Provided by Elsevier - Publisher Connector

Metadata, citation and similar papers at core.ac.uk

Contribution of the S4 Segment to Gating Charge

in the Shaker K+ Channel

Sanjay Kumar Aggarwal and Roderick MacKinnon*
Department of Neurobiology

Harvard Medical School

Boston, Massachusetts 02115

Summary

Voltage-activated ion channels respond to changes
in membrane voltage by coupling the movement of
charges to channel opening. A K* channel-specific
radioligand was designed and used to determine the
origin of these gating charges in the Shaker K* chan-
nel. Opening of a Shaker K* channel is associated with
a displacement of 13.6 electron charge units. Gating
charge contributions were determined for six of the
seven positive charges in the S4 segment, an unusual
amino acid sequence in voltage-activated cation
channels consisting of repeating basic residues at ev-
ery third position. Charge-neutralizing mutations of
the first four positive charges led to large decreases
(~4 electron charge units each) in the gating charge;
however, the gating charge of Shaker A10, a Shaker
K* channel with 10 altered nonbasic residues in its S4
segment, was found to be identical to the wild-type
channel. These findings show that movement of the
NH,-terminal half but not the CO,H-terminal end of
the S4 segment underlies gating charge, and that this
portion of the S4 segment appears to move across
the entire transmembrane voltage difference in asso-
ciation with channel activation.

Introduction

The voltage sensitivity of voltage-activated channels re-
quires that charges in the membrane must move in re-
sponse to membrane potential changes before the
channels can open (Hodgkin and Huxley, 1952). These
charges, known as gating charges, can be detected
using electrophysiological methods (Armstrong and Be-
zanilla, 1973; Schneider and Chandler, 1973; Armstrong
and Bezanilla, 1974; Keynes and Rojas, 1974), and their
origin has been the subject of intense study. Voltage-
activated cation channels contain anunusual amino acid
sequence, the S4 segment, consisting of repeating basic
residues (Arg or Lys) at every third position. The S4
segment has been proposed to function as a voltage
sensor based on the uniqueness of this highly conserved
region (Noda et al., 1984; Greenblatt et al., 1985; Ko-
sower, 1985; Catterall, 1986; Guy and Seetharamulu,
1986; Noda et al., 1986). To test this hypothesis, re-
searchers have neutralized positive charges in the S4
segmentand attempted to measure areductionin gating
charge (Sthhmer et al., 1989; Liman et al., 1991; Lopez
etal., 1991; Papazianet al., 1991; Logothetis et al., 1992;
Tytgat and Hess, 1992; Logothetis et al., 1993). This
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reduction would represent the contribution of the posi-
tively charged residue to the gating charge of the
channel.

The most obvious way to measure the gating charge
of a single channel would be to record the gating current
of a single channel using a patch clamp amplifier and
integrate this current over time. Gating currents have
an amplitude of about 1 fA per elementary charge when
recorded through a system with an 8 kHz bandwidth
(Sigg et al., 1994), about 1000-fold smaller than ionic
currents. However, typical patch clamp systems have
noise levels of around 100 to 200 fARMS (Mika and Palti,
1994). Gating currents generated by a single channel are
therefore lost in the noise generated from these patch
clamp systems.

Gating charge in S4 mutant channels has been esti-
mated as the product of a constant and the logarithmic
change in the probability of channel opening at hyperpo-
larized potentials (Almers, 1978). Unfortunately, this
measured slope of steady-state activation has been
shown to determine inaccurately the gating charge of a
channel (Schoppa et al., 1992; Sigworth, 1994; Zagotta
etal., 1994). To test whether the S4 segmentis a source
of gating charge, we designed a K™ channel-specific
radioligand to count the number of channels expressed
in a Xenopus oocyte. This allowed a measurement of
total gating charge in an oocyte membrane to be con-
verted into a determination of charge per channel.

Results

Synthesis of a K* Channel-Specific Radioligand
Agitoxin, (AgTX,) is a high affinity inhibitor of the Shaker
K* channel that blocks the channel with a stoichiometry
of one to one (Garciaet al., 1994). A cassette containing
a mutation of aspartate to cysteine at position 20 (D20C)
was made by PCR mutagenesis and inserted into a T7
gene9 fusion expression vector (Park et al., 1991). Re-
combinant toxin was prepared as previously described
(Garcia et al., 1994) and purified as disulfide-linked di-
mers, using reverse-phase high performance liquid
chromatography (HPLC) (Figures 1A and 1B). Dimers
were reduced with 10 mM dithiothreitol (DTT) and puri-
fied (Figure 1C). Reduced monomers were then alkylated
using 45 pM tritiated N-ethylmaleimide ([*HJNEM) (Shi-
mony et al., 1994) and repurified as a single peak using
HPLC (Figure 1D). Based on the extinction coefficient
of nontritiated NEM-labeled AgTX;D20C (e);; = 8.88
mM-1cm?), the specific activity of radiolabeled toxin was
determined by measuring disintegrations per min (dpm)
as a function of toxin concentration.

Characterization of Radioligand

Shaker K™ channels were expressed in Xenopus oocytes
and studied using a two-electrode voltage clamp. Figure
2A plots the fractional block of Shaker K* channels mea-
sured at different concentrations of unlabeled AgTX,
(closed inverted triangles). Fraction of blocked current
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Figure 1. Synthesis and Purification of [FH]NEM-Conjugated
AgTX,D20C

Reverse-phase HPLC chromatograms measured at a wavelength
of 215 nM. Steps employed linear gradients from 0 to 35% mobile
phase B over 2 min, 35% to 90% mobile phase B over 40 min, and
90% to 100% mobile phase B over 20 min. Mobile phase A was
0.1% trifluoroacetic acid (TFA) in water. Mobile phase B was 5%
acetonitrile, 10% isopropanol, and 0.085% TFA in water.

(A) 200 pmoles of AgTX,. The retention time of toxin was about 52.5
min.

(B) 500 pmoles of AgTX;D20C dimer. Toxin eluted at about 78 min.
(C) 5 nmoles of AgTX;D20C monomer following reduction of dimer
by 10 mM DTT. Monomer eluted at about 51.7 min, about 25 min
prior to the elution of dimer.

(D) 10 nmoles of AgTX;D20C monomer were reacted with 45 mM
[*HINEM. Tritiated toxin eluted as a single peak from the column at
about 54.3 min (arrow), 4 min later than unreacted monomer. Most
of the AgTX; monomer reacted with either [*'HINEM or redimerized.

was the ratio of that measured in the presence to that
in the absence of AgTX;. The binding of radiolabeled
AgTX;D20C was also studied at different toxin concen-
trations using a scintillation counter (open circles), and
found to correlate well with the electrophysiological
data. By fitting the data with a Langmuir adsorption
isotherm, the equilibrium dissociation constant (K of
radiolabeled AgTX;D20C was determined to be about
140 pM. Also, the dissociation time constant of NEM-
conjugated AgTX;D20C (as measured by two-electrode
voltage clamp and binding studies) was nearly identical
to that of native AgTX; (approximately 12 min, data not
shown). These data indicate that the characteristics of
radiolabeled AgTX;D20C-binding are indistinguishable
from those of unlabeled AgTX; conductance inhibition.
Therefore, the D20C mutation and NEM-conjugation do
not interfere with the interaction of the toxin and the
channel.

Figure 2B shows binding data obtained for a typical
batch of oocytes. Uninjected oocytes (bar “U”) and in-
jected oocytes cotreated with a 40-fold greater concen-
tration of unlabeled AgTX; (bar “C”) were used to deter-
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Figure 2. Characterization of [*H]NEM-Conjugated AgTX,D20C

(A) Fraction of channels bound by inhibitor (open circles) and fraction
blocked (closed inverted triangles) at different concentrations of
radiolabeled AgTX;D20C and unlabeled AgTX;, respectively. Each
binding point represents the mean = SEM of 4 to 8 experiments,
each experiment using 3-5 pooled oocytes. For the electrophysio-
logical measurements, each point represents the mean + SEM of
3independent measurements. The curve corresponds to the fraction
bound or blocked = [T]/(K4 + [T]), where Ky is the equilibrium dissoci-
ation constant and [T] is the toxin concentration.

(B) Tritiated AgTX;D20C binding data for oocytes expressing Shaker
K* channels. The “U” bar represents uninjected oocytes (n = 3), “I”
bar represents oocytes expressing channels (n = 5), and the “C”
bar represents injected oocytes cotreated with a 40-fold greater
concentration of unlabeled AgTX;(n = 1). Histogram bars represent
the mean dpm and mean number of channels (n). Error bars, shown
for the “U” and “I” bars, represent the SEM. Bars “U” and “C”
represent nonspecific binding. Dpm (left axis) was converted to
channel number (right axis) by dividing specific binding (total binding
minus nonspecific binding) by the specific activity of the radiola-
beled toxin.

mine nonspecific binding. The total number of Shaker
K* channels expressed for an oocyte was then calcu-
lated by dividing the specific binding by the specific
activity of the radiolabeled toxin. For this batch, an aver-
age of 14.7 billion Shaker K* channels were expressed
per oocyte (bar “I”). Dividing mean total binding (bar “1”)
by the mean nonspecific binding, a signal-to-noise ratio
of about 13 was calculated for this measurement.
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Determination of the Gating Charge

of the Shaker K* Channel

Using recombinant agitoxin, (AgTX,, an isoform of
AgTX;) (Garciaetal.,1994) to blockionic current, capaci-
tive currents were measured in Xenopus oocytes ex-
pressing Shaker K* channels (Figure 3A). AgTX, was
used instead of AgTX;, because AgTX, dissociates 12
times faster than AgTX; and could therefore be removed
more quickly from the channels after electrophysiologi-
cal measurements.

The repolarization-induced (or “off”) capacitive cur-
rents were integrated over time to yield a charge versus
voltage (Q-V) plot (Figure 3B). The linear components of
this plot (dashed lines) represent the linear capacitance
of the cell and voltage clamp system, while the nonlinear
component reflects gating charge movement of Shaker
K* channels. The same total gating charge was obtained
when integrating either the repolarization-induced orthe
depolarization-induced (or “on”) capacitive currents.
Therefore, gating charge was never found to be immobi-
lized by the pulse potentials (Bezanilla et al., 1991). Ca-
pacitive currents were also measured for uninjected oo-
cytes (Figure 3C). The Q-V plot (Figure 3D) derived from
uninjected oocytes was linear, indicating that oocytes
do not possess significant native sources of nonlinear
charge displacement.

After measuring capacitive currents in an oocyte ex-
pressing Shaker K* channels, the oocyte was rinsed
several times and then perfused for 20 min to remove
bound AgTX; (dissociation time constant of about 1 min).
Oocytes were then treated with 85 nM [FH]JNEM-
AgTX,D20C to determine total channel number. Plotting
the gating charge as a function of channel number for
many oocytes yielded a correlation plot (Figure 3E). Each
pointin this plot represents a different oocyte, and each
set of symbols (circles, squares, triangles, and inverted
triangles) represent measurements made with indepen-
dentradiolabeled toxin preparations. Deviations of mea-
sured charge per channel among these different radiola-
beled toxin preparations are representative of the error
in the measurement of their specific activities. As can
be seen, these deviations were relatively small. Fitting
the data with a linear regression, the slope, or charge
per channel, was determined to be about 13.6 electron
charge units for the Shaker K* channel. This number is
similar to the charge per channel of 12.4, measured
using nonstationary fluctuation analysis (Schoppa etal.,
1992). The fact that these two independent methods are
in agreement implies that the binding of AgTX; to the
channel does not alter its gating charge, and that there
is a one-to-one correspondence between the ability to
bind toxin and move gating charge.

Contribution of Basic Residues in the S4

Segment to Gating Charge

The amino acid sequence of the Shaker K* channel S4
segment is shown with the seven positively charged
residues bold-faced and numbered (Figure 4A). Muta-
tions were made at each of these seven positively
charged residues, and were assayed for functional ex-
pression in Xenopus oocytes (Table 1). No charge-alter-
ing mutations at position 6 produced functional chan-
nels. Mutations in the S4 segment were not found to
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Figure 3. Determination of the Gating Charge of the Shaker K*
Channel

(A) Using at least 50 uM of AgTX, to block ionic current (at least
105-fold higher than its K, for the Shaker K* channel), capacitive
currents were measured for an oocyte expressing Shaker K*
channels.

(B) Repolarization-induced currents were integrated over time to
give total charge, and plotted as a function of pulse potential (Q-V
plot). The linear components of this plot (dashed lines) represent
the linear capacitance of the cell and voltage clamp system, while
the nonlinear component reflects gating charge movement.

(C) Capacitive currents measured for an uninjected oocyte.

(D) Q-V plot of repolarization-induced currents is linear. Xenopus
oocytes do not possess significant endogenous sources of nonlin-
ear charge displacement.

(E) Correlation plot mapping total gating charge (q) in electron
charge units as a function of total channel number (n) for several
oocytes expressing Shaker K* channels. Total channel number was
determined by binding oocytes with 85 nM tritiated AgTX;D20C.
Each point represents a different oocyte (n = 162), and each set of
symbols (circles, squares, triangles, and inverted triangles) repre-
sent measurements made with independent radiolabeled toxin prep-
arations. The line corresponds to a linear regression fit using the
methods of least squares with a slope, or charge per channel (g/n),
of 13.6 electron charge units. The 95% confidence interval for this
measurement is = 0.2 electron charge units.
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Figure 4. Determination of Gating Charge for Charge-Neutralizing
Mutations in the S4 Segment

(A) The amino acid sequence of the Shaker K* channel’s S4 seg-
ment, with basic residues bold-faced and numbered. Mutagenesis
was performed at each of these seven positive charges. For the
unmodified Shaker K* channel, R1 corresponds to amino acid posi-
tion 362.

(B-D) Capacitive currents (B), Q-V plots (C), and correlation plots
(D) mapping total gating charge (q) in electron charge units as a
function of total channel number (n) for the following S4 mutations:
R1M (n = 30), R2Q (n = 30), R3N (n = 15), R4Q (n = 20), K5S (n =
28), and K7T (n = 16). Channel number was normalized (see text).
The lines in the correlation plots correspond to linear regression fits
of the data.

alter significantly AgTX; and AgTX,-binding. Therefore,
we were able to use the assay to determine the gating
charge of several of these mutant channels. Capacitive
currents (Figure 4B), Q-V plots (Figure 4C), and charge
per channel correlation plots (Figure 4D) are shown for
the charge-neutralizing mutations R1M, R2Q, R3N, R4Q,
K5S, and K7T. Charge-neutralizing mutations at posi-
tions 1, 2, 3, and 4 decreased gating charge by about
4 electron charge units. K5S decreased it by 2 electron
charge units, and K7T had no effect.

Capacitive currents (Figure 5A), Q-V plots (Figure 5B),
and charge per channel correlation plots (Figure 5C) are
shown for the charge-conserving mutations R1K, R2K,
R3K, and K5R. These mutations either did not signifi-
cantly change the measured charge per channel (posi-
tions 2 and 3) or increased it by about 2 electron charge
units (positions 1 and 5).

For these S4 mutant channels, the same total gating
charge was obtained when integrating either the repolar-
ization-induced or the depolarization-induced capaci-
tive currents. Therefore, gating charge was never found
to be immobilized by the pulse potentials (Bezanilla et
al., 1991). As discussed above, a systematic error was
introduced into these charge per channel measure-
ments by the accuracy at which the specific activity of
a given radiolabeled toxin preparation could be mea-
sured. This error was relatively small (Figure 3E), and
was corrected by calculating anormalized channel num-
ber N’ = N X (Gy/G’yy) for each oocyte, where N was
the uncorrected channel number; G, was gating charge
of the wild-type Shaker K* channel, as measured in
parallel that same day using identical radiolabeled toxin
preparations and identical recording solutions; and G’y;
was the gating charge of the Shaker K* channel, as
measured over all days (13.6, Figure 3E).

Contribution of Nonbasic Residues in the S4
Segment to Gating Charge

To test whether gating charge perturbation is specific
to the mutation of charged residues in the S4 segment,
noncharged residues were also mutated. Shaker A10
(Figure 6A) is a Shaker K* channel, with 10 nonbasic
residues changed to those found in the S4 segment of
arelated K* channel, drkl (Frech et al., 1989). While the
Q-V relationship of Shaker A10 (Figure 6B) was very
different from that of the wild-type Shaker K* channel,
the charge per channel was unaltered (Figure 6C). This
implies that the magnitude of gating charge is depen-
dent on charged and not uncharged residues in the S4
segment.

Discussion

Alterations in charge per channel are summarized for
all S4 charge mutations (Figures 7A-7C). One property
of these data is that individual charge perturbations do
not add up exactly. For example, the total sum of effects
resulting from the six neutralizing mutations equals 18.3,
not 13.6. If a charge-neutralizing mutation affected only
the electric charge at that site and no other properties
of the protein, then the sum should be less than or equal
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A B C Figure 5. Determination of Gating Charge for
Charge-Conserving Mutations in the S4
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to 13.6. As this is not the case, other properties, such
as the positions of neighboring charged residues, must
be affected by at least some of these mutations. Another
example of nonadditivity is given by the two mutations
at position 1: the difference in gating charge between
R1Kand R1Mis 7, rather than 4 (that would be expected
if this residue contributes one charge per subunit)
(MacKinnon, 1991; Hurst et al., 1992; Liman et al., 1992;
Li et al., 1994). The lack of additivity observed here is
not surprising, because an electric charge is expected
to affect the distribution of neighboring charges if they
are mobile. Amino acid side chains are not as mobile
as free molecules in solution, but they are not fixed
rigidly in space, either. Therefore, a charge-neutraliz-
ing mutation removes a charge (a primary effect) and,
to some unknown extent, redistributes neighboring
charges (a secondary effect). Both effects may contrib-
ute to the measured difference in total gating charge
brought about by a mutation.

From the above discussion, it follows that a change

in gating charge can not be interpreted simply as a
function of distance that the mutated residue moves
through the membrane voltage difference. Nevertheless,
the data argue that the effects of the mutations are
intimately connected to this region’s role as a voltage
sensor. Specifically, only charge-neutralizing mutations
reduce the gating charge significantly. This conclusion
is most impressively shown by the Shaker A10 mutation
(10 altered hydrophobic residues; Figures 6 and 7C),
where the voltage dependence of charge movement is
extremely abnormal but the total quantity of gating
charge is the same as for the wild-type channel.

Even though we are unable to break down the effect
of a mutation into its primary (loss of the charge itself)
versus secondary (redistribution of neighboring charges)
components, the quantity of gating charge-change as-
sociated with mutation of R1 through R4 implies that
the primary component dominates. For each of these
sites, the charge changeis not far from four. This number
may be acoincidence, but we think it more likely reflects
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Table 1.

Amino Acid R1 R2 R3" R4 K5 R6 K7
A + + + -

C + - -

D

E

F — —

G + + -

H

| _ _

K + + + + (wt) + (wt)
L _ _

M + + + -

N + _

P

Q + + + - -

R (wt) (wt) (wt) (wt) + (wt)

S + + -

T + + + - +
v + - -

W + - -

v _

the fact that each charge from R1 to R4 moves all the
way across the transmembrane voltage difference in all
four subunits when the channel gates. Therefore, the
conformational change associated with channel open-
ing would involve the transfer of at least a 10 amino acid
segment across the voltage difference for each subunit.
This would require an even larger conformational
change than has been implicated by cysteine-labeling
studies (Larsson et al., 1996; Mannuzzu et al., 1996).
Movement of the S4 segment may be similar to that
demonstrated in the bacteriocidal protein colicin, in
which a large segment of peptide is transferred across
the entire membrane upon channel activation (Slatin et
al., 1994). Most likely, such a transition would involve
a change in secondary structure (Sigworth, 1994). For
example, the S4 segment might form a helix in one state
of the channel and a loop in another state (Figure 7D).
Helix-to-loop transitions have been described to occur
in other proteins upon activation (e.g., in the BamHI
endonuclease when binding to DNA; Newman et al.,
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1995). Such a model seems more likely than one in which
the S4 segmentmoves across the membrane as a sliding
helix, with no break in secondary structure (Durell and
Guy, 1992).

Experimental Procedures

Shaker K* Channel Expression

The Shaker K* channel clone used in this study was the Shaker H4
construct (Kamb et al., 1988) in a BlueScript vector. Amino acids
6-46 were deleted to remove fast (N-type) inactivation (Hoshi et
al., 1990). Amino acid numbering refers to the unmodified channel.
Xenopus oocytes were harvested from mature female Xenopus
laevis (Xenopus One, Ann Arbor, MI; Nasco, Fort Atkinson, WI).
Oocytes were placed in a saline solution (82.5 mM NaCl, 2.5 mM
KCI, 1.0 mM MgCl,, 5 mM HEPES, [pH 7.6]) with 2-3 mg/ml of Type
Il collagenase (Worthington) and dissociated at 120 rpm for about
2 hr, rinsed thoroughly, and stored in ND96 solution (96 mM NacCl,
2 mM KCI, 1.8 mM CaCl,, 1.0 mM MgCl,, 5 mM HEPES, 50 pg/ml
gentamicin [pH 7.6]). Defolliculated oocytes were selected at least
2 hr after collagenase treatment, and were injected with RNA. RNA
was prepared by linearizing the Shaker H4 K* channel plasmid with

Figure 6. Contribution of Nonbasic Residues
in the S4 Segment to Gating Charge

(A) The amino acid sequence of the S4 seg-
mentin the Shaker K* channel and the Shaker
A10 mutant channel. All basic amino acid res-
idues are numbered. Mutated nonbasic resi-
dues are bold-faced.

(B) Q-V plots of repolarization-induced cur-
rents for an oocyte.

(C) Correlation plots mapping total gating
charge (q) in electron charge units as a func-
O tion of total channel number (n) (n = 21).
Channel number was normalized (see text).
The line corresponds to a linear regression
fit of the data. The gating charge of Shaker
A10 is not significantly different from that of
the wild-type channel.

6 7

n*10°
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Figure 7. Summary

(A) Change in the gating charge (A g/n) of charge-conserving (open bars) and -neutralizing (closed bars) S4 mutations relative to that of the
wild-type Shaker K* channel. Bars are aligned with the basic residues mutated in the S4 segment of the Shaker K* channel. A positive A g/n
indicates that the mutant has more gating charge than the wild-type Shaker K* channel, while a negative A g/n indicates less gating charge.
Error bars represent the 95% confidence intervals for these measurements.

(B and C) Gating charge movement (g/n) for the wild-type Shaker K* channel and charge-neutralizing (B) and charge-conserving (C) S4
mutations as a function of pulse potential (V). For an S4 mutant channel, data points represent the mean gating charge movement measured
in all oocytes used to determine its charge per channel (Figures 4, 5, or 6). For the wild-type Shaker K™ channel, a representative selection
of oocytes were used (n = 22). Only oocytes expressing at least 2 X 10° channels were included.

(D) A model of Shaker K+ channel gating, in which the S4 segment undergoes a change in secondary structure. The S4 segment is shown
for both the closed and the open states of the channel. “Ext” and “Int” denote the extracellular and intracellular sides of the membrane,
respectively.

Hindlll and transcribing in vitro using T7 RNA polymerase. Injection
of oocytes 36-48 hr postharvest was found to yield an optimal level
of K* channel expression. Also, AgTX, at a concentration of about
500 nM (1000-fold greater than its K, for the Shaker K* channel)
was often added to the incubation media following RNA injection.
This treatment allowed injected oocytes to survive about twice as
long and express at least twice as many channels as oocytes not
treated with AgTX,, and reduced leak current by several fold when
studied under two-electrode voltage clamp.

Electrophysiological Recording

Currents were recorded using a two-electrode voltage clamp ampli-
fier under computer control at room temperature, and filtered at 1-5
kHz with an 8 pole Bessel filter. To measure ionic currents, oocytes
were held at —80 mV and pulsed to 0 mV for 50 ms as described
(Garcia et al., 1994). Recording solution contained 96 mM NaCl, 2
mM KCl, 0.3 mM CaCl,, 1.0 mM MgCl,, and 5 mM HEPES (pH 7.6).
We added 50 p.g/ml bovine serum albumin (BSA) to minimize non-
specific binding of the toxin. When measuring capacitive currents,
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holding and repolarization potentials were between —80 and —120
mV, with pulse potentials starting between -160 and —250 mV and
ending between +70 and +150 mVin 10 to 20 mV increments. Either
solution A or solution B was used for a given oocyte. Solution A
was identical to recording solution, except that it contained no BSA.
Solution B contained 100 mM N-methyl-b-glucamine (NMDG), 0.3
mM CacCl,, 1.0 mM MgCl,, and 5 mM HEPES (pH 7.6). The substitu-
tion of NMDG, a relatively impermeable cation, for Na* and K*
dramatically reduced the amplitude of both leak and inward and
outward rectifying currents. Charge per channel measurements
made in solution A and solution B were not significantly different
and were combined. Typically, 2-5 hr elapsed between the measure-
ment of capacitive currents and labeling with tritiated AgTX;D20C.

Binding Assay
Binding studies were performed with at least a 20-fold excess of
radiolabeled-toxin compared to the total number of Shaker K* chan-
nels present on a given oocyte. When oocytes were treated with
low concentrations of tritiated AgTX;D20C, the volume of binding
solution was expanded to meet this requirement. The binding solu-
tion was identical to recording solution, except it contained 1 mg/
ml BSA. Oocytes were treated with radiolabeled AgTX;D20C for at
least 60 min (for the Shaker K* channel, this is equivalent to about
5 dissociation time constants) at room temperature. Unbound radio-
labeled toxin was washed off the oocyte in 20 s or less (less than
3% of the dissociation time constant), using two to four rinses of
quench buffer, each rinse equivalent to about a 1:1000 dilution. The
quench buffer contained 200 mM NaCl and 20 mM HEPES (pH 7.4).
Each oocyte was then placed in a scintillation vial containing 500
wl of 1% SDS and vortexed. We added 5 ml of scintillation fluid to
eachvial, and radioactivity was assayed using a scintillation counter.
Only oocytes that prevented radiolabeled toxin from passing
across their membranes were used. To select for these oocytes,
several injected oocytes from each Xenopus laevis frog were incu-
bated in 85 nM tritiated AgTX;D20C for 1 hr (the typical period of a
binding assay in a charge per channel measurement). Labeled toxin
was then displaced from the K* channels by incubating the oocytes
for over 3 hrin 1 uM unlabeled AgTX;. Using this protocol, radiola-
beled toxin was completely displaced from oocytesin approximately
90% of all batches. The 10% of batches that allowed toxin entry
were not used. This protocol was carried out every time a binding
assay was done, and therefore excluded the possibility of occult
toxin internalization.

Mutagenesis

Mutations in the S4 segment were generated by second strand
synthesis on a single-strand version of the plasmid or by PCR muta-
genesis. In both cases, a region of DNA containing the mutant was
subcloned into Shaker K* channel DNA and sequenced.
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