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The potassium channels encoded by the Drosophila Shaker
gene activate and inactivate rapidly when the membrane
potential becomes more positive. Site-directed mutagene-
sis and single-channel patch-clamp recording were used
to explore the molecular transitions that underlie inacti-
vation in Shaker potassium channels expressed in Xenopus
oocytes. A region near the amino terminus with an
important role in inactivation has now been identified.
The results suggest a model where this region forms a
cytoplasmic domain that interacts with the open channel
to cause inactivation.

ON CHANNELS UNDERGO CONFORMATIONAL CHANGES THAT
open and close an ion-permeable pore across the membrane. In
voltage-dependent channels this gating process is influenced by
transmembrane voltage. Shaker potassium channels from Drosophila
melanogaster open, or activate, when the membrane potential be-
comes sufficiently positive. After activation, the channels enter a
long-lived nonconducting state, the inactivated state. A cytoplasmic
domain has been implicated in this inactivation process. Single-
channel experiments in native Drosophila muscle and in Xenopus
oocvtes injected with Shaker mRNA have demonstrated that the
inactivation process has little intrinsic voltage dependence and that it
is fast and coupled to the activation process (1, 2), similar to the
gating of vertebrate neuronal sodium channels (3). The voltage-
independent inactivation implies no movement of charged particles
through the electric ficld across the membrane for the inactivation
conformational change and suggests that domains that do not span
the membrane are involved in inactivation. Alternatively spliced
variants of the Shaker gene that vary only in presumed cytoplasmic
domains show different inactivation kinetics when expressed in
Xenopus oocytes (1, 4). Evidence from sodium channels also sup-
ports the involvement of a cyvtoplasmic domain in inactivation.
Inactivation of sodium channels can be abolished by treating the
cytoplasmic face of the channel with proteolytic enzymes (5), and
inactivation can be mimicked by the internal application of various
pharmacological agents such as guanidinium compounds (6).
Slowing of inactivation by trypsin. Because of the similarity in
inactivation gating between Shaker potassium channels and sodium
channels, we have investigated the effects of cytoplasmic trypsin on
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Shaker potassium channels expressed in Xenopus oocytes (1, 7).
Representative records from an inside-out patch containing two
channels of ShB alternatively spliced variant before and after the
application of trypsin to the bath solution (Fig. 1A) show that
internal trypsin treatment causes an increase in the open durations
and the number of openings per burst. The effect on the decay rate
of the ensemble average currents recorded with steps to +50 mV
(Fig. 1B) is similar to the effects of proteolytic agents on macroscop-
ic sodium currents (). The mean duration of the openings (Fig. 1C)
is increased from 0.8 ms in the control to 2.2 ms after trypsin
treatment. The box plots to the right of the open duration histo-
grams (Fig. 1C) illustrate that thesc effects of trypsin are reproduc-
ible. These results and the lack of cffect of external trvpsin on
inactivation implicate the involvement of a c¢ytoplasmic domain in
inactivation.

Mutations in the amino terminal domain. We have focused on
the amino terminal cytoplasmic domain because of its large number
of potential trypsin sites and because of differences in inactivation
gating of the channels produced by alternatively spliced amino ends
(1, 4). To investigate the potential role of this region in inactivation,
we constructed deletion mutants and cxamined the cffects of the
mutations on channel gating (8). The bars below the sequence in
Fig. 2A show the amino acids deleted in these mutants. The
interruption in the sequence after amino acid 61 shows the splice
site for alternative splicing (4). The amino acids to the right of this
site are identical in the different amino-terminal variants. The
mutant ShB ¢cDNA’s were transcribed in vitro and expressed in
Xenopus oocytes.

A representative single-channel record for cach of the mutants
(Fig. 2B) shows that these deletion mutations fall into two classes:
(i) those that delete a portion of the sequence for the first 22 amino
acids (Fig. 2A) disrupted inactivation, and (ii) those that delete
amino acids on the carboxyl side of amino acid 22 leave inactivation
intact. Plots of the mean open duration, the mean interburst
duration, and the mean number of openings per burst for a number
of single-channel patches from ShB and each of the mutations show
that channels with inactivation disrupted have a longer open
duration, a larger number of openings per burst, and a shorter
interburst closed duration.

In the ShB cytoplasmic amino end, there are at least 61 amino
acid residues (23-83) covered by the first five deletion mutations
(Fig. 2A) that can be deleted without disrupting inactivation.
Representative records from single-channel patches from ShB and
ShBA23-37 (Fig. 3A) show that, although inactivation is left intact
in this mutant, the rate has been altered as indicated by the decreased
open durations. These decreased open durations reflect an increase
in the inactivation rate rather than an increase in the rate of closing
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to a noninactivated state. Because Shaker channels inactivate primari-
lv from the open state (2), an increased rate of closing to a
noninactivated state would produce a greater number of openings
per burst and a slower rate of decay of the ensemble average at high
voltages, neither of which was observed.

A quantitative comparison of the mutant channels that leave
inactivation intact (Fig. 3B) shows that, although the distributions
of the mean open durations for these channel species overlap, they
exhibited an increasing open duration with increasing number of
amino acids present in the amino-terminal region. This trend did
not continue for smaller deletions or longer insertions, which
showed mean open durations comparable to ShBA23-37 and
ShB2x31-71, respectively.

To interpret our results, we have used a partial kinetic scheme
derived from a more complex one developed for Shaker channels in
Drosophila myotubes (2)

Y K
C = 0 =1
S A

According to this scheme, the channel closes briefly to a short-
lived closed state (C) during a burst of openings (O) and closes to a
long-lived inactivated state (I) to terminate the burst. Using this
model, we have calculated the inactivation rate constant k for each of
the channel variants in Fig. 3B and plotted them as a box plot in Fig.
3C. As expected, the deletion mutants with the decreased open
durations exhibit an increased rate of inactivation.

Although the last six deletion mutations shown in Fig. 2A
significantly disrupt the inactivation process, they do not completely
remove inactivation (Fig. 4). Although no appreciable inactivation
was observed in 60 ms, most of the channels entered a long-lived
inactivated state after 600 ms. The inactivation time course is similar
in the channels from all of the inactivation disrupting mutants
discussed thus far and in trypsin-treated channels. This slow inacti-
vation process may not be caused by residual inactivation from the
fast inactivation mechanism but may instead represent a second,

Fig. 1. Effects of intracellular trypsin on the ShB A Control
channels expressed in Xenopus oocytes. (A) Repre- -

+20 mV

fundamentally different, mechanism. A slow inactivation process
was also observed in ShB channels during very long voltage pulses as
indicated by exponential components with very long time constants
in the closed duration histograms.

Using the kinetic model discussed above, we calculated all of the
rates into and out of the open state for ShB and the deletion
mutations that disrupt inactivation (Fig. 4B). Nonc of these rates
exhibited a noticeable voltage dependence over the range —20 to
+50 mV, consistent with the kinetic model developed for the
naturally occurring Shaker potassium channels (2, 9). The inactiva-
tion rate (k) is significantly smaller in these deletion mutations than
in ShB and the rate of return from inactivation (N) is significantly
greater. The rates into and out of the closed state (v and 8) are not
significantly altered by these deletion mutations. These data suggest
that the deletion mutations that disrupt inactivation destabilize the
inactivated state by approximately 3 kcal/mol and increase the
energy of the transition state by 1.5 kcal/mol (2). In contrast to the
deletions that altered the inactivation rate by an amount related to
the length of the deletion (Fig. 3), these deletion mutations that
disrupt inactivation show no relation between length and inactiva-
tion rate. This supports the idea that the slow, residual inactivation
remaining in these mutants occurs by a separate process.

In addition to inactivation from the open state, Shaker channels
can inactivate without opening. This closed-state inactivation can be
seen in single-channel recordings as records without openings
during the voltage steps (2). Deletion mutations that disrupt
inactivation from the open state also disrupt inactivation from the
closed states. Mutant channels with disrupted inactivation usually
exhibited fewer records without openings than wild-type channels.
Although we have not investigated this extensively, these results
imply a common mechanism for inactivation from open and closed
states.

Deletions that remove positive charges. Our results have shown
that a deletion mutation in the amino-terminal variable region of
ShB causes cither faster or slower inactivation, depending on the
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sentative openings of ShB channels before and
after treatment with 0.0025 percent trypsin. The

channels were recorded from an inside-out patch
containing two ShB channels with voltage steps
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to +20 mV after 1-s prepulses to —100 mV from
a holding voltage of —70 mV. The data were
filtered at 1 kHz and digitized at 50 ps per point.
Trypsin was applied to the bath solution and
remained in the bath, and the voltage pulses were
applied until the cffect was seen (typically 15 to
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30 s) and then washed out with trypsin-frec
solution. Frequently the treatment with trypsin
caused functional loss of one or more of the
channels as in the examples shown here. Upward
transitions are the opening transitions. (B) En-
semble averages of the ShB channels before and
after trypsin. The pulsc protocols are the same as
in (A). The vertical scale bar is expressed in terms
of probability. (C) Open durations of the ShB
channels before and after treatment with trypsin.
The open duration histograms are displayed as tail
distributions and show the probability that a
given open duration is greater than the time
indicated on the abscissa. The mean open dura-
tions for ShB channels from a number of patches
are displayed in the form of a box plot before and
after trypsin treatment to the right of the distributions. The central outlined
box shows the middle half of the data, approximately between the 25th and
75th percentiles. The horizontal line in the middle of the box marks the
median of the data. The “whiskers” extending from the top and bottom of
the box show the main body of the data. Outliers or extreme values, if
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present, are plotted individually with circles or stars. The shaded region
illustrates the 95% confidence interval of the median (17). Since the mean
open durations of both the control and trypsin-trcated ShB channels were
voltage-independent, the data obtained at different voltages (>-20 mV and
<=+50 mV) were pooled.
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region in which the deletion occurs. The amino acid sequence of the
region where mutations disrupt inactivation contains 11 hydropho-
bic residues or uncharged residues followed by a highly charged
region (residues 12 to 19). To investigate the potential role of the
charged residues in inactivation, we constructed deletions beginning
at residue 30 and extending for variable distances toward the amino
terminus. The amino acid sequence of each of the mutants is shown
below a family of macroscopic currents from the mutant in Fig. 5A.
A deletion from residue 22 to residue 30 produces little, if any, effect
on the macroscopic currents. A deletion from residue 17 to residue
30, removing three positively charged residues (two lysines and one
arginine), slowed macroscopic inactivation, and a deletion of one
more charged amino acid (histidine) slowed inactivation even

Fig. 2. (A) Deletion mutations in the amino- A
terminal variable region of ShB. The deduced
sequence of the first 90 amino acids of ShB is
shown at the top and the horizontal bars below
indicate the deletions made. The deletions that

further. The macroscopic inactivation rate of both of these mutants
is intermediate between ShB and the slow inactivation of the
mutants that disrupt inactivation (Figs. 2 and 3), as shown for
ShBA6-60 (Fig. 5). The mutant ShBA22-30 deletes four of six
consecutive glutamines (Q) without producing a significant effect
on the inactivation rate, indicating that these glutamines do not play
an important role in this inactivation process. The boundary be-
tween the regions where deletions show or speed up inactivation is,
therefore, likely to be at the beginning of the stretch of consecutive
glutamines.

These intermediate macroscopic inactivation rates correspond to
intermediate single-channel inactivation transition rates (Fig. 5, B
and C). The mean open and burst durations get progressively longer
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Fig. 3. Effects of the deletion mutations that did
not disrupt inactivation. (A) Representative sin-
gle-channel openings from ShB (left) and
ShBA23-37 (right). The openings were elicited
by a voltage step to +50 mV following a 1-s
prepulse to —100 mV from a holding voltage of
—70 mV. The data were filtered at 2 kHz and
digitized at 50 ps per point. The voltage proto-
cols are shown at the top. (B) Mean open dura-
tions from the mutants that alter inactivation but
do not totally disrupt it. ShB2x31-71 is an inser-
tion mutant, which contains a tandem duplication
of residues 31 to 71 of the ShB sequence. The
mutants are arranged on the abscissa in increasing
length of the amino end, with deletions of 15, 9,
7, and 0 amino acids, and an insertion of 41
amino acids. (C) Inactivation rates of the mutants
shown in (B). The values are calculated as [(mean
number of openings per burst) X (mean open
duration)] .
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as the deletions remove more and more of the positive charge in this
region. This indicates that the inactivation transition rate becomes
progressively smaller with decreasing positive charge.

Point mutations in the amino-terminal domain. To directly
test the role of charged residues in this region (residues 12 to 20),
we constructed a series of single and double point mutations and
examined their effects on inactivation (10) (Fig. 6A). Neutralization
of a negatively charged aspartate at position 13 (ShB-D13N) or a
single positively charged lysine at position 18 along with the
addition of a positive charge at position 30 (ShB-K18Q:Q30K) did
not noticeably alter the macroscopic current. Furthermore, substitu-
tion of a positively charged arginine for a positively charged lysine at
position 19 (ShB-K19R) produced little effect. However, neutral-
ization of the lysines at positions 18 and 19 (ShB-K18Q:K19Q)
slowed the macroscopic inactivation to a rate intermediate between
ShB and the deletion mutation ShBA17-30, which deletes these two
lysines and the neighboring arginine at position 17 (see Fig. 5).
Neutralizing the two arginine residues at positions 14 and 17 (ShB-
R14Q:R17Q) also slowed macroscopic inactivation. These results
demonstrate the importance of these positively charged residues in
the inactivation process.

To examine the effects of the point mutations that partially
disrupt inactivation, we recorded single-channel currents from the
mutant channels and analyzed them according to the model dis-
cussed earlier. The slower macroscopic inactivation in ShB-
K18Q:K19Q is not the result of a greater open duration or burst
duration, but of a greater number of bursts per depolarizing epoch
(Fig. 6B, box plots). As in the case of the deletion mutations that
disrupt inactivation, the increased number of bursts per depolarizing
epoch indicates a faster rate of return from inactivation. However,
unlike the deletion mutations, the mean open duration and mean
burst duration are unaffected, indicating that the rate of entering the
inactivated state is unchanged. Taken together, these results suggest
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that the neutralization of these charges destabilizes the inactivated
state relative to the open state but leaves the transition state between
these unaffected. By contrast, neutralization of the positively
charged residues at positions 14 and 17 (ShB-R14Q:R17Q) causes
an increase in the mean burst duration and a decrease in the
interburst interval, signifying a change in both the energy of the
inactivated state and the transition state.

Since the deletion mutant ShBA6-9 has not had any charged
residues deleted and still disrupts inactivation, it is evident that
inactivation requires more than just this positively charged region.
The conservation of hydrophobic character in the first ten amino
acids of the Shaker amino-terminal variants suggests that the hydro-
phobic nature of this region is important for inactivation. We
replaced the leucine at position 7 with an arginine (positively
charged), glutamate (negatively charged), or glutamine (polar)
residue (ShB-L7R, ShB-L7E, ShB-L7Q). The macroscopic currents
and box plots of the mean open durations (Fig. 7) indicate that
charged residues at this position significantly disrupt inactivation in
a manner similar to the deletion mutants of Fig. 2. A glutamine at
this position exhibits a less extreme effect, as indicated by the small
residual macroscopic inactivation and the shorter mean open dura-
don in ShB-L7Q. Hydrophobic character of these amino acids
appears to be important for normal inactivation.

Functional domains in the amino terminus. The first 83 amino
acids of the ShB protein can be divided into two functional domains
on the basis of the effects of deletions. Mutations in the first domain,
constituting approximately the first 19 residues, cause a significant
slowing or complete removal of the fast inactivation process of the
channels. The second domain begins at about residue 20 and
extends to at least residue 83; deletions in this domain speed up
inactivation and insertions slow it. Deletions that extend across both
domains, such as ShBA6-60, affect channel gating in a manner
similar to the mutation in just the first domain, such as ShBA6-9,
indicating that the disruption of inactivation overrides its enhance-
ment by deletions in the second domain.

The effect of intracellular trypsin is similar to that of the deletion
mutations in the amino-terminal variable region that disrupt inacti-
vation. Both alterations are characterized by slowing, but not
complete removal, of the inactivation process, as indicated by an
increase in the open durations and number of openings per burst.
When considered together with the frequent occurrence of trypsin
sites in the amino-terminal end, these results suggest that trypsin
exerts its action by cleaving at one or more of these sites. Since
extracellular trypsin does not produce the effect, this provides
support for the proposed membrane topology placing the amino
terminus on the cytoplasmic side of the membrane. The similar
action of intracellular trypsin on sodium channels and potassium
channels may indicate a conserved mechanism of inactivation among
channels with different selectivities.

Because of the finding that inactivation of sodium channels is
voltage-independent (3), removed by proteolytic agents (5), and

Fig. 4. (A) Representative openings from a mutant ShB channel (A6-60)
recorded at +58 mV on two different time scales. The openings were elicited
at +50 mV from the holding voltage of —70 mV after a 1-s prepulse to
—100 mV. The records on the left were filtered at 1.8 kHz and digitized at
50 ps per point and those on the right were filtered at 800 Hz and digitized
at 300 ps per point. The pulses were applied every 6 s on the leftand 10's on
the right. (B) Box plots of the four rate constants in the closed-open-
inactivated model for the deletion mutants examined. C— O values are
calculated as (mean intraburst closed duration) ~!. C < O values are calculat-
ed as [mean number of openings/burst — 1}/[(mean number of openings/
burst) X (mean open duration)]. O — I values are calculated as [(mean
number of openings/burst) X (mean open duration)]™!. C « I values are
calculated as [mean interburst duration] ™.
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Fig. 5. Effects of the deletion mutations that A
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mimicked by internal perfusion with various pharmacological agents
(6), Armstrong and Bezanilla (11) proposed a physical model for the
inactivation of sodium channels. In this model the channel protein
was proposed to have a structure similar to a ball and chain on its
cytoplasmic face. Inactivation occurs in the model by the movement
of the ball into the channel mouth after the channel opens. The
binding site or receptacle for the ball is not available until the
channel is open, or about to open, producing a coupling of
activation and inactivation processes.

The “ball and chain” model for inactivation is entirely consistent
with results from our experiments on ShB channels and provides a
framework for interpreting the results. Like that of the sodium
channels, inactivation of the Shaker channels is voltage-independent,
partially coupled to activation, and disrupted by proteolytic en-
zymes. Inactivation is influenced by mutations in the first 19 amino
acids, characterized by 11 consecutive hydrophobic or uncharged
residues followed by 8 hydrophilic residues, including four positive-
ly charged amino acids. This region is a good candidate for the
inactivation ball. Its structure of a positively charged region next to a
hydrophobic region is reminiscent of tetracthyl ammonium (TEA)
derivatives (12) and the arginine side chain N-propylguanidinium
that mimic inactivation in potassium and sodium channels (6) and
have been proposed to be analogs of the inactivation ball. For both
of these agents the importance of both a hydrophobic and electro-
static interaction has been shown. By analogy the hydrophobic
residues in the inactivation ball may interact directly with the
channel. Alternatively, the hydrophobic residues may form the core
of a globular domain, protected from the water environment by the

Fig. 6. (A) Macroscopic currents from ShB and point mutants in the
hydrophilic region. Macroscopic currents were recorded at —30, —10, +10,
and +30 mV. The mutated amino acids are indicated by the bold letters and
underlined. The currents were recorded from inside-out patches after a 1-s
prepulse to —100 mV from the holding voltage of =—70 mV. The data were
filtered at 1.3 kHz and digitized 100 ps per point. The pulses were applied
every 6 s. The records are scaled so that the peak amplitudes of the currents
recorded at +50 mV are approximately the same. (B) Box plots of mean
open durations from ShB, ShB-K18Q:K19Q, and ShB-R14Q:R17Q. (C)
Box plots of mean burst durations from ShB, ShB-K18Q:K19Q, and ShB-

R14Q:R17Q. (D) Box plots of mean interburst durations from ShB, ShB-K18Q:K19Q, and ShB-R14Q:R17Q.
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charged and other hydrophilic residues. Disruption of inactivation
by the mutation ShBA6-9 and the point mutations ShB-L7E and
ShB-L7R could then be interpreted as disturbing the structure of
the core of the ball, while the inactivation rates altered by the
mutations ShBA16-30 and ShBA17-30 and the point mutation
ShB-K18Q:K19Q could be interpreted as disrupting the positively
charged character of the ball.

These first 19 residues are followed by an extended sequence of
hydrophilic residues. The hydrophilic nature of this region and its
large number of potential trypsin sites makes it a good candidate for
the chain domain. Moreover, large deletions restricted to this region
speed up inactivation, as might be expected for a mutation that
shortened the chain, and insertions slow inactivation consistent with
a longer chain.

The alternative splicing of various amino ends onto the core
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AV AGKYGLGEDRQHRKKG Fig. 7. (A) Macroscopic currents
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and ShB-L7E were recorded at
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ShB-L7E shown overlayed. The mutated
MAAVAGEYGLGEDRQHRKKAQ.. amino acids are indicated by the

bold letters and underlined. The
currents were recorded from inside-out patches after a 1-s prepulse to —100
mV from the holding voltage of =<—70 mV. The data were filtered at 1.3
kHz and digitized 100 ps per point. The pulses were applied every 6 s. The
records are scaled so that the peak amplitudes of the currents recorded at
+50 mV are approximately the same. (B) Box plots of mean open durations
from ShB, three mutants, and ShBA6-46.

region provides a method for generating channel variants with
diverse inactivation kinetics (13). All of the amino variants support
inactivation, but with different rates (1, 4). The basic plan of ten or
more hydrophobic or uncharged residues followed by charged
residues is repeated in all of the amino variants. If the amino end
represents a ball and chain domain, then the amino acid sequences in
these variants form balls with different affinities for their receptor
and chains with different lengths.

The cytoplasmic region of the sodium channel between homology
~ units III and IV is involved in inactivation (14, 15). Polyclonal
antibodies to the region alter the inactivation rate of the channels
when applied from the intracellular side (14). Deletion mutations
and cuts in the peptide backbone in this region slow the macroscop-
ic inactivation rate and increase the open durations (15). Although
this region of the sodium channel shows little sequence homology to
the amino-terminal region of ShB, it shares the motif of clustered
positively charged residues. On the basis of these similarities in the
primary structure and the effects of mutations, it seems possible that
the amino-terminal region of ShB and the linkage between units IIT
and IV in the sodium channel may be functionally homologous.

On the basis of sequence similarity with the Shaker channel, clones
have been isolated for structural components of delayed rectifier
channels from mouse and rat brain (16). Although these proteins are
similar to the Shaker proteins in the putative transmembrane re-
gions, they diverge in the amino-terminal and carboxyl-terminal
regions. When expressed in Xenopus oocytes, most of these mamma-
lian homologs exhibit gating similar to that of the Shaker mutants
that disrupt inactivation, with only very slow inactivation. The rate
of this slow inactivation, however, differs among the different
clones, suggesting that one or more of their structural differences
affect the slow inactivation rate. The slow recovery from inactivation
seen in the carboxyl-terminal variants of Shaker may be associated
with this slower inactivation process.

The ball and chain mechanism for inactivation predicts that
another region of the channel will form a receptor for the inactiva-
tion ball. Mutations in the receptor region would also be expected to
have effects on inactivation gating. Our results suggest that this
receptor will contain both negatively charged and hydrophobic
regions. It is quite possible that the amino acids from noncontigu-
ous parts of the primary sequence form the receptor, reflecting the
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tertiary structure of the channel at the internal face of the membrane.
Although further studies are necessary to determine the location of
the receptor, a reasonable candidate is the internal mouth of the
channel.
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