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Modeling the Binding of Three Toxins to the Voltage-Gated Potassium
Channel (Kv1.3)
Rong Chen, Anna Robinson, Dan Gordon, and Shin-Ho Chung*
Research School of Biology, Australian National University, Canberra, Australia
ABSTRACT The conduction properties of the voltage-gated potassium channel Kv1.3 and its modes of interaction with several
polypeptide venoms are examined using Brownian dynamics simulations and molecular dynamics calculations. Employing an
open-state homology model of Kv1.3, we first determine current-voltage and current-concentration curves and ascertain that
simulated results accord with experimental measurements. We then investigate, using a molecular docking method and molec-
ular dynamics simulations, the complexes formed between the Kv1.3 channel and several Kv-specific polypeptide toxins that are
known to interfere with the conducting mechanisms of several classes of voltage-gated Kþ channels. The depths of potential of
mean force encountered by charybdotoxin, a-KTx3.7 (also known as OSK1) and ShK are, respectively, �19, �27, and �25 kT.
The dissociation constants calculated from the profiles of potential of mean force correspond closely to the experimentally deter-
mined values. We pinpoint the residues in the toxins and the channel that are critical for the formation of the stable venom-
channel complexes.
INTRODUCTION
Of all the members of the voltage-gated potassium channel
(Kv) family, the Kv1.3 channel is of special interest and has
thus far attracted intense experimental and theoretical
studies. Expressed predominantly in human lymphocytes,
the Kv1.3 channel has been recognized as an important
target for immunosuppression therapy (1,2). When stimu-
lated repeatedly by antigens, naive T cells differentiate
into effector memory T lymphocytes, which after entering
inflamed tissues produce and release copious amounts of
cytokines (3). By blocking the Kv1.3 channel in T cells,
their activation in vitro can be inhibited, and experimentally
induced autoimmune encephalomyelitis in rats can be
ameliorated (4).

In the past three decades, a large number of peptide
venoms acting on Kþ channels have been extracted from
marine cone snails, scorpions, sea anemones, and snakes.
These toxins, which are usually 23–64 amino acid residues
in length, are tightly packed by three or four disulfide
bridges. Some of these polypeptide toxins block or modify
potassium permeability in excitable and nonexcitable cells
at nanomolar (nM) concentrations or below. Several
subtypes of the voltage-gated Kþ channels, including the
Kv1.3 channel, have particularly high binding affinities to
a number of these polypeptide toxins. Kv1.3 and similar
channels have a number of acidic residues lining the wall
of the extracellular vestibule. The venoms, which carry
charges of between þ5 and þ8 e, are drawn toward the
negatively charged receptor site, near the entrance of the
selectivity filter, where they physically occlude the conduct-
ing pathway of Kþ ions. Some among the toxins that effec-
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tively block the Kv1.3 channels are the scorpion toxins, such
as charybdotoxin (ChTX), Pandinus toxin, margatoxin and
a-kaliotoxin, and Stichodactyla toxin (ShK), which is iso-
lated from the sea anemone Stichodactyla helianthus.

In their pioneering work, Park and Miller (5,6), using
mutagenesis analysis, examined the role of charged residues
in the binding of ChTX to the calcium-activated Kþ

channel. The key charged residues, the mutation of which
to neutral residues (Asn or Gln) has a drastic reduction in
the binding affinity of the toxin, are located on one side of
the ChTX molecule. The lysine residue at position 27 (or
position 22, 28 in certain other toxins) is one of these basic
residues, which is conserved across all scorpion toxins.
Substitution of this residue to a neutral residue causes the
binding affinity of the toxin to decrease by 500-fold or
above. Since then, numerous experimental and theoretical
studies (7–10) have confirmed the initial findings of Park
and Miller (5,6). The general picture emerging from these
studies is that the toxin with its net positive charge is at-
tracted by the negatively charged residues on the vestibular
wall and approaches the selectivity filter with one lysine
residue pointing toward the channel entrance. The side
chain of the key lysine residue then wedges into the narrow
selectivity filter, whereas the side chains of other basic resi-
dues form electrostatic complexes with some of the acidic
residues on the channel. Selectivity of a given toxin for
a specific Kv channel over another appears to arise predom-
inantly from the locations of the basic residues on the poly-
peptide molecule relative to the locations of the acidic
residues on the vestibular wall of the channel.

Using a molecular docking method and molecular
dynamics (MD), we investigate the modes of interactions
between three different toxins of distinct binding affinity
to Kv1.3, namely, ChTX, a-kaliotoxin (a-KTx3.7 or
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OSK1), and ShK, and a homology model of the voltage-
gated Kþ channel, Kv1.3. With Brownian dynamics (BD)
(11), we first characterize the conductance properties of
the homology model constructed using the Kv1.2 channel
as a template. We then determine the profile of potential
of mean force (PMF) encountered by each of the polypep-
tide toxins as it approaches from the reservoir to the
entrance of the channel. We show that the binding affinities
of the three toxins to the Kv1.3 channel, deduced from our
computational studies, accurately mirror those deduced
experimentally. Thus, we show here that it should be
possible to make accurate predictions of binding affinity
for any arbitrary compound using computational methods.
From the three-dimensional toxin-channel complexes
obtained from MD simulations, we identify the key residue
pairs for the binding, and pinpoint the reasons for a higher
binding affinity of one toxin compared to the other. Finally,
the PMF profiles we calculated for the toxin may serve as
the benchmark for devising a new computational tool, less
computationally expensive than MD, for rapidly screening
novel pharmaceutical compounds for combating human
diseases.
FIGURE 1 Structure of the truncated Kv1.3 channel viewed from

perpendicular to the channel axis (A) and from the periplasmic side of

the membrane along the channel axis (B). In A, only two of four channel

subunits (light green and pink) are shown for clarity. The two Kþ ions in

the channel selectivity filter are shown in green. The Asp-423, Glu-420,

Asp-433, and Asp-449 residues of the channel are shown in red, cyan,

yellow, and blue, respectively.
METHODS

Homology model of Kv1.3

The 575 amino acid sequence of a Kv1.3 ion channel was obtained from

the National Center for Biotechnology Information (NCBI) protein data-

base (NCBI entry NP_002223.3). Sequence analysis using the NCBI

Conserved Domain Search tool showed it contained the S5 and S6 trans-

membrane domains as well as the selectivity filter of the ion channel.

The crystal structure for Kv1.3 has not yet been solved. A search for similar

sequences using the BLAST program (12) revealed >70% identity with

the sequence of the voltage-gated ion channel Kv1.2 from Rattus norvegi-

cus (NCBI entry NP_037102.1) whose crystal structure has been solved

(13) and refined to a resolution of 2.9 Å (14). In particular, Kv1.2 and

Kv1.3 share 93% sequence identity in the pore domain (see Fig. S1 in

the Supporting Material). To generate a homology model of Kv1.3, the

automated homology modeling server Swiss-Model was used (15–17).

Residues 104–491 of the Kv1.3 sequence were modeled using the refined

structure of the Kv1.2 channel (PDB ID 3LUT) (13,14) as template. The

structure of one subunit of Kv1.3 was generated using First Approach

Mode set at default parameters. The symmetry matrix of the 3LUT PDB

coordinate file was applied to replicate Kv1.3 subunit coordinates, creating

the fourfold symmetry required to construct the Kv1.3 channel homote-

tramer. The resulting structure was refined using MD simulations in

vacuum.
Initial structure of Kv1.3

A truncated version of the Kv1.3 channel structure is used in all docking

and MD simulations (see Fig. 1). In this truncated structure, only the resi-

dues 374–491 forming the selectivity filter and the surrounding transmem-

brane domains S5 and S6 are retained, whereas transmembrane helices S1–

S4 and the periplasmic turret region (PTR, residues 261–290) connecting

S1 and S2 domains are removed. By eliminating residues 104–373

including the ones forming the PTR, a considerable amount of computing

time is saved without compromising accuracy significantly. The truncated

channel has a net charge of zero. To test if the PTR affects the binding
affinity of the toxins significantly, the PMF profile for the unbinding

of ChTX from the Kv1.3 channel with the PTR (residues 201–491, net

charge �12 e) is also calculated.

A rectangular simulation box is constructed, in which the channel is

embedded in a POPC (2-oleoyl-1-palmitoyl-sn-glycero-3-phosphocholine)

bilayer solvated with TIP3P water and 0.2 M KCl. The overall charge of the

final simulation box, 100� 100� 100 Å3 in size, is zero. Two bulk Kþ ions

are moved to the S2 and S4 binding sites in the channel selectivity filter,

separated by a single water molecule in the S3 binding site. No Kþ ion is

moved to the S0 or S1 binding site because it has been shown that with

the presence of a Kþ ion in the S1 binding site the side chain of Lys-27

of ChTX is displaced from the selectivity filter of the KcsA channel (18).

This configuration of ions and water in the selectivity filter is chosen

because it is likely to represent the most probable state of the system, as

evidenced by previous theoretical calculations (19,20), and would therefore

largely account for the observed free energy. Ideally, one would sample all

possible configurations of ions and water, but the single file nature of the

filter would make such sampling computationally prohibitive. The system
Biophysical Journal 101(11) 2652–2660
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is energy minimized and further equilibrated for 1.5 ns with the backbone

atoms of Kv1.3 and the two Kþ ions in the selectivity filter restrained to the

initial structure by a weak force constant of 0.25 kcal/mol/Å2, using MD

simulations. After equilibration, the POPC lipids are in very good contact

with the channel, and the system shrinks to 98 � 98 � 97 Å3. The equili-

brated channel together with the lipid bilayer is shown in Fig. S2. The

lipids, not in direct contact with the toxin in the bound state, are not

expected to affect the toxin binding significantly because the channel back-

bone remains stable in all the simulations. For example, the maximum root

mean-square deviation (RMSD) of the channel backbonewith respect to the

starting structure is always below 2 Å in all the umbrella sampling

simulations.
Brownian dynamics

To measure the conductance of ions through the channel, we carry out

three-dimensional BD simulations, using the procedures detailed in the

Supporting Material. For further technical details of the simulation methods

and the parameters used for the short-range ion-ion potential function, see

Chung et al. (11,21).
Molecular docking

To predict the bound state orientation of the toxins relative to the channel,

the rigid-body docking program ZDOCK version 3.0.1 is used (22). PDB

structures 2A9H (10), 1SCO (23), and 1ROO (24) are used for ChTX,

OSK1, and ShK, respectively. The structure from the equilibrated simula-

tion box described previously is used for Kv1.3. Residues 374–399 and

461–491 forming the transmembrane domains or the cytoplasmic surface

of the channel are not believed to bind the toxins, and therefore are blocked

in the docking calculations. The presence of Lys-27 (ChTX and OSK1) and

Lys-22 (ShK) within 6 Å of the residue Asp-449 of Kv1.3 at the periplasmic

rim of the channel selectivity filter (Fig. 1) is used as a criterion for success-

ful docking. This is because experimental studies have suggested that on

binding to KCa, Kv, or KcsA channels residue Lys-27 of ChTX and kalio-

toxin (82% sequence identity with OSK1) and residue Lys-22 of ShK

protrudes into the channel selectivity filter (5,10,25,26).

For each toxin, a variety of channel-toxin structures are predicted by

ZDOCK. In each case, the top-ranked 600 structures are considered as

possible docking modes. The lysine residue at position 22 or 27 of the toxin

is docked into the channel selectivity filter in one of the top-ranked struc-

tures, whereas in a majority of the structures the toxin is docked into other

positions of the channel. The highest ranked structure satisfying the selec-

tion criterion described previously is selected. Because the flexibility of

both toxins and channel is not taken into account by the docking calcula-

tions, it is unlikely that the predicted structures are the most appropriate

representations of the bound states. Therefore, MD simulations are used

to predict the bound state starting from the docked complex. A two-stage

equilibration totaling 3.5 ns is performed for each toxin-channel complex

in a POPC membrane environment as detailed below, allowing the systems

to evolve to a thermodynamically stable state. During the equilibration,

significant rearrangements between the toxin and channel are observed,

allowing the salt bridges (see Fig. 5 A) to be formed. Also shown are the

channel-toxin complexes after the equilibration (see Fig. 3).
MD simulations

All MD simulations are performed using NAMD 2.7 (27). The

CHARMM27 force fields for proteins and lipids with CMAP correction

terms to protein backbone dihedrals (28,29), and the TIP3P model for water

(30) 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 method

is used to describe long-range electrostatic interactions, with a maximum
Biophysical Journal 101(11) 2652–2660
grid spacing of 1.0 Å. Rectangular periodic boundary conditions are

applied. The SHAKE (31) and SETTLE (32) algorithms are used to keep

the bond lengths in the system rigid. A time step of 2 fs is used, unless other-

wise stated. The short-range nonbonded interactions are computed every

step, whereas the long-range electrostatic forces are evaluated every 2 steps

together with the pair list. In all simulations, the temperature is kept

constant at an average value of 300 K by using the Langevin dynamics

with a damping coefficient of 1 ps�1. The Nosé-Hoover Langevin Piston

method (33) is used for maintaining the pressure in the system at an average

value of 1 atm, in which the barostat oscillation and damping timescale are

set to 200 and 100 ps, respectively. The pressure coupling is semiisotropic.

Trajectories are saved every 10 ps for analysis.
Umbrella sampling

For each toxin, the top-rank successfully docked complex is used to replace

the channel in the equilibrated box described previously. Water molecules

and ions that overlap the toxin are removed. The systems are then neutral-

ized by adjusting the numbers of Kþ and Cl� ions. The new systems are

then subjected to a two-stage equilibration, the first and second stages

lasting 1.5 and 2.0 ns, respectively. In the first stage, the protein backbone

atoms are harmonically restrained to the initial structure using a force

constant of 0.25 kcal/mol/Å2. The time step is set to 1 fs. In the second

stage, the harmonic restraint is released. For each toxin, the equilibrated

system is subsequently used for generating umbrella windows. A force

constant of 30 kcal/mol/Å2 is applied to pull the toxin out from the binding

site in all cases. During the pulling, harmonic restraint (20 kcal/mol/Å2) is

applied to maintain the RMSD of the backbone of the toxins with reference

to the starting structure below 0.5 Å, so that no significant conformational

changes in the toxins are induced. The channel backbone atoms are fixed

during pulling. The channel central axis (z dimension), which provides

a natural binding pathway for the toxins and has been used in previous

umbrella sampling of ChTX and KcsA (18,34), is chosen as the reaction

coordinate. The pulling generates a continuous distribution of each toxin

along the channel permeation pathway, which is used to select the starting

configuration for each umbrella window. No restraint to the backbone atoms

of the toxin and channel is applied during umbrella sampling. Windows are

spaced at 0.5 Å intervals. A good overlap between the windows is achieved.

For ChTX, a force constant of 20 kcal/mol/Å2 is applied to restrain the

center of mass (COM) of the backbone atoms to the center of each umbrella

window. For ShK and OSK1, a larger force constant of 30 kcal/mol/Å2 is

used because of their stronger interactions with the channel. Each umbrella

window is simulated for at least 5.0 ns, and the PMF profiles are observed to

converge on this time scale. A convergence is assumed if the depth of the

PMF profile changes by <0.5 kT by running the umbrella sampling 1 ns

longer. Virtually the same depth of PMF is obtained regardless of whether

the first 1 or 2 ns are removed from analysis. Therefore, the first 1 ns is

considered as equilibration and removed from data analysis. The COM of

the toxin is confined to be within a cylinder of 8 Å in radius centered on

the channel axis, beyond which a potential of 20 kcal/mol/Å2 is applied.

The COM coordinates of the backbone atoms of the toxins are saved every

1 ps for analysis.
Data analysis

The COM coordinates of the backbone atoms of the toxins along the z

dimension are used to construct the PMF profile using the weighted histo-

gram analysis method (35). The window at z ¼ 45 Å is assumed to be

similar to the bulk, the PMF value of which is set to zero. Note that the

COM for the channel is z ¼ 0 Å. The dissociation constant (Kd) in the

unit of molar is estimated as

K�1
d ¼ 1000pR2NA

Z zmax

zmin

e�
WðzÞ
kT dz; (1)
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where R equals 8 � 10�10 m, NA is Avogadro’s number (6.02 � 1023), 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. The

electrostatic interaction energy (Eie) between the toxin and the rest of the

system is calculated as

Eie ¼
�X qiqj

4prij

�
; i˛toxin; j˛other; (2)

where rij is the distance between atoms i and j, qi and qj are point partial

charges of atoms i and j, respectively. The angular brackets denote ensemble

average. The van der Waals (VDW) interaction energy is calculated using

the Lennard-Jones potential and parameters given by the CHARMM27

force field. A hydrogen bond is considered to be formed if the donor and

acceptor atoms (nitrogen or oxygen) are within 3.0 Å of each other and

the donor-hydrogen-acceptor angle is R150� (36). A salt bridge between

the channel and toxin is considered to be formed if the distance is <4 Å

between a side chain oxygen atom from an acidic residue from the channel

and a nitrogen atom from a basic residue from the toxin (37).
FIGURE 2 Current-voltage-concentration curves. The upper panel (A) is

generated with symmetrical solutions of 320 mM KCl in both reservoirs,

whereas the lower panel (B) is generated with an applied potential of

137 mV. The points in B are fitted by the solid line using the Michaelis-

Menten equation. Error bars have a length of 1 mean 5 SE and are not

shown when they are smaller than the data points.
RESULTS AND DISCUSSION

Ion conduction of the Kv1.3 channel

We first ascertain that the open-state homology model we
use for the toxin binding studies correctly replicates the
experimentally determined conduction properties of the
Kv1.3 channel. The current-voltage-concentration profiles
of the model channel determined from BD simulations
are displayed in Fig. 2. The current-voltage relationship
is approximately linear when the applied potential
is < ~100 mV, but deviates from Ohm’s law at a higher
applied potential. The outward conductance at 100 mV is
15 pS, increasing to ~19 pS at 150 mV. The inward conduc-
tances at the corresponding applied potentials are, respec-
tively, 10 and 13 pS. The current across the channel first
increases with an increasing ionic concentration [K] and
then saturates, leading to a current-concentration relation-
ship of the Michaelis-Menten form, with the half-maximum
concentration of 310 mM. The conductance value we obtain
from our simulations (10–20 pS) is close to the value of
14 pS determined experimentally (38). Furthermore, a
slow saturation of current with increasing concentration we
see is similar to that observed for the Shaker channel (39).
Binding of the toxins to Kv1.3

The bound states of the toxins after molecular docking and
3.5-ns MD simulations are shown in Fig. 3. All of the toxins
are observed to lock into the channel selectivity filter
through a lysine residue, interacting strongly with the
channel selectivity filter, which is lined with 16 negatively
charged oxygen atoms. In each case, one water molecule
is interposed between the lysine residue and the Kþ ion in
the S2 binding site of the selectivity filter. Although all three
toxins bind tightly to the channel pore through Lys-27
(ChTX and OSK1) or Lys-22 (ShK), they interact differ-
ently with the channel peripheral acidic residues Glu-420,
Asp-423, and Asp-433. In the case of ChTX, residue
Arg-25, separated with Lys-27 by only one residue, interacts
strongly with the channel residue Glu-420. The distance
between Arg-25 (guanidinium carbon) and Lys-27 (Ca
atom) is ~12 Å. However, the residue Arg-24 of OSK1,
separated with Lys-27 by two residues, is observed to
form strong electrostatic interactions with Asp-433 of the
channel, which is ~18 Å from the toxin residue Lys-27.
The residue Arg-11 of ShK, the distance between which
and the Lys-22 of the toxin (~16 Å) is comparable with
that between the residues Arg-24 and Lys-27 of OSK1
(~15 Å), also interacts strongly with Asp-433 of the channel.

The lysine residue at position 27 (or position 22, 28 in
certain other toxins) is conserved across all scorpion toxins.
A number of experimental studies have suggested that this
lysine residue protrudes into the channel selectivity filter
on the toxin binding (5,10,25,26). Our molecular docking
and MD simulations are in accord with these findings. All
the molecular docking calculations predict that on binding
to the Kv1.3 channel the side chain of the Lys-27 of
ChTX and OSK1, and Lys-22 of ShK can penetrate into
the channel selectivity filter. Subsequent MD simulations
based on the bound states of the toxins from molecular
docking successfully reproduce the dissociation constants
Biophysical Journal 101(11) 2652–2660



FIGURE 3 Bound state of the three toxins ChTX (A), OSK1 (B), and

ShK (C) with the Kv1.3 channel after 3.5 ns of MD simulation, starting

from the structure predicted by molecular docking. The backbones of the

basic, acidic, and other residues of the toxin are shown in blue, red, and

green, respectively. The side chains of the toxin residues that protrude

into the channel selectivity filter or form salt bridges with channel acidic

residues are highlighted in blue. Two channel subunits (residues 401–

450) are shown in gray. The carbonyl groups of the channel residues

443–449 forming the selectivity filter are highlighted in red. The side chains

of the channel acidic residues that form salt bridges with the toxin are high-

lighted in red. Toxin residues are labeled in blue, and channel residues in

black. The principal axes (yellow arrows) and the dipole moment (red

arrow) of the toxin are shown on the right. The sizes of the toxin along

the longest and shortest axes are given.
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of all three toxins derived experimentally (see below), sug-
gesting that bound states refined by MD simulations are
good representations for the toxin binding.

We notice from the bound states that the shortest principal
axis of all three toxins is nearly parallel to the channel central
axis. In fact, the angle formed by these two axes is 20–30� in
all three cases. In this way, the toxins maximize their electro-
static interactions with the peripheral acidic residues of the
channel. In contrast, the dipole moment of the toxins forms
an angle of 50–70� with the channel central axis. Therefore,
our calculations suggest that the principal axis is alignedwith
the channel permeation pathway on the toxin binding.
FIGURE 4 (A) PMF profiles for the unbinding of ChTX from the trun-

cated Kv1.3 channel and the channel with the PTR. (B) PMF profiles for

the unbinding of ChTX, OSK1, and ShK from the truncated Kv1.3 channel.

The maximum statistical uncertainly is <0.25 kT for all PMF profiles.
Profiles of PMF

To verify if the predicted models realistically represent the
binding of the toxins to Kv1.3, the PMF profile for the toxin
unbinding is calculated for the three toxinswe consider. Fig. 4
A compares the PMFprofiles for the unbinding of ChTX from
Biophysical Journal 101(11) 2652–2660
the Kv1.3 channel with and without the PTR. It is evident
that the PMF profiles are very similar for the two channel
models. The depths of the PMF profiles, which largely deter-
mine the value of Kd predicted according to Eq. 1, are almost
exactly the same (about �19.5 kT). However, the shapes of
the two PMF profiles differ, especially in the region where
the toxin is close to the channel, opening the possibility that
some long-range interactions between the toxin and the
channel PTR may have been ignored by the truncated
channel. Nevertheless, given that the toxin does not interact
directly with the PTR in the bound state, the similar depths
of the PMF profiles we observe suggest that the truncated
channel is likely to be a reasonable model of the whole
channel for studying the binding of pore blockers.

Fig. 4 B shows that the PMF reaches a minimum value
at z ¼ 27.3 Å for all three toxins (the channel COM is at
z ¼ 0 Å). For ChTX, the PMF increases rapidly from
�19.4 kT at z ¼ 27 Å to �5.5 kT at z ¼ 32 Å, and then
increases more gradually to 0 kT at z ¼ 45 Å. Similarly,
the PMF for OSK1 increases rapidly from �27.2 kT at
z ¼ 27 Å to �10.0 kT at z ¼ 32 Å, although with a higher
magnitude than that of ChTX resulting in a deeper well in
the PMF profile (Fig. 4), and then gradually rises to 0 kT
at z ¼ 45 Å, which is assumed to be the bulk. The overall
shape of the PMF profile for OSK1 is quite different from



FIGURE 5 (A) Length of the salt bridges formed between the toxins and

the Kv1.3 channel as a function of the simulation time (window z ¼
27.0 Å). (B) Average RMSD of the backbone (solid lines) and side chain

(dashed lines) of the toxins with respect to the starting structure for each

umbrella window.
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that for ChTX and ShK. In fact, the interactions between
OSK1 and the channel appear to be longer range compared
to the other two toxins. At z ¼ 32 Å, OSK1 has a PMF of
�10.0 kT, 4.5 kT lower than that of ChTX (�5.5 kT) and
ShK (�5.7 kT). We observe a strong attraction between
the residues Lys-9 and Arg-12 of OSK1 and Asp-433 of
the channel at z ¼ 32 Å, with the distance between the
toxin-channel residues decreased from ~12 Å at the start
to 6 Å after 5-ns umbrella sampling. However, the shape
of the PMF profile for ShK, �24.7 kT in depth is slightly
shallower than that of OSK1, and is very similar to that of
ChTX for windows at z > 30 Å, suggesting that the toxin-
channel interactions are similar for ChTX and ShK when
the toxin is 3 Å or further away from the channel. When
close to the channel, ShK interacts with the channel more
strongly than ChTX by forming more hydrogen bonds
(H-bond) and salt bridges (see below). Here, it is assumed
that the properties for the window z ¼ 45 Å are similar to
that of the bulk, and therefore the PMF of this window is
set to 0 kT. This appears to be a reasonable assumption
because the PMF changes by <1 kT between windows
z ¼ 42 Å and z ¼ 45 Å for all three toxins.

The dissociation constant Kd is derived from the PMF
profile using Eq. 2. The calculated Kd values are 25.3 nM,
0.02 nM, and 0.17 nM for ChTX, OSK1, and ShK, respec-
tively. We note that various factors can contribute to the
uncertainty in the predicted Kd values. For example, the
quality of the force field and molecular models used and
the search of phase space during umbrella sampling largely
determine the systematic error, whereas approximating
a PMF profile from the umbrella windows can introduce
random errors. The Kd values determined experimentally
are 0.71–2.6 nM for ChTX (8,38), 0.014 nM for OSK1
(40), and 0.011–0.133 nM for ShK (41,42). Given the uncer-
tainties in experiment, e.g., the experimental Kd values for
ShK differ by ~10-fold (41,42), the agreement between
our predictions and experiment is reasonable. In the case
of ChTX, the predicted Kd is about one order of magnitude
higher than the one derived from experiment. One possible
reason is that, it is difficult for MD simulations to sample the
dynamics of the salt bridge formed between the residue Arg-
25 of ChTX and the residue Glu-420 of the channel, which
is observed to form and break during the 3.5-ns equilibration
and is formed again after 4.0 ns of the umbrella sampling at
z ¼ 27 Å (Fig. 5 A). It appears that this salt bridge is rather
unstable and therefore adequate sampling is challenging.
Nevertheless, as both forming and breaking of the salt
bridge is observed during the umbrella sampling, the pre-
dicted PMF is expected to be a reasonable representation
for the unbinding of ChTX from Kv1.3.
Channel-toxin interactions

To characterize the interactions between the toxins and the
Kv1.3 channel, the trajectories for the umbrella sampling
window z ¼ 27.0 Å, corresponding to the minimum of the
PMF profile (Fig. 4 B), are analyzed in terms of nonbonded
interaction energy, hydrogen bonding, and salt bridge
formation. The first 1 ns of the trajectory is considered as
equilibration and excluded from the analysis.

Table 1 shows the electrostatic and VDW interaction
energies between each toxin and the rest of the system.
For all three toxins, the electrostatic interaction energy is
about 10times higher than the VDW interaction energy at
the toxin bound state. In addition, the electrostatic interac-
tion energies appear to be correlated with the predicted
dissociation constants Kd. A lower Kd value corresponds
to a lower electrostatic interaction energy. For example,
OSK1 has a 10times lower predicted Kd value than that of
ShK, and therefore its electrostatic interaction energy is
lower by 62 kcal/mol (Table 1). However, we note that inter-
action energy only takes into account the enthalpic compo-
nent of free energy, with the entropic component being
Biophysical Journal 101(11) 2652–2660



TABLE 2 Average number of hydrogen bonds (MH-bond)

formed by the key toxin-channel (Kv1.3) residue pairs (window

z ¼ 27 Å) and the electrostatic interaction energy (Eie) between

the residue pairs

Toxin Residue pair MH-bond Eie (kcal/mol)

ChTX K27-Y447 1.1 5 0.7 �66.1 5 7

R25-D433 0.3 5 0.5 �37.4 5 23

OSK1 K27-Y447 1.6 5 0.6 �73.3 5 4

R24-D433 1.3 5 0.8 �78.2 5 29

ShK R11-D433 1.8 5 0.5 �93.3 5 6

K22-Y447 1.4 5 0.7 �70.7 5 4

Standard deviations are given. Each average energy value denotes an

ensemble average of 400 frames.

TABLE 1 Electrostatic and VDW interaction energy between

each toxin and the system at window z ¼ 27 Å

Toxin

Electrostatic

(kcal/mol)

VDW

(kcal/mol) Kd (nM)*

ChTX �1520 5 64 �155 5 12 25.3 (18.3, 34.9)

OSK1 �1743 5 78 �134 5 13 0.02 (0.01, 0.03)

ShK �1681 5 73 �151 5 13 0.17 (0.10, 0.27)

Standard deviations are given. Each average energy value denotes an

ensemble average of 400 frames. Also shown is the dissociation constant

Kd derived from the PMF profiles in Fig. 4 B.

*Numbers in brackets denote 95% coincidence interval.
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ignored. The observed correlation between interaction
energy and Kd may be due to the entropic contribution to
the PMF being similar for the three toxins.

The most important toxin-channel residue pairs that form
H-bonds are shown in Table 2. The average number of
hydrogen bonds (MH-bond) is calculated as the summation
of the number of H-bonds formed by a residue pair over
a trajectory divided by the total number of frames. For
ChTX, the stable residue pair is Lys-27-Tyr-447. On average
about one H-bond is formed between the residue pair
Lys-27-Tyr-447. Another frequent residue pair observed is
Arg-25-Asp-433, which forms 0.3 H-bonds on average. A
fraction of an H-bond is obtained because the H-bond forms
and breaks at times, consistent with previous observations of
Yu et al. (9). Two significant residue pairs are also observed
for OSK1. The two residue pairs are Lys-27-Tyr-447 and
Arg-24-Asp-433. Although the same numbers of residues
are identified for OSK1 and ChTX, the residues Lys-27
and Arg-24 of OSK1 are found to form more H-bonds
with channel residues than the ones of ChTX. On average,
1.6 and 1.3 H-bonds are formed between residues Lys-27
and Arg-24 of OSK1 and residues Tyr-447 and Asp-433
of the channel, respectively. Here, more than one H-bond
is formed by the residue pair Lys-27-Tyr-447 because the
toxin lysine residue can form multiple H-bonds with the
four tyrosine residues from the four channel subunits simul-
taneously. Apparently, the residue Lys-27 of OSK1 forms
40% more H-bonds with the channel than that of ChTX,
likely due to a slightly shallower penetration of ChTX
into the channel selectivity filter. In the case of ShK, the
two most important toxin-channel residue pairs that form
H-bonds are Arg-11-Asp-433 and Lys-22-Tyr-447. In
particular, the residue pair Arg-11-Asp-433 forms 1.8
H-bonds on average, similar to the residue pair Lys-27-
Tyr-447 of OSK1. In all cases, the toxin residues are found
to act as hydrogen donor. These observations are reflected in
the depth of the PMF profiles of the toxins, see Fig. 4 B.

Fig. 5 A shows the length of the salt bridges formed
between each of the three toxins and the channel as a func-
tion of the simulation time. For ChTX, one salt bridge is
formed between Arg-25 of the toxin and Glu-420 of the
channel. However, this salt bridge is observed to form and
break during the 3.5-ns equilibration, and remains unstable
Biophysical Journal 101(11) 2652–2660
during the umbrella sampling as reflected in its length. Note,
no significant H-bond is observed between the residue pair
Arg-25-Glu-420 due to the short life time of the salt bridge.
For OSK1, one salt bridge is also formed between Arg-24 of
the toxin and Asp-433 of the channel. In contrast to Arg-25
of ChTX, which only forms a salt bridge with the channel
residue Glu-420, Arg-24 of OSK1 also forms strong
H-bonds with the channel residue Asp-433 as described
previously (Table 2). In addition, the salt bridge formed
by OSK1 is significantly more stable than that of ChTX,
as the length of the salt bridge fluctuates minimally with
the simulation time (Fig. 5 A). Similar to OSK1, the residue
Arg-11 of ShK that forms H-bonds with the Asp-433 of the
channel also forms a stable salt bridge with this channel
residue. In addition, residue Arg-1 of ShK forms a second
salt bridge with the channel residue Asp-423, whose length
fluctuates greatly with time.

Analysis of the toxin-channel interactions shown above
reveals that the toxins bind to the channel primarily via
two basic residues, one lysine and one arginine. The lysine
residue is Lys-27 (or Lys-22 for ShK), which interacts
strongly with the channel selectivity filter, in particular,
forms H-bonds with the channel residue Tyr-447. In the
case of ChTX, Lys-27 forms only about one H-bond with
Tyr-447, while the Lys-27 of OSK1 and Lys-22 of ShK
form ~1.5 H-bonds (Table 2). The arginine residue is
Arg-25 for ChTX, Arg-24 for OSK1, and Arg-11 for ShK.
All of these three arginine residues form salt bridges and
H-bonds with glutamate or aspartate residues of the channel
(Fig. 5). However, the arginine residues of OSK1 (Arg-24)
and ShK (Arg-11) form significantly more H-bonds with
the channel residue Asp-433 than the Arg-25 of ChTX
(Table 2). Therefore, our calculations suggest that ChTX
has a lower binding affinity to Kv1.3 because it forms fewer
H-bonds and weaker salt bridges with the channel. In
the case of ShK, the predicted binding affinity is slightly
lower than that of OSK1. This could be due to the weaker
long-range electrostatic interactions between the toxin
and channel by ShK, as reflected in the PMF profiles
(Fig. 4 B). For example, the PMF of OSK1 at z ¼ 32 Å
(�10.0 kT), where the channel and toxin are separated by
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5 Å, is 4.3 kT lower than that of ShK (�5.7 kT). In addition,
the overall charge of OSK1 is þ8 e, whereas ShK has a net
charge of þ7 e. Of course, the slightly shallower PMF
profile of ShK than that of OSK1 observed could as well
be due to the statistical errors in the PMF profiles.
Structural flexibility of the toxins

To measure the flexibility of the toxins, the average RMSD
value of the toxin backbone as well as side-chain atoms with
respect to the starting structure is calculated for each
umbrella window. Fig. 5 B shows that the average RMSD
values for the backbone atoms are in the range of 1.0–
2.0 Å for a majority of the windows, suggesting that the
backbones of the toxins are stable in our umbrella sampling
simulations. This is expected because all three toxins have
three disulfide bonds that stabilize their overall structure.
In fact, we find that without the disulfide bonds the
RMSD values for the backbone atoms of ShK can be as
large as 3.5 Å. The backbone RMSD values for the three
toxins are comparable with the values for ChTX reported
by Chen and Kuyucak (34), who investigated the unbinding
of ChTX from the KcsA channel with restraints on the toxin.

The RMSD values of the side chains are significantly
higher than that of the backbone atoms. In a majority of
the windows, the side-chain RMSD values are in the range
of 2.0–4.0 Å (Fig. 5 B). In addition, the RMSD values
increase with the toxin-channel distance, suggesting that
the degrees of freedom for the toxin side chains are reduced
on toxin binding. No significant difference in the RMSD
values for the three toxins is evident.
CONCLUSIONS

The current-voltage-concentration profiles of the homology
model of the Kv1.3 channel we constructed, when tested
with stochastic dynamics simulations, closely mirror those
determined experimentally. The close match between the
experimental and simulated results suggests that the
homology model used here is likely to be a good approxima-
tion of the Kv1.3 channel. We then consider three potent
blockers of the voltage-gated Kv channels and examine
how they interact with the channel protein. The dissociation
constants Kd calculated from the PMF profiles are broadly in
accord with those measured experimentally. The largest
discrepancy we found is with charybdotoxin, for which
the measured and computed Kd values differ by an order
of magnitude (25 nM vs. 0.7–2.6 nM). For the other two
toxins we studied, the experimentally determined dissocia-
tion constants are reliably replicated with the computed
PMF profiles. We note here that various interaction energies
such as the one between the toxin and the channel protein
taken from snapshots of bound complexes are poor indica-
tors of the binding affinities, although they are broadly
correlated with the relative potencies of various toxins.
We show here that the use of a molecular docking method
followed by MD calculations of PMF can in theory predict
the dissociation constants of a toxin with a fair degree of
accuracy. However, these approaches cannot be routinely
employed to search for lead candidates of channel blockers
from large numbers of available compounds, because of
prohibitively high computational costs. Typically, it takes
between 50,000 and 75,000 CPU hours of a modern super-
computer to construct a PMF of one toxin. It will be thus
desirable to construct efficient and fast molecular docking
methods or stochastic dynamics algorithms that can accu-
rately predict binding affinities of any potential pharmaceu-
tical compounds. Although none of the currently available
semimicroscopic computational tools are at a stage to
replace MD simulations, the advent of such a technique
will be needed to render computational and theoretical
approaches useful for the design of modern drugs targeting
biological ion channels. The degree of accuracy with which
we predicted the Kd values of the three toxins we studied
may serve as a benchmark in devising a new, rapid, efficient
computational methodology.
SUPPORTING MATERIAL

Brownian dynamics procedures and two figures are available at http://www.
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Molecular graphics are generated using VMD (43). The calculations upon

which this work is based were carried out using a SGI Altix 3700 system of
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