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Two main K+ conductances are responsible for the late

repolarization phase of the cardiac action potential, the IKr

and IKs delayed-rectifier K+ currents (Noble & Tsien, 1969;

Sanguinetti & Jurkiewicz, 1990). IKr is encoded by the

KCNH2 (HERG) and KCNE2 (MIRP1) genes, while IKs is

encoded by the KCNQ1 (KvLQT1) and KCNE1 (Mink)

genes, whose protein products assemble, respectively, as a
and b subunits of the corresponding channel complexes

(Kurokawa et al. 2001; Pond & Nerbonne, 2001; Tseng,

2001). Mutations in each of the four genes produce long-

QT (LQT) syndrome, a human genetically heterogeneous

cardiovascular disease that is characterized by abnormal

ventricular repolarization (Keating & Sanguinetti, 2001).

Because of their importance in shaping the cardiac action

potential under both normal and pathophysiological

conditions, IKr and IKs are crucial targets for different

regulatory processes such as modulation by external

cations (Po et al. 1999; Numaguchi et al. 2000), nitric oxide

(Taglialatela et al. 1999), protein kinase C (Barros et al.
1998), protein kinase A (Kiehn et al. 1998; Thomas et al.
1999) and pH (Berube et al. 1999; Jiang et al. 1999; Terai et
al. 2000; Vereecke & Carmeliet, 2000).

Changes in pH markedly affect cardiac excitability.

Extracellular and intracellular acidification of cardiac

myocytes occurs within minutes following myocardial

ischaemia. Acidosis results in a fall in the resting potential,

a reduction in upstroke velocity, a prolongation of the

action potential duration and the occurrence of early

afterdepolarizations (Carmeliet, 1999). All of the acidosis-

induced changes are arrhythmogenic and may explain why

the threshold for ventricular fibrillation is reduced in

acidosis. External pH (pHo) has been described as

changing rapidly from 7.4 to values as low as 5.9 and thus

to act on various ion channels (Axford et al. 1992;

Carmeliet, 1999). Most of the ion channels that contribute

to the cardiac action potential are inhibited by

extracellular acidosis, including voltage-gated Na+

channels (INa), L-type Ca2+ channels (ICa L) and inward-

rectifier (IK1), transient (Ito) and delayed-rectifier (IKr, IKs)

K+ channels (Carmeliet, 1999). The mechanisms

underlying this proton-mediated channel inhibition are

diverse and could involve a decrease in unitary

conductance, a reduction in open probability or voltage

shifts in the activation-inactivation kinetics. In most cases,
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acidosis increases the cardiac action potential duration,

suggesting that K+ channel-mediated repolarization is

impaired. Recent studies have attempted to evaluate the

impact of external protons on the molecular correlates of

the cardiac K+ currents. Kv1.5 channels, which contribute

to IK currents in phase 3 repolarization of the cardiac

action potential, show enhanced C-type inactivation at

low pHo (Steidl & Yool, 1999). HERG channels, which

underlie IKr currents, exhibit a faster rate of deactivation

and in some cases a positive shift in the voltage dependence

of activation upon external acidification (Anumonwo et
al. 1999; Berube et al. 1999; Jo et al. 1999). Fewer data are

available for the impact of pHo on native and recombinant

IKs currents. It was found that external acidification reduces

the maximal conductance (Gmax) of IKs in a voltage-

independent fashion, suggesting that the proton binding

site is located outside the membrane electric field (Yamane

et al. 1993). A recent study reported that glycosylation

influences the pH sensitivity of IKs channels (Freeman et al.
2000). When expressed in a glycosylation-permissive

Chinese hamster ovary (CHO) cell line, IKs channels are

sensitive to external acidification, while they remain

unaffected if expressed in Lec-1 glycosylation-deficient

CHO cells (Freeman et al. 2000).

In the present study, we have compared systematically the

effects of external acidification on homomeric KCNQ1

and heteromeric IKs channel properties, using two different

expression systems, Xenopus oocytes and CHO cells. In

this regard, it was shown recently that depending on the

cell type, the degree of glycosylation of the KCNE1 b
subunit could affect not only the gating properties but also

the pH sensitivity of IKs channels (Freeman et al. 2000). We

found that low pHo produces similar effects on both

expression systems. External acidification (from pH 7.4 to

pH 5.5) markedly inhibited the amplitude of KCNQ1

currents but weakly affected that of IKs. Low pHo slowed

down the activation and deactivation kinetics and strongly

reduced the KCNQ1 inactivation process. An N-terminal

deletion of KCNE1 (D11–38) led to a substantial current

inhibition by protons that is absent in wild-type (WT) IKs

channels. We have also shown that KCNE1 residues 39–43,

lying at the N-terminal boundary of the transmembrane

segment are involved in slowing of the IKs deactivation

produced by low pHo. Our data suggest that external

acidification acts on homomeric and heteromeric KCNQ1

channels via multiple mechanisms to affect gating and

Gmax.

METHODS
Molecular biology
All KCNQ1 and KCNE1 mutants were produced by Pfu DNA
polymerase (Promega) and mutagenic primers using PCR-based
site-directed mutagenesis. For each mutant, DNA sequence
analysis was performed prior to expression. For Xenopus oocyte
expression, human KCNE1 and its mutants were linearized by

BamH1, while WT KCNQ1 was linearized by Not1. Capped
complementary RNAs (cRNAs) were transcribed from WT and
mutants of human KCNE1, and WT human KCNQ1 by T3 and T7
RNA polymerases, respectively, using the mMessage mMachine
transcription kit (Ambion). cRNA size and integrity were confirmed
by formaldehyde-agarose gel electrophoresis.

RNA injection into Xenopus oocytes
Xenopus laevis frogs were purchased from the USA (Xenopus 1,
Dexter, Michigan, USA). All procedures used and described
herein conform with the UK Animals (Scientific Procedures) Act
1986. The procedures followed for surgery and maintenance of
frogs were approved by the animal research ethics committee of
Tel Aviv University. Frogs were anaesthetized with 0.2 % tricaine
(Sigma). Pieces of the ovary were surgically removed and digested
with 1 mg ml_1 collagenase (type IA, Sigma) in Ca2+-free ND96
(mM: 96 NaCl, 2 KCl, 1 MgCl2 and 5 Hepes titrated to pH 7.5 with
NaOH) for 1 h, to remove follicular cells. Oocytes at stages V and
VI were used for cRNA injection and maintained at 18 °C in ND96
(1.8 mM CaCl2), supplemented with 1 mM pyruvate and 50 mg ml_1

gentamycin. Human KCNE1 and its mutants were injected at 1 ng
cRNA oocyte_1 together with WT KCNQ1 at 2 ng cRNA oocyte_1.
Homomultimeric expression of WT KCNQ1 was performed by
injecting 2 ng cRNA oocyte_1.

Electrophysiology in Xenopus oocytes
Standard two-electrode voltage-clamp measurements were
performed 3–5 days following cRNA microinjection into oocytes,
as described previously (Abitbol et al. 1999). Oocytes were bathed
in a modified ND96 solution containing (mM) 96 NaCl, 2 KCl, 1
MgCl2, 0.1 CaCl2 and 5 Hepes titrated to pH 7.4 with NaOH under
constant perfusion using a peristaltic pump (Gilson) at a flow rate
of 0.4 ml min_1. Hepes buffer was used to titrate pH 7.5 and 6.5
and Mes buffer for pH 6.5, 6 and 5.5. CaCl2 was reduced to 0.1 mM

to virtually eliminate the contribution of endogenous Ca2+-
activated Cl_ currents. Whole-cell currents were recorded at room
temperature (20–22 °C) using a GeneClamp 500 amplifier (Axon
Instruments). Glass microelectrodes (A-M Systems) were filled
with 3 M KCl and had tip resistances of 0.5–1.5 MV. Stimulation
of the preparation, data acquisition and analyses were performed
using the pCLAMP 6.02 software (Axon Instruments) and a 586
personal computer interfaced with a Digidata 1200 interface
(Axon Instruments). Current signals were filtered at 0.2–0.5 kHz
and digitized at 1–2 kHz. Unless specified otherwise, the holding
potential was _80 mV. Leak subtraction was performed off-line
using the Clampfit program of the pCLAMP 6.02 software.

Electrophysiology in CHO cells
CHO cells were plated on poly-D-lysine-coated glass coverslips in
a 24-multiwell plate and grown in Dulbecco’s modified Eagle’s
medium supplemented with 2 mM glutamine, 10 % fetal calf serum
(FCS) and antibiotics. Transfection was performed using 1.5–2 ml
of lipofectamine (Gibco-BRL) according to the manufacturer’s
protocol and with 0.5 mg of the respective channel cDNA plasmids
together with 0.5 mg of pIRES-CD8 (kindly provided by Dr A.
Patel) as a marker for transfection. Transfected cells were
visualized 48 h following transfection, using the anti-CD8
antibody-coated beads method (Jurman et al. 1994). Current
measurements were performed 48 h following transfection, using
the whole-cell configuration of the patch-clamp technique
(Hamill & Sakmann, 1981). Currents were acquired at steady state
after stabilization of run-down (if any). Signals were amplified
using an Axopatch 200B patch-clamp amplifier (Axon Instruments),
sampled at 1 kHz and filtered at 400 Hz via a four-pole Bessel low-
pass filter. Data were acquired using pCLAMP 8.1 software (Axon
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Instruments) and an IBM-compatible computer in conjunction
with a DigiData 1322A interface (Axon Instruments). The patch
pipettes were pulled from borosilicate glass (with filament) and
had a resistance of 3–7 MV and were filled with (mM) 130 KCl, 1
MgCl2, 5 K-ATP, 5 EGTA, 20 KOH and 10 Hepes at pH 7.4. The
external solution contained (mM) 140 NaCl, 4 KCl, 1.8 CaCl2, 1.2
MgCl2, 11 glucose and 5.5 Hepes at pH 7.4. Hepes buffer was used
to titrate to pH 7.5 and 6.5 and Mes buffer for pH 6.5, 6 and 5.5.

Data analyses
Data analysis was performed using the Clampfit program (pCLAMP
8.1, Axon Instruments), Microsoft Excel 5.0 (Microsoft), Axograph
4.0 (Axon Instruments) and CA-Cricket Graph III (Computer
Associates International). The simplex algorithm was used to fit
exponential functions to current traces in order to determine the
time constants and their amplitudes. To analyse the voltage
dependence of channel activation, a single exponential fit was
applied to the tail currents and extrapolated to the beginning of
the repolarizing step. Chord conductance (G) was calculated by
using the following equation:

G = I/(V _ Vrev),

where I corresponds to the extrapolated tail current and Vrev, the
measured reversal potential, which was taken to be _97 mV
(_97 ± 2 mV; n = 7). G was estimated at various test voltages, V,
and then normalized to Gmax (+60 mV in CHO cells and +30 mV
in Xenopus oocytes). Activation curves were fitted by a Boltzmann
distribution:

G/Gmax = 1/+exp[(V50 _ V)/s],

where V50 is the voltage at which the current is half-activated and s
is the slope factor. To analyse the voltage dependence of KCNQ1
channel activation, G was deduced either from steady-state currents
or from tail currents as above. For quantification of inactivation in
the triple-pulse protocol, the current decay during the third test

pulse (reinduction of inactivation) was best fitted by a single
exponential function. The relative percentage of inactivation was
calculated by dividing the current measured at the end of the third
pulse to that extrapolated from the single exponential fit at the
beginning of the third pulse. All data are expressed as the
mean ± S.E.M. Statistically significant differences between paired
groups were assessed by Student’s t test.

RESULTS
The homomeric KCNQ1 current amplitude and
voltage dependence are altered by external
acidification
The effect of external acidification on homomeric KCNQ1

currents was studied using two different expression

systems, Xenopus oocytes and CHO cells, by means of the

two-electrode voltage clamp technique and the whole-cell

configuration of the patch-clamp technique, respectively.

At pH 7.4, the KCNQ1 current was evoked by step

depolarizations above a threshold of about _40 mV in

transfected CHO cells (Fig. 1A and B) and _60 mV in

Xenopus oocytes (Fig. 2A and B). In CHO cells, external

acidification (from pH 7.4 to pH 5.5) reduced the current

amplitude by 51 % at +60 mV (Fig. 1A and B, Table 1). The

decrease in the KCNQ1 Gmax induced by protons was

reversible (Fig. 1A, inset) and concentration-dependent,

with a 30 % inhibition at pH 6.5 and a maximum block of

about 50 % that was already reached at pH 6 (Fig. 1C).

Similar results were obtained in Xenopus oocytes (at

pH 5.5) with a 30 % inhibition of KCNQ1 current at

+30 mV, (Fig. 2A and B). In addition to its inhibition of

External pH regulates KCNQ1 channelsJ. Physiol. 545.3 753
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Gmax, external acidification also produced a rightward gating

shift of homomeric KCNQ1 channels. In transfected CHO

cells, lowering pHo progressively shifted the voltage

dependence of activation of KCNQ1 with V50 = _16.0 ±

1.5 mV (s = _8.7 ± 0.4 mV, n = 42), V50 = _11.8 ± 2.4 mV

(s = _10.6 ± 0.8 mV, n = 9), V50 = _8.0 ± 1.9 mV

(s = _12.4 ± 0.7 mV, n = 5) and V50 = 9.4 ± 3.9 mV

(s = _10.6 ± 0.6 mV, n = 8) at pH 7.4, 6.5, 6 and 5.5,

respectively (Fig. 1D). Similarly, in Xenopus oocytes, acidi-

fication from pH 7.4 to pH 5.5 shifted the normalized

conductance curve by more than +25 mV (Fig. 2C, Table 1).

No shift in voltage sensitivity was observed following

external alkalinization at pH 9 with V50 = _25.2 ± 3.3 mV

and s = _17.2 ± 2.1 mV (n = 4). In contrast to external

acidification, internal acidification at pH 6 did not

significantly affect the KCNQ1 current (data not shown).

External acidification slows the activation and
deactivation kinetics and inhibits the inactivation of
KCNQ1 channels
Figures 2A and 3A show that pH 5.5 slowed down the

activation kinetics of homomeric KCNQ1 channels when

expressed both in CHO cells and Xenopus oocytes. Low

pHo significantly increased the activation time constants in

a voltage-dependent manner, with a maximum slowing

between _20 and 0 mV (Figs 2D, 3C and 3D). For example,

in CHO cells the activation kinetics were well fitted by a

double-exponential function, and the fast and slow time

constants at 0 mV were increased from t1 = 0.29 ± 0.02 s

and t2 = 1.28 ± 0.07 s at pH 7.4, to t1 = 1.24 ± 0.13 s andt2 = 1.99 ± 0.11 s at pH 5.5 (n = 10, Fig. 3C and D). The

slowing effect of low pHo on KCNQ1 activation kinetics

was less pronounced at depolarized potentials (Figs 2D, 3C
and 3D). External acidification also slowed the KCNQ1

deactivation kinetics that could be described by a single

exponential function (Figs 2E and 3B). In Xenopus oocytes,

the deactivation time constants (tdeact) increased at all

potentials (Fig. 2E). For example, at a tail potential of

_60 mV, tdeact = 0.34 ± 0.03 s at pH 7.4 and tdeact = 0.94 ±

0.04 s at pH 5.5 (n = 5, Fig. 2E).

It has been shown previously that homomeric KCNQ1

channels undergo a time- and voltage-dependent in-

activation process. This inactivation is incomplete, develops

with a delay and is strongly inhibited by co-expression with

A. Peretz, H. Schottelndreier, L. B. Aharon-Shamgar and B. Attali754 J. Physiol. 545.3

Figure 1. External acidification
reduces the KCNQ1 current density
and shifts the activation curve in
transfected Chinese hamster ovary
(CHO) cells
A, representative whole-cell current
traces of KCNQ1 channels recorded
from the same transfected CHO cell in an
external solution at pH 7.4 (left) and
pH 5.5 (right). The activation protocol
was the following: from a holding
potential of _85 mV, cells were stepped
for 3 s from _50 to +60 mV in 10 mV
increments and then repolarized for 1 s at
_60 mV tail potential. Inset, typical traces
showing washout of the effects of pH 5.5
using a train protocol, where the cells
were stepped from a holding potential
(_85 mV) to +30 mV for 3 s. B, current
density (pA pF_1) plotted as a function of
the membrane potential (mV) at pH 7.4
(open squares) and pH 5.5 (filled
squares; n = 12). C, the relative
amplitude plotted against external pH
(the reference is the current amplitude
measured at +60 mV and at pH 7.4;
n = 8–15). D, the normalized
conductance (G/Gmax) plotted as a
function of the membrane voltage (mV)
at pH 7.4 (open squares), pH 6.5 (open
circles), pH 6 (open triangles) and pH 5.5
(filled squares; n = 8–15).
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KCNE1 (Pusch et al. 1998; Tristani-Firouzi & Sanguinetti,

1998). As suggested by Tristani-Firouzi & Sanguinetti (1998),

KCNQ1 gating kinetics could be described by the

following scheme:

Cn êå O1 êå O2 êå I

where KCNQ1 channels populate multiple open states

(e.g. O1 and O2) and where the slow transition from O1 to

O2 accounts for the delay in inactivation (I; Tristani-

Firouzi & Sanguinetti, 1998).

To study the impact of low pHo on KCNQ1 inactivation

gating in CHO cells, we used a three-pulse protocol where

External pH regulates KCNQ1 channelsJ. Physiol. 545.3 755

Figure 2. External acidification reduces the current amplitude, shifts the activation curve and
slows down the activation and deactivation kinetics of KCNQ1 channels expressed in
Xenopus oocytes
A, representative macroscopic current traces of KCNQ1 channels recorded from the same Xenopus oocyte in
an external solution at pH 7.4 (left) and pH 5.5 (right). The activation protocol was the following: from a
holding potential of _80 mV, oocytes were stepped for 3 s from _70 to +30 mV in 10 mV increments and
then repolarized for 1.5 s at _60 mV tail potential. Inset, superimposed traces showing the inhibition of the
current amplitude and the slowing of the activation and deactivation kinetics at +30 and _60 mV test and tail
potentials, respectively. B, current–voltage relationship of KCNQ1 currents recorded at pH 7.4 (open
squares) and pH 5.5 (filled squares; n = 8). C, the normalized conductance (G/Gmax) plotted as a function of
the membrane voltage (mV) at pH 7.4 (open squares) and pH 5.5 (filled squares; n = 8). D, activation time
constants (tact) were plotted against test potential in mV (n = 5). At pH 7.4, the KCNQ1 activation kinetics
were best fitted by a double-exponential function, with fast (open squares) and slow (open diamonds) time
constants. At pH 5.5, the KCNQ1 activation kinetics were best fitted by a single exponential function, with
one time constant (filled squares). E, deactivation time constants (tdeact) are plotted against test tail potential
in mV at pH 7.4 (open squares) and pH 5.5 (filled squares; n = 5). tdeact data were obtained from the
monoexponential fit of the tail currents measured from _130 to _40 mV in 10 mV increments following a
prepulse to +20 mV.
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the membrane potential is stepped for various durations to

a +30 mV conditioning prepulse in order to activate and

inactivate the channel; then, a brief (20 ms) hyper-

polarizing interpulse to _130 mV is used to allow channel

recovery from inactivation before a +30 mV test pulse is

applied to reopen and reinactivate KCNQ1 channels

(Fig. 4). The decaying current of the third test pulse

(reinduction of inactivation) could be fitted by a single

exponential function, and from its amplitude, which is

estimated by extrapolating the fitted curve, one could

deduce the relative percentage of inactivation (see

methods and Fig. 4C). There was a longer delay in the

onset of KCNQ1 inactivation at pH 5.5 when compared to

A. Peretz, H. Schottelndreier, L. B. Aharon-Shamgar and B. Attali756 J. Physiol. 545.3

Figure 3. External acidification
slows down the activation and
deactivation kinetics of KCNQ1
channels expressed in CHO cells
A, normalized KCNQ1 currents recorded
from the same cell that was stepped to
+30 mV at pH 7.4 and 5.5. B, tdeact data
were obtained from the
monoexponential fit of the tail currents
measured at _60 mV from a prepulse
potential of +30 mV (n = 16; *P < 0.01).
C and D, KCNQ1 activation kinetics were
best fitted by a double-exponential
function, with fast (C, tact fast) and slow (D,tact slow) time constants. tact data are
plotted against test potential in mV
(n = 10) at pH 7.4 (open squares) and
pH 5.5 (filled squares).

Figure 4. External acidification delays the
inactivation of the KCNQ1 current in CHO cells
A and B, inactivation of KCNQ1 was revealed using a
three-pulse protocol where the same cell was recorded
at pH 7.4 (A) and then pH 5.5 (B). From a holding
potential of _85 mV, the cell membrane was stepped for
various durations (50–2150 ms) to a +30 mV
conditioning prepulse to activate and inactivate
KCNQ1 channels; then a brief (20 ms) hyperpolarizing
interpulse to _130 mV was used to allow channel
recovery from inactivation before a +30 mV test pulse
(150 ms duration) is applied to reopen and reinactivate
KCNQ1. C, the percentage of inactivation is plotted as a
function of the prepulse duration at pH 7.4 (open
squares) and pH 5.5 (filled squares; n = 8). For
quantification of inactivation, the decay of current
during the third test pulse was best fitted by a single
exponential function. The relative percentage of
inactivation was calculated by dividing the current
measured at the end of the third pulse to that
extrapolated from the single exponential fit at the
beginning of the third pulse.
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pH 7.4 (Fig. 4A and B). The time course of KCNQ1

inactivation could be fitted by a single exponential function

with time constants of 0.42 and 1.48 s at pH 7.4 and 5.5,

respectively (Fig. 4C). As extrapolated from the fitted

curves, the initial delays for inactivation were 198 and

370 ms at pH 7.4 and 5.5, respectively (Fig. 4C). Note that

with conditioning prepulse durations of above 2 s, the

percentage of inactivation at both pH values reached

steady state; in other words, imposing a pH of 5.5 only

delayed the inactivation process (Fig. 4C). In Xenopus
oocytes, the effect produced by pH 5.5 on KCNQ1

inactivation was much stronger. Using similar three-pulse

protocols, pH 5.5 totally suppressed the time- and voltage-

dependent inactivation process (Fig. 5). The depressing

effect probably results from a strong delay in the onset of

inactivation, and one would probably need to generate a

very long conditioning prepulse to produce a detectable

inactivation.

External acidification poorly inhibits Gmax and the
macroscopic inactivation of the KCNQ1 mutant
L273F
To further investigate the effect of external acidification on

KCNQ1 inactivation, we used the L273F KCNQ1 mutant.

This LQT mutation is located in the transmembrane

segment S5 and was recently found to produce macro-

scopic inactivation by stabilizing the KCNQ1 channel in

the inactivated state (Shalaby et al. 1997; Seebohm et al.
2001). When expressed in transfected CHO cells, the L273F

mutant exhibited a pronounced macroscopic inactivation

as compared to WT KCNQ1 (Fig. 6A). A pHo value of 5.5

significantly decreased the L273F peak current density,

from 64.3 ± 14.7 to 50.5 ± 10.8 pA pF_1 (n = 21, P < 0.01)

at +60 mV (Fig. 6B). However, this inhibition (21 % at

+60 mV) was weaker than that produced in WT KCNQ1

(51 % at +60 mV). Similarly, external acidification caused

a significant (P < 0.01, n = 10) but smaller gating shift

(+9 mV) of the L273F activation curve when compared to

that of WT KCNQ1 (+25 mV; Fig. 6C, Table 1). As with

WT KCNQ1, a low pHo slowed down the activation and

deactivation kinetics of the L273F mutant (Fig. 6D). The

time to peak was increased from 147.7 ± 10.5 to

217.2 ± 13.8 ms (P < 0.0001; n = 10) at pH 7.4 and pH 5.5,

respectively. The tail currents also showed that acidi-

fication slowed down KCNQ1 deactivation kinetics, withtdeact increasing significantly from 0.63 ± 0.05 to

0.91 ± 0.09 s (n = 21; P < 0.001), for pH 7.4 and 5.5,

respectively. In contrast to WT KCNQ1, the macroscopic

inactivation produced by the L273F channel mutant was

not very sensitive to pH 5.5. As determined by the ratio of

External pH regulates KCNQ1 channelsJ. Physiol. 545.3 757

Figure 5. External acidification inhibits
the inactivation of KCNQ1 current in
Xenopus oocytes
A, inactivation of KCNQ1 was revealed using
a three-pulse protocol as in Fig. 4, except that
the third test pulse was carried out at
_10 mV. The same oocyte was recorded at
pH 7.4 (left) and then pH 5.5 (right). B, the
percentage of inactivation obtained at pH 7.4
(open squares) and pH 5.5 (filled squares)
(n = 8) is plotted as a function of the prepulse
duration and calculated as described in
Fig. 4C. C, the percentage of inactivation
obtained at pH 7.4 (open squares) and pH 5.5
(filled squares; n = 6) is plotted as a function
of the prepulse voltage and calculated as
described in Fig. 4C. D, the same oocyte was
recorded at pH 7.4 (left) and then pH 5.5
(right). A 2 s conditioning prepulse to
varying potentials (from _40 to +30 mV, in
10 mV increments) was given, then a brief
(20 ms) hyperpolarizing interpulse to
_130 mV allowed recovery from inactivation
before a test pulse of 150 ms to _10 mV was
applied to reopen and reinactivate the
channels.
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the current amplitude measured at the peak versus the end

of the test pulse, the fractional inactivation was decreased

by only 13 %, from 0.79 ± 0.03 to 0.69 ± 0.03 at pH 7.4 and

5.5, respectively (n = 10; P < 0.016; Fig. 6E). This result

suggests that the pronounced macroscopic inactivation

produced by the L273F KCNQ1 mutant exhibits different

properties to those displayed by the WT KCNQ1 channels.

Low pHo slowed down the macroscopic inactivation

kinetics, with the time constant of inactivation increasing

from 0.64 ± 0.05 to 1.01 ± 0.13 s at pH 7.4 and 5.5,

respectively (n = 21; P < 0.001; Fig. 6F).

Low pHo weakly decreases the current amplitude of
heteromeric IKs channels and alters the gating
kinetics
Expressing the KCNQ1 a subunit together with the

KCNE1 b subunit (IKs) changes the current characteristics

A. Peretz, H. Schottelndreier, L. B. Aharon-Shamgar and B. Attali758 J. Physiol. 545.3

Figure 6. Effects of low external pH (pHo) on the L273F KCNQ1 mutant expressed in CHO cells
A, representative traces recorded from the L273F KCNQ1 mutant at pH 7.4 (left) and pH 5.5 (right), using
the same activation protocol as described in Fig. 1A. B, the current density (pA pF_1) is plotted as a function
of the membrane voltage (mV) at pH 7.4 (open squares) and pH 5.5 (filled squares; n = 21). C, the
normalized conductance (G/Gmax) is plotted as a function of the membrane voltage (mV) at pH 7.4 (open
squares) and pH 5.5 (filled squares; n = 10). D, superimposed traces taken from the same cell at pH 7.4 and
5.5 showing the L273F KCNQ1 current recorded at +30 and _60 mV test and tail potentials, respectively.
E, fractional inactivation as determined by the ratio of the current amplitude measured at the peak versus the
end of the test pulse at pH 7.4 and 5.5 (n = 10; *P < 0.016). F, the inactivation time constant tinact) was
obtained from the monoexponential fit of the macroscopic inactivation measured at +60 mV at pH 7.4 and
5.5 (n = 20; *P < 001).
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dramatically, with a rightward gating shift, a slowing of the

activation kinetics and an increase in current amplitude at

both the macroscopic and microscopic levels (Barhanin et
al. 1996; Sanguinetti et al. 1996; Pusch, 1998; Sesti &

Goldstein, 1998; Yang & Sigworth, 1998). It was therefore

important to check the sensitivity of IKs to low pHo. In

CHO cells, the sensitivity of IKs current amplitude to

external pH 5.5 was weaker than that of KCNQ1. Low pHo

reversibly decreased the IKs current density by 27 % at

+60 mV (n = 13, Fig. 7A and B, Table 1). In Xenopus oocytes,

pH 5.5 produced a weak and non-significant inhibition

(5 %) of IKs current amplitude (Fig. 8A and B, Table 1). In

contrast to WT KCNQ1, low pHo produced no shift in the

voltage dependence of activation of IKs (Fig. 8C, Table 1).

Similar results were obtained in CHO cells (see Fig. 7C,

Table 1 and data not shown).

In spite of the weak effect of a pHo value of 5.5 on IKs Gmax,

low pHo still slowed down activation and deactivation

kinetics of IKs, suggesting that multiple mechanisms are

involved in these effects. In contrast to KCNQ1, the IKs

activation process is complex and because of the sigmoidal

delay it could not be fitted by exponential functions.

Therefore, we used the t1/2 parameter as a rough estimate of

IKs current activation. The t1/2 parameter is defined as the

time required to reach half of the maximal current

amplitude for a given potential. In CHO cells, t1/2 increased

significantly from 1.01 ± 0.07 to 1.41 ± 0.05 s (n = 27;

P < 0.0001; Fig. 7D and E). A similar slowing of IKs activation

was observed in Xenopus oocytes, with an increased t1/2

(Fig. 8D).

In both expression systems, tail currents revealed that IKs

deactivation is slowed down by pH 5.5, when compared to

pH 7.4 (Figs 7F and 8E). For example, in CHO cells, tdeact

increased from 0.51 ± 0.05 to 1.05 ± 0.10 s at pH 7.4 and

5.5, respectively (n = 9, P < 0.01; Fig. 7F).

The D39–43 KCNE1 mutation prevents the slowing
of deactivation but not that of activation produced
by low pHo

To test whether the negatively charged residues located at

the N-terminal boundary of the single transmembrane

segment of KCNE1 play a role in the effects produced by

external protons, we checked the effects of low pHo on theD39–43 KCNE1 mutant co-expressed with WT KCNQ1 in

CHO cells. This KCNE1 deletion removes five amino acids

facing the external solution, including the negatively charged

residues Asp39 and Glu43. We have shown previously that

the activation kinetics of D39–43 KCNE1 are distinct from

those of both WT KCNQ1 and WT IKs (Abitbol et al. 1999).

In contrast to WT KCNQ1, the current flowing through
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Figure 7. Effects of low pHo on
heteromeric IKs channels expressed in
CHO cells
A, representative IKs current traces recorded
at pH 7.4 (left) and pH 5.5 (right) using the
activation protocol described in Fig. 1A.
Inset, typical traces showing washout of the
pH 5.5 effects using a train protocol, where
the cells were stepped from the holding
potential (_85 mV) to +30 mV for 3 s. B, the
current density (pA pF_1) is plotted as a
function of the membrane voltage (mV) at
pH 7.4 (open squares) and pH 5.5 (filled
squares; n = 13). C, normalized current is
plotted as a function of the membrane
voltage (mV) at pH 7.4 (open squares) and
pH 5.5 (filled squares; (n = 13).
D, normalized IKs currents recorded from the
same cell that was stepped to +30 mV at
pH 7.4 and 5.5. E, t1/2, the time required to
reach half of the maximal current amplitude
at a given voltage, was measured at pH 7.4
and 5.5 at +60 mV (n = 27; *P < 0.0001).
F, tdeact data were obtained at pH 7.4 and 5.5
from the monoexponential fit of the tail
currents measured at _60 mV from a
prepulse potential of +30 mV (n = 9,
*P < 0.01).
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D39–43 KCNE1 does not reach a steady state following

2.5 s depolarizing pulses (Fig. 9A). The kinetics are slow,

however. In contrast to WT IKs, no sigmoidal delay in

activation is observed (Fig. 9A). As for WT IKs, lowering

pHo from 7.4 to 5.5 weakly affected the current density that

was reduced by only 14 % at +60 mV (n = 10, Fig. 9B,

Table 1). Similarly, the voltage dependence of activation ofD39–43 KCNE1 did not change significantly in response to

acidification (Fig. 9C, Table 1). The activation kinetics of

this mutant were also slowed down by a low pHo. The t1/2

parameter increased significantly from 0.57 ± 0.09 to

1.00 ± 0.12 s (n = 16; P < 0.001; Fig. 9E). The slowing of

activation kinetics elicited by a low pHo was often reflected

by the existence of a sigmoidal delay in activation

(Fig. 9D). In general, external acidification affected the

currents produced by D39–43 KCNE1 and WT IKs to a

similar extent, except for the deactivation kinetics. In

contrast to WT IKs, acidification did not change the D39–43

KCNE1 deactivation kinetics (Fig. 9A and F). The decay

time constants of the tail current were tdeact = 0.28 ± 0.02

and 0.29 ± 0.02 s (at +60 mV test pulse and _60 mV tail

potential; n = 16), for pH 7.4 and 5.5, respectively (Fig. 9F).

Low pHo increases the current amplitude of the
V319C KCNQ1 mutation
Recently, a residue located in the external vestibule of the

Kv1.4 (K532) and Kv1.5 channels (R487) was shown to

dramatically affect external proton block (Claydon et al.
2000; Kehl et al. 2002). This site has also been implicated in

the regulation of inactivation of Shaker K+ channels (at

residue T449; Lopez-Barneo et al. 1993). In KCNQ1

channels, the homologous residue at the external vestibule

corresponds to valine 319. Thus, we examined the impact

of external acidification on the V319C KCNQ1 mutant in

CHO cells. When expressed alone, the V319C KCNQ1

mutant a subunit produced very small currents (not

shown) and it was difficult to check the effects of low pHo

under these conditions. Thus, we investigated the impact

of pH 5.5 on the V319C KCNQ1 mutant co-expressed with

WT KCNE1 (Fig. 10A). At pH 7.4, the current produced by

V319C KCNQ1/WT KCNE1 exhibited different gating

properties when compared to WT IKs, with slower

activation kinetics and faster deactivation. In CHO cells,

the t1/2 values were significantly higher for V319C

KCNQ1/WT KCNE1 (1.37 ± 0.04 s) than for WT IKs

(1.01 ± 0.07 s; n = 21–27, P < 0.001; compare Figs 7E and

10E). Tail currents at pH 7.4 revealed that deactivation of
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Figure 8. Effects of low pHo on
heteromeric IKs channels expressed in
Xenopus oocytes
A, representative IKs current traces recorded
at pH 7.4 (left) and pH 5.5 (right) using the
activation protocol described in Fig. 2A.
B, current–voltage relationship of IKs current
recorded at pH 7.4 (open squares) and
pH 5.5 (filled squares) (n = 8). C, the
normalized conductance (G/Gmax) of the tail
currents is plotted as a function of the
membrane voltage (mV) at pH 7.4 (open
squares) and pH 5.5 (filled squares; n = 5). D,
t1/2 was measured at pH 7.4 and 5.5 at
+30 mV (n = 7; *P < 0.0054). E, tdeact data
were obtained at pH 7.4 and 5.5 from the
monoexponential fit of the tail currents
measured at _60 mV from a prepulse
potential of +30 mV (n = 5, *P < 0.0027).
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V319C KCNQ1/WT KCNE1 is faster than that of WT

IKs, with tdeact = 0.37 ± 0.02 s and tdeact = 0.51 ± 0.05 s,

respectively (at +60 mV test pulse and _60 mV tail

potential; Figs 7F and 10F; n = 6–21, P < 0.01). V319C

KCNQ1/WT KCNE1 also exhibited a small rightward

gating shift (Table 1). External acidification did not

further slow down the activation kinetics of V319C

KCNQ1/WT KCNE1 (t1/2 = 1.35 ± 0.04 s at pH 5.5 versus
t1/2 = 1.37 ± 0.04 s at pH 7.4; n = 21, Fig. 10E), suggesting

that a maximum slowing of activation gating was already

reached at pH 7.4. Similarly, low pHo did not alter the

voltage dependence of activation (Fig. 10C). As for WT IKs,

deactivation of V319C KCNQ1/WT KCNE1 was slowed

down at pH 5.5, with tdeact of the tail current increasing

significantly from 369 ± 15 to 559 ± 26 ms at pH 7.4 and

5.5, respectively (n = 21, Fig. 10B and F). In contrast to the

current inhibition observed in WT KCNQ1, and to a lesser

extent in WT IKs, the current amplitude of this mutant

increased significantly (by ~ 21 %) in response to external

acidification (Fig. 10B and D, Table 1; n = 21, P < 0.0015).

Low pHo decreases the current amplitude of theD11–38 KCNE1 mutant
In both CHO cells and Xenopus oocytes, our results

indicate that KCNE1 significantly weakens the inhibitory

effect produced by external acidification on KCNQ1

currents. In addition, it was recently shown that

glycosylation of KCNE1 at sites located in the extracellular

N-terminus affects the pH sensitivity of WT IKs (Freeman

et al. 2000). Thus, we checked in Xenopus oocytes the

impact of low pHo on the N-terminal deletion mutantD11–38 KCNE1 that lacks one glycosylation site (N26).

Co-expression of D11–38 KCNE1 with WT KCNQ1

produced large K+ currents that have gating characteristics

very similar to those of WT IKs, including a sigmoidal delay

and slow kinetics of activation and deactivation (Fig. 11A).

However, D11–38 KCNE1 opened at more hyperpolarized

potentials (V50 = _10.8 ± 1.8 mV, s = _13.6 ± 1.4 mV;

from tail currents, n = 8) than WT IKs (V50 = _1.2 ±

1.0 mV, s = _14.2 ± 0.7 mV; from tail currents, n = 5).

The Gmax of the D11–38 KCNE1 deletion mutant (co-

expressed with WT KCNQ1) was substantially more

sensitive to pH 5.5 block than WT IKs, with an inhibition at

+30 mV of 38 % and 5 %, respectively (Fig. 11B). Following

perfusion to pH 5.5, the voltage dependence of activation

shifted slightly to more negative potentials (Table 1,

Fig. 11C). Like WT KCNQ1 and WT IKs, external acidi-

fication slowed down the deactivation of D11–38

KCNE1/WT KCNQ1, with tdeact = 0.96 ± 0.06 s andtdeact = 1.31 ± 0.14 s (n = 5; P < 0.01, Fig. 11D).
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Figure 9. Effects of low pHo on the
KCNE1 deletion mutant D39–43 co-
expressed with wild-type (WT)
KCNQ1 in CHO cells
A, representative current traces recorded
at pH 7.4 (left) and pH 5.5 (right) using
the activation protocol described in
Fig. 1A. B, the current density (pA pF_1) is
plotted as a function of the membrane
voltage (mV) at pH 7.4 (open squares)
and pH 5.5 (filled squares; n = 10).
C, normalized current is plotted as a
function of the membrane voltage (mV)
at pH 7.4 (open squares) and 5.5 (filled
squares; n = 10). D, superimposed traces
taken from the same cell at pH 7.4 and
pH 5.5, showing the current recorded at
+60 and _60 mV test and tail potentials,
respectively. E, t1/2 was measured at pH 7.4
and 5.5 at +60 mV (n = 16; *P < 0.001).
F, tdeact data were obtained at pH 7.4 and
5.5 from the monoexponential fit of the
tail currents measured at _60 mV from a
prepulse potential of +30 mV (n = 16).
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DISCUSSION
Using two complementary expression systems, Xenopus
oocytes and CHO cells, we examined the effects of external

acidification on homomeric KCNQ1 and heteromeric IKs

channels. Our results show that acidification from pH 7.4

to pH 5.5 affects differentially KCNQ1 and IKs channels.

Lowering pHo produces five main effects on homomeric

KCNQ1 channels. It markedly decreases Gmax, causes a

positive shift (+25 mV) in the voltage dependence of

activation, slows down the activation and deactivation

kinetics and reduces the inactivation. In contrast, external

acidification poorly inhibits Gmax and the macroscopic

inactivation of the KCNQ1 mutant L273F. Heteromeric IKs

channels are weakly affected by low pHo, with minor

effects on IKs current amplitude and no shift in the voltage

dependence of activation. However, an N-terminal

deletion of KCNE1 (D11–38) leads to significant current

inhibition following exposure to pH 5.5. Low pHo slows

down IKs activation and deactivation. We found that the

KCNE1 mutant D39–43 that lacks five residues at the

N-terminal boundary of the transmembrane segment does

not exhibit slower deactivation kinetics upon exposure to

pH 5.5.

Effects of low pHo on homomeric KCNQ1 channels
The present results demonstrate that extracellular acidi-

fication reduces KCNQ1 currents by decreasing Gmax,

shifting the voltage dependence of activation rightward

and slowing the activation kinetics. Our data suggest that

low pHo acts on KCNQ1 channels via multiple mechanisms.

For example, the small positive shift in V50 (4.25 mV) does

not account well for the 30 % inhibition of the KCNQ1

currents obtained following exposure of CHO cells to

pH 6.5. In addition, a low pHo reduces inactivation and

slows down deactivation, two additional effects that

oppose KCNQ1 current inhibition. Considering that WT

KCNQ1 exhibits a very partial inactivation (Pusch et al.
1998; Tristani-Firouzi & Sanguinetti, 1998), the inhibition

of KCNQ1 currents will dominate the effects produced by

external acidification. The depressing effect produced by

low pHo on KCNQ1 inactivation results mainly from a

marked delay in the onset of inactivation. In Xenopus
oocytes, the effect is so strong that there is no detectable

inactivation under the experimental conditions we used.

Although the mechanisms underlying this pHo action are

not known, it is possible that the titration of a residue or

the neutralization of negative surface charges produces a

conformational change that leads to a slower transition

rate from an open state to an inactivated state of the
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Figure 10. Effects of low pHo on the V319C
KCNQ1 mutant co-expressed with WT
KCNE1 in CHO cells
A, representative current traces recorded at
pH 7.4 (left) and pH 5.5 (right) using the
activation protocol described in Fig. 1A. B,
superimposed traces taken from the same cell at
pH 7.4 and 5.5, showing the current recorded at
+60 and _60 mV test and tail potentials,
respectively. C, normalized current is plotted as a
function of the membrane voltage (mV) at pH 7.4
(open squares) and pH 5.5 (filled squares;
n = 15). D, current amplitude measured at pH 7.4
and 5.5 and recorded at +60 mV (n = 21,
*P < 0.0015). E, t1/2 was measured at pH 7.4 and
pH 5.5 at +60 mV. F, tdeact were obtained at pH 7.4
and 5.5 from the monoexponential fit of the tail
currents measured at _60 mV from a prepulse
potential of +30 mV (n = 21; *P < 0.001).
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channel. According to the gating scheme of Tristani-

Firouzi & Sanguinetti (1998), Cn êå O1 êå O2 êå I,

external protons may slow down the transition from O1 to

O2, leading to the marked delay in the onset of inactivation

observed at pH 5.5.

The depressing effect produced by protons on KCNQ1

inactivation is unique if one compares the impact of

external acidification on other voltage-gated K+ channels.

In most cases, external protons lead to enhanced channel

inactivation. External acidification rightward shifts the

steady state inactivation and accelerates the C-type

inactivation kinetics of Shaker K+ channels (Perez-Cornejo,

1999). Likewise, it has been shown that C-type inactivation

of Kv1.5 channels is faster and accumulates at acidic pH

(Steidl & Yool, 1999). Recently, it was suggested that

protonation of an extracellular histidine (H463) leads to

the occurrence of a P-type inactivation in Kv1.5 channels

(Kehl et al. 2002). Similarly, protonation of an extra-

cellular histidine slows the recovery from N-type

inactivation of Kv1.4 channels (Claydon et al. 2000). In

contrast, low pHo alters neither the onset nor the recovery

of the fast inactivation of recombinant HERG channels

and native IKr currents (Anumonwo et al. 1999; Vereecke &

Carmeliet, 2000).

Shifting of the voltage dependence of activation by

external protons has been reported in many voltage-gated

ion channels and is considered to be caused by non-

specific surface charge effects. According to this

mechanism, titration by protons of negative surface

charges would lead the KCNQ1 voltage sensor to detect a

decrease in outer negative charges as a hyperpolarization

of the membrane, and thus produce a positive shift.

However, we could not demonstrate a shift (negative) in

voltage sensitivity when pHo was increased up to 9,

suggesting that other mechanisms occur. Furthermore,

our data show a substantial discrepancy between the

effects of protons on activation and deactivation kinetics,

which are in both cases slowed down. This is a rather

surprising outcome. A more usual effect would imply a

slowing of activation and an acceleration of deactivation,

as we previously found for the modulation of a transient

K+ current by the tyrosine kinase inhibitor genistein

(Peretz et al. 1999). Likewise, WT IKs and the D39–43

KCNE1 mutant exhibited slower activation kinetics with
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Figure 11. Effects of low pHo on the
KCNE1 deletion mutant D11–38 co-
expressed with WT KCNQ1 in Xenopus
oocytes
A, representative current traces recorded at
pH 7.4 (left) and pH 5.5 (right) using the
activation protocol described in Fig. 2A.
B, current–voltage relationship of IKs current
recorded at pH 7.4 (open squares) and
pH 5.5 (filled squares) (n = 6). C, the
normalized conductance (G/Gmax) of the tail
currents is plotted as a function of the
membrane voltage (mV) at pH 7.4 (open
squares) and pH 5.5 (filled squares; n = 6). D,tdeact data were obtained at pH 7.4 and 5.5
from the monoexponential fit of the tail
currents measured at _60 mV from a
prepulse potential of +30 mV (n = 6;
*P < 0.01).
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no shift in the voltage dependence of activation (see

below). In this regard, it is interesting to note that in another

member of the KCNQ channel family, the KCNQ2 channel,

external protons inhibit Gmax and markedly slow the

activation kinetics, but do not produce a significant gating

shift (data not shown).

Other possible mechanisms could account for the

rightward gating shift produced by external acidification.

For example, protons could bind to the channel external

vestibule to inhibit KCNQ1 ionic currents and to restrict

the movement of the voltage sensor. This mechanism may

be consistent with the recent evidence for the close

proximity of the external vestibule and the S4 voltage

sensor segment (Cha & Bezanilla, 1998; Loots & Isacoff,

1998, 2000; Li-Smerin et al. 2000).

Effects of low pHo on the L273F KCNQ1 mutant
channels
In contrast to WT KCNQ1, we found that low pHo inhibits

Gmax only weakly and barely affects the macroscopic

inactivation of the L273F KCNQ1 mutant. This LQT

mutation is located in the transmembrane segment S5 and

was shown to exhibit a pronounced macroscopic in-

activation (Shalaby et al. 1997; Seebohm et al. 2001). The

peculiar location of this mutation in the S5 trans-

membrane segment was suggested to stabilize the pore of

KCNQ1 in an inactivated conformation. The lack of

impact of protons we found on the macroscopic in-

activation suggests that the L273F mutation generates a

kind of inactivation that exhibits different properties to

those displayed by the WT KCNQ1 channels. As shown by

our present results, low pHo slightly slows down the

kinetics of macroscopic inactivation of L273F KCNQ1 but

does not alter its extent. The action of external protons on

the inactivation of L273F KCNQ1 is clearly different to

that produced on the inactivation of WT KCNQ1.

Although the mechanism has yet to be elucidated, it is

possible that this mutation affects the configuration of the

pore (Seebohm et al. 2001) and consequently, external

protons may have a different impact on the L273F mutant

as compared to WT KCNQ1. Interestingly, low pHo still

induces slower activation kinetics in L273F KCNQ1,

further suggesting that the proton action involves multiple

mechanisms.

Effects of low pHo on heteromeric IKs channels
Our data from both CHO cells and Xenopus oocytes

indicate that external acidification exerts a much weaker

inhibition (if any, see Xenopus oocytes) of Gmax of WT IKs

channels, as compared to WT KCNQ1. Our results are in

line with those of Freeman et al. (2000), who found that

external protons (pH 6) reduce the WT IKs current

amplitude by only 20 % (versus ~ 65 % for WT KCNQ1)

in glycosylation-permissive CHO cells. They also showed

that a low pHo does not alter the amplitude of WT IKs

currents when expressed in glycosylation-deficient CHO

cells, suggesting that glycosylation of KCNE1 at its amino-

terminus affects the pH sensitivity of IKs channels (Freeman

et al. 2000). The quasi-insensitivity of WT IKs current

amplitude to external protons in Xenopus oocytes could

result from different levels of KCNE1 glycosylation in

different expression systems (CHO cells versus Xenopus
oocytes). Our results on recombinant IKs agree with those

of Vereecke & Carmeliet (2000) on native IKs, who found

no reduction in current amplitude and no shift in the

voltage dependence of activation following exposure of

guinea pig ventricular cells to acidic pH.

Beside its weak effect on WT IKs current amplitude, a low

pHo still produces a significant slowing of the activation

and deactivation kinetics. Our results show that the D39–43

KCNE1 mutation prevents the slowing of deactivation

produced by external protons. This deletion removes five

amino acids at the amino-terminal boundary of the

KCNE1 transmembrane segment, including two negatively

charged residues Asp39 and Glu43. We have shown

previously that this KCNE1 mutation markedly alters the

gating of IKs, including faster activation and regain of

inactivation (Abitbol et al. 1999). The present data suggest

that KCNE1 residues 39–43 are also important for

controlling the proton effect on IKs deactivation.

By what mechanisms does KCNE1 reduce the inhibitory

effect produced by external protons on KCNQ1 Gmax? Our

data concerning the V319C KCNQ1 and the D11–38

KCNE1 mutations provide some hints. The suggest that

the structure of the external vestibule is a crucial

determinant of how external protons will affect current

amplitude. In this regard, it is interesting to note that the

V319C KCNQ1 mutant (co-expressed with KCNE1) may

produce a conformational change of the external vestibule

that leads to increased current amplitude following low

pHo exposure. Our results with the D11–38 KCNE1

mutant suggest that the KCNE1 amino-terminus affects

directly or allosterically the channel external vestibule to

prevent access of protons and channel block.

In all, our results suggest that external protons act on

KCNQ1 and IKs channels via multiple mechanisms to

affect gating and Gmax. Low pHo exerts a much stronger

inhibitory effect on KCNQ1 current as compared to IKs.

Under conditions of cardiac ischaemia and reperfusion,

the blockade of IKr by external acidification will probably

predominate in comparison to the impact on IKs (Vereecke

& Carmeliet, 2000). Overall, this will decrease the

repolarization reserve, leading to a prolongation of action

potential duration and an increase in the risk of

arrhythmias.
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