, Leu-82 of MthK, Thr-219 of KvAP, and Ala-397 of Kv1.2 are highlighted. The numbers above the alignment refer

to Kir3.4 numbers. (B) Relative orientation of the inner helix of KcsA (gray), MthK (green), KvAP (pink), and Kv1.2 (blue). (C) The TM pore domain of the

open conformation of MthK (PDB code 1LNQ), showing the bending of the inner helix at Leu-82 (red), the position that precedes the central Gly-83 (yellow).

(D) The TM pore domain of the open conformation of KvAP (PDB code 1ORQ), showing the bending of the inner S6 helix at Thr-219 (red), the position that

precedes the central Gly-220 (yellow). (E) Diagram displaying the bend and wobble angles in a hinged helix. (F) Bend and Wobble angles of the inner helices

of MthK (green) and KvAP (pink) as obtained using the program Simulaid (29).
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Previous EPR studies of the conformational changes of the

KcsA transmembrane domain that occur when the channel

opens (30–31) are consistent with the crystallographic struc-

ture of MthK. Similarly to the MthK structure, the EPR

studies showed that TM2 undergoes tilting away from the

permeation pathway and twisting around its helical axis with

a pivot point near the middle of TM2. We have chosen to

compare MthK to KcsA and not to the more recently deter-

mined KirBac1.1 potassium channel (16) as MthK is more

closely related to KcsA than KirBac1.1, and currently the

open state conformation structure from KirBac channels is

not available. Furthermore, KcsA and KirBac1.1 are super-

imposable in the key regions discussed below, including the

relevant part of the inner helix, in which the bending motion

occurs (Supplemental Fig. S1). Moreover, modeling of the

open state of KirBac1.1 on the basis of electron microscopy

data on two-dimensional crystals of the inwardly rectifying

potassium channel KirBac3.1 are also in agreement with the

open configuration of MthK (32). Fig. 2 A displays the

values of the backbone dihedral angles of the inner helix

residues of KcsA and MthK. The first largest change in di-

hedral angles between KcsA and MthK occurs at position

174 that precedes the central glycine in agreement with the

bend seen in the crystallographic structure of MthK (Fig. 1 C).
To examine the effect of the differences in the dihedral

angles we examined the accumulating effect of changing the

backbone dihedral angles of the inner helix residues from the

KcsA conformation to the MthK conformation on the fol-

lowing measures: a), the distances between the a-carbons of
opposite subunits at the equivalent position to 187 in Kir3.4,

the helix bundle crossing (HBC), which is a measure of the

extent of the opening of the channel and b), the distances

between the position of the a-carbon of the HBC in KcsA

and its position in MthK, which enables determination of the

position of the transition from a closed conformation to an

open conformation. Fig. 2 B depicts the accumulating

changes in the distance between the a-carbons of the HBC,
as the dihedral angles of KcsA are changed to those of MthK

(Fig. 2 A). The accumulated opening distance obtained

following the change in the dihedral angles of the residue

located immediately above the central glycine is 38.9 Å.

When changing the dihedral angles of this position alone, the

distance obtained at the HBC is 40.7 Å. In contrast, the dis-

tance at the HBC obtained following a change in the dihedral

angles of the central glycine alone leads to an opening of

12.9 Å only. This is comparable to the distance of;8.9 Å at

the HBC for the closed KcsA channel.

Examination of the accumulating effect of changing the

backbone dihedral angles of the inner helix residues from the

KcsA conformation to the MthK conformation on the posi-

tion of the a-carbon of the HBC (see Fig. 2, C–E), shows that
before the change in the dihedral angles of the position that

precedes the central glycine, the position of the a-carbon
at the HBC remains close to its position in the KcsA struc-

ture. In fact, after incorporating the changes in the dihedral

angles of two helical turns that correspond to positions 165–

172, the HBC returns to a distance of 0.75 Å from its position

before these changes. Following changes in the backbone

dihedral angles of position 173, the a-carbon at the HBC

moves toward the open conformation of the channel, 5.0 Å

from its position before these dihedral angle changes, and

;19 Å from to its position after incorporating the dihedral

angle changes of positions 165–186. When the dihedral

angles at 174, the position that precedes the central glycine,

are changed the distance from the position of the a-carbon of
the HBC in KcsA increases to ;24 Å, whereas the distance

from its position in the MthK structure decreases to ;2 Å.

After changes in the backbone dihedral angles of three

helical turns that correspond to positions 175–185, the HBC

returns to approximately the same distances from its position

in the KcsA structure (24–25 Å), and from its position in the

open MthK structure (1–2 Å). Thus, until the incorporation

of the change in the backbone dihedral angles of the residue

located above the central glycine, the position of the HBC

fluctuates around its location in the closed KcsA conforma-

tion. After incorporating the changes in the backbone dihedral

angles of position 174, however, the position of the a-carbon
at the HBC moves closer to its position in the MthK confor-

mation and fluctuates around this position. This observation

reinforces the role of the residue that precedes the central

glycine in the inner helix as the hinge of the channel.

To further explore the location of the gating hinge we have

proceeded to compare the structure of the voltage-gated

potassium channel, KvAP (7), with the KcsA (2) structure.

KvAP is opened wider than the closed KcsA structure

possibly due to crystal packing interactions. Comparison

between the dihedral angles of KcsA and KvAP (see Fig. 3

A) shows that the differences between them are smaller than

the differences between KcsA and MthK. As noted above,

the crystallographic structure, however, shows a clear bend

in the S6 inner helix, at the residue that precedes the central

glycine (Fig. 1D). Fig. 3 B depicts the accumulating changes

in the distance between the a-carbons of the equivalent

position to 187 in Kir3.4, the HBC, between two opposite

subunits as the dihedral angles of KcsA are changed to those

of KvAP. Comparison of this figure with Fig. 2 A, shows that
apart from the fact that the opening in KvAP (27.4 Å after

changing the dihedral angles of positions 165–186) is

significantly smaller compared to the opening in MthK

(40.5 Å), the figures portray a similar trend. Similarly to the

analysis of the open conformation of MthK, we have also

examined the accumulating effect of changing the backbone

dihedral angles of the inner helix residues from the KcsA

conformation to the KvAP conformation on the position of

the a-carbon of the HBC. As can be seen in Fig. 3 C, simi-

larly to the result obtained in the case of MthK (Fig. 2 C),
before the change in the dihedral angles of the position

that precedes the central glycine, the position of the a-carbon
at the HBC remains close to its position in the KcsA

structure.
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FIGURE 2 (A) Backbone dihedral angles of inner helix residues of KcsA (residues 89–110) and MthK (residues 73–95) that correspond to positions 165–

186 of Kir3.4. (B) Effect of the cumulative changes of the backbone dihedral angles of the inner helix of KcsA to those in MthK on the distances between the

a-carbons of opposite subunits at the HBC and (C) on the distances between the positions of the a-carbon of the HBC and its position in KcsA and MthK. (D)

Ribbon representation of the backbones of two diagonally facing subunits of the homology model of Kir3.4 based on the KcsA structure, and the effect of

changing the backbone dihedral angles of positions 165–186 of the inner helices to their value in the MthK channel. The connected lines portray the

accumulating effect of the changes in the backbone dihedral angles of the inner helix residues from the KcsA conformation to the MthK conformation on the

position of the a-carbon of the HBC, for the two subunits. (E) Enlargement from Fig. 1 D for subunit A. The numbers correspond to Kir3.4 numbering.
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Stimulus application leads to full activation
regardless of the hinge size

To experimentally examine the characteristics of this posi-

tion, we mutated (see Methods) Leu-174 in the Kir3.4*

channel to methionine and phenylalanine. The results show

that when the size of the residue at position 174 increases, the

basal current decreases (p, 0.05 for each pair, see Fig. 4 A).
Furthermore, coexpression of the channel with Gbg (see

Methods) leads to similar current activity for the control and

the mutants (p. 0.1 for the mutants coexpressed with Gbg).
These results suggest that when the size of the residue at

position 174 increases above the size of the leucine, the

barrier for the transition from the closed conformation to the

open conformation of the channel increases, making it more

difficult to open the channel. Following coexpression of the

channel with Gbg this difference is overcome, resulting in

similar activity levels for the control Kir3.4* and the two

mutants.

Constitutive activity via strongly similar mutations
of the gating hinge

Two interesting mutations at position 174 of Kir3.4*, L174V

and L174I, result in constitutively active channels (Fig. 4 B).
In contrast to the control Kir3.4* and to the Kir3.4*L174M

and Kir3.4*L174F mutants, whose basal current is com-

pletely inhibited by the Gbg scavenger PH domain of

the b-adrenergic receptor kinase (bARK-PH) (33), both

Kir3.4*L174V and Kir 3.4*L174I showed reduced sensitiv-

ity to bARK-PH. To examine the effect of these mutations

FIGURE 3 (A) Backbone dihedral angles of residues located in the inner helix of KcsA (residues 89–110) and KvAP (residues 210–231) that correspond to

positions 165–186 of Kir3.4. (B) Effect of the cumulative changes of the backbone dihedral angles of the inner helix of KcsA to those in KvAP on the distances

between the a-carbons of opposite subunits at the HBC and (C) on the distances between the positions of the a-carbon of the HBC and its position in KcsA and

KvAP.
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on the structure of TM2 we used the method of conforma-

tional memories (see Methods), and calculated the distance

between the a-carbons of the HBC. The results presented in

Figs. 4, C–F, show that unlike in the cases of Kir3.4*L174M

and Kir3.4*L174F, in both Kir3.4*L174V and Kir

3.4*L174I the distribution of the opening distance is shifted

to larger values (see Figs. 4,G–H). Whereas for Kir3.4*L174M

and Kir3.4*L174F, the average of the distribution shifts to a

lower value, but the range of the distribution (9.5 Å–28.1 Å

for Kir3.4*L174M and 10.0–27.1 Å for Kir3.4*L174F)

resembles that of the control Kir3.4* (9.8–27.8 Å), the range

of the distribution shifts to 12.3–29.1 Å for Kir3.4*L174I

and to 13.1–32.5 Å for Kir3.4*L174V. Since the open

probability of Kir3.4* coexpressed with exogenous Gbg is

;2.5% (34), a subtle shift in the distribution of the distance

at the HBC between two opposite subunits may be sufficient

to produce the level of constitutive activity observed. Fig. 4 I
depicts the normalized basal currents of Kir3.4* and the

L174 mutants discussed above as a function of the average

opening distance at the HBC. These results suggest that the

FIGURE 4 (A) Summary of normalized whole-cell, currents from control Kir3.4*, Kir3.4*L174M, and Kir3.4*L174F expressed alone or with Gbg or

bARK-PH recorded in Xenopus oocytes at�80 mV (* p, 0.05, Unpaired t-test). (B) Summary of whole-cell currents from control Kir3.4* and Kir3.4*L174I,

and Kir3.4*L174V expressed alone or with Gbg or bARK-PH recorded in Xenopus oocytes at �80 mV. (C–F) Histograms of the distances between the Ca’s

of position 187, the HBC, between two opposite subunits for Kir3.4*, Kir3.4*L174M, Kir3.4*L174F, Kir3.4*L174I, and Kir3.4*L174V as obtained from

alignment of the results of the conformational memories simulations with two opposite subunits of the KcsA based homology model of Kir3.4*. (G) Statistics

of the data presented in (C–F) for Kir3.4* and the mutants Kir3.4*174F, Kir3.4*L174M, Kir3.4*174I, and Kir3.4*174V regarding the distribution of the

distances between the a carbons of the helix bundle crossing residues (F187) of two diagonally facing subunits in Kir3.4*. (H) Graphical presentation of the

range of the distances summarized in (G). (I) Normalized basal Kir3.4* currents as a function of the average distance between the a carbons at the HBC of two

diagonally facing subunits.
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basal currents increase with the opening distance at the HBC

implying that the opening of the channel can be controlled

from position 174. This conclusion is consistent with the

observation obtained from comparing the crystallographic

structures of KcsA and MthK and KvAP, namely that the

position above the central glycine can play the role of the

gating hinge.

The highly conserved central glycine of TM2 is
needed to avoid constraining interactions with
the selectivity filter gate

When the highly conserved central glycine of the inner helix

in Kir3.4*, Gly-175, is mutated to other amino acids, in most

cases the resulting mutants show decreased basal currents.

To understand the molecular details of the effect of mutation

of Gly-175, we have carried out molecular dynamics sim-

ulations of Kir3.4* for the different mutants using a KcsA (2)

based homology model of Kir3.4 (6). As the structure in the

region examined in the simulation is superimposable to the

KirBac1.1 structure (16), the results of the simulations are

likely to be applicable also to a KirBac1.1 based homology

model of Kir3.4 (see Methods and Supplemental Fig. S1).

We used structurally restrained molecular dynamics simu-

lations that maintain the structural integrity of the TM

domain (see Methods). For several mutants in which Gly-

175 was replaced by charged or polar residues such as as-

partate, glutamate, lysine, and glutamine, the side chains of

these residues interacted with residues in their vicinity.

Depending on the mutant, the interactions observed included

the side chain of Asn-179 as well as of Thr-149, which is a

part of the selectivity filter, see for example Fig. 5, A–B.
To test the importance of these interactions to the effect of

the Gly-175 mutants on channel activity, we mutated Asn-

179 to aspartate. Kir3.4*N179D shows similar level of ac-

tivity compared to Kir3.4* (Fig. 5 C), and similar single

channel current amplitude (Figs. 5 E and 6 E–F). In addition,
both asparagine and aspartate appear in this position in

different inward rectifiers: asparagine appears in Kir1.1,

Kir3.2–Kir3.4, Kir5.1, and Kir6.1–Kir6.2, and aspartate ap-

pears in Kir2.1–Kir2.4 and Kir3.1. Whole-cell recordings of

the double mutants of N179D with different mutants of Gly-

175 show significant increase in the activity level of the dou-

bly mutated channels compared with the activity of the 175

mutants; see Fig. 5 C.
The most significant enhancement of channel activity

following the addition of the second mutation N179D was

obtained for the Kir3.4*G175K mutant, whose whole-cell

currents have suggested that it is not functional (6). The

double mutant, Kir3.4*G175K_N179D, showed significant

increase in the activity level compared with Kir3.4*G175K

(Fig. 5 C). In fact, the double mutant displayed whole-cell

currents of;50% of the control Kir3.4* channel. Since GFP

tagging (see Methods) showed that lack of activity in the

case of the G175K mutation was not due to lack of

expression (see Fig. 5 D), and since this mutant did not

reduce single channel conductance (see Figs. 5 E and 6 E–F),
we have proceeded to analyze the details of the interactions

of the lysine with its surroundings. Molecular Dynamics

simulations showed that whereas in the single mutant

Kir3.4*G175K, HZi (i ¼ 1,2,3) of the lysine hydrogen

bonded with the side chain OG1 of Thr-149 in ;60% of the

structures, the double mutant displayed this interaction in

only ;25% of the structures (Fig. 6 A). On the other hand,

the double mutant interacts with the side chain of position

179 in ;96% of the structures, whereas the single mutant

displays interaction with the side chain of position 179 only

in ;25% of the structures (Fig. 6 B). This analysis shows

that following the N179D mutation, significant changes in

the balance in the interaction pattern between position 175

and positions 149 and 179 occur such that the interactions

between Lys-175 and Thr-149 are reduced and Lys-175

shows higher probability of interacting with the side chain of

Asp-179 instead. These results led us to hypothesize that the

reason Kir3.4*G175K displays very low basal currents is

due to its interaction with Thr-149, which is a part of the sig-

nature sequence of the selectivity filter.

To test this hypothesis, we mutated Thr-149 to several

other residues, which have been shown not to affect the

selectivity properties of the channel in the case of Shaker
voltage-gated potassium channel, and include alanine,

asparagine, glycine, and serine (35). All four Thr-149 mutants

in Kir3.4* showed that the selectivity of the channel was not

affected by this mutation (See Fig. 7 A for Kir3.4*T149S).

These mutations, however, affect the activity level of the

channel, possibly due to an effect on the gating of the

channel. It has been recently shown that a point mutation on

the Shaker voltage-gated potassium channel at the corre-

sponding position of 149 of Kir3.4* displayed substantial

energetic coupling with mutations that affect the activation

gate located at the HBC (36). Among the four residues

mentioned above, serine is the closest residue to threonine.

Thus, to avoid introduction of additional factors, we have

chosen the T149S mutation to further investigate the effect of

the G175K mutation. In addition, as ACh signaling through

Muscarinic type 2 (M2) receptors activates Kir3 channels

specifically via the bg subunits of G-proteins, we examined

the effect of this mutation on the ACh dose-response curve

of Kir3.4* (see Methods). As can be seen in Fig. 7 B, the
Kir3.4*T149S mutation did not have a significant effect on

the ACh dose-response curve. In addition, as can be seen in

Fig. 6, E–F, this mutant did not have a significant effect on

single channel conductance as well.

Kir3.4*T149S displayed basal currents of ;50% com-

pared to Kir3.4* (Fig. 6 C). Mutation of G175K in addition

to T149S resulted in a decrease in basal current to a level

of ;40% compared to the Kir3.4*T149S mutation (see

Fig. 6 C). This ratio between the whole-cell currents of

Kir3.4*T149S_G175K and Kir3.4*T149S is comparable to

the ratio of ;50% obtained for Kir3.4*N179D_G175K and
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Kir3.4*N179D. Simulation of the Kir3.4*T149S_G175K

double mutant shows that the double mutant displays

H-bonding between HZi (i ¼ 1,2,3) of the lysine side chain

and the side chain OG of the serine at position 149 in only

24% of the structures compared to the single mutant

Kir3.4*G175K, that displays H-bonding between HZi (i ¼
1,2,3) of the lysine and the side chain OG1 of Thr-149 in

over 60% of the structures, see Fig. 6 D. This is comparable

to the percentage of H-bonding of 25% between HZi (i ¼
1,2,3) of Lys-175 and the side chain OG1 of Thr-149 in the

Kir3.4*N179D_G175K double mutant (Fig. 6 A). These

results support the observation obtained from the simulation,

namely that there is interaction between Lys-175 and Thr-

149. Furthermore, they also support the hypothesis that this

interaction plays a significant role in reducing the basal

current of Kir3.4* upon mutation of Gly-175 to a lysine.

FIGURE 5 (A) Representative conforma-

tions of the TM domain of one subunit of the

Kir3.4*G175K mutant showing the interac-

tions observed between K175 and the side

chain of N179 and (B) the side chain of T149,

which is a part of the selectivity filter. The

inserts display the details of the nomenclature

of the atoms that participate in the interaction.

(C) Whole-cell basal currents from Kir3.4*,

Kir3.4*N179D, Kir3.4*G175D, Kir3.4*G175E,

Kir3.4*G175K, Kir3.4*G175Q and the dou-

ble mutants Kir3.4*G175D_N179D, Kir3.4*-

G175E_N179D, Kir3.4*G175K_N179D, and

Kir3.4*G175Q_N179D recorded in Xenopus

oocytes at �80 mV. (D) Confocal images

from oocyte sections expressing GFP-tagged

Kir3.4* subunits or Kir3.4*G175K. An image

from an uninjected oocyte section is shown for

comparison. Black and white images of the

oocyte sections are also shown. (E) Examples

of single channel bursts obtained from Kir3.4*,

Kir3.4*N179D, Kir3.4*G175D, Kir3.4*G175E,

Kir3.4*G175K, and Kir3.4*G175Q recorded at

�80 mV in a cell-attached mode.
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FIGURE 6 (A) H-bonding between HZi (i ¼ 1,2,3) of the lysine with the side chain OG1 of T149 in Kir3.4*G175K and Kir3.4*G175K_N179D. (B)

H-bonding between HZi (i ¼ 1,2,3) of the lysine with the side chain of position 179 in Kir3.4*G175K and Kir3.4*G175K_N179D. (C) Whole-cell basal

currents from Kir3.4*, Kir3.4*G175K, Kir3.4*T149S, and Kir3.4*G175K_T149S recorded in Xenopus oocytes at �80 mV. (D) H-bonding between HZi (i¼
1,2,3) of the lysine with the side chain OG of position 149 in Kir3.4*G175K and Kir3.4*G175K_T149S. (E) Representative traces of single channel recordings

obtained from Kir3.4*, Kir3.4*G175K, Kir3.4*N179D, Kir3.4*T149S, Kir3.4*G175K_N179D, and Kir3.4*G175K_T149S recorded at �80 mV in a cell-

attached mode. (F) Normalized single channel current amplitudes obtained by fitting the amplitude histograms of the data recorded from the patches whose

representative traces are depicted in Fig. 6 E.
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Basal currents in the absence of the highly
conserved glycine

The results presented above also point to the fact that from

the point of view of the ability to activate the channel,

glycine can be replaced by other residues as long as they do

not interact with residues that play a crucial role in channel

activation. Examination of four Gly-175 mutants that do not

display significant interactions with position 149, shows that

they display significant basal currents. These include alanine,

cysteine, asparagine, and threonine, as can be seen in Fig. 8.

Specifically, the alanine mutant, displayed basal currents, which

were twice as large as Kir3.4*, and the cysteine, asparagine,

and threonine mutants exhibited reduced basal currents

which were 50% or higher compared to the control current.

This result further reinforces the conclusion that glycine can

be replaced by other residues. In fact, in 7.5% of the 478

potassium channels that were examined (6) there was an

asparagine instead of the glycine, in 4% there was an alanine,

and in 1% of the channels there was a threonine including,

for example, the inward rectifiers Kir4.1 and Kir4.2.

DISCUSSION

Comparison of the crystallographic structures of the closed

conformation of KcsA with those of the open conformations

of MthK and KvAP suggests that within the resolution of

crystallographic structures, the residue that precedes the

highly conserved central glycine in the inner helix plays the

role of a gating hinge. As a result of a bend at the position

that precedes the central glycine, MthK and KvAP exhibit an

opening of 40.5 Å and 27.4 Å, respectively, at the HBC

compared to the distance of 8.9 Å in KcsA. As the open

conformation obtained for the voltage-gated KvAP is not

achieved through its native mechanism but rather most

probably due to crystal packing, it is possible that this struc-

ture represents some intermediate state between the closed and

open state of KvAP, and that therefore the open structure is not

completely developed. In spite of that, the structure already

exhibits similar characteristics to those observed in the case of

the Ca21 activated MthK channel, namely that the bending of

the inner helix occurs immediately above the central glycine.

In Kir3.4* as well as in MthK, the position that precedes

the central glycine is occupied by a leucine. In KcsA it is

occupied by an alanine and in KvAP by a threonine. Exam-

ination of 478 different potassium channels shows that in

76.4% of the channels the equivalent position is occupied by

a hydrophobic residue: alanine (11.3%), isoleucine (14.2%),

leucine (15.3%), methionine (2.7%), phenylalanine (17.8%),

and valine (15.1%). In 21.1% of the channels this position is

occupied by a polar residue: asparagine (0.6%), cysteine

(3.8%), serine (11.7%), threonine (3.8%), tryptophan (0.4%),

and tyrosine (0.8%). In 2.5% of the channels a glycine

occupies this position. We have examined the effect of the

mutation of Leu-174 in Kir3.4* to other hydrophobic resi-

dues. In all cases, the channel could be activated by Gbg
(Fig. 4). This result implies that an appropriate stimulus could

induce the activation of potassium channels, where a large

residue plays the role of a gating hinge. In two cases

Kir3.4*L174I and Kir3.4*L174V we have shown that the

channel becomes constitutively active (see Fig. 4 B). This
further supports the notion that activation of potassium

channels could be controlled through this position. Thus,

activation of Kir3.4* can be induced through a leucine lo-

cated at position 174, which corresponds to Ala-98 in KcsA,

to Leu-82 in MthK, and to Thr-219 in KvAP. This position

precedes the central glycine of the inner transmembrane

(TM) helices of potassium channels, and following the com-

parison between the crystallographic structure of KcsA with

that of MthK and of KvAP, it is likely to constitute the gating

hinge of potassium channels. In view of this observation and

of the fact that 19% of potassium channels do not possess

glycine at the center of the inner helix, our finding indicates

that channels that do not possess glycines in their pore-lining

FIGURE 7 (A) Selectivity characteristics of Kir3.4*T149S. HK is a high-

potassium solution (in mM: 96 KCl, 1 NaCl, 1 MgCl2, 5 KOH/HEPES [pH

7.4]), and LK is a low-potassium solution (in mM: 2KCl, 91 NaCl, 1 MgCl2,

5 NaOH/HEPES [pH 7.4]). (B) ACh dose-response curve of Kir3.4* and

Kir3.4*T149S.
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helix could also be gated by a pivoted bending mechanism

of this helix.

Yet, glycine is known to possess unique characteristics

due to its lack of a side chain. As a result it is regarded as a

residue that can confer flexibility to a-helices, as has been
shown in molecular dynamics simulations (e.g., 13,14).

When examined in the context of the KcsA channel (15), the

major difference between the channel opening trajectory of

the G99A mutant and that of the wild-type was that the

number of hydrogen bonds decreased sharply in the mutant

as the channel opened, whereas in the wild-type the change

was smoother. Apart from this, however, it was found that

the channel opening trajectory of the mutant was very similar

to that of the wild-type KcsA, which led to the suggestion

that although Gly-99 weakens the central region of the inner

helix in KcsA, it is not a critical determinant of the activation

mechanism of the channel (15). In this context it is important

to note that although in general glycine is able to acquire

unique dihedral angles, these are not manifested upon

activation in the case of the highly conserved glycine located

in the center of the inner TM helices of potassium channels.

Comparison of the Ramachandran plots (37) that depict the

distribution of the backbone dihedral angles of the different

amino acids shows that glycine can display several combi-

nations of dihedral angles. These include distributions cen-

tered around (u,c) of approximately: a), (�70�,�50�); b),
(�90�,180�); and c), (75�,0�). Among these, the distributions

around b and c are significantly smaller in other amino acids,

and in some cases the distribution around c is completely

absent. These combinations of the dihedral angles corre-

spond approximately to conformational angles found in

a-helices (a), b-strands (b), and left-handed a-helices (c). As
can be seen in Fig. 1 B, the backbone dihedral angles of the
central glycine in the KcsA structure are (�76�,�51�), and

in MthK they are (�78�,�23�). These angles are in the

vicinity of distribution center (a) that corresponds to a

a-helical structure, which implies that the ability of glycine

to acquire unique dihedral angles in other structures is not

utilized for channel gating. Furthermore, although it has been

shown (38) that whereas alanine is one of the best helix

forming residues, and glycine is one of the most helix de-

stabilizing residues, especially when located in the center of

an a-helix, helix propensities of amino acids are widely

distributed. It was thus suggested that the results of muta-

genesis experiments would depend on the glycine’s neigh-

boring residues (38). This may be the reason that in certain

cases mutation of the highly conserved central glycine to

alanine results in nonfunctional channels (8,9,11,12), whereas

others can function in the absence of the central glycine

(6,12). For example, this may be the reason for the fact that

although the wild-type KCNQ1 is functional with an alanine

in the center of the inner helix at the corresponding position

of the highly conserved central glycine, KCNQ2 becomes

nonfunctional when its central glycine is mutated to alanine,

but a chimera of KCNQ2 that includes the inner helix of

KCNQ1, is functional (12).

In this study, we examined the effect of the mutation of the

highly conserved central glycine of the inner helix. Our

results indicate that interactions introduced by mutations at

position 175 can have a substantial effect on channel activity.

In particular, interactions with residues in the signature

sequence of the selectivity filter may be especially constrain-

ing, and understanding the exact consequence of these inter-

actions will require further studies. Upon reduction in the

occurrence of such interactions through the mutation of

Asn-179 to aspartate, the performance of a number of Gly-175

mutated channels increased substantially (see Fig. 5 C).
Reduction in the occurrence of interactions with position 149

could also be obtained by mutating the threonine to a serine,

as was demonstrated for the case of Kir3.4*G175K (see Fig.

6 C). Thus, our results suggest that from the point of view of

the ability to activate the channel, glycine can be replaced by

other residues as long as they do not affect crucial residues.

In particular mutation of this glycine to alanine resulted in

basal currents, which were twice as large as the control

Kir3.4* (Fig. 8). Our results suggest that a major reason that

glycine is highly conserved among potassium channels is

that it prevents interactions with residues in the signature se-

quence of the selectivity filter and its vicinity.
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