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SUMMARY

Three 35-amino acid peptide K* channel toxins (pandinotoxins)
were purified from the venom of the scorpion Pandinus impera-
tor: the toxins are designated pandinotoxin (PiTX)-Ke, PiTX-KB,
and PiTX-Ky. In an 88Rb tracer flux assay on rat brain synap-
tosomes, all three toxins selectively blocked the component of
the K*-stimulated 88Rb efflux that corresponds to a voltage-
gated, rapidly inactivating (A-type) K* current (IC5, = 6, 42, and
100 nm, respectively). These toxins blocked neither the nonin-
activating component of the K*-stimulated 2Rb efflux (corre-
sponding to a delayed rectifier) nor the Ca?*-dependent com-
ponent of the ®®Rb efflux (i.e., a Ca®*-activated K* current) in
these terminals. PiTX-Ka, which was expressed by recombi-
nant methods, also blocked the Kv1.2 channel expressed in
fibroblasts (IC5, = 32 pM). PiTX-Ka and PiTX-KB have identical
amino acid sequences except for the seventh amino acid: a
proline in PiTX-Ka, and a glutamic acid in PiTX-KB. They have
substantial sequence homology, especially at the carboxyl ter-

mini, with another scorpion toxin, charybdotoxin (ChTX), which
blocks both the Ca2*-activated and the rapidly inactivating,
K*-stimulated 88Rb efflux components in synaptosomes and
the Kv1.2 channel. PiTX-Kvy, however, has much less sequence
homology. Conserved in all four toxins are three identically
positioned disulfide bridges; an asparagine at position 30; and
positive charges at positions 27, 31, and 34 (based on ChTX
numbering). PiTX-Ky is novel in that it has a fourth pair of
cysteines. The PiTX structures were computer simulated, using
ChTX as a model. We speculate that the three-dimensional
structures of all three PiTXs resemble that of ChTX: a B-sheet at
the carboxyl terminus, containing three cysteines, is linked to
the central a-helix by two disulfide bridges (C17—C35 and
C13—C33) and to an extended amino-terminal fragment by the
third disulfide bridge (C7—C28). Further analysis of the three-
dimensional structures reveals differences that may help to
explain the selectivity and affinity differences of these toxins.

A number of short polypeptide toxins (37-39 amino acids)
that are selective blockers of specific voltage-gated and Ca%*-
activated K* channels have been identified in recent years
(1). These toxins, several of which have been purified from
scorpion venoms, have aided in the characterization of the
K* channels that serve as their acceptors (e.g., Refs. 2-5).
Many peptide K* channel toxins from scorpion venom that
have been studied (e.g., ChTX, margatoxin, noxiustoxin, and
tityustoxin-Ka) seem to be readily reversible (6-9). In con-
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trast, however, venom from the North African scorpion
Pandinus imperator contains a component or components
that block, with poor reversibility, voltage-gated, noninacti-
vating (delayed rectifier) K* channels in bullfrog myelinated
nerve fibers (10) and inactivating K* channels in GH; cells
(11). The active K* channel toxins from this venom have not,
however, previously been purified and characterized.

In an earlier report (12), we showed that venom from P.
imperator selectively blocked a component of 36Rb efflux from
rat brain synaptosomes that could be ascribed to voltage-
gated, inactivating (A-type) K* channels. This venom had a
negligible effect on the two components of 6Rb efflux, which
we attribute to the Ca%*-activated and voltage-gated, nonin-
activating K* channels. Here, we describe the purification,
characterization, and primary structures of three peptides
(PiTXs) from this venom that block the aforementioned com-
ponent of ®Rb efflux in synaptosomes. One of the toxins,

ABBREVIATIONS: ChTX, charybdotoxin; a-DaTX, a-dendrotoxin; PiTX, pandinotoxin; SDS, sodium dodecyl sulfate; PAGE, polyacrylamide gel
electrophoresis; HPLC, high performance liquid chromatography; EGTA, ethylene glycol bis(B-aminoethyl ether)-N,N,N’,N'-tetraacetic acid;
HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; NH,OAc, ammonium acetate.
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PiTX-Ka, which we have studied most extensively, blocks,
with very high affinity, the Kv1.2 channel stably expressed in
fibroblasts as well as the synaptosome A-type K* channel.
The other two PiTXs, which are present in similar abundance
in the venom, also selectively block the synaptosome A-type
K* channel.

The three PiTXs are 35 amino acids in length. Despite
some novel features, all three PiTXs have significant se-
quence homologies to a number of other scorpion K* channel
toxins (1). This enabled us to model the tertiary structures of
the PiTXs and to speculate about the features of their three-
dimensional structures that determine their acceptor site
selectivity and affinity. All previously sequenced scorpion K*
channel toxins contain three disulfide bridges (1). This is also
true of two of the PiTXs. The third toxin, PiTX-KY, however,
contains a fourth pair of cysteines. These two cysteines form
a fourth disulfide bridge that apparently does not disrupt the
conserved folding pattern that is expected as a result of the
other three disulfide bridges.

Materials and Methods

Toxin purification. Toxins were purified from the venom of P.
imperator by a two-step purification process as described previously
(12). In brief, the toxins were extracted in 20 mM NH,OAc (pH 6.8; 30
mg of venom/ml). The water-soluble toxins were separated by HPLC
cation exchange using a linear NH,OAc gradient from 0.02 to 1.0 M
(Fig. 1). The individual toxins were then purified from the peaks of
interest by reverse-phase HPLC (Fig. 2).

Protein concentrations were determined using the Pierce Micro
BCA assay kit (Pierce Chemical, Rockford, IL). Toxin purity and
approximate molecular weights were determined by SDS-PAGE (13),
but final molecular weight determinations were obtained directly
from the amino acid sequences of each of the prevalent toxins.

Amino acid sequencing. Amino acid sequences were deter-
mined by automated Edman degradation with an Applied Biosys-
tems (Foster City, CA) model 477A sequencer equipped with an
on-line amino acid phenylthiohydantoin analyzer. Standard proto-
cols supplied by the manufacturer were used for analysis. Before
sequencing, disulfide bridges were reduced with B-mercaptoethanol
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Fig. 1. HPLC cation exchange chromatogram of the water-soluble
components of crude venom from the North African scorpion P. im-
perator. A linear gradient from 0.02 to 1.0 M NH,OAc with a flow rate of
1 mV/min was used. b—e, Peaks of interest labeled inhibited K-stimu-
lated ®°Rb effiux in synaptosomes.
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Fig. 2. Purification of PiTX-Ka, PiTX-KB, and PiTX-Ky by reversed
phase HPLC. A, Fraction e from the cation exchange step in Fig. 1. A
30-min linear gradient from 0.1% trifluoroacetic acid in water to 0.1%
trifluoroacetic acid in acetonitrile was used with a flow rate of 1 ml/min.
Arrow, the active peak, PiTX-Ka. B, Reversed phase of fraction ¢ from
the cation exchange step in Fig. 1 (same conditions as in A). Arrow, the
active toxin, PiTX-KB. C, Reversed phase of fraction b from the cation
exchange step in Fig. 1 (same conditions as in A). Arrow, the active
toxin, PiTX-Ky.

and then alkylated with 4-vinylpyridine according to the procedure
described in Applied Biosystems User Bulletin No. 61, Cysteine
residues were positively identified during sequencing as their pyri-
dylethylcysteine phenylthiohydantoin residues.

Expression of PiTX-Ka by recombinant methods. To express
the 35-amino acid PiTX-Ka, two oligonucleotides were prepared (14,
15). The sequence of the sense strand oligonucleotide (shown 5’ to 3')
was CGCGGATCCGTCGACTACAAAGACGACGATGATAAAACTA-
TCAGCTGCACTAACCCGAAACAATGCTACCCGCACTGTAAGA-
AAGAAACTGGTTACCCG. The sequence of the antisense strand (5’
to 3') was GCCGGAATTCAAGCTTCTAACGACCGAAGCATTTGC-
ATTTACGATTCATGCATTTAGCGTTCGGGTAACCAGTT-
TCTTTCTTACAG.

These oligonucleotides were designed so that they contained a
25-bp overlap at their 3’ ends. To construct a gene that encodes
PiTX-Ka, the two oligonucleotides were annealed by mixing equimo-
lar amounts of each, and they were extended by PCR. The extended
product was then purified from agarose gels using the glass bead
method of purification (Qiagen, Studio City, CA). The PCR product
was digested with EcoRI and BamHI, ligated into the pBluescript
plasmid, and sequenced. The plasmid was then digested with Sall
and HindlIIl. The insert was ligated into the pSR9 expression plas-
mid (16), which had been digested with Sall and HindIII. The final
clone, termed pSR9.PiTX, was designed to produce a fusion protein
containing T7 gene 9 sequences, the pFLAG epitope, and an en-
terokinase cleavage site linked to the toxin sequences. This expres-
sion vector therefore permits i) efficient induction of expression by T7
RNA polymerase, ii) increased fusion protein stability and solubility
due to the gene 9 fusion sequences, iii) facile identification of the
fusion protein during expression and purification using the anti-Flag
M2 antibody (Kodak, Rochester, NY), and iv) efficient cleavage of the
toxin from the fusion protein with enterokinase to yield an intact
toxin amino terminus.

Molecular modeling of toxin structures. Beginning with the
atomic coordinates for ChTX (17, 18), we used the programs
CHARMm and QUANTA (Molecular Simulations, Burlington, MA)
to obtain and view energy-minimized model structures for the three
PiTXs in a similar manner to that previously described for other
toxins (5, 19). The amino acid sequence for each toxin was entered
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Fig. 3. SDS-PAGE of purified toxins from the venom of P. imperator.
Each lane contains =100 ng of toxin. Lane 1, molecular mass stan-
dards; /ane 2, blank; lane 3, peak a from the cation exchange column of
Fig. 1; lane 4, PiTX-Ky; lane 5, PiTX-KB; lane 6, Peak d from the cation
exchange column Fig. 1; lane 7, PiTX-Ka; lane 8, tityustoxin-Ka (12);
lane 9, a-DaTX (24). All three PiTXs had molecular masses of ~4000 Da,
which is close to the values determined from their amino acid se-
quences.

and then homology-modeled using the x, ¢, and ¢ angles from ChTX
as a starting point in the calculation. All amino acid residues, in-
cluding proline residues, were assumed to be in the trans-configura-
tion with protonation states based on pH 7.0. The resulting struc-
tures were subjected to 500 cycles of steepest descent energy
minimization using CHARMm polar hydrogen force field parameters
with a distance-dependent dielectric constant, followed by adopted-
basis Newton-Rapheson minimization under the same conditions,
until convergence was achieved (gradient tolerance = 0.01). As a
control, the entire structure of ChTX was also subjected to energy

K* Channel Toxins from Pandinus imperator 1169
minimization under the same conditions. Although the ChTX struc-
ture condensed somewhat, the overall structure was well preserved:
root-mean-square deviation from published coordinates (17, 18, 20)
was <

Assay of toxin activity in synaptosomes. A crude synaptosome
(pinched-off presynaptic nerve terminal) preparation was obtained
from homogenized rat forebrains. This preparation, which consisted
of the pellet from the second 10,000 X g centrifugation (12, 21), was
used for all ®*Rb flux assays.

Voltage-gated K* channels are nearly as permeable to Rb* as they
are to K*, and because of its much longer half-life, *Rb is a more
convenient tracer than “?K. Therefore, Rb efflux was routinely
used to measure synaptosome membrane conductance to K* (12,
21-23). The methods for loading synaptosomes with 8Rb and for
using an %Rb efflux assay to identify components of the efflux
associated with A-type K* channels and delayed rectifier K* chan-
nels in synaptosomes have been described previously (12, 22, 24) and
are illustrated in Results. To prevent the activation of Ca*-activated
K* channels, Ca?*-free incubation solutions were used unless oth-
erwise noted (12, 22, 24). The standard incubation solution (5K)
contained 145 mM NaCl, 5 mM KCl, 0.1 mM RbCl, 2 mM MgCl,, 10 mMm
glucose, 0.5 mM NaH,PO,, and 10 mmM HEPES adjusted to pH 7.4
with NaOH. The depolarizing solution (100K) differed in that it
contained 100 mM KCl and only 50 mM NaCl.

In brief, synaptosomes were preincubated in 5K solution (6—8 mg
of protein/ml) containing Rb (100 n.Ci/imol of Rb) at 30° for 20 min.
A 100-ul aliquot of the suspension was then diluted with 11.1 ul of
5K, which often contained toxins (see Results); the toxin concentra-
tions, after dilution, are those indicated in Results. After an addi-
tional 15-min incubation, a 90-ul aliquot was diluted into 2 ml of 5K
and filtered through a glass-fiber filter. The filter, containing
trapped synaptosomes, was washed four times with 1.0-ml aliquots
of toxin-free 5K; all wash filtrates, containing extracellular ®éRb and
unbound toxins, were discarded. The entire wash procedure was
timed to take 10 sec. The ®Rb-loaded synaptosomes on the filters
were then incubated for 1-5 sec (timed with a metronome; see Re-
sults) with 1.0 ml of either 5K or 100K solution at 30°. 3Rb efflux

POTASSIUM CHANNEL TOXIN SEQUENCES
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Fig. 4. Amino acid sequences of
ChTX (40) and PiTX-Ka, PiTX-KB,
and PiTX-Ky. The toxins are
aligned so that the six conserved
cysteines lie in identical positions;
the numbering corresponds to
ChTX.
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was terminated by the addition of 0.7 ml of a stop solution to the
incubation medium and rapid filtration of all of the fluid; the ®4Rb
both in the filtrate and on the filter were determined by liquid
scintillation spectroscopy. The stop solution contained 145 mM tet-
raethylammonium chloride, 5§ mM tetrabutylammonium chloride, 0.1
mM RbCl, 10 mm MgCl,, 10 mM NiCl,, and 10 mM HEPES titrated to
pH 7.4. The effluxes are expressed as the fraction of the total (filter
plus filtrate) counts that appeared in the filtrate. The K*-stimulated
88Rb efflux (AK) is the efflux into 100K minus the corresponding
efflux into 5K. The increment in the éRb efflux observed when 1.2
mM CaCl, was present in the 100K efflux solution corresponds to the
Ca?*-activated Rb efflux (ACa).

Electrophysiological studies. CL1023 cells (B82 fibroblast cells
stably transfected with Kvl.2 K* channel cDNA) were grown in
culture as described previously (7). Before recording, the culture
medium was replaced with bathing solution containing 140 mMm
NaCl, 56 mm KCl, 2 mM CaCl,, 1 mM MgCl,, 5.6 mM D-glucose, and 5
mM HEPES, pH 7.4 (osmolality, 330-335 mOsM). Patch electrodes
(24 MQ) were pulled from filament-containing thin-wall glass cap-
illary tubes (0.d., 1.6 mm; World Precision Instruments, New Haven,
CT), heat polished, coated with Sigmacote (Sigma Chemical, St.
Louis, MO), and filled with intracellular solution containing 150 mm
KCl, 2 mm MgCl,, 0.1 mM CaCl,, 1.1 mM EGTA, and 5 mM HEPES,
pH 7.2 (osmolality, 320-325 mOsM). Whole-cell recordings were ob-
tained with an Axoclamp 2A amplifier (Axon Instruments, Burlin-
game, CA) in discontinuous single-electrode voltage-clamp mode
(sampling rates, 16-23 kHz). Voltage-clamp pulses were generated
and currents were acquired under computer control using an Axo-
lab-1 interface with the CLAMPEX module of the pPCLAMP software
suite (Axon Instruments). Currents were low-pass filtered at 1 kHz.
The CLAMPFIT program was used to measure the current level at
the end of the voltage command pulses (steady state current).

PiTX-Ka stock solutions prepared in distilled water were diluted
in bathing solution at the appropriate concentration immediately
before the start of each experiment. Toxin-containing bath solutions
were applied with a multibarrel rapid perfusion system at a flow rate
of 0.5 ml/min; between toxin applications, the cell was perfused with
bathing solution alone. In the concentration-response experiments,
three toxin concentrations were examined for each cell. Before ap-
plication of the lowest toxin concentration, five consecutive 1-sec
depolarizing steps from —60 to +30 mV were applied at 20-sec
intervals. At 2-3 min after the onset of perfusion with the lowest
toxin concentration, an additional five steps were applied. After
5-min wash-out periods, the same protocol was repeated successively
using the two higher toxin concentrations. The average of the steady
state currents for each set of five pulses was used to calculate the
percent of control values.

Statistical analysis. Averaged data are shown as mean * stan-
dard error; the mean *+ standard error for differences between two
mean values (for the AK and AC 2¢Rb effluxes) were calculated as
described previously (25). Dose-response curves were fitted as de-
scribed in the legends to the figures.

Results

Toxin purification and sequence determination. Sep-
aration of the water-soluble P. imperator venom components
by cation exchange HPLC yielded three peaks (Fig. 1, b, c,
and e), which inhibited the 100 mm K-stimulated 86Rb efflux
from synaptosomes (AK; see below). The active peptides (des-
ignated as PiTXs or PiTX-Ky, PiTX-KB, and PiTX-Ka) in
these three fractions were each purified to homogeneity by
reverse-phase HPLC (Fig. 2, A-C). Approximately equal
amounts of the three toxins were present in the crude venom
(~10 pg/mg lyophilized venom). The homogeneity of the pu-
rified toxins was confirmed by SDS-PAGE analysis (Fig. 3).
The material in peak d from the ion exchange column also
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Fig. 6. Effects of reversed phase-purified toxins (100 nm each) from
the ion exchange column fractions shown in Fig. 1 on the 5-sec K-
stimulated ®8Rb efflux (AK) from synaptosomes. Bars, (+ standard
error) differences of the mean values of four replicates each in 5K and
100K.
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Fig. 7. Effects of the three PiTXs and ChTX on the Ca®*-dependent,
100 mm K*-stimulated component of 2Rb efflux (AC) from synapto-
somes. All solutions contained 10 mm 4-aminopyridine to block the
voltage-gated inactivating and noninactivating K* channels. AC was
calculated as the 5-sec ®°Rb efflux in 100 mm K* medium containing
1.2 mm Ca?* minus the efflux in Ca2*-free 100 mm K* medium, either
with or without toxin. Bars, (+ standard error) differences in the mean
values of four replicates each in 100K and Ca*-free 100K.

inhibited AK (see below), but we obtained insufficient pure
material to sequence completely. Because the apparent in-
hibitory potency of this material was lower than that of
either PiTX-Ka or PiTX-Kp, this compound was not further
characterized.

The sequences of the three toxins are presented in Fig. 4, in
which they are compared with ChTX. Note that PiTX-Ka and
PiTX-Kp differ from each another by a single amino acid in
position 10 (using the numbering system for ChTX): a proline
in PiTX-Ka and a glutamic acid in PiTX-KB. Also, like ChTX,
both of these PiTXs have six cysteines (and three disulfide
bridges), and they have more sequence identities to ChTX
than does PiTX-KYy. In addition, PiTX-Ky has a fourth pair of
cysteines and, except for the first three disulfide bridges
(7-28, 13-33, and 17-35) and the region from amino acid 24
to 37, bears little sequence homology to the other PiTXs. A
further analysis of toxin structure is presented below.

To obtain sufficient material for functional characteriza-
tion, PiTX-Ka, the most potent of the three toxins (see below),
was expressed in an Escherichia coli expression system (see
Materials and Methods). The expressed toxin exhibited the
same chromatographic characteristics as the native toxin
(Fig. 5) and was fully active in the %Rb flux assay (see

2102 ‘T Joqwiadaq uo Ausianiun Buellayz ye Bio sjeuinofiadse wreydjow woiy papeojumoq


http://molpharm.aspetjournals.org/

PHARM

aspet

12 ¢

>
vy

PITX—Ka (100 nM)
10}

-
o
]

% ®®Rb Efflux
AK (% °Rb Efflux)
(-]

K* Channel Toxins from Pandinus imperator 1171

PiTX=Ka (100 nM)
Fig. 8. Effects of

/
.,-. / PiTX-KB, and PiTX-Ky on the

. time course of 8Rb efflux from

PiTX-Ka,

g
0

i rat brain synaptosomes in the

. absence of extracellular Ca2*. A

A i A

.
o
.
.
o
.
o

and A’, Effect of 100 nm PITX-
Ka. A, Effluxes into both 100 mm
K* and 5 mm K* Ca?*-free me-
dia. A’ (as in B and C), The ®*Rb
efflux into 5 mm K* medium has
been subtracted, showing only
the K*-stimulated %Rb efflux
(AK). B, Effect of 200 nm PiTX-
KB. C, Effect of 400 nm PiTX-Ky.
O, @, Efflux in 5 mm K* medium.
A, A, Efflux in 100 mm K* me-
dium. O, A, and (J, Toxins ab-
sent. @, A, and W, Toxins
present. Values are the means of
(A) five replicates and (B-D) dif-
ferences in the means. Standard
error bars are shown where they
extend beyond the symbols.

1 2 3 4 5
Time (sec)

'7

1
o
o
.
J

.
.
.
.
.

1 'l ] L J

0{ e
L 1 Il 1 1 ] 0 L;'
0 1 2 3 4 5 0
Time (sec)
C ...
PITX-K# (200 nM) D 12
10 } 10
~ - B
X 5
2 gl =
:u": o 8t
o) o]
@ 6} o
3 8 el
J R
R 4} S
x 4r
S <
2 i
& 2r
o L; 1 1 1 1 1 o L'i':
o 1 2 3 4 5 ;

Time (sec)

below). Therefore, we will not distinguish between native and
expressed PiTX-Ka in the ensuing discussion.

86Rb efflux assay of purified PiTXs. The reversed
phase-purified substances from each of the peaks of the ion
exchange column (Fig. 1) were tested for their ability to
inhibit the 100 mm K*-stimulated 86Rb efflux (AK) in synap-
tosomes. As shown in Fig. 6, a 100 nM concentration of each
of these substances (from peaks b—¢) inhibited AK by 256-35%.
A maximum of ~35% inhibition of AK is observed with ChTX
(not shown; see Ref. 24); this represents complete inhibition
of the depolarization-activated, rapidly inactivating compo-
nent of the ®6Rb efflux that apparently corresponds to the
A-type K* channels (12, 26).

ChTX also blocks a Ca?*-dependent component of the *6Rb
efflux (ACa) in synaptosomes (24). Previously, we reported
that crude P. imperator venom had no effect on ACa (12). Fig.

2 3
Time (sec)

7 shows that the purified toxins from peaks b, ¢, and e of the
ion exchange column also had no effect on this ChTX-sensi-
tive efflux component, which corresponds to the maxi Ca%?*-
activated K* channel.

Fig. 8 illustrates the effects of the three purified PiTXs on
the time course of 8Rb efflux from synaptosomes. Fig. 8A
shows the original data for the effect of PiTX-Ka on the efflux
into both 5K and 100K solutions at 1, 3, and 5 sec: the toxin
had a negligible effect on the efflux into 5K but markedly
reduced the efflux into 100K at all three time points. The
inhibition of the K*-stimulated efflux (AK, which corre-
sponds to 100K data minus the 5K data) by PiTX-Ka is
shown in Fig. 8B. Comparable AK data for PiTX-KB and
PiTX-Ky are presented in Fig. 8, C and D; neither of these
toxins significantly affected the efflux into 5K.

Extrapolation of the lines in Fig. 8, B-D, to time 0 (i.e., the
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time at which 100K was introduced) indicates that all three
toxins reduced the ordinate intercept. This indicates that the
three PiTXs blocked a rapidly (<1 sec) inactivating compo-
nent of the K*-stimulated 26Rb efflux, as we have observed
with ChTX (24) and the snake toxin a-dendrotoxin (23). None
of the PiTXs, however, affected the slope of the time course
curve; this indicates that they did not block the component of
AK that inactivates slowly (>5 sec). The latter is the compo-
nent that is selectively blocked by tityustoxin-Ka and noxi-
ustoxin (12); it may correspond to a delayed rectifier-type K*
channel.

Fig. 9 shows the dose-response curves for the inhibition of
AK by the three PiTXs. All three toxins blocked approxi-
mately one third of AK (5-sec incubation), which is the mag-
nitude of the rapidly inactivating component of the 100K-
stimulated %6Rb efflux (12, 26). PiTX-Ka exhibited the
highest affinity (IC5, = 6 nM), and there was no significant
difference between the effects of the native and expressed
toxins. The replacement of a proline at position 10 by a
glutamic acid (Fig. 4: PiTX-KB), reduced the affinity 7-fold
(ICg, for PiTX-KB = 42 nMm). These ICy, values may be over-
estimates of the true IC,, values (i.e., the toxin affinities may
be underestimated) if significant fractions of the toxin mole-
cules dissociated from their binding sites during the 10-sec
wash before introduction of the 100K efflux solution (see
Materials and Methods).

PiTX-Ky exhibited an even lower affinity block (IC5, ~ 100
nM). In addition, the dose-response curve was somewhat less
steep than those of the other two PiTXs (Fig. 9, #). This
implies that it may interact with the K* channel in a some-
what different manner than PiTX-Ka and PiTX-KB.

Effects of PiTX-Ka on the current carried by Kv1.2
channels. Whole-cell voltage-clamp recordings were carried
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Fig. 9. Dose-response curves illustrating the effects of PiTX-Ka, PiTX-
KB, and PiTX-Ky on the 5-sec K*-stimulated 2Rb efflux in synapto-
somes. Data for both native and expressed PiTX-Ka are shown. Thirty-
five percent inhibition of control AK corresponds to complete block of
the voltage-gated, rapidly inactivating component (12). The respective
1C5, values for block of this component were 6 nM PiTX-Ka (both native
and expressed), 42 nm PiTX-KB, and 100 nm PiTX-Ky. Symbols,
(mean + standard error) differences of the mean values of four repli-
cates each in 5K and 100K; curves, fit to the data points with SigmaPlot
software using the equation: Percentage of control AK = 100/{1 +
(Itoxin)/ICs0)™}, where [toxin] is the toxin concentration and n,, is the Hill
coefficient. The values of n,, were 1.4, 1.0, and 0.9 for PiTX-Ka, Pi-KB,
and Pi-v, respectively.

out on CL1023 fibroblast cells transformed to stably express
the Kv1.2 K* channel. As illustrated in Fig. 10A, step depo-
larization of the cells from —60 to +30 mV evoked a slowly
activating outward K* current that inactivated only mini-
mally during the 1-sec step. PiTX-Ka produced a potent,
concentration-dependent block of the K* current with nearly
complete suppression of the current at a concentration of 1
nM.

The concentration dependence of block was examined in
greater detail in a series of experiments with toxin concen-
trations of 3 pM to 1 nM. The mean percentage of control K*
current at each toxin concentration is plotted in Fig. 10B.
These values were well fit by the logistic function for a 1:1
binding model with an ICy, value of 32 pM.

The time course for the onset and recovery from block is
illustrated in the experiments of Fig. 10, C-F. Block devel-
oped rapidly during the initial 2040 sec of toxin application.
Partial recovery occurred with a single exponential time
course during the 4-5-min period after completion of the
toxin exposure. The rate of recovery (mean rate constant ~
0.01 sec™ ) was independent of the toxin concentration.

Molecular modeling of PiTXs. The solution structures
of ChTX and several homologous scorpion venom K* channel
toxins have been determined by NMR spectroscopy (5, 17, 18,
27-29). The backbone fold for all of these toxins is virtually
identical. Thus, the channel selectivity of scorpion toxins is
most likely due to differences in side chains and surface
charge, as is the case for the conotoxins (30). With this in
mind, we created homology models based on the three-dimen-
sional structure of ChTX, and we subjected them to energy
minimization using the CHARMm polar hydrogen force field.
Two views of each modeled PiTX structure and the NMR
structure of ChTX are shown in Fig. 11, which illustrates the
surfaces of the toxins that are most likely to face the extra-
cellular fluid and the docking site in the external vestibule of
the channel, respectively (1, 2, 4).

The current structural model for the ChTX block of K*
channels is based on mechanistic and mutagenic analyses of
toxin/channel interactions (2, 4, 9, 31, 32). The results of
these studies suggest structural features such as i) shape
complementarity of the toxin to the channel, ii) 4-fold sym-
metry in the four a subunits of the channel (assuming ho-
motetrameric K* channels, which may be an oversimplifica-
tion for many native K* channels), and iii) a role for the
e-amino group of the Lys27 of the toxin, which is believed to
insert into the K* channel pore at the bottom of the external
vestibule (2, 4, 31, 32). All three PiTXs have a large number
of sequence identities to ChTX, including a lysine in a posi-
tion homologous to Lys27 of ChTX (Figs. 4 and 11). There-
fore, a similar pore occlusion model is proposed for channel
blocking by the PiTXs (Fig. 12).

In Fig. 11, the bottom view of each toxin is oriented so that
the critical lysine residue (Lys27) is located at the center, as
if it were projecting out of the plane of the paper and into the
pore of a K* channel. The other view is a top-down view
illustrating residues that probably face the extracellular me-
dium and do not interact with the channel. In contrast to
ChTX, the PiTXs have three fewer residues at the amino
terminus and therefore lack the first amino-terminal strand
of the B sheet. The absence of these residues results in toxins
that present a smaller surface area for interaction with the
channel vestibule. Specifically, Pyro1Glul and Phe2 of ChTX
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Fig. 10. Effects of PiTX-Ka on the K* current in patch-clamped B82 fibroblast cells transformed to express the Kv1.2 K* channel. A, Currents
in a cell before (control) and during superfusion with increasing concentrations of PiTX-Ka. B, Concentration-response relationship for PiTX-Ka
block of the K* current. Percentages of control values were calculated according to the formula lyo,/lcontror X 100, Where | i the steady state
current amplitude before toxin application and |,.,, is the steady state current amplitude during toxin application. Points, mean + standard error
of data from three to four cells, fit to a logistic equation for a 1:1 binding reaction (see legend to Fig. 9) with n,, = 0.9. C, Time course for onset
and recovery from block with 0.01, 0.1, and 1 nm PiTX-Ka. The 1-sec duration depolarizing voltage steps from —60 to +30 mV were applied at
20-sec intervals. Toxin was applied for 2-min periods beginning at the points indicated (arrows). Steady state current amplitude was measured
at the end of each depolarizing step. Percentages of control values were calculated with respect to the mean of the steady state current amplitudes
during the three steps immediately before the onset of the initial toxin perfusion. D, Data from the experiment of C displayed with the percentage
of control values calculated with respect to the mean of the current amplitudes for the three steps immediately before each toxin application; zero
time was set at 1 min before the onset of each toxin application (recovery time constants: 106, 113, and 89 sec for 0.01, 0.1, and 1 nm PiTX-Ka,
respectively). E and F, Experiment similar to those of D and E with 1 and 10 nm PiTX-Ka (recovery time constants: 106 and 147 sec).
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PiTX-Ka

Fig. 11. Space-filling model structures of ChTX and
the three PiTXs. Right, surfaces of the toxins that are
likely (by analogy with ChTX) to face the external ves-
tibule of the voltage-gated K* channel when the cen-
tral Lys27 inserts into the channel pore (31). Left,
opposite surfaces of the toxins (i.e., the surfaces that
are likely to face the extracellular fluid when the toxin
molecules are bound to the channel protein). Single-
letter code designations, key amino acids and their
positions (Fig. 4). Structures are color coded: blue,
positive moieties; red, negative moieties; purple, aro-
matic rings; yellow, sulfur atoms; dark gray, side-chain
carbons; light gray, peptide backbone atoms. The
positively charged amino termini (NH;*) and nega-
tively charged carboxyl termini (COO™) are also indi-
cated.

are located on this surface (Fig. 11, bottom view) and are due (Arg38 in PiTX-Ka and PiTX-KB and Cys38 in PiTX-Ky)
believed to interact with the channel. The amino terminus of at the carboxyl terminus that is, in all cases, located on the
the PiTXs (Thr4 in PiTX-Ka and PiTX-KB and Leud in PiTX- surface of the toxin thought to interact with the channel (Fig.

Kl) is located on the surface of the toxin that likely faces the 11, bottom view, and Fig. 12). The orientation of this residue,
medium (Fig. 11, top view). however, differs in PiTX-Ky compared with PiTX-Ka and
Compared with ChTX, the PiTXs have an additional resi- PiTX-KB because the Cys38 of PiTX-Ky is involved in a
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Fig. 12. Model of a cross-section through PiTX-Ka docked to a model
K* channel. The channel protein (yellow) is cut through the center of the
pore. The vestibule is shown as a symmetrical structure (2, 4). The toxin
Lys27 is positioned so that it can protrude into the channel pore. As
described for ChTX (2; see their Fig. 4), Trp8 is positioned so that it
interacts with the side of the external vestibule of the channel (2). Note
that Arg38 (an amino acid that is absent in ChTX) seems to be posi-
tioned to interact with the base of the channel vestibule.

disulfide bond. As in ChTX, the negatively charged terminal
carboxylate of PiTX-Ky faces the channel, whereas in
PiTX-Ka and PiTX-KB, the positively charged Arg38 side
chain probably faces the channel vestibule floor (Fig. 12).

In Table 1 are shown the amino acids in ChTX that Miller
et al. (4) identified as critical or influential (others were
designated indifferent) for the activity of the toxin as a
blocker of mutated (Phe425 replaced by a glycine) Shaker-
type voltage-gated K* channels (2) and Ca®*-activated K*
channels. These key amino acids are compared with those in
homologous positions in the three PiTXs (Table 1 and Fig.
11). Four amino acids arrayed around the invariant Lys27
are critical to the blocking activity of ChTX against Shaker-
type voltage-gated K* channels (Table 1); they are either
identical or conservatively replaced in the PiTXs. In addition,
Thr8, with a polar side chain, is present in ChTX, PiTX-Ka,
and PiTX-KB (Fig. 4) and probably interacts with the vesti-
bule wall (2) (Fig. 12); this moiety is replaced by a positively
charged arginine in PiTX-Ky.

Notable differences between the PiTXs and ChTX include
(i) the small, polar Ser10, with hydrogen-bonding capacity,
which is replaced by a nonpolar proline in PiTX-Ka, by a
negatively charged glutamate in PiTX-KB, and by a polar
threonine in PiTX-K<y; (ii) the influential Ser24 and Ser37,
which are replaced by nonpolar proline and glycine residues,
respectively, in all three PiTXs; and (iii) the positively
charged Arg25, which is replaced by a small, polar, but un-
charged asparagine in all three PiTXs. The possible func-
tional significance of these differences as well as the differ-
ences among the three PiTXs is discussed below.

Discussion

Three K* channel blockers from P. imperator venom.
We identified, purified, and sequenced three 35-amino acid
polypeptide toxins from the venom of the North African scor-
pion P. imperator that selectively block a Ca®*-independent,
K*-stimulated, rapidly inactivating component of the 86Rb
efflux from synaptosomes. This efflux component may corre-

K* Channel Toxins from Pandinus imperator 1175

spond to an inactivating (A-type), voltage-gated K* channel
(21). The most potent of the three toxins, PiTX-Ka, inhibited
the ®éRb efflux (IC4, = 6 nM). PiTX-Ka is thus a much more
potent inhibitor of this K* channel than is ChTX (IC4, = 40
nM) (24) or a-DaTX (ICg, = 90 nM) (23, 26), two other polypep-
tides that inhibit the same ®®Rb efflux component in synap-
tosomes.

PiTX-Ka is also the most potent inhibitor thus far identi-

fied of Rv1.2 channels that are stably expressed in fibroblasts
(ICs, = 32 pMm). Previous studies had indicated that this
channel was inhibited by ChTX and a-DaTX with ICy, values
in the low nanomolar range (7) and by tityustoxin-Ka with an
ICg, value of ~210 pM (15). In contrast to reports of the
relative irreversibility of P. imperator venom block of K*
channels in other preparations (10, 11), the block of Kv1.2
channels in fibroblasts by PiTX-Ka was reversible. Neverthe-
less, the dissociation rate of PiTX-Ka (~0.01 sec™!; Fig. 10)
was relatively slow compared with the dissociation rates of
a-DaTX and mast cell degranulating peptide in the same
preparation (on the order of 0.1-1 sec™?) (7).

An interesting feature of these toxins concerns their selec-
tivity in blocking K* channels in synaptosomes. ChTX blocks
both Ca®*-activated and voltage-gated K* channels in sev-
eral preparations (1), including synaptosomes, where it
blocks the inactivating type of voltage-gated channel (24). In
contrast, all three PiTXs block only the inactivating, voltage-
gated K* channel in synaptosomes (Figs. 7 and 8). This
selectivity is comparable to the selectivity of another K*
channel toxin from the venom of Leiurus quinquestriatus
hebraeus, toxin LqTX-K2 (12). It is apparent that the PiTXs
block some inactivating (11, 12, and this report) and some
noninactivating (10, 15) voltage-gated K* channels. This is
probably not due to a lack of selectivity of the toxins but
rather to specific structural features of the docking sites on
the various K* channels. There is no a priori reason to expect
that the structure of the K* channel external vestibule is
linked to the structure of the inactivation gate, which may be
located on the opposite (cytoplasmic) end of the channel (33).
We anticipate that determination of the subunit composition
of these various K* channels will help to resolve questions
about the structural features of the channel vestibule in
specific types of K* channels. Indeed, the toxins may be very
useful tools for helping to identify the various channels (and
perhaps even extracting some of them out of native mem-
branes) and for exploring the channel structures, as exem-
plified by several recent studies (2-5).

PiTX-Ky is an unusual peptide. It has a novel sequence,
including a fourth pair of cysteines, and thus seems to rep-
resent a new subfamily of K* channel toxins.?

PiTX-Ky is expressed at approximately the same level as
PiTX-Ka and PiTX-KB, despite its very low affinity and un-
usual binding kinetics for the synaptosome voltage-gated,
inactivating K* channels. Furthermore, like the other two
PiTXs, it does not block either Ca?*-activated K* channels or
voltage-gated, noninactivating K* channels in synapto-
somes. This raises the possibility that the primary acceptor
for PiTX-Ky may be a different K* channel. Olamendi et al.

2 While this article was in preparation, Olamendi-Portugal et al. (34) de-
scribed a toxin with an identical amino acid sequence (their toxin Pil), which
they, too, purified from P. imperator venom. They showed that Cys23 and
Cys38 form a fourth disulfide bridge, as depicted in our model (Fig. 11).
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TABLE 1
Critical and influential amino acids in ChTX and the homologous amino acids in the PiTXs
Position
Toxin/K* channel target
10 14 23 24 25 27 29 30 3 34 36 37
ChTX/Ca?®*-activated®
Critical Ser Trp Arg Lys Met Asn Arg Tyr
Influential Ser
ChTX/Shaker®
Critical Lys Met Asn Arg Tyr
Influential Ser Thr Ser Arg Lys Ser

PiTX-Ka/A-type voltage-gated Pro Tyr Tyr Pro
PiTX-KpB/A-type voltage-gated Giu Tyr Tyr Pro
PiTX-Ky/A-type voltage-gated Thr Gly Cys Pro

Asn Lys Met Asn Arg Lys Phe Gly
Asn Lys Met Asn Arg Lys Phe Gly
Asn Lys lle Asn Arg Lys Tyr Gly

* From Stampe et al. (4).

® These data refer to a mutant Shaker K* channel (F425G), with a bulky phenylalanine in position 425 replaced by a smaller glycine to enhance ChTX binding by

~3 orders of magnitude. From Goldstein et al. (2).

(34) reported that PiTX-Ky blocks Shaker B K* channels
with relatively high affinity (IC5, = <70 nm), but this is ~3
orders of magnitude lower affinity than that of PiTX-Ka for
the Kv1.2 channel (Fig. 10B).

Modeling of toxin structures; structure-activity rela-
tionships. The NMR solution structures of a number of K*
channel toxins from scorpion venoms have been determined;
these include ChTX (17, 18, 35), iberiotoxin (36), margatoxin
(5, 37), kaliotoxin (5, 28), agitoxin-2 (38), and noxiustoxin
(27). All of these peptides have the same type of structure:
they are compact molecules with an antiparallel, three-
stranded B sheet on one face and an « helix on the other. This
structure is stabilized by three disulfide bonds that make up
most of the interior core, whereas the other amino acid side
chains are on the molecule surface.

We used the molecular coordinates from ChTX and the
CHARMm and QUANTA programs to model the structures
of the three PiTXs. The modeled structure for PiTX-Ka (Fig.
11) is largely consistent with the preliminary NMR structure
(39). This implies that the modeling methods based on pre-
viously published homologous structures are reasonable.
Comparison of our results with the published NMR struc-
tures of the homologous toxins indicates that apparently all
of these small K* channel toxins from scorpion venoms are
folded similarly. The main differences between the toxin
structures, which likely account for toxin selectivity, must
therefore reside in specific features of the side groups that
extend from the backbone, as well as in the precise location of
surface charges. In this respect, the absence of the first three
influential amino acids of ChTX (PyroGlul, Phe2, and Thr3)
and the critical positively charged Arg25 (replaced by a polar
asparagine) in the PiTXs (Table 1) may be responsible for the
inability of the PiTXs to block Ca2?*-activated K* channels
(Fig. 7) (4). Conversely, the identity or conservative replace-
ment (Table 1) of the amino acids at all five critical positions
for the Shaker K* channel-blocking activity of ChTX (2) may
account for the ability of all three PiTXs to block voltage-
gated, inactivating K* channels in synaptosomes (Fiigs. 6 and
8). This would also explain the effectiveness of PiTX-Ka (the
only PiTX available for testing) on voltage-gated Kv1.2 chan-
nels (Fig. 10).

The single amino acid substitution between PiTX-Ka
(Prol0, a nonpolar helix breaker) and PiTX-KB (Glul0, a
small acidic helix former) must account for the 7-fold differ-
ence in potency (Fig. 9). The models (Fig. 11) show that the

key Lys27 lies close to the amino acid at position 10 in both
PiTXs. In PiTX-KB, however, the positive charge on Lys27
may be influenced by the negative charge on Glul0, so there
may be some charge neutralization; this would not occur with
the nonpolar Prol0 in PiTX-Ka. Alternatively, a small
change in the backbone structure, which is not evident in the
model, could account for the difference in potency. This un-
certainty may be resolved by determining and comparing the
NMR solution structures of these two toxins.

It is less clear why PiTX-Ky is so much less potent in
blocking voltage-gated, inactivating K* channels in synapto-
somes (Fig. 9). It seems reasonable, however, that the ab-
sence of an aromatic side chain in position 14 and the re-
placement of Arg38 may play key roles because these amino
acids are exposed on the bottom (docking) surface (Fig. 11). In
PiTX-Ka and PiTX-KB, the positively charged side chain of
Arg38 faces the binding surface of the channel, whereas in
PiTX-KY, the negatively charged carboxyl-terminal carboxyl
group occupies this position (Fig. 11). This analysis suggests
that comparison of the spatial relationships among the side
groups surrounding Lys27 in the various scorpion K* chan-
nel toxins with their selectivities and affinities will provide
new insight into their structure-function relationships.
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