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The two alternative carboxyl-termini of Shaker K* channels strongly influence the rates of inactivation and of recovery from channel inactivation.
We show that this distinct inactivation behaviour is due to an alanine/valine amino acid replacernent within the Shaker carboxyl- terminus at a
site that occurs within the proposed membrane spanrung segment $6,
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1. INTRODUCTION

The  Shaker (Sh) locus in ‘the Drosophila
melarnogaster genome encodes a family of voltage-gated
potassium channels [1-4]. Extensive ¢cDNA analysis in
several laboratories has identified so far 10 members of
this potassium channel family [5-7]. The deduced pro-
tein sequences have five variant amino-termini, a com-
mon core region and two carboxyl-termini which are
alternatively used. The expression of each protein in
Xenopus oocytes induces the formation of functional
K* channels [1-4,8,9]. Their characterization has in-
dicated that they have variant electrophysiological pro-
perties. In particular, the kinetics of activation and in-
activation as well as the recovery from inactivation are
remarkably different among the various members of
the 84 K * channel family. Recently, it has been shown
that the amino-terminal sequences of 8§/ proteins have

. a profound influence on the kinetics of channel closure
[4,9-11]. Both, natural variants and point mutations in
the amino-terminus convert a rapidly inactivating into a
slowly inactivating K* channel. These results suggested
a model where the amino-terminus contains a
cytoplasmic domain that interacts with the open chan-
nel to cause inactivation [10].

Also, the alternative carboxyl-termini play an impor-
tant role in the kinetics of inactivation. Based on
macroscopic current analysis, it has been suggested that
the carboxyi-termini differently stabilize the inactivated
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states [9]. This might reflect the different rates at which

" therespective S K * channel recover from inactivation.

We have carried out a mutational analysis in order to
define the carboxyl-terminal domain involved which
possibly serves as a receptor for the amino-terminal in-

activation gate.

2. MATERIALS AND METHODS

2.1, In vitro mutagenesis and cRNA sythesis

The point mutation ShAZ2-Al463/464VV was introduced into
pAS18-A2 [4] with the method of Herlitze et al, [12] using the muta-~
tion' primer Al463/7464VV: TCACTTTGTGTICGTTGCTGGCGTG
to mutate the Nsit/Hindll fragment (nt 1256-2151) of pASI8-A2,

" which then replaced the wild-type fragment in the starting clone.

Construction procedure for pASI8-A1 was the same as described
for pASIB-A2 4] except that the carboxyl-terminus of $h class |
members  (©DNAS in [6]) was used, SAAI-V464l and
ShA1-VV463/464A1 were generated as described in {13) using the
mutation primers’ V4641:GTCGGCTCACTITGTGTGATCGVTG:
GTOTGCTG; VV463/464AL TCTTTGTGCGCGATCGCTGGTG-
TG. The mutated Nsil/AspT718 fragments (nt 1292-1419) werc cloned
into Nsil/Asp718 cut pAS18-Al to replace the wild-type fragment.
Mutant c¢lones were controlled by sequencing.

The construction of the chimeric ShA/RCK 1 cDNA will be describ-
ed elsewhere (Stocker et. al, manuséript in  prepacation),
pAS!8.clones were linearized at the EcoRl| site for cRNA synthesis ac-
cording to a standard protocol [14).

2.2, Electrophysiology

Xenopus 1aevis ootyles were injecled with cRNA and incubated for
2-1 days at 19°C [135]. All experiments were done at 20°C in normal
frog Ringer solution of the following compasition (in mM): NaCl L15,
KCl 2.5, CaCly 1.8, Hepes 10, pH 7.4. The kinetic properties of Sh
chunnels were determined from macro-patch recordings in the cell at-
tuched configuration of the patch clamp technique {15) using an
EPCT (List). The cocyie inside potetitial was.controlled by a separate
electrode filled with 1 M KCl.

To determine the steady-state activation parameters, the func:ion‘
GV m G/ 1L +expl{ V¥ = Vi/a)l was Titted 10 the canductance
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values at each potential. The reversal potential was assumed to be
-100 mV. Steady-state inactivation parameters were analyzed by fit-
ting the function G(¥)=Gma/{1+expl(V- V4)/a)] to the data
points, using prepulses lasting 500 ms (test-pulse: + 20 mV). Recovery
from inactivation was measured using a conventional two-
microelectrode voltage clamp. To estimate 7 the function 1/1max =

Co - €1 x exp(t/mr) was fitted to peak maxima at various times. Co .

equals maximal recovery, Ci=1/Inax at ? = O. All current data were
filtered with 2 kHz (3 dB), low pass, and digitalized with 100 ps. Leak
and capacitive currents had been subtracted using the P/4 method.

3. RESULTS

In this report we describe the properties of K* cur-
rents which are elicited in the Xernopus oocyte expres-

sion system by SHA1 (SAA in [5]) and SAA2 (ShB in [5]

or ShH4 in [7] protein, respectively. Both $/ proteins
have the same amino-terminus ‘A’. They differ in the
carboxyl-terminal sequence, which corresponds either
to the one of terminus 1 or terminus 2 as illustrated in
Fig. 1A, The present topological model of K* channel
subunits proposes that the protein contains six
_segments, S1—S6, which transverse the membrane. An
additional hydrophobic region, HS5, is probably the
pore forming region tucked into the plane of the mem-
brane between S5 and S6 [16—18]. The alternative
carboxyl-termini start in front of the sixth putative
transmembrane segment. The two alternative 56
segments differ in one amino acid at position 463
(valine vs alanine) (Fig. 1C). The alternative
cytoplasmic sequences behind segment S6 differ at
many places both, in sequence and in length (Fig. 1C).

The injection of S#ZA1 ¢cRNA into Xenopus oocytes
leads to the expression of transient outward currents
elicited by depolarizing steps to positive test potentials.

Time course and voltage-dependence of activation were -

determined by measuring ensembele K* outward cur-
rents in cell-attached macro-patches (Fig. 2, Table I). In
agreement . with previous reports [1,2,8,9], which
described whole-cell current recordings, these currents
completely inactivate within 30 ms. The threshold of ac-
tivation was at -40 to -50 mV. The current risesat O mV
test potential from 10% to 90% of peak amplitude in
1.9 % 0.5 ms (n=25). The voltage of half-maximal ac-
tivation Va,,, was -20.9 + 14.7 mV (n=75) and the
voltage change for an e-fold increase in ensemble con-
ductance a, was 15 + 1.5 mV (n=75). The injection of
ShA2 ¢cRNA into Xenopus oocytes leads to the expres-
sion of similarly transient outward currents (Fig. 2,
Table 1) in agreement with previously published data
(1-4]. In contrast to ShA1 currents, SHA2 currents have
a component representing 16.5 £ 7 (n=9) of the tran-
sient peak current after a 200 ms pulse to +20 mV,
which inactivates in the time range of seconds.
Therefore, S#A2 currents have a fast and a slow inac-
tivation component (Table I). ~ -

The most significant difference between ShAl and
ShA2 currents is the different time course of recovery
from inactivation. The time courses were determined in
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Fig. |. General structure of ShA1 and AZK™* channels. (A) Boxes il-
lustrate the amino-terminal domain A connected to the core region C
common to all S# K* channel-forming proteins and the alternative
carboxyl-termini 1 or 2. Box lengths are approximately 1o scale. Bar
at lower right corresponds to 20 :amino acids. Code for the
nomenclature of other laboratories: ShAl = ShA [1,5,8]; ShA2 =
SHB [1,5,8] or ShH4 [2,7,9]. (B) Topological model of S K * channel
subunits inserted into the membrane having the N- and C-termini on
the cytoplasmic side of the membrane. Segments 31 to 86 are possibly
membrane spanning hydrophobic segments [6]. Segment HS is pro-
bably tucked into the plane of the membrane being part of the con-
duction pathway [16-18]. Arrow indicates the splice site from which
the alternative carboxyl-termini of ShAl and SAA2 start. (C) Se-
quence alignment of the deduced S# carboxyl-terminal protein se-
quences 1 and 2 [5-7]. Identical amino acids are indicated by dots.
Dashes indicate gaps introduced for maximum sequence alignment.
Numbers on the right and left hand side give the first and last amino
acid residue number of the alternative carboxyl-terminal sequences.
The sequence is given in a standard one letter code. Above residue 464
a valine in brackets marks a polymorphism between genomic DNA
and cDNA-derived Sh sequences [5-7]. The hydrophobic segment S6
is delineated by a black bar.

two-pulse experiments (Fig. 2C,D). S/ currents were
elicited by a pair of identical test pulses sepatated by a
variable time, . The first control test pulse to +20mV
elicits a large Ix appropriate for fully active Sk chan-
nels. The test pulse is long enough to activate and inac-
tivate the SA channels. Then the membrane is repolar-
ized to -120 mV to initiate the removal of inactivation.
Finally the second test pulse to +20 mV determines
how far the recovery has proceeded after different
times. As the intcrval between pulses is lengthened, the
test Ik gradually recovers toward the control size (Fig.
2E,F). The recovery from inactivation is approximately
described by an exponential function {I/Inax = Co-Cy
x exp(t/rr)], where 7y is the time constant of recovery
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Fig. 2. Inactivation behaviour of SA1 and ShA2 currents. Families of outward currents in response to <lepolarizing steps recorded from a macro-

patch in the cell-attached configuration. (A) SHA1; (B) ShA2. The traces are responses to 100-ms voltage steps from -80 to 20 mV in 10-mV in-

crements from a holding potential of =80 mV as indicated by the pulse protocol on top. (C,D) Two-pulse experiments measuring the time coursc

of recovery from ShAt (C) and ShA2 (D) channel inactivation. A sample pulse protocol is given on top of the first current trace. Holding and

interval potentials were at -80 and ~ 120 inV. The first and second test pulse were to + 20 mV, Interval times are indicated in milliseconds below

_ each current trace. (E,F) Recovery curve shows the relation belween recovery interval in ms versus the fraction of ShA 1 (E) or of ShA2 (F) current
’ which has recovered in that time. :
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Table 1
ShA2 ShAl ShA2-A1463/74VV ShAI-VV463/4Al
Vg (mV)? -18.7 = 13.8(7) -20.9 + .14.7 (5) -23.9 + 14.7 (6) ~11.7 + 8.5 (7}
an (mV)® 12.2 = 2.5(7) 15.0 + 1.5 (%) 12.5 + 4.0(6) 14,5 £ 2.6 ()
{n (ms)© 0OmV 1.92 £ 0.37(9) 1.88 + 0.47(8) 1.52 + 0.28¢(7) 2.32 + 044 (9)
20mV 1.48 = 0.27 (9) 1.36 & 0.47 (5) 1.08 £ 0.22 (1) COLT3 £ 0.27(9)
Vi (mV)* -41.5 + 13.8(6) -54.7 + 20.8 (4) -58.6 + 14.8 (6) -34.2 £ 10.2 (5)
an (mV)* -4.7 £ 2.0 (6) -9.0 + 4.7 (4) -5.9 + 2.3(6) 6.2 = 1.6 (5)
13.25
(%) o0mV 6.0 = 3.0 (3) 27.0 + 12.0(4)
lpeak .
20 mv 5.2 £ 2.0(3) 17.0 £ 7.0 4)
lo.2s
(%o)® omV 229 £ 10.7(9) 33.0 £ 9.0(7)
Ipeuk
20 mVY 16.5 = 7.0 (9) . : 260 £ 8.0(7)
711 (ms)! OmyVv 8.4 + 3.5(7) 7.4 £ 6.1 () 5.5+ 1.9(8) 9.8 = 2.1(8)
20 mV 6.4 + 2.0(7) 6.3 = 3.4 (3) 43 £ 1.4(8) 87 + 2.3(8)
71z )" omV 2.1 097 0.10 £ 0.01 (2) 0.14 + 0.11 (8) 2.51 = 0.7(8)
20 mV 1.62 + 0.2 (7) 0.08 + 0.02 (3) 0.09 + 0.04 (8) 1.59 + 0.34 (B)

Numbers in parenthesis refer to number of experiments.
Refers to test potential in mV where the conductance increase has reached one-half of its maximal value. The conductance was calculated for

each potential by dividing the current amplitude by the driving force. The potassium reversal potential was calculated to be -100 mV, Ensemble
current recording from macro-patches, Voltage steps were made:from -80 mV holding potential.

b Refers to slope of normalized conductance-voltage relation. Its value corresponds to the change in test potential (in mV) to cause and e-fold
increase in conductance.

¢ Refers to rise time of ensemble patch currents from 10% to 90% of the final current value, It was measured at 0 mV and 20 mV test potential
following step changes from -80 mV holding potential.

4 Refers 1o prepulse membrane potential in mV at which the current response to a step to 20 mV test potential is 50% of its maximal value. Prepulse
duration is 500 ms. Holding potential was -80 mV. Ensemble currents from macro-patches.

¢ Refers to slope of steady-state inactivation curve, Change in prepulse membrane potential (in mV) to cause an e-fold reduction in the size of
response to a test pulse to 20 mV,

"2 Refer to ratio of peak amplitide to amplitude at the end of a 3.2 s (f) or 200 ms (g) pulse at O and 20 mV test potential, Holding potential was

-80 mV.
" Refers to decay time constants of inactivation at 0 and 20 mV test potential. Holding potential was -80 mV.

from inactivation. With interval pulses at -120 mV,:the
values of 7r for ShAA1l and SAA2 K* currents were
-~ 400 ms and 20 ms, respectively. This result indicates
that SAA2 channels recover from inactivation ~20
times faster than ShA1 channels,

The domains which determine the different rates of
recovery from inactivation in SAAl and ShA2 were
defined by a mutational analysis. Firstly, we introduced
behind segment S6 a bulk substitution of amino acid
residues which are not identical between SAAl and
ShA2 in the carboxyl-terminus. This was accomplished
by a replacement of the Sh carboxyl-terminus with the
carboxyl-terminus of RCK1 [19], a K* channel, which
very slowly inactivates in the min time range and im-
mediately recovers from inactivation [20]. The resulting
chimeric SAA/RCK1 K* channel protein had an SZA2
like segment S6, but behind segment S6 a carboxyl-
terminal sequence which differed to ShA2 at all the
positions where the SZA2 sequence is different from the
ShAl sequence. The chimeric SAA/RCK! channels
mediated transient outward currents which were very
similar in their kinetic behaviour to S#A2 channels.
Also, a residual steady-state current representing
~ 15% of the transient peak current was observed (data
not shown). A detailed description of the properties of
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this chimeric SAA/RCK! K* channel will be given
clsewhere (M. Stocker et al., manuscript in prepara-
tion). The most likely interpretation of these results was
that the carboxyl-terminal sequences behind segment S6
are not directly involved in K* channel activation and
inactivation. Consequently, the differences in ShAl
and ShA2 segments S6 are probably responsible for the
different inactivation behaviour of ShA1 and SAA2 K*
channels. This hypothesis was tested by introducing
reciprocal point mutations into ShAl and ShA2. An
ShA channel protein with an SAA2 like segment S6
having the sequence Al at positions 463 and 464, was
generated by in vitro site directed mutagenesis of ShAl
cDNA to ShAA1-VV463/4Al (see Methods). Converse-
ly, an ShA2 channel protein with an S#A1 like segment
S6 having the sequence VYV at positions 463 and 464,
was generated by in vitro site directed mutagenesis of
ShA2 cDNA to ShA2-Al463/4VV,

Injection of ShA1-VV463/4A1 cRNA into Xenopus
oocytes elicited the expression of transient outward cur-
rents with SAA2 like properties (Table I). Most notably,
the inartivation behaviour of ShA1-VV463/4A1 -
channels was like that of ShA2 channels (Table I, Fig.
3). Currents did not fall to baseline at the end of a 200
ms test pulse (Fig. 3A). The slowly inactivating compo-
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Fig. 3. Inactivation behaviour of ShA1-VV463/4Al and of ShA2-Al463/4VV currents, Families of outward currents in response to depolarizing
steps recorded from a macro-patch in the cell-attached configuration. (A) ShA1-VV463/4Al; (B) ShA2-Al463/4VV, Experimental protocol as in
Fig. 2. (C,D) Two-pulse experiment measuring the time course of recovery from ShA1-VV463/4Al (C) and SAA2-Al463/4VV (D) channel inactiva-
tion, The pulse protocol is as in Fig. 2, Interval times are indicated in ms below each current trace. (E,F) Recovery curve shows the relation between
recovery interval in ms versus the fraction of S#A1-VV463/4 (E) or of ShA2-A1463/4VV current which has recovered in that time.

nent was 26 + 8% (n=7) of the transient peak current
measured at 20 mV test potential. Also, the rate of
recovery from inactivation as determined in two-pulse
experiments (Fig. 3C) was like the one of ShA2 cur-
rents, With interval pulses at -120 mV a value for 7r of
12 ms was obtained for recovery from inactivation (Fig.
2E). This rr value is very similar to the 20 ms for
recovery of SAA2 currents (Fig. 2). Conversely, injec-
tion of ShA2-Al1463/4VV ¢cRNA into Xenopus oocytes

elicited the expression of transient outward currents
which were similar to ShA1 currents (Table I, Fig. 3).
Now, the inactivation behaviour was like that of ShAl
currents (Fig. 3B). The ShA2-A/1463/4VV currents in-
activated completely like ShA1 currents and the rate of
recovery from inactivation was as slow as that of ShA1
currents (Fig. 3D,F). The value of rg which was deter-
mined in two-pulse experiments with interval pulses at
-120 mV for removal of inactivation from
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ShA2-Al463/5VV channels, was 390 + 235 ms, For
comparison, the rr value for removal of inactivation
from ShA1 channels (Fig. 2E) was 360 + 140 ms. These
results indicate that the sequence difference between
- segment S6 of S#A1 and ShA2 is primarily responsible
for the different inactivation behaviour of §hAl and
ShAZ K™ channels. Since ShA1~V4641 cRNA express-
ed in oocytes SAA1 like currents (data not shown), most

likely the replacement of valine-463 to alanine suffices °

to impose ShAl like properties on §#A2 and vice versa.
It should be noted that the genomic sequence of $4 in-
dicates only a difference in segment S6 sequences which
corresponds to the. valine-463/alanine exchange [6].
The additional occurrence of valine in derived carboxyi-
terminus 1 sequences might be a cDNA cloning artefact
or a Drosophila strain polymorphism. Also, sequencing
of PCR products of ShAl and ShA2 mRNA of a
Drosophila Oregon R strain vields for both segments S6
at position 464 an isoleucine (data not shown).

The rate of recovery from inactivation of Na* chan-
nels is found to be voltage-dependent with a maximum
at -60 mV near the normal membrane resting potential.
Twr of recovery from inactivation of the SA channels
also depends on the recovery potential. The two-pulse
experiments described in Figs. 2 and 3 were repeated
with interval pulses at more positive potentials. At in-
terval pulses more positive than -30 mV, it is difficult to
separate rapid inactivation and recovery from inactiva-

tion in macroscopic current measurements. Therefore,

recovery potentials in the two-pulse experiments ranged
from -130 to -30 mV. A plot of 7 against the recovery
potential for SAA2 and ShAI-VV463/4A1 channels
shows similar bell-shaped curves (Fig. 4). The voltage-
dependence of 7g is not apparently affected. Maximum
values of 7r were measured at -40 mV recovery poten-
tials near the threshold of Sh channel activation. The
corresponding voltage-dependencies of® rr for ShAl

__ 60 {600

3 | £
" 3
$ a0} Ja00 £
= 204 200

£ ¢
o . -

-130 -110 -80 -70 -50 -30
Recovery Potential (mV)

Fig. 4. Voliage-dependence of the time constanit rg or recovery from
inactivation measured as in Fig. 2 and 3. Puise protocals were as in
Fig. 2 and 3 except that the recovery potential was varied from -130
to =30 mV. Scale of 7x on the Jeft is for recovery of ShA2 (@) and
ShAL1.VV463/4A1 (O) channels; scale of rg on the right is for
recovery of SAAL (@) and SHA2-AL463/74VY () currents.
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and ShA2-Al463/4VV-channel inactivation were not
determined. The times to recover toward the control
size of ShA] and ShA2-Al463/4VV-currents became so
long (>10 s) with interval pulses above —100 mV that it
was impractical to determine 7r at more positive
recovery potentials. At recovery potentials of -130 to
-100 mV, however, 7g is found to be voltage dependent
similarly to Tr of ShA2 and ShA1-VV463/4Al], respec-
tively (Fig. 4). Probably, this holds for the entire
voltage dependence of rr. Combining the results shown
in Figs. 2 to 4 indicates that alterations in the sequence
of segment S6 have a profound influence on the rate of
recovery of ShA channels from inactivation.

4. DISCUSSION

The voltage-dependent gating of Sk channels is
coupled to several molecular transitions associated with
activation and inactivation. Some of the activation

" transitions leading to first opening of S4 channels are

considerably voltage-dependent. In contrast, a kinetic
analysis of data from single S4 channels in Drosophila
muscle has suggested that all the molecular transitions
after first opening, including the inactivation transi-
tion, are voltage independent [22]. All of the voltage
dependence seen in the macroscopic currents can be ac-
counted for by voltage-dependent activation transi-
tions. A partially coupled model for activation and in-
activation accurately reproduces the single-channel and

" macroscopic data of Sk channels [22,23]. Therefore, we

did not consider alternative models, but have adopted
the model in Scheme 1 to provide a framework in which
to understand the different inactivation behaviour of
ShA1l and ShA2 currents.

The rates o and '@ are dependent and the rates v, 6, x,
A\, € and v independent of voltage. Furthermore, we
assume that the inactivated states I are not equivalent
and that transitions are possible which allow the chan-
nel to recover from inactivation without opening. These
transitions are determined by the rate constants e and v,

Members of the. Sh channel family have distinct
modes of inactivation [4, 8-10]. They inactivate rapidly

‘in the millisecond time range and/or slowly in the se-

cond time range. Variations of the amino-terminus of -
Sk channels lead to altered rates of both, slow and fast
inactivation [4, 8-10]. This is correlated with major
alterations in the mean channel open times (4, 9, 10].
The most economical interpretation of these results can
be obtained by assuming that the amino-terminus in-
fluences mainly the rate » {4]. Alterations in the rate x
would alter the mean channel open time 1/(6+ x) as
well as the ratio between x and A\ which influences the
stability of the non-absorbing inactivated state. Muta-
tions in the SAA2 amino-terminus that disrupt inactiva-
tion apparently decrease the rate x and increase the rate
A [10]. The rates into (&) and out of the closed state (y)
are not significantly altered. These data suggest a ball
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and chain model where the amino-terminus contains a
domain (ball) that interacts with the open channel to
cause inactivation.

The distinct inactivation and recovery modes of Sh
channels raise the possibility that the §& channel has
two types of inactivated states [9]. The direct transition
of a closed to an inactivated state (Cs to I3 and/or Cs to
I; in Scheme 1) is not considered in this discussion. The
first inactivated state (I;) is non-absorbing. The second
one (I:) is basically absorbing and wouid be rate-
limiting for the recovery from 84 channel inactivation.
Our data indicate that the amino acid exchange between
ShA1l and ShA2 segment S6 strongly influences the rate
of recovery. This suggests that the stability of the ab-
sorbing inactivated state in Sh channels depends on the
type of S6 sequence. From our model, the differences in
kinetic behaviour of ShAl and S#A2 channels can be
accounted for by alterations in the rates which deter-
mine the transitions into the absorbing inactivated state
(I2). A simple assumption is that the nature of segment
56 influences mainly the time constant 1/(\ +¢). In har-
mony with our data, an increase in the rate ¢ in ShA1
type channels will then accelerate the transition from
the first to the second inactivated state, slow-down the
rate of recovery from inactivation, but will not in-
fluence the mean channel open time [9].

In the ball and chain model of inactivation, the ‘inac-
tivating ball’ occludes the pore by interacting with a
binding site(s) in the open channel. In the framework of
our model, a weak interaction with a lifetime of a few
milliseconds leads to a non-absorbing inactivated state
(I1). This might be followed by a stronger interaction
with a 100 times longer lifetime which is correlated
witht the transition into the second, absorbing inac-
tivated state (I2). This transition, which corresponds to
the stability of the interaction of the ‘inactivating ball’
with the K* channel, is apparently strongly influenced
by the nature of segment $6. Since the behaviour of
ShAl and ShA2 mutant channels was reciprocal, we
believe that the exchange of alanine/valine-463 in ShA
channels does not introduce a global alteration of K*
channel structure, but represents a local structural
change within the binding site for the ‘inactivating
ball’. Alanine and valine are less or mote hydrophobic
amino acids. Consequently, the binding of the ‘inac-
tivating ball’ to segment S6 should be at least in part a
hydrophobic interaction. This notion is supported by
two other experiments. The analogous exchange of

alanine/valine in delayed rectifier type RCK1 channels
[15] which do not possess an ‘inactivating ball’ does not
alter their kinetic properties. Furthermore, a muta-
tional analysis of the ‘inactivation ball’ [10] suggested
that it requires a hydrophobic domain for its activity.
Finally, our data indicate that g is volitage-sensitive
over the range of recovery potentials tested. Different
factors may contribute to this voltage-dependence. Ac-
cording to Scheme 1, activation and inactivation are not
independent from each other. Therefore, any voltage-
sensitive transition, e.g. channel activation, will con-
tribute to an apparent voltage-dependence of recovery
from inactivation. In addition, occulusion of the chan-
nel pore by the ‘inactivation ball’ probably takes place
near and/or within the electric field of the membrane.
Accordingly, the positively charged domain of the ‘in-
activation ball’ [10] may evoke a voltage-dependence of
recovery from inactivation. Yet another alternative is a
voltage-dependent transition of Sk K* channels
necessary to release the ‘inactivation ball’ from its

binding site.
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