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Mechanisms of Maurotoxin Action on Shaker Potassium Channels
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ABSTRACT Maurotoxin (a«-KTx6.2) is a toxin derived from the Tunisian chactoid scorpion Scorpio maurus palmatus, and it
is a member of a new family of toxins that contain four disulfide bridges (Selisko et al., 1998, Eur. J. Biochem. 254:468-479).
We investigated the mechanism of the maurotoxin action on voltage-gated K channels expressed in Xenopus oocytes.
Maurotoxin blocks the channels in a voltage-dependent manner, with its efficacy increasing with greater hyperpolarization.
We show that an amino acid residue in the external mouth of the channel pore segment that is known to be involved in the
actions of other peptide toxins is also involved in maurotoxin’s interaction with the channel. We conclude that, despite the
unusual disulfide bridge pattern, the mechanism of the maurotoxin action is similar to those of other K* channel toxins with
only three disulfide bridges.

INTRODUCTION

Scorpion toxins constitute the largest group of potassiuntion pore (MacKinnon and Miller, 1988). The toxin associ-
channel toxins. They are generally small peptides 29-3@tion rate constants are voltage-independent, whereas the
amino acids in size with a net positive surface charge undedissociation rate constants are frequently voltage-depen-
physiological conditions. Many of these toxins exhibit a dent, typically sensing up to 35% of the membrane electric
very similar three-dimensional folding motif that contains afield (Hermann and Erxleben, 1987). Because maurotoxin
short a-helix and an antiparalleB-sheet of two or three contains four disulfide bridges (Kharrat et al., 1996), it may
strands, depending on the length of the amino terminude hypothesized that the mechanism of the toxin action on
(Miller, 1995). Recently, structures of unusual toxins con-voltage-dependent Kchannels may be different from those
taining an additional disulfide bridge were reported, whichof the three disulfide bridge toxins, such as CTX. To better
include Pil isolated fronPandinus imperato(Olamendi- investigate the biophysical and molecular mechanisms of
Portugal et al., 1996), maurotoxin frofcorpio maurus the maurotoxin action on voltage-gated Khannels with
(Kharrat et al., 1997), and HsTX1 frohdeterometrus spin- less confounding variables, we used mutant Shaker chan-
nifer (Lebrun et al., 1997). Maurotoxina{KTx6.2), for  nels without fast inactivation (Hoshi et al., 1990) expressed
instance, is a short peptide toxin comprising 34 amino acidn Xenopusoocytes. The macroscopic and single-channel
residues isolated from the Tunisian chactoid scorpiorresults show that the toxin’s efficacy is dependent on the
(Kharrat et al., 1997; Rochat et al., 1998). This toxin rep-membrane voltage and *Kions, and that an amino acid
resents~0.6% of the total protein in the total crude venom, residue in the external mouth of the channel pore contrib-
and the presence of four disulfide bridges was confirmed byites to its action. Despite the difference in the disulfide
an NMR analysis (Kharrat et al., 1996). Previously, thebond pattern, the blocking mechanism of maurotoxin ap-
presence of four disulfide bridges was considered a hallpears to be similar to those of other"kchannel peptide
mark characteristic of the toxins that block voltage-gatedoxins.
Na" channels (Catterall and Beneski, 1980). In contrast,
those toxins that affect voltage-gated Khannels, such as
charybdotoxin (CTX), contain three disulfide bridges MATERIALS AND METHODS
(Miller, 1995). However, physiological studies indicate that channel expression
maurotoxin, with four disulfide bridges, may block selected
voltage-dependent K channels (Rochat et al., 1998). Shaker_ K" channels were expre;sed)(enopusnocytes by RNA_injection
essentially as described (Hoshi et al., 1990). $S6B46 contains a 41-

Mechanisms of the actions of the three-disulfide bridge ™" L ) ) S
residue deletion in the amino terminus and lacks N-type inactivation

K™ channel toxins have been studied extensively (Macqyoshi et al., 1990). Shi6-46:T449V and ShB6-46:T449Y contain a
Kinnon and Miller, 1988; Goldstein and Miller, 1993). single amino acid substitution at position 449 (using the ShB numbering)
These toxins often act to plug the'kKchannel ion conduc- from T to V and from T to Y, respectively (gez-Barneo et al., 1993).
These channels show very slow P/C-type inactivation when expressed in
oocytes (Hoshi et al., 1991). The RNAs were transcribed using T7 RNA
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KCI had a typical initial resistance of less than 0.8)MThe vitelline results show that the block became less effective with time

membrane of the oocyte was left intact. The macroscopic patch a”‘éjuring depolarization. Other peptide“kchannel blockers

single-channel recordings were performed as described (Hamill et al,, ith three disulfide bonds are also known to induce a slow
1981; Methfessel et al., 1986). The macroscopic patch currents Wer¥v

low-pass filtered through an eight-pole Bessel filter unit with a corner MSINg phase in the current time course on depolarization
frequency of 2 kHz and digitized at 10 kHz, using an ITC16 interface similar to that observed here (Fig.A), and it has been
(Instrutech, Port Washington, NY). The data were collected and a”a'yze%terpreted to indicate toxin dissociation from the channel

using Patch Machine (http://www.hoshi.org), Pulse (Heka, Lambrecht,, . At ; .
Germany), and Igor Pro (Wavemetrics, Lake Oswego, OR) running ondurlng depolarization (Garcia et al., 1999; Terlau et al.,

Apple Macintosh computers. Unless otherwise indicated, linear capacitalggg)- Thus qur .wor.king model is that the .S|OW phase
tive and leak currents have been subtracted from the macroscopic currentilIring depolarization in the presence of the toxin represents
presented, using a modifiel/n protocol as implemented in Pulse and the unblock time course; the toxin becomes less effective
Patch Machine. The single-channel data were filtered at 5 kHz and digis, ; At ; : o

with larization. Accordin his model, the initi
tized at 25 kHz. The Hidden Markov model (Chung and Gage, 1998) was t depo_a . atio ccord .g o this model, the initiak
used to idealize the single-channel records as implemented in Patch pr) value |nd|cates. th_e fraCt_|0n of the channels that were
chine. When appropriate, the data values are presented as meahs  blocked by the toxin immediately before the pulse onset at
The error bars are not shown when they are smaller than the symbol siz¢ghe hoIding voltage {-90 mV), and the steady-state value
All experiments were performed at room temperature (20—24°C). reflects the fractional block at the new test voItagleSO
mV in Fig. 1A). At every concentration examined, the toxin
was more effective at the holding voltage, and it became
less effective when depolarized to50 mV, thus slowly
The intracellular solution typically contained (in mM) 140 KCI, 2 MgCl increasing the current amplitude

11 EGTA, 10 HEPES (pH 7.2)Ntmethyl glucamine). The standard ex- . .
tracellular solution contained (in mM) 140 NaCl, 2 MgCP KCI, 10 We found that _the uanOCk_t'me course (FIg.BJ. was .
HEPES (pH 7.2))-methyl glucamine). Other solutions used are indicated 2dequately described by a single exponential, suggesting
in the legends. The toxin was chemically synthesized by the optimizedhat the following simple model may be sufficient to ac-
solid-phase technique described previously (Kharrat et al., 1996). The.ount for the unblock phenomenon observed in the voItage
stock toxin solution (3QwM) was prepared and added to the physiological .

) _ ; . . - range of—20 to +50 mV:
recording solutions as required to achieve the desired concentrations.

Solutions

Unused portions of the solutions were kept frozen-20°C. M

k0/7
RESULTS @) OM
The ShB\6-46 channel has a large deletion in the N /(0/7
terminus to effectively abolish fast N-type inactivation me- Scheme A

diated by the_ bal_l-an_d-c_hain r_nech_anis_m (Hoshi et al'Where OM represents the toxin (M)-blocked nonconducting
.1990.)' C_'typ? |nact|vat|on_|s retained in this channel, but the'state and O represents the unblocked open state. According
:anxigtrll\wl:rllgpi;mnlic?:l:)svielrntrfgﬁ t?]r:iﬁgﬁie?faitii/e;t\?or:l':?moefto this model, depolarization shifts the equilibrium toward

. S the open state (O) by decreasikg, and/or increasind,
course (Hoshi et al'f 1991). F|gAL|IIu§trates _the effects of thus enhancing the current amplitude with time, as shown in
different concentrations of maurotoxin applied to the extra—Fig 1A

cellular solution on the ShB6—-46 currents recorded at B the efficaci f the toxin in reducing th rrent
+50 mV, using two-electrode voltage clamp in the presence ecause Ihe etlicacies otthe 1o educing the curre

of 2 MM external [K']. With increasing concentrations of amplitude were different at different times during depolar-
the toxin, from 3 nM to 1uM, the peak current amplitude ization, we measured the concentration dependence by fit-

became progressively smaller. The blocking effects werdind the unblock time course with a single exponential. The
readily reversed by washing the recording chamber. wittfXtrapolated initial { = 0) values and the steady-state
higher toxin concentrations, an additional slower risingValues were used separately to obtain the toxin concentra-
phase in the current time course became much more prontion dependence (Fig. €). The toxin is more effective in
inent, such that the control current and the currents recordegducing the current amplitude at the beginning of the pulse
in the presence of high concentrations of the toxin did no{Fig. 1 C, empty circle} than later in the pulse (Fig. C,
follow the same overall time course. filled circleg), shifting the IG, value by a factor of 10 from
The toxin’s effect of modifying the current time course is 130 to 10 nM (Fig. 1C). Within the framework of our
further illustrated in Fig. B. The graph shows the amount working model, the concentration dependence based on the
of block by the toxin as a function of time during the measurements at beginning of the pulse reflects the chan-
depolarization epoch, with unity representing the completéel’s sensitivity to the toxin at the holding voltage 40
block or no current in the presence of the toxin. If themV), and the steady-state measurements represent the chan-
blocking effect is independent of time during depolariza-nel’s sensitivity at a test voltage af50 mV. The toxin is
tion, straight horizontal lines should result. However, theclearly more effective at the holding voltage. The concen-
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FIGURE 1 Maurotoxin block of ShB6—-46 currents.A) Representative ShB5—46 currents at-50 mV recorded using two-electrode voltage clamp

in the presence of different concentrations of maurotoxin (0, 3, 10, 30, 100, 300 and 10@&®@mMop to bottogy The extracellular solution contained

2 mM KCI. The currents were elicited by pulses fron®0 mV to +50 mV. B) Time-dependent unblocking of the channel currents 50 mV for the

current sweeps shown /i The difference between the currents with and without the toxin was divided by the control current at every time point. The toxin
block decreases with time, following a single exponential time coueConcentration dependence of the toxin block. The block time course shown as
calculated inB was fitted with a single exponential. The extrapolated O values Q) and the steady-state block values are plotted against the toxin
concentration. Smooth curves are Langmuir isotherms. Biogk: [TXJ/([TX] + KP'S9), whereKP'SSis a dissociation constant, and f is a scaling factor

to account for a small fraction of the channels inaccessible to toxin in the TEV recording. The solid curves represent the best fits. The daslwedscurve sh
the concentration dependence of the initial block=(0) estimated from extrapolation of the rate constants obtained at depolarized voltages in response
to pulses from-90 mV (see text).d) Concentration dependence of the time constant of unblocking. The block time courBg \sesfitted with a simple
exponential, and the time constant values, estimated with different toxin concentrations, are plotted. The smooth line represents the gkt fitiwith

kot [TX]), with the ratio KP'SS = k«/k,,, determined from the concentration dependence of the steady-state block as si@wE)iRate constants of the
unblock time course at-50 mV in the presence of different concentrations of the toxin. The rate constants were computed from the fractional block
measurements (Block) and the time constants of current relaxafi@s (follows:k,, = Block/([TX]-7), ko = (1 — Block)/r.

tration dependence results shown in FigC lvere fit well  as adequate to describe the toxin blocking/unblocking ac-
by simple Langmuir isothermssinooth solid curvessee tion. This observation, in turn, is consistent with the idea
Fig. 1C legend), further supporting the simple model abovethat one toxin molecule is sufficient to block the channel.
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The concentration dependence of the unblock time coursehere the channel open probability is nearly saturated, the
was analyzed by fitting the data with an exponential, and thélock rate constank,,, did not show much voltage depen-
time constant values are plotted in Fig.OL From the dence, whereas the unblock rate constdgf, showed
unblock time course and the fractional block measurementsnparked voltage dependence with an effective valence of
it is possible to estimate the,, andk ¢ values in Scheme A.  0.37 = 0.09. This equivalent charge indicates thaj
As predicted by the model, boly,, andk,; were indepen- decreases bg-fold with every 70 mV of hyperpolarization.
dent of the toxin concentration, beirgl8 + 6 s - uM~*  Assuming that the same voltage dependence extends to
and 3.3+ 0.8 s ' at +50 mV, respectively (Fig. E). more negative voltages, the extrapolateg value at the

The unblock time course became more prominent withholding voltage of—90 mV is 0.4 s*, while at +50 mV,
greater depolarization. The SAB—46 currents recorded at the measured,; value was 3.3 s*. Thus this voltage
different voltages, from-60 to +50 mV, in the presence of dependence ok is likely to contribute to the voltage-
the toxin (300 nM) are shown in Fig. & At the voltages dependent unblocking time course observed with depolar-
more positive thar-20 mV, the open channel probability is ization to the range of~30 to +50 mV. If it is further
nearly saturated at 0.85-0.9 (Hoshi et al., 1994; also seassumed that,,, is voltage independent down te90 mV,

Fig. 3 A). With greater depolarization, the unblock time it is possible to estimate the concentration dependence as
course was very obvious, clearly indicating that the toxinshown in Fig. 1C (dashed ling The estimated concentra-
block became much less effective with greater depolarization dependence with I§gg = 20 nM is similar to but not
tion. For example, at-50 mV, the current amplitude at the identical with the concentration dependence obtained from
end of the 500-ms pulse was roughly three times greatethe measurements at the beginning of the putgei cir-

than the initial current amplitude. The time course of un-cles IC5, = 10 nM), which should reflect the fraction of the
blocking at different voltages is illustrated in Fig.B channels that are blocked at the holding voltage before the

The voltage dependence of the unblocking time coursgulse onset.
was further analyzed with the simple two-state model de- We investigated the toxin action at the single-channel
scribed above. From the time constant values and thievel and observed that the channel opening time course was
steady-state fractions of the channels blocked, we obtaineoften slower in the presence of the toxin. Representative
the effective blocking and unblocking rate constant valuesecords illustrating this characteristic are shown in Fig. 3
(kon and k¢; see scheme A); their voltage dependence isAs shown previously (Hoshi et al., 1994), in response to
shown in Fig. 2C. In the voltage range of 20 to +50 mV,  step depolarization, the SB—46 channel opened fast and
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FIGURE 3 Block of single ShB6—-46
channel currents by maurotoxind)( Sin-
gle-channel records in response to pulses
from —90 to 0 mV before pper panél
and after lpower pane) application of the
toxin (5 nM). Those current traces that
illustrate the effect of the toxin of delaying
the opening process were selected and dis-
played. Only the traces with significant
delay before the first opening after toxin
application are shown.Bj First latency
distributions on the single-channel events
before and after toxin application (5 nM).
The distributions contained 300 and 400
events in the control and toxin groups,
respectively. €) Ensemble averages for
the experiment shown iR\ (D) Closed
duration histograms beforeugper panel
and after fower pane) application of 5 nM
maurotoxin. The smooth curves on the two
panels are the same and represent the best
fit to the control histogram with three ex-
ponential components (time constants 0.5,
3.4, and 70 ms).K) Open duration histo-
grams before upper panél and after
(lower pane) application of 5 nM mauro-
toxin. The smooth curves on the two panels
are the same and represent the best single
exponential fit to the control histogram
(time constants 50 ms). The results pre-
sented in this figure come from the same
single-channel patch.
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stayed open continually in most of the recording epochs. Irdepolarizing pulses elicited at least one opening, and almost
the presence of the toxin, however, the channel sometimea| of the first openings were observed within 9 ms of the

opened more slowly, often requiring a few hundred milli- depolarization onset. In the presence of the toxin, however,
seconds before the first opening. The first latency distributhere were significantly more apparent null sweeps where
tions recorded before and after toxin application are comthe channel failed to open in response to depolarization, and

pared in Fig. 3B. In the control condition~90% of the

Biophysical Journal 79(2) 776-787
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was also observed. In the results shown in FiB, the toxin ~ shown in Fig. 4A. With different external [K], the steady-
increased the fraction of “null” sweeps from 10% to 40%. state fractions blocked at50 mV were similar,~50%.
This observation is consistent with the macroscopic analysislowever, the blocked fractions at the beginning of the
presented in Fig. 1, which suggests thgt at hyperpolar-  pulse, representing the toxin efficacy at the holding voltage
ized voltages is very small. According to the working modelof —90 mV before the pulse onset, were markedly different
presented earlier, the null sweeps represent those depoldfig. 4, A and B). With 2 mM external [K'], the initial
ization epochs that failed to remove the toxin from thecurrent amplitude was near zero, suggesting that nearly all
channel and the toxin remained bound to the channel. Thef the channels were blocked before the pulse onset and
time course of the slow first latency events from single-were unavailable to open. With 100 mM {K the initial
channel patches was fitted with an exponential. The rateurrent amplitude was much greater40% of the control
constants estimated from the fits (1.3, 1.5, and 43 were  value. This indicates that40% of the channels were un-
similar to thek . value (1.4+ 0.4 s %) obtained from the blocked and available to open before the pulse onset. The
macroscopic current measurements (see FB). The slow fractional number of channels available to open ranged from
first latency events, therefore, likely represent the unblockiear 0 to 40% when the external [Kwas changed from 2
time course. The two first latency distributions in FigB3  to 100 mM (Fig. 4B).
whether the null sweeps were considered or not, were sta- We examined how the external [ and voltage inter-
tistically different (Kolmogrov-Smirnov testp = 6 X acted to influence the toxin efficacy. The concentration
1018 and 0.001 with and without null sweeps, respective-dependence of the toxin block at the pulse onsgef
ly). Consistent with the increased fraction of null sweeps,symbol3, representing the toxin efficacy at the holding
the ensemble averages showed that the toxin indeed degeltage of—90 mV, and that at the end of the depolarization
creased the peak open probability (FigC8 Similar results  pulse at+50 mV (closed symbojsn the presence of 2 mM
were obtained from two other single-channel patches.  (square$ and 100 mM ¢ircles) external [K'], are com-
The toxin markedly increased the null fraction and pared in Fig. 4C. With 2 mM [K ], the channel at-90 mV
slowed the first latency distribution; however, it did not (ICs, = 10 nM) is almost an order of magnitude more
affect the gating behavior of the channel once it opened. Theensitive to the toxin than at50 mV (IC;, = 80 nM,
open and closed durations measured before and after toxoompare th@penandclosed squarem Fig. 4C). However,
application (5 nM) are shown in Fig. & andE, respec- with 100 mM [K™], this voltage dependence was signifi-
tively. These duration data were essentially unchanged bgantly less than that with 2 mM [K], and the concentration
the toxin. Similar data were obtained from two other single-dependence curves obtained from the beginning and the end
channel patches. The single-channel amplitudes at 0 amaf the pulse were similarc{rclesin Fig. 4 C).
+50 mV were not affected by the toxin (data not shown). The voltage dependence ky,, andk in the presence of
These single-channel results suggest that the toxin’s maih00 mM [K™] is shown in Fig. 4D. As found in the
actions are to reduce the number of channels available tpresence of 2 mM [K], k., was essentially voltage inde-
open and to lengthen the first latency. pendent in the range examined. The dissociation rate con-
Maurotoxin (5 nM) increased the null fraction from 0.1 to stantk,; was voltage dependent, decreasing with hyperpo-
0.4 (Fig. 3B). This would effectively induce a 30% decrease larization with an equivalent charge of 0% 0.1. The
in the number of channels available to open. Our macroestimated equivalent charge, however, was greater than that
scopic current data in Fig. 1 show that 5 nM maurotoxinfound with 2 mM [K*] (0.37; see Fig. 2). If the voltage
decreases the initial macroscopic current by 25-30%. Thudependence d{,; extends down te-90 mV, thek,; value
the single-channel and macroscopic current results are iat —90 mV is extrapolated to be 0.06% which is notice-
agreement with each other. The increase in the null sweembly smaller than that found with 2 mM [K (0.4 s ). If
caused by maurotoxin largely determines the decrease in thvee further assume thé&g, is voltage independent, these rate
peak macroscopic current amplitude. constant values predict the J¢value of 3 nM at—90 mV
Blocking effects of some peptide toxins on"Khannels in the presence of 100 mM [K. This predicted value is
are known to be dependent on external [KFor example, much lower than the observed value of 80 nM (sedfitieal
the effects of CTX andk-conotoxin PVIIA are diminished squaresin Fig. 4 C). With 2 mM [K™], the voltage depen-
by greater external [K] (Miller, 1995; Terlau et al., 1999; dence ofk., roughly but not totally accounts for the toxin
Anderson et al., 1988). Kchannels are thought to contain action needed to decrease the number of channels available
multiple K* binding sites, and the occupancy of Kn the  to open at—90 mV (Fig. 1). With high [K'], however, the
outermost binding site is considered to accelerate the toxiactualk,; values at negative voltages must be appreciably
dissociation rate (MacKinnon and Miller, 1988). We exam-greater than the extrapolated values obtained from the un-
ined whether the action of maurotoxin was also dependertilock time course at more positive voltages.
on external [K']. Representative Shi6—46 currents re- Some blockers of ion channels are known to be “knocked
corded in the presence of the toxin (100 nM), with differentoff” by ion fluxes through the channel pores (Park and
external K~ concentrations ranging from 2 to 140 mM, are Miller, 1992). For example, charybdotoxin bound to high-
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FIGURE 4 Effect of external [K] on

|
the maurotoxin block.A) Representative ‘ ‘
currents recorded using TEV at50 mV i 1 /’—
in the presence of different external K ;

with and without 100 nM maurotoxin. Ex- _‘1 ij '1 HA ‘1 HA TuA
ternal [K*] was 2, 10, 30, 100, and 140 / 190 ms - -

mM (from left to righ). At each external

[K*] examined, the control current was B c

obtained and then the toxin (100 nM) was
added to the bath. The rightmost panel
shows the scaled currents recorded in the
presence of the toxin to illustrate the un- 0.8 0.8—
blocking time course.R) The unblocking
time course with different external [K. %
The fractional block values at each time s
point were calculated as in Fig.B. (C)
Concentration dependence of the block 0.2
with 2 mM and 100 mM external [K]. 00
For each external [K], the concentration 0.0 —= ' —1
dependence was measured from the initial 00 01 02 03 04 05 1 10
current ¢ = 0) values and from the Time (s) ITX] ("M)
steady-state current values-860 mV as
inFig. 1C.[0,t=0,2mM [K']; O, t = D
0, 100 mM [K"]; W, steady state, 2 mM
[K*]; @, steady state, 100 mM [K. (D) -
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conductance Cd-activated K~ channels can be destabi- sults indicate that efflux of K does influence the toxin
lized by K" entering the channel from the opposite, internalefficacy, consistent with the idea that'kefflux knocks off
solution. This property is mediated by K27 on charybdo-the toxin. Thus the “knock-off” phenomenon is likely to
toxin (Miller, 1995), which is equivalent to K23 in mauro- contribute to the voltage dependencekgf in the voltage
toxin. Thus we attempted to determine whether maurotoximange in which the channels are open.

could be knocked off by an efflux of K through the The results obtained with different concentrations of ex-
channel pore. We kept the external [Kconstant at 100 ternal [K*] indicate that the toxin action is regulated by K
mM to minimize the fractional changes in the external [K  C-type inactivation of the Shaker channel is dependent on
concentration and varied the internal TK If the toxin is  external [K"], and the K™ occupancy in the external mouth
knocked off by K™ efflux, the unblock time course should of the pore interferes with C-type inactivation ’(hez-

be slow with lower internal [K] and faster with high Barneo et al., 1993). In the absence of Kn both sides of
internal [K*]. Scaled representative currents recorded in thehe membrane, the C-type inactivated state allows measur-
presence of maurotoxin (100 nM) with three different in- able Na flux (Starkus et al., 1997). We tested whether the
ternal [K"] are shown in Fig. A. With 20 mM internal  toxin blocks the N& current through the C-type inactivated
[K™], the unblock time course was very slow and wasstate. Fig. 5B shows the ionic currents recorded in the
barely observed. With higher internal T the unblock absence of both internal and external Kons. In response
time course became more noticeable and faster. These rts step depolarization te-50 mV, a transient outward Na
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A to the toxin is dependent on external K and the 449
position influences C-type inactivation, which is also de-
pendent on external [K] (LOpez-Barneo et al., 1993). Thus

WWMM we compared the effects of the toxin on S¥B-46:T449T
(wild type), ShB\6—-46:T449V, and ShB6-46:T449Y.
// The ShB\6-46:T449Y and T449V channels were selected
,////'/”w because these mutants normally show very slow C-type
s - e inactivation (Lgez-Barneo et al., 1993), thus avoiding con-
f founding with fast C-type inactivation when the results are
100 ms compared with those from the wild-type channels (368
46). Representative SH®—-46:T449Y (panelA) and
ShBA6-46:T449V (paneB) currents recorded with two-
electrode voltage-clamp at 0 mV in the presence of mauro-
toxin and of TEA are shown in Fig. 6. With Y at position
449, the channel is not noticeably affected by maurotoxin
but is very efficiently blocked by external TEA. With V at

i position 449, the channel was well blocked by maurotoxin

| but very resistant to external TEA. The concentration de-

Y pendence obtained for the ShB—46:T449T, ShBR6—-46:

200 + T449Y, and ShA6—-46:T449V channels is shown in Fig. 6

C. The ShB\6-46:T449Y channel was not affected by

0 even 100 nM maurotoxin (Fig. 8). Thus the toxin efficacy
00 o4 o2 03 o4 o5 of the ShB\6—46 channel is influenced by the amino acid
Time (s) at position 449 in the external mouth of the channel.
C-type inactivation in ShB6—-46:T449V and ShB6—

FIGURE 5 @) Representative SmB—46 currents recorded in the in- 46:T449Y expressed in oocytes is very slow, and its time

side-out configuration with different internal [{ concentrations. The  course is little affected by external m We investigated

current traces are scaled so that the initial unblocked amplitudes are abopg\w maurotoxin affected the SBB—46:T449V channel in

the same. The external solution contained 30 nM maurotoxin and 100 m . .
[K*]. Internal [K'] was 20, 100, and 300 mMrbm bottom to top The Mhe presence of low and high external [K The fractional

currents were elicited by pulses from90 to +50 mV. (B) Maurotoxin blocks were measured from exponential fits as in Fig. 1; the
block (30 nM) of ShR\6—46 channels in the absence of external and results are shown in Fig. B. With the ShB\6—-46 channel,
internal [K*]. The currents were recorded in response to pulses fr@0 which shows noticeable C-type inactivation depending on
to +50 mV_ in th_e absence of added Tﬂﬁ_using the ot_Jtside-ou_t patch-  external [KF] (L6pez-Barneo et al., 1993), the concentra-
clamp configuration. NaCl replaced KClI in the recording solutions. tion dependence at negative voltages was markedly differ-
ent for the low and high external [K conditions équares
versuscircles in Fig. 4 C). With the ShB\6-46:T449V
current is observed, representing the fast C-type inactivationhannel, the two concentration dependence curves were
time course (Starkus et al., 1997). In addition, an appreciamarkedly closer to each other, and the@alues were 22
ble amount of steady-state current was also observed, whighnd 54 nM ppen squaresersusopen circlesin Fig. 6 E).
is considered to reflect Naefflux through the C-type Thus, compared with the SH$—-46 channel, the toxin
inactivated state (Starkus et al., 1997). Maurotoxin (30 nM)plock of the ShRA6—-46:T449V channel is less dependent
decreased the amplitude of the transient current, represeran external [K'].
ing Na* flux through the open state. However, the toxin did
i &

not affect the stegdy—s_tate component mediated by NaDISCUSSION
through the C-type inactivated state. The results suggest that
the toxin may preferentially interact with the open state ofWe showed here that maurotoxin reduces ionic currents
the channel but not with the C-type inactivated state. through Shaker K channels by decreasing the probability

We investigated which amino acid residues of the chanthat the channel enters the nonblocked open state in re-
nel protein are involved in the toxin efficacy. We hypoth- sponse to depolarization. Furthermore, our results show that
esized that position 449 in the external mouth of the ShBhe toxin preferentially blocks the channels at hyperpolar-
channel is important for the toxin action for the following ized voltages and that the blocking efficacy is regulated by
reasons. First, effects of other'kchannel blockers, such as both external and internal [K. The amino acid residue at
CTX and tetraethyl ammonium (TEA), are known to be position 449 in the external mouth of the pore contributes to
mediated partly by the 449 residue (Naranjo and Miller,the channel’'s sensitivity to the toxin. The macroscopic
1996; Molina et al., 1997). Second, the channel’s sensitivitycurrent time course in the presence of the toxin is in general

600 - ,

< 400

Current (p.
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FIGURE 6 Residue 449 is important
for the maurotoxin actionA) Represen-
tative currents recorded using TEV from
ShBA6-46:T449Y channels in the pres-
ence of maurotoxinupper panel0, 3, 1,
10, 30, and 100 nM) and TEAldwer
panel 0.1, 0.3, 1, 10, and 30 mM). The
toxin and TEA were applied to the ex-
tracellular medium. B) Representative
currents recorded using TEV from
ShBA6-46:T449V channels in the pres-
ence of maurotoxinupper panel0, 3, 1,
10, 30, and 100 nM) and TEAdwer
panel 0.1, 0.3, 1, 10, and 30 mM)Cj
Steady-state concentration dependence
of the maurotoxin block of ShB6—46:
T449T (), ShBA6-46:T449Y @),
and ShR\6-46:T449V (). (D) Con-
centration dependence of external TEA
block of ShBA6—-46:T449Y @) and
ShBA6-46:T449V (). All data inA-D
were recorded using pulses fronB0 to

0 mV. The external solution contained
10 mM [K*]. (E) Effect of external [K']
on the maurotoxin block of Shi6—46:
T449V and ShR6-46: T449V currents.
The extrapolated initial t(= 0) and
steady-state values are plotted against
the toxin concentratiori.], t = 0, 2 mM
[K*]; O, t =0, 140 mM [K']; W, steady
state, 2 mM [K']; @, steady state, 140
mM [K*]. Note that the difference be-
tween the results from 2 and 140 mM
[K*]att = 0 ([ versusO) is smaller
than that found for the ShB5-46:
T449T channel (see Fig. @).

consistent with the simple bimolecular scheme presentedf the channel. This conclusion is based in part on the
observations that the macroscopic current slowly increases
The Shaker channel has several electrophysiologicallguring depolarization and that the first latency is slowed in
distinguishable conformational states. Our results suggeshe presence of maurotoxin, leading to the unblock phenom-
that maurotoxin interacts preferentially with the closed stateenon. The Na conduction through the C-type inactivated

earlier (Scheme A).
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state (Starkus et al., 1997) appears to be little affected by théhrough the C-type inactivated state is not appreciably af-
toxin. fected by maurotoxin. Several possible interpretations of
The analysis of the unblock time course suggests that ththis finding exist. Nd& may cause a very rapid dissociation
block (ON) rate constant is voltage independent, while theof the toxin from the channel. The N&lux may proceed
unblock (OFF) rate constant decreases with hyperpolarizainimpaired, even with the toxin bound to the channel. The
tion with an equivalent charge of 0.37. In the presence otonformational change from the open state to the C-type
low external [K"], extrapolation of the voltage dependence inactivated state, likely involving constriction of the pore
of k. to more negative voltages approximates thgylC (Liu etal., 1996), may directly destabilize the toxin binding.
value based on the measurements at the beginning of thEhe observation that residue 449 in the external mouth of
pulse, which should reflect the channel sensitivity to thethe pore regulates both C-type inactivation flea-Barneo
toxin at the holding voltage (Fig. C). Thus, at least with et al., 1993) and the toxin efficacy (see Fig. 6) suggests that
low external [K'], the voltage dependence ki obtained the toxin binding stability is dependent on the local protein
from the unblock time course roughly determines whetherconformations near residue 449. This is consistent with the
the channel opens in response to depolarization. In thiast possibility that the toxin binding is destabilized by
presence of high external [H, however, the actuak,;  transition to the C-type inactivated state.
value at hyperpolarized voltages is much greater than that The work presented here shows that position 449 in the
predicted from the unblock measurements made at moreuter mouth of the channel has an important influence on
depolarized voltages, suggesting that a mechanism exists the maurotoxin action. Position 449 on the Shaker channel
destabilize the toxin binding in the closed state (Fig. 4; alsas also involved in CTX binding, and it interacts with M29
see below). in CTX (Naranjo and Miller, 1996). This residue is replaced
The effects of CTX andc-conotoxin PVIIA have been in a conservative manner by an | at position 25 in mauro-
analyzed in detail (Garcia et al., 1999; Terlau et al., 1999)toxin, which may indicate that 125 could play a key role in
The blocking mechanisms of these toxins with three disul-mediating the toxin action on the Shaker channel. K23 in
fide bridges appear to be essentially similar to the mechamaurotoxin also appears to play a function similar to that of
nism of the maurotoxin action described here. Terlau et alk27 in CTX for its interaction with Shaker channels, inas-
(1999) found the unblock phenomenon with depolarizationmuch as K23A mutation decreases the toxin affinity by
using PVIIA on ShR\6—-46 channels expressed in oocytes.1000-fold (Carlier et al., 2000). These results suggest that
They also found that the dissociation rate constaptfor  the equivalent key residues in maurotoxin could mediate the
the PVIIA action on the ShB6—46 channel was much Shaker pore recognition (see also discussion of Fig. 7 be-
greater than that predicted by the unblock time course adbw). k-Conotoxin PVIIA also interacts with the channel via
depolarized voltages. Based on the results obtained bthe amino acid residues in the outer mouth of the pore,
MacKinnon and Miller (1988) for CTX, they postulated that although the binding of CTX and PVIIA with the channel
when the outermost K binding site is occupied, binding of may involve different molecular interactions (Shon et al.,
PVIIA is destabilized by repulsion, thus increasing the1998). Position 449 is in part involved in external TEA
dissociation rate constard. It is likely that a similar  binding, C-type inactivation, and external*Ksensitivity
mechanism underlies the maurotoxin action. Our results(Molina et al., 1997; Lpez-Barneo et al., 1993). The
obtained with different internal [K] concentrations, indi- ShBA6-46:T449V channel expressed in oocytes does not
cate that the efflux of K ions may repel the toxin molecule show noticeable C-type inactivation, and it is not markedly
away from the channel and contribute to the voltage depenaffected by external [K]. The toxin efficacy on this chan-
dence ok, potentially affecting the outermost'kbinding  nel at =90 mV is less [K'] dependent than that on the
site. The difficulty associated with manipulating both the ShBA6—46 channel with faster C-type inactivation. It may
intracellular and extracellular solutions in the same experibe speculated that in the SAB—46:T449V channel the
ment, however, makes it impractical to quantitatively assessxternal K™ binding site that is important in the toxin
how internal and external [K] may differentially affect the  affinity is occupied by a K ion more frequently, decreasing
toxin efficacy. the toxin efficacy and interfering with C-type inactivation.
Clearance of K from the channel pore is considered to  To infer how different amino acid residues of maurotoxin
accelerate the C-type inactivation time course pgéo  are involved in its interaction with the channel pore, we
Barneo et al., 1993), which is likely to involve constriction aligned the three-dimensional structures of maurotoxin and
of the channel pore at the external segment (Liu et al.charybdotoxin obtained from Protein Data Bank. FigA7
1996). According to the model proposed by Terlau et alshows the aligned averaged structures of the two toxins.
(1999), K" in the Shaker channel destabilizes the toxinDistances between s of the corresponding residues of
binding. Clearing the channel pore of'Kduring C-type the two toxins are shown in Fig.B. This alignment shows
inactivation may be expected to enhance the toxin bindingthat the Gx deviation distances were typically less than 2 A.
thus making the C-type inactivated state more sensitive tdhe triplet, K27:M29:N30, and the doublet, R34:Y36, in
the toxin. Our results, however, show that the 'Niux charybdotoxin are well conserved among different K

Biophysical Journal 79(2) 776-787



786

pry

Distance (A)

—
o
L

(=]
(3]
I

0.0 4

VSCTTSKECWSVCQRLHNTSRGKCMNKKCRCY

I
5

T
10

T
15

T
20

T
25

T
30

FIGURE 7 Structural alignment of charybdotoxin and maurotoxf). (
Stereoscopic view of backbonex@lignment of maurotoxink{ack lines
PDB entry 1TXM) and charybdotoximg(ay lines PDB entry 2CRD). Each

Avdonin et al.

charybdotoxin/maurotoxin). The turn of th&sheet con-
taining the triplet is packed more closely with the rest of the
toxin in maurotoxin than in charybdotoxin, accounting for
the large deviation around position 26 (Fig.Bj. The
structural alignment reveals that the two toxins share similar
structural motifs; however, the relative contributions of the
key amino acid residues to the toxin-channel interaction in
maurotoxin could be different from those in CTX because
of the differential disulfide bridge patterns. Mutant cycle
experiments to determine the relative importance of the
residues in the triplet and doublet would be of particular
interest.
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