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Three-dimensional structures of Dendrotoxin (DtX), Toxin-I (DpI), and Toxin-K (DpK) were
determined using molecular mechanics and molecular dynamics techniques. The overall
molecular conformation and protein folding of the three dendrotoxins are very similar to the
published crystal structures of bovine pancreatic trypsin inhibitor (BPTI) and R-DtX. Major
secondary structural regions of the dendrotoxins are stable without much fluctuation during
the dynamics simulation; the regions corresponding to the turns and bends (rich in lysines
and arginines) exhibit more fluctuations. The conformational angles and the CR‚‚‚CR′ distances
of the three disulfides (in each of the dendrotoxins) are different from each other. Comparative
model building studies, involving the dendrotoxins and the proteinases, reveal that the key
interactions (observed in BPTI-trypsin complex) needed for anti-protease activity are absent
due to structural differences between the dendrotoxins and BPTI at the anti-protease loop;
this explains the inability of the dendrotoxins to inhibit proteinases. The model also suggests
that the solvent-exposed â-turn region, rich in lysines (residues 26-28), might bind directly to
the extracellular anionic sites of the receptors (K+ channels) by ionic interactions. The strikingly
homologous cysteine distribution (Cys-x-x-x-Cys) in DtX, DpI, and DpK, at the C-terminus,
induces the occurrence of a characteristic conformational motif, consisting of an R-helix (in an
amphiphilic environment) stabilized by two disulfides, one involving a cysteine at the â-strand,
and the other at the N-terminus. This amphiphilic secondary structural element seems to
provide the rigid frame work needed for exposing the proposed active site region of the
dendrotoxins to the anionic sites of the K+ channel receptors.

Introduction
Dendrotoxins belong to the family of snake toxins

found in the venom of African mamba snakes (Den-
droaspis species). Among the members of this group of
toxins are Dendrotoxin, isolated form African green
mamba snakes Dendroaspis angusticeps, 1-2 Toxin-I,
from African black mamba Dendroaspis polylepis poly-
lepis-I,3 and Toxin-K, from Dendroaspis polylepis poly-
lepis-K.3 Dendrotoxin (DtX), Toxin-I (DpI), and Toxin-K
(DpK) are the most intensely studied snake toxins.
Dendrotoxins (collectively refers to DtX, DpI, and

DpK in this article) enhance the neuromuscular trans-
mission in vitro and augment the release of acetylcho-
line from the nerve endings. They do not have any
enzyme activity and do not damage the nerve terminal.
Besides, the dendrotoxins are more potent than 3,4-
diaminopyridine at enhancing the responses of chick
biventor cervicis nerve muscle preparations.4 In vivo,
their notable effect is to produce excessive muscular
activity via neuromuscular synapses. The facilitatory
actions of the dendrotoxins, at the peripheral4 and
central5-7 synapses, are due to their capacity to inhibit
the A current8 in hippocampal pyramidal cells and other

fast activating aminopyridine sensitive voltage-gated K+

conductances in a variety of neurons.7-10 Dendrotoxins
produce excessive convulsive action by specifically block-
ing voltage sensitive K+ channels.11

â-Bungarotoxin, a similar neurotoxin from the venom
of Taiwan krait, Bungarus multicinctus, has been shown
to inhibit potassium currents at the motor nerve endings
and thus possess facilitatory effects at the mouse
neuromuscular junction.12,13 Unlike the dendrotoxins,
â-bungarotoxin contains two polypeptide chains A and
B. The longer A chain has been shown to possess Ca2+

dependent phospholipase activity, while the shorter B
chain is homologous to the Kunitz type proteinase
inhibitors without the proteinase-inhibiting activity.
Thus, the B chain of â-bungarotoxin is similar to the
dendrotoxins. Likewise, mast-cell degranulating (MCD)
peptide, isolated from the venom of European honey bee
Apis mellifera, has been shown to block a voltage
dependent K+ conductance in sensory neurons.14 Using
radiolabeled binding techniques, it has been shown15
that the dendrotoxins inhibited the binding of radioio-
dinated â-bungarotoxin in Krebs medium with high
potency by a complex noncompetitive mechanism. MCD
peptide has been shown to inhibit noncompetitively the
binding of both radiolabeled dendrotoxin and â-bunga-
rotoxin. A speculative model has also been proposed
for the binding of dendrotoxin/â-bungarotoxin/mast-cell
degranulating peptide.15 A clear understanding of the
structural features of the highly homologous dendro-
toxins will shed light on understanding the mechanism
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of action of these toxins on the K+ channels. This can
lead us to characterizing the architecture and the
properties of K+ channels.
A critical analysis of the sequence of the toxins

indicates that the dendrotoxins belong to the Kunitz
proteinase inhibitor family.16,17 Bovine pancreatic trypsin
inhibitor (referred to as BPTI), also a member of the
Kunitz family, has been studied in greater detail using
X-ray crystallographic techniques.18-20 The primary
structure of BPTI is homologous to the dendrotoxins.
The circular dichroism spectra of the dendrotoxins and
BPTI are very similar. However, the dendrotoxins are
the only members of the Kunitz family that do not
inhibit the common proteases like trypsin and chymo-
trypsin but enhance the neuromuscular activity and
interfere with the potassium channels. In contrast,
several other inhibitor homologues from the mamba
venom and other snake venom have been shown to
exhibit anti-protease activity, but do not interfere with
the potassium channels or neuromuscular transmis-
sion.21
We have initiated the work on the structural features

of the dendrotoxins in 1988 as part of our on-going
project on developing ion-channel modulators, here at
Wyeth-Ayerst Research. Preliminary results of our
analysis were reported elsewhere.22,23 Previously the
X-ray crystal structure of R-DtX at 2.5 Å resolution24
was reported. More recently, tertiary structures of
DpI25 and DpK26 based on NMR spectral data have been
published. These results indicate that the three-
dimensional structure and chain folding of the dendro-
toxins are similar to that of BPTI, which is in agreement
with our earlier finding.22,23 In this report, we describe
the interactions between the proteinases (trypsin and
kallikrein) and the dendrotoxins using comparative
molecular modeling. The model provides an insight into
the possible site of action for the channel-blocking
properties of these toxins.

Methods
DtX, DpI, and DpK have 57-60 amino acid residues (Table

1). All of them contain six cysteines which are linked to form

three disulfide bridges. The number of amino acid residues
between the first and the last cysteine is exactly 51 in the
dendrotoxins reported in Table 1. The order of disulfide
formation between these cysteines is also preserved in all the
structures. This unique property makes it easy to align the
sequence of BPTI and those of the dendrotoxins in building
the models of DtX, DpI, and DpK. The dendrotoxins contain
more than five arginines and lysines in their sequence. There
is a high degree of homology between these toxins. All these
clearly suggested that the three-dimensional folding and the
architecture of these toxins should be very similar16 to each
other.
Three-dimensional trial structures of DtX, DpI, and DpK

were generated starting with the X-ray crystal structure of
BPTI, determined at 1.5 Å resolution.20 During this procedure,
we modified the amino acids one at a time to arrive at the
model of the dendrotoxins. Typically as soon as one amino
acid residue of BPTI was modified to match the sequence of
the dendrotoxins, the side chain conformation was altered
using the rotatable bonds so that any bad contacts with either
the backbone or the neighboring residue of the protein could
be removed. In this way, the amino acid residues of BPTI
sequence were modified to match the sequence of the dendro-
toxins. The model building of the dendrotoxins was carried
out on a silicon graphics workstation (SGI-4D/380 VGX) using
SYBYL program.27 The trial models of the dendrotoxins were
subjected to molecular mechanics minimization using AM-
BER.28 Since the proteins under study carry a net positive
charge, these were neutralized using counterions. This was
done using the COUNTER module of AMBER. The charges
on the atoms of pyroglutamic acid were calculated by ab initio
methods using the STO-3G basis set using the program
QUEST.29,30 The charges on the other amino acids were taken
from the literature.31 During the initial stages the proteins
were minimized in vacuum.
Solvent molecules are known to play a critical role on the

equilibrium conformation of the protein structures.32-35 All
the three proteins studied in this report contain a significant
number of lysines and arginines on the surface of the proteins.
In order to remove the extreme torsional fluctuations of the
side chains of the charged residues, such as lysines and
arginines, dynamic simulations were carried out in the solvent
water. In the absence of the surrounding water molecules,
the charged side chains tend to fall back on the backbone of
the proteins and can result in the overall shrinking of the
proteins during dynamic simulation.

Table 1. Comparison of Amino Acid Sequences of DtX, DpI, DpK, B Chain of â-Bungarotoxin, and BPTI

2142 Journal of Medicinal Chemistry, 1996, Vol. 39, No. 11 Swaminathan et al.



Each protein molecule and the counterions were solvated
using the isolated spherical drop model. The molecules were
placed in a solvent box made up of 64 cubes of 216 water
molecules, and all the water molecules, which are within 3.6
Å of any protein atoms, were removed. All the solvent
molecules, which are farther than 27.5 Å from the center of
mass of the protein, were not included in the simulation.
Approximately 5000 water molecules were used to surround
the protein molecule and the counterions. The outer boundary
of the spherical shell was defined by means of an artificial wall
with a potential of the type W, defined as

W ) { Aiwall

(Rb - |ri|)12
-

Ciwall

(Rb - |ri|)6} + A(|ri| - R0) + B

(1)

where the constants Aiwall and Ciwall are computed as

Aiwall ) εiwall(Riwall)
12 and Ciwall ) 2εiwall(Riwall)

6

This potential was developed to ensure that the molecules
inside the sphere never escape and maintain a fully solvated
system during molecular dynamics.
Here εiwall ) (εiεwall)1/2 and Riwall ) (Ri + Rwall), where εi is

the well depth of atom i, Ri is the van der Waals radius of
atom i, εwall is the well depth, and Rwall is the van der Waals
radius for the wall. We have chosen the value of 0.1 kcal for
the well depth and 1.25 Å for the radius for both atom i and
the wall. The quantity |ri| is the distance between atom i and
the center of the water sphere, and R0 is the radius of the
sphere. The quantities A, B, and Rb were determined by
imposing the condition that W and dW/dri vanish at |ri| ) R0.
The restraining potential W was set to zero for |ri| < R0.
The entire structure with the water molecules was mini-

mized for 5000 cycles by conjugate gradient method using the
BORNmodule of AMBER.28 A cutoff distance of 9 Å was used
for calculating the nonbonded interactions. Before the mo-
lecular dynamics simulations were started, the structure was
minimized for 100 cycles using the SHAKE algorithms. For
molecular dynamics simulations, the system was gradually
heated from 0 to 300 K. The equilibration was carried out at
constant temperature 300 K for 10 ps with a time step of 0.001
ps. Classical dynamics calculations, without pressure moni-
toring, were carried out for 200 ps. Energy-related quantities
and velocities were written out once every 1 ps and coordinates
once every 0.4 ps. A constant dielectric of 1 was used for all
the calculations. All bonds were constrained with a relative
geometric tolerance for coordinate resetting of 0.0005 Å. All
bond interactions were neglected. The energy and the tem-
perature were monitored during dynamics, and the average
temperature was around 300 K. The rms fluctuation of the
total energy was within 0.6% of the total energies, and the
temperature within 1 K.
In order to determine the nature of interactions between

the proteases and the dendrotoxins, comparative model build-
ing was attempted. For this purpose, the published X-ray
crystal structures of BPTI-trypsin36 and BPTI-kallikrein
complexes37 were retrieved from the Brookhaven data bank.
The backbone atoms of the dendrotoxins and those of BPTI
fragments of the complexes, were fitted using SYBYL.27 The
fitted structures of the dendrotoxins were docked to the trypsin
and the kallikrein structures. The complexes were neutralized
using counterions, and a 27.5 Å cap of water was placed at
the center of the toxin molecules. The system was minimized
using the segment option, and all the residues within 28 Å
from the center of the toxin molecule were considered as the
active residues. The system was subjected to 40 ps of molec-
ular dynamics and was further minimized for 8000 cycles using
AMBER.28 Figures 6 and 7 show the residues at the anti-
protease site of DtX in complex with kallikrein and trypsin.
Figures 8 and 9 show the R-carbon plots of the dendrotoxins
in complex (based on comparative modeling) with the protein-
ases kallikrein and trypsin. All the energy minimizations and
molecular dynamics calculations reported in this paper were
carried out on a CRAY-YMP supercomputer at the Scripps
Clinic and Research Foundation, La Jolla, CA.

Results and Discussion

Molecular Conformation. The residue numbering
of the dendrotoxins follows the same scheme as that of
BPTI in the following discussion. The protein folding
and the overall conformations of DtX, DpI, and DpK are
similar (Figures 3 and 4) to those of BPTI with minor
differences. In all the structures, the residues occurring
at the ends of the R-helices near the C-termini have an
irregular conformation. All three structures have two
antiparallel â-sheets and a short R-helix (410 helix) near
the carboxy terminal. In DtX, residues 20-24 and 29-
33 form a double-stranded antiparallel â-sheet confor-
mation. The (φ, ψ) values of the â-sheets are spread
over all the values allowed for extended polypeptide
chains (Figure 2a), resulting in a right-handed twist for
the â-strands.38 Residues 47-56 occur in a short
R-helical conformation with mean (φ, ψ) values of (-69°,
-43°). Amino acid residues 2-6 occur in (distorted) 310
helix conformation with mean (φ, ψ) values of (-34°,
-43°). It is interesting to note that the conformation
of the amino acids at the N-terminal region is a random
coil in the crystal structure of R-DtX.24 In DpI, residues
18-24 and 29-35 occur in two antiparallel â-strands
with a right-handed twist, as observed in DtX. A short
R-helix (410 helix) is observed near the carboxy terminal
comprising of residues 48-56 with mean (φ, ψ) values
(Figure 2b) of (-80°, -35°). Amino acid residues 2-6
(at the N-terminus) occur in a regular R-helix with mean
(φ, ψ) of (-81°, -38°). Similarly in the case of DpK,
residues 16-24 and 29-34 occur in antiparallel â-strands
with a right-handed twist. Residues 48-54 at the
carboxy terminus occur in an R-helical conformation
with mean (φ, ψ) values (Figure 2c) of (-70°, -40°). It
is interesting to note that the conformation of the amino
acid residues (of DpK) near the N-terminus occurs in a
random coil in contrast to the helical conformation
observed in DtX and DpI structures. The dendrotoxins
(including BPTI and crystal structure of R-DtX) contain
a â-turn39 occurring between the two antiparallel
â-strands. In DtX, residues 25-28 occur in a â-turn
conformation, while residues 25-30 of DpI and residues
25-28 of DpK occur in â-turn. Studies have shown that
majority of these hairpin turns occur on the surface or
the edge of the protein structures rather than on the
interior. An analysis of the amino acid residues occur-
ring in the hairpin turns shows that almost all the
residues are hydrophilic in nature, which explains the
occurrence of the bend on the edge or surface of the
proteins rather than on the interior.39

Dendrotoxins are basic proteins with a net positive
charge. DtX contains eight arginines, six lysines, two
aspartates, and three glutamate residues. There is a
concentration of positive charges (Arg 1, Arg 2, and Lys
3) near the N-terminus, (Arg 52, Arg 53, and Arg 57)
near the C-terminus, and also at the â-turn (Lys 26, Lys
27, Lys 28) between the two â-strands. All of the
negatively charged residues of DtX (Asp 16, Asp 32, Glu
31, Glu 49, and Glu 50) are located on one side of the
pear-shaped molecule.
DpI contains seven arginines, seven lysines, and three

glutamate residues. As in the case of DtX, there is a
concentration of positively charged lysines at the turn
between the two â-strands (Lys 26, Lys 27, Lys 28), near
the C-terminus (Arg 52, Arg 53, Lys 57), and near the
N-terminus (Arg 2 and Lys 3).
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In DpK, there are five arginines, eight lysines, one
aspartate, and two glutamate residues. Of these, Lys
17 forms a salt bridge with Asp 34, Arg 52 with Glu 49
and Arg 53 with Glu 50. The remaining arginines and
lysines are distributed throughout the protein. As in
the other two structures, the loop between the two
â-strands contains two lysines located very close to each
other. It is very interesting to note that in DtX, DpI,
and DpK the cationic amino acid residues at the
N-terminal region are located in close proximity to those
occurring at the â-turn, forming a positively charged
cloud.
The overall conformation of the dendrotoxins does not

differ much from the original structures derived from
model building. The root mean square fluctuations of
the CR atoms of the three structures are shown in Figure
1. A careful analysis reveals that, in general, the
fluctuations of the CR atoms is greater in DpK than in
DtX and DpI. It is mostly in the range 1-2 Å with a
few exceptions. As in the case of BPTI,18-20 the general
trend observed in all the dendrotoxin structures is that
the two strands of the â-sheet and the R-helix region
have smaller fluctuations, while the regions around
residues 9-13 and residues 25-28 (â-turn) have larger
fluctuations.
The root mean square deviations of the backbone

torsions φ and ψ are in the range 7-36°, 8-92°, and
9-43° for DpK, DtX, and DpI, respectively (refer to
Figures 2). Larger fluctuations of φ and ψ are observed
for the residues occurring near the C and N termini and
in the turns between the â strands. In DtX and DpI,

the region corresponding to the â-turn exhibits larger
fluctuations. The mean fluctuation of the side chains
of lysine residues is nearly 2 Å.
The region corresponding to high fluctuations of φ and

ψ also corresponds to the regions of high fluctuations
of bond length and angles. This suggests a rearrange-
ment of the structures in these regions from the original
structures obtained from that of BPTI. The time-
averaged φ and ψ values of DtX, DpI, and DpK are
deposited as Supporting Information (Table 7). The
major secondary structural regions are conserved during
the entire dynamics simulation. A comparative analysis
of all the three dendrotoxins is given in Table 6.
Coordination of Waters around the Cationic

Residues. Lysines have been shown to play an impor-
tant role in neurotoxin binding to acetylcholine receptor.
EPR and fluorescence studies, of both uncomplexed and
complexed neurotoxins, provide evidence that the labels
bind covalently to the ε-amino group of lysine residues
and that these lysines might be exposed for binding by
solvents or the anionic sites of the receptors. Any
alteration of lysines and arginines significantly reduces
the toxicity.40 Due to the importance of lysines and
arginines, the solvent coordination numbers of these
residues were determined to gain an insight into
understanding the binding interactions of these residues
with the acetylcholine receptor.
Average solvent coordination number and distance

were determined using the MDANAL module of AM-
BER.28 The solvent coordination number of lysines is
in general greater than that of arginines in the dendro-
toxins. In DpK, the average coordination number,
distances, and angles for lysines are in the range 2.1-
3.5, 3.0 -3.04 Å, and 122.5-132.5°, respectively. The
corresponding values for arginines are 0.2-2.99, 3.03-
3.09 Å, and 70.2-121.2°, respectively. In DtX, the
average coordination number, distances, and angles for
lysines are in the range 1.8-4.06, 3.02-3.04 Å, and
127.2-131.7°, respectively. The corresponding values
for arginines are 0.4-2.95, 3.0-3.1 Å, and 55.9-139.8°,
respectively. The coordination number for lysine is
greater than that for arginine with the mean ranging
from 1.8 to 3.66 for lysines and from 1.2 to 2.8 for
arginines.
Disulfide Bridges. The disulfides offer the maxi-

mum stability to the overall architecture of the dendro-
toxins. Table 2 lists the conformational data of the
disulfides observed in DtX, DpI, DpK, BPTI, and R-DtX
(X-ray crystal structure24). The torsion angle ø3 around
the disulfide bond along with ø2, ø2′ (for definitions of
ø2, ø3, ø2′, see table legend) describes the conformation
of the disulfide bridge (left-handed spiral, right-handed
hook, etc.) In DtX, disulfide I (Cys 5-Cys 55) and
disulfide III (Cys 14-Cys 38) correspond to a left-handed
hook with a CR‚‚‚CR′ separation of 4.9 Å. Disulfide II
occurs in a right-handed spiral conformation exhibiting
trans-gauche-trans pattern for ø2, ø3, ø2′ with a long
separation for CR‚‚‚CR′ (6.6 Å). In DpI, disulfide I occurs
in left-handed spiral conformation with a CR‚‚‚CR′
distance of 5.3 Å, while disulfides II and III occur in
right-handed hook conformation with CR‚‚‚CR′ separa-
tions of 5.1 and 6.3Å, respectively. In DpK, disulfide I
has right-handed spiral conformation with CR‚‚‚CR′
distance equal to 5.1 Å while disulfide II and III occur
in left-handed hook conformation (with CR‚‚‚CR′ ) 5.0Å
for II and CR‚‚‚CR′ ) 6.5Å for III).

Figure 1. RMS fluctuations (Å) of CR atoms of (a) DtX, (b)
DpI, and (c) DpK. The numbers along the x-axis correspond
to the residue numbers.
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Disulfide I spans N- and C-terminal regions in the
dendrotoxins and BPTI. In DtX, Cys 5 is part of a 310
(short) helix while Cys 55 occurs at the end of an R-helix.
In DpI, Cys 5 occurs in R-helical conformation while Cys
55 occurs at the end of R-helix. In DpK, Cys 5 occurs
in an extended conformation while Cys 55 is at the end
of the R-helix.
Disulfide II occurs between strands of amino acids

which are continuations of the two antiparallel â-sheets
in all the three structures. Due to geometrical reasons,
a disulfide cannot be formed between the adjacent
strands of â-sheets (parallel or antiparallel). However,
a disulfide bridge is usually observed one or two
residues out from the last hydrogen bond on one strand
and three or four residues out on the other strand.41
Occurrence of disulfide II in the present case belongs
to this category.
Disulfide III spans the two major structural domains

viz. the R-helix (at the C-terminus) and the antiparallel
â-sheet, in all the three toxins (including BPTI). It is
interesting to note that the CR‚‚‚CR′ distance for disulfide

III is greater than 6.3 Å in all the structures reported
in Table 2. Similar long disulfides have been reported
in the structures of immunoglobulins where the disul-
fides spanning â-barrels have CR‚‚‚CR′ separations in the
range of 6.6 to 7.4 Å. These long disulfides are trans-
gauche-trans ((180°, (90°, (180°) in ø2, ø3, ø2′. A close
look at the values of ø2, ø3, ø2′ reveals that they have
trans-gauche-trans pattern for disulfide III in the
toxins.
It is interesting to note that in DtX, DpI, and DpK

the pentapeptide sequence Cys 51-x-x-x-Cys 55 at the
carboxy terminus occurs in an R-helical conformation.
The helix is stabilized by two disulfide bridges, one
involving Cys 5 at the N-terminal and the other (Cys
30) at the â-strand. It has been reported that homolo-
gous cysteine distribution among neurotoxins is respon-
sible for the occurrence of an ordered conformational
motif consisting of an R-helix disulfide bonded to a
â-strand, independent of the intervening amino acid
sequence between the two cysteines,42 which is in
agreement with our observation in DtX, DpI and DpK.

Figure 2. Ramachandran plot of the backbone torsion angles (φ, ψ) for (a) DtX, (b) DpI, and (c) DpK (computed using the program
PROCHECK59). The shading represents the different regions of the plot; the darker the area the more favorable the region. Core
regions are indicated by [A, B, L]; additional allowed regions by [a, b, l, p] and generously allowed regions by [∼a, ∼b, ∼l, ∼p].
Glycines are shown by solid triangles.
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It is important to note that the refolding pathway of
DpI and DpK consists of the sequential formation of the
three disulfides, first (Cys 30-Cys 51), then (Cys 5-Cys

55), and finally (Cys 14-Cys 38). The intermediate
having the two disulfides (Cys 30-Cys 51) and (Cys
5-Cys 55) has been reported to have native like

Figure 3. Schematic backbone drawings of (a) DtX, (b) DpI, and (c) DpK showing the secondary structure of the molecule (prepared
using the program MOLSCRIPT60). The Arabic numerals stand for the beginning and end sequence number for the various
secondary structural fragments.
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conformation with significant K+ channel binding activ-
ity.46
Hydrogen Bond Interactions. The three-dimen-

sional structure and the folding of the three dendrotox-
ins are mainly stabilized by the three disulfides as

described in the previous sections. In addition, there
are several intramolecular hydrogen bonds, which offer
additional stability to the secondary structural regions
of the toxins. Interhelical interactions are mostly due
to disulfides and intramolecular hydrogen bonds. The

Figure 4. Wire frame diagram showing the non-hydrogens of the molecular structures of (a) DtX, (b) DpI, and (c) DpK.
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time-averaged hydrogen bond distances (reported in
Tables 3-5) were calculated from the trajectories of the
molecular dynamics simulations computed between 100
and 200 ps, using the MDANAL module of AMBER.28

There are 49 intramolecular hydrogen bonds observed
in the structure of DtX. It is interesting to note that
Arg 2 at the N-terminus is involved in hydrogen bond
interaction (formed during the MD simulation) to Gly
57 at the C-terminus as well as to Cys 5 (part of 310
helix). In addition, Leu 9 (helix terminal residue) is
hydrogen bonded to Asn 43, and Gly 25 (occurring at
the â-turn). Similarly, Cys 5 is hydrogen bonded to Gly
25, offering additional stability to the â-turn and the
310 helix. The carbonyl oxygen of Ser 36 is hydrogen
bonded to Arg 13 (NH) and Cys 38 (NH). The hydroxyl
oxygen Oγ of Ser 36 is located at a distance of 2.18 Å
from Cys 38 (O), suggesting a possible hydrogen bond
interaction. The antiparallel â-strands are stabilized
by three intramolecular hydrogen bonds. These are
further stabilized by the hydrogen bond interactions
between Ile 18, Pro 19, and Arg 44. The â-turn residues
are involved in a network of hydrogen bonds involving

Asn 24‚‚‚Lys 28, Lys 27‚‚‚Glu 31, and Asn 24‚‚‚Glu 31.
The R-helix at the C-terminus is stabilized by five
hydrogen bonds. DtX contains 14 positively charged
amino acid residues and 5 negatively charged residues.
Of these, four positively charged residues form salt
bridges with four negatively charged residues, viz. Lys
27‚‚‚Glu 31, Asp 34‚‚‚Arg 32, Glu 50‚‚‚Arg 53, and Glu
49‚‚‚Arg 52.
Out of the 39 intramolecular hydrogen bonds observed

in DpI, three stabilize the R-helix at the N-terminus,
seven occur between the two antiparallel â-strands, and
six occur in the R-helical region at the C-terminus. The
â-turn takes part in five hydrogen bonds. The hydrogen-
bonding interactions between the residues Pro 11‚‚‚Ser
36 and Phe 21‚‚‚Phe 45 offer additional stability for the
â-strands. Oγ of Ser 36 is involved in hydrogen bonding
with carbonyl O of Gly 12. There are two salt bridges
observed between Lys 27‚‚‚Glu 31 and Glu 50‚‚‚Arg 53.
DpK structure is stabilized by a total of 26 hydrogen

bonds. The two antiparallel â-strands exhibit four
hydrogen bonds involving the carbonyl oxygens and
amide nitrogens. Additional stability of the â-strands

Figure 5. Stereoview of the superposition of the backbone atoms of DtX, DpI (in blue), DpK (in green), and crystal structure of
R-dendrotoxin (in red). The rms differences between the toxins are listed in Table 6.

Table 2. Disulfide Geometry and Conformational Characteristics

molecule disulfidea ø1b (deg) ø2b (deg) øb (deg) ø′2b (deg) ø′1b (deg) CR‚‚‚CR′ (Å)

DtX I -136 -163 -85 100 -168 5.21
DpI I -54 -45 -91 -44 -94 5.05
DpK I -145 142 -80 119 114 4.93
BPTI I -72 -66 -83 -61 -74 5.46
R-DtX (cryst) I -66 -77 -87 -65 -63 5.21

DtX II -75 177 -106 43 26 4.95
DpI II -77 82 98 -107 85 5.20
DpK II -58 178 -106 157 82 5.00
BPTI II -74 96 97 -118 69 5.50
R-DtX (cryst) II -79 93 91 -107 -71 4.95

DtX III -178 173 -94 153 49 6.18
DpI III -178 99 98 -166 -172 6.15
DpK III 152 -141 -99 157 82 6.50
BPTI III -72 -121 -81 -97 -179 6.27
R-DtX (cryst) III -68 -101 -88 -88 177 6.26
a I, Cys 5-Cys 55; II, Cys 16-Cys 38; III, Cys 30-Cys 51. b ø1, ø2, ø3, ø′2, and ø′1 are defined as follows:
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is provided by the hydrogen-bonding interactions be-
tween Ser 20‚‚‚Arg 44 and Phe 21‚‚‚Phe 45. The R-helix
at the C-terminus is stabilized by four hydrogen bonds
parallel to the helix axis. In addition, there is a salt
bridge between Glu 49 and Arg 53.
A comparison of the hydrogen-bonding patterns ob-

served in the three toxins reveals that the two antipar-
allel â-strands are further stabilized by hydrogen-
bonding interactions between the amino acids at positions
11-13 and 36-38 at one end and between residues at
locations 24-26 and 43-45 at the other end. The
hydrogen-bonding pattern involving Ser 36 residue is
similar in DtX, DpI, and the crystal structure of R-DtX.24
It has been reported16 that Ser 36 could disrupt the
inhibitory activities of the dendrotoxins by competing
with Ser 195 of trypsin for hydrogen-bonding to the
catalytic residue His 57. Our observation suggests that
the intramolecular hydrogen bonding interactions be-
tween Ser 36 and the neighboring residues of DtX and
DpI are more favorable and thus may prevent Ser 36
from hydrogen bonding with His 57 of trypsin.
Interactions between the Dendrotoxins and the

Proteinases. A sample view of the residues at the anti-
protease site of DtX in complex with kallikrein and
trypsin is given in Figures 6 and 7. Figures 8 and 9
show a stereoview of the CR plots of the dendrotoxins
in complex (built by comparative modeling) with trypsin
and kallikrein. Residues 13-20 of DtX and DpI cor-
respond to the anti-protease site of BPTI which binds
to trypsin and kallikrein. Out of these eight residues,
only three residues, viz. Gly14, Cys16, and Ile 20, are
common between the DtX, DpI, and BPTI. The details
of the nonbonded interactions involving the dendrotox-

ins and trypsin and kallikrein residues at the anti-
protease site are submitted as Supporting Information
(Tables 8 and 9).
Dendrotoxins and Kallikrein. The p1 residues Tyr

15 (DtX, DpI) and Lys 15 (DpK) make numerous
nonbonded contacts with the residues of kallikrein. The
aromatic ring of Tyr 15 is sandwiched between Trp 215
and Asp 194 of kallikrein. There are five nonbonded
contacts between Lys 15 (DpK) and the residues of
kallikrein which are different from those observed in
the BPTI-kallikrein complex.37 The torsion angle ø1
(N-CR-Câ-Oγ) of Ser 195 is in the range -59 to -110°
in all three complexes. The p2 residue (Cys 14) of DtX
and DpI is not involved in any significant nonbonded
interaction with the residues of kallikrein, while p3
residue Arg 13 (DtX, DpI) is involved in four nonbonded
contacts with the residues of kallikrein. The orientation
of Tyr 99 is perpendicular to the indole ring of Trp 215
(kallikrein). It has been reported that Tyr 99 (kal-
likrein) swings its position to accommodate the presence
of bulky Cys and Arg residues at the p2 and p3 positions
in the BPTI-kallikrein complex.37 The p3 residue (Pro
13) of DpK is not involved in any significant nonbonded
interaction with the residues of kallikrein. The p1′ and
p2′ residues of DtX, DpI, and DpK make numerous
nonbonded contacts with the residues of kallikrein. It
is important to note that the p1′ residues Asp 16 (DtX),
Gln 16 (DpI), and Arg 16 (DpK) are involved in
significant nonbonded interactions with the Ser 195
(catalytic) residue of kallikrein. The number of non-

Table 3. Averagea Hydrogen Bond Distances Observed in DtX

donor (D) acceptor (A) distance Å

Arg 2 NH O2 Gly 57 2.24
Arg 2 NεH O2 Gly 57 2.16
Cys 5 NH O Arg 2 2.17
Leu 7 NH O Leu 4 2.21
Gln 25 Nε1H O Cys 5 1.94
Gln 25 Nε2H O Leu 7 2.16
Arg 13 NH O Ser 36 2.21
Cys 14 NH O Ser 36 2.29
Arg 44 Nη1H2 O Ile 18 1.90
Arg 44 Nη2H2 O Pro 19 2.17
Phe 33 NH O Ala 20 2.32
Phe 21 NH O Phe 45 2.00
Tyr 22 NH O Glu 31 1.99
Glu 31 NH O Tyr 22 2.13
Asn 24 NH O Gln 29 1.92
Lys 26 NH Oδ1 Asn 24 2.26
Lys 27 NH Oδ1 Asn 24 2.02
Asn 24 Nδ1H Oε1 Glu 31 2.11
Lys 28 NH O Asn 24 2.37
Lys 27 Nú2H Oε2 Glu 31 2.27
Arg 44 Nη1H1 O Trp 35 1.93
Trp 35 NεH O Asn 43 2.23
Cys 38 O Oγ Ser 36 2.18
Asn 43 NH Oδ1 Asn 41 2.06
Arg 44 NH O Ser 42 2.15
Cys 51 NH Oε2 Thr 47 2.00
Arg 52 NH O Ile 48 1.94
Arg 52 Nη1H1 Oε2 Glu 49 1.93
Arg 53 NH O Glu 49 2.47
Arg 53 Nη2H2 Oε1 Glu 50 1.86
Arg 53 Nη1H2 Oε2Glu 50 1.77
Thr 54 NH O Glu 50 2.31
Thr 54 OγH O Glu 50 2.33
Cys 55 NH O Cys 51 2.14

a Atom names of the amino acids are based on IUPAC nomen-
clature.58 The sequence numbering is based on the BPTI struc-
ture.

Table 4. Averagea Hydrogen Bond Distances Observed in DpI

donor (D) acceptor (A) distance Å

Arg 2 NH O Pro 0 2.27
Cys 5 NH O Arg 2 2.16
Ile 6 NH O Arg 2 2.33
Ile 6 NH O Lys 3 2.36
Leu 7 NH O Lys 3 2.32
Arg 9 Nη2H1 O Gly 32 2.16
Gly 12 NH Oδ1 Asn 10 2.19
Ser 36 NH O Pro 11 1.95
Ser 36 OγH O Gly 12 2.39
Cys 14 NH O Cys 38 2.47
Ile 18 NH O Trp 35 2.17
Trp 35 NH O Ile 18 1.96
Ala 20 NH O Phe 33 2.20
Phe 33 NH O Ala 20 1.96
Phe 21 NH O Phe 45 1.99
Arg 44 NH O Phe 21 1.89
Tyr 22 NH O Glu 31 2.02
Tyr 22 OγH O Glu 31 1.80
Glu 28 NH O Tyr 22 1.93
Tyr 23 NH Oδ1 Asn 43 2.02
Arg 44 NH O Asn 41 2.23
Asn 43 Nδ2H O Tyr 23 1.96
Asn 24 NH O Gln 29 1.93
Lys 26 NH Oδ1 Asn 24 2.43
Lys 27 NH Oδ1 Asn 24 2.03
Asn 24 Nδ1H Oε1 Glu 31 2.39
Lys 28 NH O Asn 24 2.24
Gln 29 NH O Asn 24 2.17
Trp 35 NεH O Gly 39 2.07
Cys 51 NH O Thr 47 2.10
Arg 52 NH O Ile 48 2.04
Arg 52 Nη2H1 Oε2 Glu 49 2.02
Arg 53 NH Oε1 Glu 49 2.44
Arg 53 NεH Oε1 Glu 50 2.21
Arg 53 Nη2H1 Oε1 Glu 50 2.39
Arg 53 Nη2H1 Oε2 Glu 50 2.41
Thr 54 NH O Glu 50 2.06
Cys 55 NH O Cys 51 2.31

a Atom names of the amino acids are based on IUPAC nomen-
clature.58 The sequence numbering is based on the BPTI struc-
ture.
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bonded contacts between p1′ site and kallikrein is
greater than that of the corresponding ones between the
p1 site and kallikrein. The number and nature of
interactions involving the p2′ site (lysine in all the three
dendrotoxins) is different from those observed in the
BPTI-kallikrein complex.37
Dendrotoxins and Trypsin. The nonbonded inter-

actions between p1 residue Tyr 15 (DtX, DpI) and
residues of trypsin are very similar to those observed
in the kallikrein complex. The torsion angle ø1 (N-CR-
Câ-Oγ) of Ser 195 (trypsin) is in the range -90 to -120°.
Lys 15 (DpK) makes eight nonbonded contacts with the
residues of trypsin. The nonbonded contacts involving
p2 and p3 residues of DtX and DpI and the residues of
trypsin are different from those reported for BPTI-
trypsin complex.36 As observed in the kallikrein case,
the number of nonbonded interactions involving p1′ and
p2′ sites and the residues of trypsin are greater than
those involving the p1 residue. Similarly, the p1′
residue of the dendrotoxins take part in significant van
der Waals interactions with trypsin Ser 195 residue as
in the kallikrein case. The p2′ residue (of DtX and DpI)
take part in two contacts with the residues of trypsin
while in DpK the p2′ site is involved in seven nonbonded
contacts with the residues of trypsin.
Comparison of Complexes: (a) Anti-Protease

Site. The interactions involving the backbone atoms

of the anti-protease site of the dendrotoxins and trypsin
and kallikrein structures are similar to those observed
in the BPTI complex structures.36,37 However, the side
chain interactions of the anti-protease site of the den-
drotoxins are different from those reported for BPTI due
to differences in the amino acid sequence, at the anti-
protease site, between BPTI and the dendrotoxins. The
active site residue Lys 15 of BPTI is replaced by Tyr 15
in DtX and DpI. This has resulted in the disappearance
of the key interaction between Lys 15 and Asp 189 (salt
bridge) reported in the complex between trypsin and

Table 5. Averagea Hydrogen Bond Distances Observed in DpK

donor (D) acceptor (A) distance Å

Tyr 4 NH O Ala 2 2.46
Leu 7 NH O Cys 5 2.16
Cys 14 NH O Ser 36 2.24
Ile 18 NH Oδ1 Asp 34 2.17
Ser 20 NH O Phe 33 2.01
Arg 44 Nη2H1 Oγ Ser 20 1.86
Phe 33 NH O Ser 20 1.92
Phe 21 NH O Phe 45 2.00
Tyr 22 NH O Leu 31 2.30
Leu 31 NH O Tyr 22 1.98
Lys 24 NH O Gln 29 2.51
Ala 27 NH O Trp 25 2.37
Gln 29 Nε1H O Cys 30 2.46
Asn 41 NH OγTyr 35 2.10
Tyr 35 OγH O Asn 41 1.99
Gly 37 NH O Tyr 35 1.96
Cys 38 NH O Ser 36 1.95
Ala 42 NH Oδ1 Asn 41 2.32
Arg 44 NH O Ala 42 2.05
Thr 47 NH O Phe 45 2.06
Thr 47 OγH O Lys 46 2.20
Glu 50 NH O Thr 47 2.15
Arg 52 NH O Ile 48 2.06
Arg 52 NεH Oε2 Glu 49 2.00
Arg 53 NH O Glu 49 2.33
Arg 53 Nη1H2 Oε1 Glu 50 2.02
Arg 53 Nη2H2 Oε2 Glu 50 2.11
Thr 54 NH O Glu 50 2.01
Cys 55 NH O Glu 50 2.09

a Atom names of the amino acids are based on IUPAC nomen-
clature.58 The sequence numbering is based on the BPTI structure.

Table 6. Comparative Analysis of the Dendrotoxinsa

R-DtX (xtal) 0.0 2.59 2.23 2.30
DtX 59 (100%) 0.0 1.36 1.03
DpK 37 (62%) 37 (62%) 0.0 1.17
DpI 55 (93%) 55 (93%) 36 (61%) 0.0
a The values in the lower triangular part of the matrix give the

number of residues common between the proteins with the
percentage of homology given in parentheses. The values in the
upper triangular part of the matrix gives the rms difference
between the proteins (computed using the backbone atoms).

Figure 6. Surrounding of the anti-protease region of DtX in
complex with kallikrein. Residues of DtX are shown in green
and red, while those of kallikrein are shown in orange. Key
hydrogen bond interactions are shown in dashed line (ma-
genta). The distance between the hydroxyl of Ser 36 (DtX) and
kallikrein His 57 is greater than 7.5 Å.

Figure 7. Surrounding of the anti-protease region of DtX in
complex with trypsin. Residues of DtX are shown in green and
red, while those of trypsin are shown in orange. Key hydrogen
bond interactions are shown in dashed line (magenta). The
distance between the hydroxyl of Ser 36 (DtX) and trypsin His
57 is greater than 7.5 Å.
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BPTI36 and a similar interaction between Lys 15 and
Asp 189 through a water molecule in kallikrein com-
plex.37 Instead, the hydroxyl of Tyr 15 is hydrogen

bonded to Trp 215 and Thr 190 (of kallikrein) and Trp
215 and Ser 190 (of trypsin). The residues at the p1′
site are Asp 16 (DtX), Gln 16 (DpI), and Arg 16 (DpK).

Figure 8. CR plot of the model complex: (a) kallikrein-DtX, (b) kallikrein-DpI, and (c) kallikrein-DpK. Kallikrein is shown by
thin lines, and the dendrotoxins by thick lines. The lysines (of toxins) are shown by solid spheres, and the arginines (of toxins)
by open spheres. The proposed binding region of the dendrotoxins is shown by B1 (prepared using MOLSCRIPT60).
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In all of the protease inhibitors known so far, this site
is occupied by either glycine or alanine. In addition,
Lys 17 at the p2′ site is invariant in the dendrotoxins

structures (the equivalent site is occupied by Arg 17 in
BPTI). The absence of lysine at the p1 site and the
presence of Lys 17 at the p2′ site along with the

Figure 9. CR plot of the model complex: (a) trypsin-DtX, (b) trypsin-DpI, and (c) trypsin-DpK. Trypsin is shown by thin lines,
and the dendrotoxins by thick lines. The lysines (of toxins) are shown by solid spheres, and the arginines (of toxins) by open
spheres. The proposed binding region of the dendrotoxins is indicated by B1 (prepared using MOLSCRIPT60).
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occurrence of hydrophilic charged residues at the p1′
site (of the dendrotoxins) can rearrange the atom
positions surrounding the junction region between the
toxins and the proteinases (trypsin, kallikrein, etc.) and
thus hinder the key interactions needed for protease
activity. These differences in the intermolecular inter-
actions between the dendrotoxins and the proteinases
may explain the lack of anti-protease activity exhibited
by the dendrotoxins, even though they are homologous
to other proteinase inhibitors. However, this region
(called anti-protease site) does not seem to explain the
potassium channel blocking properties of the dendro-
toxins. This feature is discussed in the following
section.
(b) Region of Cationic Amino Acid Residues.

Dendrotoxins enhance the release of neurotransmitters
at the motor nerve terminals by specifically blocking the
voltage sensitive potassium channels.43,44 Comparison
of the amino acid sequences of DtX, DpI, and DpK shows
that the five amino acids at positions 3, 17, 19, 26, and
28 (based on BPTI numbering) are identical, with four
of them as lysines. In addition, in the structures of DtX
and DpI, three of the lysines (Lys 26, 27, and 28) occur
(in a cluster) contiguously which is unusual. In DpK,
the residues 26 and 28 are lysines and residue 27 is
alanine. In â-bungarotoxin the corresponding residues
are arginine, leucine, and lysine (Table 1). Thus there
is a sufficient concentration of positive charges in a
narrow region (â-turn) exposed to the surface of the
dendrotoxins. Even in the complexed model structures,
this region is clearly exposed for binding by anionic sites
of the receptors (refer site B1 in Figures 8 and 9). It
has been reported4,45 that the presence of three contigu-
ous lysine residues results in a cluster of positive
charges in a narrow region of the protein and thus a
possible binding region of the dendrotoxins to their
target site. Using partially folded versions of DpI and
DpK from black mamba (by selectively reducing the
disulfide bridges), Hollecker and co-workers46 reported
that the regions containing the two disulfide bridges
around (Cys 5-Cys 55) and (Cys 30-Cys 51) and the
lysine residues located at the base of the toxins are
important for the activity of the dendrotoxins. The
lysines may take part in an ionic interaction with the
negatively charged residues on the surface of the K+

channels.
Using recombinant DNA techniques, Hurst and co-

workers47 have cloned DtX sensitive rat potassium
channels. Their studies have revealed that the nega-
tively charged amino acid residues at the trans mem-
brane loop (pore forming sequence)48 between the
regions S5-S6 are important for the binding of the
dendrotoxins. Specifically, the negatively charged K+

channel residues Glu 353 and Tyr 379 are critical for
the blocking of K+ channel by DtX, and alteration of
these residues to serine or histidine significantly lowers
the affinity of DtX in blocking the potassium channels.
Cation selective channels in general, and potassium
channels in particular, are thought to have a permeation
pathway preceded by a cloud of negative charges, which
contribute to ion selectivity and ion permeability.49 Yool
and Schwartz50 have reported that by selectively chang-
ing two amino acids, the ion permeability of the chan-
nels can be significantly altered without altering the
structure of the pore region. The two amino acids,
carrying a negative charge located at the mouth of the

pore region, influence the binding of the TEA (tetra-
ethylammonium), DtX, etc. These amino acids do not
alter the ion selectivity, but block the entrance of the
ions into the channel. The importance of the charge,
basicity, and geometrical positions of the cationic amino
acids in the activity of µ-conotoxin has been reported
by Sato and co-workers.51 These observations indicate
that, in the case of the dendrotoxins, the geometrical
locations of the cationic amino acids carrying the
positive charges (lysines and arginines) may give us an
insight into understanding their structure-activity
relationships.
As is evident (from site B1 in Figures 8 and 9), the

invariant contiguous lysines at positions 26, 27, and 28
are exposed to the surface and thus facilitate binding
by the anionic sites of K+ channel. In the case of DpK,
the two lysines (intervened by alanine) are exposed to
the surface. It is important to note that these exposed
lysines occur at the hairpin turns bridging two antipar-
allel â-sheets in all three toxins. It is well established
that hairpin turns and bends occur very frequently in
protein structures and that they play a crucial role in
protein folding.52 The geometrical positions and the
mobility of the side chains of lysines indicate that these
can make potential interaction with the anionic sites
(negatively charged amino acid residues) located at the
mouth of the pore region extracellular to the channel
membrane. This can lead to blocking of the channel by
the dendrotoxins by direct binding. On the basis of
experiments with excised and cell attached recording,
it has been reported that Tityustoxin-KR (TsTX-KR) (a
channel peptide toxin) and R-DtX block the K+ channel
by binding to the same or closely related extracellular
site.53 In contrast, the binding of 4-aminopyridine was
not inhibited by R-DtX or TsTx-KR in the same experi-
ment, suggesting that the mode of action of 4-aminopy-
ridine is different from that of R-DtX. Our model
supports the finding that R-DtX blocks the channel by
binding extracellularly at the pore region. In the
structural analysis of Conotoxin GIIIA in aqueous
solution, it was observed that the seven cationic side
chains of lysines and arginines project radially into the
solvent and form potential sites for binding with the
skeletal muscle sodium channel.54 The greater mobility
of the side chains of these cationic residues was inter-
preted as useful for a good fit to a receptor by local
optimized interactions of those side chains. That the
lysine residues (26-28) remain exposed even in the
complexed form reiterates the fact that these lysines
might act as a binding site for the anionic residues of
the receptors.
The degree of sequence homology between the den-

drotoxins and their inactive counter parts (most of them
proteinase inhibitors) is maximum at the C-terminal
half (residues 32-60) and minimum at the N-terminal
half of the dendrotoxins (residues 1-31).55 Based on
homology, it has been reported that the N-terminal
portion of the toxins contributes to the neurotoxicity of
the toxins.55 It is interesting to note that all the
invariant lysines observed in the sequence of the den-
drotoxins occur at the N-terminal half, consistent with
the previous observation.
Disulfides play a crucial role in determining the rate

and nature of protein folding. The strikingly homolo-
gous distribution of cysteines in DtX, DpI, and DpK
seems to influence the homologous folding of the den-

Studies of Dendrotoxin and Its Homologues Journal of Medicinal Chemistry, 1996, Vol. 39, No. 11 2153



drotoxins with the occurrence of a characteristic con-
formational pattern consisting of an R-helix (in an
amphiphilic environment at the C-terminus) stabilized
by two disulfides, one bridging a â-strand and the other
N-terminus. A similar conformational motif has been
reported in the case of MCD peptide, apamin, charyb-
dotoxin, etc.,42 even though there is no significant
sequence homology among these peptides and the den-
drotoxins. Neurotransmitters, peptide toxins, hor-
mones, etc. (membrane surface-active peptides with low
molecular weight) fold into the bioactive state with the
formation of ordered amphiphilic secondary structural
fragments like R-helix and â-strands and turns in
amphiphilic environments. These amphiphilic second-
ary structures provide the rigid framework needed for
the steric display of the functional groups that interact
with the corresponding template of the receptors.56 It
appears therefore that the occurrence of such a confor-
mational motif in the dendrotoxins can be correlated to
their ion channel function, as reported in the case of
MCD peptide.42 This is in agreement with the report
(in the case of DpI and DpK) that the two disulfides Cys
30-Cys 51 and Cys 5-Cys 55 are critical for the overall
stability and the binding affinity of the dendrotoxins.46
The formation of these two disulfides, during the
refolding of the dendrotoxins, induces the occurrence of
the R-helix in an amphiphilic environment and thus
provides a rigid framework needed for bringing together
the critical cationic amino acids in close proximity to
the surface of the toxins for binding by the anionic sites
of the receptors. As a result, there is a concentration
of positively charged amino acids in this region exposed
to the receptors. Dendrotoxins inhibit the binding of
MCD peptide at the hippocampal region.57 It appears
that MCD peptide, dendrotoxins, and â-bungarotoxin all
bind to the same ancestral voltage sensitive potassium
channel.57 It has been reported that homologous spatial
charge distribution may account for the similarities in
activities of DtX, DpI, DpK, and MCD peptides,25 which
is in agreement with our observation. The presence of
amphiphilic secondary structural fragments in the
dendrotoxins and MCD peptide appears to induce the
homologous spatial charge distribution among DtX, DpI,
DpK, and MCD peptides.
Our analysis of DtX, DpI, and DpK reveals that their

three-dimensional architectures and folding are similar
to BPTI (the Kunitz proteinase inhibitor). The absence
of anti-protease activity of the dendrotoxins can be
attributed to the differences in the sequence and
structure at the anti-protease site between BPTI and
the dendrotoxins. The comparative model building
studies, involving the dendrotoxins and proteinases,
indicate that the proposed ion channel binding region
of DtX, DpI, and DpK is the â-turn containing (cationic)
residues 26-28 (site B1 of Figures 8 and 9) located
roughly 25 Å from the anti-protease site, at the opposite
side, of the pear-shaped molecules. Structural similar-
ity between DtX, DpI, DpK, â-bungarotoxin, and MCD
peptide suggests that these peptides regulate K+ chan-
nel by direct binding to the extracellular trans-mem-
brane loop spanning the (S5,S6) region.
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