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ABSTRACT Most voltage-gated potassium (Kv) channels undergo C-type inactivation during sustained depolarization. The
voltage dependence and other mechanistic aspects of this process are debated, and difficult to elucidate because of con-
comitant voltage-dependent activation. Here, we demonstrate that MinK-KCNQ1 (lxs) channels with an S6-domain mutation,
F340W in KCNQ1, exhibit constitutive activation but voltage-dependent C-type inactivation. F340W-Ixs inactivation was sen-
sitive to extracellular cation concentration and species, and it altered ion selectivity, suggestive of pore constriction. The rate
and extent of F340W-Ik, inactivation and recovery from inactivation were voltage-dependent with physiologic intracellular ion
concentrations, and in the absence or presence of external K™, with an estimated gating charge, z, of ~1. Finally, double-mutant
channels with a single S4 charge neutralization (R231A,F340W-Iks) exhibited constitutive C-type inactivation. The results suggest
that F340W-Iks channels exhibit voltage-dependent C-type inactivation involving S4, without the necessity for voltage-dependent
opening, allosteric coupling to voltage-dependent S6 transitions occurring during channel opening, or voltage-dependent changes
in ion occupancy. The data also identify F340 as a critical hub for KCNQ1 gating processes and their modulation by MinK, and
present a unique system for further mechanistic studies of the role of coupling of C-type inactivation to S4 movement, without

contamination from voltage-dependent activation.

INTRODUCTION

Voltage-gated potassium (Kv) channels open in response to
cellular depolarization to permit K™ ion efflux, facilitating
cellular repolarization. Most Kv channels also undergo in-
activation, resulting in current decay during sustained de-
polarization (1,2). This process endows excitable cells with a
memory of past action potentials because channels can ac-
cumulate in the inactivated state during rapid, sustained fir-
ing, eventually leading to interruption of the train of action
potentials (3). At slower firing rates, inactivation causes a
refractory period between action potentials as channels re-
cover from inactivation upon membrane repolarization,
causing after-hyperpolarizations (4). Thus, Kv channel in-
activation is an essential determinant of the firing properties
of excitable cells (5-7).

In some Kv channels, inactivation is mediated by an
N-terminal, cytoplasmic inactivation domain that causes
rapid N-type inactivation upon depolarization by binding
to the intracellular cavity of the channel and occluding the
ion conduction pathway (8—10). In others—and in N-type
channels with the inactivation domain removed—distinct,
slower inactivation processes are apparent, described vari-
ously depending upon several functional features as P-type,
U-type, or most commonly C-type. These slow inactivation
processes are all thought to involve structural rearrangements
in the selectivity filter or nearby residues, in some cases
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conceptualized as a collapse or constriction of the pore
(11,12). Whether this constriction represents a general nar-
rowing of the pore or a simple shift in one or more side chains
to disfavor coordination of larger ions is as yet unclear.
C-type inactivation is characterized by onset without delay
upon depolarization and by sensitivity to external K™ ion
concentration, with inactivation becoming slower and less
extensive at higher K concentrations. Conversely, re-
placement of external K™ ion with an equal concentration of
less permeant ions such as Na™ increases C-type inactivation
in Shaker and similar slow inactivation processes in other Kv
channels such as Kv1.5 (8,13). Extracellular K™ also desta-
bilizes the C-type inactivated state such that recovery from
inactivation is accelerated with higher K concentrations
(14). These phenomena arise from a protective effect of ex-
tracellular permeant ions such as K™, which can bind to ex-
ternal K™ binding sites in the outer pore and prevent the
structural rearrangements associated with C-type inactivation
(15-18).

Previous studies have led to differing opinions regarding
the possible voltage-dependence of C-type inactivation, and
this may partially reflect heterogeneity of C-type inactivation
mechanisms among different Kv channels (12). The current
thinking for widely-studied channels such as Shaker and
Kv2.1 is that upon membrane depolarization, S4 movement
alters the conformation of the conduction pathway-lining S6
domain to open the channel. This conformational change is
also suggested to disrupt interaction of S6 with the edge of
the pore near the selectivity filter, destabilizing the open state
of the inactivation gate, leading to C-type inactivation. It is
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suggested that the S6 shift which constitutes opening, caused
by S4 movement in response to voltage, indirectly bestows
voltage-dependence upon C-type inactivation (19-22).
However, because S4 movement is proposed to move S6 and
also to alter the relative positions of S6 and the pore, it is
difficult to discern which conformational shifts are required
for C-type inactivation. Thus, it is difficult to distinguish
whether C-type inactivation is a consequence of S6 move-
ment, or alternatively a separate process initiated by S4
movement parallel to activation. This distinction is an im-
portant one; if the voltage-dependence of S6 movement is the
only factor governing the voltage-dependence of C-type in-
activation, the latter process lacks its own voltage-dependence
and is dependent upon the voltage-dependence of activation
for this property. Here, to examine these two alternatives, we
exploited a constitutively-open Kv channel mutant to address
the following questions: what type of inactivation can occur
in a channel preopened by a voltage-independent process
(i.e., the activation gate shifted to the open conformation
without S4 movement); is the inactivation voltage-dependent
or independent; and how does voltage-dependent movement
of S4 impact any inactivation that occurs in this constitutively
open channel?

Some form of inactivation is observed with the large
majority of Kv channels; indeed, a lack of inactivation is rare.
One example is the Ixs complex, which is important for
ventricular repolarization in human heart, and K" ion se-
cretion into the endolymph of the inner ear (23-28). Ik, is
composed of the KCNQ1 a-subunit and the MinK (KCNE1)
ancillary subunit (29,30). KCNQ1 is a six-transmembrane-
domain Kv a-subunit from the S4 superfamily (26). MinK is
the founding member of the KCNE gene family, which en-
codes single transmembrane domain ancillary subunits that
associate with a range of Kv channels with diverse effects
on channel function (31). Wild-type homomeric KCNQ1
channels exhibit voltage-gated activation and undergo
weakly voltage-dependent inactivation which is not classic
C-type inactivation because it is not sensitive to external K™
concentration; coassembly with MinK removes this atypical
inactivation (32-34).

The S6 domain of Kv channels lines the ion conduction
pore and contains the activation gate, which moves after
depolarization-initiated structural rearrangements of S4 to
facilitate K™ conduction (35). Most Kv channels contain a
central S6 glycine which is thought to act as a gating hinge
important for conformational changes in S6 during activation
(36,37). KCNQI bears an alanine at this position (A336),
probably reducing flexibility at this point compared to other
Kv channels (38). Both Shaker and KCNQ1 contain another
motif (PVP and PAG, respectively) nearer the intracellular
end of S6 (residues 343-345 in KCNQ1) which also may
endow flexibility and is proposed to be more important than
the A/G hinge for S6 movement associated with activation of
KCNQI1 (38) and perhaps Shaker (39,40). Between these two
motifs lies the SFF 338-340 motif we previously found to be
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crucial for mediating the effects of MinK and MiRPs on
KCNQI1 activation (41). In particular, we and others found
that F340 is required for MinK modulation of KCNQI acti-
vation via MinK T58, and that an F340W mutation uncouples
MinK-KCNQI (Ixs) channel activation from voltage, forming
a constitutively open channel (41-43). Here we demonstrate
that, paradoxically, F340W-Ix, channels exhibit voltage-
dependent inactivation bearing hallmarks of classic C-type
inactivation. F340W-I, channels thus represent a unique
system in that they exhibit voltage-dependent C-type inacti-
vation despite their constitutive activation. The properties of
this voltage-dependent C-type inactivation, and its lack of
dependence on voltage-dependent activation, are quantified
and discussed here in the context of current models of inac-
tivation in other Kv channels such as Shaker.

EXPERIMENTAL PROCEDURES
Molecular biology

Human KCNQ1 mutants were constructed using the QuikChange Multi Site-
Directed Mutagenesis Kit (Stratagene, La Jolla, CA), and sequenced in their
entirety to confirm correct sequence, then subcloned into a pBluescript-based
oocyte expression vector. MinK cDNA was subcloned into the pRAT expres-
sion vector. cRNA transcripts were produced from Notl-linearized cDNA
templates using the T3 (KCNQ1) and T7 (MinK) mMessage mMachine kits
(Ambion, Austin, TX). cRNA was quantified by spectrophotometry and its
size integrity verified by gel electrophoresis. Defolliculated stage V and VI
oocytes from Xenopus laevis (Nasco, Fort Atkinson, WI) were injected with
10 ng of KCNQ1 with or without 2 ng of MinK cRNA.

Electrophysiology

Whole oocyte two-electrode voltage-clamp (TEVC) experiments were per-
formed at room temperature using an OC-725C amplifier (Warner Instru-
ments, Hamden, CT) and pClamp 9 software (Molecular Devices,
Sunnyvale, CA), 3—4 days after cRNA injection. Oocytes were bathed in a
small-volume oocyte bath (Warner) and viewed with a dissection micro-
scope. Standard bath solution was (in mM): 96 NaCl, 4 KCl, 1 MgCl,, 0.3
CaCl, 10 HEPES (pH 7.4) (4 K*/96 Na™ solution). TEVC pipettes were 1-2
M() resistance when filled with 3 M KCl. For analysis of the effects of
different extracellular cations on inactivation, extracellular monovalent cat-
ions were replaced with 100 mM KCIl, RbCl, CsCl, NaCl, or tetraethyl-
ammonium (TEA) chloride where indicated. Data analysis was performed
with pClamp 9 and Origin 6.1 (OriginLab, Northampton, MA). Values are
stated as mean * SE. For voltage-dependence of inactivation, tail currents or
fractional decay during prepulse versus voltage were plotted and fit with
single Boltzmann functions according to

I={A — A/l +texp[(Vip—V)/V]} +4A, (1)

where / is the normalized current, A; is the initial value at —, A, is the final
value at +o, V|, is the half-maximal voltage of activation, and V; the slope
factor (Origin 6.1). Inactivation traces were fitted with either a single or
double-exponential function according to

I =exp(—t/7)), V)]
I = Ajexp(—t/1,) + Asexp(—t/T13), 3)

where A, is the initial amplitude of each component, ¢ is time, and 7,, is the
associated inactivation time constant of each component (pClamp 9).
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Inactivation recovery traces were fitted with a single-exponential function
according to

I = Lew (1 — exp[—1/Twec)), 4

where 7. is the associated inactivation recovery time constant (pClamp 9).
According to the Goldman-Hodgkin-Katz (GHK) voltage equation,

E., = RT/FIn (Pg[K], + Px.[Na], + Pa[CI],)/
(Px[K]; + Pna[Na], + Pq [Cl]o), ®))

where E,., is the absolute reversal potential and P is permeability. This
permits calculation of the relative permeability of each ion if concentrations
on either side of the membrane are known. A modified version of this
equation was used here to determine relative permeability of two ions in a
system in which only the extracellular ion concentration was known. Thus,
relative permeability of Rb™, Cs™, and Na* compared to K* ions was
calculated for F340W-Ik, and R231A F340W-Ik, channels by plotting the
I/V relationships for each channel with each extracellular ion (100 mM) and
comparing them to that with 100 mM extracellular K™ ion to yield a change
in reversal potential (AE,.,) for each ion compared to that of K. Perme-
ability ratios for each ion (X) compared to K™ were then calculated as

AE‘rev = LyevX — Erev‘KJr = RT/ZF lnpx/PK+. (6)

Values were compared between channel types and statistical significance
assessed using ANOVA. It is important to note that accurate measurement of
reversal potentials can be hampered by a number of artifacts, including
extracellular ion accumulation and leak currents. We attempted to keep these
artifacts to a minimum by maintaining a high bath solution flow rate and
discarding recordings for which current levels at —80 mV or +80 mV drifted
significantly between pulses.

The gating charge involved in the inactivation process, z;, of F340W-Ik
channels was estimated using two independent methods. First, a linear re-
gression analysis of the reciprocal of Tipactivation (inactivation rate constant)
versus Vg Was used as

In[K (Viey) = In[K(0)] + zView (F/RT), )

where K(V,.s) and K(0) are the rate constants of inactivation at voltages V.
and 0 mV, respectively, and F/RT = 0.04 mV~". This approximation of the
rate constant for inactivation holds for voltages at which recovery from
inactivation is negligible. Second, z; was estimated from the slope of the
Boltzmann fit of the plot of inactivation-recovered current versus recovery
voltage using the partial recovery inactivation protocol, thus,

2 = slope/(RT/F), ®)

where RT/F = 25 mV.

Structural models

For Fig. 1, D and E, substitution of KCNQ1 phenylalanine 340 for trypto-
phan was applied to the equivalent position in the Kv1.2 ROSETTA open-
state model for which coordinates were kindly provided by Yarov-Yarovoy
et al. (44). Molecular model images were prepared using PyMOL (http://
pymol.sourceforge.net/). Homology modeling of the KCNQ1 S4 and S4-S5
linker domains (see Fig. 12 C) was performed with the SWISS-MODEL
program (45) using structural coordinates from x-ray crystallographic studies
of similar domains in Kv1.2 as a template (46). Images were prepared using
PROTEIN EXPLORER ALPHA.

RESULTS

F340W-Ixs channels are constitutively open and
exhibit inactivation

The functional properties of wild-type and mutant KCNQ1
a-subunits, alone or coexpressed with MinK, were assessed
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using TEVC studies of the channels expressed in Xenopus
oocytes, initially with a bath solution containing 4 mM KCl
and 96 mM NaCl. Coassembly with MinK ancillary subunits
has several functional effects on wild-type KCNQ1 «-subunits:
a fourfold increase in unitary conductance, significant slowing
of activation, a positive shift in the voltage dependence of
activation, and loss of inactivation (29,30,47) (Fig. 1, A-C).
Inactivation of homomeric KCNQI1 channels is modest but
can be detected by a hook in currents recorded during the tail
pulse due to recovery from inactivation before deactivation
occurs; this hook is absent from tail currents generated by
wild-type KCNQI1-MinK (Ix,) channels (33,34).

Previously, we found that an F340W mutation in the S6
domain of KCNQI results in partially constitutive activation
of homomeric KCNQI1 channels and essentially entirely
constitutive activation in F340W-Ig, channels (41). KCNQ1-
F340 is situated in the MiRP-interaction domain halfway
along the S6 pore-lining helix close to other motifs thought
important for conformational changes in S6 during activation
(Fig. 1 D). Aligning the KCNQ1 and Shaker sequences, F340
is predicted to sit below the selectivity filter with each aro-
matic ring facing toward the adjoining «-subunit in a clockwise
fashion (viewed from the extracellular side) based on a
ROSETTA open-state model derived from the crystal struc-
ture of Kv1.2 (44,48), (Fig. 1, D and E). Strikingly, channels
bearing the F340W mutation exhibited current decay at de-
polarized voltages, suggestive of voltage-dependent inacti-
vation, despite constitutive (voltage-independent) activation
(Fig. 1 F). Rather than being removed by MinK as in wild-type
Ik complexes, inactivation was actually more comprehensive
in F340W-Ik, channels than in homomeric F340W-KCNQ1
channels, resulting in particularly robust inward rectification
in the former, as shown by comparing peak versus steady-state
I/V relationships (Fig. 1, G and H). For the remainder of this
study of the voltage dependence of inactivation, we therefore
generally employed F340W-Ig, channels.

F340W-I inactivation is voltage-dependent

The voltage dependence of F340W-Ig, inactivation was
immediately apparent upon examination of standard current-
voltage families: F340W-I channels exhibited inward rec-
tification, reducing current at more depolarized voltages (Fig.
1, G and H; Fig. 2 A) reminiscent of hERG channels in which
inward rectification arises from rapid inactivation upon de-
polarization (49). Current decay was absent at hyperpolarized
voltages but readily apparent at depolarized voltages, sug-
gesting a form of inactivation that was voltage-dependent, in
contrast to activation which was voltage-independent (Fig.
2 A). F340W-Ik, channels behave quite distinctly from wild-
type Ik, channels. MinK eliminates inactivation of wild-type
KCNQI1 channels, in contrast to our observations for F340W-
Ixs channels (33,34). Onset of inactivation of homomeric
wild-type KCNQ1 channels is delayed upon depolarization,
suggesting the necessity for transition through more than one
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FIGURE 1 F340W-Ik, channels are
constitutively open but exhibit voltage-
dependent inactivation. (A) Exemplar
current traces recorded in oocytes ex-
pressing wild-type KCNQI alone (wt
Q1) or with MinK (wt Ix,) channels as
indicated. Currents were recorded by
TEVC using the standard voltage family
protocol (inset). (Scale bars) Vertical,
1 pA (wt Q1), 3 uA (wt Q1 + MinK);
and horizontal, 1 s. (Dashed line) Zero
current level. (B) Raw I/V relationships,
measured at the end of the test pulse, for
oocytes as in panel A, n = 7-10. Sym-
bols as in panel A. Error bars indicate
SEM. Data were fitted with a Boltzmann
function. (C) Normalized I/V relation-
ships for oocytes as in panel A, n = 7-10.
Symbols as in panel A. Error bars indi-
cate SEM. Data were fitted with a
Boltzmann function. (D) (Upper) Se-
quence alignment of the KCNQ1 and
Shaker S6 domains. (Green) Postulated
glycine hinge in Shaker (37); mutation
of the KCNQI alanine at this position to
glycine may increase flexibility (38).
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(Red) F340W. (Boxed region) S338-
F340 MIiRP interaction domain (41).
(Blue) PAG/PVP postulated flexible ac-
tivation gate region (38,40). (Lower)
View from the extracellular side of the

.. &

Kvj ; structure open-state model (44) with the position homologous to KCNQ1-F340 shown as a phenylalanine and highlighted red. (Left) Entire channel;
(right) closeup of pore region. (E) Lateral projection of the Kv;, structure open-state model with the residue homologous to KCNQ1-F340 shown as a
phenylalanine and highlighted red, demonstrating its predicted position below the selectivity filter. (F) Exemplar current traces recorded in oocytes expressing
F340W-KCNQ1 alone (F340W Q1) or with MinK (F340W I,) channels as indicated. Currents recorded as in panel A. (Scale bars) Vertical, 1 wA; horizontal,
1 s. Zero current level indicated by dashed line. (G) Raw instantaneous (solid black or open with black border) and steady-state (solid red or open with red
border) I/V relationships for oocytes as in panel F, n = 8—10. (Solid symbols) F340W KCNQI1; (open symbols) F340W Ik,. Error bars indicate SEM. (H)
Normalized instantaneous (solid black or open with black border) and steady-state (solid red or open with red border) I/V relationships for oocytes as in panel
F, n = 8-10. (Solid symbols) F340W KCNQI1; (open symbols) F340W Ik;. Error bars indicate SEM.

type of open state before inactivation can occur (33). In
contrast, inactivation of F340W-Ix, channels proceeded
without perceptible delay upon depolarization (Fig. 2 A).
Extent of inactivation of F340W-Ix channels was quan-
tified by two methods, revealing voltage dependence such
that the extent of inactivation increased with depolarization.
First, visible fractional decay was plotted versus voltage;
fitting of fractional decay versus voltage with a Boltzmann
function gave a V' inactivation 0 37.1 = 1.9 mV, slope of 22.3 *
1.4 mV, and amplitude of 0.87 %= 0.03 (Fig. 2 C, solid
squares). Second, a partial recovery protocol was employed
such that inactivation was permitted to reach steady-state at
+80 mV, followed by a brief (20 ms) recovery phase at
various voltages then a +80 mV tail pulse for quantification
of the equilibrium between inactivated and noninactivated
channels as a function of recovery step voltage (Fig. 2 B).
Fitting the extent of inactivation versus voltage relationship
with a Boltzmann function gave a V5 inactivation of —17.0 =
4.1 mV, slope of 26.3 £ 3.4 mV, and amplitude of 0.75 =
0.04 (Fig. 2 C). The slope of this Boltzmann fit was used to
estimate the gating charge of inactivation, z;, using Eq. 8,
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giving a value of 1.05. The V|, of activation for wild-type Ik
was previously calculated as 20 = 3 mV, closest to our more
depolarized value for the V, of inactivation (29,30,47).
The substantial shift in calculated voltage dependence with
these two fits may arise from the fact that the partial recovery
double-pulse protocol does not permit complete recovery
from inactivation before the tail current is measured, and/or
that quantifying inactivation using the visible current decay
omits inactivation so rapid it cannot be visualized using
two-electrode voltage-clamp. Alternatively, it could reflect
adoption of a more stable C-type inactivated state with the
double-pulse protocol (Fig. 2 B) by virtue of the long pre-
pulse to +80 mV before the recovery step (Fig. 2 B), whereas
the prepulse of —80 mV in the decay protocol (Fig. 2 A)
delays adoption of this more stable state. The adoption of a
more stable C-type inactivated state involving gating charge
immobilization was previously found for the Kv1.5 channel
(50). We consider it likely, however, that there is an under-
estimation using the visible decay measurement and therefore
for the majority of this study we compare inactivation volt-
age-dependence and extent using the double-pulse protocol.
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FIGURE 2 F340W-Ik, channels exhibit voltage-dependent inactivation.
(A) First 500 ms of exemplar traces recorded in oocytes expressing F340W-
Ixs with 4 K*/96 Na™ bath solution using a similar protocol to that in Fig.
1 (inset); note instantaneous onset of inactivation at membrane potentials
from —20 to +100 mV. (Dashed line) Zero current level. (B) Exemplar
traces recorded in oocytes expressing F340W-Ig, with 4 K*/96 Na* bath
solution using a partial recovery protocol incorporating a 1 s pulse to +80
mV followed by a 20-ms inactivation recovery step to voltages between
—140 and +80 mV, then a 500 ms +80 mV tail pulse (protocol above).
(Dashed line) Zero current level. (C) (Solid squares) Visible fractional
current decay during test pulses as in panel A, n = 8-10. (Open squares)
Inactivation quantified by plotting (I — normalized peak tail current). Peak
tail current (arrow, B) was normalized to peak prepulse current (asterisk, B),
n = 14. Data were fitted with a Boltzmann function for both data sets (solid
lines). Error bars indicate SEM.

Voltage dependence of F340W-Iks
inactivation kinetics

In voltage-activated potassium channels, inactivation rate
has not previously been found to be intrinsically voltage-
dependent, purportedly because this correlation was masked
by the voltage dependence of activation (13). Here, we fitted
the kinetics of F340W-Ig, inactivation between —40 and
0 mV, a range of voltages over which decay was visible but
inward rectification (caused by loss of the peak due apparently
to inactivation) was minimal, to limit as much as possible
underestimation of inactivation rate (Fig. 3 A). Inactivation
rate, fitted with a double-exponential function, was voltage-
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dependent such that the time constant of the slow component
of inactivation, 7;, became faster with depolarization. The
voltage dependence of 7| was fit with a Boltzmann function,
yielding a Vi of —17.5 = 4.8 mV, V,0f 6.8 = 5.6 mV, A| =
2229 = 44,0 ms, and A, = 39.4 = 29.5 ms (where A; and A,
indicate the fractional amplitudes of current decaying by
71 and 7,, respectively). In contrast, the time component of the
fast component of inactivation (7,) appeared voltage-inde-
pendent and had a constant value of ~20 ms over the range
tested (Fig. 3 B). Thus in the absence of voltage-dependent
opening, the voltage-dependence of inactivation kinetics was
demonstrable. The relative contribution of A; exhibited ap-
parent v-shaped voltage dependence with a minimum of ~0.3
at —20 mV (Fig. 3 C). We interpret this as introduction or
unmasking of a very fast component to inactivation above
—20 mV that probably underlies the inward rectification ob-
served for peak currents (Fig. 2 A); therefore, A, in reality may
continue to drop above —20 mV. The voltage dependence of
the reciprocal of the slow component of inactivation, 7; (an
approximation of the rate constant for the slow component of
inactivation) was subjected to linear regression analysis to
estimate z; using Eq. 7. It should be noted that this method of
determining the rate constant for inactivation is accurate only
for voltages at which there is negligible recovery from inac-
tivation, and also that visible decay may not represent all the
voltage-dependent inactivation occurring. The calculated z;
value should therefore be treated with caution; however, this
method yielded a z; of 0.84, similar to the value of 1.05 yielded
using Eq. 8.

F340W-Ik¢ inactivation recovery kinetics
is voltage-dependent

The kinetics of recovery from inactivation can prove difficult
to evaluate because of concomitant deactivation resulting
in superimposed current decay at hyperpolarized voltages
(49,51). Here, the F340W-Ik, channel facilitated assessment
of the kinetics of recovery from inactivation in the absence
of deactivation. Inactivation recovery traces were recorded
at various voltages after a +80 mV prepulse (Fig. 3 D).
Fitting of inactivation recovery traces with a single expo-
nential function demonstrated that the rate of recovery from
inactivation of F340W-Ix, channels was strongly voltage-
dependent: recovery at —140 mV was 10-fold faster than at
0 mV (Fig. 3 E).

Extracellular permeant cations antagonize
F340W-Iks inactivation

Inactivation of homomeric wild-type KCNQ1 channels—not
considered to be typical C-type inactivation—is unaffected
by increasing external K™ concentration (33,34), whereas the
classic C-type inactivation of Shaker and similar forms of
inactivation in Kv channels such as Kv1.5 are sensitive to
external K™ ion concentration, with high external K™ con-
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FIGURE 3 Voltage dependence of F340W-Ik inactiva-
tion and inactivation recovery kinetics. (A) First 1.5 s of
exemplar traces recorded in oocytes expressing F340W-Ik
with 4 K*/96 Na* bath solution using the protocol inset.
(B) Mean inactivation rate plotted as 7y (solid squares) and
T, (open squares) of a double-exponential fit of traces as in
panel A, n = 11. Error bars indicate SEM. (C) Mean relative
amplitude of the slow component of inactivation as a
fraction of total amplitude, A,/(A; + A,), plotted versus
voltage, for traces as in panel A after a double-exponential
fit, n = 11. Error bars indicate SEM. (D) First section of
normalized inactivation recovery tail currents (—140 and
+60 mV) of exemplar traces recorded in oocytes express-
ing F340W-Ix, with 4 K/96 Na™ bath solution using the
protocol inset. (/) Inactivated; (R) recovered. (E) Inactiva-

T tion recovery rate plotted as the 7 of a single-exponential fit
50 of traces as in panel D, n = 6. Error bars indicate SEM.
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centration antagonizing inactivation. Furthermore, antago-
nism of C-type inactivation positively correlates with the
relative permeability of the predominant monovalent cation
on the extracellular side. Both these phenomena are thought
to be due to prevention of pore collapse by binding of per-
meant ions to external pore ion binding sites (8,13,15,52-55).
Here, we tested the effects of replacing the 4 K*/96 Na™ bath
solution with one containing a single monovalent cation
species at 100 mM, which was either K*, Rb*, Cs*,Nat, or
TEA™. The TEA™ sensitivity of Ix, channels is extremely
low, with an estimated ICsy > 100 mM (56); thus here we
were able to utilize TEA™ as a relatively impermeant ion,
rather than as a pore-blocker with a high-affinity external
binding site as is the case with many other Kv channels
(13,55,57-59).

Recording of current families from oocytes expressing
F340W-Ik, and replacing the bath solution in turn showed
that 100 mM K*, Rb*, Cs*, or Na* increased the mean
instantaneous outward currents relative to those with the 4
K*/96 Na™ bath solution whereas 100 mM TEA™ did not
(Fig. 4, A and B). The increase in instantaneous current with
100 mM K* compared to that with 4 mM K™ was particu-
larly significant since the increased external K™ represents a
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marked reduction in chemical gradient and would be pre-
dicted to decrease outward current. Steady-state inactivated
outward current, measured at the end of the 3-s test pulse, was
significantly increased by 100 mM K™, Rb™", and Cs™, but
notNat or TEA™ (Fig. 4 C). Both the increase in late current
amplitude with 100 mM K and lack of increase in late
current amplitude with 100 mM Na™ are highly significant
because, again, they are contrary to what would be expected
from the effects of driving force. The increase in outward
current at depolarized voltages when permeant ions domi-
nated the extracellular milieu: K*, Rb* and even Cs+(dis—
cussed later, see Fig. 11) was of greater magnitude the more
depolarized the membrane potential, 5-10-fold greater than
the current observed with the 4 K*/96 Na™ solution at +60
mV (Fig. 4 D). These effects were characteristic of a channel
that undergoes classic C-type inactivation because, as ex-
plained, this process is antagonized by an increase in the
concentration of permeant extracellular cations, which dis-
favors pore constriction. With Na™ as the sole extracellular
monovalent cation, steady-state current was similar to that for
4 mM K™ despite the increased driving force and in contrast
to the threefold increase in instantaneous current compared to
with4 mM K™ (Fig. 4, B-D); this again was highly consistent
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with a lack of protection of the pore from constriction asso-
ciated with time- and voltage-dependent inactivation. TEA "
resulted in threefold reduced instantaneous and fivefold re-
duced steady-state current density (Fig. 4, B—D), most likely
due to a combination of weak block and a lack of protection
from pore constriction during C-type inactivation. TEA™"
protects some channels from C-type inactivation by a foot-in-
the-door mechanism, but the extremely low TEA affinity of
Ixs (56) likely prevents this protective effect.

The effects on F340W-I, inactivation of varying the ex-
tracellular ionic milieu were apparent from normalized traces
at +80 mV, showing only 10-25% decay with 100 mM K™,
Rb ™, or Cs™, compared to 80-90% decay with 100 mM Na™*
or TEA™, or 4 K*/96 Na™ (Fig. 5 A). Further, normalized
mean steady-state I/V curves from groups of oocytes bathed
in either of the latter three solutions showed much stronger
inward rectification than with 100 mM K*,Rb*, or Cs™, due
to the voltage- and extracellular cation-dependence of inac-
tivation (Fig. 5 B). A plot of fractional decay versus voltage
with the various bath solutions demonstrated that inactivation
was less extensive at a given voltage the higher the perme-
ability of the predominant extracellular cation (Fig. 5 C). Put
another way, compared to currents with 4 K*/96 Na™ bath
solution, 100 mM Na*t, or TEA™ left-shifted the voltage-
dependence of fractional current decay ~50 mV, whereas
100 mM K*, Rb™, or Cs™ right-shifted fractional current
decay in excess of 50 mV (Fig. 5 C).

Quantification of inactivation using the 20-ms partial re-
covery protocol (Fig. 5, D and E) demonstrated dramatic

20 40 60
voltage, mV

negative shifts in the voltage-dependence of inactivation
compared to 4 K*/96 Na™ recordings with 100 mM Na™
(—60 mV shift) or TEA™ (=90 mV shift) extracellular so-
lution. In 100 mM extracellular K*, Rb™, or Cs™, inactiva-
tion was positive-shifted such that <10% inactivation was
observed at +60 mV, and voltage-dependence could not be
quantitatively fitted (Fig. 5 E). These data, even more po-
larized than for fractional decay data in Fig. 5 C, suggested
profound shifts in the kinetics of inactivation recovery during
the variable-voltage 20-ms recovery step (Fig. 5 D), quanti-
fication of which is described in Fig. 6.

Voltage dependence of F340W-Iks inactivation
kinetics with impermeant extracellular cations

F340W-I, inactivation Kkinetics appeared voltage-depen-
dent, with faster inactivation at more depolarized voltages,
even in the absence of extracellular K™ ions (Fig. 4). This
was quantified for currents recorded with either Na™ or
TEA™ (100 mM) as the sole extracellular monovalent cation.
Traces recorded with other extracellular ions exhibited only
relatively small amounts of very slow inactivation, preclud-
ing accurate fitting of kinetics. Inactivation rate, fitted with a
double-exponential function, was voltage-dependent such
that both the slow (7;) and fast (7,) components of inacti-
vation became approximately threefold faster between —40
and +100 mV with either Na* or TEA™ (Fig. 6 A). The
contribution of limiting time constant A; increased from
0.5 to 0.7 for Na™ between —40 and +100 mV, and varied
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between 0.7 and 0.8 for TEA ™ (Fig. 6 B; see Fig. 6 legend for
fit values). Thus in the absence of extracellular K* or other
relatively permeant extracellular cations, F340W-I inacti-
vation was still voltage-dependent.

Extracellular permeant cations accelerate
recovery from inactivation of F340W-Ikg

The kinetics of inactivation recovery were also affected by
the extracellular monovalent cation species, such that more
permeant ions (100 mM K™, Rb™, and to a lesser extent Cs ™)
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FIGURE 5 Effect of external permeant ions on
F340W-Ik; inactivation. (A) Normalized exemplar cur-
rent traces recorded at +80 mV in oocytes expressing
F340W-Ig, channels using the protocol inset (traces cor-
respond to region indicated by red bar in protocol)
showing different degrees of current decay depending
on external ion species. Bath solution was varied such
that the monovalent cations comprised 4 mM K*/96
mM Na*, or 100mM K", Rb", Cs*,Na™, or TEA™ as
indicated. (B) Normalized //V relationships for late
currents (end of 3-s test pulse) from oocytes as in panel
A, n = 8-12. Symbols and protocol as in panel A. Error
bars indicate SEM. (C) Inactivation quantified as visible
fractional current decay during test pulses as in panel A,
n = 8-12. Error bars indicate SEM. Data were fitted
with a Boltzmann function, showing that inactivation
varied with external ion species. Fit values were ob-
tainable for Cs*, Na', and TEA™ experiments, as
follows. Cs™: A}, 0.0 = 0.001; A,, 0.62 * 0.32; Vys,
85.0 = 24.1 mV; and V,, 22.0 = 6.9 mV. Na*: Ay,
0.0 = 0.0; A, 0.75 = 0.02; V5, —17.2 = 2.2 mV; and
V513.3 £ 0.7mV. TEA": A4;, 0.0 = 0.02; A5, 0.81 =
0.01; Vo5, —27.4 = 2.5 mV, and V§, 19.8 = 2.3 mV.
(Dashed line) Fit for 4 K*/96 Na™ data for comparison.
(D) Central 400 ms of exemplar traces recorded in
oocytes expressing F340W-Ig with 100 mM external
bath cations as indicated, using a partial recovery
protocol incorporating a 1 s pulse to +80 mV followed
by a 20-ms inactivation recovery step to voltages
between —140 and +80 mV, then a 500 ms +80 mV
tail pulse (inset). (Dashed lines) Zero current level.
Vertical scale bar indicates 19 uA K", 16 HA (Na™).
(E) Inactivation quantified by plotting 1 — normalized
tail current at arrow (D), n = 4—12. Symbols as in panel
A. Data were fitted with a Boltzmann function. Error
bars indicate SEM. (Dashed line) Inactivation fit from
4 K*/96 Na™ recordings for comparison. Fit values
were obtainable for Na* and TEA™ experiments, as
follows. Na*: A4;, 0.04 = 0.05; A,, 0.72 = 0.03; V.5,
—73.9 = 5.6 mV; and V,, 26.4 £ 5.5 mV; and TEA™:
A1, 0.23 £0.29; Ay, 0.76 £ 0.03; Vg5, —105.0 £ 32.4
mV; and Vi, 23.7 = 17.4 mV.
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accelerated recovery and less permeant ions (100 mM Na™)
retarded recovery compared to the 4 K/96 Na* bath solution.
This manifested as a negative shift in the voltage dependence
of recovery kinetics with 100 mM Na* and a positive shift for
100mM K™, Rb*, or Cs™, compared to with the 4 K*/96 Na™
solution (Fig. 6, C and D). Recovery rates with 100 mM K*
or Rb* were 10-fold higher than with the 4 K*/96 Na*
bath solution at +60 mV. Currents were too small for reliable
assessment of recovery with TEA™ as the extracellular mono-
valent cation. Overall, the positive correlation between inac-
tivation recovery rate and relative permeability of external
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FIGURE 6 Voltage and external cation dependence of F340W-Ig, inac-
tivation and inactivation recovery kinetics. (A) Inactivation rate plotted as
the 7-values from a double-exponential fit of inactivation versus voltage
from traces as in Fig. 4 A, n = 6-7. (Circles) 100 mM Na™; (diamonds) 100
mM TEA™. (Shaded symbols) T1; (open symbols) 12. Error bars indicate
SEM. Voltage dependence of each 7-value was fit with a Boltzmann function.
Na* 7: Vip =31.3 £ 202 mV; V, = 22.6 = 11.3mV; A; = 267.9 + 57.1
ms; and A, = 97.7 ms, fixed automatically by fitting software. Na™ 7,:
Vip=49.7 = 16.1 mV; Vi =16.1 = 126 mV; A; = 74.5 = 11.2 ms; and
A, = 28.8 ms, fixed automatically by fitting software. TEA™ 7,: V,,, =
473 £ 99 mV; Vg =239 * 6.4 mV; A; = 348.7 = 384 ms; and A, =
112.1 ms, fixed automatically by fitting software. TEA™ 7,: V,, = 47.6 +
83mV;V, =159 =54mV;A, =112.6 £ 139 ms; and A, =24.8 £ 4.3
ms. (B) Mean relative amplitude of the slow component of inactivation as a
fraction of total amplitude, A;/(A; + A,), plotted versus voltage, after
double-exponential fit of inactivation from traces as in Fig. 4 A, n = 6-7.
(Circles) 100 mM Na™; (diamonds) 100 mM TEA™. Error bars indicate
SEM. (C) First section of normalized inactivation recovery tail currents of
exemplar traces recorded in oocytes expressing F340W-Ix¢ with 100 mM
external Na* ion, using the protocol inset. (Dashed line) Zero current level.
(D) Inactivation recovery rate plotted as the 7 of a single-exponential fit of
the recovery phase (7.) from traces as in panel C, with 100 mM external
Na™ (open circles), K" (solid squares), Cs™ (solid circles), or Rb* (open
squares); n = 3—6. Error bars indicate SEM. (Dashed line) Fit from 4 K*/96
Na* recordings for comparison. Recovery currents above 0 mV were too
small to quantify for 100 mM K* and 100 mM Rb™ recordings.

monovalent cations was similar to that observed for Shaker
and typical of classic C-type inactivation (14).

S4 charge provides the voltage-dependence of
F340W-Iks inactivation

The voltage-dependent C-type inactivation with physiologi-
cal concentrations of intracellular and extracellular ions and
in the absence of voltage-dependent activation observed for
F340W-Ig, channels was suggestive of coupling between the
C-type inactivation gate and an intrinsic voltage sensor. To
test the contribution of S4, the voltage sensor for activation in
wild-type Ixs and other Kv channels, we performed alanine-
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scanning mutagenesis of charged residues in the S4 and ad-
joining linkers (S3-S4 and S4-S5) of F340W-Ik, (Fig. 7 A).
Each of two individual S4 charge neutralizations altered the
inactivation of F340W-Ix, channels. Thus, unlike the ma-
jority of S4 mutants and single mutant F340W-Ix, channels,
R231A,F340W-Ik, channels showed a linear I/V curve with
no current decay during the 3 s test pulse between —120 and
+40 mV (Fig. 7, B-D, but see Figs. 9-11 for evidence of
constitutive inactivation). R237A,F340W-Ix, channels ex-
hibited no visible current decay but there was a clear voltage-
dependence to activation, and a time-dependent component
to activation was apparent at depolarized voltages, unlike
single-mutant F340W-Ig channels (Fig. 7, B-D). These data
demonstrate that S4 is involved in the development of C-type
inactivation in F340W-Ig, and that charged residues R231
and R237 are particularly important for this process.

We interpret these effects as highly suggestive that S4 acts
as the voltage sensor for C-type inactivation in F340W-Igq,
although strictly in the absence of a quantitative relationship
between the number of S4 charges and the voltage-depen-
dence of inactivation, another possible interpretation is that
S4 is involved for example in coupling voltage sensing to
inactivation rather than acting as the voltage sensor itself.
However, the current findings for R231 and R237 mirror the
importance of these residues in voltage-dependent activation
of wild-type Ik channels (60) suggesting a common struc-
tural element, S4, provides both the voltage dependence of
inactivation in F340W-Ik, channels in the absence of volt-
age-dependent activation, and the voltage dependence of
activation in wild-type Iks.

S$4-S5 linker charge influences C-type
inactivation of F340W-I¢

The S4-S5 linker is essential for coupling of S4 movement to
the activation gate in Kv channels including Shaker and wild-
type Ixs and also mediates functional interaction between
MinK and KCNQI in wild-type Ix, complexes (61,62). Here,
neutralization of a single S4-S5 linker charge, E261, signif-
icantly reduced the inward rectification of F340W-Ig, chan-
nels (Fig. 7, B and D). Quantification of current decay during
the 3-s test pulse showed that the E261A ,F340W mutant
reduced decay approximately twofold at +40-+60 mV
compared to single-mutant F340W-Ix channels and other
charge mutants that showed any decay (i.e., those other than
R231A,F340W and R237A,F340W) (Fig. 7 E). An alterna-
tive measure of inactivation in which percentage of channels
available at the start of the tail pulse was compared to total
channels available (peak current during test pulse) showed
qualitatively similar effects (Fig. 7 F). This reduced inacti-
vation for E261A,F340W-Ik during the test pulse was at-
tributable to a fivefold reduction in inactivation rate at +60
mV, estimated for comparison purposes from a single-ex-
ponential fit of single- and double-mutant F340W-Ik, chan-
nels (Fig. 7 G).

Biophysical Journal 95(6) 2759-2778



2768 Panaghie et al.
A (2] @ S 18 M~ o (=] D C
— o o o) << < n O
o~ o~ (s} o~ NN [aY] o N
hKCNQ1 KGQVFATS AIRGIRFLQILRMLHVDRQGGTW RLLGSVVFIHRQE
Shaker SNQAMSLA ILRVIRLVRVFRIFKLSRHSKGL QILGRTLEASMRE
hERG IFGSGSEE LIGLLKTARLLRLVRVARKLDRY SEYGAAVLFLLMC
$3-54 linker S4 S4-S5 linker
B T T T
K218A W R228A O R231A W -1 -50 50
voltage, mV
-0.51
>
- - ]_ g
— | ———m— +60 S -1.04
R237A O 80 =0 L
% D242A @ 120 R243A O D
— gj
[ — Em
P—— | ‘
----- ﬁgg
50
R249A A R259A A E261A voltage, mV
-
—
_____ o b b = -1.0
L

@

600+

Tinact, ms
—_ w =N
[$)) o (8,
o v o

o
N/A
N/A

|

voltage, mV voltage, mV

FIGURE 7 Effects of charge neutralization in S4 and surrounding linkers on F340W-I; inactivation. (A) Sequence alignment for predicted S3-S4 linker, S4 and
S4-S5 linker of human KCNQ1, Shaker, and hERG. (Red) Basic residues; (purple) acidic residues. Charged residues in KCNQI are numbered at top. (B) Exemplar
traces for F340W-Ik, channels with each of the charged residues highlighted in panel A sequentially mutated to alanine. Voltage protocol inset as in Fig. 1. (Scale bars)
horizontal, 1 s; vertical: 1.5 uA (K218A and R228A); 1 nA (R231A and R243A); 6 uA (R237A); 0.5 nA (D242A, R249A, and R259A); and 0.2 wA (E261A).
(Dashed lines) Zero current level. (C) Mean normalized I/V relationships for F340W-Iy channels containing K218A, R228A, D242A, R243A, R249A, or R259A
mutation, symbols as in panel A. For these and for panel D, current was measured at the end of the pulse, or at the nadir of the current amplitude in cases where the
decay was followed by a slow, voltage-dependent activation, n = 4—14 oocytes per group. Error bars indicate SEM. (Red line) Fit for single-mutant F340W-Iy
channels for comparison. (D) Mean normalized //V relationship for F340W-Ik channels containing R231A, R237A, or E261 A mutation, symbols as in panel A, n =
9-13 oocytes per group. Error bars indicate SEM. (Red line) Fit for single mutant F340W-I channel for comparison. (£) Mean current decay versus voltage during
test pulse for all double mutants in panel A, symbols as in panel A, n = 4—14 oocytes per group. Error bars indicate SEM. (Black line) Fit for single-mutant F340W-I
channels for comparison. (F) Mean inactivation versus voltage calculated by assessing the fraction of available channels from the initial tail current after each voltage
step to current after the —120 mV voltage step, for all double-mutants in panel A, symbols as in panel A, n = 4—14 oocytes per group. Error bars indicate SEM. (G)
Estimation of inactivation rate expressed as Tinac for F340W-Ig (wf) and all double-mutants from panel A, derived from a single-exponential fit of current decay for
purposes of direct comparison, n = 4—14 oocytes per group. Error bars indicate SEM. N/A, not applicable (no visible, time-dependent current decay).

Effects of R231A and R237A mutations in
F340W-KCNQ1 versus F340W-Ixs channels

To exclude the possibility that the R231A and R237A mu-
tations simply prevented interaction with MinK, we com-
pared currents with/without MinK coexpression. MinK
increased R231A,F340W-KCNQ1 current density ~10-fold,
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thus coassembly was preserved; both currents showed essen-
tially linear //V relationship and no time-dependent current
decay between —120 and +40 mV (Fig. 8, A and B). MinK
increased R237A,F340W-KCNQI1 current approximately
fivefold at +40 mV and removed the current decay and in-
ward rectification observed for homomeric R237A F340W-
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FIGURE 8 Effects of MinK in F340W-Ik, channels bearing R231A or R237A S4 mutations. (A) Exemplar traces for R231A,F340W-KCNQI1 and
R231A,F340W-Ik, channels as indicated. Voltage protocol inset as in Fig. 7. (Scale bars) Horizontal, 1 s; and vertical, 1 wA. (Dashed lines) Zero current level.
(B) Mean raw [/V relationship for R231A,F340W-KCNQ1 and R231A,F340W-Ik, channels, symbols as in panel A, n = 12—13 oocytes per group. Error bars
indicate SEM. (C) Exemplar traces for R237A,F340W-KCNQ1 and R237A,F340W-Ik, channels as indicated. Voltage protocol as for panel A. (Scale bars)
Horizontal, 1 s; and vertical, 1 wA. (Dashed lines) Zero current level. (Lower left inset) First 500 ms of R237A,F340W-KCNQ1 traces showing similar voltage
dependence of activation and inactivation, first evident at —20 mV (open trace, shaded background). (Dashed line) Zero current level, scale bar for inset as
shown. (D) Mean raw //V relationship for R237A,F340W-KCNQ1 and R237A ,F340W-Ik, channels, symbols as in panel C, n = 8-10 oocytes per group. Error
bars indicate SEM. (E) Mean normalized G/V relationship from tail current for R237A,F340W-KCNQ1 and R237A F340W-Ig, channels, symbols as in panel
C, n = 8-10 oocytes per group. Error bars indicate SEM. Data were fit with a Boltzmann function. R237A ,F340W-KCNQI: Ay, 0.62 = 0.01; A,, 1.0 = 0.01;
Vip, 3.1 £2.0mV; and V,, 14.2 = 1.6 mV. R237A F340W-Ik: A;, 0.14% 0.01; A, 1.07 £ 0.02; V5, —0.64 = 2.0 mV; and V, 23.8 = 0.2 mV.

KCNQI1 channels, which exhibited voltage-dependent acti-
vation and inactivation (Fig. 8, C and D). These processes
exhibited similar voltage dependence, as apparent from the
appearance of current decay and of time-dependent activation
at similar voltages (Fig. 8 C, inset). Further, while MinK re-
moved inactivation of R237A,F340W-KCNQ1 channels (as-
sessed as loss of both current decay and inward rectification), it
did not alter the voltage-dependence of activation (assessed
from normalized G/V relationships), although the fraction of
constitutive current was reduced (Fig. 8 E). These data are
consistent with a gating scheme in which the voltage depen-
dence of activation and inactivation arises from a similar entity
(i.e., S4) and in which the two gating processes are separable.
Furthermore, the faster kinetics of inactivation versus activa-
tion (Fig. 8 C) is more consistent with two parallel processes

than with a scheme in which inactivation follows activation in
series.

R231A,F340W-Ixs channels exhibit
constitutive inactivation

The absence of current decay in R231A,F340W-Ik, channels
posed the question of whether C-type inactivation was ab-
sent, or occurring constitutively and in a voltage-independent
fashion. Previously, we found that Ik, channels with the
R231A mutation but not the F340W mutation exhibit
constitutive activation but no inactivation (60). These data
indicated that in otherwise wild-type Ik, the R231A muta-
tion results in S4 activation even at hyperpolarized potentials.
Here, we assessed the existence of constitutive, voltage-
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dependent C-type inactivation in R231A ,F340W-Ix, chan-
nels by examining the effects of different extracellular mono-
valent cations (as in Fig. 4). R231A,F340W-Ig, channels
exhibited no visible current decay during the 3 s test pulse,
regardless of voltage or ion species (Fig. 9, A-D). Increasing
the concentration of extracellular permeant ions, using either
100 mM K™ or Rb™, increased the outward current at posi-
tive voltages compared to the 4 K*/96 Na™ extracellular
solution despite a decrease in driving force (Fig. 9, B and C).

. .
100 mMK O 100 mM Rb"

g =15

-80 opa
Ts

-120

O 100 mM Na*

<& 100 mM TEA'

——T

50
voltage, mV
s, pA
E
¢ , 057
/ i
+80 /
% /047 E
/ o
’ H '8
-140 / A @
;5% 8
/ T =
;o021 82
/ Joiys)
/ g2

-100  -50 0 50

voltage, mV voltage, mV

FIGURE 9 Effect of external permeant ions on R231A ,F340W-Ik currents.
(A) Exemplar current traces recorded in oocytes expressing R231A,F340W-Ix
channels using the protocol inset. Bath solution was varied such that the
monovalent cations comprised 4 mM K*/96 mM Na*, or 100mMK*, Rb*,
Cs"™,Na™, or TEA™ as indicated. (Dashed lines) Zero current levels. (B) Raw
peak I/V relationships for oocytes as in panel A, n = 10—12. Symbols as in panel
A. Error bars indicate SEM. (C) Raw steady-state //V relationships (end of 3-s
test pulse) from oocytes as in panel A, n = 10-12. Symbols as in panel A. Error
bars indicate SEM. (D) Steady-state current as a fraction of peak current for
recordings as in panels B and C, symbols as in panel A, n = 10-12. Error bars
indicate SEM. (E) Voltage-dependence of inactivation assessed using the
partial recovery protocol inset (arrow indicates where currents are measured)
for R231A F340W-I, channels with 4 K*/96 Na™ (solid diamonds) or 100
mM Na™ (open circles) bath solution, indicating little or no voltage-dependent
inactivation. Boltzmann fits for similar analysis of F340W-Ik, channels with 4
K*/96Na™ (dotted line) or 100mM Na ™ (dashed line) bath solution shown for
comparison.
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Conversely, decreasing the concentration of permeant ex-
tracellular ions, using 100 mM Na™, resulted in decreased
current amplitude despite an increase in driving force (Fig. 9,
A-C). With 100 mM extracellular TEA™, another relatively
impermeant ion, current was also decreased, although this
could arise partially from weak block (56); currents with 100
mM extracellular Cs™ also resulted in a small reduction at
more positive voltages (Fig. 9, A—C), unlike for F340W-Ig
(Fig. 4), explored further below. Using both the fractional
decay calculation (Fig. 9 D) and the partial recovery protocol
(Fig. 9 E), it was evident that little or no time and voltage-
dependent inactivation was occurring during the course of the
test pulses in either protocol, regardless of external ion, for
R231A F340W-Ik, channels. The increase in outward cur-
rent with increased extracellular permeant ion, against driv-
ing force, was therefore suggestive of a degree of constitutive
C-type inactivation or similar constitutive process, which
was limiting ion flux due to constriction or other conforma-
tional changes within the pore.

Increased extracellular permeant ion
concentration increases outward currents in
R231A,F340W-Ixs but not R231A-lxs channels

To further test the hypothesis that increased extracellular per-
meant ion concentration increases outward R231A,F340W-Ik,
current at positive voltages because of relief from constitutive
inactivation, effects of varying the external ions were also
tested on single-mutant R231A-Ix channels, which exhibit
constitutive activation but are thought to exhibit no inactiva-
tion, constitutive or otherwise (60). In all cases, R231A-Ik,
currents varied according to driving force, thus increasing
permeant extracellular ion concentration (with 100 mM K™
or Rb™) reduced outward current amplitude relative to 4 K*/
96 Na' whereas current amplitude was increased with
100 mM extracellular Na*; essentially the reverse was true for
R231A,F340W-Ik, channels (Fig. 10). Current amplitude with
100 mM extracellular TEA™ was decreased relative to 4 K*/96
Na™ current for either channel, but to a lesser extent for R231A-
I, channels (Fig. 10). These TEA " data may also support the
case for constitutive inactivation in R231A F340W-Ik,, al-
though it is feasible that this effect could arise from a shift in
sensitivity to block by TEA™.

Permeability calculations suggest constitutive
pore constriction in R231A,F340W-Ixs channels

C-type inactivation of Kv channels such as Shaker is thought
to constitute a conformational change or constriction in the
pore, near or at the selectivity filter (11,12). Here, we ex-
ploited shifts in reversal potential with altered extracellular
monovalent cations to estimate permeability ratios for
F340W-Ig,, R231A,F340W-Ig,, and wild-type Ik channels
using a modification of the GHK voltage equation (Eq. 6).
F340W-Ig, channels inactivate little and slowly at more



C-Type Inactivation in a K" Leak Channel

20 100 mM K’ ® R231A F340W-I,
5] O R231A-l,
5
— 101 +80l
=
0.54 -30
-80
0.0 . . . . -120
0 20 40 80 80
voltage, mV
2.0 100 mM Rb’ 201 100 mM Cs’
15 15
¥ %
— 1.01 — 1.0
= =
0.51 051
0.0+——————————— 0.0+ ————————
0 20 40 60 80 0 20 40 60 80
voltage, mV voltage, mV
2.01 100 mM Na’ 2.01 100 mM TEA®
151 151
N ¥
10 o]
) =
051 0_5-4§:$£3:2,
00— 00+ —————————
0 20 40 80 80 0 20 40 60 80
voltage, mV voltage, mV

FIGURE 10 External permeant ions increase outward currents against
driving force for R231A,F340W-Ixs but not R231A-Ix, channels. Late
currents from R231A,F340W-Ik, (as in Fig. 9; solid squares) and R231A-Ik,
(raw data not shown; open squares) channels in a range of single extracellular
monovalent cations (as indicated) normalized to late current using 4 K*/96
Na™* bath solution, between 0 and +80 mV; n = 4—12. Protocol inset, (arrow)
at which current was measured. Error bars indicate SEM.

negative potentials, thus one would expect little or no inac-
tivation at peak current at the potentials used for calculating
permeability ratios, using a standard voltage family protocol
(Fig. 4). Correspondingly, the permeability series for
F340W-Iy, favored the larger ionic radii, following the order
Cs™ >Rb" > K" > Na" (Fig. 11, B and C), demonstrat-
ing that noninactivated F340W-Ix, channels are unusually
permeable to Cs™, suggesting a wider pore than typical
K " -selective channels.

Next, the same approach was used to estimate permeability
ratios for F340W-Ik channels at a range of voltages imme-
diately after being held at +80 mV for 1 s to favor steady-
state inactivation (Fig. 11, A and B). This was applied to
assess whether the permeability ratios—and thus selectivity
filte—were altered by inactivation, with two caveats: first,
that the channel populations would, particularly at very
negative voltages, already be entering various stages of in-
activation recovery as this process occurs so rapidly upon
repolarization; second, the greater the permeability of the ion
used, the greater the protection from pore collapse and
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therefore most likely the lesser the degree of inactivation.
This aside, the permeability ratio for F340W-Ix, channels
held at a voltage favorable to inactivation (probably an av-
erage of inactivated channels, some channels recovering
from inactivation, and some protected from inactivation de-
pending on the permeant ion) was qualitatively different from
that of noninactivated F340W-Ik, channels, the former exhib-
iting a calculated permeability series of K* > Rb* > Cs* >
Na®, suggestive of some constriction of the selectivity
filter when moving to a voltage-favoring inactivation, dis-
favoring Cs " movement through the inactivated pore (Fig.
11 C). The mean permeability of F340W-I, for Cs™ relative
to K™ dropped from 1.23 + 0.09 to 0.77 = 0.13 (n = 8-12;
p < 0.05)—a 38% reduction when using the voltage protocol
favoring inactivation (Fig. 11 C). Interestingly, the relative
permeability for Na* increased using the +80 mV prepulse
to favor inactivation (open squares, Fig. 11 C) compared to
when measured at the peak current with a standard voltage
family protocol (open circles, Fig. 11 C). This shift may also
reflect pore constriction, to an extent that Na™ permeability is
favored, in the inactivated state.

A qualitatively similar but more prominent trend against
Cs ™" conduction compared to that of K* was calculated for
R231A,F340W-Ix, channels (K™ > Rb" > Cs* > Na™)
suggestive of a constitutive constriction of the selectivity
filter, favoring K™ over larger ions (Fig. 11, B and C; from
currents as in Fig. 9). The R231A mutation reduced the rel-
ative Cs™ permeability (compared to K*) of F340W-I,
channels from 1.23 = 0.09 to 0.24 £ 0.02 (n = 9-12; p <
0.0001)—an 80% reduction—(Fig. 11 C). This, as with the
data in Figs. 9 and 10, was consistent with both the hy-
pothesis that a significant proportion of R231A,F340W-I,
channels are in a constitutively C-type inactivated state with a
pore configuration more permissive to K™ flux than Cs™ flux,
and the hypothesis that this inactivation involves a qualita-
tively similar constriction of the selectivity filter to that oc-
curring during the voltage-dependent inactivation observed
here for F340W-Ik channels. Again, it should be noted that
because more permeant ions probably protect from inacti-
vation by disfavoring pore collapse, greater relative con-
duction of a given ion is likely due to both the pore size/
configuration favoring its permeation, and this in turn dis-
favoring to some extent inactivation. Finally, using the same
protocol as in Fig. 11 A to ensure open channels even at
negative voltages, wild-type Ix, channels—which exhibit
voltage-dependent activation but do not inactivate—were
found to exhibit a more standard permeability ratio expected
for a K™ -selective channel (K™ > Rb" > Cs™ > Na™),
suggesting that the F340W mutation perturbs the pore such
that, compared to wild-type Ik, channels, the selectivity filter
of F340W-Ig channels is relatively permissive to Cs™ when
in the open, noninactivated state. The Cs* permeability rel-
ative to K™ permeability for wild-type Ix, was calculated to
be 0.18 = 0.05 (n = 10; not significantly different from that
of R231A,F340W; Fig. 11, B and C).
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permits assessment of current at a range of voltages with minimal inacti-
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at the arrow. For R231A,F340W and noninactivated F340W channels, the
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DISCUSSION

KCNQI is somewhat unique among Kv channel a-subunits,
even when compared to the other four known KCNQ sub-
units. KCNQI is expressed ubiquitously around the body
including the heart, GI tract, inner ear, and a range of se-
cretory epithelia but not the central nervous system; in con-
trast, the other KCNQ subunits are almost exclusively
expressed in the central nervous system (63). Homomeric
KCNQ!1 channels undergo an unusual form of slow inacti-
vation which is weakly voltage-sensitive and not affected by
extracellular monovalent cation species (33). The other
KCNQ channels also exhibit voltage-dependent inactivation,
although this has only recently been studied quantitatively
(64). KCNQI1 has the lowest net S4 charge (+3) of any
known eukaryotic voltage-gated cation channel, with two
fewer basic residues than any of the other KCNQ subunits
(26,60). KCNQI is modulated by all of the five known
KCNE ancillary subunits (MiRPs) with varying effects (31),
and so far all its known roles in physiology require associa-
tion with KCNE subunits: MinK (KCNEL1) in the heart and
inner ear (29,30); MiRP1 (KCNE2) in parietal cells (65-68);
and probably MiRP2 (KCNE3) in colonic epithelium
(65,69). KCNQLI is the only voltage-gated ion channel to be
converted to a constitutively active (voltage-independent)
channel by association with ancillary subunits (MiRP1 and
MiRP2), now known to require the prior-mentioned KCNQ1
S4 charge paucity (60). KCNQI is thus a specialized yet
highly adaptable a-subunit due to variable functional mod-
ulation by ancillary subunits. Understanding its normal gat-
ing processes, and the impact on these processes of
mutagenesis or modulation by ancillary subunits, will permit
drawing of parallels with better understood channels such as
Shaker, elucidate how the unique features of KCNQ1 permit
its functional flexibility in heteromeric complexes, and ulti-
mately direct design of drugs to modulate its function to avert
pathophysiological dysfunction of this channel in the context
of any or all of its various diverse physiological guises.

F340—a hub for KCNQ1 gating

Kv channels open when the membrane is depolarized and
most commonly also undergo a slow inactivation process
during prolonged membrane depolarization. This slow in-

open squares), R231A,F340W-Ix, (solid squares) and wild-type Ik (shaded
circles) channels. Relative permeability was calculated based on shifts in
reversal potential with varying 100 mM external ion solutions for individual
oocytes as in panel B (recordings as in Figs. 4 A, 9 A, and 11 A; n = 8-12)
using a variant of the GHK voltage equation (Eq. 6). Error bars indicate
SEM. Statistical significance for comparison of relative permeability of Cs*:
*p < 0.05; **p < 0.01; and ***p < 0.0001. Values for relative permeability
ratios, in the order Na*, Rb*, and Cs*: F340W-I, voltage-family protocol
peak current, 0.01, 1.04, and 1.23; F340W-Ik panel A protocol, 0.21, 0.97,
and 0.77; R231A,F340W-Ik,, 0.01, 0.99, and 0.24; and wild-type Ik, 0.10,
0.74, and 0.18.
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activation, termed C-type in most cases, is believed to in-
volve constriction in both the outer and inner mouths of the
channel pore, thus preventing ion permeation (70-72). Pre-
viously, specific substitutions (alanine or glycine, but not
isoleucine or leucine) at V310, predicted to be at the base of
the pore helix in KCNQI, were found to dramatically in-
crease inactivation of homomeric KCNQ1 channels, and also
introduce a constitutive component to KCNQ1 activation
(although activation was still largely time- and voltage-
dependent) (73). In that report, it was suggested that the side
chain of residue 310 interacts with residues within the S5 and
S6 domains, and it was found that mutation of F340 also
increased both constitutive current and inactivation of ho-
momeric KCNQI1—tryptophan was not tested, but isoleucine
introduced the largest constitutive component of those sub-
stitutions tested.

F340 is crucial for control of KCNQI1 gating by MinK, via
interaction with T58 in the transmembrane domain of MinK
(41-43). In homomeric KCNQI1 channels the F340W mu-
tation not only induces a component of constitutive activa-
tion, it also increases the extent of inactivation. Further, the
F340W mutation alters the effects of MinK on KCNQ1 on
both activation and inactivation: MinK increases inactivation
and constitutive activation of F340W-KCNQI1, whereas
MinK removes inactivation and positively shifts and slows
activation of wild-type KCNQ1 (34). In sum, these data
underscore the remarkable functional flexibility of KCNQ1
and suggest that F340 is, in effect, a hub for cross talk be-
tween the activation and inactivation gates of KCNQ1 and
also for modulation of these gates by MinK and potentially
other MiRPs. Indicative of the sensitivity of this hub, the
relatively subtle substitution of phenylalanine for tryptophan
at position 340 essentially uncouples activation from voltage
and introduces a form of inactivation with C-type properties
and intrinsic voltage dependence.

KCNQ1 S6 and constitutive activation

A previous study of the mechanism of constitutive activation
of a mutant Shaker potassium channel offers some parallels
with results obtained from analyses of the F340W-Ik chan-
nel. A P475D mutation in Shaker S6 resulted in constitutive
activation with relatively large macroscopic conductance
even at —150 mV (74). Results from that study suggested that
the constitutive conductance of P475D resulted from per-
turbation of the open-closed state equilibrium that destabi-
lized the closed state irrespective of voltage, and without the
necessity for S4 voltage-sensor movement. KCNQ1-F340
aligns with Shaker 1470, situated between Shaker P475 (in
the putative activation-gate region) and the postulated gly-
cine hinge (Shaker G466) (Fig. 1). KCNQI does not harbor
the highly-conserved glycine hinge residue (instead, it is an
alanine) and thus flexibility at this position is not thought to
be important for KCNQI1 gating (73). Despite this, the
closely-positioned (at least in primary structure) KCNQI1
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F340W and Shaker PA75D mutations both result in consti-
tutive activation. This is consistent with analogous activation
mechanisms for the two channels with respect to the role
of S6, suggesting that similar destabilization of the closed
state occurs with both KCNQ1-F340W and Shaker-P475D
and also that KCNQI, like Shaker, undergoes a voltage-
independent step during activation. This tallies with previous
reports that KCNQI1 exhibits at least two open states (and two
closed states), with the C,-O; transition being almost volt-
age-independent (33) and the rate-limiting step in wild-type
Ik channels (75).

Lu et al. (61) suggested a four-step gating scheme for
Shaker channels in which the two closed states (Cg4 and CS4)
are separated by a voltage-dependent step (0Ks), which rep-
resents S4 movement, as are the two open states: Og4 and OS4,
separated by Kg (Fig. 12 A). The Cg4-Og4 and C 5405 tran-
sitions are voltage-independent and are separated by equilib-
rium constants 0K and K, respectively. Voltage-dependence
of activation is proposed to stem from inequality between the
latter constants such that K is much larger than 6Kg. P475D-
Shaker channels are suggested to have the ability to open either
before or after depolarization-initiated S4 movement because
the balance between the K and 6K g equilibrium constants has
shifted dramatically (61,74). In the case of F340W-Ig,, a
similar shift in balance caused by the F340W mutation could
favor the observed channel opening without S4 activation;
subsequent depolarization appears to activate S4 but in this
case the only gate linked in any tangible form to S4 status is the
C-type inactivation gate, which is probably formed by residues
in or around the selectivity filter (Figs. 7 and 8).

Voltage-dependent inactivation in a
constitutively open channel

F340W-Ig, inactivation bears hallmarks of C-type—
instantaneous onset upon depolarization and sensitivity to
extracellular permeant cations. These features, and also the
activation-independent voltage dependence of inactivation,
were rendered amenable to direct quantification because of
the constitutive activation of F340W-Ig channels. Wild-type
Ik channels do not exhibit inactivation at all, suggesting that
the inactivation gate in Ik channels is stable in the open state
regardless of voltage.

Previously, Pusch et al. (75) demonstrated that wild-type,
homomeric KCNQ1 (but not Ix) channels exhibit voltage-
dependent block by intracellular Na™ ions in the absence of
extracellular K*, with 65 mM intracellular Na* and K.
While this block also manifested as time-dependent decay at
depolarized voltages, several pieces of evidence suggest
against block by intracellular Na™ ions (Na;") as the mech-
anism for decay of F340W-Ik currents. First, in a constitu-
tively active channel, one would not expect block by a small
ion to cause current decay over hundreds of milliseconds, but
rather to produce inward rectification because of submilli-
second block kinetics without measurable time-dependent
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decay, as also observed in Kv channels other than KCNQ1
(76). Block of wild-type KCNQ1 is thought to be uniquely
slow because there are two open states, the latter one being
relatively more sensitive to block by Na;" (75). Second, one
would not expect S4 charge neutralizations to eliminate the
time-dependent portion of this block, as we observe for
R231A,F340W-Ik,. Third, wild-type I, block by Na." is not
time-dependent but instantaneous, unlike homomeric KCNQ1.
Fourth, block by Na;" is generally relieved at higher depo-
larizing voltages whereas F340W-Ig, current decay is not (at
least up to +100 mV). Fifth, significant block by Na is
typically only observed with highly elevated Na;" (75,76).

C-type inactivation in other channels (e.g., Shaker, Kv2.1)
is not considered to exhibit voltage-dependence independent
of the voltage-dependence of channel opening, but it is
thought that depolarization-initiated S4 motion alters the
conformation of S6 to open the channel, disrupting interac-
tion of S6 with the edge of the pore and destabilizing the open
state of the inactivation gate, leading to C-type inactivation
(19,77). In a model constructed to explain C-, P-, and U-type
inactivation in Shaker, Kv2.1, and Kv3.1 channels, the de-
velopment of C- and P-type inactivation is described as
“‘essentially voltage-independent’’ (78).

Our data demonstrate that C-type inactivation can develop
in the absence of the microscopic C-O activation step. The
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data also demonstrate that the S4-derived voltage-depen-
dence of the S6 shift that constitutes activation in typical
voltage-activated K™ channels is not required for the C-type
inactivation to be voltage-dependent; in F340W-Ig, chan-
nels, inactivation retains its voltage-dependence even when
the F340W S6 mutation has locked open the activation gate,
rendering it essentially voltage-independent between —140
mV and +80 mV. The voltage-dependence of F340W-I,
inactivation is not, therefore, merely a knock-on effect of
voltage-dependent S6 movement. It could, however, involve
perturbation of S6 by the F340W mutation such that inacti-
vation gate closure is favored once S4 is switched to the on-
conformation by depolarization, analogous to the allosteric
model for speeding of C-type inactivation by N-type inacti-
vation proposed by Rasmusson et al. (79), in which binding
of the inactivation domain within the pore is proposed to
induce a conformational change in S6 that favors inactivation
gate closure.

We contend that the voltage-dependent inactivation ob-
served in F340W-Ik, channels and the constitutive inactiva-
tion observed in R231A F340W-Ik, channels reflect the same
process except that, in the latter case, the R231A substitution
is a surrogate for membrane depolarization, favoring the on-
conformation of S4 even at hyperpolarized potentials. The
evidence for this contention is threefold: the two processes
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involve similar pore constriction as evidenced from qualita-
tively similar permeability series; elevated concentrations of
external permeant ions increase current against driving force
in either case; and—specifically arguing for the role of S4—
while in one case (F340W) inactivation is voltage-dependent,
in the other case (R231A,F340W) the voltage dependence is
lost by introducing the same mutation (R231A) that we
previously found to ablate voltage dependence of activation
in otherwise wild-type Ik channels (60).

Two possible minimal gating schemes related to that pre-
viously proposed for Shaker (61) (Fig. 12 A) are discussed
here for F340W-Ik. In Scheme 2.1 (Fig. 12 B), to reach the
open, inactivated state (OI°%) requires a voltage-dependent
transition, 054-054, then a voltage-independent transition
controlled by the equilibrium constant Lg, O%*-OI**. In
Scheme 2.2, the O%* state is replaced by OI*, such that the
inactivation itself is intrinsically voltage-dependent, i.e., Og4-
OI%*. Scheme 2.1 is certainly possible from our data, as al-
though the activation gate appears essentially locked open by
the F340W mutation, there could be an undetected but rapid,
voltage-dependent conformational shift in the activation gate
required before entering the inactivated state. However, we
favor a model incorporating intrinsically voltage-dependent
inactivation, suggesting Scheme 2.2, for several reasons.
First, F340W-Ig, inactivation occurred with essentially in-
stantaneous onset yet strong voltage dependence upon de-
polarization (Fig. 2). Second, F340W-Ik, inactivation rate
was intrinsically voltage-dependent, a feature not observed in
channels that also activate voltage-dependently, as even if
there were an unresolved, ultrarapid voltage-dependent ac-
tivation step it would be difficult to use this to explain the
voltage dependence of decay kinetics which occurred over
tens to hundreds of milliseconds (Fig. 3 B). One could argue
that if the structure of the activation gate was equivalent for
the two open states in Scheme 2.1 then this transition would
be undetectable and impossible to distinguish from Scheme
2.2; but if this were the case, one would also expect inacti-
vation to occur voltage-independently from Og4 (61,74) and
we have no evidence that this occurs to any great extent with
F340W-Iy, (although it is not absolutely precluded). Third,
data acquired from the R237A,F340W mutant channels also
offer evidence in support of voltage-dependent inactivation
stemming directly from S4 independent of voltage-depen-
dent opening. Homomeric R237A,F340W-KCNQ1 channels
(lacking MinK) exhibit a clear time- and voltage-dependent
component to opening, the voltage-dependence of which
appears similar to that of the inactivation process in these
channels because, we propose, both are linked to the same
voltage-sensor movement (Fig. 8 C, insef). However, the
inactivation process in these channels is clearly much faster
than the voltage-dependent opening process, as if the inac-
tivation is initiated in parallel with channel opening upon S4
movement rather than the inactivation occurring in series
once opening has occurred. This would mirror hERG inac-
tivation, which is intrinsically voltage-dependent (although
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not classic C-type in nature) and much faster than hERG
opening (49,80). Furthermore, introduction of MinK into
the complex to form R237A,F340W-Ik, retained the slow,
time- and voltage-dependent opening component without a
significant change in V, but eliminated both the voltage-
dependent inactivation (Fig. 8 C) and the majority of the
constitutively open component (assessed from the relatively
small current component at —120 mV in the test pulse and in
the tail current G/V relationship; see Fig. 8 E). This is again
consistent with the inactivation occurring from the constitu-
tively open state (Ogy4) rather than the voltage-dependently
open state (054).

Evidence for molecular events underlying
F340W-Iks inactivation

Assuming that F340W-I inactivation is voltage-dependent
and follows Scheme 2.2, we can infer the following other
mechanistic aspects of inactivation in this channel:

1. The voltage dependence involves S4, because of the ef-
fects of charge neutralizations at R231 and R237 (Fig. 7).

2. The S4 conformational change that occurs in F340W-I
channels to initiate inactivation probably resembles that
which occurs in wild-type Ik channels to initiate activa-
tion, based on the somewhat similar positional ef-
fects of charge mutants on the voltage dependence of
either process in the two channel types (Fig. 12 C and
(60)).

3. The number of equivalent gating charges that are trans-
ferred during F340W-Ik, inactivation (z;) appears to be
~1, calculated either from the voltage dependence of
inactivation kinetics (Fig. 3 B) or from a Boltzmann fit of
the extent of inactivation after reaching steady-state, then
permitting a brief recovery period (Fig. 2 C). This could
arise from a relatively subtle shift of one charge in each
of the four voltage sensors partway across the membrane
electric field, or alternatively could suggest that only one
S4 domain needs to move in response to membrane
depolarization, with a consequent crossing of a single
positive charge across the entire membrane field, for the
channel to inactivate—mimicking N-type inactivation in
which only one of potentially four inactivation domains
is required to block the conduction pathway (8). Because
for F340W-Ik, in the 4 K7/96 Na™ bath solution there
appears to be a rapid component to inactivation (7,),
which is either voltage-independent or just becomes so
fast at positive voltages that we cannot resolve the
voltage dependence of its kinetics, one could contend
that we are underestimating the z; value. However, the
calculation of z; from the Boltzmann fit of inactivation
using the partial recovery protocol was in good agree-
ment with the estimation from linear regression of the
inactivation rate constant, and the former method should
account at least in part for unresolved events at higher
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depolarized voltages because it evaluates extent of inac-
tivation, not kinetics. Furthermore, previous calculations
of z for wild-type Ik, activation also yielded a value of
1 (47), consistent with our hypothesis that the voltage
dependence of F340W-Ig, inactivation and of wild-
type Iks activation arises from the same charged voltage
sensor, S4.

Finally, we make three further conclusions from combined
data derived from estimations of relative permeability, the
contra-driving force effects on outward current amplitude of
extracellular permeant ions, and the effects of extracellular
permeant ions on the kinetics of inactivation and inactivation
recovery (Figs. 4—-11):

4. F340W-Ik, inactivation involves constriction of the
selectivity filter/pore region.

5. Noninactivated F340W-Ix, favors Cs™* permeation over
K* whereas C-type inactivated F340W-Ig, favors K*
permeation over Cs ™.

6. Some fraction of R231A,F340W-Ik, channels are held in
a largely voltage-independent, constitutively C-type in-
activated OI%* state, which is more permeable to K* than
Cs™ ions.

CONCLUSION

These suggested mechanistic distinctions are illustrated in
Fig. 12 D. Shaker C-type inactivation is conceptualized as
developing essentially voltage-independently in series after
voltage-dependent activation: S4 senses membrane depolar-
ization and undergoes a conformational change that is cou-
pled to the activation gate (primarily S6) by the S4-S5 linker;
after this a purportedly voltage-independent inactivation
process occurs which involves constriction of the upper pore
(19,77). In contrast, F340W-Ig, channels are constitutively
open (Ogg4 state), with the S6 activation gate independent of
S4 and permissive to Cs™ conduction at rest. Upon depo-
larization there is some degree of pore constriction as the
channel enters the OI** state (closing of the inactivation
gate), associated with a voltage- and time-dependent reduc-
tion in permeability to K™, Rb™, and especially Cs*. This
process is altered by mutation of S4 charged residues, sug-
gesting involvement of S4 in the voltage-dependence of
inactivation. R231A F340W-Ik, channels, because S4 acti-
vation is favored even at hyperpolarized potentials, are
constitutively in an open, inactivated state (OIS4), which is
relatively nonpermissive to Cs* conduction.

F340W-Ik, channels and the variants described herein
demonstrate the centrality of F340 in Ik gating, the func-
tional flexibility of the KCNQ1 channel, and the existence of
voltage-dependent C-type inactivation—constituting a unique
system in which further aspects of C-type inactivation can
be studied without the contaminating process of voltage-
dependent activation.
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