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ABSTRACT The recognition of the scorpion toxin maurotoxin (MTX) by the voltage-gated potassium (Kv1) channels, Kv1.1,
Kv1.2, and Kv1.3, has been studied by means of Brownian dynamics (BD) simulations. All of the 35 available structures of
MTX in the Protein Data Bank (http://www.rcsb.org/pdb) determined by nuclear magnetic resonance were considered during
the simulations, which indicated that the conformation of MTX significantly affected both the recognition and the binding
between MTX and the Kv1 channels. Comparing the top five highest-frequency structures of MTX binding to the Kv1
channels, we found that the Kv1.2 channel, with the highest docking frequencies and the lowest electrostatic interaction
energies, was the most favorable for MTX binding, whereas Kv1.1 was intermediate, and Kv1.3 was the least favorable one.
Among the 35 structures of MTX, the 10th structure docked into the binding site of the Kv1.2 channel with the highest
probability and the most favorable electrostatic interactions. From the MTX-Kv1.2 binding model, we identified the critical
residues for the recognition of these two proteins through triplet contact analyses. MTX locates around the extracellular mouth
of the Kv1 channels, making contacts with its B-sheets. Lys23, a conserved amino acid in the scorpion toxins, protrudes into
the pore of the Kv1.2 channel and forms two hydrogen bonds with the conserved residues Gly401(D) and Tyr400(C) and one
hydrophobic contact with Gly401(C) of the Kv1.2 channel. The critical triplet contacts for recognition between MTX and the
Kv1.2 channel are Lys23(MTX)-Asp402(C)(Kv1), Lys27(MTX)-Asp378(D)(Kv1), and Lys30(MTX)-Asp402(A)(Kv1). In addition,
six hydrogen-bonding interactions are formed between residues Lys23, Lys27, Lys30, and Tyr32 of MTX and residues Gly401,
Tyr400, Asp402, Asp378, and Thr406 of Kv1.2. Many of them are formed by side chains of residues of MTX and backbone
atoms of the Kv1.2 channel. Five hydrophobic contacts exist between residues Pro20, Lys23, Lys30 and Tyr32 of MTX and
residues Asp402, Val404, Gly401, and Arg377 of the Kv1.2 channel. The simulation results are in agreement with the previous
molecular biology experiments and explain the binding phenomena between MTX and Kv1 channels at the molecular level.
The consistency between the results of the BD simulations and the experimental data indicated that our three-dimensional
model of the MTX-Kv1.2 channel complex is reasonable and can be used in additional biological studies, such as rational
design of novel therapeutic agents blocking the voltage-gated channels and in mutagenesis studies in both the toxins and the
Kv1 channels. In particular, both the BD simulations and the molecular mechanics refinements indicate that residue Asp378
of the Kv1.2 channel is critical for its recognition and binding functionality toward MTX. This phenomenon has not been
appreciated in the previous mutagenesis experiments, indicating this might be a new clue for additional functional study of
Kv1 channels.

INTRODUCTION

During the last decade, interest has increased tremendously
in the rational design of drugs acting on potassium channels
(Hoshi et al., 1990; Goldstein et al., 1994; Legros et al.,
2000; Carlier et al., 2001). Several excellent reviews
(Chandy and Gutman, 1995; Goldstein and Colatsky, 1996;
Kaczorowski et al., 1999) have dealt with the structural
features that underlie particular biophysical and pharmaco-
logical properties of potassium channels. Recent research
(Kaczorowski et al., 1999) has focused on the Kv1 channels
and indicated that Kv1 family members may also constitute
novel therapeutic targets. Voltage-gated (Kv1) potassium
channels are widely distributed in the central and peripheral
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nervous system. Lacking this channel will result in some
diseases such as spontaneous epileptic seizures (Smart et al.,
1998), learning deficiencies (Meiri et al., 1997), and patho-
physiology of episodic ataxia/myokymia and neurotransmit-
ter release (Brandt and Strupp, 1997). Therefore, it is very
important to study the drugs that act on these Kv1 channel
proteins. At present, a variety of experimental strategies
have defined functional domains within these Kv1 channel
proteins (Aiyar et al., 1995), and some thermodynamic
mutant cycle analyses have been used to identify specific
amino acid residues in the S5-S6 linker region that are part
of the scorpion-toxin receptor site (Aiyar et al., 1995; Doyle
et al., 1998; Mackinnon et al., 1998). However, many ques-
tions are still unresolved because of experimental difficul-
ties and the lack of significant theoretical guidance. All
drugs now marketed that act on ion channels were discov-
ered empirically rather than by molecular insight, and most
have been shown to have serious safety and efficacy prob-
lems (Goldstein and Colatsky, 1996; Kaczorowski and Gar-
cia, 1999). Therefore, theoretical simulations at the molec-
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FIGURE 1 Consensus motif and disulfide bridge pattern of scorpion toxin.

ular level can be a powerful tool and will help to understand
electrophysiological experiments performed on wild-type
and mutant channels. Our interest in the mechanism of
blockage of Kv1 channels stems from our efforts to design
new ion channel blockers, with the eventual aim to develop
new drugs for the treatment of diseases affecting both
electrically excitable and nonexcitable tissues. In particular,
our research is focused on the application of molecular
simulation and modeling methods in the rational design of
new blocking agents of Kv1 channels.

Scorpion toxins constitute the largest group of potassium
channel blockers and are useful pharmacological probes to
investigate ion-specific channel proteins and their functions
(Kaczorowski and Garcia., 1999).

Maurotoxin (MTX; a-KTx6.2) is a unique toxin isolated
from the venom of the Tunisian chactidae scorpion Scorpio
maurus palmatus (Kharrat et al., 1997; Blanc et al., 1997).
Compared with conventional three-disulfide-bridged scor-
pion toxins and two other recently reported toxins, Pil
(Olamendi-Portugal et al., 1996) and HsTx1(Lebrun et al.,
1997) from the venoms of the scorpions Pandinus impera-
tor and Heterometrus spinnifer, respectively, MTX adopts
an unusual disulfide bridge motif: the «-helix is connected
by two disulfide bridges to two different strands of the
B-sheet instead of connecting the a-helix to the same strand
(Fig. 1). This uncommon toxin displays an exceptionally
wide range of pharmacological activity, as it was found to
show activity in the nanomolar range on both voltage-gated
K* channels (Kv1.1, Kv1.2, Kv1.3, and Shaker B) and
apamin-sensitive small-conductance Ca®*-activated K*
channels (SK) (Kharrat et al., 1996). The structural and
pharmacological features of MTX (less than 40 residues,
four disulfide bridges, and binding onto K™ channels) sug-
gest that MTX belongs to a new class of natural K* channel
blockers structurally intermediate between the Na™ (60-70
residues and four disulfide bridges) and K™ channel scor-
pion toxin families (less than 40 residues and three disulfide

bridges) (Darbon. et al., 1999). Recently, much attention
has been paid to the pharmacological activity of MTX on
the Kv1 channels (Fajloun et al., 2000a,b; Avdonin et al.,
2000; Carlier et al., 2000, 2001). Like most scorpion toxins,
MTX blocks the Kv1 channels by binding in the external
vestibule of the pore to block the ion conduction pathway.
Although Kv1.1, Kv1.2, and Kv1.3 have a very similar pore
structure, they display different pharmacological activity
inhibited by MTX, 1C;, values are 37, 0.8, and 150 nM,
respectively (Blanc et al., 1997). Particularly, it is worth
noticing that MTX was described as a potent blocker of
Kv1.2 (ICg, of 0.8 nM) compared with other known three-
disulfide-bridged blockers such as noxiustoxin (ICsq of 2
nM) and charybdotoxin (ICs, of 14 nM) (Grissmer et al.,
1994). Thus, MTX can be used as a structural probe to
identify the critical residues of the nonconserved pore-
forming sequence in the recognition of the Kv1 channels.
Therefore, an understanding of the molecular interactions
between MTX and the Kv1 channels, especially with the
Kv1.2 channel, will provide insights into not only the
conservation of the architecture of the Kv1 pores but also
the mechanisms underlying the specificity of channel-
toxin interaction.

However, no experimental data for the structure of MTX-
Kv1 family channel complexes have been reported. In this
study, by means of the Brownian dynamics (BD) method
(Ermak and McCammon, 1978), the association of MTX
(all of the 35 available structures in the Protein Data Bank;
1TXM) with Kv1.1, Kv1.2, and Kv1.3 was simulated. We
first constructed the three-dimensional (3-D) structures of
Kv1.1, Kv1.2, and Kv1.3 via homology modeling, taking
the x-ray crystal structure of the KcsA K* channel as the
model. We used the docking feature of BD simulations
(Pearson and Gross, 1998; Ouporov et al., 1999) and the
structural refinement functionality of molecular mechanics
to identify the amino acid residues involved in complex
formation, localize the regions of binding, estimate the
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FIGURE 2 Sequence alignments of KcsA (1BL8) with Kv1.2 channel generated by ClustalW. In the sequences, an asterisk indicates an identical or
conserved residue, a colon indicates a conserved substitution, and a period indicates a semiconserved substitution (sequence identity is 28.9%; similarity

is 62.9%).

strength of binding between the scorpion toxin MTX and
the Kv1 family channels, and explain the affinity difference
of MTX for the Kv1.1, Kv1.2, and Kv1.3 channel proteins.

MATERIALS AND METHODS
Atomic coordinates

The atomic coordinates of the scorpion toxin MTX (Blanc et al., 1997) and
the K™ channel KcsA (Doyle et al., 1998) were obtained from the Protein
Data Bank at the Brookhaven National Laboratory (Bernstein et al., 1977),
entries 1TXM and 1BLS, respectively.

Despite the unusual disulfide bridge pattern, MTX still adopts the
conventional o/ scaffold; its conformation is grossly similar to those of
other scorpion toxins. MTX contains a bent a-helix from residues 6-16
connected by two disulfide bridges (Cys9-Cys29 and Cys13-Cys19) to
two different strands of the B-sheet (residues 23-26 and 28-31). Entry
1TXM contains 35 conformations of scorpion toxin MTX, which were
obtained from nuclear magnetic resonance (NMR) spectroscopy; all of
these structures were used in the BD simulations.

KcsA is the first and unique molecular description of an ion-selective
channel. A remarkable structural conservation between the pore structures
of a prokaryotic K* channel from Streptomyces lividans (KcsA) and the
eukaryotic structure of voltage-dependent K* channels has recently been
demonstrated by x-ray analysis (Mackinnon et al., 1998). Mackinnon et al.
indicated that although KcsA subunits contain only two transmembrane
segments, its amino acid sequence (in particular, its sequence in the pore
region) is actually closer to those of eukaryotic six-membrane-spanning
K* channels, and its pore structure and extracellular entryway are very
similar to those of eukaryotic voltage-gated K™ channels such as the
Shaker K* channel from Drosophila and the vertebrate voltage-gated K™
channels, which are believed to share essentially the same pore structure.
Therefore, the 3-D structure of the KcsA K™ channel, a protein isolated
from the bacterium S. lividans, which was the first determined by x-ray
crystallography at 3.2-A resolution (Doyle et al., 1998), may be used as a
template for modeling the 3-D structures of Kv channels. The 3-D struc-
tural models of Kv1.1, Kv1.2, and Kv1.3 channels were generated with the
Homology module of Insight Il (Molecular Simulation, San Diego, CA)
based on the corrected KcsA structure, as described below.

Residues Arg27, 11e60, Arg64, Glu71, and Argll7, missing in the
current KcsA x-ray structure, were added with the Biopolymer module of
SYBYL Release 6.7 (Tripos, St. Louis, MO). The sequence alignment of
KcsA (1BL8) with the Kv1.2 channel was generated by Clustalw (Thomp-
son et al., 1994), which shows that the sequence identity between Kv1.2
and KcsA is 28.9%, and the similarity is 62.9%, as shown in Fig. 2. The
protein backbone of the Kv1.2 homology model was identical to the KcsA
backbone. The modeled side chains of the Kv1.2 channel were subjected to
energy refinement (the gradient tolerance was achieved to 0.05 kcal mol %
A~ and a distance-dependent dielectric constant of 4 was used to simulate
the effect of solvent), using the adopted-basis Newton Raphson algorithm
and the CHARMM22 force field as implemented in the Quanta program
(Quanta Release 98, Molecular Simulation) to relieve possible steric
clashes and overlaps. With the same method as for the Kv1.2 channel, the
3-D structural models of the Kv1.1 and Kv1.3 channels were generated.
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In a more sophisticated treatment, the membrane around the channel
should be considered during the simulation. However, the mutagenesis and
simulations (Aiyar et al., 1995) indicated that the scorpion toxins bind with
the extracellular part of the potassium ion channel, where the electrostatics
might not be affected by the membrane, for the membrane interacts only
with the transmembrane parts of the channel. Therefore, we did not add the
membrane into the simulation for computational facility.

BD simulation

The program package MacroDox version 3.2.2 (Northrup et al., 1999) was
used to assign the titratable charges on proteins, solve the linearized
Poisson-Boltzmann equation, and run the various BD simulations for the
association between the scorpion toxin MTX and the Kv1 channels. The
MacroDox program uses a test charge approach in BD simulation and is
suitable for studying toxin-channel interaction and their mutual recognition
(see Appendix). The BD algorithm for this program has been detailed by
Northrup et al. (1987, 1993). The new updated charge file of CHARMM22
was used to assign the charges of the Kv1.1, Kv1.2, and Kv1.3 channels as
well as MTX. The surface-accessibility-modified Tanford-Kirkwood cal-
culations were performed using the method of Matthew (Matthew, 1985;
Matthew and Gurd, 1986) to determine the protonation status of each
titratable residue in the two proteins at pH 7.0 and ionic strength 0.1 M.
MTX has four disulfide bonds, so the charges of the sulfur atoms of
residues Cys3, Cys9, Cysl3, Cysl9, Cys24, Cys29, Cys3l, and Cys34
were zeroed out. The Tanford-Kirkwood recommended partial charges
were assigned to the Kv1 channels, and formal charges were assigned to
MTX. The total charges are —13.16 e, —11.03 e, and —8.24 e for the
Kv1.1, Kv1.2, and Kv1.3 channel, respectively, and 5.85 e for each of the
35 structures of MTX.

Following charge assignments, the electrostatic potentials about the
Kvl channels and MTX were determined by numerically solving the
linearized Poisson-Boltzmann equation:

—VeVao + ex’d = p, (1)

where € is the dielectric constant,  is the inverse Debye length, ¢ is the
electrostatic potential, and p is the charge density. Taking the above
assigned charges as initial values, Eq. 1 was solved by the Warwicker-
Watson method (Warwicker and Watson, 1982) as implemented in the
MacroDox program (Northrup et al., 1999). The electrostatic potentials
were determined on 61 X 61 X 61 cubic grids centered on the center of
mass of the two proteins. The protein interior dielectric constant and
solvent dielectric constants were set as 4.0 and 78.3, respectively. The
resolutions of inner grid and outer grid for the Kv1.1, Kv1.2, and Kv1.3
channels were chosen from the default values in the MacroDox program,
1.3 and 3.9 A, respectively. Electrostatic focusing was used such that a
low-resolution grid (3.9-A spacing between grid points) was generated first
and then used to obtain more accurate boundary potentials for a second,
higher-resolution focused grid (1.3-A spacing). The electrostatic potentials
as shown in Fig. 3 were visualized by the GRASP program (Nicholls et al.,
1991).

The BD simulations of the two interacting macromolecules in a con-
tinuum solvent dielectric was run stochastically through a series of small
displacements chosen from a distribution that is equivalent to the short time



BD Simulations of Maurotoxin-Kv1 Channels Recognition

FIGURE 3 The electrostatic poten-
tial contour maps for the Kv1.2 channel
and the scorpion toxin MTX. (A) Elec-
trostatic potential for the Kv1.2 chan-
nel. The red contours represent isopo-
tential surfaces where charge 1le
possesses electrostatic potential energy
equal to —2.5 KT; the blue isopotential
surfaces are for energy +2.5 kT. (B)
Electrostatic potential for the scorpion
toxin MTX. The red contours represent
isopotential surfaces where charge le
possesses electrostatic potential energy
equal to —2.5 KT; the blue isopotential
surfaces are for energy +2.5 KT. Ar-
rows indicate the directions of the di-
poles in the proteins. The figure was
generated with the program GRASP.

solution of the Smoluchowski diffusion equation (Smoluchowski, 1917)
derived from several forces. The basic Ermak-McCammon algorithm (Er-
mak and McCammon, 1978) was used to simulate the translational Brown-
ian motion of two interacting proteins as the displacements Ar of the
relative separation vector r between the centroids of the two proteins in a
time step At according to the relation:

D- At
keT

Ar = F+S5, )

where D is the translational diffusion coefficient for the relative motion and
assumed to be spatially isotropic; F is the systematic inter-particle force,
which is computed from the electrostatic field calculated before Brownian
dynamics simulations; kgT is the Boltzmann constant times absolute tem-
perature; and S is the stochastic component of the displacement arising
from collisions of proteins with solvent molecules, which is generated by
taking normally distributed random numbers obeying the relationship:

(S?) = 2DAt
(§)=0 (3)

A similar equation governs the independent rotational Brownian motion of
each particle, in which the force is replaced by a torque and D is replaced
by an isotropic rotational diffusion coefficient D;, for each particle i.

Next, BD simulations of MTX binding to the Kvl channels were
performed to identify the favorable complex(es). For simulations of pro-
tein-protein interactions, the two proteins were treated as rigid bodies.
Therefore, the translational and rotational motions can be simulated for one
of the proteins (protein 1l) around the other (protein 1) (Gabdoulline and
Wade, 1998) (Fig. 4). In this study we defined the larger protein, Kv1l
channel, as protein | (i.e., the fixed protein) and the smaller protein, MTX,
as protein 1l (i.e., the diffusing protein).

Trajectories were started with MTX at a random position and orienta-
tion on the b-surface (Fig. 4), a sphere of radius b (71 A) centered on the
Kv1 channels at which the forces due to the Kv1 channels are centrosym-
metric. The mobile MTX was subject to three forces: the electrostatic
attraction between the two proteins, the random Brownian force, and the
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frictional force due to solvent viscosity. The closest approach of the mobile
protein MTX to the fixed receptor Kvl channel was recorded, and the
trajectory was terminated when the mobile ligand escaped the g-sphere
(200 A). The Bdtirm8.2 module (BD of two irregular rotating macromol-

q-surface

b-surface

~ protein II

at start

{

protein IT
at end

protein I

protein I1
at end

FIGURE 4 A systematic representation of the Brownian dynamics sim-
ulation of the association between scorpion toxin MTX and the Kv1.2
channel. Simulations were conducted in coordinates defined relative to the
position of the center of the fixed protein, the Kv1.2 channel (protein I). At
the beginning, each trajectory of the mobile protein (protein Il), MTX, is
positioned with a randomly chosen orientation at a randomly chosen point
on the surface of the inner sphere of radius b (71 A in this work). BD
simulation is then performed until this protein diffuses outside the outer
sphere of radius g (200 A in this work). During the simulations, satisfaction
of reaction criteria for encounter complex formation is monitored. The
complexes with the smallest reaction distances were recorded.
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ecules) of the MacroDox program was used to simulate the interactions
between the scorpion toxin MTX and the Kv1 channel at pH 7.0 and 0.1 M
ionic strength. All 35 structures of MTX in 1TXM were docked with the
Kv1.1, Kv1.2, and Kv1.3 channels, respectively, typically by running 3000
trajectories for each MTX/channel combination. In addition to visual
examination of the structures of the final complexes, statistical analyses
were performed using the review module of MacroDox. We obtained the
high occurence frequencies of key amino acid residues which formed
intermolecular contacts between proteins in the complexes.

Structural refinement of the final complexes

To explore the mechanism of interaction of MTX and the Kv1 channel
family in more detail, the final structure of the complex, obtained from BD
simulations, was subjected to energy refinement using the adopted-basis
Newton Raphson algorithm and the CHARMMZ22 force field in Quanta to
relieve possible steric clashes and overlaps. During the structural refine-
ment, a distance-dependent dielectric constant of 4 was used to simulate the
solvation effect. The structure of this complex was subjected to energy
minimization for 490 steps to achieve the gradient tolerance 0.05 kcal/
mol~* A~%. The details of the interactions were analyzed using the LIG-
PLOT program (McDonald and Thornton, 1994; Wallace et al., 1995).

RESULTS AND DISCUSSION
Electrostatic potentials

During the BD simulations, the proteins were treated as
rigid bodies, so the effect of the flexibility of the proteins
was not considered. To overcome this shortcoming, we
considered all of the 35 available NMR conformations of
the MTX scorpion toxin in solution when performing the
BD simulations. For the Kv1 channels, because they are
embedded in the membrane of the cell, they should not be
substantially flexible.

The dipole moments together with the electrostatic cal-
culations were visualized with the GRASP software (Ni-
cholls et al., 1991). The potential maps were calculated with
a simplified Poisson-Boltzmann solver, on the basis of an
AMBER-derived parameter file. The appearance of the
electrostatic potential on the surface of the Kv1.2 channel
protein and the scorpion toxin MTX is given in Fig. 3. The
mouth of the Kv1.2 channel, which is outside of the cell
membrane, bears a large negative electrostatic potential that
is centrosymmetric around the central axis of the Kv1.2
channel. The surface of MTX, on the contrary, has a large
positive electrostatic potential, which comes mainly from
the side chains of residues Lys23, Lys27, and Lys30 (Fig. 3
B). This suggests that MTX may associate with the entry-
way of the Kv1 channels using the positive patch around the
side chains of Lys23, Lys27, and Lys30. This conclusion
was validated by BD simulations (see discussion below).
The resulting dipole moment of Kv1.2 is oriented along the
symmetry axis due to the fourfold symmetry of the homotet-
ramer and is oriented from the outer to the inner side of the
membrane. It guides and orients the toxin into the pore,
toward the binding site, and is thus responsible for the
specificity. The orientation of the toxin is such that Lys23 in
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MTX protrudes into the Kv1.2 pore, interacting electrostat-
ically with acidic residues, including Asp402, in the ion-
selective filter. Both the electrostatic potential on the sur-
face and dipole calculation show that the charge anisotropy
is the driving force of the association of MTX to the Kv1
channels from the viewpoint of Coulombic interactions.

BD-identified MTX-Kv1.2 channel complexes

The center of mass of MTX and the position of the oxygen
atom of the water in the selection filter of the x-ray crys-
tallographic structure of KcsA were chosen as the monitors
of association during the BD simulations. To avoid unfa-
vorable complexes formed by MTX with the intracellular
surface of the Kvl channels, the separation defining a
complex was set to 30 A. This distance is large enough to
obtain the most significant complexes from the simulations,
as shown later.

During the initial BD runs, we found that the electrostatic
attraction is so large that the simulations ran endlessly at pH
7.0, 0.1 M, and 298.15 K. When the binding patches of the
two proteins are close to each other, the stochastic force is
not large enough to overcome the electrostatic force, so
MTX could not escape the binding site of the Kv1 channels.
This was also found in our previous study (Cui et al., 2001,
2002). Two methods can be used to solve this problem: 1)
simulate this system at sufficiently high salt concentration
(the salt dampens the electrostatic field), so the interaction
can be limited by the association rate rather than dissocia-
tion, and 2) increase the simulation temperature so as to
make the stochastic force large enough to overcome the
electrostatic force. The first approach is typically used when
studying the reactive rate of the association of two proteins.
The main purpose of this study was to obtain the complexes
to aid in understanding the mechanism of the interaction
between the two proteins. Therefore, we used the second
approach, increasing the simulation temperature to 500 K,
throughout all of the simulations.

BD simulations were performed for each conformation of
MTX derived from the NMR studies (1TXM). The five
MTX structures that docked most favorably with each Kv1
channel (i.e., favorable clusters with the highest probabili-
ties) are listed in Table 1 along with their closest triplet
contacts and the electrostatic interaction energy of each
complex. The electrostatic interaction energies between
MTX and Kv1 channels were calculated using the following
process. The charges of MTX were assigned onto the elec-
trostatic potential grids of each Kv1 channel, and then the
electrostatic interaction energies were calculated by sum-
ming all the above assigned charges of MTX times the
corresponding electrostatic potential values at the grids of
the Kv1 channels (Madura et al., 1995; Zacharias et al.,
1992).

Among the 35 conformations of MTX, the 10th, 23rd,
24th, 28th, and 33rd structures, which docked most favor-
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TABLE 1 Possible triplet contacts between structures of MTX and Kv1 channels at the ionic strength of 0.1 M
MTX

Kv structure Triplets (Kv channel residue-MTX residue) F Eelec

Kv1.1 10 D402(B)-K30 D402(C)-K23 E378(D)-K27 41 —20.6

D402(A)-K30 D402(B)-K23 D402(C)-K7 83 —19.3

D402(A)-K30 D402(B)-K23 H380(B)-K27 89 -19.3

23 D402(B)-K30 D402(C)-K23 D402(D)-K7 73 -19.4

D402(B)-K30 D402(C)-K23 E378(D)-K27 41 —20.6

24 D402(C)-K27 D402(D)-K23 D402(B)-K30 69 -19.1

D402(C)-K27 D402(D)-K23 D402(A)-K7 36 -19.3

D402(C)-K27 D402(B)-K30 D402(A)-K7 36 —19.3

D402(D)-K23 D402(B)-K30 D402(A)-K7 37 —19.2

28 D402(C)-K27 D402(B)-V1 D402(D)-K30 26 -17.2

33 D402(A)-K30 D402(D)-V1 E378(A)-K27 15 -17.1

Kv1.2 10 D402(C)-K23 D402(A)-K30 D378(C)-K27 104 —23.3

D402(C)-K23 D402(D)-K7 D378(C)-K27 33 —232

D402(C)-K7 D402(B)-K23 D402(A)-K30 138 —18.3

23 D402(B)-K30 D402(C)-K27 D402(A)-K23 54 —20.0

24 D402(C)-K27 D402(B)-K30 D402(D)-K23 38 -20.1

D402(C)-K7 D402(B)-K23 D402(A)-K30 94 —18.2

D402(B)-K23 D402(A)-K30 D378(C)-K27 82 -18.1

28 D402(B)-K27 D402(C)-K30 D402(A)-V1 99 -19.1

33 D402(B)-V1 D402(C)-K30 D378(C)-K27 27 —21.2

D402(B)-V1 D402(C)-K23 D402(D)-K30 26 —21.4

D402(C)-K23 D402(D)-K30 D378(C)-K27 26 —21.4

D402(C)-K23 D402(D)-K30 R377(B)-K15 26 —21.0

Kv1.3 10 D402(D)-K30 H404(C)-K23 D386(B)-K27 28 -17.1

H404(C)-K23 H404(B)-V1 D386(B)-K27 87 -17.1

D402(C)-K30 D402(A)-K27 H404(C)-K23 21 -17.1

D402(A)-K27 H404(D)-K23 D402(C)-K30 33 —16.3

23 H404(B)-V1 D402(C)-K30 D402(B)-K27 59 —14.3

D402(C)-K30 H404(A)-K23 D402(B)-K27 54 —14.7

24 D402(A)-K27 H404(D)-K23 H404(B)-K7 77 —16.7

D402(A)-K27 H404(D)-K23 H404(A)-K30 51 —-16.7

H404(D)-K23 H404(B)-K7 H404(A)-K30 59 —16.7

28 D402(B)-K27 H404(C)-K30 H404(B)-V1 81 —15.2

33 D402(B)-K27 H404(C)-K23 H404(B)-V1 34 —-16.8

H404(C)-K23 H404(B)-V1 D386(B)-K27 103 —16.7

H404(C)-K23 H404(B)-V1 H404(A)-K30 61 -17.0

F, number of successfully docked complexes from 3000 attempts; E,,.., average electrostatic interaction energy between the two proteins (kcal/mol). A,

B, C, and D represent the four chains of the Kv1.2 channel.

ably with the Kv1.1, Kv1.2, and Kv1.3 channels, had the
highest frequencies (probabilities) of satisfying the criterion
of association. The average electrostatic interaction energies
between these five structures of MTX and Kv1 channels are
—17~-21 kcal/mol for Kvl1.1, —19~-—24 kcal/mol for
Kvl.2, and —15~—17 kcal/mol for Kv1.3, respectively.
The distribution of MTX (e.g., the 10th structure with the
lowest electrostatic interaction energy) around the Kv1.2
channel is shown in Fig. 5, from which we can see that the
largest distribution is the one in which the proteins are
closer than 19 A. This supports the selected interaction
criterion.

To identify the favorable MTX-Kv1 channel complexes,
we performed a detailed triplet contact analysis for each of
the top five Kv1 channel complexes. The relative geome-
tries of MTX-Kv1 channel complexes were defined by three
close contact interactions, as only one or two are not suffi-

cient. During this process we modified the criterion of the
triplet contact of MacroDox. We analyzed the favorable
triplet pairs between MTX and the Kvl channels using a
triplet contact distance of <5.5 A. The distribution fre-
quency and average electrostatic interaction of the five
favorable complexes derived from this cycle of analysis are
listed in Table 2. This tighter contact analysis shows that the
average electrostatic interaction energies between the five
structures of MTX and Kv1 channels are —17~—21 kcal/
mol for Kvl.1, —19~-24 kcal/mol for Kvl1.2, and
—15~—17 kcal/mol for Kv1.3, respectively, which is sim-
ilar to the values in Table 1, although the distribution
frequencies changed substantially in some cases. The 10th
structure of MTX binds to the Kv1.2 channel with the
highest frequency and the lowest average electrostatic in-
teraction energy. The lowest electrostatic interaction ener-
gies between the 10th structure and Kvl channels are
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—20.9, —23.7, and —17.2 kcal/mol for Kv1.1, Kv1.2, and
Kv1.3, respectively. The electrostatic interaction energy of
the 10th structure of MTX with Kv1.2 is ~3 and 6 kcal/mol
lower than that of Kv1.1 and Kv1.3, respectively; the fre-
quency for matching the triplet contact criteria of Kv1.2 is
much higher than that of Kv1.1 and Kv1.3 (Table 2),
indicating that Kv1.2 is more sensitive to MTX than Kv1.1
and Kv1.3. Combining the electrostatic binding energies
and the triplet matching frequencies, we can conclude that
Kv1.2 is the most favorable channel for MTX binding
among the three Kv1 channels, whereas the Kv1.1 channel
is the intermediate one, and the Kv1.3 is the least favorable
one. Our BD simulation results are in good agreement with
the experiments on MTX, which show that MTX blocks the
Kvl1l.1, Kv1.2, and Kv1.3 currents expressed in Xenopus
oocytes with half-maximal blockage (ICg) at 37, 0.8, and
150 nM (Blanc et al., 1997). Later on we will analyze in
detail the intrinsic reason for this affinity difference at the
molecular level. Our simulation also revealed that the 10th
structure of MTX, among the 35 available structures in the
PDB file, is the most favorable binding conformation for
these Kv1 channels. This also indicates that the conforma-
tion of the proteins indeed affected the BD simulation
results significantly.

As discussed above, the electrostatic interaction energies
derived from BD simulations of MTX with Kv1 channels
correlated well with their inhibitory activities, R> = 0.88
(Fig. 6). Nonelectrostatic interactions were not considered
in the present BD simulations, as MacroDox has no function
for calculating these interactions. To compensate for this
energetic calculation deficiency and to validate the reason-
ability of the 3-D structural models of MTX-Kv1 complexes
derived from BD simulations, the sophisticated energy
function encompassed in the AutoDock program was used
to predict the binding free energies of MTX with Kv1.1,
Kvl.2, and Kv1.3. The AutoDock empirical binding free
energy function contains a variety of interaction terms be-
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tween a ligand and a receptor, including electrostatic inter-
action, van der Waals interaction, hydrogen-bonding inter-
action, and desolvation (hydrophobic) effects. It is sufficient
for ranking different conformations of MTX and their as-
sociation with different Kv1 channels. Using this energetic
calculation paradigm, the binding free energies of MTX
with Kv1.1, Kv1.2, and Kv1.3 channels were calculated,
and the results are shown in Fig. 6. The binding free
energies of MTX with the three Kvl channels are —11.3,
—13.2, and —10.9 kcal/mol, respectively. The AutoDock
binding free energies have a good correlation with the
experimental inhibitory activities (—loglCsgg) (Blanc et al.,
1997), and R? = 0.99 (Fig. 6). These results demonstrate
that the binding energies together with the distribution fre-
quencies from BD simulations could be used as criteria to
rank the binding conformations of MTX with Kv1 channels.
Therefore, the structures of MTX-Kv1 complexes derived
from the BD simulations are reasonable and practically
represent the different interaction mechanism of MTX with
Kvl channels.

Contacts between MTX and Kv1.2 channel

Using BD simulations followed by triplet contact analyses,
we identified the favorable complexes formed between
MTX and the Kv1.2 channel. The BD trajectories of the
10th structure of MTX gave 491 candidate complexes with
the Kv1.2 channel. The distribution of the centers of mass of
the MTX structures around the Kv1.2 channel is presented
in Fig. 7, which shows that MTX is located in the extracel-
lular entryway of the Kv1.2 channel. This is in agreement
with the electrostatic interaction calculations (Fig. 3).

We isolated the most stable structure having the strongest
electrostatic interaction energy (—24.2 kcal/mol) and used it
to analyze the contacts between MTX and the Kv1.2 chan-
nel. The structure of this complex was subjected to energy
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TABLE 2 Possible triplet contacts for the top five complexes of MTX interacting with the Kv1 channels within a contact
distance of 5.5 A
MTX
Kvl Structure Triplets (Kv1 channel residue-MTX residue) F Eelec
Kv1l.1 10 D402(B)-K30 D402(C)-K23 E378(D)-K27 12 -20.9
D402(A)-K30 D402(B)-K23 D402(C)-K7 28 -19.8
D402(A)-K30 D402(B)-K23 H380(B)-K27 51 —20.1
23 D402(B)-K30 D402(C)-K23 D402(D)-K7 7 -19.1
D402(B)-K30 D402(C)-K23 E378(D)-K27 0
24 D402(C)-K27 D402(D)-K23 D402(B)-K30 4 —189
D402(C)-K27 D402(D)-K23 D402(A)-K7 0
D402(C)-K27 D402(B)-K30 D402(A)-K7 0
D402(D)-K23 D402(B)-K30 D402(A)-K7 0
28 D402(C)-K27 D402(B)-V1 D402(D)-K30 4 —-17.6
33 D402(A)-K30 D402(D)-V1 E378(A)-K27 0
Kv1.2 10 D402(C)-K23 D402(A)-K30 D378(C)-K27 92 —23.7
D402(C)-K23 D402(D)-K7 D378(C)-K27 12 —234
D402(C)-K7 D402(B)-K23 D402(A)-K30 0
23 D402(B)-K30 D402(C)-K27 D402(A)-K23 44 —20.0
24 D402(C)-K27 D402(B)-K30 D402(D)-K23 12 -20.3
D402(C)-K7 D402(B)-K23 D402(A)-K30 8 -19.0
D402(B)-K23 D402(A)-K30 D378(C)-K27 12 -19.1
28 D402(B)-K27 D402(C)-K30 D402(A)-V1 12 -19.3
33 D402(B)-V1 D402(D)-K30 D378(C)-K27 6 —20.8
D402(B)-V1 D402(C)-K23 D402(D)-K30 0
D402(C)-K23 D402(D)-K30 D378(C)-K27 24 -21.9
D402(C)-K23 D402(D)-K30 R377(B)-K15 0
Kv1.3 10 D402(D)-K30 H404(C)-K23 D386(B)-K27 33 -17.2
H404(C)-K23 H404(B)-V1 D386(B)-K27 0
D402(C)-K30 D402(A)-K27 H404(C)-K23 0
D402(A)-K27 H404(D)-K23 D402(C)-K30 5 —16.3
23 H404(B)-V1 D402(C)-K30 D402(B)-K27 0
D402(C)-K30 H404(A)-K23 D402(B)-K27 6 -15.1
24 D402(A)-K27 H404(D)-K23 H404(B)-K7 0
D402(A)-K27 H404(D)-K23 H404(A)-K30 4 -16.3
H404(D)-K23 H404(B)-K7 H404(A)-K30 2 —16.9
28 D402(B)-K27 H404(C)-K30 H404(B)-V1 0
33 D402(B)-K27 H404(C)-K23 H404(B)-V1 0
H404(C)-K23 H404(B)-V1 D386(B)-K27 0
H404(C)-K23 H404(B)-V1 H404(A)-K30 0

F, number of successfully docked complexes from 3000 attempts; E..., average electrostatic interaction energy between the two proteins (kcal/mol). A,

B, C, and D represent the four chains of the Kv1.2 channel.

minimization for 490 steps to achieve the gradient tolerance
0.05 kcal/mol~* A1) using the adopted-basis Newton Raph-
son algorithm and the CHARMM22 force field as imple-
mented in the Quanta program. The optimized structure of
the complex is shown in Fig. 8. In general, the scorpion
toxin binds to the K* channel mainly via its B-sheet, al-
though a few scorpion toxins such as P05 binds to the K™
channel mainly via its a-helix rather than its B-sheet. De-
spite the unusual disulfide bridge motif, the binding of MTX
to Kv1.2 belongs to the first situation, i.e., mainly via its two
antiparallel B-sheets, whereas its a-helix is far away from
the interaction surface of the Kv1 channel. This is similar to
most scorpion toxins such as charydbotoxin (CTX) with
only three disulfide bridges and in agreement with the
experiment of Fajloun et al. (2000a) and Avdonin et al.
(2000). Our BD simulation result shows that the critical
residues of MTX for recognizing the Kv1.2 channel are

three lysine residues, Lys23, Lys27, and Lys30. Among
them, Lys23 and Lys30 are located in the two antiparallel
B-sheets of MTX, respectively, with the greatest positive
potential. Lys23 protrudes into the pore of Kv1.2 (Fig. 8 A),
and Lys27 is located in the B-turn. The principal MTX-
Kv1.2 channel interactions derived from the refined struc-
ture were analyzed and displayed using the LIGPLOT pro-
gram (McDonald and Thornton, 1994; Wallace et al., 1995),
shown in Fig. 9. The hydrogen bonds and hydrophobic
contact parameters presented in the refined complex are
listed in Tables 3 and 4, respectively. Six hydrogen bonds
are formed between MTX and the Kv1.2 channel: two from
Lys23 (MTX) with Gly401(D) and Tyr400(C) (Kv1.2), one
from Tyr32 (MTX) with Asp402 (D) (Kv1.2), two from
Lys27 (MTX) with Thr406(C) and Asp378(C) (Kv1.2), and
one from Lys30 with Asp402(A) (Table 3 and Fig. 9). Five
hydrophobic contacts are formed between MTX and the

Biophysical Journal 83(5) 2370-2385



2378 Fu et al.
17 - - -10
O
-18 -
] {11
-19 4
FIGURE 6 Relationship between the interaction energies ’-g =
and the inhibitory activities (—loglCs,) of MTX with Kv1 g -20 1 g
channels. The left axis represents the electrostatic interac- E - -12 §
tion energies of MTX with Kv1.1, Kv1.2, and Kv1.3 de- £ 21 2
rived from BD simulations (real line with the R? = 0.88), g 5
whereas the right axis represents the AutoDock results for M= - o
the binding free energies of MTX with the same Kvl ) 413
channels (dashed line with R? = 0.99) 1
-23 4
-24 T T T T T T T T T -14
7.0 7.5 8.0 8.5 9.0
-logIC_|

Kv1.2 channel: two for Lys30(MTX) with Asp402(A), one
for Lys32 with Val404(A), one for Lys23 with Gly401(C),
and one for Pro20 with Arg377(A) (Table 4 and Fig. 9). The
refined structure of the complex has favorable electrostatic
interactions between the two proteins: three positive lysine
residues of MTX interact with three negative aspartic acid
residues of the Kv1.2 channel through strong electrostatic
interactions.

It indicates that, despite a nonconventional disulfide pat-
tern, the structure of MTX remains similar to that of other
toxins such as CTX and kaliotoxin (KTX) (Blanc et al.,
1997). Comparison of the 3-D structures of MTX and CTX
shows that, on the whole, they adopt a common structural
motif, the «/B scaffold, which is an a-helix connected to a

FIGURE 7 Distribution of the 10th structure of MTX around the extra-
cellular mouth of the Kv1.2 channel. The Kv1.2 channel is represented as
a C, trace. Each dot represents the center of mass of MTX in an encounter
snapshot with the Kv1.2 channel.
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double stranded B-sheet by two disulfide bridges. The struc-
tural alignment between MTX and CTX has been carried by
Avdonin et al. (2000), who showed that the Ca deviations
are typically less than 2 A. Previous analysis of mutants of
CTX and their relative binding to Shaker channels (Gold-
stein et al., 1994) allowed the identification of residues
directly involved in the interaction of the toxin with a
voltage-gated potassium channel. Five residues, Lys27,
Met29, Asn30, Arg34, and Tyr36, in CTX are well con-
served among different K™ channel toxins and are consid-
ered critical for binding to the receptor, because their mu-
tation induces a dramatic drop in activity. These residues
correspond to Lys23, 1125, Asn26, Lys30, and Tyr32 in
MTX. The triplet contact analyses from our BD simulation
results show that the important triplets are Lys23(MTX)-
Aspd02(C)(Kv1.2), Lys27(MTX)-Asp378(C)(Kvl.2), and
Lys30(MTX)-Asp402(A)(Kv1.2) (Table 2). Lys23 is essen-
tial for the interaction of MTX with the Kv1.2 channel and
is therefore in line with the observation that this lysine plays
a role similar to that of Lys27 in CTX, which is known to
protrude into the pore and interact with the residue of the
pore region (Goldstein et al., 1994). This residue forms two
hydrogen bonds with the carbonyl groups of the backbones
of Gly401(D) and Tyr400(C) and one hydrophobic contact
with the Gly401(C) of Kvl1.2 channel. Lys23 (MTX),
Gly401 (Kv1.2), and Tyr400 (Kv1.2) are very conserved in
the scorpion toxin or Kvl channels (Blanc et al., 1997
Goldstein et al., 1994; Miller, 1995; Heginbotham et al.,
1992, 1994). The importance of Lys23 was also highlighted
by the mutation Lys23Ala (K23A) (Carlier et al., 2000),
which showed a 1000-fold decreased toxin affinity. Lys27,
which is located at the loop between the two B-sheets, is
also critical for the binding of MTX to the Kv1.2 channel:
it forms two hydrogen bonds with the carbonyl groups of
the backbones of Thr406(C) and Asp378(C) of Kvl.2.
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FIGURE 8 A typical final complex of the 10th structure of MTX and the Kv1.2 channel. (A) The two molecules are represented as ribbon structures.
The closest contacts are Lys23-Asp402(C), Lys30-Asp402(B), and Lys27-Asp378(C). (B) The top view of the complex shown in A, which was generated
with the program GRASP (Nicholls et al., 1991). The Kv1.2 channel is represented as a molecular surface color coded by electrostatic potential and MTX

as a green worm-like structure.

Kharrat et al. (1996) and Avdonin et al. (2000) also high-
lighted the importance of this residue and indicated that
Lys27 could be involved in the Kv channel recognition.
Lys30 in MTX is the counterpart of Arg34 in CTX; it binds
to the backbone carbonyl groups of Asp402(A) through one
hydrogen bond and two hydrophobic contacts. The influ-
ence of the Arg34Lys (R34K) mutation in CTX on the
pharmacological activity of the Shaker K™ channel is weak
(only a 3-fold drop), whereas both Arg34Asp (R34D) and
Arg34Glu (R34E) mutations result in dramatic decreases
(more than a 3700-fold drop) in the pharmacological activ-
ities (Goldstein et al., 1994). All these show the importance
of lysine or arginine at this position in MTX or CTX for the
binding affinity of the Kv channel or Shaker channel. How-
ever, the importance of Lys30 of MTX, which has been
shown by our BD simulations with comparing the mutation
and binding assay of CTX with the Shaker K™ channel, has
not been appreciated in previous experiments. Interestingly,

the side chains of Lys23 and Lys30 in the MTX-Kv1.2
complex are at the surface of the B-sheet, close in space to
each other (Fig. 8 A), forming a positively charged surface
on the B-sheet. Furthermore, these side chains are rather
flexible and are generally exposed to solvent when MTX
stays in the solution alone. Therefore, it is worthwhile to
perform a mutation study on Lys30. Residue Tyr32 also
plays an important role: our simulation results indicate that
it interacts with Asp402(D) through one hydrogen bond and
with Val404(A) through one hydrophobic contact. In addi-
tion, BD simulations and structural optimizations could not
identify the role of Ile25 and Asn26 in MTX. However, this
could be explained through the structural alignment be-
tween MTX and CTX by Avdonin et al. (2000), which
indicates that 1le25 and Asn26 in MTX show a considerable
divergence from the corresponding Met29 and Asn30 in
CTX. Compared with the five important residues in CTX,
Lys23, Lys30, and Tyr32 in MTX play similar critical roles.
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FIGURE 9 Schematic depiction (generated by LIGPLOT) of the main interactions between the scorpion toxin MTX and the Kv1.2 channel.
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TABLE 3 Hydrogen bonds between the MTX scorpion toxin
and the Kv1.2 channel in the MTX-Kv1.2 channel complex
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TABLE 4 Hydrophobic contacts between the MTX scorpion
toxin and Kv1.2 channel in the MTX-Kv1.2 channel complex

Scorpion toxin MTX Kv1.2 channel

Scorpion toxin MTX Kv1.2 channel

Residue Atom Residue Atom Distance (A) Residue Atom Residue Atom Distance (A)
TYR32 OH ASP402(D) OoD1 3.08 LYS30 CD ASP402(A) CA 3.87
LYS23 NZ GLY401(D) 0 3.18 LYS30 CE ASP402(A) CA 381
LYS27 NZ THR406(C) 0G1 2.55 TYR32 CE2 VAL404(A) CG1 3.57
LYS23 NZ TYR400(C) 0] 2.66 LYS23 CE GLY401(C) C 3.63
LYS27 NZ ASP378(C) 0oD2 3.02 PRO20 CB ARG377(A) C 3.98
LYS30 NZ ASP402(A) oD1 2.86

The 3-D model of the complex was constructed based on the BD simula-
tions and molecular mechanics structural refinement for the 10th structure
of MTX associating with the Kv1.2 channel. A, B, C, and D represent the
four chains of the Kv1.2 channel.

However, 11625 and Asn26 contribute little to the binding
site recognition. On the other hand, what is interesting is
that Lys27, which corresponds to Lys30 in CTX, plays a
more important role in MTX. It is also likely that changes in
half-cysteine pairings may contribute to conformational al-
terations and repositioning of key residues involved in toxin
activity.

During the four years since the 3-D structure of MTX was
characterized, research was focused on the pharmacological
activity of MTX because of its unique disulfide bridge
motif. The point mutations on residues Pro12, Pro20 (Car-
lier et al., 2001), Argl4, Lysl15, Gly33 (Fajloun et al.,
2000b), Cys19, and Cys34 (Fajloun et al., 2000a) result in
disulfide bridge reorganization and alter the pharmacologi-
cal activity more or less, whereas few mutant cycle exper-
iments on conserved residues have been reported due to lack
of significant theoretical guidance. The maintenance of a
toxin conformation may account for the ability of MTX to

The 3-D model of the complex was constructed based on the BD simula-
tions and molecular mechanics structural refinement for the 10th structure
of MTX associating with the Kv1.2 channel. A, B, C, and D represent the
four chains of the Kv1.2 channel.

recognize Kv1 channels. Complementary mutations in both
the channel and the toxin structures would provide valuable
insights into MTX’s mechanism of action. Bontems et al.
(1992) have indicated the mutation of Lys27, Arg34, and
Tyr36 do not alter the conserved structure of CTX. For
MTX, future toxin-directed point mutation studies will aim
to alter the residues (Lys27, Lys30, and Tyr32) and analyze
the effects of altering the lateral chain of Lys23 on the mode
of action.

For Kv1.2, the BD simulations and structural optimiza-
tions indicate that each of the negatively charged residues
Asp402(A-D) from the four symmetric subunits of Kv1.2
plays an essential role in the recognition of MTX; this is
similar to the recognition of KTX by Kv1.3 (Aiyar et al.,
1995). Analyzing the interaction of KTX and CTX with
Kv1.3 will be helpful in understanding the recognition of
MTX with Kv1 channels. The alignment of MTX, KTX,
and CTX is shown in Fig. 10 A. Aiyar et al. (1995) have

A

MTX :

CTX:

KTX:

B

—_—
ggg&R‘ ] TURRET (___ POREHELIX _ (SELECT FILTER( [ INNER
51 60 70 80
KCSA FERGAPGAQLITYPRALWWSVETATTVGYGDLYPVTL
380 390 400

Kvl.l EAEEAESHFSSIPDAFWWAVVSMTTVGYGDMYPVTI

Kvl.2 EADERDSQFPSIPDAFWWAVVSMTTVGYGDMVPTTI

Kvl3 EADDPSSGENSIPDAFWWAVVTMTTVGYGDMHPVTI

420 430 440 450
ShB EAGSENSFFKSIPDAFWWAVVTMTTVGYGDMTPVGV

FIGURE 10 (A) The sequence alignment of MTX, CTX, and KTX. The conserved residues are highlighted. (B) The sequence alignment of KcsA, Kv1.1,

Kv1.2, Kv1.3, and Shaker B potassium channel.
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TABLE 5 Electrostatic interaction energies (kcal/mol) from
the methods of the test charges and the FDPB

MTX
Kv1l structure Triplets Test charge FDPB
Kv1.2 10 D402(C)-K23 —24.2 —25.1
D402(A)-K30 —23.8 —24.3
D378(C)-K27 —23.9 —24.9
D402(C)-K23 —23.4 —24.1
D402(D)-K7 -23.1 —23.7
D378(C)-K27 —-22.9 -21.9
23 D402(B)-K30 —-20.5 —22.2
D402(C)-K27 —20.0 —225
D402(A)-K23 —20.0 —22.0
24 D402(C)-K27 —20.2 —21.8
D402(B)-K30 -20.2 -22.1
D402(D)-K23 -20.0 —22.6
D402(C)-K7 -19.1 —-20.5
D402(B)-K23 -19.1 —20.2
D402(A)-K30 -18.7 -20.3
D402(B)-K23 -19.2 —20.4
D402(A)-K30 -19.1 —21.2
D378(C)-K27 —18.8 -20.9
28 D402(B)-K27 -19.1 —20.4
D402(C)-K30 -19.3 -20.3
D402(A)-V1 -19.2 -20.2
33 D402(B)-V1 —-21.1 —21.5
D402(D)-K30 —20.8 —-19.7
D378(C)-K27 -20.9 —-19.5
D402(C)-K23 —22.1 —-21.9
D402(D)-K30 -21.9 —22.3
D378(C)-K27 -21.8 —22.9
Kv1.1 10 D402(B)-K30 —-20.4 —21.8
D402(C)-K23 —-19.7 —22.0
E378(D)-K27 -20.8 -215
D402(A)-K30 -19.1 —20.2
D402(B)-K23 -19.1 —20.0
D402(C)-K7 -19.7 —20.4
D402(A)-K30 -19.7 —20.0
D402(B)-K23 -19.8 —-19.9
H380(B)-K27 -20.4 -20.1
Kv1.3 10 D402(D)-K30 -17.3 —18.6
H404(C)-K23 -16.9 -17.9
D386(B)-K27 —16.4 —18.5
D402(A)-K27 —16.6 -17.2
H404(D)-K23 —16.4 -17.3
D402(C)-K30 -16.2 -17.7

demonstrated that Trp14 and Lys31 in CTX and Leul5 and
Arg31l in KTX are close to Gly380 in Kv1.3, which plays a
vital role in the interaction with CTX and KTX. Gly380 is
the counterpart of Phe425 in Shaker B (the alignment of
Kvl channels and the Shaker B channel was generated by
Insight Il 2000 and shown in Fig. 10 B). Goldstein et al.
(1994) suggested that the single point mutation Phe425Gly
(F425G) strengthened the affinity of CTX for Shaker B by
2000-fold and that the blockage might depend on the size of
the amino acid at this position. This conclusion is also
validated by the mutation experiment of CTX on Kv1.3
(Aiyar et al.,, 1995), which shows that the Gly380GIn
(G380Q) mutation makes Kv1.3 resistant to CTX, whereas
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we noticed that the MTX-sensitive Kv1.2 (IC5, = 0.8 nM)
(Blanc et al., 1997) has a glutamine at the homologous
position (Fig. 10 B). We will now analyze this in detail at
the molecular level. We mentioned above that the residues
Trpl4 and Lys31 in CTX and Leul5 and Arg3l in KTX
interact with Gly380 in Kv1.3. Fig. 10 A shows that Tyr10
in MTX corresponds to Trpl4 in CTX and Leul5 in KTX.
The residue at this position is not conserved, although
Lys27 in MTX corresponds to Lys31 in CTX and Arg31 in
KTX; this residue is conserved. Our triplet analyses of the
BD simulations show that Lys27 in MTX interacts with
Asp378 in Kv1.2 (Table 2). This indicated that Asp378 is
the critical residue involved in the recognition of MTX.
Kv1.1 has a negatively charged glutamic acid and Kv1.3 has
a neutral serine at the homologous position (Asp378 in
Kv1.2) (Fig. 10B). Thus, we can rationalize why MTX is
more active on Kv1.2 than on the Kv1.1 and Kv1.3 potas-
sium channels. Future mutant cycle experiments to deter-
mine the relative importance of the residues Asp378 in
Kv1.2 will be of particular interest.

CONCLUSION

We have obtained a reasonable 3-D model of the MTX-
Kv1.2 channel complex through BD simulations and mo-
lecular mechanics structural refinement (Fig. 8). BD simu-
lations predict that the B-sheet of MTX associates with the
extracellular entryway of the Kv1 channel, which is in line
with the primary clues from the electrostatic interaction
calculations (Fig. 3) and mutagenesis results (Carlier et al.,
2000). Our docking process overcame some of the disad-
vantages of BD; i.e., it cannot easily consider the confor-
mational flexibility of the associating proteins. We noticed
that the conformation indeed affected the simulation results.
Triplet contact analyses using modified criteria, along with
electrostatic interaction energy calculations, further demon-
strated that the 10th structure in 1TXM is the best confor-
mation for the scorpion toxin MTX to bind with the Kvl
channels. Although Kv1.1, Kv1.2, and Kv1.3 have very
similar pore structures, they display different affinities for
the MTX toxin. We aligned their sequences and found that
their amino acid residue compositions in the vestibule are
not conserved. Our 3-D model of the MTX-Kv1.2 channel
complex constructed with the results of BD simulations
followed by molecular mechanics structural refinement can
reasonably explain the affinity difference of MTX with Kv1
(Kvl1.1, Kv1.2, and Kv1.3) channels. In addition, both BD
simulations and molecular mechanics refinement indicate
that residue Asp378 of the Kv1.2 channel is critical for both
the recognition and the binding of MTX to the Kv1.2
channel, which has not been identified in previous experi-
ments. Future toxin-directed point mutation studies may
aim to alter the residues Lys27, Lys30, and Tyr32 of MTX
and Asp378 of the Kv1.2 channel and analyze the effect of
altering the lateral chain of Lys23 on the mode of action.
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The consistency between the results of the BD simulations
and the experimental data indicated that our 3-D model of
the MTX-Kv1.2 channel complex is reasonable and can be
used in future biological studies, such as rational design of
the blocking agents of Kv1.2 channels and mutagenesis in
both toxin and Kv1 channels.

APPENDIX

The MacroDox program uses a test charge approach during BD simulation
where atomic partial charges are assigned to the moving molecule. This
may give rise to errors in calculating the electrostatic interaction energy
because of its weak representation of the electrostatic potential. However,
solution of the finite-difference Poisson-Boltzmann (FDPB) equation to
obtain the interaction energies between the proteins at each step of the

FDPB (keal/mol)

_26 i i L L 1 1
25 24 23 22 21 -20 -19 -18 -17
The test charge treating (kcal/mol)

FIGURE 12 Correlation of the electrostatic interaction energies between the
test charge results and the FDPB results for the sampled configurations in
Table 5. These encounter complexes are obtained from the BD simulations.

Number of sampled configuration

thousands of BD trajectories is not currently computationally feasible. To
demonstrate the feasibility of the test charge approach in treating the
MTX-Kv1 channel interactions, especially in calculating the electrostatic
interaction energy, the UHBD program (Madura et al., 1994, 1995) was
applied to calculate the intermolecular electrostatic interaction energies
with high accuracy by numerical solution of the finite-difference linearized
Poisson-Boltzmann equation for some sampled configurations. Partial
atomic charges and atomic radii were assigned from the CHARMM22
parameter set. The protonation states of each titratable residue were as-
signed according to the Tanford-Kirkwood calculation at pH 7.0 and ionic
strength 0.1 M. All the other parameters are the same as those adopted in
the MacroDox calculations. For each triplet listed in Table 2, three lowest-
energy configurations were sampled, and the electrostatic interaction en-
ergies calculated by using the test charge treatment and the FDPB equation
method are listed in Table 5 and also shown in Fig. 11. The FDPB results
indicate that the 10th conformation of MTX binds to Kv1 channels with the
lowest electrostatic interaction energy, which is in agreement with the test
charge result. Moreover, the lowest electrostatic interaction energies of
FDPB between the 10th conformation of MTX and Kv1.1, Kv1.2, and
Kv1.3 are —21.8, —25.1, and —18.6 kcal/mol, respectively, adopting the
same sequence as from the test charge approximation; i.e., Kv1.2 is the
most favorable channel for MTX binding among the three Kv1 channels,
whereas the Kv1.1 channel is the intermediate one, and the Kv1.3 is the
least favorable one. Although the absolute data of the test charge approx-
imation is different from that of FDPB (Table 5), the trends are similar
(Fig. 11), and the two sets of data correlate well with each other, R? = 0.80
(Fig. 12). Furthermore, it has been verified that the BD simulations
resulting from the test charge approximation produced reasonable results
for the interactions of scorpion toxin Lg2 binding with Shaker K™ channel
(Cui et al., 2001) and of toxin P05 binding with the small-conductance
calcium-activated (SK) potassium channel (Cui et al., 2002). All of these
studies indicate that the test charge treatment is suitable for studying
Kv1-MTX interactions and their mutual recognition.

In addition, the main purpose of this paper was to study the recognition of
the unique toxin MTX with four disulfide bonds with Kv1 channels rather than
accurate association rate calculations or accurate binding energies. Therefore,
we used the test charge approach during the BD simulation in this study.
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