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ABSTRACT: A polypeptide toxin extracted from scorpion
venom, OSK1, is modified such that its potency is drastically
enhanced in blocking one class of voltage-gated potassium
channels, Kv1.3, which is a pharmacological target for
immunosuppressive therapy. The bound complex of Kv1.3
and OSK1 reveals that one lysine residue of the toxin is in the
proximity of another lysine residue on the external vestibule of
the channel, just outside of the selectivity filter. This
unfavorable electrostatic interaction is eliminated by inter-
changing the positions of two amino acids in the toxin. The
potentials of mean force of the wild-type and mutant OSK1
bound to Kv1.1−Kv1.3 channels are constructed using molecular dynamics, and the half-maximal inhibitory concentration (IC50)
of each toxin−channel complex is computed. We show that the IC50 values predicted for three toxins and three channels match
closely with experiment. Kv1.3 is half-blocked by 0.2 pM mutant OSK1; it is >10000-fold more specific for this channel than for
Kv1.1 and Kv1.2.

Voltage-gated potassium channel Kv1.3 has been shown to
be a potential target for combating T cell-mediated

autoimmune diseases, such as multiple sclerosis, type 1
diabetes, and rheumatoid arthritis.1−5 In these diseases,
terminally differentiated effector memory T cells express
relatively higher levels of Kv1.3 channels and lower levels of
calcium-activated potassium channels after activation.2,4 Via the
specific blocking of Kv1.3 channels, pristane-induced arthritis in
rats can be ameliorated, and the incidence of experimental
autoimmune diabetes in diabetes-prone rats can be reduced
without causing significant side effects.4 Thus, a potent and yet
specific blocker of Kv1.3 could serve as a therapeutic agent for
autoimmune diseases.
Various small compounds and polypeptides that block the

Kv1.3 channel effectively have been reported. Of the small
Kv1.3 blockers, 5-(4-phenoxybutoxy)psoralen (PAP-1), inhibit-
ing Kv1.3 with a half-maximal effective concentration of 2 nM,
is the most potent.6 However, PAP-1 also effectively blocks
other voltage-gated channels such as Kv1.1, Kv1.2, Kv1.4,
Kv1.5, Kv1.6, and Kv1.7, limiting its pharmaceutical use. The
specificity of PAP-1 for Kv1.3 over other Kv1.x channels is <50-
fold.6 High selectivity for Kv1.3 appears to be difficult to
achieve for these small blockers,5 possibly because the channel
selectivity filter is highly conserved across voltage-gated
potassium channels. In contrast, polypeptide blockers of
Kv1.3 have been shown to have higher potency as well as
better specificity for Kv1.3. For example, the K16D20 mutant of
OSK1, a 38-residue toxin from the venom of the Asian scorpion
Orthochirun scrobiculosus, blocks Kv1.3 with a half-maximal
inhibitory concentration (IC50) of 0.003 nM, ∼100-fold lower
than those of Kv1.1 (0.4 nM) and Kv1.2 (3 nM), while it does

not block Kv1.4−Kv1.7 channels even at micromolar toxin
concentrations.7,8 ShK(L5), a synthetic analogue of ShK
isolated from the sea anemone Stichodactyla helianthus, has
also been shown to have >100-fold specificity for Kv1.3 (IC50 =
0.07 nM) versus other Kv1.x channels.3 Replacing the Lys22
residue in ShK with diaminopropionic acid can increase the
toxin’s specificity for Kv1.3 (IC50 = 0.023 nM) over Kv1.1 (IC50

= 1.8 nM) to ∼80-fold without reducing the potency for Kv1.3
significantly.9 The derivatives ShK-170 and ShK-192 of ShK
have been shown to inhibit Kv1.3 with an IC50 of 69−140 pM
and >100-fold selectivity over other closely related channels.10

A triple-point mutant of the kaliotoxin BmKTX (ADWX-1),
inhibiting Kv1.3 with an IC50 of 0.002 nM, is ∼300-fold specific
for Kv1.3 over Kv1.1.11 Therefore, mutants of available
polypeptide toxins can be designed as potent and selective
blockers of Kv1.3.
With an all-atom model of the bound complex by OSK1 and

Kv1.3,12 we are able to design a mutant OSK1, which we
demonstrate to have improved potency and specificity for
Kv1.3. In this mutant OSK1, the lysine residue at position 9 and
the serine residue at position 11 are replaced with serine and
arginine, respectively. Molecular dynamics (MD) simulations
predict that S9R11 OSK1 blocks Kv1.3 with an IC50 of 0.2 pM,
1 order of magnitude more potent than the best blocker of
Kv1.3 known previously.13 The S9R11 OSK1 mutant not only
shows promise for developing therapeutic agents but also
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demonstrates how detailed intermolecular interactions can
guide rational design of ion channel blockers.

■ METHODS
Initial Structures. To examine the potency and specificity

of S9R11 OSK1 for Kv1.3, we study the binding of the toxin to
three channels belonging to the Kv1.x Shaker family, Kv1.1−
Kv1.3. Other members of the Kv1.x family, including Kv1.4−
Kv1.7, are not inhibited by OSK1 even at micromolar toxin
concentrations7,8 and therefore are not considered.
A homology model of Kv1.1 is generated using the crystal

structure of Kv1.2 [Protein Data Bank (PDB) entry 3LUT]14,15

as a template. The homology modeling method used is similar
to that for Kv1.3 described previously.12 The level of sequence
identity between Kv1.1 (NCBI entry NP_000208.2) and Kv1.2
is 93% in the pore domain. Structure 3LUT14,15 and the
homology model of Kv1.3 constructed previously12 are used for
Kv1.2 and Kv1.3, respectively. Kv1.1 and Kv1.2 are equilibrated
in a POPC (2-oleoyl-1-palmitoyl-sn-glycero-3-phosphocholine)
bilayer, solvated with explicit water and 0.2 M KCl with both
the pore and the voltage sensor domain retained during the
initial equilibration. During the equilibration, the P-loop turret
of Kv1.1 and Kv1.2 moves substantially toward the voltage
sensor domain by as much as 5−7 Å. The equilibrated channels
are then symmetrized and truncated for subsequent molecular
docking calculations and umbrella sampling, to provide the
required degree of computational efficiency. After truncation,
only transmembrane domains S5 and S6 forming the pore
domain are retained. This truncation does not affect the ability
of the channels to bind the toxins significantly, as demonstrated
previously.12 Nuclear magnetic resonance structure 1SCO16 is
used for OSK1. The structure of the mutant OSK1 is generated
by replacing the side chains of residues K9 and S11 of OSK1
with S and R, respectively, in VMD version 1.9.17

The bound states of both the wild-type and mutant OSK1
with the three truncated channels are predicted using the rigid-
body molecular docking program ZDOCK version 3.0.1.18 In
each case, 600 channel−toxin structures are generated. Of the
600 channel−toxin structures generated in each case, we
selected one complex that is most consistent with the
experimental findings. Thus, we consider only those docking
complexes in which the lysine residue at position 27 protrudes
into the selectivity filter of the channel.19 Less than 3% of the
complexes generated by the ZDOCK program meet this
criterion, and these are not among the top ranked. This
highlights the inadequacy of rigid-body docking algorithms in
predicting toxin−channel complexes without existing knowl-
edge. The highest ranked of the complexes in which Lys27 of
the toxin is docked into the selectivity filter is selected for
subsequent MD simulations. For each selected toxin−channel
complex, a rectangular simulation box is constructed in which
the complex is embedded in a POPC bilayer solvated with
explicit water and 0.2 M KCl. Two bulk K+ ions are presented
in the S2 and S4 binding sites of the channel selectivity filter,
while the S0 binding site is expected to be occupied by the side
chain of the Lys27 residue of the toxins. The systems are energy
minimized and further equilibrated for 3.5−5.0 ns, during
which the channel backbone atoms and the two K+ ions in the
selectivity filter are restrained to the initial structure by a force
constant of 0.25 kcal mol−1 Å−2. The toxin backbone is free to
move throughout the simulation. The MD simulations allow
the toxin−channel complexes to evolve such that the most
favorable interactions are formed. For example, Figure S1 of the

Supporting Information demonstrates that OSK1 rotates along
the channel axis during the simulation, and a salt bridge is
finally formed between Arg24 of OSK1 and Asp433 of Kv1.3.

Molecular Dynamics (MD) Simulations. All MD
simulations are performed using NAMD version 2.7.20 The
CHARMM27/CMAP force fields for proteins and lipids21−24

and the TIP3P model for water25 are used. The switch and
cutoff distances for short-range interactions are set to 8.0 and
12.0 Å, respectively. The particle mesh Ewald method26 is used
to describe long-range electrostatic interactions, with a maximal
grid spacing of 1.0 Å. Rectangular periodic boundary conditions
are applied. The SHAKE27 and SETTLE28 algorithms are used
to keep the bond lengths in the system rigid, allowing a time
step of 2 fs to be used. The short-range nonbonded interactions
are computed every step, while the long-range electrostatic
forces are evaluated every two steps together with the pair list.
In all simulations, the temperature is kept constant at an
average value of 300 K using Langevin dynamics with a
damping coefficient of 1 ps−1. The Nose−́Hoover Langevin
piston method29 is used to maintain the pressure in the system
at an average value of 1 atm, with the barostat oscillation and
damping time scales set to 200 and 100 ps, respectively. The
pressure coupling is semiisotropic. Trajectories are saved every
20 ps for analysis.

Umbrella Sampling. We use umbrella sampling to
construct a one-dimensional PMF for the unbinding of the
toxin along the channel axis, which allows the IC50 for the toxin
block to be calculated rigorously.30 Umbrella sampling
represents one of the most efficient methods for reliably
deriving the PMF for complex ligands such as the polypeptide
toxins examined in this work, as demonstrated by Kuyucak and
co-workers.31,32 The equilibrated toxin−channel complexes are
used to generate umbrella windows, spaced at 0.5 Å intervals. A
force of 20 or 30 kcal mol−1 Å−1 is applied to pull the toxin out
of the binding site. During the pulling, a harmonic restraint is
applied to maintain a rigid toxin backbone. The umbrella
sampling reaction coordinate is the channel permeation
pathway (z dimension), which is parallel to the bilayer normal.
A force constant of 20−40 kcal mol−1 Å−2, depending on the

channel and the position of the umbrella window, is used to
restrain the center of mass (COM) of the backbone atoms of
the toxin to the center of each umbrella window. The COM of
the toxin is confined to a cylinder with a radius of 8 Å centered
on the channel axis, with a flat-bottom harmonic potential of 20
kcal mol−1 Å−2. This radius of 8 Å ensures that the cylindrical
restraint potential is always zero when the toxin is bound, so
that the toxin is allowed to rotate and move freely. Each
umbrella window is simulated for at least 5 ns. The depth of the
profiles of the potential of mean force (PMF) changes by <0.5
kT over the last 1 ns, and thus, we assume convergence. The
channel is free to move during umbrella sampling, with the
exception of the acidic residues of the P-loop turret of Kv1.1
and Kv1.2, whose backbones are restrained to the initial
position using a harmonic potential with a force constant of 1
kcal mol−1 Å−2. The COM coordinates of the backbone atoms
of the toxins along the z dimension are saved every 1 ps for
analysis.

Data Analysis. The PMF profile is constructed with the
weighted histogram analysis method.33 The PMF value of the
window at z = 45 Å, assumed to be similar to the bulk, is set to
zero. Note that the COM for the channel is z = 0 Å. The first 1
ns of each window is considered as equilibration and not
included in the calculations of the PMF. The IC50, defined as
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the concentration of the toxin at which the probability of the
channel being blocked is 0.5 in molar units, is estimated as

∫= π −− R N W z kT zIC 1000 exp[ ( )/ ] d
z

z
50

1 2
A

min

max

(1)

where R equals 8 Å, NA is Avogadro’s number, zmin and zmax are
the boundaries of the binding site along the channel axis, W(z)
is the PMF at the window z, and kT assumes the usual
significance. We note that W(z) is dependent on the choice of
R, whereas IC50 is independent of R.34 The electrostatic
interaction energy is calculated according to the potential
energy function of the CHARMM force field.23

■ RESULTS AND DISCUSSION

Binding Affinities of Pore Blockers Can Be Reliably
Predicted. We show that the binding affinities derived from
computational studies closely match those determined
experimentally. Using a molecular docking method and MD
simulations, we first determine the binding modes of three
toxins, namely, charybdotoxin (ChTX), ShK, and OSK1, with
respect to the Kv1.3 channel.12 We then construct, using MD
simulations and umbrella sampling, the PMF profiles for each
of these three polypeptide toxins as they are progressively
pulled away from the channel−toxin complexes. From the PMF
profiles computed, we estimate the binding affinity, specifically,
IC50, of each toxin for the channel. The IC50 values predicted
from our PMF calculations are 25.3, 0.17, and 0.02 nM for
ChTX, ShK, and OSK1, respectively.12 The values determined
experimentally for the three toxins are 0.7−2.6,35,36 0.01,9 and
0.014 nM, respectively.8 Thus, the IC50 value calculated from
the PMF profile for OSK1 is in accord with that measured
experimentally. One of the largest discrepancies we found
occurs with ChTX, for which the measured and computed IC50
values differ by ∼1 order of magnitude. The depth of the PMF
profile for this toxin is slightly underestimated possibly because
of an unstable contact between an acidic residue in the channel
(Glu420) and a basic residue in the toxin (Arg25) during the
sampling period of 5 ns.
S9R11 OSK1 Is Potent for Kv1.3. The bound complex

between Kv1.3 and OSK1 after 3.5 ns of MD equilibration
reveals that an arginine residue from the toxin makes a firm
contact with an acidic residue on the channel wall, just outside
of the selectivity filter, while the side chain of another lysine
residue is lodged into the selectivity filter. These interactions,
together with several other transient hydrogen bonds formed
between the ellipsoidal ligand and the vestibule, render the
channel highly sensitive to the polypeptide toxin. Detailed
interactions between OSK1 and Kv1.3 have been described
previously.12 There is, however, one unfavorable electrostatic
interaction in the channel−toxin complex. As shown in Figure
1, a basic residue (Lys458) lining the wall of the external
vestibule faces another basic residue (Lys9) of OSK1, causing a
Coulomb repulsion. Figure S2 of the Supporting Information
shows that the distance between the side chain nitrogen atoms
of Lys9 and Lys458 fluctuates between 4 and 9 Å over the last
1.5 ns of the equilibration. Positioned adjacent to Lys458 is an
acidic residue (Asp449) of Kv1.3, which faces a serine residue
(Ser11) of the toxin. We reasoned that the binding affinity of
the toxin for Kv1.3 could be made to increase appreciably if the
positions of the two amino acids in the toxin were
interchanged. To test this idea, we first placed an arginine at
position 11, which normally is occupied by a serine (S11R

mutation), and a serine at position 9, which normally is
occupied by a lysine (K9S mutation). Here, mutation of Lys9
to an acidic residue is not considered, because the outer
vestibular wall of Kv1.3 contains several rings of acidic residues.
With this interchange, Asp449 is now facing an arginine and
Lys458 is facing a neutral and yet polar serine residue. From
simple electrostatic considerations, we would expect the double
mutant toxin, [K9S]-[S11R]-OSK1, to have an enhanced
sensitivity to Kv1.3, compared to that of wild-type OSK1.
Consistent with this expectation, the IC50 of the toxin for

Kv1.3, as determined by the depth of the PMF profile, is greatly
reduced when the positions of the two residues, Ser9 and
Lys11, are interchanged. As shown in Figure 2, the minima of

the PMF profiles obtained from the wild-type and mutant
OSK1 are −27.2 and −31.8 kT, , respectively. The energy
minima are at z = 27−28 Å, relative to the center of mass of the
channel, which is at z = 0 Å. The predicted IC50 value for the
wild-type toxin is 20 pM, which is close to the experimental
value of 14 pM.7 The mutant toxin blocks Kv1.3 with a
predicted IC50 value of 0.2 pM. Thus, the two mutations on the
toxin, K9S and S11R, increase the potency of OSK1 for Kv1.3
by 100-fold. The predicted IC50 of the mutant toxin is 1 order
of magnitude lower than that of the most potent blocker of this
channel thus far identified (ADWX-1, for which IC50 = 2
pM11).

S9R11 OSK1 Is Selective for Kv1.3. One of the objectives
of many previous studies of Kv1.3 has been to identify

Figure 1. OSK1 bound to the Kv1.3 channel after 3.5 ns of MD
simulation showing two toxin−channel contacts, K9−K458 and S11−
D449. The OSK1 surface is shown in transparent silver. Two channel
subunits are colored cyan.

Figure 2. PMF profiles for the unbinding of wild-type and S9R11
mutant OSK1 from Kv1.3.
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compounds that show high sensitivity and selectivity for this
channel.3,7−9,13 To determine the specificity of the mutant
OSK1 for Kv1.3, we construct PMF profiles for the dissociation
of the wild-type and mutant OSK1 from Kv1.1 and Kv1.2.
Voltage-gated K+ channels contain a typically unstructured

loop at the outer vestibule of the channel linking the S5 pore-
forming helix and the selectivity filter, commonly termed the P-
loop turret. Unlike the highly conserved selectivity filter, the
primary sequence of the turret varies significantly between
channels. For Kv1.1−Kv1.3 channels, the turret is abundant in
acidic residues. An alignment of the primary sequence of the
turret of these three channels is given in Figure 3c. The first

three acidic residues are conserved across the three channels,
while Kv1.1 and Kv1.2 have an additional aspartate or
glutamate residue at the center of the turret. The three
conserved acidic residues are directly linked to the S5
transmembrane helix. Therefore, the movement of these
three residues is limited. In contrast, the acidic residue at the
middle of the turret of Kv1.1 and Kv1.2 is free to move in
response to external interactions, such as attraction from the
basic residues in the S4 voltage sensing helix. Experimentally, it
has been suggested that the P-loop turret can largely account
for the specificity of toxin ADWX-1 for Kv1.3 over Kv1.1.11

Thus, to predict the toxin binding affinity accurately, the
position of the turret must be correctly modeled. To determine
the most appropriate location of the turret in Kv1.1 and Kv1.2,

the two channels are equilibrated with the voltage sensing helix
S4 retained before truncation for subsequent molecular docking
and MD simulations.
Figure 3a illustrates that the turret of one subunit of Kv1.1

moves substantially in the presence of the voltage sensing helix
S4. In particular, the distance from residue Glu353 of Kv1.1 to
the channel central axis increases by up to ∼7 Å after
equilibration for 8 ns in the presence of the S4 helix (Figure
3b). We observe that each of the four turrets moves
independently and becomes displaced laterally by a different
distance during the simulation period of 8 ns. It is likely that in
reality each turret undergoes fluctuations from its mean
position, the maximal movement we observe representing the
outermost position the turret occupies. Similarly, Asp355 of
Kv1.2 also becomes laterally displaced in the presence of the S4
helix, albeit to a lesser extent than that observed for Kv1.1
(Figure 3b). The movement of the turret toward the S4 helix
observed for Kv1.1 and Kv1.2 is apparently due to the
additional negative charge at the center of their turrets (Glu353
of Kv1.1 and Asp355 of Kv1.2), which is attracted by the basic
residues of the S4 helix. Asp355 of Kv1.2 moves less
significantly within the time scale of the simulation, possibly
because the adjacent Arg354 residue is repelled by the S4 helix
or the turret of Kv1.2 is more rigid than that of Kv1.1.
Given that the positions of the turrets of Kv1.1 and Kv1.2 are

dependent on the presence or absence of the S4 helix, the PMF
profiles should ideally be constructed with this helix in place.
Such calculations, however, become prohibitively computation-
ally expensive. Thus, in subsequent MD simulations and
umbrella sampling, the S4 helix of Kv1.1 and Kv1.2 is truncated,
and the turrets are placed at what we observe to be their mean
positions. Harmonic restraints are then applied to maintain the
distance between the center of mass of the backbone atoms of
residue Glu353 of Kv1.1 and the channel axis in the range of
21.0 ± 1.5 Å, corresponding to an intermediate range observed
during the 8 ns equilibration. Similarly, the distance between
the center of mass of the backbone atoms of Asp355 of Kv1.2 is
also harmonically restrained to be around an average value of
20.0 Å, 1 Å lower than that of Kv1.1. We show below that with
the appropriate restraint applied the IC50 values for the binding
of wild-type OSK1 to both Kv1.1 and Kv1.2 channels can be
predicted with a fair degree of accuracy.
Table 1 shows the IC50 values calculated from the PMF

profiles for the wild-type and mutant OSK1. Experimentally

determined values for wild-type OSK1 are given in parentheses.
For comparison, the IC50 values for Kv1.3 are also given. The
results demonstrate that the mutant OSK1 has a specificity of
>10000-fold for Kv1.3 over Kv1.1 and Kv1.2.

Structural Basis for Potency and Selectivity. The
exquisite potency of the mutant OSK1 with respect to Kv1.3,
as well as its selectivity for this channel over Kv1.1 and Kv1.2,

Figure 3. (a) Pore domain of the Kv1.1 channel before (red) and after
(green) 8 ns of unrestrained simulation. Atoms of residue Glu353 in
one channel subunit are shown as spheres. Two channel subunits are
shown. (b) Maximal distance between the center of mass of the
backbone atoms of residues Glu353 of Kv1.1 and Asp355 of Kv1.2 and
the channel central axis as a function of simulation time. (c) Sequence
alignment of the P-loop turret of channels Kv1.1−Kv1.3.

Table 1. Predicted IC50 Values for Wild-Type and S9R11
Mutant OSK1 Inhibiting Kv1.1−Kv1.3 Channelsa

IC50 (nM)

channel OSK1 S9R11 OSK1

Kv1.1 0.2 (0.6) 30
Kv1.2 63 (5.6) 45
Kv1.3 0.02 (0.014) 0.0002

aNumbers in parentheses are corresponding experimental values for
wild-type OSK1 obtained by Mouhat et al.7
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results from the different amino acid compositions of the
turrets and the locations of acidic and basic residues in the
external vestibule. The snapshots of the toxin−channel
complexes for Kv1.3, shown in Figure 4, are selected after

the equilibration period of 5 ns with molecular dynamics
simulations. The important residue pairs for the binding of the
toxin to Kv1.3 are highlighted. The wild-type and mutant toxins
form hydrogen bonds between the side chain of toxin residue
Lys27 and the carbonyl group of Tyr447 of the channel
selectivity filter, as indicated in Figure 4. The Arg24 residues of
both toxins also form hydrogen bonds with the Asp433 residue,
located just outside of the selectivity filter. With the mutant
toxin, we also see another pair of toxin and channel residues
interacting, as indicated in Figure 4b. Arg11, which in the wild-
type toxin is a serine, is in contact with Asp449, which is near
the pore entrance, ∼8 Å from the selectivity filter. The side
chain of the Arg11 residue is fully extended, forming hydrogen
bonds and salt bridges with the acidic Asp449 residue. The
electrostatic interaction energy between the two residues is now
−45.2 kcal/mol. Moreover, the serine residue at position 9 of
the mutant toxin interacts only weakly with the Lys458 residue
of the channel, with an interaction energy of 4.3 kcal/mol. In
the wild-type toxin, this position is occupied by another lysine;
the Coulomb repulsion between the interacting residues gives
rise to an interaction energy of 25.6 kcal/mol and causes the
side chain of Lys9 to bend away from the channel wall. The
toxin is thus made to bind much more firmly to Kv1.3 with
these two amino acid substitutions, compared to that of its
original form.
In the case of Kv1.1 and Kv1.2, the negative charge at the

center of the P-loop turret (Glu353 of Kv1.1 and Asp355 of
Kv1.2) appears to attract the toxin from the binding site,
causing the toxin to bind more shallowly in the channel

selectivity filter. This is reflected in the less negative
electrostatic interaction energy between the Lys27 residue of
the toxin and a tyrosine residue in the channel selectivity filter,
which form one of the two firm contacts between the toxin and
the channel. The electrostatic interaction of this contact is
significantly weaker for Kv1.1 and Kv1.2 than for Kv1.3 (see
Table 2), consistent with wild-type OSK1 being less potent

with respect to Kv1.1 and Kv1.2 than with respect to Kv1.3
(Table 1).
In Table 2, we list the electrostatic energies of four

interacting residue pairs between the wild-type and mutant
toxins and Kv1.1−Kv1.3. Although the total electrostatic
interaction energies are not generally correlated with the
binding affinities, it is nevertheless instructive to examine how
the strengths of several pairwise electrostatic interactions
change after the mutation of the toxin. Table 2 shows that
the mutation causes OSK1 to form an extra electrostatic
contact with a channel aspartate residue at the pore entrance of
Kv1.1 (Asp377) and Kv1.2 (Asp379). However, the mutation
also causes another firm toxin−channel contact to break for
these two channels. Specifically, the hydrogen bonds formed by
Arg24 of the wild-type toxin and Asp361 of Kv1.1 are not
present in the bound complex between the mutant toxin and
the channel (see Table S1 of the Supporting Information).
Thus, the mutation does not significantly increase the potency
of OSK1 with respect to Kv1.1 and Kv1.2. In particular, as
shown in Table 1, the mutant OSK1 appears to be ∼150-fold
less potent with respect to Kv1.1.

■ CONCLUDING REMARKS

Many polypeptide toxins extracted from scorpion venoms
exhibit a similar structural motif and block families of voltage-
gated potassium (Kv) channels. Typically, these toxins,
including OSK1, have a triple- or quadruple-stranded
antiparallel β-sheet and a short helix interconnected by three
disulfides. The polypeptides comprising 25−45 amino acid
residues are tightly packed by disulfide bridges, which confer
their structural rigidity. Because these peptides block Kv
channels with high potency, they can potentially serve as
prototypes for the design of modern drugs targeting several
types of biological ion channels. The toxins, however, have

Figure 4. Wild-type OSK1 (a) and S9R11 mutant OSK1 (b) bound to
the Kv1.3 channel. The toxin surface is shown in transparent silver.
Two channel subunits are shown as cyan ribbons.

Table 2. Electrostatic Interaction Energies (kilocalories per
mole) between Toxin−Channel Residue Pairs for OSK1 and
Its S9R11 Mutanta

channel residue pairb wild type mutant

Kv1.3 K27−Y447 −73.3 −72.1
R24−D433 −78.2 −93.6
K(S)9−K458 25.6 4.3
S(R)11−D449 −7.2 −45.2

Kv1.1 K27−Y375 −56.3 −63.5
R24−D361 −90.3 −11.5
K(S)9−K386 1.0 −0.6
S(R)11−D377 −8.1 −32.8

Kv1.2 K27−Y377 −50.0 −68.7
R12−D363 −88.9 −6.03
K(S)9−K388 10.8 1.5
S(R)11−D379 −9.3 −80.8

aThe standard error of the mean is <2 kcal/mol in all cases.
bCharacters in parentheses indicate corresponding residues of the
mutant OSK1.
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evolved to act on a broad spectrum of channels for rapid
paralysis of prey, rather than to be highly selective to a specific
channel type. Also, their large mass and the abundance of
hydrophilic amino acid residues may prevent them from
crossing epithelia, including the blood−brain barrier.
Attempts have been made to reduce the size of the

polypeptide by pruning the terminal domains of OSK17 or
the loop in α-conotoxin,37 a potent blocker of α7 nicotinic
acetylcholine receptor, and test their affinity and conforma-
tional stability. Also, numerous studies have been conducted to
determine the changes in toxin affinity and selectivity following
site-directed mutagenesis.3,9,13 Because of the lack of availability
of atomic details about the channel−toxin complexes, such
theoretical as well as experimental mutations in the past have
been largely guided by intuition and careful reasoning.
Nevertheless, many useful insights have been gleaned about
the mechanisms of blocking by scorpion toxins, and the key
amino acid residues in the polypeptide interacting with the
binding sites in the external vestibules of Kv channels have been
identified.
In this study, we demonstrate, at the proof-of-principle level,

how computational tools can be used to conduct theoretical
site-directed mutagenesis to improve the potency and
selectivity of polypeptide blockers of ion channels. From the
OSK1−Kv1.3 complex formed from MD simulations, we have
identified two residues, the mutation of which would provide an
enhanced binding affinity. The mutant OSK1 we devised has an
IC50 value of 0.2 pM and a specificity of >10000-fold for Kv1.3
versus Kv1.1 and Kv1.2. Thus, one possible approach for
developing drugs targeting autoimmune diseases mediated by
human T cells is to use a potent scorpion toxin, such as the
mutant OSK1, as a structural template and to successively
prune it such that the spatial arrangement of the bioactive
amino acids remains unchanged. Alternatively, new blockers
may possibly be developed from small molecules, one of whose
side chains protrudes into the selectivity filter, by incrementally
adding new groups to it to form several drug−channel
interacting pairs, similar to those found in the mutant
OSK1−Kv1.3 complex. For such strategies to be successful, it
is desirable to devise a computational method that can rapidly
and reliably screen a large number of lead candidates. Once
such a technique becomes available, theoretical approaches for
studying ligand−channel complexes may play an important role
in the rational development of drugs.
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