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Inactivation and recovery in Kv1.4 K* channels: lipophilic
interactions at the intracellular mouth of the pore

Glenna C. L. Bett and Randall L. Rasmusson

Department of Physiology and Biophysics, School of Medicine and Biomedical Sciences, 124 Sherman Hall, University at Buffalo,

The State University of New York, Buffalo, NY 14214-3005, USA

C-type inactivation is present in many voltage-gated potassium channels and is probably related
to ‘slow’ inactivation in calcium and sodium channels. The mechanisms underlying C-type
inactivation are unclear, but it is sensitive to mutations on both the extra- and intracellular
sides of the channel. We used an N-terminal deleted channel with a valine to alanine point
mutation at the intracellular side of S6 (fKv1.4[V561A]AN). This construct alters recovery
from inactivation and inverts the relationship between C-type inactivation and [K*],. We used
this inverted relationship to examine C-type inactivation and coupling mechanisms between
N- and C-type inactivation. The valine to alanine mutation reduces the channel’s affinity for
both quinidine and the N-terminal domain. However, binding of the N-terminal or quinidine
restores normal recovery from inactivation. This suggests that coupling between N- and C-type
inactivation is dominated by allosteric mechanisms. The permeation mechanism, driven by a
reduction in permeant [K*], following pore block (which would retard C-type inactivation),
contributes minimally to coupling in these channels. We propose that the cytoplasmic half of S6
forms part of the N-terminal binding site, as previously predicted from X-ray crystallography
studies in the distantly related KcsA channel. Binding of the N-terminal domain or a positively
charged lipophilic compound such as quinidine interacts with the hydrophobic moieties on S6 in
the bound state. This binding can orientate S6 into a conformation which resembles the normal
C-type inactivated state. This is the probable mechanism by which drug or N-terminal binding

increases the rate of C-type inactivation via an allosteric mechanism.
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Kv1.4 is a member of the Shaker-related family of voltage-
gated Kt channels. The a-subunit of this channel is
encoded by KCNA4. It produces a rapidly inactivating
current, which is thought to be the molecular basis of
the transient outward current seen in the endocardium
of several mammalian species (Barry & Nerbonne, 1996).
Hypertrophy and heart failure lead to up-regulation of
Kvl.4 expression, indicating that the behaviour of this
channel is of particular clinical importance (Lee et al. 1999;
Kaprielian etal. 1999; Gidh-Jain etal. 1996; Nishiyama et al.
2001).

Kvl.4 channels inactivate by two distinct processes:
N-type and C-type inactivation. N-type inactivation is
rapid, and the molecular basis is well characterized: the
NH, terminus of each subunit forms a ‘ball, linked
by a ‘chain’ to the transmembrane segments of the
channel (Hoshi et al. 1990; Zagotta et al. 1990; Isacoff
et al. 1991; Lopez et al. 1994; Holmgren et al. 1996;

© The Physiological Society 2003

Jerng & Covarrubias, 1997). Channel activation involves
a conformational change, which reveals a binding site
for the N-terminal ball on the intracellular mouth
of the pore. Binding of the ball has two physical
consequences: occlusion of the permeation pathway, and
a conformational change of both the channel and the
ball subsequent to binding (Zhou et al. 2001). Occlusion
of the permeation pathway has an immediate and direct
effect, as current no longer flows. The conformational
changes associated with, and subsequent to, binding of the
N-terminal have less well-known consequences.

The molecular basis of C-type inactivation is
controversial, but appears to involve changes at the
selectivity filter, an extracellular conformational change,
and intracellular pore closure. C-type inactivation is
sensitive to extracellular permeant ions (Hoshi et al.
1991; Lopez-Barneo et al. 1993; Rasmusson et al. 1998),
extracellular [TEA] (Armstrong, 1971; Choi et al. 1991;
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Hoshi et al. 1991; Lipkind et al. 1995), intracellular
quinidine binding (Wang et al. 2003), intracellular osmotic
pressure changes (Jiang ef al. 2003), mutations on the
extracellular face of the channel near the mouth of the
pore (Busch et al. 1991; Snyders & Chaudhary, 1996; Ficker
et al. 1998) and mutations on the intracellular side of the
pore (Li et al. 2003). In the absence of a concrete molecular
basis, inactivation is described ‘C-type’” when it is exhibits
most of the attributes outlined above, and in particular
is insensitive to voltage and is slowed by an increase in
[K*],. Recovery from inactivation is controlled by the rate
of recovery from C-type inactivation, regardless of the pre-
sence of N-type inactivation.

Even though N-type and C-type inactivation are distinct
mechanisms which can be observed independently, they
are coupled: C-type inactivation is speeded by the pre-
sence of N-type inactivation (Hoshi ef al. 1991; Rasmusson
etal. 1995; Baukrowitz & Yellen, 1995; Morales et al. 1996).
Two mechanisms have been proposed to mediate this
coupling: the ‘permeation’ and ‘allosteric’ mechanisms.
The molecular basis of the permeation mechanism is that
the reduction in K" ions at the extracellular mouth of
the channel immediately following pore block is post-
ulated to be large enough to have a significant effect
on the rate of development of C-type inactivation. The
allosteric hypothesis suggests the contribution from [K*]
reduction following block will be functionally negligible
compared to the contribution from allosteric mechanisms.
Ion channels are contiguous proteins, even though they
span the membrane, and the intra- and extracellular faces
are usually exposed to markedly different ionic conditions.
The molecular basis of the allosteric hypothesis is that
conformational changes in the channel subsequent to
N-terminal binding affect C-type inactivation. In this way,
N- and C-type inactivation are coupled.

Previously, we have shown that a valine to alanine
mutation on the intracellular side of S6 (see Fig. 1) disrupts
C-type inactivation, and results in an anomalous speeding
of C-type inactivation with high [K*], (Li et al. 2003). In
2 mm [K*],, this mutation increases the rate of recovery
from C-type inactivation. In this study, we show that more
normal C-type inactivation behaviour can be restored
to the mutant channel following binding of lipophilic
moieties such as the N-terminal or quinidine to the intra-
cellular pore mouth.

We propose that the valine to alanine mutation disrupts
C-type inactivation by decreasing the structural stability
of the open fKv1.4[V561A]AN channel. Binding of the
N-terminal or quinidine to the intracellular mouth of
the channel re-establishes the stability of the intracellular
pore, and enables C-type inactivation to proceed normally.
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Our data suggest that the conformational state of S6 is
important in the development of C-type inactivation.
When lipophilic moieties bind to sites within the open pore
they orientate S6, and promote a state which resembles
the C-type inactivated state of the normal channel. This
conformational change is the most likely explanation of
the mechanism by which drug or N-terminal binding
allosterically increases the rate of C-type inactivation
in Kvl.4 channels. The reduction in [K'], following
N-type inactivation may contribute to the coupling
between N- and C-type inactivation, but under our
experimental conditions this is not a major factor, and
the allosteric mechanism predominates.

Methods

Mature female Xenopus laevis (Xenopus Express, Homo-
sassa, FL, USA) were cared for according to standards
approved by the Institutional Animal Care and Use
Committee of the University at Buffalo SUNY. Frogs were
anaesthetized by immersion in 1 g 17! tricaine solution
(Sigma). Oocytes were removed by partial ovariectomy
and digested by placing them in a collagenase-containing
Ca**-free OR2 solution (mm: 82.5 NaCl, 2 KCI, 1 MgCl,,
5 Hepes; pH 7.4; 1 mg ml™! collagenase, type I, Sigma).
Frogs were killed humanely following final collection of
oocytes. The oocytes were gently shaken for 1.5-2 h,
with the enzyme solution refreshed at 1 h. Defolliculated
oocytes (stage V-VI) were injected with up to 50 ng
mRNA for a Kv1.4 clone isolated from ferret heart, tkvl.4
(Comer et al. 1994), using the Nanoject microinjection
system (Drummond Scientific Co., Broomall, PA, USA).
Mutations were made using the Stratagene Quickchange
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Figure 1. Schematic representation of the Kv1.4 channel

There are six transmembrane spanning domains, an N-terminal that
forms a ‘ball and chain’ and a C-terminal. In the AN construct amino
acids 2—146 are deleted, removing N-type inactivation. The position of
a valine to alanine point mutation on the intracellular side of S6 is
shown (Kv1.4[V561A]AN).
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site-directed mutagenesis kit (Stratagene, Cedar Creek,
TX, USA). A schematic diagram of the mutants and
constructs used in this study is shown in Fig. 1.

Oocytes were voltage clamped in a whole cell mode
configuration using a two-microelectrode oocyte clamp
amplifier (CA-1B, Dagan Corp., Minneapolis, MN,
USA), and currents were recorded at room temperature.
Microelectrodes with resistances of 0.5-1.5 M (when
filled with 3 m KCI) were fabricated from 1.5 mm
o.d. borosilicate glass tubing (TW150-4, World Pre-
cision Instruments, Sarasota, FL, USA) using a two-
stage puller (Kopf Instruments, Tujunga, CA, USA)
and filled with 3 M KCl. The control extracellular
solution (2 mm K7') contained (mm): 96 NaCl, 2
KCl, 1 MgCl,, 1.8 CaCl,, 10 Hepes, pH 7.4. The
high potassium solution (98 mm K*) contained (mm):
98 KCI, 1 MgCl,, 1.8 CaCl,, 10 Hepes, pH 7.4. Voltage
clamp protocols used are described as appropriate in the
text,and unless otherwise stated, raw two-electrode voltage
clamp data traces were not leak or capacitance subtracted.
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Figure 2. Representative current traces in response to a
two-pulse steady state inactivation protocol

Channels were expressed in Xenopus oocytes and recorded with the
two electrode voltage clamp technique. The initial 4 s pulse, P1, was
to a voltage between —100 and +50 mV, in 10 mV steps. This was
followed immediately by a 2 s pulse, P2, to +50 mV. The voltage
protocol is shown in the inset. Currents are from: Kv1.4 wt (A);
Kv1.4[V561A] (B); Kv1.4AN (C); and Kv1.4[V561A]AN (D). Currents
are scaled so that the peak P1 current at +50 mV from each channel is
the same size to allow comparisons. Dotted lines indicate zero current.
The N-terminal-deleted currents exhibit the much slower C-type
inactivation, whereas the inactivation of currents from
N-terminal-intact channels are dominated by the much faster N-type
inactivation. In C, (i) and (i) indicate where the current-voltage and
steady-state inactivation data were measured.
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Data were digitized and analysed using pCLAMP
9.0 (Axon Instruments, Foster City, CA, USA).
Further analysis was performed using Clampfit (Axon
Instruments), Excel (Microsoft Corp) and Origin (Micro-
cal Software Inc., Northampton, MA, USA). Data were
filtered at 2 kHz. Data are shown as means + s.e.M.
Confidence levels were calculated using Student’s paired
t test or ANOVA as appropriate.

Results

Kvl.4 channels are voltage-gated K channels with
a putative structure of six transmembrane-spanning
segments, including the charged voltage-sensing S4
segment. Figure 1 shows a schematic representation of the
Kv1.4 channel and the position of mutations employed
in this study. We used the two-electrode voltage clamp
technique to study mutant and normal ferret Kvl.4
channels with and without the N-terminal [amino acids
2-146 are deleted] expressed in Xenopus ooctyes.

One of the defining characteristics of C-type
inactivationisthatanincreasein [K*], resultsin a decrease
in the rate at which C-type inactivation develops. However,
a valine to alanine mutation on the intracellular side
of the S6 transmembrane segment of the N-terminal-
deleted Kv1.4 channel from ferrets results in a channel
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Figure 3. The V561A mutation alters the rate of inactivation for
Kv1.4 channels with the N-terminal attached

A, inactivation of Kv1.4 channels is well fitted by a single exponential,
and is voltage independent (O). The mean value of 7inactivation Over the
range =10 to +50 mV is 103.24 4+ 6.60 ms (n = 6). Inactivation of
Kv1.4[V561A] channels is best fitted with a bi-exponential function.
Over the range =10 to +50 mV mean tt,s (@) is 191.95 & 3.68 ms
and mean tg,,, (M) is 1.493 £ 0.050 s (n = 5). B, the ratio of the
amplitudes of the two Kv1.4[V561A] time constants is voltage
independent. The mean ratio of the amplitudes of Agow/Afast is 1.095
+ 0.041 (n = 5) over the range =10 to +50 mV.
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with an atypical relationship between C-type inactivation
and [K*], (Li et al. 2003). Figure 2 shows typical voltage
clamp current traces from the wild type fKv1.4 channel
and the N-terminal-deleted channel, fKvl.4AN (amino
acids 2—-146 are deleted), and the corresponding channels
with the valine to alanine mutation on the intracellular
side of S6: fKv1.4[V561A] and fKv1.4[V561A] AN. There
is little phenotypical difference between the N-terminal-
deleted channels fKv1.4AN and fKv1.4[V561A] AN in the
presence of 2 mm [K*], (Li et al. 2003). In contrast,
N-terminal-intact fKv1.4[V561A] channels inactivate at a
significantly slower rate than wild type Kv1.4 channels.
Inactivation of wild type Kvl.4 is best fitted by a
single exponential, with Tisctivation = 85.13 £ 10.82 ms
at +50 mV (n = 6). There is no voltage sensitivity to
Tinactivation 111 the range 0 to 450 mV (P > 0.999, n =
6, ANOVA). Kv1.4[V561A] requires two exponentials for
fitting: gy = 200 £ 12 ms and Ty, = 1630 £ 139
ms at +50 mV (n = 6). There is no voltage sensitivity
to either Ty or Tyow in the range 0 to +50 mV (P >
0.999, n = 6, ANOVA). The ratio of the amplitudes
of the two Kv1.4[V561A] inactivation time constants,
Agow! Agast> 18 1.15 = 0.13 (n = 5), which suggests that
two processes make equal contributions to inactivation in
this channel. There is no voltage sensitivity to Agow/Afast

1.0 [ ] 1.0 [}
» m Kvl4 ] m Kv1.4AN 2
< 081 @ Kv1.4[V561A] ' < 08 @ Kv1.4[V561A]/\N.
oL & .
3 =5
53 N E
z 2

-60 -40 -20 0 20 40

-60 -40 -20 0 20 40

Voltage (mV) Voltage (mV)
1.0
B "': m Kvi4 '.'.
oo 08 o © KvlAVSBIAl o8
5E oo ZS os 8, .
i g L |
> = ™ L2 | L]
S £ o4 ] [

g8 o ° £3 20835000
»n = o2 -.....“.. H = 02{ m Kvi.4aN

 EmpEEEEEE ool @ KV1.4[VEETAIAN

100 -80 -60 -40 -20 0 20 40
Voltage (mV)

0.0
-100 -80 -60 -40 -20 O 20 40
Voltage (mV)

Figure 4. Current-voltage and steady-state inactivation
relationships

Peak current elicited by the P1 pulse from the two pulse protocol (see
Fig. 2C(i)) is plotted against voltage for A: Kv1.4 (M) and Kv1.4[V561A]
(@) and B: Kv1.4AN (M) and Kv1.4[V561A]AN channels (®, n =5, error
bars are smaller than symbols). Steady-state inactivation relationships
were determined from the two pulse protocol by calculating the ratio
of the peak current in the P2 pulse (Fig. 2C(ii)) to the maximum value
of the peak P1 current (Fig. 2C(i)). Steady-state inactivation
relationships are shown for C: Kv1.4 (W) and Kv1.4[V561A] (@) and D:
Kv1.4AN (M) and Kv1.4[V561A]AN channels (®; n = 5).
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in the range 0 to +50 mV (P =1, n = 6, ANOVA).
Figure 3 shows the time constants of inactivation for
Kvl.4 and Kv1.4[V561A] plotted against voltage, and the
amplitude ratios for the two components of Kv1.4[V561A].
The fast component of inactivation of Kv1.4[V561A] is
similar to the single inactivation component of Kvl.4,
so it appears that the valine to alanine mutation has
introduced a second inactivation time constant. However,
there is a statistically significant difference between the
fast time constant of inactivation of Kv1.4[V561A] and
the time constant of inactivation of the wild type channel.
Although these are not paired data, this difference may
reflect a decrease in the availability of the fast N-terminal
binding conformation, a decreased affinity of the channel
for the N-terminal ball, or changes in some other processes.
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Figure 5. The effect of [KT], on the rate of inactivation of
fKv1.4[V561A] channels

A and B, representative traces from a two pulse protocol (shown as
inset of Fig. 2) on fKv1.4[V561A] channels at 2 mm [K*], (4) and 98
mm [K*]o (B). Currents are scaled so that the peak of the P1 current
elicited at +50 mV in both cases is the same size. C, inactivation of
Kv1.4[V561A] channels is best fitted with a bi-exponential function.
Changing [K*], from 2 (filled bar) to 98 mm (open bar) has little effect
on the fast time constant, s, (Upper panel), or the slow time
constant, T, (middle panel), of inactivation of Kv1.4[V561A]
channels. Over the range +10 to +50 MV, tyat is 199.73 + 4.42 ms
(n=75)in2mm[KT]y and 210.11 £+ 6.49 ms (n = 5) in 98 mm [K*],.
Over the range +10 to +50 mV, T4y is 1.623 £ 0.052 s (n = 5) in

2 mM [KT]o and 1.523 £ 0.055 s (n = 5) in 98 mm [K*],. The ratio of
the amplitudes of the two time constants, Agow/Atast is significantly
affected by changing [K*], (bottom panel, significant differences
denoted by asterisks, P < 0.01). Over the range +10 to +50 mV, in
2 mM [KT]o Agow/Atast is 1.147 £ 0.050, and in 98 mm [K*],
Agow/Atast 15 0.759 + 0.028 (n = 5, P < 0.001).
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These changes may also be responsible for the persistent
Kv1.4[V561A] current observed at the end of the P1 pulse
in Fig. 2B.

There are few phenotypical changes in other
basic biophysical properties of the mutant and
normal constructs of Kvl.4. Figure 4 shows
that the peak current—voltage relationships for
all four channels are similar (Fig. 4A and O),
as are the steady-state inactivation relationships (Fig. 4B
and D), as determined by a two-pulse protocol.

N-type inactivation is insensitive to [K™],. In contrast,
sensitivity to [K*], is one of the defining characteristics
of C-type inactivation. We have already shown that
the relationship between the rate of inactivation in
Kv1.4[V561]AN and [K*], is inverted, with an increase in
[K*], resulting in an increase the rate of inactivation (Li
et al. 2003). As noted above, inactivation of Kv1.4[V561A]
is best fitted with two voltage-insensitive time constants.
Welooked at the relationship between [K* ], and the rate of
inactivation of Kv1.4[V561]. In paired data from 2 and 98
mwm [K*], at +50 mV, The fast component of inactivation
was not significantly affected by [K*], (Trgox = 200 £
12 ms, Trgosx = 206 £ 17 ms, n = 5). Raising [Kt],
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Figure 6. Recovery from Inactivation

Recovery from inactivation was measured using a standard variable
interval gapped pulse protocol. An initial 5 s pulse (P1) from —90 to
+50 mV was followed by a second pulse (P2) after an interval of
between 0.1 and 20 s. The ratio of the peak current elicited by the P1
and P2 pulses (peak,p2//peak,p1)is plotted against pulse interval to show
the recovery from inactivation. A, recovery curves for Kv1.4 (y) and
Kv1.4[V561A] (M) in 2 mm [KT],. B, recovery curves for Kv1.4AN (y)
and Kv1.4[V561A]AN (H) in 2 mm [KT],. Relationship between [K*],
and recovery from inactivation of the mutant channels was measured
using the same protocol. C, recovery from inactivation of
Kv1.4[V561A] in 2 (W) and 98 mm [K*], (O). D, recovery from
inactivation of Kv1.4[V561A]AN in 2 (M) and 98 mm [K*], (O).
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resulted in a slight decrease in the slow component of
inactivation at +50 mV, from ey x = 1.630 &+ 0.139 s,
to Tgowosk = 1.307 £ 0.120 s (n = 5). The presence of
98 mm [K"], introduced a mild voltage dependence to
the slow component of inactivation of Kv1.4[V561A]. The
most significant [K™],-sensitive property was the relative
contribution of the two time constants. In the presence
of 2 mm [KT], the contributions of Ty and T4, were
approximately equal as the ratio of the amplitudes was
close to 1: Agow/Afse = 1.15 £ 0.13 (n = 5). When [K*],
was raised to 98 mm Tgg played a more dominant role,
with the ratio Ago./Agng falling to 0.63 £+ 0.04 at + 50
mV (n = 5). A slight voltage dependence to the ratio was
apparent at high [K*], (Fig. 5). These results demonstrate
that potassium has no effect on the time constants of
inactivation of Kv1.4[V561A], but does affect the relative
amplitude of the components.

The rate of recovery from inactivation in Kvl.4
channels is governed by recovery from C-type inactivation
(Rasmusson et al. 1998). We measured recovery from
inactivation using a standard gapped pulse protocol with a
variable interstimulus interval. The ratio of the magnitude
of the first and second pulse peak currents was used as an
indication of the degree of recovery from inactivation.

Figure 6 shows the fraction of channels recovered plotted
against the interstimulus interval. In the presence of 2 mm
[K*], there is little difference in the rate of recovery from
inactivation between wild type Kv1.4 and Kv1.4[V561A]
channels (Fig. 6A), but there is a dramatic increase in
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Figure 7. Representative traces showing the effect of quinidine
on a channel undergoing a two pulse steady-state inactivation
protocol (as described in Fig. 2)

A, control traces from Kv1.4AN. B, Kv1.4AN with 100 um quinidine.
C, Kv1.4[V561A]AN. D, Kv1.4[V561A]AN in the presence of 500 um
quinidine. In both cases, quinidine depressed the peak open current
and speeded the rate of inactivation. Dotted lines indicate zero current.
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the rate of recovery of Kv1.4[V561A]AN compared to
Kv1.4AN channels (Fig. 6B). We next looked at the
relationship between [K*], and the rate of recovery of
the mutant from inactivation. There is a clear increase in
the rate of recovery from inactivation of Kv1.4[V561A]
(Fig. 6C) when [K™"], is switched from 2 to 98 mm. This
is similar to the behaviour of Kvl.4 wt channels when
[Kt], is switched from 2 to 98 mm (Li et al. 2003).
The rate of recovery of Kv1.4[V561A]AN channels from
inactivation is rapid in 2 mm [K'],, and slightly more
rapid with 98 mm [K* ], Conversely, the effect of [K*], on
Kv1.4AN channels is clearly seen, with the rate of recovery
increasingwithan increase in [K*], (Li et al. 2003; Fig. 6 D).
These results show that the characteristics of recovery from
inactivation in Kv1.4[V561A] channels are similar to wild
type, whereas recovery from inactivation is significantly
altered in Kv1.4[V561A]AN channels. This suggests that
the presence of the N-terminal reduces the effect of the
valine to alanine mutation.

Quinidine is an open channel blocker which rapidly
binds to the intracellular face of Kv1.4AN channels and
occludes the pore (Wang et al. 2003). We looked at
the effect of quinidine on Kv1.4[V561A]AN channels.
Representative traces from a two-electrode double pulse
protocol are shown in Fig. 7. The effects of quinidine on
Kv1.4[V561A] AN and Kv1.4 AN channels are qualitatively
similar: it suppress the peak current and increases the rate
of inactivation. However, the concentration of quinidine
required to elicit an effect on Kv1.4[V561A]AN is
much greater than that needed to elicit an equal effect
on Kvl.4AN channels. This shows that the mutation
has altered the effects of quinidine binding to the
channel.

Figure 8 shows dose-response curves for peak
current inhibition of Kv1.4[V561A] AN and Kv1.4AN by
quinidine. The peak Kv1.4AN current is reduced to 50%
by 106 mm quinidine, whereas the equivalent reduction in
Kv1.4[V561A] AN current requires 611 mm quinidine.

Next, we looked at how the rate of recovery from
inactivation was affected by quinidine. Previously, we
have shown that the rate of recovery of Kv1.4AN from
inactivation is not affected by the presence of quindine
(Wang et al. 2003). Recovery from inactivation was
measured using a standard variable interval gapped pulse
protocol. The ratio of the magnitude of the first and
second pulse peak currents was used as an indication of
the degree of recovery from inactivation. The envelope of
peak ratios was best fitted with a bi-exponential function.
We looked at the effect of quinidine on the rate of
recovery from inactivation. All data series were well fitted
with a bi-exponential function (Table 1A). There was

J Physiol 556.1

little difference in either the fast or slow time constants
for the rate of recovery from inactivation in fKvl.4AN,
fKv1.4[V561A], and fKv1.4[V561A] AN with 0, 500 um
or 1 mm quinidine. There was, however, a significant
change in the amplitude ratios of the two components.
The ratio of the amplitudes indicate that recovery in
fKvl.4AN is dominated by the slow time constant. In
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Figure 8. Dose-response curve for quinidine

The binding of quinidine to Kv1.4 AN (M) and Kv1.4[V561A]JAN (O) in
2 mm [K*]o. Continuous lines are from a fit of the relationship

f = Kp/(Kp + [D]), where f is fractional current, Kp is the apparent
dissociation constant, and [D] is the quinidine concentration. Using
this relationship, Kv1.4AN current was reduced to 50% by 106 mm
quinidine, but 611 mm quinidine was required to reduce
Kv1.4[V561A]AN by 50%.
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Figure 9. Recovery from inactivation fitted with a
bi-exponential function

All channels were well fitted with a bi-exponential function, with the
following values: fKv1.4AN: Trecover fast = 0.21 £ 0.04 S, Trecover.slow =
2.94 4+ 0.15 5 (n = 7); fKv1.4[V56TAJAN: Trecover.fast = 0.11 £ 0.02 s,
Trecoversiow = 2.41 & 0.14 s (n = 9); fKv1.4[V561A]AN with 500 ;M
quinidine: Trecover fast = 0.12 £ 0.01'S, Trecover.siow = 2.64 + 0.22
s(n=7); fKv1.4[V561A]JAN with 1 mm quinidine: t ecover fast = 0.03
0.01's, Trecoverslow = 2.81 £0.18 s (n = 7).
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Table 1. Time constants of inactivation and amplitude ratios obtained from fitting recovery from inactivation with a bi-exponential

function
Trecover,fast Trecover,slow Atast/Asiow n
A. Fitted time constants
fKv1.4 AN 0.214+0.04s 2.944+0.155s 0.33 +0.05 7
fKv1.4[V561A]AN 0.114+0.02s 2.414+0.14s 2.40 +0.37 7
fKv1.4[V561A]AN + 500 um quinidine 0.12+0.01s 2.64+0.225s 0.98 + 0.27 7
fKv1.4[V561A]JAN + 1 mm quinidine 0.03+£0.01s 2.81+£0.18s 0.22 £0.10 7
B. Fixed time constants
fKv1.4 AN: 0.12s 2.70s 0.28 + 0.06 7
fKv1.4[V561A]AN 0.12s 2.70s 2.85 4+ 0.54 7
fKv1.4[V561A]AN + 500 um quinidine 0.12s 2.70s 1.03 + 0.26 7
fKv1.4[V561A]JAN + 1 mm quinidine 0.12s 2.70s 0.27 £0.10 7

contrast, fKv1.4[V561A] AN recovery is dominated by the
fast time constant. The presence of 500 um quinidine
decreases the ratio of the amplitudes. The addition of
1 mMm quinidine further reduced the ratio of the
amplitudes, giving a value similar to the unmutated
channel, with the slow component dominating once more.
These data show that recovery from inactivation is very
different in fKvl.4AN and fKv1.4[V561A]AN channels.
However, the addition of 1 mm quinidine reduces the effect
of the valine to alanine mutation.

The fast and slow time constants for all the data
presented in Fig. 10 were similar, but not identical.
We therefore reanalysed the data using fixed time
constants. The mean values of the two rate constants
for a bi-exponential fit to all the data from fKvl.4 AN,
fKv1.4[V561A]AN, fKv1.4[V561A]AN with 500 um
quinidine, and fKv1.4[V561A]AN with 1 mm quinidine
Were Trecover.sow = 2.70 £ 0.11 s and T recover fast = 0.12 &
0.04 s. We used these as fixed time constants to reanalyse
the data, and measure the ratio of amplitudes (Table 1B).
There was a significant difference between the ratio of
the amplitudes for fKvl.4AN and fKv1.4[V561A]AN
(n = 7, P < 0.01) but there was no significant
difference between the ratio of the amplitudes
for fKvl.4AN and fKvl1.4[V561A]AN with 1 mm
quinidine.

We next investigated whether the ability of quinidine to
suppress current was affected by [K*],. We have shown
previously that increasing [K*], from 2 to 98 mm reduces
the effectiveness of quinidine to suppress fKvl.4 AN (Wang
et al. 2003). Figure 8 shows that 50% reduction of current
is achieved with ~100 um for fKvl.4[V561A]AN and
~1 mwm for fKv1.4[V561A]AN. We therefore compared
the current suppression at these two concentrations for
the respective channels. When fKv1.4AN channels were
constantly exposed to 100 um quinidine but [K*], was
switched from 2 to 98 mm, there was a reduction in the
ability of quinidine to inhibit the current at +50 mV.

© The Physiological Society 2003

fKv1.4AN currents in 100 M quinidine and 98 mm [K*],
were 124 + 12% of those observed in 100 M quinidine and
2 mm [K'], (n = 4). In contrast, the ability of quinidine
to inhibit fKv1.4[V561A]AN current at +50 mV was
independent of [K*],: fKv1.4[V561A]AN currents with
1 mM quinidine and 98 mm [K*], were similar (101 +
11%) to those observed with 1 mm quinidine and 2 mm
[K*], (n =5). The valine to alanine mutation reduced the
ability of [K*], to interfere with quinidine binding.

Increasing [K*], reduces the rate of inactivation of
fKv1.4AN channels, but increases the rate of inactivation
of fKv1.4[V561A] AN channels (Li et al. 2003). We looked
at the relationship between inactivation and [K*], in
the presence of quinidine. Switching from 2 to 98 mm
[K™], in fKv1.4[V561A]AN channels increased the rate
of inactivation from 2.16 + 0.14 to 1.53 + 0.07 s
(n = 6). Addition of 1 mM quinidine increased the
rate of inactivation of fKv1.4[V561A]AN channels in
both 2 and 98 mm [K*],. In the presence of 2 mm
[K*], and 1 mm quinidine, Tinctivation Was 79.0 =+
4.3% of control values. This is similar to the results
obtained with 98 mm [K'], and 1 mm quinidine:
Tinactivation 1N the presence of 98 mm [Kt], and 1 mm
quinidine was 84.8 + 2.8% of the control inactivation
in 98 mm [K*], (n = 6). This is shown in Fig. 11.
These data demonstrate that extracellular depletion of
[K"], is not involved in the ability of quinidine to enhance
C-type inactivation.

Discussion

Inactivation is an important determinant of ion channel
function. Even minor alterations in the inactivation or
recovery of a channel, such as those identified as the
molecular basis of episodic ataxia (Adelman et al. 1995),
can result in considerable deleterious consequences. The
development of inactivation during a depolarizing pulse
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(e.g. an action potential) is critical to normal physiological
function, e.g. repolarization. Recovery from inactivation is
equally important, as it determines channel participation
in subsequent action potentials.

There are a number of similarities between ion channel
inactivation and open channel block (Armstrong, 1966,
1968, 1969; Demo & Yellen, 1991). Fast inactivation of
Shaker K* channels results from the binding of a positively
charged lipophilic portion of the N-terminal domain to
the open channel (Aldrich et al 1990; Zagotta et al.
1990; Hoshi et al. 1990, 1991). This mechanism was sub-
sequently demonstrated in several other K* channels (for
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Kv1.4[V561A]AN

Figure 10. Comparison of recovery rates data from fKv1.4AN
without quinidine, and fKv1.4[V561A]AN with 0, 500 m or

1 mm quinidine

A, the fast rate of recovery from inactivation. B, the slow rate of
recovery. C, the ratio of the amplitude of the fast and slow rate
constants, Afsst/Asiow- The slow time constant dominates recovery in
fKv1.4AN channels (no quinidine present, A¢sst/Agiow = 0.33 & 0.05),
and the fast time constant dominates fKv1.4[V561A] recovery from
inactivation (no quinidine present, Asast/Agow = 2.40 + 0.37). In the
presence of 500 uM quinidine the amplitude ratio of
fKv1.4[V561A]AN recovery is close to 1 (Afast/Agiow = 0.98 + 0.27),
and in the presence of 1 mm quinidine the ratio of the time constants
in fKv1.4[V561AJAN (Atast/Asiow = 0.22 £ 0.10) reverts to a ratio
similar to that found in the unmutated fKv1.4AN construct. Significant
differences from fKv1.4AN data are denoted by asterisks (P < 0.01).
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review see Rasmusson et al. 1998). The similarity between
N-type inactivation and intracellularly acting open
channel blockers was immediately apparent. Most open
channel K* channel blockers have a positively charged
nitrogen group, but are otherwise generally lipophilic. The
receptor site for both drug and N-terminal binding has
been localized to residues on the cytoplasmic side of S6
(Lopez et al. 1994; Yeola et al. 1996).

For many ion channels, inactivation persists even in the
absence of the N-terminal ‘ball’ domain. The molecular
basis of this second or ‘slow’ inactivation is controversial,
and is generally labelled C-type inactivation. C-type
inactivation is competitively inhibited by [TEA™], or
[K*], (Heginbotham & MacKinnon, 1992; Lopez-Barneo
et al. 1993), and modulated by a series of mutations at
the extracellular mouth of the channel (Hoshi et al. 1991;
Lopez-Barneo et al. 1993; Liu et al. 1996). Channels with
intact N-terminal domains but mutations that inhibit
C-type inactivation inactivate via the N-type inactivation.
Almost paradoxically, recovery from inactivation in these
channels is governed by the properties of recovery from
C-type inactivation, even though in the absence of the
N-terminal, C-type inactivation had developed extremely
slowly (Hoshi et al. 1991). It was therefore concluded
that N-type inactivation promoted or catalysed the
development of C-type inactivation, a finding which was
subsequently generalized to drug binding (Baukrowitz &
Yellen, 1996) and other channel types (Rasmusson et al.
1995).

This paper examines the properties of coupling
between N-type inactivation or quinidine binding and the
C-type inactivation process.
hypotheses concerning the link between occlusion

There are two main
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Figure 11. The ability of quinidine to increase the rate of
inactivation in fKv1.4[V561A]AN channels is [K*], independent
A, in the presence of 2 mmM [K™]o, Tinactivation,2k = 2.164 £ 0.135 s.
Addition of 1 mm quinidine increases the rate of inactivation to
Tinactivation.2K.1mmQ = 1.706 £ 0.132 s. B, in the presence of 98 mm
[K¥ o, Tinactivation,9sk = 1.529 =+ 0.066. The addition of 1 mm
quinidine further increases the rate of inactivation: Tinactivation, 98k, 1mmQ
= 1.300 + 0.079 s.
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of the intracellular pore by drug or lipophilic
peptides and the coupling to C-type inactivation: the
‘permeation’ mechanism and the ‘allosteric’ mechanism.
The permeation mechanism (Baukrowitz & Yellen, 1996)
is based on the idea that blocking K™ permeation directly
effects C-type inactivation. Normally, high K* ion flux
results in local accumulation of [K*], due to unstirred
layer effects. Occlusion of the permeation pathway, by
N-type inactivation or drug binding, decreases [K™] near
the extracellular vestibule. Since extracellular K™ slows
C-type inactivation, the reduction in [K*], means there is
no ‘foot in the door” hindering the channel from adopting
the C-type inactivated state (Baukrowitz & Yellen, 1995,
1996). The allosteric mechanism (Wang et al. 1997 b; Ficker
et al. 1998) proposes that the effect of reducing the K*
accumulation is negligible compared to the contribution
from a direct physical interaction between events at the
intracellular pore and C-type inactivation, which are
mediated by the channel protein.

C-type inactivation involves a conformational change
at the extracellular mouth of the pore (Rasmusson et al.
1998). However, considerable evidence is emerging to
indicate that C-type inactivation also involves major
conformational changes on the intracellular side of the
channel. We have shown that C-type inactivation in Kv1.4
channels involves a significant conformational change at
the intracellular side of the pore (Jiang et al. 2003). This
pore closure mechanism is consistent with earlier reports
by other groups that C-type inactivation prevents the
intracellular binding of 4-aminopyridine in Kv channels
(Castle et al. 1994) and dofetilide in HERG (Ficker et al.
1998). Furthermore, intracellular mutations on the S6
transmembrane spanning domain can have amajor impact
on the development and recovery of C-type inactivation
(Adelman et al. 1995; Chen et al. 2002; Li et al. 2003).

The V561A mutation used in this study alters C-type
inactivation in Kvl.l and N-terminal-deleted Kv1.4
channels (Adelman ef al. 1995; Li et al. 2003). Perhaps
most importantly, this mutant reverses the relationship
between [K*], and C-type inactivation. Instead of
slowing C-type inactivation, increasing [K'], speeded
development of inactivation. The reversal of the [K*],
sensitivity of this phenotype made this mutant channel
an ideal for testing the permeation hypothesis. Figure 11
shows that quinidine binding increases the apparent
rate of fKv1.4[V561A] AN inactivation. If the permeation
mechanism plays a significant role in modulating C-
type inactivation, then quinidine block should slow the
apparent rate of development of C-type inactivation
in fKv1.4[V561A]AN, due to local [K"] depletion.
However, the exact opposite is true: quinidine binding
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to fKv1.4[V561A] AN promotes development of a C-type
inactivated state. Furthermore, the apparent increase in
the inactivation rate caused by increasing [K*], from
2 to 98 mm was still present when applied in the pre-
sence of quinidine. This finding cannot be reconciled with
the permeation hypothesis. This suggests that allosteric
mechanisms dominate coupling in fKvl.4[V561A]AN
channels, and, by extension, may dominate in the wild
type channel.

What is the nature of the allosteric interaction? S6
movement seems to be an important component of
the mechanism. Mutations at both the cytoplasmic and
extracellular ends of S6 strongly modulate the properties
of C-type inactivation (Claydon et al. 2000; Li et al.
2003).K* channel X-ray crystallography studies in the pre-
sence of the N-terminal peptide predict significant inter-
actions between the cytoplasmic side of S6 and N-type
inactivation (Zhou et al. 2001). The side-chains that inter-
act with potassium channel blockers have been mapped to
the same region of S6 (Yeola et al. 1996; Caballero et al.
2002). In HERG channels, mutations and manipulations
which inhibit C-type inactivation lower the affinity of the
channels for methanesulphonanilide compounds such as
E-4031 and dofetilide (Wang et al. 1997b; Ficker et al.
2001). In HERG, the ability of a variety of drugs (e.g.
dofetilide, MK-499, cisapride, terfenadine, chloroquine,
quinidine) to bind is critically dependent on positioning
of specific aromatic residues on S6 (Mitcheson et al. 2000;
Chen et al. 2002; Sanchez-Chapula et al. 2002) and S6
rotation may be an important step in binding (Chen et al.
2002).

Development of C-type inactivation HERG is extremely
rapid, as is recovery from inactivation (of the order of
ms: Sanguinetti et al. 1995; Kiehn et al. 1996; Wang et al.
1997a; Bett & Rasmusson, 2003), making generalization
of the S6 rotation hypothesis to the more distantly
related Kv channels questionable. Development of, and
recovery from, C-type inactivation in Kv channels typically
occurs in the range of hundreds of milliseconds to
seconds (Rasmusson et al. 1998). Interventions from the
extracellular side of the pore mouth which reduce C-type
inactivation (either through mutation or application of
high [K*],) have in general reduced the affinity of drugs
in parallel with the reduction of C-type inactivation (Wang
et al. 1997b, 2003; Ficker et al. 2001). Similarly, the
ability of a drug to increase the rate of development of
C-typeinactivation is dependent on the affinity of the open
channel for drug.

If the binding of quinidine to Kvl.4AN channels is
dependent on the orientation and lipophilic balance of
the S6 transmembrane domain, then introduction of
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a lipophilic moiety such as an N-terminal domain or
open-channel blocking drugs such as quinidine will change
the hydration energy of the pore-lining domains. We
propose that thelink between C-type inactivation and drug
or N-terminal domain binding involves rotation of S6.
This leads to two important predictions for intracellularly
acting drugs which promote development of C-type
inactivation. First, manipulations on the extracellular face
of the channel which inhibit C-type inactivation will also
lower drug binding affinity. This has been demonstrated
previously (Wang et al. 1997b, 2003; Ficker et al. 2001).
Second, certain mutations on the intracellular side of
S6 should be able to change drug affinity independently
of the ability to promote C-type inactivation. That is
one of the important consequences of this study. The
fKv1.4[V561A]AN channel has a dramatically reduced
affinity for quinidine compared to fKvl1.4AN (611 and
106 mwm, respectively), but quinidine binding retains the
ability to induce C-type inactivation. The reduction in
affinity is similar to that seen for inhibition of C-type
inactivation by 98 mm [K*], or the K532Y mutation on
the extracellular face of the channel, but both of these
extracellular manipulations also abolish the ability to
promote C-type inactivation (Wang et al. 2003). Thus,
our results fit the predictions of the S6 rotational model
proposed for HERG (Chen et al. 2002), but do not
distinguish between rotation and other conformational
changes of S6.

Other results can also be explained within the context
of this putative involvement of S6 in channel gating, drug
binding and development of C-type inactivation. One is
the prediction that S6 moves in the open state and is
sensitive to the balance of water and hydrophobic elements
within the inner vestibule and to [K™],. The conformation
of S6 should be critical to binding of the N-terminal
domain. N-type inactivation was slowed relative to the
wild type channel in the fKv1.4[V561A] channel, which
has an intact N-terminal. The slowing of inactivation may
be due to a reduction in the availability of a high affinity
binding conformation for lipophilic moieties. This could
also explain the bi-exponential nature of the inactivation.
More importantly, increasing [K* ], increases the relative
amplitude of the fast component of fKv1.4[V561A] N-type
inactivation. N-type inactivation is unaffected by [K*],,
but C-type inactivation in fKv1.4[V561A] AN is promoted
by an increase in [K*],. This is consistent with the idea
that binding by lipophilic moieties is linked to C-type
inactivation through the conformation of Sé.

We can also gain some insight into the final inactivated
state or states which the channel enters by examining
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the process of recovery from inactivation. Recovery from
inactivation is similar for fKvl.4 and fKv1.4[V561A]
channels, but the fKv1.4[V561A]AN channel recovers
much quicker than the fKvl.4AN channel. Recovery from
inactivation in fKv1.4[V561A]AN is a bi-exponential
process, with an initial dominant rapid recovery,
accompanied by a small amplitude slow recovery with a
time constant similar to that of C-type inactivation in
fKv1.4AN or wild type fKv1.4. This is consistent with there
being two C-type inactivated states of this channel, a short
lived, rapidly recovering state and a stable slowly recovering
inactivated state. The balance between these two states
should be influenced by binding of the N-terminal domain.
Our results clearly show that the presence of the N-terminal
domain results in a time course of recovery of the V561A
channel which is consistent with both the slow component
of the N-terminal-deleted mutant channel and with an
N-terminal-intact wild type Kv1.4 channel.

This effect of lipophilic mechanism was tested in more
detail using varyinglevels of quinidine. As shown in Fig. 10,
the balance between fast and slow components of recovery
in the fKv1.4[V561A] AN channel was a direct function
of the concentration of quinidine. The more quinidine,
the larger the relative amplitude of the slow component of
recovery. Even though there is little structural similarity
between quinidine and the N-terminal ball domain, the
presence of either slows rapid fKv1.4[V561A] AN channel
recovery to match the rate of recovery of the wild type
channel.

We suggest that our findings can be explained
by the action of lipophilic moieties within the
pore that orientate S6 and cause a conformational
change to a bound state which resembles the C-
type inactivated state of the normal channel. This
conformational change is the likely mechanism by which
drug binding allosterically increases the rate of C-type
inactivation in Kv1.4 channels. Although the permeation
mechanism may contribute to the coupling between N-
type and C-type inactivation in some circumstances,
its contribution is minimal under these experimental
conditions.
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