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Tight coupling of rubidium conductance and inactivation in
human KCNQ1 potassium channels

Guiscard Seebohm*+t, Michael C. Sanguinetti* and Michael Puschi

*Department of Physiology, University of Utah, Salt Lake City, UT USA, tPhysiologisches Institut I, Tiibingen, Germany and $Istituto di Biofisica,
Via de Marini 6, I-16149 Genoa, Italy

KCNQI1 K" channels in humans are important for repolarization of cardiac action potentials and for
K" secretion in the inner ear. The pore-forming channel subunits form heteromeric complexes with
small regulatory subunits of the KCNE family, in particular with KCNEI1 to form channels that
conduct a slow delayed rectifier K* current, Iy,. This association leads to alteration of biophysical
properties, including a slowing of activation, a suppression of inactivation and an increase of the
apparent single-channel conductance. In addition, inward Rb" currents conducted by homomeric
KCNQ1 channels are about threefold larger than K currents, whereas heteromeric KCNQ1-KCNE1
channels have smaller inward Rb* currents compared to K* currents. We determined inactivation
properties and compared K* vs. Rb* inward currents for channels formed by co-assembly of KCNQ1
with KCNE1, KCNE3 and KCNE5, and for homomeric KCNQ1 channels with point mutations in
the pore helix S5 or S6 transmembrane domains. Several of the channels with point mutations
eliminated the apparent inactivation of KCNQI, as described previously (Seebohm et al. 2001). We
found that the extent of inactivation and the ratio of Rb*/K" currents were positively correlated.
Since the effect of Rb* on the current size has been shown previously to be related to a fast “flickery’
process, our results suggest that inactivation of KCNQI channels is related to a fast flicker of the
open channel. A kinetic model incorporating two open states, no explicit inactivated state and a fast
flicker that is different for the two open states is able to account for the apparent inactivation and the
correlation of inactivation and large Rb" currents. We conclude that an association between
KCNQ1 and KCNE subunits or removal of inactivation by mutation of KCNQI stabilizes the open
conformation of the pore principally by altering an interaction between the pore helix and the
selectivity filter and with $5/S6 domains.
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Five different human KCNQ channels have been cloned.
Mutations in specific KCNQ genes can cause cardiac
arrhythmia, epilepsy or deafness (Wang et al. 1996;
Biervert et al. 1998; Charlier et al. 1998; Schroeder et al.
1998; Kubisch et al. 1999; Dedek et al. 2001). KCNQ1 was

K" channels fulfil numerous physiological roles, including
repolarization of action potentials and stabilization of a
negative resting membrane potential in excitable cells
(Hille, 2001). Voltage-gated K channels are composed of
a homo- or heterotetrameric assembly of pore-forming

a-subunits and additional regulatory f-subunits. The
a-subunits contain six transmembrane helices (S1-S6)
and a membrane-embedded, but not membrane-traversing,
pore segment. The fourth helical domain, S4, contains
numerous positively charged, evenly spaced amino acids
and is the voltage sensor that moves in response to changes
in the transmembrane voltage gradient (Yellen, 2002;
Jiang et al. 2003a, b). The S5-S6 domains form the ion
conduction pathway (Heginbotham et al. 1994; Doyle et al.
1998) with a structure that is presumed to be very similar
to that of the small, bacterial KcsA channel recently
resolved by X-ray crystallography (Doyle et al. 1998) and
whose conductive properties are very similar to those of
voltage-gated K* channels (LeMasurier et al. 2001).

first identified by a positional cloning approach to define
the cause of long QT syndrome, an inherited arrhythmia
(Wang et al. 1996). Heterologous expression of KCNQ1
channels induced a current with biophysical properties
that did not correspond to a known cardiac K* current
(Barhanin ef al. 1996; Sanguinetti et al. 1996). However,
when KCNQ1 was co-expressed with KCNE1 (formerly
called Isk or minK; Takumi et al. 1988), the induced
current resembled the slow delayed rectifier K™ current, I,.
KCNQI was subsequently shown to be associated with
other members of the KCNE family of small, single-
transmembrane-segment proteins (Barhanin et al. 1996;
Sanguinetti et al. 1996; Schroeder et al. 2000; Tinel et al.
2000; Angelo et al. 2002). The association between KCNQ1
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and KCNEI leads to a drastic change in channel properties,
including an increase in current magnitude, slowed rate of
activation, elimination of inactivation and an increase
in single-channel conductance (Barhanin et al. 1996;
Sanguinetti et al. 1996; Pusch, 1998; Sesti & Goldstein,
1998; Yang & Sigworth, 1998). Inward Rb* currents
are about threefold larger than inward K* currents for
homomeric KCNQ1 channels, but about the same size for
heteromeric KCNQI1-KCNE1 channels (Pusch et al
2000). This is in contrast to most K* channels, which
conduct Rb* ions less well than K* ions (Hille, 2001).

The inactivation of homomeric KCNQI1 channels is not
obvious from examination of the currents elicited by
depolarizing pulses, but it becomes apparent as a non-
monotonic time course of tail currents elicited by
membrane repolarization. While the tail currents of most
voltage-gated K channels decay monotonically as a result
of deactivation, the tail currents of KCNQI1 channels
transiently increase in magnitude before deactivating. This
was interpreted as a result of the necessity for most
channels to recover from inactivation before closing
(Pusch et al. 1998; Tristani-Firouzi & Sanguinetti, 1998).
Detailed analysis of this process led to the conclusion that
homomeric KCNQ1 channels possess two kinetically
distinct open states and a voltage-independent, intrinsically
fast inactivation process (Pusch et al. 1998). The presence
of at least two open states was confirmed based on
completely independent evidence (Pusch et al. 2001).
Based on the finding that KCNQ1-KCNEI1 tail currents
decay monotonically without a transient increase, it was
concluded that KCNE1 subunits prevented KCNQI
channels from inactivating (Pusch et al 1998, 2001;
Tristani-Firouzi & Sanguinetti, 1998).

In addition to KCNE1, KCNQI1 interacts with and forms
hetero-oligomers with KCNE3 and KCNES5 subunits in
heterologous expression systems and in some tissues
(Schroeder et al. 2000; Angelo et al. 2002). Similar to
KCNE], the other KCNE proteins drastically change the
biophysical properties of the heteromultimeric channel.
KCNQI1-KCNES3 currents are mostly voltage-independent
(Schroeder et al. 2000), while KCNE5 mainly shifts the
voltage-dependence of channel activation to more positive
voltages (Angelo ef al. 2002).

Many obvious questions regarding the association between
KCNE subunits and KCNQ1 remain unanswered. For
example, it is not clear which domains are responsible
for KCNQ1-KCNEI subunit interaction, although some
evidence suggests that KCNE1 binds to S6 of KCNQI1
(Tapper & George, 2001). It is also unknown if the diverse
biophysical changes induced by KCNE1 are attributable to
single or multiple interactions with the KCNQ1 channel.
Although mutation of a single amino acid in the pore helix
or S5 domain of KCNQ1 can almost completely eliminate
inactivation (Seebohm et al. 2001), it is not clear if this
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indicates that these residues are the same as those affected
by KCNEI to alter the inactivation properties of the
KCNQI channel.

Here we show that the seemingly unrelated phenomena
of voltage-dependent inactivation and preferential
conductance of Rb* compared to K" of KCNQ1 channels
may result from a common gating mechanism. We
analysed the functional consequences of several missense
mutations in the pore helix, and the S5 and S6 domains.
Surprisingly, we found a tight correlation between the
extent of inactivation and the ratio of Rb"/K" inward
currents. We propose that inactivation of KCNQI channels
reflects a fast flickery process of a late open state that
depends on the occupancy of the pore by Rb" and that
KCNE]1 stabilizes the open state of KCNQI1 channels,
perhaps through an indirect interaction with the S6 domain.

METHODS

Molecular biology

The molecular biology procedures used are the same as have been
described previously (Franqueza et al. 1999; Seebohm et al. 2001;
Chen etal. 2002). Site-directed mutagenesis of the human KCNQ!
gene was performed by PCR using cloned Pfu-polymerase. All
constructs were confirmed by automated DNA sequencing.

Oocyte expression

Stage VI oocytes were collected from Xenopus laevis frogs
anaesthetized with tricaine (0.17%). After surgery frogs were
allowed to recover and after the final oocyte collection, frogs were
killed humanely. The use of frogs was approved by the University
of Utah JACUC committee. Oocytes were injected with ~ 50 nl of
RNA and incubated at 18 °C for 2-5 days, as described previously
(Chen et al. 2002).

Electrophysiology

Standard two-electrode voltage-clamp techniques (Stithmer,
1998) were used to record whole-cell currents in Xenopus oocytes
at room temperature (23-25°C). Data were acquired with the
Clampex program of pCLAMP 8.0 software (Axon Instruments)
and analysed with Clampfit (Axon Instruments), Origin 6.0
(OriginLab Corp.) and custom software. For voltage-clamp
experiments, oocytes were bathed in a modified ND96 solution
containing (mM): 96 NaCl, 4 KCl, 1.8 MgCl,, 0.1 CaCl,, 5 Hepes;
pH7.6. For the high-K* solution, 96 mm NaCl was replaced with
96 mM KCl (resulting in a total [KCl] of 100 mm). For the high-
Rb" solution, NaCl was replaced with RbCl. Liquid junction
potentials were measured (<1 mV) and were not corrected.
Errors introduced by series resistance of the oocytes were not
corrected. To minimize series resistance errors we kept expression
at a reasonably low level (generally < 10 xA for the relevant tail
currents that were fitted with the bi-exponential function).
Assuming a series resistance of 0.5 kQ for a ‘normal’ oocyte, a
10 A current gives rise to a 5 mV error. Because the tail current
kinetics of KCNQ1 are not extremely voltage dependent (Pusch et
al. 1998), this error was judged to be acceptable.

Data analysis

The relative Rb"/K* conductance, Gg,/Gx, was determined as the
ratio of the peak inward tail current at —120 mV after a 1s
prepulse to +40 mV measured from the same oocyte bathed in the
high-Rb" followed by the high-K" solution. The degree of KCNQ1
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or KCNQI1-KCNE channel inactivation for oocytes bathed in the
high-K* solution was assessed by analysis of tail currents that were
fitted to a bi-exponential equation of the form:

Iy = a,exp(—t/7,) — asexp(—t/T¢) + ay, (1)

with a slow time constant 7, and a fast time constant 7 and their
respective amplitudes, 4, and a5, and a steady-state current, a,. The
faster time constant of this double exponential relaxation was of
the same order of magnitude (i.e. between about 10 and 100 ms)
for all mutants and for KCNQ1-KCNE1 heteromers. In addition,
the slower time constant was similar for all constructs. A larger fast
component, a;, indicates the presence of a more pronounced
‘hook’ of the tail current, and the ratio aga is a parameter that
depends strongly on the degree of inactivation (Pusch et al. 1998).
For a simple model, as the one described in scheme (1) of
Discussion, the degree of steady-state inactivation (i.e. the
quantity pi/(po, + p) = A/(A + ), where A and g are the rate
constants of inactivation) can be obtained from the parameters of
the double-exponential tail-current fit provided that the tail
potential is sufficiently negative ensuring that the backward rate
constants 0 and # are much larger than the corresponding forward
rate constants € and a:

op A Tl
p1+p02 /1+/1, l_Tf/TS ’

Iy (2)
Here, the ratio of the absolute values of the fast and slow
components, aga,, are ‘corrected’ by the ratio of the time
constants, 7¢/7,. For small 7,/7, the two measures coincide. For
some mutants, the quantity calculated by eqn (2) was slightly
smaller than zero. In this case it was set to zero (see Fig. 5). For
KCNQI-KCNE3 heteromers that are apparently voltage-
independent, the analysis described above is of course questionable,
because the gating scheme (1) is clearly not applicable. The data
concerning this channel have therefore to be considered with
caution.

Simulations

The kinetic scheme (2) described in Discussion was simulated
using custom software (available on website: www.ge.cnr.it/
ICB/conti_moran_pusch/programs-pusch/software-mik.htm).

Simulations were performed using two closed states with the rate
constants between the flicker open states as described in Pusch et
al. (1998):

(03] (05 €
C——2C ——> 0 ——> 0,
B B2 S
Ke Kc Ko Koz

: Oy [05) €

I F F F

C, —’. C, ——» 0O —PS O,
Bi B2

with (ratesins™, @ = VF/(RT)):

oy = 4.6 x exp(0.476),
a, = 24 X exp(0.0066),
€ =4.6 X exp(0.86),

B =33 X exp(—0.350),
B> =19 x exp(—0.0076]),
8 = 1.4 x exp(—0.70).

Flicker-closed states (superscript F) and flicker-open states (no
superscript) are in fast equilibrium described by the three
constants K¢, Ko,, and Ko,. These are the only parameters that
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were varied for the simulations shown in Fig. 5. The simulations
were performed using a holding potential of —80 mV, a prepulse
to 50 mV for 1 s followed by a ‘tail’ pulse to =120 mV for 1 s. The
open probability plotted in Fig. 5 is the sum of the probabilities to
stay in states O, and O,.

The scheme described above obviously violates microscopic
reversibility (if K. is different from K, and/or K, is different from
Ko,). For simplicity, this was ignored because it would introduce
several additional parameters. Thus, the simulations shown in
Fig. 5 are at most qualitative. However, trial simulations in which
the bias introduced by different values of K was fully assigned to
the rightward transitions of flicker closed states in order to fulfil
microscopic reversibility were very similar to the unconstrained
situation (data not shown).

Molecular modelling

The KcsA structure (Doyle et al. 1998) was retrieved from the
NCBI Protein Data Bank (1BL8). A three-dimensional structural
model of the S5/H5/S6 domains of KCNQ1 was constructed based
on 46 % homology and 36 % amino acid identity. The KCNQ1
homology model was generated using Swiss-Model (http://www.
expasy.org/swissmod/SWISS-MODEL.html).

RESULTS

Inward tail currents through homomeric KCNQI1 channels
are strongly dependent on the predominant species of
extracellular alkali cation. Tail currents were measured
at —60 mV in a single oocyte bathed sequentially with
modified ND96 solutions containing either 100 mm NaCl,
96 mMm KCl or 96 mm RbCL As usual for K'-selective
channels, Na® was almost impermeant (Fig. 1A). In
contrast, and as reported previously (Pusch et al. 2000),
inward currents were about threefold larger in cells bathed
in Rb" (Fig. 1C) compared to K" (Fig. 1B).

Channel conductance was strongly altered by co-
expression of KCNQ1 with different KCNE subunits. Like
homomeric KCNQ1 channels, all heteromeric channels
had a similar discrimination vs. Na" ions (Fig. 2, top panels).
However, unlike KCNQI channels, both KCNEI (Fig. 2A)
and KCNE3 (Fig. 2B) prevented the increase in inward Rb*
compared to K" currents. Only KCNQ1-KCNES5 channels
(Fig. 2C) retained the Rb" effect observed for KCNQ1
homomeric channels. In addition, however, KCNQ1-
KCNE3, and even more so KCNQI1-KCNE5 channels
exhibited a dramatic increase of inward and outward
conductance in high-K* and high-Rb* solutions. Similar to
what is commonly observed for KCNQ1-KCNE3 channels
(Schroeder et al. 2000), high K* also led to a partial loss of
voltage-dependent gating of KCNQI1-KCNE5 channels.
These findings indicate that the permeant cation has a
significant effect on the gating properties of homomeric
and heteromeric KCNQI1 channels and that the relative
Rb" conductance, Gy,/Gy, is modulated by co-expression
with KCNE £-subunits.

Recently, two amino acids of KCNQ1 were identified as
major determinants of the inactivation process (Seebohm



5
S
S

(7%
i
A
s
=

=

~

3
~

372 G. Seebohm, M. C. Sanguinetti and M. Pusch

A 100 mM Na* C

96 mM Rb*

B 96 mMK 1s

et al. 2001). Mutations of either G272C in the S5 domain
or V307L in the H5 domain almost completely abolished
the characteristic ‘hook’ in the tail currents and other
kinetic features that are indicative of the inactivation
process (Seebohm et al. 2001; Fig. 3; compare currents of
the mutants in high K* with those of the wild-type (inset)).
We investigated the effect of these mutations on the
relative Rb* conductance of homomeric KCNQ1 channels.
Either mutation prevented the large increase of inward tail
currents observed for wild-type KCNQ1 channels when

A KCNQ1-KCNE1

B KCNQ1-KCNE3

] Physiol 552.2

Figure 1. Effect of high
extracellular concentrations
of Na*, K* or Rb* on KCNQ1
channel currents

Human KCNQ1 was expressed in
Xenopus oocytes and currents
measured in extracellular
solutions containing 100 mm
NaCl (A), 96 mM KCI (B) or

96 mM RbCI (C). Currents were
elicited from a holding potential of
—80 mV by pulses applied in

10 mV increments to potentials
ranging from —100 mV to

+50 mV. These pulses were always
followed by a pulse to —60 mV to
elicit tail currents.

the extracellular solution was changed from high K* to
high Rb" (compare Figs 1 and 3). This result suggests that a
common mechanism is responsible for inactivation and
the Ggy/ Gk characteristic of wild-type KCNQI channels.

To investigate in more detail a possible link between
high Rb" conductance and inactivation of KCNQI, we
characterized several more point mutations in H5, S5 and
S6. Missense mutations were introduced near position
V307 in H5, at positions 272 and 273 in S5 and in positions

C KCNQ1-KCNE5

100 mM Na* 100 mM Na* 100 mM Na*
—_— -
5> L I_
96 mM K- 96 mM K* 96 mM K*
—
g >
_’
- |B=
| I—
F
96 mM Rb* 96 mM Rb* 96 mM Rb*
—
_’
> -»>
| — &h
=7
‘

Figure 2. Effect of high extracellular concentrations of Na*, K* or Rb* on KCNQ1-KCNE

channel currents

KCNQ1 was co-expressed with KCNE1 (A), KCNE3 (B) or KCNES5 (C) in Xenopus oocytes and currents
measured in the solution indicated. Currents were elicited from a holding potential of —80 mV by pulses
applied in 10 mV increments to potentials ranging from —100 mV to +50 mV. Tail currents were elicited by
stepping to —60 mV. The horizontal scale bars indicate 1 s and the vertical bars indicate 1 #A.



5
S
S

(7%
i
A
s
=

=

~

3
~

] Physiol 552.2

332,336 and 337 in S6. The residues in the transmembrane
segment S5 and the pore helix were chosen because in
KCNQI the mutated residues were shown to influence the
degree of inactivation (Seebohm et al. 2001). Furthermore,
the residues L273 in S5 and V307 in the pore helix were
predicted to be in close proximity and likely to interact
(Seebohm et al. 2001). Interaction of the transmembrane
segments S5 and S6 and the pore helix had been suggested
as the structural basis for effects on open-state stability
(the fast voltage-independent pore gate) in the Kv2.1 and
exp-2 channels (Liu & Joho, 1998; Espinosa et al. 2001).
Mutation of a residue in S6 of Kv2.1 not only altered the
open-state stability, but also the ratio of Rb* vs. K*
conductance (Liu & Joho, 1998). These reports led us to
speculate that an interaction of the S6 transmembrane
segment with the pore helix might affect KCNQI
inactivation. Based on a KCNQ1 homology model (see
Discussion), residues 332, 336 and 337 in S6 could interact
with the pore helix and were therefore chosen for further
mutagenesis. The following mutations did not yield
functional expression: L273A, 1273Q, T309S, V307A,
V307Sand T311A.

A G272C

)

B " V307L fbt

Figure 3. Mutant KCNQ1 channels that lack inactivation
conduct K* and Rb* equally

G272CKCNQI1 (A) and V307L KCNQI1 (B) channels were
expressed in oocytes and tail currents were measured when the
oocytes were sequentially bathed in solutions containing either

96 mM KCl or 96 mm RbCl. Tail currents were measured at
potentials ranging from —120 mV to +50 mV aftera 2 s pulse to
+40 mV. The inset shows for comparison tail currents of wild-type
(WT) KCNQ1 in high K*. The horizontal scale bars indicate 1 s, the
vertical barsindicate 1 pA.
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All mutations in functionally expressing channels affected
both the extent of inactivation and Gy,/Gk. A scatter plot of
the degree of inactivation vs. Gg,/Gx (see Methods for a
definition of these parameters) is presented in Fig. 4A. It
can be seen that the two properties appear to be tightly
correlated. Typical current traces for some of the mutant
channels are shown in Fig. 4B. Mutants with a larger G,/ Gx
exhibited a larger degree of inactivation. The wild-type
heteromeric channels (filled diamond in Fig. 4A) exhibit
a similar correlation, even though the lack of apparent
voltage independence of KCNQI1-KCNE3 heteromers
makes the inactivation data for this channel questionable
(see Methods). Using Pearson’s formula, a linear
correlation coefficient of r = 0.79 was calculated for the
data shown in Fig. 4A, and the probability that the two
parameters are uncorrelated is P = 5.1 x 107" This clearly

A

1007
> 1 Or11s
g 807
o ] Oratic
% ] ¢L273F Qtarsc
«» 607 ’KCNQ1wt
3 ;
c
§ | @ KoNES
& 40 | @L273v
b ] AI337A gvaoBL
< ; Ors1z
g 2 Quorev @ wt channels
= )
S S333AL\ O S5-mutation
o . V307L F332A i
£ V310 ¥/, G272T [ pore-mutation
X 04 c2rc A\ A336C A S6-mutation

KCNE3 KCNE1
L v T v 1

05 1 15 2 25 3 35 4 45

lrps/ ks

KCNQ1(T311S) _KCNQ1(T311C)

KCNQ1(L273C)  KCNQ1(L273V)

Figure 4. Correlation between inactivation and Gg,/Gi of
WT and mutant KCNQ1 and WT KCNQ1-KCNE channels

A, plot of the degree of channel inactivation at +40 mV vs. Ggy/ Gy
for KCNQI and KCNQ1-KCNE channels as indicated. At least
four oocytes were analysed for each data point. B, representative
current traces for WT and five mutant KCNQ1 channels elicited by
a2 spulse to +40 mV and a return to —120 mV. Currents recorded
in high K" (thick trace) are overlayed with those recorded from the
same oocyte bathed in high Rb* (thin trace). The zero-current level
isindicated by the dotted line. The horizontal scale bars indicate

1 s, the vertical bars indicate 1 xA.
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demonstrates a tight link between the two seemingly
independent channel properties.

DISCUSSION

We investigated two apparently unrelated properties of the
KCNQI1 K" channel: inactivation, a gating behaviour
normally attributed to a conformational change of the
channel protein, and the relative Rb" conductance,
Gry/ Gk, which is generally considered to be a property of
the pore. Surprisingly, these two properties appeared to be
tightly correlated as single-point mutations in the S5, S6
and H5 regions that reduced or increased the Gg,/Gg
and reduced or increased the degree of inactivation,
respectively. Association of KCNQ1 with members of the
KCNE family also altered both properties in parallel. These
findings suggest that inactivation and preferential Rb"
conductance could be consequences of a common
mechanism.

Pusch et al. (2000) have shown that the large Ggy/Gy is
determined by the dependence of a fast flickery process of
open channels on the ion occupancy of the pore. This fast
flicker very likely represents an instability of a fast voltage
independent pore gate. Rb™-occupied pores are more
stable, while K™-occupied pores have a larger ‘flicker-
closed’ probability. Inactivation, on the other hand, was
reported to be a fast, but intrinsically voltage-independent
process (Pusch et al. 1998; Tristani-Firouzi & Sanguinetti,
1998). A kinetic scheme of the following form had been
proposed in order to quantitatively describe inactivation
of KCNQI:

o € A
< o 0 1
B 9 U
(Scheme 1)

Here {C} denotes a set of closed states, O, and O, are two
kinetically distinct open states, and I is a non-conducting
inactivated state. The most important properties of the
model are the presence of at least two open states, and that
the rate-constants A and p are voltage independent (Pusch
et al. 1998). The presence of at least two open states has
been independently confirmed based on the finding that
an open pore block by intracellular Na® is not very
pronounced if channels are opened only briefly, not
allowing them to significantly enter the open state O,. A
stronger block is seen after longer depolarizing pulses,
which drive more channels into the Na*-sensitive state O,
(Puschetal. 2001).

A simple interpretation of the correlation between
inactivation and Gy,/Gx could be that the inactivation
process itself reflects the fast flickery process that is
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associated with the large Rb" conductance. However, such
amodel is inconsistent with the observation that Rb" only
slightly affects the two time constants of inward tail
currents (Pusch et al. 2000). A slightly more complicated
extension of scheme (1) is given by:

(04 €
{ C } 0 1 O bl
«— «—
B )
Ke Ko Koz

o g
(C&f ——» of ———» 0/
p 8
(Scheme 2)

Here states with a superscript ‘F’ are flicker-closed states
that are in rapid equilibrium with their respective flicker-
open states, an equilibrium described by the respective
constant, K, for state s (K = P ficker-closed/ P ficker-open ) - APparent
inactivation of channels arises if Ko, > Ko,. This is shown
in Fig. 5A, which illustrates the predictions of scheme (2)
with two closed states, rate constants a, £, 6 and € as
described in Methods, and K. =Ky, =1, and Ko, =1
(dotted line), or Ko, =3 (dashed line), or Ky, =10
(continuous line). Apart from the almost fivefold smaller
open probability at the end of the +50 mV test pulse, the
kinetics of the tail currents show the typical biphasic time
course if Ko, =10 x Ko, but not so if Ko, =Ko,. The
predictions with Ko, = 3 are intermediate (dashed line).
Can scheme (2) account also for the correlation between
inactivation and Gg,/Gx? A possible explanation of how
Rb" might differentially affect the magnitude of inward tail
currents in strongly inactivating channels compared to
poorly inactivating channels is illustrated in Fig. 5B and C,
respectively.

A phenotype that corresponds qualitatively to that of
wild-type KCNQI1 (i.e. relatively strong inactivation
evidenced by a pronounced ‘hook’ in the tail conductance
and large Gy,/Gy is shown in Fig. 5B, while a simulation
with little inactivation is shown in Fig. 5C. In both cases,
Rb* (dotted line) is assumed to decrease the flicker block
overall by a factor of 10 compared to K* (continuous line;
i.e. K(Rb") = 0.1 x K(K") for all states, s; see legend for all
parameters used for the simulation). The basic difference
between the simulations in Fig. 5B and C is the different
overall degree of open channel flicker block. In the case ofa
strong flicker closed probability, Rb*, which stabilizes the
flicker open state, has a much stronger effect on the
current amplitude.

While these simulations are only qualitative, they
demonstrate, first, that the apparent inactivation of
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KCNQI could well be the kinetic outcome of a flicker
process that is different for the two open states and second,
the possibility that the flicker process can underlie the
tight correlation between inactivation and Gg,/Gg. It
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1998; Yang & Sigworth, 1998). Thus, a quantitative
analysis of the flicker process is not feasible at the single-
channel level. In addition, noise analysis is of limited
practical value as it provides only relatively rough

gxo would be interesting to investigate the relationship  estimates of the underlying process (Pusch et al. 2000).
S bet flick d inactivati t the single-ch 1
= ctween TACKET and inaciivation at the single-channc The association between KCNQ1 and KCNEI abolishes
S level. This is hampered, however, by the small single- " 777 .
> . inactivation and decreases Gg,/Gg, as do several point
= channel conductance and the high-frequency components tati i1 the h i« ch 1 (i dicul
'é of the flicker process (Pusch, 1998, 2000; Sesti & Goldstein, murations 1n the AOMOIMETc chanier Ln - particuiar
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Figure 5. Predictions of a kinetic scheme for KCNQ1 channels with two closed and two open
states

The flicker process was simulated as described in Methods and the effect of varying the three parameters K,
Ko, and Ko, are shown. In all panels the response is shown (i.e. the sum of the probability of states O, and O,)
to a voltage pulse to 50 mV of 1 s duration followed by a tail pulse to —120 mV (holding potential —80 mV).
A, simulations for K¢ = Ko, = 1 and Ko, = 1 (dotted line), Ko, = 3 (dashed line) and Ko, = 10 (continuous
line) that illustrate how a stronger flicker-closed probability of O, leads to apparent inactivation.
B, simulation of homomeric KCNQI1 channels in the presence of high extracellular [K*] (continuous line) or
[Rb*] (dotted line) with Ko /Ko, = 20; Ko, = K¢, and K¢ = 10 for K" and K¢ = 1 for Rb". The effect of Rb* is to
decrease the flicker-closed probability simultaneously for all states. C, simulation of heteromeric
KCNQI-KCNE]1 channels or a non-inactivating mutant of KCNQ1 in high K* (continuous line) or Rb*
(dotted line) with Ko,/Ko, = 15 Ko, = 0.05 X K¢, and K¢ = 10 for K" and K = 1 for Rb". The effect of Rb" is to
decrease the flicker-closed probability simultaneously for all states by a factor of 10. The difference compared
to Bisa decreased open state flicker, in particular for the second open state.
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S6). A common mechanism might underlie these effects.
This has implications concerning the way in which KCNE1
might interact with KCNQ1. First of all, it is likely that Rb*
stabilizes the flicker-open state because the selectivity filter
in the open state has a different pore occupancy in high
Rb" compared to high K" (Morais-Cabral et al. 2001). Ion
and water content of the selectivity filter was described by
the occupancy of four distinct sites (Morais-Cabral et al.
2001; Fig. 6): in high K*, positions 1-4 are about evenly
occupied in KcsA, whereas in high Rb", position 2 is less
favoured than are positions 1, 3 and 4. This feature
probably generates an energy barrier for the conduction of
Rb*. Consistent with this idea, KcsA conducts more ions in
high K* than in high Rb* (Morais-Cabral et al. 2001).

The crystal structure of KcsA predicts that the selectivity
filter contacts the pore helix, which is linked to S5 via S6
(Fig. 6). Mutations at residues T311 (S5) and L273 (pore-
helix) produce particularly large effects on both Ggy/Gg
and inactivation. For example, T311S drastically increases
inactivation and Gg,/Gx and mutating L273 to various
residues leads to both increases and decreases of these

] Physiol 552.2

properties. However, the changes don’t seem to be clearly
correlated with a particular physicochemical property of
the side-chain. These two residues may have a crucial role
in KCNQI1 function, which is underscored by the finding
that both were found to be mutated in forms of long QT1
syndrome (Wang et al. 1996; Shalaby et al. 1997; Saarinen
et al. 1998; Splawski et al. 2000; Seebohm et al. 2001). This
is also in agreement with the observation that mutants
T311A, L273A and L273Q did not yield functional
expression. The three-dimensional homology model
suggests an interaction between L273 and V307 of the pore
helix (Fig. 6; Seebohm et al. 2001), which could affect the
position of T311. Also, at position 307, two mutations
prevented functional expression (V307C and V307S).
L273 could interact with the pore helix and the selectivity
filter, influencing ion conduction and KCNQ1 inactivation.
Interestingly, the KCNQ1 272 homologous residue in the
Kv2.1 K" channel (G421) may interact with Y480, a residue
in S6 (Kv2.1-Y480 is homologous to KCNQ1-1337) to
stabilize the open state via a further interaction of the S6
transmembrane domain with the pore helix (Liu & Joho,
1998). A further coupling of the inactivation process to the

C

r eren

o

Selectivity filter

Figure 6. Position of mutated residues

Homology model of the S5-S6 domains of a single KCNQ1 subunit. The backbone is shown in blue and
selected residues are represented in space-fill mode. The residues in S6 (brown = F332, orange = A336) that
are close to residues of the pore helix (yellow =V307, pink =V310) and the S5 helical segment
(green = F273) are shown. In addition, amino acid T311 (blue) and the other residues (CPK colouring)
studied are shown. The grey balls represent the favoured positions of K" or Rb" in the selectivity filter and the
central cavity at high ionic concentrations (Morais-Cabral et al. 2001). The favoured position of K* or Rb* in
the occupied selectivity filter is numbered according to Morais-Cabral et al. (2001). A, the model is shown
with transmembrane segment S6 in front and the selectivity filter to the right. The enlargement of boxed area
in A shows the area of interest and the numbering of selected residues. B, the model is shown turned around
the central axis by 180 °. Enlargement depicts residues of S5 and the pore helix. C, the model shown from the
inner membrane side. D, the backbone and residues shown from outside of the cell membrane. For clarity the
outer S5-, H5- and H5-S6-linkers are not shown.
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activation machinery could result from interaction of
V310 with the S6 segment (Fig. 6).

Cys 331 within S6 could be crosslinked to a cysteine
engineered into KCNEI, demonstrating that KCNE1 is
interacting with S6 (Tapper & George, 2001). We speculate
that KCNE1 could influence concerted interactions between
S5, S6, the pore helix and the selectivity filter. Such an
influence is likely to be indirect since the side-chain of the
putatively directly interacting Cys 331 is pointing away
from the pore towards the outside of the channel protein
in our homology model.

The flicker closing may underlie some, but not all of the
effects exerted by the association of KCNQI with KCNE
subunits. In particular, the almost complete lack of
voltage-dependent gating induced by KCNES3 is probably
due to a different mechanism. Apart from a specific
interest for KCNQI channels, the flickery process that is so
strongly affected by Rb" may be of general importance for
the mechanisms of gating and conductance of all voltage-
gated K* channels.
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