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ABSTRACT Fast inactivating Shaker H4 potassium channels and nonconducting pore mutant Shaker H4 W434F
channels have been used to correlate the installation and recovery of the fast inactivation of ionic current with
changes in the kinetics of gating current known as “charge immobilization” (Armstrong, C.M., and F. Bezanilla.
1977. J. Gen. Physiol. 70:567-590.). Shaker H4 W434F gating currents are very similar to those of the conducting
clone recorded in potassium-free solutions. This mutant channel allows the recording of the total gating charge
return, even when returning from potentials that would largely inactivate conducting channels. As the depolariz-
ing potential increased, the OFF gating currents decay phase at —90 mV return potential changed from a single
fast component to at least two components, the slower requiring ~200 ms for a full charge return. The charge im-
mobilization onset and the ionic current decay have an identical time course. The recoveries of gating current
(Shaker H4 W434F) and ionic current (Shaker H4) in 2 mM external potassium have at least two components. Both
recoveries are similar at —120 and —90 mV. In contrast, at higher potentials (—70 and —50 mV), the gating
charge recovers significantly more slowly than the ionic current. A model with a single inactivated state cannot ac-
count for all our data, which strongly support the existence of “parallel” inactivated states. In this model, a frac-
tion of the charge can be recovered upon repolarization while the channel pore is occupied by the NHy-terminus

region.
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INTRODUCTION

Voltage-activated potassium channels play a key role in
the control of membrane excitability. As potassium has
a negative reversal potential, the opening of these
channels draws the membrane potential toward nega-
tive values and far from the excitability threshold. Dif-
ferent activation and inactivation kinetics allow them to
control the repolarization after an action potential (de-
layed rectifiers, slow inactivation) or both the potential
duration and firing frequency (A-type channels, fast
and slow inactivation). In fast-inactivating Shaker K*
channels, the gating charge return after a depolarizing
pulse is very slow (Bezanilla et al., 1991). This slow re-
turn of charge, referred to as “charge immobilization,”
was first seen in the squid axon Na* channels and cor-
related with the fast inactivation process by Armstrong
and Bezanilla (1977). They proposed a “ball and chain”
model, where an inactivation particle binds to the in-
ner mouth of the pore and slows down the gating
charge return. Through the suppression of fast inacti-
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vation by the amino terminus deletion mutant and its
restoration by application of the synthetic NH, termi-
nus (ball peptide) on the cytoplasmic side of the chan-
nels, the ball and chain theory was established for
Shaker K* channels. The cytoplasmic NH, terminus of
each of the four subunits is responsible for the fast in-
activation process (Hoshi et al., 1990; Zagotta et al.,
1990; MacKinnon, 1991; MacKinnon et al., 1993).
Shaker K* channels are good candidates to study fast
inactivation and gating current kinetics due to their
high level of expression (Tempel et al., 1987; Iverson et
al., 1988; Kamb et al., 1988; Bezanilla et al., 1991; Ste-
fani et al., 19944). The amino deletion mutation A6-46
(Hoshi et al., 1990) removes fast inactivation without
visible effects on activation, so the channel behavior
can be compared in the presence and absence of the
fast inactivation process. Moreover, the introduction of
the W434F pore mutation in the A6-46 Shaker K™ chan-
nel results in a nonconducting channel with gating cur-
rents very similar to those of the conducting clone. It
allows the study of gating currents without significant
contamination by ionic current (Perozo et al., 1993;
Starkus et al., 1997; Yang et al., 1997). In this study, we
expanded the initial results of Bezanilla et al. (1991) that
showed charge immobilization in Shaker H4 (ShH4)
channels. We correlated the installation and recovery
of the fast inactivation process with changes in the ki-
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netics of gating currents. The experiments were per-
formed in the conducting and nonconducting (W434F)
clones, since the W434F mutation in the wild-type
Shaker K* channel leads to a channel with gating cur-
rents very similar to the conducting one, as previously
reported for Shaker H4 A6-46 (SEH4 A6-46) and ShH4
A6-46 W434F channels (Perozo et al., 1993). We were
able to monitor the full gating charge return over a
wide range of potentials (from —120 to 6 mV). To cor-
relate fast inactivation and charge movement kinetics,
we compared the time course of fast inactivation with
those of the components of the OFF gating currents.
Demo and Yellen (1991) proved in single channel ex-
periments that, in high external potassium, most if not
all the recovery of the ionic current takes place through
the inactivated (I)! to open (O) state transition, and pro-
posed that a similar situation may occur at low external
K* concentrations. However, ionic and gating current
measurements of Shaker K™ channels could be explained
by the existence of a “paralle]” pathway of inactivated
states (Zagotta and Aldrich, 1990; Bezanilla et al., 1991).
We report here that a sequential model with a single in-
activated state cannot fully explain our data, which are
consistent with the existence of a set of parallel inacti-
vated states.

MATERIALS AND METHODS

Molecular Biology, Oocyte Preparation, and Injection
of cRNAs

Four different clones of Shaker K™ channels were used: Shaker H4
(S7H4) (Kamb et al., 1988; Tempel et al., 1987), the noninacti-
vating A6-46 deletion mutant Shaker H4 A6-46 (ShH4 A6-46)
(Hoshi et al., 1990) and the two nonconducting versions with the
W434F pore mutation (ShH4 W434F and ShH4 A6-46 W434F).
RNA was synthesized from each cDNA construct by linearization
of the pBluescript plasmids (Stratagene Inc., La Jolla, CA) with
EcoRI and transcription with T7 RNA polymerase (Promega,
Madison, WI) using the mMESSAGE mMACHINE kit (Ambion
Inc., Austin, TX).

Xenopus laevis (Nasco, Modesto, CA) oocytes (stage V-VI) were
used. 1 d before injection of the cRNA, the oocytes were col-
lected and treated with collagenase (200 U/ml; GIBCO BRL,
Grand Island, NY) in a Ca%*-free solution to remove the follicular
layer. They were injected with 50 nl of cRNA at 0.05-1 g/l us-
ing a “nano-injector” (Drummond Scientific Co., Broomall, PA).
They were maintained at 19°C in an amphibian saline solution sup-
plemented with 50 mg/ml gentamicin (GIBCO BRL) for 2-7 d be-
fore experiments.

Solutions and Electrophysiological Recordings

Electrical measurements were performed with the cut-open oo-
cyte vaseline gap (COVG) technique (Stefani et al., 19944; Beza-
nilla and Stefani, 1998; Stefani and Bezanilla, 1998). The intra-

L Abbreviations used in this paper: C, closed state; HP, holding potential;
I, inactivated state; MES, methanesulfonic acid; NMDG, N-methyl-
p-glucamine; O, open state; SHP, subtracting holding potential.

cellular electrode was filled with 2.7 M Na-methanesulfonic acid
(MES), 10 mM NaCl, 10 mM EGTA, and 10 mM HEPES. Internal
and external solutions were made by mixing stock isotonic (240
mOsm) solutions of the main cation buffered at pH 7.0 with 10
mM HEPES. A typical external solution was 105 mM NaMES, 2
mM Ca(MES),, 2 mM KMES, 0.1 mM ouabain, and 10 mM
HEPES; it is abbreviated as NaMES Ca2 K2. NaMES Ca2, KMES
Ca2, or Nmethyl-pD-glucamine (NMDG)-MES Ca2 were also used.
The electrical access to the cytoplasm of the oocyte was achieved
by applying in the bottom chamber a K-Glu (110 mM K-glutamate,
10 mM HEPES), NMDG-Glu (110 mM NMDG-glutamate, 10 mM
HEPES) or NMDG-MES (106 mM NMDG-MES, 10 mM HEPES,
2 mM MgCly, 0.1 mM EGTA) solution supplemented with 0.1%
saponin. The bottom chamber was then filled with K-Glu, NMDG-
Glu, or NMDG-MES. Two different methods were used to deplete
internal K* in the oocytes: (@) they could be internally perfused
(0.4-1 ml/h) with NMDG-MES or NMDG-Glu with a glass pipette
(20-50-uM diameter at the tip), inserted into the bottom of the
oocyte and connected to a syringe pump; and () they were given
repetitive long depolarizing pulses with frequent washes of the
top and guard chambers with NMDG-MES Ca2. Experiments
were performed at room temperature.

Data were acquired with an IBM compatible personal computer,
using a DMA interface and PCLAMP software (Axon Instruments,
Foster City, CA). Analog signals were filtered at one-fifth the sam-
pling frequency. Linear capacity and resistive components were dig-
itally subtracted using a P/—4 (subtracting holding potential
[SHP] = —120 or —90 mV) or a P/4 (SHP = 20 mV) protocol. The
adequacy of the subtraction protocol was tested by using different
SHP and comparing unsubtracted records and records subtracted
on and off line. Unsubtracted charge movement could be recorded
after analog compensation of the linear capacity and resistive com-
ponents at either —120 or 20 mV, potentials at which the gating
charge has practically moved entirely in one direction or the other.

Simulation

The model predictions were obtained using the SCOP 3.5 simula-
tion package (Simulation Resources, Inc., Berrien Springs, MI).
The source code was compiled with the DJGPP C/C+ + compiler
(Delorie Software, Rochester, NH) on an IBM PC compatible
computer. The activation pathway corresponds to the model pre-
viously proposed to account for ShH4 A6-46 W434F gating cur-
rents (Bezanilla et al., 1994), with slightly different parameters as
shown in Table I. The generated data were filtered at the same
cut-off frequency as the experimental data using a Gaussian filter
(Colquhoun and Sigworth, 1983). The voltage-dependent rates
are assumed to be of the form a = ayexp(z,eV/kT) for the for-
ward rates a and B = Boexp(—zgeV/kT) for the backward rates §,
where o, and B are the rates at 0 mV, and z,and zg are the equiv-
alent charges moving up to the transition state.

RESULTS

Ionic and Gating Currents in ShH4 and ShH4
A6-46 Channels

The general properties of ionic and gating currents of
ShH4 channels are illustrated in Fig. 1. During the de-
polarizing pulses, SZH4 channels have fast inactivating
ionic currents (Fig. 1 A), while SZH4 A6-46 have sus-
tained currents (Fig. 1 B). The fast inactivation in SAH4
is due to the NH, terminus of the subunits of the ho-
motetramer, as shown by Hoshi et al. (1990) by dele-
tions in this domain.
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TABLE 1

Values of the Parameters of the Model Activation Pathway
Transition Zy zg ay(ms™!) Bo(ms™1)
0-1 0.35 0.94 1.57 0.19
1-2,2-3, 3—4 0.53 0.44 9 1.26
4-5 0.5 0.38 1.14 2.18
5-6, Model 1A 2.81 1.69 50.3 0.023
5-6, Models 2, 3 2.81 1.69 74.6 0.058
6-7, Model 1A 0.3 0.38 1.7 1.1
6-7, Models 2, 3 0.3 0.38 1.7 0.88
O0oCy 0 0.17 0.6 3.8
O & Iy, Model 1A 0.035 0.2 1.13 0.021
O Iy, Model 2 0.01 0.2 1.14 0.04
O Iy, Model 3 0.01 0.2 1.02 0.052
Iy < I, Model 2 0 0 0.012 0.024
Iy« I, Model 3 0 0 0.024 0.022

Additional parameters for Model 3 were: W, = 0.1, Wy = 2.85, and W, =
1.93.

To record gating currents, ionic currents must be
eliminated. To this end, in the conducting clones, we
internally perfused the oocytes with NMDG-MES or
NMDG-Glu. Fig. 1 shows unsubtracted gating currents
(solid lines) and the corresponding time integral (dashed

A ShH4 B

lines) for ShH4 and ShH4 A6-46 (Fig. 1, Cand D, respec-
tively) from —90 mV holding potential (HP) to various
depolarizing potentials.

In the range of potential studied (—120 to 50 mV),
ON gating currents are indistinguishable between the
two clones. From the holding potential (—90 mV),
small depolarizations or hyperpolarizations generate
fast rising gating currents with a single exponential de-
cay. For depolarizations more positive than —50 mV,
where the open state becomes populated, the ON de-
velops a pronounced rising phase (not seen at this sam-
pling frequency) and a slow second component ap-
pears in the decay phase. With increasing depolariza-
tions, the slow ON component becomes faster and
progressively merges with the initial fast component in
such a way that the two components become indistin-
guishable at potentials more positive than —10 mV
(Stefani et al., 19944). At —90-mV return potential, the
OFF gating currents of the two clones are indistinguish-
able for potentials more negative than —50 mV in
which the open state is not reached. They have an in-
stantaneous rising phase followed by a single exponen-
tial decay. For potentials more negative than —50 mV,
gating currents can be recorded in K*-containing solu-
tion without significant contamination from the ionic
current as the channel open probability is very low. They

Ficure 1. Ionic currents in in-
activating S#H4 (A) and noninac-
tivating ShH4 A6-46 (B) chan-
nels. On this time scale, no inac-
tivation can be detected in ShH4
A6-46 currents, but ShH4 cur-

ShH4IR

10 ms

rents are quickly inactivated with
a single exponential time course

------ R (3-10 ms, depending on pulse

! potential and variations from oo-
cyte to oocyte). 40-ms pulses
from —40 to 30 mV in 10-mV in-
crements from HP = —90 mV.

Records were subtracted (P/—4)
| with SHP = —120 mV (A) or
\ =90 mV (B). All the recordings
R were made in NaMES Ca2 K2;

............ data were sampled at 20 kHz and

filtered at 4 kHz; one sweep per
trace; 10 s between sweeps for A
to allow a full recovery from inac-

tivation. (C and D) Gating cur-
rents are shown from the inacti-
vating (ShH4) and noninactivat-

‘4pC
ing (ShH4 A6-46) K* channels,

-90 mV

respectively, recorded in potas-
sium-free solutions (continuous

-90 mvV

lines). The external solution was
NMDG-MES Ca2 while the oocyte
was internally perfused with

NMDG-MES. HP = —90 mV, the pulse potential is indicated next to the traces. The dashed lines correspond to the time integrals. The
records are unsubtracted. (B) Data were sampled at 5 kHz and filtered at 1 kHz. The duration of the ON pulse was 50 ms, 0.5 s between
sweeps. (C) Data were sampled at 25 kHz and filtered at 5 kHz. ON pulse duration was 60 ms.
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A ShH4-W434F B

_______

ShH4IR-W434F

Ficure 2. Gating currents of
ShH4 W434F (A) and ShH4 A6-46
W434F (B) (continuous lines) with
the corresponding time integral
(dashed lines). ON gating currents
are identical at all potentials
tested (here from —70 to 10 mV

by 20-mV increments) between
the two clones. For depolariza-
tions below the opening thresh-
old (=50 mV), the OFF gating
currents are identical too, but for

depolarizations leading to chan-
nel opening, ShkH4 W434F OFF
gating currents have a markedly
slower decay than those of ShH4
A6-46 W434F. HP = —90 mV, the

pulse potential is indicated next
to the traces. The external solu-
tion (fop and guard) was NaMES

Ca2; the internal solution (bot-
tom) was K-Glu. The records are
unsubtracted. (A) Data were

-90 mV

sampled at 5 kHz and filtered at
1 kHz. The ON pulse duration

was 50 ms. (B) Data were sampled at 2.5 kHz and filtered at 500 Hz. The ON pulse duration was 48 ms. A long OFF pulse (165 ms) allows
recording of most of the charge return. Sweeps were made every 5 s to allow full recovery between traces.

are indistinguishable from those recorded in the absence
of K* in NMDG-MES—perfused oocytes (data not shown).

A salient difference between both clones appears in
the OFF gating currents for pulse potentials more posi-
tive than —50 mV. In both cases, they show a rising
phase followed by a slower decay phase, which is much
slower for ShH4 channels than for S#H4 A6-46 chan-
nels (compare Fig. 1, Cand D). In the noninactivating
clone, the gating charge has recovered in 10-20 ms,
while in the fast-inactivating clone, it has not com-
pletely recovered after 100 ms, as noted from the time
integral. This slow charge return referred to as charge
immobilization makes it difficult to study the OFF gat-
ing currents, since they can be easily contaminated by
residual tail or leakage currents. For this reason, we
used the pore mutation W434F, which prevents ionic
conduction without apparently affecting the gating cur-
rents in ShkH4 A6-46 channels (Perozo et al., 1993). Fig.
2 shows gating currents (solid lines) and the corre-
sponding time integral (dashed lines) for both clones
with the W434F pore mutation (ShH4 W434F [A] and
ShH4 A6-46 W434F [B]). The gating currents in the
corresponding conducting and nonconducting clones
have similar properties. As in the conducting clones,
the main difference between the inactivating and non-
inactivating clones is that, after depolarizations that
populate the open state, the OFF gating currents show
a fast and slow phase of decay that is more pronounced
in the inactivating clone. We will hereafter refer to the
fast returning charge as Q; and to the slow returning
charge as Q..

Recording of the Total Charge Return in ShH4 W434F

Gating currents are capacitive currents; therefore, the
ON and OFF gating charges (Qon and Qqpg, respec-
tively) must be equal (Figs. 1 and 2). The ON and OFF
equality can be easily verified for the noninactivating

//IA,):,Q
IR
30 SRR HIK

/%

-40 0

-120 -80
Membrane potential (mV)

F1GURE 3. Charge-voltage relationship in ShH4 W434F channels.
Qon () and Qppy (O)measured from —120 to 6 mV in 2-mV in-
crements. Qqy was best fitted to the sum of two Boltzmann distri-
butions (Q; = 5 nGC, z = 2.9, V(1,9 = —51.6 mV and Q, = 27.3
nGC, z = 5.6, Vy(1,9) = —41.3 mV, where Q,; and Q, are the ampli-
tudes, V1 9) and Vy(q o) the half-activation potentials, and z and z
the effective valences of the two distributions) and a straight line
(slope 13.7 X 1073 nC - mV™!) to account for the linear capacity of
the oocyte, which was compensated analogically as much as possible
before recording, at a holding potential of —120 mV. The external
solution was NaMES Ca2 and the bottom solution was K-Glu.
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Sh H4 IR W434F
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F1GURE 4. OFF gating currents stepping back to —90 mV after a
depolarization to —30 mV, for ShkH4 W434F and ShiH4 A6-46
W434F. The traces are scaled to the peak. The initial time course
(1) is identical for the two clones, but the second component has a
much slower time course in the case of SAH4 W434F (3) than for
ShH4 A6-46 W434F (2), as one corresponds to a charge return
from an inactivated state and the other from the open state.

Shaker clones since the gating charge fully returns in
<20 ms at —90 mV, as shown by the time integral.
Longer OFF pulse durations are necessary to observe
the full charge return in the inactivating clone due to
the charge immobilization. Previously reported frac-
tions of the total charge that was recovered at —90 mV
were ~0.5 for 30 ms after repolarizations to —90 mV
(Bezanilla et al., 1991; Stefani et al., 19940). In this
work, we recorded unsubtracted gating currents on a
longer time scale for which the complete return of the
OFF charge could be monitored (Fig. 2 A). Qgpy and
Qorr measured every 2 mV from —120 to 6 mV are plot-
ted in Fig. 3 versus the membrane potential. For poten-
tials higher than —35 mV, there is a small difference
between Qg and Qgpy that can be accounted for by a
limited integration interval.

Components of Gating Charge Returning from Closed, Open,
and Inactivated States

At potentials around —30 mV, the difference between
the two nonconducting clones SAH4 W434F and ShiH4
A6-46 W434F is evident when superimposing both OFF
gating currents at —90 mV return potential (Fig. 4).
The initial time course of decay is identical in both
clones (Fig. 4 I). This initial phase is probably due to
the gating charge returning from channels that were
still in a closed state. In fact, for more negative pulse
potentials in which the channels remained closed, OFF
gating currents in both clones have a similar time
course to this initial phase. Fig. 4 shows that, after this
initial component (), there is a slow component that is
much slower in ShH4 W434F (3) than in SEH4 A6-46
W434F (2). The slow component in SAH4 W434F (Fig.
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4 3) should correspond to charge returning from both
open and inactivated channels, while in SZH4 A6-46
W434F (2) it should correspond to charge returning
mainly from open channels.

Separation of Two Components in the ShH4 WA34F
OFF Charge

To quantify Qr and Q,, which corresponds to the frac-
tion of “immobilized” charge, we fitted the decay phase

A Fast and slow components

fitting interval

Fast component

20 ms

w

-30 4
OFF total

O -20 1 ° Q;
£ A Q
fq’) s
S 104

04 kccescndmelieT:

T ¥ T T N T T 1
-140 -100 -60 -20 20

Membrane potential (mV)

FIGURE 5. Quantification of two components in the OFF charge
in SAH4 W434F. (A, top) OFF gating current returning to —90 mV
after a 75-ms pulse to —30 mV. The slow component Q was esti-
mated by fitting the late part of the trace (36-165 ms after repolar-
ization) starting from the cursor and extrapolated to time 0 of re-
polarization (shaded area). The fit was adequate for depolarizing
pulses between —50 and 2 mV maintaining the same time constant
for the slow component. The fast component Q; (bottom) was calcu-
lated by subtraction of this slow component (57 ms) from the total
OFF gating current. For potentials more negative than —50 mV,
we fitted only the fast component. (B) Q;, Q,, and Qppp (o Plot
against the membrane potential. The superimposed lines are si-
multaneous fit of Q; and Q; to a single Boltzmann distribution
(Qrmax = —70C, Vi 9 = =59 mV, z = 3.2, Q, ;. = —25.1 nC,
Viase = —40.7mV, z = 6, where Q. and Q. are the maximal
amplitudes, V9 and V9, the half-activation potentials, and z
and z the effective valences of the fast and slow components, re-
spectively), and of Qqr (o to the sum of these two Boltzmann dis-
tributions.



0 A Bnante
00000000022288 A
o0 A’
%) 10 o o °
£ {000 A
o 02 L
% 20 qJAa A A ‘f
6 1 a DAL A
a ~ ® Qo opa
30 Bonlle °Q,
_ .o..o’..o.u A Qg
-40 L L I e — | L
-150 -100 -50 0
Tail potential (mV)
B 06 -
05 4
°
w 0.4 — L ° [ ]
J 0.3 Te
g ] .
02 - ®e
°
0.1 - ®e0og®
0.0 T T T T i T 1
-150 -125 -100 -75 -50

Tail potential (mV)

FIGURE 6. Voltage dependence of the proportion of Q) and Qyin
ShH4 W434F. (A) After a 100-ms pulse to 0 mV, the two compo-
nents of the OFF gating currents were quantified for repolarizing
potentials from —145 to —25 mV in 20-mV increments, as in Fig. 5.
The total Qqyg, as well as the slow (Q;) and fast (Qr) components
amplitudes are plotted as a function of the repolarizing potential.
(B) The ratio of Q; over the total charge Qupr as a function of the
repolarizing potential has a maximum of ~45% at —145 mV and a
minimum of ~12% at —80 mV.
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FIGURE 7.  Absolute values of Qqpy at different times after repolar-
ization. (A) Unsubtracted records of OFF gating currents for
75-ms depolarizations to —40 (thin trace) and 0 mV (thick trace)
from HP = —90 mV, shown along with the corresponding inverse
of the time integrals (dotted lines). Though the charge moved at —40
mV is smaller than at 0 mV, the fraction of charge coming back in
the first milliseconds is larger, as illustrated by the crossing of the
charge integrals ~8 ms after repolarization. (B) Absolute values of
Qorr measured at different times after repolarization (as shown
next to the data points). For very short times after repolarization,
the charge—potential relationship has a bell shape rather than the
usual Boltzmann distribution because the channels have to reach
the open state (and inactivate) for the charge to be immobilized.

Ficure 8. Time course of
charge immobilization. (A) Un-
subtracted gating currents re-
cordings for a depolarization to 0
mV of increasing duration (0.5—
23 ms in 1.5-ms increments), fol-
lowed by a repolarization to —90
mV (HP = —90 mV). Data were
sampled at 20 kHz and filtered at
4 kHz. (B) Evolution of the ratio
of the fast returning charge over
the total OFF charge as a func-
tion of the depolarizing pulse du-
ration, fitted to a single exponen-
tial of time constant T = 4.4 ms
for this cell. The time constant

ON pulse duration (ms)

630

5

T T T T T T T 1

varies from 3 to 5 ms at 0 mV, as
10 15 20 25

the one of SAH4 ionic currents in-
activation at the same potential.
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of OFF gating currents at —90-mV return potential with
two time constants. The fit was adequate, maintaining
the same time constant for the slow component for dif-
ferent pulse depolarizations ranging from —50 to 2 mV
(Fig. 5 A), indicating that the rate of the slow compo-
nent does not depend on the preceding depolarizing
potential. For pulse potentials more negative than —50
mV, we considered that Qrwas the only component of
the gating charge.

The separation of the two components Q, and Qs il-
lustrated in Fig. 5 A for the OFF gating currents at —90
mV after a pulse to —30 mV. The two components Q¢
and Q, and the total Qg as functions of the mem-
brane potential are plotted on Fig. 5 B. We simulta-
neously fitted Q, and Q; to a single Boltzmann distribu-
tion and Qqyr to the sum of these distributions. The fit-
ted values were Vy = =59 mV, z = 3.2; V, = —40.7 mV,
z = 6, where Vyand V; are the half activation potentials
and z and z are the effective valences for the fast and
slow components, respectively. Q; represents 15-20%
of the total charge. This proportion of Q;, which may
correspond to charge movement return from open and
closed channels, is too large for a strictly sequential
model in which the last inactivated state becomes maxi-
mally populated.

T=43ms (2730 nA)

T =33 ms (135 nA)

Ficure 9. S$AH4 ionic current evoked by a 40-ms depolarizing
pulse to 20 mV, just before and after 24 min of internal perfusion
of an oocyte with NMDG-Glu (400 pl/h). The traces are scaled to
the peak current, with amplitudes indicated next to the corre-
sponding trace. In this cell, ionic current decayed with a time con-
stant of 4.3 ms at the beginning of the experiment, and of 3.3 ms
24 min later, as the peak current was only 5% of the initial one.
The perfusion pipette was placed close to the cytoplasmic face of
the dome membrane. The current was monitored every 5 s, from a
HP = —90 mV. The top and guard solution was NaMES Ca2, the
bottom and perfusion pipette solution was NMDG-Glu. The data
were sampled at 10 kHz and filtered at 2 kHz. A P/—4 protocol
from SHP = —90 mV was used for leak subtraction.
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The Proportion of the Fast Returning Charge Depends on the
Repolarization Potential

To test a sequential model with only one inactivated state
(***o C o O « 1), we investigated whether the ratio be-
tween Qrand Q) depends on the return potential from a
constant depolarizing pulse. The sequential model pre-
dicts that the speed of the return of the charge, but not
the proportion between Q; and Q,, should depend on
the repolarization potential. Fig. 6 A shows the voltage
dependence on the return potential after a 100-ms test
pulse to 0 mV for the total Qppr, Qrand Q,. The graph in
Fig. 6 B shows that the fraction of Q is larger at more
negative repolarization potentials, thus making a linear
sequential model for inactivation unlikely.

A

50 ms At 40 ms, 20 mV
I 1 I —
L 90 mv
Vrec
At=8192 ms
level of prepulse
plateau
\. A . —_——
™ At=1ms \——

_

5ms

600 nA

Ficure 10. (A) Protocol used to evaluate the ionic and gating
currents. A 50-ms prepulse to 20 mV was followed by a recovery
pulse of variable duration (1-8,193 ms) and amplitude (—120,
=90, —70, and —50 mV), and then by a 40-ms test pulse to 20 mV
(HP = —90 mV). The records were made allowing 10 s between
sweeps to avoid inactivation accumulation. The traces are unsub-
tracted. (B) The traces corresponding to recovery pulses of 1 and
8,193 ms are shown. The amount of recovery is estimated by the
difference between the level of the prepulse plateau and the peak
current during the test pulse. (C) Ionic currents after a recovery
pulse to —120 mV of duration 1, 2, 3, 5,9, 17, 33, 65, 129, 257, 513,
1,025, 2,049, 4,097, and 8,193 ms. The data were sampled at 10
kHz and filtered at 2 kHz.



Voltage Dependence of Charge Return at Different Times

It has been shown in Figs. 1 and 2 that large depolariz-
ing pulses (e.g., 0 mV) that populate the inactivated
state greatly slow down charge return. On the other
hand, smaller depolarizing pulses that do not fully inac-
tivate the channels, and populate open and closed
states, have a much faster return of the charge. As illus-
trated in Fig. 7 A, the consequence is that a larger
amount of charge returns in the initial milliseconds of
repolarization after a small depolarization (pulse to
—40 mV) compared with large depolarizing pulse to 0
mV, though the total charge moved is smaller at —40
mV than at 0 mV. Note that the time integrals crossed
~8 ms after repolarization. This behavior is illustrated
in Fig. 7 B, in which we measured Qur at different
times of integration after the repolarization. For inte-
gration times shorter than 8 ms, the charge-voltage
curve peaks at ~—45 mV, and then decays for larger
depolarizing potentials, as expected from slowdown of
the OFF gating as the inactivated state becomes popu-
lated.

Charge Immobilization and Ionic Currents Inactivation Have
the Same Time Course

Charge immobilization has been interpreted as a con-
sequence of the binding of the inactivation particle to

its docking site in the internal mouth of the channel,
preventing the channel from undergoing the deactiva-
tion transitions (Bezanilla et al., 1991). The evolution
of the OFF gating currents after a depolarization of in-
creasing duration supports this hypothesis. This is illus-
trated in Fig. 8 A: we fitted the decay phase of the OFF
gating currents after pulses to 0 mV of different dura-
tion with a two-exponential function. Fig. 8 Bshows the
plot of the Q;/Qqy ratio as a function of the ON pulse
duration. The plot shows a single exponential decay
with a time constant of 3-5 ms, which correlates with
the inactivation time constant of the ionic current of
ShH4 at 0 mV (Fig. 9 shows ionic currents for a pulse to
20 mV with a similar time constant). This result sup-
ports the link between ionic current inactivation and
the slowdown of charge movement.

Internal Potassium Does Not Affect Inactivation Kinetics

External K* is known to lower the apparent affinity of
the inactivation particle for its binding site by a “knock-
off” mechanism (Demo and Yellen, 1991). Internal K*
may also have some influence on fast inactivation; for
instance, as the W434F mutation disrupts conduction,
it may influence the occupancy of an internal K* bind-
ing site(s) and thus modify the kinetics of ball binding.
To assess this possibility, we monitored the ionic cur-
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5 041 s 04
© B ;
S 02 -120 mV S 02 -90 mV
(T . [T
o ¢ : : , 0 : . ,
0 200 400 600 0 200 400 600
Recovery duration (ms) Recovery duration (ms)
Ficure 11. Comparison of the
recovery of ionic current and gat-
1 1 ing charge at different potentials.
> > Ionic currents and gating charge—
0>) 0.8 | g 08 pormalized recoveries are super-
8 8 imposed for recovery potentials
0 06 o 061 of =120, —90, —70, and —50 mV
S -2 5 : (n = 10 for ionic currents and 3
c c for gating currents; error bars =
ke 0.4 o 0.4 1 *SEM). The overall time courses
g g are close to the two types of cur-
= 0.2 70 mV & 0.2 - 50 mV rents for recovery at —120 or
—90 mV. However, at more de-
0 . r ) 0 : - s polarized recovery potentials, the
ShH4 ionic currents recover
0 200 400 600 0 200 400 600 faster than ShH4 W434F gating

Recovery duration (ms)

Recovery duration (ms)

currents.
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rents of conducting S#H4 channels while internally
perfusing the oocytes with NMDG-Glu, giving a pulse to
20 mV every 5 s. The inactivation time constant was
practically unaffected by lowering internal K* (Fig. 9).

Recovery from Inactivation of Ionic and Gating Currents in
Low External K*

The comparison of the recovery time courses of the
ionic and gating currents gives us more insight on the
inactivation mechanism and the underlying kinetic
scheme, through the voltage dependency of the transi-
tion(s) involved and the number of components. ShH4
W434F channels have identical gating currents in low
(0 or 2 mM) and isotonic external potassium. In a con-
sistent way, their recovery from inactivation is not af-
fected, though the recovery of the ionic currents is
faster in isotonic potassium than in low external potas-
sium (Demo and Yellen, 1991). This supports the view
that external K* destabilizes the binding of the “ball
peptide” to the inner mouth of the channel. This effect
was not observed in $ZH4 W434F mutant, possibly due
to lack of conduction that prevents the accessibility of
external K* to the inner mouth. Thus, the time course
of recovery of charge movement in SAH4 W434F may
correspond to a recovery in low external K* for the
conducting clone, and the recovery experiments were
performed accordingly in 2 mM external K*.

Fig. 10 A shows the protocol to obtain the time
course of recovery of the ionic (SAH4) and gating
(ShH4 W434F) current after a 50-ms prepulse to 20
mV. Fig. 11 shows the different time course of recovery
of the ionic and gating currents for different recovery
potentials. For negative recovery potentials (—120 and
—90 mV), there is a good correlation in the recovery time
course of ionic and gating currents. On the other hand,
at more positive recovery potentials, the gating currents
recover at a much slower rate than ionic currents.

The ionic current recovery has a two-exponential time
course with a predominant fast component (Demo and
Yellen, 1991). The fast component is exponentially de-
pendent on voltage (effective valence x5 = 0.39, n =
13-15, Fig. 12 A, @).

Two exponential components are needed to account
for the recovery of the charge. The faster one corre-
sponds to values from 20% (at —50 mV) to 50% (at
—120 mV) of the total charge. The voltage dependence
of this component corresponds to a 20 of 0.49, n = 4
(Fig. 12 A, OJ), which is slightly higher than the one
measured from the ionic currents recovery.

The voltage dependence of the slow rate could not
be fitted to a single exponential, indicating that it may
correspond to several rates that make up a composite
pathway of recovery (Fig. 12 B). The data points could
be described by two exponential rates with z8 values of
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Ficure 12. Voltage dependence of the recovery rates. (A) The
rate of fast recovery of the ionic current (n = 13-15; *SEM) and
of the gating current (n = 4; ZSEM) are plotted as a function of
the recovery potential. Each component was fitted to a rate that is
an exponential function of the potential. The fitted 28 of ionic and
gating current fast components are similar (0.39 and 0.49, re-
spectively). The values of the rates are (s7'): 67.4 £ 3.5, 47.7 =
9.2, 28.6 = 1.6, and 22.0 = 1.2 for the ionic currents, and 124 *=
7.5,83.7 = 15.6,43.9 + 7.8, and 26.0 = 4.28 for the gating currents
(mean * SEM). (B) The rate of slow recovery of the gating cur-
rents (n = 4, =SEM) is plotted as a function of the recovery poten-
tial. The values of the rates are (s7!): 26.6 = 4.4,16.9 = 0.6, 7.11 =
0.54, and 1.65 * 0.15 (mean = SEM). The data points cannot be
fitted to a single exponential function of the potential. The two
lines on the graph correspond to rates with z8’s of 0.4 and 1.7.

1.7 and 0.4. zd = 1.7 corresponds to the z3 of the gating
charge recovery in the noninactivating mutant SAH4
A6-46 W434F channel, in equivalent experiments (data
not shown).

Recovery of Ionic Currents in Isotonic K*

Demo and Yellen (1991) reported that high external
K* speeds the recovery from inactivation of the ionic
current of SZH4 channels, which follows a mostly sin-



gle-exponential time course close to the fast compo-
nent of the recovery in low potassium. They showed
that this recovery occurs mainly through the open state
by studying the single-channel tail currents. In our ex-
periments, the recovery was well described by a single
exponential function, though a two-exponential func-
tion gave a better result. Both the rate from the single
exponential fit and the rate of the fast component from
the two-exponential fit are faster than the rate of the
fast component of recovery in 2 mM external K*. The
voltage dependency of both rates was similar but some-
what smaller than the one measured in low potassium
(zd = 0.3 vs. 0.39).

DISCUSSION

The pore mutation W434F is a powerful tool to study
the gating currents of Shaker K* channels in K*-con-

Model 1A

taining solutions. Perozo et al. (1993) reported that
ShH4 A6-46 W434F channels have gating currents simi-
lar to those of ShH4 A6-46 channels as recorded in po-
tassium-free solutions using NMDG as the main cation
(Bezanilla et al., 1991; Perozo et al., 1992), and that
these mutant channels still undergo a close-to-open
transition as shown by the charge immobilization in-
duced by internal TEA (tetraethyl ammonium). We re-
port here that similar results are true for the fastinactivat-
ing SAH4 channel. The charge immobilization induced
by the NHy-terminal inactivation ball is seemingly unaf-
fected by the mutation, and its time course matches the
time course of the ionic current inactivation. The ab-
sence of contamination by ionic current allowed us to
monitor the full charge return using long OFF pulses
of 165 ms. This increased resolution helped us to assess
how often the recovery from inactivation must take
place through the open state.

Model 1B
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Ficure 13. Different kinetic schemes used to simulate ShAH4 fast inactivation properties. Models 1A, 2, and 3 are derived from a sequen-
tial model developed for ShH4 A6-46 and ShiH4 A6-46 W434F channels (Bezanilla et al., 1994; Roux et al., 1995). A flicker state C;has been
added, as described in Zagotta et al. (1994). The values of the parameters controlling the transitions involving inactivated states were deter-
mined through a visual fit to the experimental data. See Table I for the values of the parameters. Model 1B is the model proposed to ac-
count for SiB A6-46 ionic current by Zagotta et al. (1994), with the addition of one fast inactivated state Iy. The value of the 6 parameter
was set to 1, because our deactivation rate (SkH4 A6-46 and ShH4) was much faster than the rates reported by Zagotta et al. (1994). The in-
activation parameters values used were the same as for Model 1A (see Table I).
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Modeling the Inactivated States

Model 1. Many aspects of the data are inconsistent with
the predictions of a model with only one inactivated
state in sequence with the open state: =+ C « O « I\.
For example, although Model 1A (Fig. 13) predicts
ionic current similar to the data (compare Fig. 14, A
and D), it does not predict the two components of the
ionic current recovery after inactivation (Fig. 15 A). We
tested two versions of Model 1 differing in their activa-
tion pathway. The first was a sequential linear model
(Fig. 13, Model 1A, and Table I) derived from Bezanilla
et al. (1994). The second model (Fig. 13, Model 1B)
considers four subunits, each with three states (Zagotta
et al,, 1994). Both types of models predict very similar
ionic currents. However, they failed to predict the com-
ponents of the OFF charge movement.

As shown in Fig. 6, we quantified two components in
the OFF gating currents as a function of the repolariza-
tion potential, after a depolarization of 100 ms to 0 mV.
The evolution of the ratio Q;/Qgyr is shown in Fig. 15 D
for Model 1A (O). In this model, the ratio is very close
to zero because the OFF gating current has one major
slow component with nearly no detectable fast compo-
nent. The discrepancy is even larger in Model 1B (not
shown). It is then not surprising that the kinetics of
OFF gating currents (Fig. 16 D) are not predicted by
Models 1A and 1B (Fig. 16 A).

Model 2. Baukrowitz and Yellen (1995) demonstrated
that closed-state (C) inactivation is not negligible in
ShH4 even during short depolarizations: pore occlu-
sion by the inactivation ball favors the unbinding of po-
tassium ions from an external binding site whose occu-

A B
?! Model 1A Model 2
C D
4uA
Model 3 Data
10 ms

F1GURE 14.  (A-C) Ionic current traces predicted by Models 1A, 2,
and 3, respectively, shown in Fig. 13. Traces are obtained from
—90 mV holding potential; depolarizations are from —40 to 40 mV
in 20-mV increments. (D) Ionic current traces recorded in the
same conditions as simulated data shown in A-C (2 mM external
K*, 120 mM internal K*, sampled at 10 kHz and filtered at 2 kHz).
The traces were scaled to the peak current value at 40 mV.

pancy influences the stability of the C-inactivated state.
Therefore, a linear model must be extended to con-
sider at least one other inactivated state in series with
the first one: = C & O o Iy o I (Fig. 13, Model 2). As
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§ 08 § Figure 15. (A-C) lonic current recovery pre-
2 o6 2 dicted by Models 1A (A), 2 (B), and 3 (C) (solid
g 04 g lines), respectively, superimposed to the same data
-% ' -% set of ionic current recovery (mean * SEM) for
g 02 © recovery potentials of —120 (@), —90 (O), =70
w 0.0 . ] (A), and —50 (A) mV. Both simulation and ex-
0 50 100 150 200 250 300 0 50 100 150200 250 300 perimental data correspond to recovery after a
Time of recovery (ms) Time of recovery (ms) conditioning pulse of 50 ms to 20 mV. (D) The ra-
C D tio of Qy over the total charge Qg is plotted as a
function of the repolarizing potential. After a 100-
> 10 06 A ms pulse to 0 mV, the membrane was repolarized
9 0.8 s 05 .‘ A to potentials between —150 and —70 mV, and the
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8 2 04 "‘.Q N fast and slow component of charge return were
-g 06 = 03 24 quantified for the experimental data (@), for the
S 04 OO 0.2 A A linear sequential model (Model 1A) (O), for the
B MODEL 3 ~ 01 ®eoed two inactivated states model (Model 2) (A\), and
L‘LE 02 C 0.0 ©ooo 0C00O0O for the five inactivated states model (Model 3) (A).
0.0 Model 1A does not fit the experimental data,
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the experimental data.
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F1GURE 16. (A-D) OFF gating current evoked by repolarization

to potentials from —150 to —70 mV in 10-mV increments, after a
20-ms depolarizing pulse to 20 mV from a holding potential of
—90 mV, as predicted by Models 1A (A), 2 (B), and 3 (C), or as re-
corded experimentally (D). Predicted data and experimental data
were generated/sampled at 10 kHz and filtered at 2 kHz. The data
were normalized according to the amount of gating charge mov-
ing during the depolarizing pulse. (£ and F) ON gating current
evoked by depolarizations to potentials from —50 to 10 mV in
20-mV increments from a holding potential of —90 mV, as pre-
dicted by Model 3 (E) or as recorded (F). Data were generated/
sampled at 10 kHz, filtered at 2 kHz, and normalized to the peak
gating current at 10 mV.

with the two previously described models (1A and 1B),
Model 2 also makes a good prediction of ionic currents
in the —40 to +40 mV range (Fig. 14 B). In addition, it
predicts fairly well the ionic current recovery for the
four studied potentials (—120, —90, —70, and —50
mV), as shown in Fig. 15 B. This model predicts a volt-
age dependence of the Q;/Qqpy ratio closer to the data
than Model 1A (Fig. 15 D); however, it still shows less
voltage dependence than the data. Finally, the OFF gat-
ing current kinetics and recovery characteristics shown
in Fig. 16 B are poorly predicted by this model.

One possible explanation for these discrepancies
could be that gating current data were recorded from
the W434F mutant channel while ionic currents were
recorded from the wild-type S#H4 channel. Yang et al.
(1997) reported that tandem tetrameric constructs
containing one or two Shaker subunits with the W434F
mutation showed rapid inactivation with C-type inacti-
vation characteristics and proposed that W434F mutant

channels are predominantly found in an inactivated
state. However, our data shows a high level of similarity
between the gating current of SkH4 channels recorded
in potassium-free solutions and those of SAH4 W434F
channels, indicating that the wild-type and mutant
channels should have similar inactivation properties in
low external potassium.

Model 3. It is quite possible that inactivation recov-
ery takes a different route. This can be accounted for
by the addition to Model 2 of a parallel pathway for in-
activation recovery, similar to what has been proposed
for the sodium channel inactivation (Armstrong and Be-
zanilla, 1977; Vandenberg and Bezanilla, 1991) or for
Shaker fast inactivation (Bezanilla et al., 1991; Bezanilla
and Stefani, 1996). The existence of deeper N-inacti-
vated states is supported by the influence of the L3821
mutation on the activation and inactivation kinetics of
Shaker channels, interpreted as enhanced closed-state
inactivation (Ayek and Sigworth, 1997), as well as the
influence of hyperpolarization on the proportions of
fast and slow components of ionic current recovery
(Kuo, 1997).

To decrease the number of free parameters in Model
3 (see Fig. 13), the voltage dependencies were con-
served between parallel transitions. In addition, slow in-
activated states were simplified into a single state (Ic).
The ON and OFF rates of a given transition between
two Iy states were destabilized or stabilized by an en-
ergy factor that represents the affinity of the inactiva-
tion particle for the consecutive state of activation, sim-
ilar to the model proposed by Olcese et al. (1997).

Model 3 predicts the ionic current kinetics for short
depolarizations as well as their recovery in the —120 to
—50 mV range (Figs. 14 C and 15 (). It predicts the
voltage dependence of the Q/Qqpy ratio at potentials
more negative than —110 mV (Fig. 15 D, A). The mod-
eled ON gating current kinetics match the data (com-
pare Fig. 16 E, prediction, and 16 F, data), while the
OFF gating current kinetics show small discrepancies
(compare Fig. 16 C, prediction, and 16 D, data).

The voltage dependence of the p rate in our model
(zd = 0.2) is lower than the observed voltage depen-
dence of the fast rate of ionic current as well as gating
current recovery measured in low external potassium
(zd of 0.39 and 0.49, respectively). A zd of 0.4, though
high, could be compatible with the ball unbinding, the
rate limiting step being the O ~ Iy transition and/or
any of the G « Iy transitions. It may be noted that the
C < Otransition has a z8 = 0.4 (Roux et al., 1995). It is
highly unlikely that this transition is rate limiting for
the recovery of ShH4 channels, but the equivalent tran-
sition between Iy and Iy could be a limiting step in the
fast recovery at all potentials as well as in the slow
charge recovery at very negative potentials (—120 and
—90 mV). At potentials closer to the opening threshold
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of the channels, another transition becomes rate limit-
ing. A 28 of 1.7 points toward the C; « G transition
(and/or the corresponding parallel Iy; « Iyg transi-
tion), which is the most voltage-dependent step in the
deactivation pathway (Bezanilla et al., 1994; Sigg et al.,
1994).

In high external K*, the Iy — O transition is acceler-
ated by the K™ knock-off effect on the inactivation ball
(Demo and Yellen, 1991), the Iy - I transition is
slowed down (Baukrowitz and Yellen, 1995); therefore,
Models 2 and 3 can be simplified into Model 1. In this
case, the recovery from inactivation proceeds mainly
through the open state.

Since the W434F mutation prevents ionic conduc-
tion, one may expect some differences on the kinetics
of recovery compared with the wild-type channel, be-
cause the population of a C-inactivated state should be
favored. As expected, no speeding up of the charge re-
turn was observed in isotonic potassium: a nonconduct-
ing channel should not exhibit knock off. In contrast,
the recovery of the ionic currents observed in the wild-
type channel is faster in high external potassium (120

mM) than in low external potassium (0 or 2 mM)
(Demo and Yellen, 1991).

In summary, Models 2 and 3 can adequately describe
the installation and the recovery of ionic current inacti-
vation. Model 3 gives a better prediction of the OFF
gating current and the ratio Qy/Qoyr (o fOr return po-
tentials more negative than —110 mV, favoring the
presence of a set of parallel N-inactivated states. An im-
plication for this model is that a fraction of this charge
can be recovered upon repolarization while the cyto-
plasmic mouth of the channel is still occupied by the
ball peptide. In this regard, the validity of Model 3 is
also supported by the experimental findings of Demo
and Yellen (1991) that observed some recovery via a si-
lent pathway (particularly at hyperpolarized potentials)
that allows channels to close while inactivated. The
good correlation in the time course of recovery of ionic
and gating current at negative potential suggests that
ShH4 and ShH4 W434F may undergo similar conforma-
tional changes during recovery at hyperpolarized po-
tentials.
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