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Introduction

Inwardly-rectifying (Kir) potassium channels are important 
 regulators of cellular electrical activity and K+ transport pro-
cesses through their ability to couple channel activity to a wide 
range of metabolic and physiological stimuli.1,2 A subset of the 
Kir channel superfamily are characterised by their sensitivity to 
inhibition by intracellular H+ and include Kir1.1, Kir4.1, Kir4.2 
and heteromeric Kir4.x/Kir5.1 channels. These ‘pH-sensitive’ 
Kir channels are abundantly expressed in epithelial and glial cell 
types where their sensitivity to changes in intracellular pH (pH

i
) 

is thought to be important for the regulation of K+ transport and 
K+ homeostasis.3 Indeed, their importance is highlighted by the 
discovery that inherited mutations in the Kir1.1 gene (KCNJ1) 
underlie Type II Bartter’s Syndrome, a renal hypokalaemic dis-
order and mutations in Kir4.1 (KCNJ10) cause SeSAME/EAST 
syndrome, a complex disorder involving sensorineural deafness, 
ataxia,  mental retardation and electrolyte imbalance.4-6

The molecular mechanism of Kir channel pH-regulation 
has been the subject of investigation for well over a decade, yet 
the identity of the titratable pH-sensor remains unknown.7-12 

Several inwardly-rectifying (Kir) potassium channels (Kir1.1, Kir4.1 and Kir4.2) are characterised by their sensitivity to 
inhibition by intracellular h+ within the physiological range. The mechanism by which these channels are regulated by 
intracellular ph has been the subject of intense scrutiny for over a decade, yet the molecular identity of the titratable 
ph-sensor remains elusive. In this study we have taken advantage of the acidic intracellular environment of S. cerevisiae 
and used a K+-auxotrophic strain to screen for mutants of Kir1.1 with impaired ph-sensitivity. In addition to the previously 
identified K80M mutation, this unbiased screening approach identified a novel mutation (S172T) in the second 
transmembrane domain (TM2) that also produces a marked reduction in ph-sensitivity through destabilization of the 
closed-state. however, despite this extensive mutagenic approach, no mutations could be identified which removed 
channel ph-sensitivity or which were likely to act as a separate h+-sensor unique to the ph-sensitive Kir channels. In 
order to explain these results we propose a model in which the ph-sensing mechanism is part of an intrinsic gating 
mechanism common to all Kir channels, not just the ph-sensitive Kir channels. In this model, mutations which disrupt this 
ph-sensor would result in an increase, not reduction, in ph-sensitivity. This has major implications for any future studies 
of Kir channel ph-sensitivity and explains why formal identification of these ph-sensing residues still represents a major 
challenge.
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All Kir channels show some sensitivity to intracellular pH and 
can be inhibited by low pH e.g., pH 5.0. However, only the 
‘ pH-sensitive’ channels respond to changes in the physiological 
range; Kir1.1 has an IC

50
 = 6.5, Kir4.1 IC

50
 = 6.0, Kir4.2 IC

50
 = 

6.9 and Kir4.1/Kir5.1 IC
50

 = 7.4.13,14 Initially a lysine residue at 
the base of TM1 was thought to act as the pH-sensor because 
mutation of this residue (K80) in Kir1.1 causes a significant 
reduction in pH-sensitivity.7 Furthermore, a lysine is only found 
at this TM1 position in the pH-sensitive channels (K67 in Kir4.1 
and K66 in Kir4.2) and introduction of a lysine into this position 
in the non-pH sensitive channels (e.g., Kir2.1-M84K) dramati-
cally increases their pH-sensitivity.7,13 However, several recent 
studies have now shown that although this lysine is critical for 
‘sensitising’ the channel to H+-inhibition, it does not act as the 
H+-sensor itself.15,16 Instead, this lysine forms an intra-subunit 
H-bond with the adjacent residue in TM2 and this H-bonding 
at the helix-bundle crossing enhances Kir1.1 pH-sensitivity by 
stabilizing the closed state of the channel.

Several previous studies have addressed the identity of the 
H+-sensor in Kir1.1. Mutation of the histidine residues in 
Kir1.1 either singly or in multiple combinations, only produces 
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To validate this approach we transformed Kir1.1, Kir2.1 and 
the Kir1.1 (K80M) mutant channels into SGY1528 and exam-
ined their ability to complement growth on low [K+] media. 
Figure 1 shows that, as expected, the pH-sensitive channel 
Kir1.1 does not complement growth on 2 mM [K+] media. By 
contrast, wild-type Kir2.1 and Kir1.1(K80M) which both have 
a low pH-sensitivity complement growth well, indicating that 
they are fully functional in this acidic intracellular environ-
ment. This demonstrates that channels which are sensitive to 
pH

i
 within the physiological range are inhibited in this assay 

and fail to complement. This is also supported by our observa-
tion during the development of this assay that two different 
variants of Kir2.1 behave differently in this assay; the published 
sequence of mouse Kir2.1 contains a methionine at position 84 
and complements growth well (as shown in Fig. 1). However, 
we found that a variant of mouse Kir2.1,26 with a threonine 
at position 84 failed to complement growth of SGY1528 yeast. 
Residue 84 in Kir2.1 is equivalent to lysine 80 in Kir1.1, i.e., 
the TM1 position which regulates pH-sensitivity. We therefore 
tested the pH-sensitivity of these two Kir2.1 variants and found 
that in agreement with previously published reports Kir2.1-
84M is fully active at pH5.5. However, Kir2.1-84T shows >70% 
inhibition at pH5.5 (not shown). Together, these results suggest 
that this assay can be used to screen for mutations which reduce 
the sensitivity of Kir1.1 to inhibition by intracellular H+.

Random mutagenesis of Kir1.1. We created a mutant library 
of Kir1.1 where the entire open reading frame was subjected to 
random mutagenesis. This library was then transformed into the 
SGY1528 strain and screened on 2 mM [K+] plates. We recovered 
approximately 25 positive clones, but upon sequencing found that 
all of them contained either the K80M or K80I mutation which 
causes a reduction in pH-sensitivity and permits complementation 
of SGY1528 (Fig. 1). We next employed a more focused mutagen-
esis approach in order to avoid mutation of lysine 80; only amino 
acid residues 84 to 391 were subjected to random mutagenesis by 
PCR. However, despite multiple rounds of screening, this library 
failed to generate any  positive clones (not shown).

a modest reduction in pH-sensitivity.17 To date the only 
 mutations  identified which reduce the IC

50
 < pH 6.0 are K80M 

(IC
50

 = 5.3) and I63R (IC
50

 = 5.8). However, in both cases the 
pH-sensitivity is not completely removed, but simply shifted 
into the acidic range, where their pH-response is similar to 
the non pH-sensitive channels such as Kir2.1.9,18 By contrast, 
the vast majority of mutations in Kir1.1 either have no effect 
on pH-sensitivity or shift it into the alkaline range i.e., they 
make the channel more sensitive to intracellular pH and this 
effect is seen with many of the ‘loss of function’ mutations 
which give rise to Type II Bartter’s Syndrome. In these cases, 
the shift in pH-sensitivity causes the channel to be inhibited 
within the physiological range, and only activated at highly 
alkaline pH.4,19

Given the apparent lack of success of such site-directed 
mutagenesis approaches to identify the pH-sensor, we therefore 
decided to take a different approach. In a previous study we used 
a K+-auxotrophic strain of S. cerevisiae to screen for activatory 
mutations in the prokaryotic potassium channel KcsA.20 This 
yeast strain (SGY1528) has its primary K+ transport pathways 
deleted (∆trk1, ∆trk2) and will not grow on low [K+] media 
unless it expresses an alternative route for K+ entry. This therefore 
allows the assay of functional K+ channels and has successfully 
been used to screen randomly mutated libraries for activatory 
mutations in Kir2.1 and Kir3.2 as well as many other types of 
 potassium channel.20-24

In this study we also took advantage of the highly acidic 
 intracellular pH of yeast to inhibit Kir1.1 function, thus allowing 
the screening of randomly mutated libraries of Kir1.1 for muta-
tions which might reduce or abolish pH-sensitivity. We identi-
fied several activatory mutations including one novel mutation 
which produces a marked reduction in pH-sensitivity, but none 
which completely abolished pH-sensitivity or which would act as 
a titratable H+-sensor. We therefore propose an alternative model 
which does not require the pH-sensitive Kir channels to possess 
a separate independent pH-sensor. Instead we propose that the 
pH-sensing mechanism is part of a common Kir channel gating 
mechanism. This model not only explains the results of many 
different attempts to identify a Kir channel pH-sensor, but also 
why mutation of the actual H+-sensing residue(s) does not result 
in the expected reduction in pH-sensitivity and why their identi-
fication will be difficult.

Results and Discussion

Expression of pH-sensitive Kir channels in yeast. Several 
 previous studies have shown that the SGY1528 strain of yeast can 
be used to identify activatory ‘gain-of-function’ mutations in a 
wide range of K+ channels, including several different Kir chan-
nels.20-22 We therefore decided to adapt this approach to screen for 
mutations in Kir1.1 which would reduce its sensitivity to intracel-
lular pH. It has been shown that the intracellular pH of S. cerevi-
siae can drop as low as pH 5.5.25 Such an acidic intracellular pH 
would cause complete inhibition of Kir1.1 and therefore permit 
the screening of randomly mutated libraries for mutations which 
reduce or possibly even abolish its pH-sensitivity.

Figure 1. Growth complementation by ph-insensitive Kir channels. The 
ph-sensitive wild-type Kir1.1 channel does not complement the growth 
of K+-auxotrophic S. cerevisiae (SGY1528) on low [K+] media (2 mM KCl) 
presumably due to the low intracellular ph found in yeast. however, 
the ph-insensitive channel Kir2.1 and the mutant Kir1.1(K80M) channels 
both complement growth well. In all cases the strains can grow well on 
high 100 mM [K+] (right hand part). The control vector is the parental 
pYeS-2m.
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Changes in processing and trafficking of the channel could 
also lead to an increase in channel density in the membrane.30,31 
Nevertheless, such explanations need further investigation and 
we decided not to pursue this further as part of this particular 
study. However, the ability to express functional Kir1.1 (K80M) 
channels in yeast now has potential for use of this expression 
system as a high-throughput screen for Kir1.1 inhibitors for the 
treatment of hypertension.32

Random mutagenesis of a Kir1.1/Kir4.1  chim- 
era. Due to our lack of success with Kir1.1 we decided 
to screen a mutant library of Kir4.1 which is also 
a pH-sensitive Kir channel. However, no positive 
clones could be recovered and it was subsequently 
found that even mutation of the TM1 lysine residue 
in Kir4.1 (K67M) failed to permit complementation 
of SGY1528 yeast. Given that the Kir4.1(K67M) 
channel has an IC

50
 of pH 4.3,13 the inability of this 

channel to complement growth is unlikely to be due 
to any remaining pH-sensitivity and instead may be 
because not all types of K+ channels are processed 
and trafficked correctly in yeast. However, we did 
not investigate this further. Instead we took advan-
tage of a chimera between Kir1.1 and Kir4.1 which 
had been created in a previous study.27 This chimera 
(30C) contains the N-terminus and TM-Pore region 
of Kir1.1 with the C-terminus of Kir4.1. This chi-
mera did not complement the growth of SGY1528, 
and neither did the K80M mutant version of this 
chimera. However, we found that screening of a ran-
domly mutated library of the 30C(K80M) chimera 
resulted in the recovery of a large number of positive 
clones. After the exclusion of false positives a total 
of 42 positive clones were recovered. Several of these 
clones contained multiple mutations, but either 
these mutations were represented as single mutants 
elsewhere or site-directed mutagenesis was used to identify the 
individual mutation responsible. In total 11 single mutations 
were identified and confirmed by complementation in SGY1528 
(Fig. 2 and Table 1).

Effects on pH-sensitivity of Kir1.1. All except one of the 
these activatory mutations are located in the Kir1.1 portion of the 
30C chimera and we therefore examined their effect on pH-sen-
sitivity. The mutations were introduced into wild-type Kir1.1 and 
expressed in Xenopus oocytes. Giant excised patches were used to 
measure their sensitivity to changes in intracellular pH and these 
results are shown in Table 1. The majority of mutations have 
little effect on pH-sensitivity, whilst mutations G54C and R184S 
produced only a modest reduction in pH-sensitivity. However, 
mutation S172T in TM2 produced a significant  reduction in pH-
sensitivity (IC

50
 = 5.8) (Fig. 3).

Mechanism of activation. The majority of mutations 
 identified in this assay do not appear to produce a major reduction 
in pH-sensitivity, though in some cases the modest shifts observed 
could, in combination with the K80M mutation in the mutant 
30C chimera, produce a cumulative effect great enough to permit 
complementation. However, given their lack of effect on Kir1.1 
pH-sensitivity we did not investigate this further. Interestingly, 
several activatory mutations cluster in the proximal C-terminus. 
(R184, K186, K187) in an area thought to contribute to the 
PIP

2
 binding site.28 Although still controversial, it has been pro-

posed that disruption of channel-PIP
2
 interactions increases pH- 

sensitivity through destabilization of the open-state of the chan-
nel.28,29 However, if they do weaken the interaction with PIP

2
 then 

this has no major effect on pH-sensitivity (Table 1).

Figure 2. Random mutagenesis identifies activatory mutations. By screening a 
randomly mutated library of the 30C chimeric channel on low [K+] growth media, 11 
unique activatory mutations were identified which complemented growth. all except 
the S249I mutation were located in the Kir1.1 section of the chimera.

Table 1. The ph-sensitivity of activatory mutations identified in 30C 
chimera

IC50

WT Kir1.1 6.5 ± 0.1

G54C 6.1 ± 0.1

Y113C 6.5 ± 0.1

T129A 6.6 ± 0.1

V140M N.D.

S172T 5.8 ± 0.1

R184S 6.1 ± 0.1

K186Q 6.9 ± 0.1

K187N 6.3 ± 0.1

T193M 6.7 ± 0.2

V199L 6.3 ± 0.1

S249I N.D.

all except the S249I mutation were located in the Kir1.1 section of the 
chimera.
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which the TM2 helices come closest together and the serine side 
chain forms several inter-subunit contacts.

We therefore investigated what effect different mutations at 
this position have on pH-sensitivity. We found that the effect 
of the threonine mutation was highly specific as mutation to 
either alanine, valine or isoleucine had very little effect on pH-
sensitivity (S172A IC

50
= 6.6 ± 0.1, S172V IC

50
= 6.6 ± 0.1 and 

S172I IC
50

= 6.5 ± 0.1). The functional effect of the S172T muta-
tion therefore cannot be replicated by a smaller or larger side-
chain and although it is a very conservative substitution, the 
additional methyl group in the presence of the hydroxyl group 
clearly introduces a very subtle and unique structural change that 
produces a marked shift in pH-sensitivity. Furthermore, because 
this  threonine side-chain is non-titratable then the effects of this 
mutation must act indirectly on the pH-sensing mechanism.

This also highlights the usefulness of this random screen-
ing approach because such a conservative mutation is unlikely 
to have been found by systematic scanning mutagenesis or site-
directed mutagenesis approaches which would have naturally 
favored more radical side-chain substitutions.

Is there a separate titratable pH-sensor? Mutagenesis stud-
ies of pH-sensitivity in other K+ channels have identified spe-
cific titratable residues and the existence of modular regulatory 
domains that confer pH-sensitivity. Furthermore, when these 
residues are mutated the channels lose their pH-sensitivity, but 
their other gating mechanisms remain mostly intact.33-35 As a 
consequence, most previous studies of Kir channel pH-sensitivity 
have been based upon the idea that the H+-sensor in Kir1.1 is 
separate and unique to the pH-sensitive Kir channels, and that 
if this sensor is mutated then inhibitory effect of H+ would be 
reduced or abolished.

However, in this study (and all previous studies of Kir channel 
pH-sensitivity) no mutations have been identified which com-
pletely remove pH-sensitivity. One simple explanation is therefore 
that the correct residue has not been mutated. Although it is diffi-
cult to prove such a negative result beyond doubt, we believe this 
not to be the case for two reasons. Firstly, extensive site-directed 
mutagenesis studies over the last decade have failed to identify 
any such residues. Secondly, this unbiased random screen of the 
entire Kir1.1 sequence also failed to identify any such residues 
even though it was capable of identifying the K80M and S172T 
mutations.

Alternatively, if no single residue functions as the pH-sensor 
then perhaps protonation of more than one residue is required to 
close the channel and no mutagenesis study (including this one) 
has ever made the correct combination of mutations? Again, we 
cannot disprove this, but in our previous study of KcsA we were 
still able to identify many of the individual residues which con-
tribute to a complex pH-sensing mechanism using this random 
mutagenesis and genetic screening approach.20,36

Therefore we believe that if the pH-sensitive Kir channels pos-
sessed a separate, unique and independent pH-sensor consisting 
of a small number of titratable residues then this approach (and 
all previous approaches) would have had a high probability of 
finding such mutations, and that the apparent failure to iden-
tify such residues by mutagenesis and functional screening for 

Effects of the S172T mutation. The S172T mutation 
 produced a significant effect on pH-sensitivity (IC

50
 = 5.8). We 

therefore examined whether this mutation would permit comple-
mentation of SGY1528 growth by Kir1.1. However, the Kir1.1 
(S172T) mutant did not complement (not shown). This would 
explain why this mutation was not recovered in the original 
screens of Kir1.1 and only mutations of the K80 residue were 
found which produce a larger reduction in pH-sensitivity.

Changing a serine to a threonine at position 172 is a very 
conservative substitution, yet the functional effect is significant. 
Closer inspection of the position of S172 in the closed state model 
shown in Figure 4 shows that this residue sits at the point at 

Figure 3. Reduced ph-sensitivity in the Kir1.1 S172T mutation. 
 Measurement of the ph-sensitivity of the S172T mutation in giant 
excised patches from Xenopus oocytes. The S172T mutation markedly 
reduces channel ph-sensitivity (IC50 = 5.8 ± 0.1) compared to wild-type 
Kir1.1 (IC50 = 6.5 ± 0.1).

Figure 4. S172 Residue located close to the helix-bundle crossing. 
The S172 is located close to the bottom of TM2 and to the adjacent 
TM2 helix in the closed state homology model of Kir1.1.9,16 The TM2 
segment containing the S172 residue is shown in white for clarity and 
the S172 residue is shown as a stick. Opening of the channel involves 
movement of the TM2 helices and the S172T mutation may reduce ph-
sensitivity either by destabilizing the closed state or forming additional 
 interactions in the open state.
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What is the pH-sensor? This model also provides a 
 straightforward explanation to why it is so difficult to identify 
the actual H+-sensor itself; because if it is involved in stabilization 
of the open state, then its mutagenesis would promote channel 
closure (i.e., would produce an alkaline shift or a permanently 
closed channel) instead of producing the expected reduction in 
pH-sensitivity. It will therefore be difficult, and perhaps impos-
sible, to produce a mutant Kir channel that is completely insensi-
tive to H+-inhibition and explains why so many mutations in Kir 
channels produce an alkaline shift.19

In the pH-sensitive channels such as Kir1.1 and Kir4.1 or 
Kir4.2 we propose that additional interactions have evolved 
which fine-tune this intrinsic pH-sensitivity by their effects on 
the relative stability of either the open or closed state of the chan-
nel. This also explains how heteromultimerisation with Kir5.1 
could enhance the pH-sensitivity of Kir4.1, because instead of 
contributing an additional H+-sensor, the presence of the Kir5.1 
subunit simply needs to stabilize the closed state (or destabilize 
the open state) relative to Kir4.1.14,15

In our model the pH-sensitive Kir channels (Kir1.1, Kir4.1 
and Kir4.2) retain a degree of pH-sensitivity and behave like 

reduced pH-sensitivity is not just bad luck. Consequently, an 
alternative explanation for Kir channel pH-sensitivity is required.

A putative model for Kir channel pH-sensitivity. A 
 relatively simple explanation can account for our results, and 
those of all previously published studies of Kir channel pH-
sensitivity by assuming that the pH-sensitive Kir channels do 
not possess a unique set of titratable residues which confer 
H+-sensitivity. Instead, we propose that the pH-sensing mecha-
nism and molecular identity of the H+-sensor is common to 
all Kir channel sub-classes, and that these pH-sensitive interac-
tions are highly conserved amongst all Kir channels and are 
involved in stabilization of the channel in the open state confor-
mation. This is consistent with the previously reported sensitiv-
ity of all types of Kir channel to H+-inhibition.2 To modulate 
channel pH-sensitivity therefore only requires subtle variations 
in channel structure to affect the relative stability of either the 
open or closed state, e.g., H-bonding between TM1 and TM2 
in Kir1.1.16 Such additional interactions would shift the equi-
librium of the response to H+ and sensitize the channel to pH 
changes within the physiological range (i.e., pH 6.0 to pH 8.0) 
without the requirement for pH-sensitive interactions unique to 
the pH-sensitive Kir  channels alone.

This idea is supported by our previous study on the  mechanism 
by which the K80 residue in Kir1.1 controls pH-sensitivity. 
H-bonding between K80 and A177 at the helix-bundle crossing 
influences pH-sensitivity through stabilization of the closed state 
of the channel i.e., making it easier to close at a given [H+] and 
thus more ‘pH-sensitive’.9,15,16 Thus although K80 is critical in 
defining channel pH-sensitivity, it is not the actual H+-sensor 
and mutation of this residue reduces pH-sensitivity by affecting 
the stability of the closed state, relative to the open state. This 
relative destabilization of the closed state is also reflected in a 
change in gating kinetics because these mutations are able to 
open at a much faster rate.15,16

The S172T mutation destabilizes the closed-state of Kir1.1. 
If our hypothesis is correct and the S172T mutation influences 
pH-sensitivity through a relative destabilization of the closed state 
then we should also observe an alteration in the gating kinetics. 
We therefore used a fast piezo-driven solution exchange system 
to examine the kinetics of pH-gating in the S172T mutant chan-
nels.15,16 We found that although the on-rate for pH-inhibition of 
S172T was slightly increased relative to wild-type Kir1.1, the off 
rate was dramatically faster and were similar to that seen with 
the K80V mutation (Table 2 and Fig. 5). Although the on rate 
increased by greater than 5-fold for the S172T mutant, in reality 
this increase could be even be greater as it approaches the limits 
of resolution for the solution exchange system.

These changes in gating kinetics clearly demonstrate that 
although the S172T mutation causes a minor destabilization of 
the open state it has a far greater effect on the stability of the 
closed state, and that this destabilization of the closed state could 
easily account for the change in pH-sensitivity. Furthermore, it 
demonstrates that differences in titratable side-chains are not 
necessary to produce relatively large effects on channel pH- 
sensitivity. These concepts are illustrated by the simplified gating 
model shown in Figure 6.

Table 2. Gating kinetics of wild-type and mutant Kir1.1 channels

On rate Off rate

K+-Exchange 5.5 ± 0.5 ms 16.5 ± 4.5 ms

Kir1.1 150 ± 7.5 ms 116 ± 2.6 ms

S172T 104 ± 30 ms 23 ± 7 ms

K80V 125 ± 8 ms 20 ± 2 ms

Time courses were fitted with a monoexponential function. The on rate 
represents the time course of inhibition from ph 10 to ph 5. The off rate 
represent the time course of recovery from ph 5 to ph 10 (mean ± SeM, 
n = 6).

Figure 5. Destabilization of the closed state by S172T mutation. Time 
course of ph gating for wild-type and mutant Kir1.1 channels induced 
by changes in the intracellular ph. Solution exchange was done using a 
fast piezo-driven application system. Currents for the different channels 
were equalized for better comparison. The time course of wild-type 
Kir1.1 currents upon K+ exchange (replacement with Na+ measured at 
+40 mV) are shown in gray and superimposed on the ph gating time 
course obtained in the same patch. This demonstrates the maximal 
temporal resolution of the application system. The ph-inhibition of 
wild-type Kir1.1 is shown in black, Kir1.1-K80V in red, and the S172T in 
green. Both the K80V and S172T mutant channels show a faster rate of 
recovery from inhibition, i.e., faster off rate which reflects a destabiliza-
tion of the closed state. The values for on and off rates are shown in 
Table 2. The dotted line represents the zero current level.
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of this, we and others have previously shown that mutation of 
several highly conserved inter-subunit salt-bridges shifts channel 
pH-sensitivity into the alkaline range.8,9 Therefore we propose 
that (as summarized in Fig. 6) a series of inter- and/or intra-
subunit salt bridges may account for the intrinsic pH-sensitivity 
of Kir channels, and that protonation of carboxylic acid groups 
at low pH destabilizes the open state causing inhibition of chan-
nel activity. Indeed, a recent study of the pH-sensitivity of the 
ASIC channel has shown a wide degree of variation in the pKa of 
aspartic and glutamic acid residues ranging of pH 5.0 to pH 7.4.40 
This therefore supports the idea that a carboxylic acid residue 
could act as a physiological pH-sensor in Kir1.1. However, due 
to their possible involvement in stabilization of the open state 
of Kir1.1 their identification will be problematic. Nevertheless, 
the recent structure of the Kir2.2 channel in the closed state will 
undoubtedly help with the generation of models of the open state 
Kir channel,41 and the prediction of residues that may be involved 
in open state stabilization, as well as those interactions involved 
in the fine-tuning of channel pH-sensitivity.

In conclusion, we believe that the model we propose now pro-
vides a explanation of Kir channel pH-sensitivity that is consis-
tent with all the available functional studies. This model also has 
major implications for the design and interpretation of any future 
studies which address Kir channel pH-sensitivity, as well as for 
other classes of ion channels where the identity of the H+-sensor 
has so far proven elusive.

Materials and Methods

Molecular biology. For expression in yeast wild-type and mutant 
Kir channels were cloned into the methionine regulated pYES2m 
vector with a modified Kozak sequence of 6 adenine nucleotides 
for optimal expression (AAA AAA ATG).42 Construction of the 
30C chimera was described previously and contains residues 
1–197 of Kir1.1 and 185–379 of Kir4.1.27 Randomly mutated 
libraries were constructed using the GeneMorph-II random 
mutagenesis kit (Stratagene), which uses non-biased, error-prone 
PCR. The PCR reactions were quantified according to the man-
ufacturers protocols to produce an error rate of ∼1–3 mutations 
per open reading frame. PCR products were then subcloned back 
into their expression vectors. In order to maximise the transfor-
mation efficiency, ligations were purified by phenol:chloroform 
extraction and ethanol precipitation prior to transformation into 
Library Efficiency DH5α E. coli (Invitrogen) and growth in cul-
ture overnight. Analysis of the transformation efficiency prior to 
overnight growth indicated that the libraries contained approxi-
mately >105 independent clones. Randomly selected independent 
clones were isolated on non-selective media and upon sequencing 
were found to contain a minimum of 1–3 mutations per open 
reading frame. All site-directed mutagenesis was performed using 
the QuikChangeII system (Stratagene).

Yeast transformation and drop-tests. All media, growth and 
propagation of this strain is as described previously.20-22 Wild-type 
and mutant channels were transformed into competent SGY1528 
cells using a standard lithium acetate yeast  transformation 
 protocol. Transformants were grown on APKO-ura plates for 

non-pH-sensitive channels such as Kir2.1 even when residues 
involved in these additional ‘pH-tuning’ interactions are mutated 
(e.g., K80M in Kir1.1). This is because the basic H+-sensing 
mechanism is common to all Kir channels and absolutely criti-
cal for Kir channel gating i.e., maintenance of the open state. 
Therefore, these actual H+-sensitive interactions cannot be 
mutated or channel opening will be severely impaired and a non-
functional channel result. Likewise, mutations which produce 
indirect disruptive effects on these interactions would result in 
an alkaline shift in pH-sensitivity.

So what structural explanation could account for this pro-
posed model? In the KcsA potassium channel a network of salt-
bridges located at the helix-bundle crossing acts as the H+-sensor, 
but in this case these interactions hold the channel in the closed 
state prior to protonation of glutamate residues and activation 
at low pH.36,37 In TREK1 and TRPM2 channels protonation of 
intracellular glutamate and aspartate side chains have been shown 
to act as the H+-sensors.38,39 In Kir channels the pH-sensing 
residues are most likely located in the intracellular domains and 
their titration at very low pH values indicates that protonation 
of carboxylic acid groups are also probably involved. In support 

Figure 6. a putative model for Kir channel ph-sensitivity. The model 
proposes that all Kir channels possess a low intrinsic ph-sensitivity and 
that this ph-sensitivity is due to titration of one or more salt-bridges in 
the intracellular domains that stabilize the channel in the open-state. 
Low ph probably involves titration of carboxylic acid groups to break 
these stabilizing interactions. Differences in Kir channel ph-sensitivity 
(i.e., shifting this equilibrium) can therefore arise by altering the rela-
tive stability of the open and closed states rather than the presence of 
additional h+ sensors. The model proposes that direct mutation of the 
h+-sensing residues will destabilize the open state and therefore result 
in an increase, not decrease in ph-sensitivity. In some cases this alkaline 
shift may be so extreme as to produce a non-functional channel. any 
other mutations that indirectly destabilize the open state will also result 
in an increase in ph-sensitivity. In order to decrease channel ph-sensi-
tivity requires mutation of residues which stabilize the closed state or 
the creation of novel interactions which stabilize the open state.
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(tip diameter of 5–15 µm) and filled with (in mM, pH adjusted 
to 7.2 with KOH) 120 KCl, 10 HEPES and 1.8 CaCl

2
. K+ free 

solution contained (in mM, pH adjusted to 7.2 with NaOH) 120 
mM N-methylglucamine (NMG+), 10 HEPES and 1.8 CaCl

2
. 

Currents were recorded with an EPC9 amplifier (HEKA elec-
tronics, Lamprecht, Germany) and sampled at 1 kHz with analog 
filter set to 3 kHz (-3 dB). Solutions were applied to the cyto-
plasmic side of excised patches via a multi-barrel pipette. For 
experiments on the pH gating kinetics a faster solution exchange 
system was used with double barrel theta-glass capillary attached 
to a piezo-driven device.
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∼48 hours before overnight growth in 4 ml APKO-ura (100 mM 
KCl). Cultures were washed in APKO-met-ura media (0.5 mM 
KCl) and 3.5 µl drops of either undiluted, 1:10 or 1:1,000 dilu-
tions made onto APKO-met-ura plates (with [KCl] as specified). 
Drop test plates were incubated at 30°C for ∼72 hours.

Electrophysiology. For oocyte expression, constructs were 
subcloned into the pBF expression vector. mRNAs were syn-
thesized in vitro by using the SP6 mMESSAGE mMACHINE 
kit (Ambion, Austin, TX, USA) and stored in stock solutions at 
-80°C. Xenopus oocytes were treated with 0.5 mg/ml collage-
nase type II (Sigma, Taufkirchen, Germany), defolliculated and 
incubated at 19°C prior to use. About 50 nl of a solution con-
taining channel specific mRNA was injected into Dumont stage 
VI oocytes. Giant patch recordings in inside-out configuration 
under voltage-clamp conditions were made at room tempera-
ture 3–7 days after mRNA injection. Pipettes were made from 
thick-walled borosilicate glass, had resistances of 0.3–0.9 MΩ 
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