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ABSTRACT The Kir3.1/Kir3.4 channel is an inward rectifier, agonist-activated K1 channel. The location of the binding site within
the channel pore that coordinates polyamines (and is thus responsible for inward rectification) and the location of the gate that
opens the channel in response to agonist activation is unclear. In this study, we show, not surprisingly, that mutation of residues at
the base of the selectivity filter in the pore loop and second transmembrane domain weakens Cs1 block and decreases selectivity
(as measured by Rb1 and spermine permeation). However, unexpectedly, the mutations also weaken inward rectification and
abolish agonist activation of the channel. In the wild-type channel and 34 mutant channels, there are significant (p , 0.05)
correlations among the KD for Cs1 block, Rb1 and spermine permeation, inward rectification, and agonist activation. The sig-
nificanceof thesefindings is discussed.Onepossibleconclusion is that theselectivity filter is responsible for inward rectificationand
agonist activation as well as permeation and block.

INTRODUCTION

The Kir3.1/Kir3.4 channel is an inward rectifier K1 channel

in the heart. Inward rectification is caused by voltage-

dependent block of the channel by intracellular Mg21 and

polyamines such as spermine (1). In the Kir2.1 channel, a

number of residues within the pore-lining second transmem-

brane domain (TM2) and proximal C-terminus have been

shown to be important for inward rectification (2–6). How-

ever, the regions of the channel that coordinate Mg21 and

polyamines within the pore are still debated. In one model,

polyamines are stably coordinated within the intracellular

pore by tethering the trailing end of the polyamine molecule

at E-224 and E-299 in the proximal C-terminus and the

leading head of the molecule at D-172 in TM2 in the internal

cavity of the channel below the entrance to the selectivity

filter (7,8). This model satisfies the observation that mutation

of D-172 reduces the affinity of Kir2.1 by up to 403 for long

bis-amines but by only 2–3 times for short bis-amines,

whereas mutation of E-224 and E-299 moderately reduces

the affinity for all bis-amines (7,8). In a second model,

polyamines are stably coordinated within the selectivity filter

(9,10). This selectivity filter model satisfies the observations

that i), extracellular polyamines can permeate Kir3.1/Kir3.4

to such an extent that significant polyamine current can be

measured—this shows that polyamines can interact with and

pass through the selectivity filter (9,11); ii), in Kir3.1/Kir3.4,

disrupting the normal structure of the selectivity filter by

breaking a salt bridge behind the selectivity filter in Kir3.4

leads to a loss of inward rectification (9); and iii), in Kir6.2,

introduction of negatively charged glutamate residues within

the internal cavity as deep as the entrance to the selectivity

filter produces strong inward rectification (glutamate resi-

dues near to the selectivity filter promote short diamine

block, whereas those farther away promote longer diamine

block) (10). The selectivity filter model (9,10) is supported

by the observation that mutation of E-224 and E-299 in the

proximal C-terminus of Kir2.1 slows the entry and exit of the

polyamine spermine to and from its blocking site without

eliminating the pore block component of polyamine block

(although it does abolish the surface charge reduction

component of polyamine block) (4,12). Modification of

introduced cysteine residues below the internal cavity of the

Kir6.2 channel by a positively charged (2-aminoethyl)me-

thanethiosulfonate (MTSEA) molecule also does not affect

steady-state inward rectification, only the entry and exit of

spermine (10). In this study, we show that mutation of res-

idues lining the pore at the internal entrance to the selectivity

filter alters both spermine permeability and inward rectifi-

cation of Kir3.1/Kir3.4 and we suggest that polyamines bind

within the selectivity filter to generate inward rectification

and the strength of inward rectification is in part determined

by how readily polyamines can permeate the selectivity

filter.

The Kir3.1/Kir3.4 channel is activated by Gbg subunits

released on binding of an agonist to a G protein-coupled re-

ceptor. Although it has been suggested that agonist activa-

tion involves a rotation and displacement of TM2 and the

opening of the ‘‘bundle crossing’’ region (an intracellular

gate) (13–15), evidence suggests that an extracellular gate at

the selectivity filter may exist in inward rectifier K1 channels

(16–18). For example, breaking a salt bridge behind the

selectivity filter abolishes agonist activation of the Kir3.1/

Kir3.4 channel (16). In this study, we show that mutation of

the residues that line the pore at the internal entrance to the

selectivity filter also abolishes agonist activation of the
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Kir3.1/Kir3.4 channel. One possible conclusion from this

finding is that the rotation and displacement of TM2 during

agonist activation of the Kir3.1/Kir3.4 channel leads to a

structural rearrangement and opening of the selectivity filter

(an extracellular gate).

MATERIALS AND METHODS

Channel expression

Site-directed mutagenesis on Kir3.1 and Kir3.4 and preparation of cRNA

was carried out as described previously (16). Oocytes were injected with

cRNA encoding wild-type or mutant Kir3.1 and Kir3.4 and the human

dopamine D2 (hD2) receptor (required for activation of the channel). Oocytes

were prepared and injected with cRNA as described previously (19). cRNA

(50 nl total volume) encoding wild-type or mutant Kir3.1 and Kir3.4 was

injected at a concentration of 30 ng/ml, whereas cRNA encoding the hD2

receptor was injected at a concentration of 3.8 ng/ml. After injection, oocytes

were incubated at 19�C for 1–3 days in Barth’s medium (in mM): 88 NaCl,

1 KCl, 2.4 NaHCO3, 0.82 MgSO4, 0.33 Ca(NO3)2, 0.41 CaCl2, 20 HEPES,

1.25 sodium pyruvate, 0.1 mg/ml neomycin (Sigma, Poole, UK), 100 units/

0.1 mg/ml penicillin/streptomycin mix (Sigma), pH 7.4 with NaOH.

Electrophysiology

Currents were recorded using the two-electrode voltage clamp technique. All

oocytes were initially perfused with ND96 solution (in mM: 96 NaCl, 3 KCl,

1 MgCl2, 2 CaCl2, 5 HEPES, pH 7.4 with NaOH). Experimental recordings

were made in a 90 mMK1 solution (in mM: 90 KCl, 2 CaCl2, 5 HEPES, pH

7.4 with KOH). To activate the hD2 receptor, 10 mM dopamine was added to

the recording solution (along with 10 mM ascorbic acid to prevent dopamine

oxidation). Currents were recorded during 750-ms voltage clamp pulses

from �130 to 140 or 160 mV from a holding potential of 0 mV. To

measure channel block, CsCl2 was added to the 90 mM K1 recording

solution at the concentrations shown. To measure permeation, the 90 mM

KCl of the recording solution was substituted by 90 mM RbCl or spermine

chloride. The junction potential created when using spermine chloride was

measured with a flowing 3M KCl electrode with reference to ND96 solution

and was 117 mV. Where important, data are corrected for junction po-

tentials and this is stated. To measure agonist activation, currents were re-

corded in the absence of dopamine and then after 2 min perfusion of solution

containing 10 mMdopamine. Analysis was carried out using Clampfit (Axon

Instruments, Union City, CA) and SigmaPlot (SPSS Science, Chicago, IL)

software. Data are presented as mean 6 SE (n ¼ number of oocytes). The

comparative model of the Kir3.1/Kir3.4 tetrameric channel was constructed

based on the crystal structure of KcsA as described previously (9).

RESULTS

Residues of interest at the base of the
selectivity filter

Fig. 1 shows a comparative model of the Kir3.1/Kir3.4

channel based on the KcsA crystal structure (16,20). In Fig.

1 A, three of the four transmembrane subunits that form the

functional Kir3.1/Kir3.4 heterotetramer are shown (one

Kir3.4 subunit has been removed for clarity). At the base

of the selectivity filter, the alanine residue at position 142 in

Kir3.1 (Kir3.1-A-142) is highlighted along with the equiv-

alent residue in Kir3.4, the threonine residue at position 148

(Kir3.4-T-148) (see Fig. 1 C). Also highlighted are the TM2

serine residue at position 166 in Kir3.1 (Kir3.1-S-166) and

the alanine residue at the equivalent position in Kir3.4

(Kir3.4-A-172). Fig. 1 B shows a view from the intracellular

side of the channel looking up through the channel pore. All

four subunits are shown and residues Kir3.1-A-142, Kir3.4-

T-148, Kir3.1-S-166, and Kir3.4-A-172 are highlighted. The

model in Fig. 1, A and B, reveals that Kir3.1-A-142, Kir3.4-
T-148, Kir3.1-S-166, and Kir3.4-A-172 all lie in the same hor-

izontal plane, circling the pore at the base of the selectivity

filter. Fig. 1 C shows a sequence alignment of a number of

inward rectifier K1 channels in which the residues at the

equivalent positions are highlighted in color (red and

yellow). In Kir3.1/Kir3.4 and Kir2.1, glutamate and arginine

residues behind the selectivity filter have been suggested to

form a salt bridge (16,21) and these residues are also

highlighted in Fig. 1 A for Kir3.1 (Kir3.1-E-139 and Kir3.1-

R-149). The glutamate and arginine residues are conserved

in Kir channels as shown in Fig. 1 C (residues highlighted

in gray).

Mutations at the base of the selectivity filter
alter Cs1 block and Rb1 permeation

In the Kir2.1 channel, the equivalent residue to Kir3.1-A-142

and Kir3.4-T-148 is Kir2.1-T-141 and the equivalent residue

to Kir3.1-S-166 and Kir3.4-A-172 is Kir2.1-S-165 (Fig. 1C).
Thompson et al. (22) showed that, in Kir2.1, mutation of

either Kir2.1-T-141 to a valine residue (V) or Kir2.1-S-165

to a leucine residue (L) dramatically reduces Cs1 block and

increases Rb1 permeation, and Thompson et al. (22) sug-

gested that these residues contribute to a Cs1 and Rb1

binding site. Fig. 2 shows the effect of the equivalent mu-

tations in the Kir3.1/Kir3.4 channel on Cs1 block. The wild-

type Kir3.1/Kir3.4 channel is given the notation ATAT/
SASA, because it has two A-142 residues in Kir3.1 and two

T-148 residues in Kir3.4 (ATAT) and two S-166 residues in

Kir3.1 and two A-172 residues in Kir3.4 (SASA). In the

mutant VVVV/SASA channel (bold type used for wild-type

sequence), Kir3.1-A-142 and Kir3.4-T-148 were both re-

placed with a valine residue. In the mutant ATAT/LLLL
channel, Kir3.1-S-166 and Kir3.4-A-172 were both replaced

with a leucine residue. Fig. 2 A shows typical current traces

recorded from wild-type and mutant channels during 750-ms

voltage clamp pulses from �130 to140 mV from a holding

potential of 0 mV in the absence and presence of 10 mM

extracellular Cs1. Cs1 blocked the wild-type (ATAT/
SASA) channel. This is also shown by the mean current-

voltage relationships recorded in the presence of various

concentrations of Cs1 in Fig. 2 B. From these data, dose-

response curves were plotted (Fig. 2 C). The dissociation

constant, KD, at�130 mVwas 1786 4 mM (n¼ 6), which is

comparable with that of 101 6 7 mM (at �97 mV) reported

for Kir2.1 (22). In both the mutant VVVV/SASA and the

ATAT/LLLL channels, Cs1 block was reduced ;8-fold
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(Fig. 2, A and B); the KD at �130 mV was increased to 1545

6 384 and 2873 6 583 mM, respectively (Fig. 2 C; n ¼ 5;

ANOVA, p , 0.05). This reduction in Cs1 sensitivity is,

however, conservative in comparison with the ;40- and

180-fold reductions caused by the T-141V (VVVV) and

S-165L (LLLL) mutations, respectively, in Kir2.1 (22). Fig.

2 D shows how the KD of Cs1 block of the Kir3.1/Kir3.4

channel varied with voltage. From this, d, the apparent

fraction of the electrical field that Cs1 must cross to reach its

blocking site, was calculated (over the potential range �130

to �50 mV). d was 0.99 in the wild-type (ATAT/SASA)
channel and 2.2 and 1.8, respectively, in the mutant VVVV/

SASA and ATAT/LLLL channels; the mutations may have

altered the site of Cs1 block or increased the number of K1

ions needed to be moved (as a result of an increase in K1

occupancy) for block to occur (even if block occurred at the

same site). To study Rb1 permeation, the 90 mM KCl in the

bathing solution was replaced by 90 mM RbCl (Fig. 3). Rb1

permeated the wild-type (ATAT/SASA) channel to a certain
extent; at �130 mV, in this series of experiments, the Rb1

current was 0.36 0.02 the size of the K1 current (n¼ 5; Fig.

3 A). Rb1 permeation was significantly increased in the mu-

tant VVVV/SASA and ATAT/LLLL channels and the Rb1

current was 0.57 6 0.06 (n ¼ 7) and 0.73 6 0.01 (n ¼ 5),

respectively, the size of the K1 current (Fig. 3, B and C;
ANOVA, p , 0.01 compared with the wild-type channel).

This increase in Rb1 permeation is conservative, however,

compared with the ;3- and 15-fold increases caused by the

T-141V (VVVV) and S-165L (LLLL) mutations, respec-

tively, in Kir2.1 (22).

Mutations at the base of the selectivity filter alter
spermine permeation and inward rectification

Previously, we have demonstrated spermine permeation of

Kir3.1/Kir3.4 by replacing the 90 mM KCl in the bathing

solution by 90 mM spermine chloride (9,11). Spermine

permeation of the wild-type (ATAT/SASA) channel can be

seen in the typical current traces and mean current-voltage

relationships in Fig. 4 B. There was substantial inward

current, which was absent in uninjected oocytes (Fig. 4 A),
through the wild-type (ATAT/SASA) channel in the pres-

ence of 90 mM extracellular spermine (Fig. 4 B). The

spermine current through the wild-type (ATAT/SASA)
channel at �130 mV was 0.36 6 0.04 (n ¼ 5) the size of

FIGURE 1 Model of the Kir3.1/Kir3.4 channel. (A) Model of the TM1-P-TM2 domains of the Kir3.1/Kir3.4 tetramer based on the KcsA crystal structure.

The residues of interest are highlighted as space-filled models. Only three of the four subunits are shown for clarity (one Kir3.4 subunit has been removed). (B)

An enlarged cross-sectional view looking up at the base of the selectivity filter. (C) An alignment of the pore region (left) and TM2 domains (right) in a number

of inward rectifier K1 channels. Residues of interest are highlighted.
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the current carried by K1 (Fig. 4 B). Just as Rb1 permea-

tion was increased in the mutant VVVV/SASA channel,

spermine permeation was also greatly increased (Fig. 4 C).
Spermine current through the mutant channel was 0.766 0.2

the size of the K1 current (Fig. 4 C; n ¼ 9; ANOVA, p ,
0.001 compared with the wild-type channel). In contrast,

spermine permeation was decreased in the mutant ATAT/
LLLL channel (Fig. 4 D). Spermine current through the

mutant channel was 0.17 6 0.02 the size of the K1 current

(Fig. 4 D; n ¼ 5; ANOVA, p ¼ 0.005 compared with the

wild-type channel). We have suggested previously that the

degree to which polyamines can permeate inward rectifier

K1 channels may determine the strength of inward rectifi-

cation (11). The rationale behind this is that inward

rectification will be weaker if polyamines permeate rather

than block the channel. Consistent with this, Fig. 4, C and D,
shows that inward rectification was weakened in the mutant

VVVV/SASA channel, but not in the mutant ATAT/LLLL
channel. The ratio of the conductance at 140 mV to that at

�100 mV (g140 mV/g�100 mV), a measure of the strength of

inward rectification, was 0.06 6 0.007 (n ¼ 15) in the wild-

type (ATAT/SASA) channel. This was increased, i.e.,

inward rectification was weakened, in the mutant VVVV/

SASA channel to 0.7 6 0.09 (n ¼ 6; ANOVA, p ¼ 0.005

compared with the wild-type channel), whereas in the mutant

ATAT/LLLL channel it remained low (0.07 6 0.02; n ¼ 5;

ANOVA, not significantly different from the wild-type

channel).

Relative importance of Kir3.1 and Kir3.4 at the
base of the selectivity filter

Because the Kir3.1/Kir3.4 channel is a heterotetramer, it is

asymmetric and various studies have shown that equivalent

residues in Kir3.1 and Kir3.4 do not necessarily play the

same roles qualitatively and/or quantitatively (23,24). We

investigated the effect of mutations at the internal entrance to

the selectivity filter further, and Fig. 5 compares the con-

tributions of the Kir3.1 and Kir3.4 subunits to the changes in

Cs1 block, Rb1 permeation, spermine permeation, and the

FIGURE 2 Mutations at the base of the

selectivity filter alter Cs1 block. (A) Typical

current traces recorded during voltage pulses

from �130 to 140 mV from wild-type

(ATAT/SASA) and Kir3.1-A-142V/Kir3.4-

T-148V (VVVV/SASA) and Kir3.1-S-166L/

Kir3.4-A-172L (ATAT/LLLL) mutant chan-

nels. Currents were recorded in the absence

(top) and presence (bottom) of 10 mM Cs1.

Arrows indicate zero current. (B) Mean nor-

malized current-voltage relationships for each

channel in the presence of a range of Cs1 con-

centrations. (C) Dose-response curves for Cs1

block at�130 mV of each channel (indicated in

inset). (D) Mean KD for Cs1 block versus

membrane potential for each channel (indicated

in inset in C). The value of d, the apparent

fraction of the electrical field that Cs1 must

cross to reach its blocking site, for each channel

is shown. Mean6 SE shown (n ¼ 5–6).
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strength of inward rectification (KD for Cs1 block at �130

mV, Rb1 current at �130 mV, spermine current at �130

mV, and g140 mV/g�100 mV shown). Fig. 5 A shows the

effects when Kir3.1-A-142 and/or Kir3.4-T-148 were

replaced by valine residues, and Fig. 5 B shows the effects

when Kir3.1-S-166 and/or Kir3.4-A-172 were replaced by

leucine residues. In every case, the mutation in Kir3.4 alone

(AVAV and SLSL) had qualitatively the same effect as the

FIGURE 4 Mutations at the base of the selectivity filter alter spermine permeation. (Top) Typical current traces recorded during voltage pulses from�130 to

160 mV from endogenous, wild-type (ATAT/SASA), Kir3.1-A-142V/Kir3.4-T-148V (VVVV/SASA) and Kir3.1-S-166L/Kir3.4-A-172L (ATAT/LLLL)
channels with K1 or spermine as the charge carrier. Currents were recorded in 90 mM extracellular K1 or 90 mM extracellular spermine. Arrows indicate zero

current. (Bottom) Mean normalized current-voltage relationships for each channel with K1 or spermine as the charge carrier. Mean 6 SE shown (n ¼ 5–9).

Data corrected for junction potentials.

FIGURE 3 Mutations at the base of the selec-

tivity filter alter Rb1 permeation. (Top) Typical
current traces recorded during voltage pulses from

�130 to160 mV fromwild-type (ATAT/SASA)
and Kir3.1-A-142V/Kir3.4-T-148V (VVVV/

SASA) and Kir3.1-S-166L/Kir3.4-A-172L

(ATAT/LLLL) mutant channels with K1 or

Rb1 as the charge carrier. Currents were recorded

in 90mMextracellular K1 or 90mMextracellular

Rb1. Arrows indicate zero current. (Bottom)

Mean normalized current-voltage relationships

for each channel with K1 or Rb1 as the charge

carrier. Mean6 SE shown (n ¼ 5–9).

4022 Makary et al.

Biophysical Journal 90(11) 4018–4034



double mutations in both Kir3.1 and Kir3.4 (VVVV and

LLLL), whereas the mutation in Kir3.1 alone (VTVT and

LALA) did not (Fig. 5). The effects of mutations in Kir3.1

alone could be qualitatively different from the effects of

mutations in both subunits (spermine current—VTVT versus

VVVV; Cs1 block—LALA versus LLLL). In some cases,

the effect of the mutation in Kir3.4 alone was quantitatively

the same as the effect of the double mutations in both Kir3.1

and Kir3.4 (compare Cs1 block and Rb1 permeation of the

SLSL and LLLL mutant channels). These data suggest that

the residues in Kir3.4 play a more important role in block and

permeation than those in Kir3.1.

Effect of the size and polarity of the residues at
the base of the selectivity filter at the Kir3.1-A-142/
Kir3.4-T-148 position

The alanine residue (at position 142 in wild-type Kir3.1)

is a small nonpolar residue, whereas the threonine residue

(at position 148 in wild-type Kir3.4) is a large polar residue

FIGURE 5 Summary of the effects of mutations

at the base of the selectivity filter on block,

permeation, and inward rectification. (A and B)

Summary of the effects of different combinations

of mutations of Kir3.1-A-142 and/or Kir3.4-T-148

(A) and Kir3.1-S-166 and/or Kir3.4-A-172 (B) on

the KD (at�130 mV) of Cs1 block, Rb1 current (at

�130 mV), spermine current (at �130 mV), and

inward rectification (g140 mV/g�100 mV). Mean 6
SE shown (n ¼ 5–15). *p, 0.001, zp, 0.01, and
yp , 0.05 as compared to the wild-type channel

(one-way ANOVA). Data corrected for junction

potentials.
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and in the experiments above we replaced them both by a

valine residue, a large nonpolar residue. To investigate

whether the size and polarity of the residue introduced is

important, in Fig. 6 A we compare the effects of replacing

Kir3.1-A-142 and Kir3.4-T-148 in the wild-type channel

(ATAT; two small nonpolar residues and two large polar

residues) by threonine residues (resulting in TTTT, four

large polar residues), alanine residues (resulting in AAAA,

four small nonpolar residues), or valine residues (resulting

in VVVV, four large nonpolar residues). In the case of

Cs1 block and inward rectification, the size and polarity of

the introduced residue appears to be important, because

marked changes were observed only when four large

nonpolar valine residues were introduced, but not when four

large polar threonine or four small nonpolar alanine

residues were introduced (Fig. 6 A). In the case of Rb1

permeation (and perhaps spermine permeation), the polarity

alone appears to be important, because marked changes

were observed when either four small nonpolar alanine or

four large nonpolar valine residues were introduced but not

FIGURE 6 Summary of the effects of the size

and charge of the residue at position Kir3.1-A-142/

Kir3.4-T-148 on block, permeation, and inward

rectification. (A and B) Summary of the effects of

the size and charge of the residue at position

Kir3.1-A-142/Kir3.4-T-148 (A) and the effect of

swapping the alanine and threonine residues at

position Kir3.1-A-142/Kir3.4-T-148 (B) on the KD

(at �130 mV) of Cs1 block, Rb1 current (at �130

mV), spermine current (at �130 mV), and inward

rectification (g140 mV/g�100 mV). Mean 6 SE

shown (n ¼ 5–15). *p , 0.001 and yp , 0.05

as compared to the wild-type channel (one-way

ANOVA). Data corrected for junction potentials.
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when four large polar threonine residues were introduced

(Fig. 6 A).
Fig. 6B shows that swapping the small nonpolar alanine and

large polar threonine residues between Kir3.1 and Kir3.4 had

nosubstantial effectonanyof themeasuredchannelproperties.

Interactions at the base of the selectivity filter

We next investigated whether the residues in the pore loop

(Kir3.1-A-142 and Kir3.4-T-148) might interact with those

in TM2 (Kir3.1-S-166 and Kir3.4-A-172). Fig. 7 shows the

effect of combinations of mutations at both sites on Cs1

block and Rb1 permeation. For this series of experiments,

for convenience, we chose to mutate Kir3.4-T-148 to an

alanine residue (AAAA in Fig. 7) and Kir3.1-S-166 and

Kir3.4-A-172 to leucine residues (LLLL in Fig. 7). Fig. 7 A
shows that the effect of the combined mutations (AAAA/

LLLL) on Cs1 block was much greater than the effects of the

individual mutations. This result suggests that Kir3.1-A-142/

Kir3.4-T-148 and Kir3.1-S-166/Kir3.4-A-172 (or their

effects on Cs1 block at least) interact, because the effects

of the combined mutations are not simply the sum of the

effects of the individual mutations. This was confirmed by

the calculation of the coupling coefficient, V. The use of

coupling coefficients was first introduced into ion channel

studies by Hidalgo and MacKinnon (25). If two residues do

not interact, V ¼ 1. In this case, V � 15 (corresponding to

a coupling energy of ;7 kJ.mol�1). Fig. 7 B shows that the

effect of the combined mutations on Rb1 permeation was

also greater than the effects of the individual mutations.

Interactions with the salt bridge behind the
selectivity filter

We have previously shown that disruption of the salt bridge

behind the selectivity filter in Kir3.4, between Kir3.4-E-145

and Kir3.4-R-155 (Fig. 1 C), alters block, permeation,

inward rectification, and agonist activation of the channel;

the effects were attributed to an increase in the flexibility of

the selectivity filter (9,16). Interestingly, mutation of the

equivalent salt bridge in Kir3.1, between Kir3.1-E-139 and

Kir3.1-R-149 (Fig. 1, A and C), has minimal effects on

channel properties (9). The effects of the disruption of the

salt bridge in Kir3.4 are similar to the effects (observed in

this study) of mutation of the residues of interest at the base

of the selectivity filter. Because of this, we investigated

whether the salt bridge residues may interact with the

residues at the base of the selectivity filter (Figs. 8 and 9).

In particular, we tested the possibility that the lack of

effect of disruption of the salt bridge in Kir3.1 may be linked

to the asymmetry in the residues at the base of the selectivity

filter.

Fig. 8 shows typical currents recorded from wild-type or

mutant channels during pulses from �130 to 140 mV.

Below are mean current-voltage relationships over a more

restricted range of potentials (�60 to 140 mV) to highlight

the extent of inward rectification in each channel. Disruption

of the salt bridge in Kir3.1, by the mutation Kir3.1-E-139Q,

had no effect on inward rectification (Fig. 8 B) as shown

previously (9). Similarly, mutation of Kir3.4-T-148 to an

alanine residue (Kir3.4-T-148A; resulting in a AAAA/SASA
channel) had only a small effect on inward rectification (Fig.

8 C) as expected (Fig. 6 A). However, the double mutation

(Kir3.1-E-139Q/Kir3.4-T-148A) dramatically reduced in-

ward rectification (Fig. 8 D). These data are summarized

in Fig. 9 B, which shows g140 mV/g�100 mV, a measure of

inward rectification, for each channel. Fig. 9 A shows that

spermine permeation was also significantly and substantially

increased by the double, but not by the single, mutations.

Similar results were observed when Kir3.1-E-139 was mu-

tated along with replacement of Kir3.1-A-142 with a

threonine residue (the latter resulting in a TTTT/SASA
channel), although in this case the changes in spermine

permeation and inward rectification with the double mutation

were less dramatic (Fig. 9, C and D). In contrast, by itself,

FIGURE 7 Interactions between Kir3.1-A-142/Kir3.4-T-148 and Kir3.1-

S-166/Kir3.4-A-172 at the base of the selectivity filter. A, B, summary of the

effects of combinations of mutations made at positions Kir3.1-A-142/

Kir3.4-T-148 and Kir3.1-S-166/Kir3.4-A-172 on the KD (at �130 mV)

of Cs1 block (A) and Rb1 current (at �130 mV; B). Means 6 SE shown

(n ¼ 5–6). *p , 0.001 and zp , 0.002 as compared to the wild-type

channel (one-way ANOVA).
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disruption of the salt bridge in Kir3.4, by the mutation

Kir3.4-E-145Q, significantly and substantially increased

spermine permeation and significantly and substantially

decreased inward rectification (Fig. 9, E and F) as shown

previously (9). When the salt bridge in Kir3.4 was disrupted

at the same time that Kir3.4-T-148 was mutated to an alanine

residue (Kir3.4-T-148A; resulting in a AAAA/SASA chan-

nel), the effects on spermine permeation and inward rec-

tification were greater (Fig. 9, E and F), but the amplification

was not dramatic as in the case of disruption of the salt bridge

in Kir3.1 (Fig. 9, A and B).
In summary, these results suggest that the salt bridge

residues in Kir3.1 and the residues at the base of the selec-

tivity filter (or their effects at least) do interact. Further-

more, they suggest that the lack of effect of disruption of

the salt bridge behind the selectivity filter in Kir3.1 is

related to the residues at the base of selectivity filter: when

the residues at the base of the selectivity filter are altered,

breaking the salt bridge in Kir3.1 affects channel properties.

Breaking the salt bridge in Kir3.4, in contrast, affects chan-

nel properties regardless of the residues at the base of the

selectivity filter.

Fig. 9 shows that mutations that altered spermine perme-

ation also altered inward rectification, strengthening the con-

clusion that the extent of spermine permeation determines

the extent of inward rectification.

Mutations at the base of the selectivity filter
also alter agonist activation

Evidence suggests that K1 channel opening may involve a

gate at the selectivity filter (16–18,26,27). Fig. 10 provides

evidence for the involvement of the selectivity filter during

agonist activation of the Kir3.1/Kir3.4 channel. Fig. 10 A
shows typical currents through the wild-type (ATAT/SASA)
and mutant VVVV/SASA and ATAT/LLLL channels in the

absence (Fig. 10 A, top) and presence (Fig. 10 A, middle) of
agonist (10 mM dopamine). From these traces, the agonist-

activated current was obtained (Fig. 10 A, bottom). Some

basal activation of the wild-type (ATAT/SASA) channel

existed—basal current is thought to be the result of a high

level of free Gbg and/or a low level of Gai within the Xenopus
oocyte (28). Nevertheless, upon application of agonist,

current was increased by 51% 6 5% (n ¼ 6). This is seen

more clearly in the mean current-voltage relationships in Fig.

10 B. Just as replacement of Kir3.1-A-142 and Kir3.4-T-148

with valine residues (VVVV/SASA) or of Kir3.1-S-166 and

Kir3.4-A-172 with leucine residues (ATAT/LLLL) dramat-

ically altered Cs1 block and Rb1 permeation (Fig. 5),

agonist activation was also dramatically altered: the mutant

VVVV/SASA and ATAT/LLLL channels were no longer

sensitive to agonist activation (on addition of agonist, there

was no increase in current, Fig. 10). Because these mutations

altered Cs1 and Rb1 coordination within the selectivity filter

(Fig. 5) as well as agonist activation of the channel (Fig. 10),

these data possibly suggest a role for the selectivity filter

during agonist activation (see Discussion).

Agonist activation affects selectivity

If the selectivity filter is altered during agonist activation, it is

possible that selectivity is altered. Fig. 11 A shows typical

current traces recorded from the wild-type channel in the

absence and presence of agonist (10 mM dopamine) with

FIGURE 8 Disruption of the salt bridge behind the selectivity filter in the Kir3.1 subunit alters inward rectification when Kir3.4-T-148 is mutated. (Top)

Typical current traces recorded during voltage pulses from �130 to 140 mV from the wild-type channel and channels in which either or both the mutations

Kir3.1-E-139Q and Kir3.4-T-148A were made. Arrows indicate zero current. (Bottom) Mean normalized current-voltage relationships over a restricted range

of potentials (�60 to 140 mV) to highlight changes in inward rectification. Mean 6 SE shown (n ¼ 6–7).
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90 mM K1 or Rb1 as the charge carrier. Currents obtained at

the end of the experiment after the application of 1 mM Ba21

to block Kir3.1/Kir3.4 current are also shown (Fig. 11 A,
bottom); the currents are comparable to endogenous currents

recorded from uninjected oocytes under the same conditions

(Fig. 11 B). Once again, in the absence of agonist (and

Ba21), there was some basal activation of Kir3.1/Kir3.4 (the

current is substantially greater than the current remaining

in Ba21 or in uninjected oocytes), but upon application of

agonist, current was increased. The current carried by Rb1

(as a fraction of the current carried by K1) was greatly

reduced in the presence of agonist. This is confirmed by Fig.

4 C, which shows mean-current voltage relationships for the

Ba21-sensitive current in the presence and absence of agonist

with K1 and Rb1 as the charge carrier. At �130 mV, the

Ba21-sensitive Rb1 current was 1.59 6 0.48 and 0.48 6
0.02 (n ¼ 7), respectively, the size of the Ba21-sensitive K1

current in the absence and presence of agonist (Fig. 11 B;
paired t-test, p , 0.05). It is concluded that selectivity is

altered during agonist activation.

Relation among Cs1 block, Rb1 and
spermine permeation, inward rectification,
and agonist activation

During the course of this study we investigated the wild-type

Kir3.1/Kir3.4 channel and 20 mutant Kir3.1/Kir3.4 channels.

In previous studies (9,16) we investigated a further 14 mutant

Kir3.1/Kir3.4 channels: arginine (Kir3.1-R-149, Kir3.4-R-

155) and glutamate (Kir3.1-E-141, Kir3.4-E-145, Kir3.4-E-

147) residues behind the selectivity filter, phenylalanine

residues (Kir3.1-F-181, Kir3.4-F-187) at the bundle crossing,

serine residues (Kir3.1-S-170, Kir3.4-S-176) in TM2 impli-

cated in agonist activation, an aspartate residue (Kir3.1-D-173)

FIGURE 9 Kir3.1-A-142 and Kir3.4-T-148 inter-

act with the salt bridge behind the selectivity filter in

the Kir3.1 subunit. (A–F) Summary of the effects of

mutation of either or both Kir3.1-E-139 and Kir3.4-

T-148 (A and B), either or both Kir3.1-E-139 and

Kir3.1-A-142 (C and D) and either or both Kir3.4-E-

145 and Kir3.4-T-148 (E and F) on spermine current

(at �130 mV) and inward rectification (g140 mV/

g�100 mV). Mean 6 SE shown (n ¼ 5–15). *p ,
0.001, zp , 0.01, and yp , 0.05 as compared to

the wild-type channel (one-way ANOVA). Data cor-

rected for junction potentials.
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in TM2 implicated in polyamine binding, and a glutamate

residue (Kir3.4-E-231) in the proximal C-terminus also

implicated in polyamine binding were mutated. For all 35

channels, Fig. 12 shows that there are significant (p , 0.05)

correlations among Cs1 block, Rb1 and spermine permeation,

inward rectification, and agonist activation.

Fig. 12 A shows that a significant correlation (p , 0.01,

R2 ¼ 0.66) exists between inward rectification and spermine

permeation. This is consistent with the hypothesis that the

degree to which polyamines can permeate inward rectifier

K1 channels determines the strength of inward rectifica-

tion (29,30). However, there is scatter in the relationship in

Fig. 12 A and this suggests that other factors are also

involved—this is highlighted by the differing changes in

spermine permeation and inward rectification with the

AAAA and VVVV mutant channels (Fig. 6 A). There is

also a significant correlation (p , 0.05, R2 ¼ 0.52) between

inward rectification and Rb1 permeation (Fig. 12 B). Fig. 12,
C and D, shows that a significant correlation (p, 0.05, R2 ¼
0.69; p , 0.05, R2 ¼ 0.71) also exists between inward

rectification and Cs1 block and agonist activation. Fig. 12,

E–G, shows a significant correlation between agonist

activation and spermine permeation, Rb1 permeation, and

Cs1 block. One possible conclusion from these data is that

both inward rectification and agonist activation are deter-

mined by the same part of the channel (i.e., the selectivity

filter—but see Discussion).

DISCUSSION

In this study, we have investigated the role of residues at the

base of the selectivity filter of the Kir3.1/Kir3.4 channel.

These residues surround the internal entrance of the selec-

tivity filter (Fig. 1). The results show that mutations at this

point influence block, permeation, inward rectification, and

agonist activation.

The residues at the internal entrance of the
selectivity filter—asymmetry of the pore and
interactions with other residues

Thompson et al. (22) showed that mutation of T-141 in the

pore loop and S-165 in TM2 in Kir2.1 alters both Cs1 block

FIGURE 10 Mutations at the base of the selectiv-

ity filter abolish agonist activation. (A) Typical

current traces recorded during voltage pulses from

�130 to 140 mV from wild-type (ATAT/SASA)
and mutant (VVVV/SASA) and (ATAT/LLLL)
channels in the absence and presence of 10 mM

dopamine. Agonist-activated currents (obtained by

subtracting currents in the absence and presence of

agonist) are also shown. (B) Mean normalized

current-voltage relationships of each channel in the

absence (�) and presence (1) of agonist and the

agonist-activated (a-a) current. Mean 6 SE shown

(n ¼ 7).
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and Rb1 permeation. In this study, we showed that mu-

tations at the equivalent positions in Kir3.1/Kir3.4 also

affected Cs1 block and Rb1 permeation (Figs. 2, 3, and 5).

However, unlike Kir2.1, Kir3.1/Kir3.4 is a heterotetramer

and there is asymmetry at this position at the internal

entrance to the selectivity filter. The data in Fig. 5 show that

mutation of T-148 or A-172 in Kir3.4, but not A-142 or

S-166 in Kir3.1, reduced Cs1 block and enhanced Rb1

permeation. This suggests that T-148 and A-172 in Kir3.4,

and not the residues at the equivalent positions in Kir3.1, are

critical in determining the characteristics of ion block and

permeation of the Kir3.1/Kir3.4 channel. In Kir2.1, Thomp-

son et al. (22) found no evidence that the two polar residues

(T-141 and S-165) form a H1 bond and neither do the data

from this study support the presence of a H1 bond between

the equivalent residues in the Kir3.1/Kir3.4 channel. (In the

Kir3.1/Kir3.4 channel, there could potentially only be a H1

bond between Kir3.4-T-148 and Kir3.1-S-166 and the H1

bond should be disrupted by the mutation of one or both of

the residues to a nonpolar residue and the results in Figs. 5

and 6 do not support a scheme as simple as this.) In Kir2.1,

Thompson et al. (22) instead suggested that T-141 and S-165

form binding sites for monovalent blocking cations. We sug-

gest a different explanation below.

In the case of the Kir3.1/Kir3.4 channel, mutation of the

equivalent residues affect spermine permeation, inward

rectification, and agonist activation, as well as Cs1 block

and Rb1 permeation (Figs. 5 and 10). We have previously

shown that breaking the salt bridge between E-145 and

R-155 behind the selectivity filter of Kir3.4 disrupts the

selectivity filter—molecular dynamics modeling suggests

that the salt bridge behind the selectivity filter is equivalent

to the string of a bow and it tensions the selectivity filter and

holds it in its correct configuration. As a result, when the salt

bridge is disrupted, the selectivity filter becomes ‘‘floppy’’.

The disruption of the salt bridge has dramatic effects on

block, permeation, inward rectification, and agonist activa-

tion (9,16); the actions are similar to those (shown in this

study) of mutating the residues at the base of the selectivity

filter of Kir3.1/Kir3.4. For this reason, we suggest that the

residues at the base of the selectivity filter do not themselves

form binding sites for monovalent blocking cations (as

suggested by Thompson et al. (22)). Instead we suggest that

the residues at the base of the selectivity filter act in the same

way as the salt bridge: in some way, they act to stabilize the

selectivity filter in its normal configuration. Therefore, if the

residues at the base of the selectivity filter are disturbed by

mutation, the selectivity filter is disrupted in some way (once

more, perhaps it becomes floppy) and as a result any property

dependent on the selectivity filter (block and permeation

and, possibly, inward rectification and agonist activation) is

affected.

Interestingly, in the same way that only mutation of the

residues at the base of the selectivity filter in Kir3.4

dramatically affects the channel (Fig. 5), only disruption of

the salt bridge in Kir3.4 dramatically affects the channel (9).

It is possible that these two facts are related: Figs. 8 and 9

show that, when the salt bridge in Kir3.1 was disrupted,

dramatic and/or significant effects on channel properties

were observed if simultaneously Kir3.1-A-142 was mutated

to a threonine residue (resulting in TTTT at this position) or

Kir3.4-T-148 was mutated to an alanine residue (resulting in

AAAA at this position) (note that both of these mutations

result in a symmetrical internal selectivity filter entrance).

This interaction between the residues that form a salt bridge

behind the selectivity filter and the residues at the base of the

selectivity filter supports the hypothesis that mutation of

either set of residues acts in the same way (i.e., by disrupting

the selectivity filter).

FIGURE 11 Change in selectivity during agonist activation. (A) Typical
current traces from the wild-type channel with K1 (left) or Rb1 (right) as the

charge carrier in the absence of dopamine (top), in the presence of 10 mM

dopamine (middle), and after the subsequent addition of 1 mM Ba21

(bottom). (B) Typical current traces recorded from an uninjected oocyte with

K1 (left) or Rb1 (right) as the charge carrier in the presence of 10 mM

dopamine. In A and B, currents were recorded during voltage pulses from

�130 to 140 mV and arrows indicate zero current. (C) Mean normalized

current-voltage relationships with K1 or Rb1 as the charge carrier and with

(1) and without (�) dopamine. Mean 6 SE shown (n ¼ 7). Ba21-sensitive

currents shown.
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FIGURE 12 Correlations between Cs1 block, Rb1 and spermine permeation, inward rectification, and agonist activation. (A–D) Correlation between inward

rectification (g140 mV/g�100 mV) and spermine current (at �130 mV; A), Rb1 current (at �130 mV; B), KD (at �130 mV) of Cs1 block (C) and agonist

activation (D). Agonist activation was calculated as the fractional increase of current (at �130 mV) on application of agonist (agonist activation was 0 if there

was no increase and 1 if current doubled on application of agonist). (E–G) Correlation between agonist activation and spermine current (at �130 mV; E), Rb1

current (at�130 mV; F), and KD (at�130 mV) of Cs1 block (G). Data were fitted with a Pearson correlation (P and R2 values shown). Wild-type and mutant
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Inward rectification

In Kir2.1, mutation of residues in TM2 and the C-terminus

(S-165, D-172, E-224, E-299) weaken inward rectification

(2–6). Based on studies using different length amine

molecules, Guo et al. (7,8) suggested that polyamines are

stably coordinated within the intracellular pore by tethering

the trailing end of the polyamine molecule at E-224 and

E-299 and the leading head of the molecule at D-172.

However, according to the alternative selectivity filter model

(see Introduction), polyamines bind within the selectivity

filter itself (9,10). Fig. 5 shows that inward rectification was

weakened when Kir3.4-T-148, at the base of the selectivity

filter, was mutated. Because Kir3.4-T-148 is at the base of

the selectivity filter, it is closer to the selectivity filter than

D-172 (its equivalent in the Kir3.1/Kir3.4 channel is Kir3.1-

D-173) and as such should not affect inward rectification if

the leading head of the polyamine molecule responsible for

inward rectification is bound to D-172. As argued above,

mutation of Kir3.4-T-148 disrupts the selectivity filter and,

therefore, the loss of inward rectification on mutation of

Kir3.4-T-148 in this study (Fig. 5) supports the selectivity

filter model of inward rectification. The significant correla-

tions between inward rectification and Cs1 block and Rb1

permeation in Fig. 12 also supports it (Cs1 block and Rb1

permeation are both properties of the selectivity filter).

Mutations that weakened inward rectification, such as

replacement of Kir3.1-A-142 and Kir3.4-T-148 with valine

residues (VVVV/SASA), also usually increased spermine

permeability (Fig. 5). Indeed, the strength of inward rectifica-

tion was significantly correlated with the ability of spermine

to permeate the channel (Fig. 12 A). We have previously

suggested that the permeability of Kir channels to polyamines

‘‘fine-tunes’’ the strength of inward rectification of the

channels (11). The rationale behind this is that polyamines are

permeant blockers of Kir channels and the more easily a

polyamine molecule is able to permeate the channel (i.e., the

selectivity filter), the less time it will spend blocking the

channel. The significant correlation between inward rectifi-

cation and spermine permeation in Fig. 12A is consistent with

this. However, this study has shown that there is not always a

strict correlation between inward rectification and spermine

permeation (e.g., Fig. 6A). However, polyamine permeability

of the selectivity filter is not expected to be the only factor

controlling inward rectification. For example, a decrease in

polyamine access to the selectivity filter is expected to

decrease both inward rectification and spermine permeation.

Agonist activation

Binding of agonist to a G protein-coupled receptor releases

Gbg and this interacts with the intracellular N- and C-termini

of Kir3 channels to cause channel opening (31). The location

of the gate that opens the channel after Gbg binding is

unknown. Previous studies have shown that a number of

mutations in TM2 also alter agonist activation of Kir3

channels (13–15). Based on their data, Jin et al. suggested

that access of K1 to the pore is gated at the ‘‘bundle crossing’’

by a pivoted bending motion of the TM2 helices about a

highly conserved glycine residue (13). From a comparison of

the crystal structures of KcsA (assumed to be closed) and

Kv1.2 (assumed to be open) (32), for example, as well as spin

labeling experiments (33), the bundle crossing is indeed

thought to open during channel activation. Furthermore,

access of Cd21 (radius 73% of K1) or Ag1 (radius 95% of

K1), for example, to the inner vestibule in Kv channels

(Shaker and HCN channels) is gated (34,35).

However, Fig. 10 shows that mutation of Kir3.1-A-142 and

Kir3.4-T-148 to valine residues (VVVV/SASA) or of Kir3.1-
S-166 and Kir3.4-A-172 to leucine residues (ATAT/LLLL)
abolished agonist activation of the Kir3.1/Kir3.4 channel and

this is consistent with our previous study that shows that

disruption of the selectivity filter by disruption of the salt

bridge behind the selectivity filter abolishes agonist activation

(16). These data are not readily reconcilable with the pos-

sibility that the bundle crossing is the agonist-activated gate.

One possibility is that the mutations at the selectivity filter

allosterically affect the bundle crossing. However, this could

not explain the correlation in Fig. 12 between agonist ac-

tivation and selectivity (presumably dependent on the selec-

tivity filter). The alternative possibility is that mutations in

TM2 affect gating by allosterically affecting the selectivity

filter. Consistent with this, mutation of the phenylalanine

residues at the bundle crossing in Kir3.1/Kir3.4 affects selec-

tivity as well as agonist activation (16).

Fig. 13 shows models of Kir3.1 (Fig. 13 A) and Kir3.4

(Fig. 13 B) subunits and an alignment of Kir3 channels (Fig.

13 C) with mutations reported to alter agonist activation

highlighted. It is apparent in Fig. 13, A and B, that residues
associated with agonist activation extend from the bundle

FIGURE 12 (Continued).

channels 1–21 were investigated in this study and mutant channels 22–35 were investigated in previous studies (9,16): 1 Kir3.1/Kir3.4 (wild-type); 2 Kir3.1-S-

166L/Kir3.4; 3 Kir3.1/Kir3.4-A-172L; 4 Kir3.1-S-166L/Kir3.4-A-172L; 5 Kir3.1-S-166L-A-142T/Kir3.4; 6 Kir3.1-A-142T/Kir3.4; 7 Kir3.1-A-142V/Kir3.4;

8 Kir3.1/Kir3.4-T-148A; 9 Kir3.1/Kir3.4-T-148V; 10 Kir3.1-A-142T/Kir3.4-T-148A; 11 Kir3.1-A-142V/Kir3.4T-148-A; 12 Kir3.1-A-142V/Kir3.4-T-148V;

13 Kir3.1/Kir3.4-T-148A-A-172L; 14 Kir3.1-A-142T-S-166L/Kir3.4; 15 Kir3.1-A-142T-S-166L/Kir3.4-A-172L; 16 Kir3.1-S-166L/Kir3.4-T-148A-A-172L;

17 Kir3.1/Kir3.4-T-148A-E-145Q; 18 Kir3.1-A-142T-E-139Q/Kir3.4; 19 Kir3.1-A-142T/Kir3.4-T-148A-E-145Q; 20 Kir3.1-E-139Q/Kir3.4-T-148A; 21

Kir3.1-E-139Q/Kir3.4; 22 Kir3.1/Kir3.4-E-145Q; 23 Kir3.1-E-141Q/Kir3.4; 24 Kir3.1/Kir3.4-E-147Q; 25 Kir3.1/Kir3.4-R-155E; 26 Kir3.1-R-149E/Kir3.4-

E-145Q; 27 Kir3.1/Kir3.4-E-145Q-R-155E; 28 Kir3.1-F-181M/Kir3.4; 29 Kir3.1/Kir3.4-F-187M; 30 Kir3.1-F-181A/Kir3.4-F-187A; 31. Kir3.1-F-181M/

Kir3.4-F-187M; 32 Kir3.1-S-170P/Kir3.4-S-176P; 33 Kir3.1-D-173Q/Kir3.4; 34 Kir3.1/Kir3.4-E-231Q; and 35 Kir3.1-D-173Q/Kir3.4-E-231Q. Data

corrected for junction potentials.
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crossing, up the TM2 domains and across to the selectivity

filter. Given this pattern of reactivity, we tentatively propose

a working hypothesis for the mechanism of agonist activa-

tion of Kir3 channels. We suggest that binding of Gbg with

the intracellular domain of the channel induces a pivoted

bending of the TM2 domains about the conserved glycine

at position 83 as suggested previously (13). However, we

propose that this signal is then transduced along the TM2

domains up to the base of the selectivity filter, where small

movements of the selectivity filter gate the access of K1.

This hypothesis is supported by the observation that the

selectivity of Kir3.1/Kir3.4 changes during agonist activa-

tion (Fig. 11).

This hypothesis is also supported by other studies. In some

channels at least, the bundle crossing may not be sufficient

to impede the passage of permeant ions through the pore.

Although access of large methanethiosulfonate (MTS) re-

agents (such as MTSET with radius ;218% of K1) to the

inner vestibule of a Ca21-activated K1 channel (SK) and a

cyclic nucleotide-gated channel (CNG1) is gated, smaller

MTS reagents (such as MTSEA with radius ;135% of K1)

or Ag1 (radius 95% of K1) have state-independent access

(36,37). Although access of MTSEA (radius ;135% of K1)

to the inner vestibule of Kir6.2 is gated (38), Ba21, which

is more similar in size to K1 (Ba21 radius 102% of K1),

has state-independent access (17).

The concept of the selectivity filter as a gate is not novel:

C-type inactivation in voltage-gated K1 channels closes the

channel by constriction of the outer mouth of the selectivity

filter (39,40). In addition, the selectivity filter in Kir channels

has been suggested to be responsible for ‘‘fast gating’’: Kir

channels show bursting activity and mutations within the

selectivity filter of Kir2.1 (41,42), Kir3.1/Kir3.4 (43), and

Kir6.2 (44) or exchanging the P-loop of Kir2.1 with that of

Kir1.1b (45) alter the activity within bursts, i.e., fast gating

(short openings and closures).

In contrast to fast gating, ‘‘slow gating’’ (i.e., bursting

characterized by the burst duration and interburst closed time)

is affected by mutations close to the bundle crossing (44,46).

Therefore,whereas fast gatingmay correspond to gating at the

selectivity filter, slow gating may correspond to gating at the

bundle crossing. Ivanova-Nikolova and Breitwieser (47)

FIGURE 13 Summary of residues involved in agonist activation of Kir3 channels. (A and B) Models of the TM1-P-TM2 domains of the two Kir3.1 (A) or

two Kir3.4 (B) subunits of the Kir3.1/Kir3.4 tetramer based on the KcsA crystal structure. Residues that when mutated abolish agonist activation are

highlighted. (C) An alignment of the pore region (left) and TM2 domain (right) in Kir3.1, Kir3.4, and Kir3.2. Residues that when mutated abolish agonist

activation are also highlighted. Kir3.1-E-139 (this study); Kir3.1-A-142 (this study); Kir3.1-S-166 (this study); Kir3.1-S-170 (14,16); Kir3.1-C-179 (14);

Kir3.1-F-181 (16); Kir3.1-I-182 (14); Kir3.4-E-145 (16); Kir3.4-T-148 (this study); Kir3.4-R-155 (16); Kir3.4-V-170 (13); Kir3.4-I-173 (13); Kir3.4-G-175

(13); Kir3.4-S-176 (13,16); Kir3.4-N-179 (13); Kir3.4-M-182 (13); Kir3.4-C-185 (14); Kir3.4-F-187 (16); Kir3.4-V-188 (14); Kir3.2-E-152 (15); Kir3.2-G-

156 (15); Kir3.2-S-177 (15); and Kir3.2-V-188 (15).
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showed that, in the native Kir3.1/Kir3.4 channel, fast gating

(perhaps selectivity filter gating) is agonist dependent, whereas

slow gating (perhaps bundle crossing gating) is agonist-

independent. They showed that, as the agonist (ACh) con-

centration is increased, the number of openings per burst is

increased, the open time is increased, and the closed time is

reduced (47). This was subsequently confirmed by Nemec

et al. (48). These findings are consistent with a significant role

for the selectivity filter in agonist activation.

Other studies suggest that the selectivity filter may be

coupled to gating: with the Weaver mutation, in which the

second glycine residue in the GYG motif of the Kir3.2 G

protein-activated channel is replaced by a serine residue, both

selectivity and agonist activation are altered (49,50); the selec-

tivity of cyclic nucleotide-gated channels for Ca21 over Na1

increases with open probability (51); and the selectivity spec-

trum of a mutant Shaker channel changes as it passes through
subconductance states on its way to the fully open state (52).

The possibility that the selectivity filter is altered during

gating is supported by spin labeling experiments, which

show that during channel activation there are small move-

ments of the inner portion of the selectivity filter (at

approximately the position of Kir3.1-A-142 and Kir3.4-T-

148) (33). Again consistent with the possibility that the

selectivity filter is a gate, evidence shows that the selectivity

filter is flexible and not rigid: simulation studies of the dy-

namics of the KirBac1.1 channel show the occurrence of con-

formational distortions of the selectivity filter, especially in

the absence of K1 (53), and it is clear that the selectivity filter

of the KcsA channel is flexible given the different confor-

mations adopted in the presence of different external K1

concentrations (54).

Is the selectivity filter responsible for both
inward rectification and agonist activation?

In summary, we have observed that mutation of residues at

the base of the selectivity filter alter both inward rectification

and agonist activation. Unless the effects are allosteric, the

data suggest that the selectivity filter is responsible for both

agonist activation and inward rectification. Recently,

Hommers et al. (26) showed that agonist activation of Kir3.1/

Kir3.4 alters Ba21 and Cs1 block and this confirms that the

selectivity filter of Kir3.1/Kir3.4 is altered during agonist

activation. Furthermore, Hommers et al. (26) showed that

agonist activation alters inward rectification—in inside-out

patches from rat atrial cells, we have also observed that the

strength of inward rectification of Kir3.1/Kir3.4 depends on

agonist activation (55). Hommers et al. (26) observed a sig-

nificant correlation between Cs1 block and inward rectifica-

tion similar to that in Fig. 12 C (although, in the experiments

of Hommers et al. (26), the two were varied by agonist

activation, whereas in Fig. 12 C the two were varied by

mutatagenesis). These findings support the possibility that

the selectivity filter may be responsible for both inward rec-

tification and agonist activation. Indeed Hommers et al. (26)

concluded that ‘‘Gbg might gate the channel at the selectivity

filter rather than at a cytoplasmic gate’’. Similarly, Alagem

et al. (43) in relation to Kir3.1/Kir3.4 concluded 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’’.

Nevertheless, in the case of the ATP-sensitive K1 channel,

slow gating is ATP dependent (fast gating is ATP indepen-

dent), and the mutation T-171A at the bundle crossing in

Kir6.2 affects slow gating as well as ATP inhibition (56).

Clearly, more direct physical measurements are needed to

define the exact part of Kir channels that is controlling

K1 flux.
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