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and unblocks inactivating K+ channels blocked by a-dendrotoxin
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ABSTRACT Two nonhomologous polypeptide toxins, tity-
ustoxin Ka (TsTX-Ka) and tityustoxin Kit (TsTX-K(J), purified
from the venom of the Brazilian scorpion Tilyus serruaws,
selectively block voltage-gated noninactivating K+ channels in
synaptosomes (IC,5 values of 8 nM and 30 nM, respectively). In
contrast, a-dendrotoxin (a-DTX) and charybdotoxin (ChTX)
block voltage-gated inactivating K+ chantels in synaptosomes
(ICso values of 90 nM and 40 nM, respectively). We studied
interactions among these toxins in 12'I-a-DTX binding and "Rb
efflux experiments. Both TsTX-Ka and ChTX completely dis-
placed specifically bound 'mI-a-DTX from synaptic mem-
branes, but TsTX-Kfi had no effect on bound a-DTX. TsTX-Ka
and TsTX-K13 blocked the same noninactivating component of
100 mM K+-stimulated "Rb efflux in synaptosomes. Both
a-DTX and ChTX blocked the same inactivating component of
the K+-stimulated "Rb efflux in synaptosomes. Both the inac-
tivating and the noninactivating components of the 100 mM
K+-stimulated "Rb efflux were completely blocked when 200
nM TsTX-Kfi and either 600nM a-DTX or 200 u ChTX were
present. The effects ofTsTX-Ka and ChTX on "Rb efflux were
also additive. When TsTX-Ka was added in the presence of
a-DTX, however, only the noninactivating component of the
K+-stimulated efflux was blocked. The inactivating component
could then be blocked by ChTX, which is structurally homolo-
gous to TsTX-Ka. We conclude that TsTX-Ka unblocks the
voltage-gated inactivating K+ channels in synaptosomes when
they are blocked by a-DTX, but not when they are blocked by
ChTX. TsTX-Ka binds to a site on the inactivating K+ channel
that does not occlude the pore; its binding apparently prevents
a-DTX (7054 Da), but not ChTX (4300 Da), from blocking the
pore. The effects of TsTX-Ka on 125I-a-DTX binding and "Rb
efflux are mimicked by noxiustoxin, which is homologous to
TsTX-Ka and ChTX.

K+ channels with distinctive activation-inactivation proper-
ties and pharmacological sensitivities play critical physiolog-
ical roles in many types of cells. The study of these channels
and their physiological effects has been aided by the identi-
fication of a number of small polypeptides from the venoms
of scorpions and snakes that block particular types of K+
channels with high selectivity and affinity (1-3). For example,
a-dendrotoxin (a-DTX), from the venom ofthe Eastern green
mamba, Dendroaspis angusticeps (4), selectively blocks
voltage-gated inactivating K+ channels in synaptosomes (5).
Venoms from several Old World scorpions also contain
polypeptides that block only voltage-gated inactivating K+
channels (6), although some toxins from Leiurus quinques-
triatus hebraeus,-notably, charybdotoxin (ChTX)-block
high-conductance ("maxi") Ca2+-activated K+ channels (7)
as well as voltage-gated inactivating K+ channels (6, 8, 9). In

contrast, venoms from several New World scorpions contain
polypeptides that selectively block only voltage-gated, non-
inactivating K+ channels (6). The present report describes an
interaction between a-DTX and one of the voltage-gated
noninactivating K+ channel blockers from the Brazilian
scorpion Tityus serrulatus, tityustoxin Ka (TsTX-Ka).

METHODS
Toxins. TsTX-Ka and TsTX-K,8 [originally called TsK4

and TsK2 (6)] and ChTX were purified as described (6, 7).
Noxiustoxin (NTX), from the Mexican scorpion Centruroi-
des noxius, was a gift from L. D. Possani (Inst. Biotec.,
UNAM, Cuernevaca, Mexico) and J. S. Smith (Merck Sharp
& Dohme Research Labs, West Point, PA). a-DTX was
purified from the venom of D. angusticeps (5). 125I-a-DTX
was prepared as described (10).
The amino acid sequences ofTsTX-Ka and TsTX-Kp were

determined by automated Edman degradation. Cysteine res-
idues were identified unambiguously as blank cycles during
the sequencer run; all other amino acids yielded identifiable
derivatives. The TsTX-Ka sequence was confirmed by ex-
pression of active toxin by recombinant DNA methods (11).

Experimental Procedures. The rat brain synaptosome
86Rb+ efflux assay was used to study K+ channel activity (6).
The assay for specific binding of1251-a-DTX to its receptor on
rat brain synaptic membranes has been published (10).
The standard (5K) incubation solution was 145 mM NaCl/5

mM KCl/0.1 mM RbCl/2 mM MgCl2/10 mM glucose/0.5
mM NaH2PO4/10 mM HIepes adjusted to pH 7.4 with NaOH:
The depolarizing (1OOK) solution contained 100 mM KCl and
only 50 mM NaCl.

RESULTS
TsTX-Ka and TsTX-Kfl Block Delayed Rectifier K+ Chan-

nels; a-DTX and ChTX Block A-Type K+ Channels. Depo-
larization of 86Rb+-loaded synaptosomes with Ca2+-free,
K+-rich medium evokes a large increase in 86Rb+ effiux (AK)
whose three components can readily be identified in time-
course experiments (Fig. 1A) (6). The K+-stimulated increase
in the (extrapolated) ordinate intercept of the efflux curve
corresponds to a component that inactivates within 1 sec.
This component represents voltage-gated inactivating (pos-
sibly "A-type") K+ channels (6, 12). The increase in the
slope of the curve (relative to the efflux into 5K solution)
includes two components that do not inactivate within 5 sec
and that are approximately equal in magnitude in 100K
solution at 5 sec (6, 12): One noninactivating component is
due to the increase in electrodiffusion that results from the
depolarization: the second corresponds to an increase in K+
conductance via voltage-gated noninactivating (possibly

Abbreviations: a-DTX, a-dendrotoxin; ChTX, charybdotoxin;
NTX, noxiustoxin; TsTX, tityustoxin.
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FIG. 1. Time course of 86Rb+ efflux in synaptosomes illustrating
the effects of several polypeptide toxins. (A) Experiment with 600
nM a-DTX. Circles, efflux in 5K; triangles, efflux in 100K; open
symbols, toxins absent; filled symbols, toxins present. Symbols
indicate means of four replicates; SE bars in this and subsequent
figures are shown where they extend beyond the symbols. See ref.
6for methodological details. (B-E) Effects of 600 nM a-DTX, 100nM
ChTX, 30 nM TsTX-Ka, and 200 nM TsTX-K.3, respectively, on the
Ca2+-independent 100K-stimulated 86Rb+ efflux (AK = efflux into
Ca+-free 100K minus the efflux into Ca2+-free 5K).

"delayed rectifier") K+ channels. The latter can be blocked
by K+ channel inhibitors such as 4-aminopyridine (8, 13) and
by several neurotoxins from New World scorpions (6), but
not by a-DTX (5) or ChTX (6, 8).

Fig. 1 illustrates the selective block of the inactivating K+
channel (i.e., reduction in the Rb+ efflux ordinate intercept)
by 600 nM a-DTX (A and B) and 100 nM ChTX (C) and of the
noninactivating K+ channel (i.e., reduction ofthe slope ofthe
efflux curve) by 30 nM TsTX-Ka (D) and 200 nM TsTX-Kf3
(E). These toxin concentrations are maximally effective.
Both TsTX-Ka and TsTX-K13 reduced the 10OK-induced
increase in the slope by about 50%; thus, at 100 mM K+,
about half of the increase in slope can be attributed to the
voltage-gated noninactivating K+ channels and about half to
electrodiffusion (12). Voltage-clamp experiments on cultured
rat brain neurons confirmed that TsTX-Ka selectively blocks

voltage-gated noninactivating (delayed rectifier) K+ channels
with high affinity (14).

Interaction of TsTX-Ka, but Not TsTX-Kf3, with a-DTX
Receptor Binding. This distinction between the effects of the
two Tityus toxins on the noninactivating K+ channels (Fig. 1
D and E) and the effects of a-DTX and ChTX on the
inactivating K+ channels (Fig. 1 A-C), led us to anticipate
that the Tityus toxins would not affect inactivating K+
channels. We therefore compared the effects of these four
toxins on the binding of 1251-a-DTX to its receptor site on
synaptic membranes. The two inactivating K+ channel block-
ers, ChTX and (unlabeled) a-DTX inhibited 125I-a-DTX
binding but, unexpectedly, so did the noninactivating channel
blocker TsTX-Ka, whereas TsTX-K(B was ineffective (Fig.
2A). The IC50 for inhibition of 1251-a-DTX binding by
TsTX-Ka was 3 nM (Fig. 2B) which is close to its IC5o for
block of noninactivating K+ channels, 7 nM (6).
The kinetics of inhibition of 1251-a-DTX binding by

TsTX-Ka and by (unlabeled) a-DTX and ChTX were differ-
ent, however. As expected, unlabeled a-DTX was a com-
petitive inhibitor: it increased the apparent dissociation con-
stant, Kd, but did not affect the maximum binding capacity,
B.a, (10). ChTX appeared to be a noncompetitive, allosteric
inhibitor of a-DTX binding (Fig. 2C); it had no effect on the
apparent affinity for 125I-a-DTX (i.e., Kd was unchanged) but
reduced B.. In contrast, TsTX-Ka both reduced B. and
increased Kd (Fig. 2D).

Interactions Between a-DTX and TsTX-Ka on Rb+ Efflux.
This evidence that TsTX-Ka displaced a-DTX from its
binding site (Fig. 2) but did not block the inactivating K+
channels (Fig. 1) implied that TsTX-Ka should prevent
a-DTX from blocking the inactivating channels. This expec-
tation was tested and verified (Figs. 3 and 4).
The AK at 5 sec consists of three approximately equal

components which correspond, respectively to the inactivating
K+ channels, the noninactivating K+ channels, and electrodif-
fusion (see above). The blocker of the inactivating channels,
a-DTX (Fig. 3A, 0) blocked about one-third of AK, and the
blockers ofthe noninactivating K+ channels, TsTX-Ka(A) and
TsTX-K,8 (U), also blocked about one-third of AK in the
absence ofa-DTX. Further, the effects ofTsTX-K13and a-DTX
were additive. The residual AK in the presence of maximal
doses of these two toxins (about 35% of control AK) corre-
sponds to the aforementioned electrodiffusion component.

In contrast to TsTX-K13 (Fig. 3A, U), TsTX-Ka prevented
a-DTX from inhibiting the 86Rb+ efflux (A). This lack of
effect of a-DTX in the presence of TsTX-Ka cannot be
explained by a common site of action, because a-DTX and
TsTX-Ka block different channels (Figs. 1 B and D). Also,
TsTX-K13 did not inhibit the Rb+ efflux further when added
in the presence of saturating concentrations of both a-DTX
and TsTX-Ka (Fig. 3B). These results indicate that TsTX-Ka
prevented a-DTX from blocking the inactivating channels
and that a-DTX did not prevent TsTX-Ka from blocking the
noninactivating K+ channels.
More direct evidence that TsTX-Ka, but not TsTX-KS,

relieves the block of voltage-gated inactivating K+ channels
by a-DTX was provided by the Rb+ efflux time course. The
effects of a-DTX and TsTX-K(B were additive: TsTX-Kf
alone (Fig. 4A) reduced the slope of the AK curve (i.e., it
blocked the noninactivating channels); addition of a-DTX
then reduced the ordinate intercept with no further effect on
the slope (i.e., it blocked the inactivating channels). Con-
versely, a-DTX blocked the inactivating channels and addi-
tion of TsTX-K.3 then also blocked the noninactivating
channels (Fig. 4B). In contrast, when TsTX-Ka was added
after a-DTX (Fig. 4C), the K-stimulated Rb+ efflux at 1 sec
increased markedly, relieving the inhibition of the inactivat-
ing channels by a-DTX; this is reflected in the increase in
ordinate intercept (arrow in Fig. 4C). The independent effect
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FIG. 2. Effects of scorpion toxins on binding of 1251-a-DTX to synaptic membranes. Error bars in A and B correspond to SEs of the means
ofthree determinations. All samples (A-D) were incubated with the labeled toxin for 30 min to assure equilibrium binding (10). (A) Displacement
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of (curves 1, 2, and 3, respectively) 0, 10, and 30 nM ChTX (C), and 0, 2, and 4 nM TsTX-Ka (D). Data points are the means of triplicate
determinations. ChTX at 10 and 30 nM decreased Bn,,, from the control value of 0.9 to 0.5 and 0.3 pmol/mg of protein, respectively. However,
ChTX had no effect on the apparent Kd. TsTX-Ka at 2 and 4 nM also decreased B. from the control value of 2.8 to 1.9 and 1.6 pmol/mg of
protein, respectively, but, in addition, TsTX-Ka increased Kd from the control value of 0.8 nM to 1.4 and 2.5 nM, respectively.

of TsTX-Ka on the noninactivating channels is indicated by
the reduced slope of the AK curve. Thus, only the voltage-
gated noninactivating K+ channels were blocked. Note that
the kinetics of 86Rb+ efflux in the presence of a-DTX and
TsTX-Ka (Fig. 4C, 0) were identical to those observed with
TsTX-Ka alone (Fig. iD).

Structure-Activity Relationships of Three Homologous
Scorpion Toxins. Fig. 5A shows the amino acid sequences of

A
100 F

ChTX (17), TsTX-Ka (this report), and NTX (noxiustoxin;
refs. 13 and 15), and the partial sequence of the larger,
nonhomologous TsTX-K13 (8,016 Da; ref. 6). a-DTX (7054
Da) is a nonhomologous polypeptide (5). ChTX, TsTX-Ka,
and NTX share substantial sequence homology, especially at
their C termini; they also have three similarly positioned
cysteine residues, which suggests that they are similarly
folded via disulfide bridges. Nevertheless, both TsTX-Ka
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and NTX block noninactivating, and not inactivating, K+
channels, whereas the opposite is true for ChTX (6, 8).
TsTX-Kp3 and a-DTX, like the three small scorpion toxins,

contain many positively charged residues. Also, a-DTX
contains three disulfide bridges.
The time course (Fig. 5B) demonstrates that NTX also

prevented a-DTX from blocking the inactivating K+ chan-
nels. NTX also completely displaced specifically bound
125I-a-DTX from synaptic membranes (not shown). Thus,
NTX is both structurally and functionally similar to TsTX-
Ka.
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FIG. 5. (A) Amino acid sequences of TsTX-Ka (3997 Da), NTX

(4184 Da) (13, 15), and ChTX (4300 Da) (8). The toxins are aligned
so that their cysteines lie in identical positions. ChTX contains three
disulfide bridges (Cys7-Cys28, Cys13-Cys33, and Cys17-Cys35; ref.
16); we assume that TsTX-Ka and NTX contain the same disulfide
bridges. The partial sequence (first 45 amino acids) of the nonho-
mologous TsTX-K,3 (-8160 Da; ref. 6) is also shown. Lowercase
letter indicates tentative identification; X, unidentified amino acid.
(B) Time course of the effects on AK of 600 nM a-DTX alone (A) and
in the presence of 300 nM NTX (v). (C) Time course of the effects
on AK of 200 nM CTX alone (A) and in the presence of 80 nM
TsTX-Ka (v).

Even though TsTX-Ka and ChTX are homologous (Fig.
SA), and ChTX and a-DTX interact at the a-DTX binding site
on synaptic membranes (Fig. 2), TsTX-Ka did not prevent
the block of the inactivating K+ channels by ChTX. The
effects ofChTX and TsTX-Ka were additive (Fig. 5C). Thus,
the inactivating channels as well as the noninactivating
channels were blocked in the presence of these two toxins.
While both TsTX-K(3 and TsTX-Ka blocked the noninac-

tivating K+ channels, TsTX-Kp did not prevent TsTX-Ka
from relieving the a-DTX block of the inactivating channels
(Fig. 3B). Further, in the presence of a-DTX, TsTX-Ka, and
TsTX-K(3, ChTX was still able to block the inactivating
channels (Fig. 3B) even though, in the absence of TsTX-Ka
(and TsTX-K3), the effects of a-DTX and ChTX are not
additive (6).

DISCUSSION
This report describes an unanticipated interaction between
two nonhomologous polypeptide K+ channel toxins.
TsTX-Ka selectively blocks voltage-gated noninactivating
(possibly delayed rectifier) K+ channels in synaptosomes (6).
a-DTX selectively blocks voltage-gated inactivating (possi-
bly A-type) K+ channels (6). Our data show that TsTX-Ka
interferes with the binding of a-DTX to its receptor and
thereby unblocks a-DTX-blocked inactivating channels even
though TsTX-Ka does not itself block these channels. How-
ever, the block of the inactivating channels by ChTX, which
has substantial sequence homology to TsTX-Ka, is not
prevented by TsTX-Ka. These effects of TsTX-Ka are
mimicked by NTX, a homologous toxin from another New
World scorpion. NTX also displaces the a-DTX homologue
dendrotoxin I from its receptor on rat brain synaptic mem-
branes (18).
These polypeptide toxins are all hydrophilic and bear a

substantial net positive charge; they are all probably too large
to cross the plasmalemma (11). ChTX binds in the mouth of
Ca2+-activated (19) and voltage-gated (20, 21) K+ channels.
a-DTX also binds to an external site on K+ channels (21-23),
as does TsTX-Ka (11).
Much is known about the binding of ChTX to Ca2+-

activated K+ channels. Three of the toxin's positively
charged amino acids (Arg25, Lys27, and Arg; see Fig. SA) are
critical for the electrostatic interaction with the side-chains of
amino acids that form the channel mouth (24). Lys2 appar-
ently sits close to the K+ binding site (19) and accounts for
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the voltage dependence of the toxin's dissociation (24). This
Lys27 is present in all of the homologous scorpion K+ toxins
that have been sequenced (Fig. SA; refs. 25-30).
ChTX also binds to and blocks voltage-gated K+ channels,

as discussed above. The negative charge of Glu422 in the
channel protein's extracellular S5-S6 loop provides a nega-
tive electrostatic potential in the mouth of the cloned Shaker
B channel. This amino acid is critical for ChTX binding (20).
The a-DTX binding site has been localized to the S5-S6

loop of cloned RBK2 (BK2) channels (22) and RCK1 chan-
nels (23). There is disagreement, however about whether the
only negatively charged residue in this loop, Glu353, is critical
for a-DTX binding (22, 23). Since all identified types of K+
channels apparently consist of homo- or heterotetramers of
comparable =60-kDa subunits (31), these data suggest that
the S5-S6 loops of the four subunits face the central pore (or
conductance pathway) and that together they form the mouth
of the pore. The binding sites for the K+ channel toxins must
then be situated on the S5-S6 loops; all four of the loops may
contribute to and coordinate the binding of the toxins.
However, a single toxin molecule may not need to bind to all
four channel subunits to exert its effect; indeed, this might
help to explain some of the toxin interactions that we
observed.
The binding sites for ChTX and NTX in mouse brain

synaptosomes are not identical; ChTX displaces only about
one-third of the specifically bound NTX (15). In contrast,
ChTX as well as TsTX-Ka (Fig. 2A) and NTX (data not
shown, but see ref. 18) completely displace specifically
bound a-DTX from rat brain synaptic membranes. Our data
suggest that the overlap between the ChTX and NTX binding
(15) may be on the inactivating K+ channels, whereas the
remainder of the NTX binding sites may be located on the
noninactivating channels. Substitution in amino acid position
25 (alanine in NTX and TsTX-Ka, arginine in ChTX) may
contribute to the selectivity differences because the posi-
tively charged arginine is critical for ChTX binding to its
receptor in the high-conductance Ca2+-activated K+ channel
mouth (19).
The work of Miller and MacKinnon and their collaborators

(19, 20) and the striking sequence homologies of all the
-4-kDa scorpion K+ channel toxins (Fig. 5A; refs. 24-29)
make it reasonable to speculate that block ofthe several types
of K+ channels by these toxins may involve similar mecha-
nisms. These toxins may, like ChTX, insert deep into the
mouths of the channels, with Lys27 situated close to a K+
binding site in the conductance pathway, thereby physically
occluding the pores. Whether TsTX-K/3 and a-DTX, which
are substantially larger molecules (-8 and =7 kDa, respec-
tively) plug the pores of voltage-gated noninactivating and
inactivating K+ channels, respectively, in a similar fashion,
is not known. However, the fact that ChTX antagonizes the
binding of a-DTX, and that both of these toxins block the
inactivating channels, suggests that a-DTX also inserts deep
into the mouth of this channel. In contrast, TsTX-Ka and
NTX must bind to a site distant from the a-DTX binding site
on the inactivating channel, because they completely antag-
onize a-DTX binding and block without themselves plugging
the conductance pathway. Thus, they may either prevent
a-DTX binding via an allosteric effect or sterically interfere
with the access of a-DTX, but not ChTX, to the narrow pore
of the channel.
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