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Molecular Dynamics Simulations of Scorpion Toxin Recognition by the
Ca®*-Activated Potassium Channel K¢,3.1

Rong Chen* and Shin-Ho Chung
Research School of Biology, Australian National University, Canberra, Australia

ABSTRACT The Ca®*-activated channel of intermediate-conductance (Kc,3.1) is a target for antisickling and immunosup-
pressant agents. Many small peptides isolated from animal venoms inhibit K;;3.1 with nanomolar affinities and are promising
drug scaffolds. Although the inhibitory effect of peptide toxins on Kc,3.1 has been examined extensively, the structural basis
of toxin-channel recognition has not been understood in detail. Here, the binding modes of two selected scorpion toxins,
charybdotoxin (ChTx) and OSK1, to human K¢,3.1 are examined in atomic detail using molecular dynamics (MD) simulations.
Employing a homology model of Kc,3.1, we first determine conduction properties of the channel using Brownian dynamics and
ascertain that the simulated results are in accord with experiment. The model structures of ChTx-Kc;3.1 and OSK1-K¢,3.1 com-
plexes are then constructed using MD simulations biased with distance restraints. The ChTx-Kc,3.1 complex predicted from
biased MD is consistent with the crystal structure of ChTx bound to a voltage-gated K* channel. The dissociation constants
(Ky) for the binding of both ChTx and OSK1 to Kc,3.1 determined experimentally are reproduced within fivefold using potential
of mean force calculations. Making use of the knowledge we gained by studying the ChTx-Kc,3.1 complex, we attempt
to enhance the binding affinity of the toxin by carrying out a theoretical mutagenesis. A mutant toxin, in which the positions
of two amino acid residues are interchanged, exhibits a 35-fold lower Ky value for Kc,3.1 than that of the wild-type. This study
provides insight into the key molecular determinants for the high-affinity binding of peptide toxins to Ks,3.1, and demonstrates

the power of computational methods in the design of novel toxins.

INTRODUCTION

Ca*"-activated potassium (Kc,) channels are activated
by low concentrations of intracellular Ca®" (1). They play
important physiological roles and are implicated in a
number of neurological, cardiovascular, and psychiatric
disorders (2). Furthermore, the K, channel of intermedi-
ate-conductance (Kc,3.1) is a promising target for the
treatment of sickle cell anemia (3,4). Specific inhibitors of
Kc,3.1 thus may be developed as antisickling and immuno-
suppressant agents (3,5-7).

Many peptide toxins isolated from venoms of animals
such as scorpions and sea anemone block K¢,3.1 potently
with dissociation constants (Ky) in the nanomolar range
(1). Among the most widely studied are maurotoxin
(MTx, Kg = 1 nM), charybdotoxin (ChTx, K4 = 5 nM),
ShK (K4 = 30 nM), and OSK1 (K4 = 225 nM) (8.,9). These
toxins are short polypeptides containing 30—40 amino acids,
whose backbones typically consist of one a-helix and two/
three (-sheets. Between three and four disulfide bridges
forming the inhibitor cysteine knot stabilize the backbones
of the toxins (10). Although these toxins inhibit Kc,3.1
with high potency, their pharmacological application is
limited by poor specificity. For example, MTx blocks the
voltage-gated potassium (Kv) channel Kv1.2 with a Ky of
0.7 nM (11), whereas ChTx inhibits Kv1.2 with a K4 of
14 nM (12). On the other hand, OSK1 blocks Kv1.3 with
a K4 of 0.01 nM (9).
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Computational approaches such as molecular dynamics
(MD) simulations have been widely used to study the bind-
ing of toxins to biological ion channels at an atomic level
(13,14). Such studies provide insight into the interactions
between the toxin and the channel that are otherwise diffi-
cult to probe by using available experimental techniques.
MD simulations performed on Kv channels demonstrate
that pore blocker toxins physically occlude the ion conduit
of the channel with the side chain of a lysine residue (13).
This lysine is frequently located in the §-strand immediately
preceded by the a-helix. The key lysine forms a hydrogen
bond with the carbonyl groups of a ring of four tyrosine
residues lining the channel filter. The toxin-channel com-
plex is further stabilized by one or more hydrogen bonds
and salt bridges between the toxin and the outer vestibule
of the channel (13). The longest principal axis of the toxin
is perpendicular and the shortest principal axis approxi-
mately parallel to the channel axis on the binding of the
toxin to the channel (15). In this way the area of contact
interface between the toxin and the channel is maximized.
A computational study performed on MTx and K¢,3.1 sug-
gests that the general principles of toxin-channel inter-
actions observed for Kv channels may also be applicable
to Kc,3.1 (16).

Here, the binding modes of ChTx and OSK1 to K¢,3.1
are examined in atomic detail using computational methods.
MD simulations with distance restraints are used to predict
the structures of toxin-channel complexes. The Ky value
for the dissociation of each complex is derived from poten-
tial of mean force (PMF) calculations and compared to
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experiment. Analysis of interacting residue pairs in ChTx-
Kc,3.1 and OSK1-K(,3.1 complexes suggest that Asp-239
of the channel is important for high affinity toxin-channel
association. Finally, a mutant ChTx, the affinity of which
for Kc,3.1 is predicted to be 35-fold higher than that of
the wild-type (WT), is designed based on the model of
ChTx-K¢,3.1 predicted.

METHODS
Homology modeling

The sequence of the human Kc,3.1 channel is retrieved from the protein
database of the National Center for Biotechnology Information (entry
NP_002241.1). A model of the Kc,3.1 pore domain is constructed using
SWISS-MODEL (17-19), using the crystal structure of the Kv1.2 channel
in the open state as a template (20). A sequence alignment between the pore
domain of K¢,3.1 and Kv1.2 is given in Fig. 1 A. The intracellular half of
the S5 helix of K¢,3.1 (residues 200 to 211) is not modeled due to the low
sequence identity between K¢,3.1 and Kv1.2 in this region. This truncation
should not affect toxin binding significantly, because the S5 helix does not
interact with toxins directly and the resulting model is stable in a lipid
bilayer. The maximum root mean-square deviation of the channel backbone
with reference to the initial model is 3 A to 4 A in all subsequent
simulations.

The structure of the pore domain is well conserved in K* channels. For
example, crystal structures of the bacterial K¢, channel MthK show that
high structural similarity exists between K¢, channels and voltage-gated
K" channels (21-23). Therefore, the K¢,3.1 structure modeled on Kv1.2
is expected to be of reasonable quality, although the sequence identity be-
tween Kc,3.1 and Kv1.2 is under 30%, which is required for high-quality
homology modeling in many cases (24). We show that using the model

A

Kvl.2 FIGVILFSSAVYFAEADERDSQFPSIP 362
Kc.3.1 TLGLWLTTAWVLSVAERQAVNATGHLS 238
Kvl.2 DAFWWAVVSMTTVGYGDMVPTTIGGKI 389
Kca3.1 DTLWLIPITFLTIGYGDVVPGTMWGKI 265
Kvl.2 VGSLCAIAGVLTIALPVPVIVSNENYF 416
Keca3.1 VCLCTGVMGVCCTALLVAVVARKLEFN 292
B I 50 A i

30A

FIGURE 1 Sequence and structure of K¢,3.1. (A) Primary structure of
the pore domain of K,3.1 aligned with that of Kv1.2. The selectivity filter
region is highlighted with an underscore. (B) Structure of K¢,3.1 model
viewed perpendicular to the channel axis. Two K* ions and water molecules
in the selectivity filter are displayed. Only two channel subunits are shown
as gray ribbons for clarity. To see this figure in color, go online.
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of Kc,3.1 both the conduction properties of the channel and the experi-
mentally determined Ky values for the block of two toxins is reproduced,
suggesting that the model is reliable. In several previous studies the
structure of the KcsA channel was successfully used as a template for the
homology modeling of K¢, channels including Kc,3.1 (16,25).

Brownian dynamics

To validate the homology model of K¢,3.1, three-dimensional Brownian
dynamics simulations are carried out to deduce the conductance of ions
through the channel (26). In these simulations, 14 K* and 14 CI~ ions
are placed in each of the two cylindrical reservoirs of 30 A in radius con-
nected to the channel. The ion concentration is 0.14 M in both reservoirs.
The position and velocity of each ion evolves according to a stochastic
dynamical system. The electrostatic forces experienced by the ions are
derived from precalculated lookup tables containing the solutions to
Poisson’s equation (27). The adaptive Poisson-Boltzmann Solver (28) is
used to derive the electric field generated by the partial charges in the
channel protein. A time step of 100 fs is used in the reservoirs and 2 fs
in the channel. Each simulation is run for 10 us. The current is computed
from the number of ions that pass through an imaginary plane near the
end of the channel during a simulation period. For further technical details
see Chung et al. (26,29).

MD simulations

The model structure of K¢,3.1 is embedded in a 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine bilayer of 67 lipids per leaflet and a box of
explicit water (14,301 water molecules), and then 54 K" and Cl~ ions
each are added, corresponding to a salt concentration of 0.2 M. Two K"
ions are moved to the S2 and S4 binding sites of the selectivity filter,
with the S1 and S3 ion binding sites occupied by two water molecules
(Fig. 1 B). The system is equilibrated for 5 ns, and the simulation box
evolves to ~77 x 77 x 106 A” in size. A view of the simulation box is given
in Fig. S1 A of the Supporting Material. During the equilibrium, the side
chain of one of the four aspartate residues at position 255 changes from a
downward to an upward orientation. No significant conformational changes
to the filter are observed in all subsequent simulations without restraints.

After the equilibration, each toxin molecule is added into the simulation
box 15 A above the position where the toxin is fully bound. The NMR struc-
tures 2A9H (30) and 1SCO (31) are used for ChTx and OSK1, respectively.
In both toxins Lys-27 is believed to be the key residue that occludes the
selectivity filter of a channel on block (30,32). Gly-252 of K¢,3.1 is located
inside the filter, just below Tyr-253, which forms hydrogen bonds with the
toxin. Thus, a flat-bottom harmonic distance restraint (1 kcal mol ! ;\’2) is
applied to the side-chain nitrogen atom of Lys-27 and the carbonyl group of
Gly-252. The upper boundary of the distance restraint is progressively
reduced from 15 A to 3 A over a simulation period of 5 ns, such that the
side chain of Lys-27 is gradually drawn into the filter. The backbone of
the toxin is maintained rigid. The simulation is extended for a further
25 ns with the distance restraint removed, allowing the toxin-channel com-
plex to stabilize.

All MD simulations are performed under periodic boundary conditions
using NAMD 2.9 (33). The CHARMM36 force fields for lipids (34) and
proteins (35) and the TIP3P model for water (36) are used to describe the
interatomic interactions in the system. The switch and cutoff distances
for short-range interactions are set to 8.0 A and 12.0 A, respectively. The
long-range electrostatic interactions are accounted for using the particle
mesh Ewald method, with a maximum grid spacing of 1.0 A. Bond lengths
are maintained rigid with the SHAKE (37) and SETTLE (38) algorithms.
A time step of 2 fs is used. The temperature and pressure are maintained
constant at 300 K on average by using the Langevin dynamics (damping
coefficient 1 ps~'), and an average of 1 atm by using the Nosé-Hoover
Langevin Piston method (39), respectively. The barostat oscillation and
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damping timescale are set to 200 and 100 ps, respectively. The pressure
coupling is semiisotropic. Trajectories are saved every 20 ps for analysis.

Umbrella sampling

The PMF profile for the dissociation of each toxin from the K,3.1 channel
along the channel axis is constructed using the umbrella sampling method,
and the corresponding Ky value is derived according to Eq. 1. Using
the same method the K4 value for the binding of u-conotoxin PIITA to
the bacterial sodium channel NayAb was predicted to be 30 pM (40),
in close proximity to the value of 5 pM determined in subsequent experi-
ments (41).

A constant force of 10-20 kcal mol ' A" is applied to pull the toxin out
from the binding site, allowing the starting structures of the umbrella
windows spaced at 0.5 A intervals to be generated. The backbones of
both the toxin and the channel are maintained rigid during the pulling.
The center of mass (COM) of the toxin backbone is restrained to the center
of each umbrella window using a harmonic force constant of 30 kcal mol !
A %in subsequent umbrella sampling simulations. The COM of the channel
is at z = 0 A. A flat-bottom harmonic restraint is applied to maintain the
COM of the toxin backbone within a cylinder of 8 A in radius centered
on the channel axis. The radius of the cylinder is large enough such that
the restraining potential is always zero when the toxin is bound. Each
umbrella window is simulated for up to 8 ns until the depth of the PMF
profile changes by <0.3 kT over the last 2 ns. The first 1 ns of each window
is removed from data analysis. The z coordinate of the toxin COM is saved
every 1 ps for analysis.

Data analysis

A salt bridge is considered to be formed if the distance is <4 A between a
side-chain oxygen atom from an acidic residue and a side-chain nitrogen
atom from a basic residue (42). A hydrogen bond is considered to be formed
if the donor and acceptor atoms are within 3.0 A of each other and the
donor-hydrogen-acceptor angle is >150° (43). The length of a salt bridge
is defined as the distance between the COM of the oxygen atoms in the side
chain of the acidic residue and COM of the nitrogen atoms in the side chain
of the basic residue. Both hydrogen and heavy atoms are considered in
the calculations of interresidue distances. The weighted histogram analysis
method is used to construct the PMF profile (44). The K4 value is derived
using the following equation, the derivation of which is given by Allen
et al. (45) and Gordon et al. (13):

Zmax

K;' = 10007R?N / exp {_Z/T(Z)] dz, (1)

Zmin

where R is the radius of the cylinder (8 A), Ny is Avogadro’s number, zZyin
and z,,x are the boundaries of the binding site along the channel axis (z),
and W(z) is the PMF.

RESULTS AND DISCUSSION
Outer vestibule of Kc;3.1

The outer vestibule of K¢,3.1 carries three rings of acidic
residues as illustrated in Fig. 1 B and Fig. S1 B. The inner
ring, formed by four aspartates at position 255, is located
just outside the selectivity filter. The middle ring, also
formed by four aspartates at position 239, is located further
from the filter. The distance between each Asp-239 and the
channel axis is ~15 A. The outer ring, formed by four gluta-
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mate residues at position 227 of the P-loop turret, is ~25 A
in radius. In several Kv channels such as Kv1.1, Kv1.2, and
Kv1.3, residues at positions corresponding to 239 and 255 of
Kca3.1 are also aspartates. These aspartates have been
shown to play important roles in the binding of peptide
toxins to Kv channels (15,46). Thus, the model of Kc,3.1
is consistent with many potent toxins of Kv channels also
being highly effective for Kc,3.1 as discussed in the Intro-
duction section.

lon conduction of K¢,3.1

We first ascertain that the homology model of K,3.1 we use
for studying toxin binding correctly replicates the experi-
mentally determined conduction properties of the channel.
Brownian dynamics simulations reveal that there are three
predominant ion binding sites in the channel during conduc-
tion (Fig. 2 A). These three sites correspond closely to SO,
S2, and S4 ion binding sites of KcsA (47). The channel
is inwardly rectifying, with the outward conductance at
50 mV of 9.3 pS and the inward conductance at —100 mV
of 28.3 pS. The current-voltage curve of the model channel
determined from Brownian dynamics simulations are dis-
played in Fig. 2 B. The corresponding experimental data
of Ishii et al. (48) and Jensen et al. (49) are also displayed
in the figure. The current-voltage curve deduced from the
model is in accord with experiment, indicating that the
model structure of K¢,3.1 is of reasonable quality.
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FIGURE 2 (A) Three most favorable binding sites of K ions in the
selectivity filter of Kc,3.1 identified from Brownian dynamics simulations.
(B) The current-voltage (I/V) curve of Kc,3.1. Experimental data of Ishii
et al. (48) and Jensen et al. (49) are also shown in the figure. To see this
figure in color, go online.
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Binding of ChTx

With rapid advances in the MD simulation technique, it has
become possible to simulate the pore block of K™ channels
by simple molecules such as a variant of spermine realisti-
cally (50). However, spontaneous block of a peptide toxin
to a K™ channel is still challenging due to the limited time-
scale accessible to atomistic MD simulations. Molecular
docking programs and MD simulations biased with distance
restraints have been widely used to predict the structure of a
toxin in complex with a channel (13,14). In particular,
biased MD has been shown to be an efficient and reliable
method for the prediction of toxin-channel complex struc-
tures (46,52,53). Here, we apply this method to examine
the binding of ChTx, which is one of the most potent
blockers of K¢,3.1.

A distance restraint is applied to steer the binding of
ChTx to K¢,3.1 during the first 5 ns of the simulation, as
described in the Methods section. The toxin is observed to
bind firmly to the outer vestibule of the channel at 5 ns. To
verify the stability of the complex, the simulation is extended
to 30 ns. The lengths of the Arg-25-Asp-239 and Arg-34-
Asp-255 salt bridges in the complex are observed to fluctuate
minimally around 3.4 Aand 4.5 A, respectively (Fig. 3 A),
with the side chain of Lys-27 persistently occluding the filter.
These observations suggest that the complex structure is
stable and does not evolve substantially over the last 25 ns.

The ChTx-Kc,3.1 complex predicted from the biased MD
simulation reveals that the side chain of ChTx Lys-27
wedges into the selectivity filter (Fig. 4). The bound struc-
ture is stabilized by three favorable electrostatic contacts.
The first is in the selectivity filter of the channel, where
a hydrogen bond is observed between the side chain of
ChTx Lys-27 and the backbone carbonyl group of Tyr-253
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FIGURE 3 Lengths of the salt bridges in the complexes ChTx-Kc¢,3.1 (A)
and OSK1-Kc¢,3.1 (B) as a function of simulation time. To see this figure in
color, go online.
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FIGURE 4 Structure of ChTx-Kc,3.1 predicted from a MD simulation of
30 ns. In (A), the salt bridge Arg-25-Asp-239 is highlighted. In (B), residue
pairs Arg-34-Asp-255 and Lys-11-Asp-239 are shown. In (C), two key hy-
drophobic residue pairs are displayed. To see this figure in color, go online.

from the channel (Fig. 4 A). The second and third contacts
are located on the outer vestibular wall, where two salt
bridges are formed (Fig. 4 B). The first salt bridge Arg-
25-Asp-239, with an average length of 3.4 A, appears to
be stronger than the second salt bridge Arg-34-Asp-255
whose length is 4.5 A on average (Fig. 3 A).

In addition to the three charged residue pairs described
previously, several hydrophobic clusters are observed,
which should also contribute significantly to the formation
of the stable ChTx-K¢,3.1 complex. In particular, Trp-14
of ChTx is in strong coupling with Val-257 of the channel
(Fig. 4 C). Phe-2 of ChTx is in close proximity to Val-231
of Kc,3.1, with an average distance of 3.0 A. Table S1
shows the interacting residue pairs in the ChTx-Kc,3.1
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complex. Both hydrophobic and polar residues are found in
the interface of the complex, indicating that electrostatic as
well as hydrophobic interactions are involved in the recog-
nition of ChTx by K¢,3.1.

Binding of OSK1

We next examine the binding of OSK1 to K¢,3.1. OSK1 is
of interest as it is an extremely potent blocker of Kv1.3
(Kq = 14 pM) but its affinity for Kc,3.1 (Kg = 225 nM)
is four orders of magnitude lower (9). In contrast, ChTx
inhibits Kv1.3 (K3 = 3 nM) and K¢,3.1 (Kg = 5 nM) with
equal affinities (8,12).

After the first 5 ns of simulation in which a distance re-
straint is applied to Lys-27-Gly-252, OSK1 is observed to
bind firmly to the outer vestibule of K,3.1. The simulation
is extended until 30 ns without the distance restraint. Over
the last 25 ns, the OSK1-K¢,3.1 complex is observed to
be stable. Fig. 3 B shows that two salt bridges of the com-
plex formed during the first 5 ns remain intact at 30 ns,
although the Lys-9-Asp-255 salt bridge forms and breaks
at times. Furthermore, the strength of the two salt bridges
seems to be anticorrelated; one salt bridge is strong (short
length) when the other is week (high length).

The position of OSKI1 relative to the outer vestibule of
Kca3.1 is shown in Fig. 5. In this complex, the side chain of

FIGURE 5 Structure of OSK1-K¢,3.1 predicted from a MD simulation
of 30 ns. In (A) two salt bridges (Lys-9-Asp-255 and Arg-24-Glu-227) are
shown. In (B), three hydrophobic contacts (Ile-10-Val-231, Leu-15-Val-
231, and Phe-25-Val-257) are illustrated. To see this figure in color, go online.
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toxin Lys-27 occludes the channel filter. Two salt bridges,
Lys-9-Asp-255 and Arg-24-Glu-227, are observed on the
outer wall of the channel (Fig. 5 A). In addition, the toxin
also forms strong hydrophobic interactions primarily with
residues Val-231 and Val-257 of the channel (Table S1). For
example, Ile-10 and Leu-15 of OSK1 are in close proximity
to Val-231, whereas Phe-25 is strongly coupled with Val-257
(Fig. 5 B). The strong electrostatic and hydrophobic interac-
tions observed are consistent with the stable OSK1-Kc,3.1
complex observed over the last 25 ns of the simulation.

In the structure of OSK1-Kc,3.1, the side chain of toxin
Lys-27 does not protrude deeply into the filter (Fig. 5).
This shallow binding is not observed in the ChTx-Kc,3.1
complex (Fig. 4). To verify the complex structure of
OSK1-Kc,3.1, three additional calculations are performed.
First, starting from the structure of Fig. 5 a distance restraint
is applied to OSK1 Lys-27 and K¢,3.1 Gly-252 such that the
side chain of Lys-27 is pulled further into the filter over a
simulation period of 2 ns. However, the Lys-9-Asp-255
salt bridge is observed to break (Fig. S2 A). In addition,
Lys-27 of OSK1 moves out from the filter rapidly when
the simulation is continued for a further 3 ns with the
distance restraint removed. Second, a molecular docking
calculation is performed on OSKI1 and Kc,3.1 using the
docking program ZDOCK following the approach applied
previously (15,54). Lys-27 also adopts a shallow mode in
the most highly ranked structure predicted by the docking
program (Fig. S2 B), and the orientation of the toxin are
consistent with that predicted from the MD simulation
(Fig. 5). Finally, the biased MD simulation is repeated a
second time for 15 ns, in which a distance restraint is
applied to Lys-27-Gly-252 during the first 5 ns. The penetra-
tion of Lys-27 into the filter is again shallow (Fig. S2 C).
However, toxin Arg-24 is observed to form a salt bridge
with Asp-239 of Kc¢,3.1 rather than Glu-227 (Fig. 5 and
Fig. S2 C). The difference in the free energy of the two
different binding modes is only ~1.5 kT (Fig. S2 D), sug-
gesting that OSK1-Kc,3.1 may switch between alternative
binding modes, with the mode in Fig. 5 being slightly
more favored. It is concluded that the side chain of Lys-27
of OSK1 does not protrude deeply into the filter of Kc,3.1.

PMF profiles

To verify if the predicted model structures of toxin-channel
complexes displayed in Figs. 4 and 5 are good representa-
tions of toxin binding, the PMF profiles for the dissociation
of ChTx and OSKI from Kc,3.1 are constructed using
umbrella sampling. Convergence for the PMF profiles is ob-
tained because the depths of the profiles change by <0.3 kT
over the last 2 ns. The K values for both toxins derived
according to Eq. 1 are within fivefold to that determined
experimentally.

Fig. 6 shows that the shape of the PMF profiles for the two
toxins differs significantly. For example, the minima of the

Biophysical Journal 105(8) 1829-1837
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FIGURE 6 PMF profiles for the unbinding of ChTx and OSK1 from
Kca3.1 along the channel axis (z). The reaction coordinate is the distance
between the COM of the backbones of the toxin and the channel along z.
To see this figure in color, go online.

PMF profile for OSK1 is located at a narrow region around
z = 22.5 A, whereas that for ChTx spans a wide region
between z = 22 A and z = 24 A. In the bulk region (z >
38 10%), the two PMF profiles are rather similar. This is
expected because at long distances the interactions between
the toxin and the channel are insignificant. In the region
between the bulk and binding site (28 < z < 38 A), the
PMF profile for OSK1 is deeper than that for ChTx. This
is partially due to the higher net charge of OSK1 (48 ¢)
compared to that of ChTx (45 e), leading to stronger
long-range electrostatic interactions with the negatively
charged channel wall. The PMF profile for OSK1 is consis-
tently shallower than that for ChTx near the outer vestibule
of the channel (z < 28 A), indicating that ChTx forms
stronger short-range interactions with the channel. This
observation is consistent with the binding modes of the
two toxins to Kc,3.1 observed (Figs. 4 and 5). ChTx pene-
trates deeply into the filter of the channel and is able to
form two stable salt bridges with the channel (Fig. 3 A).
On the other hand, OSK1 adopts a shallow binding mode
in the filter and one of the two salt bridges it forms with
the channel appears to be unstable (Fig. 3 B).

The depth of the PMF profile for ChTx is about —19.5 kT,
2 kT lower than that for OSK1. The K4 value for ChTx
calculated according to Eq. 1 is 24 nM, within fivefold to
the value of 5 nM determined experimentally (8). The K4
value for OSK1 computed is 220 nM, which is very close
to the experimental value of 225 nM (9). The close agree-
ment of the K4 values derived for both toxins with those
determined experimentally suggests that the model struc-
tures we predicted are representative of toxin biding.

The umbrella sampling simulations and PMF calculations
further support a shallow penetration of OSKI1 Lys-27
into the filter of the channel. The shallow mode of Fig. 5
is found to be representative of the umbrella window at
z=122.5 A, whereas the deep mode of Fig. S2 corresponds
closely to the window at z = 22.0 A. According to the PMF
profile derived from umbrella sampling simulations (Fig. 6),
the shallow mode is ~2 kT more energetically favorable
than the deep mode.

Biophysical Journal 105(8) 1829-1837
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Comparison to Kv1.3

The binding modes of several peptide toxins to Kvl.l,
Kv1.2, and Kv1.3 channels have been examined in detail
using computational methods (15,46,55-58). To deduce
the mechanism by which OSK1 selectively inhibit Kv1.3,
we compare the binding modes between the toxins and
Kca3.1 to previous findings on Kv1.3. Detailed comparison
suggests that the salt bridge Arg-25/Arg-24-Asp-239
is crucial for the high affinity binding of the toxins to
Kca3.1 and Kv1.3.

In the structures of ChTx, OSK1 and a sea anemone toxin
ShK in complex with Kv1.3, two key electrostatic contacts
were observed, including one in the selectivity filter and the
other on the outer vestibular wall of the channel (15). On the
outer wall, an aspartate of Kv1.3 equivalent to Asp-239 of
Kca3.1 was observed to form a salt bridge with an arginine
of each toxin. The salt bridge was stable in OSK1-Kv1.3 and
ShK-Kv1.3, but less stable in ChTx-Kv1.3 (15). It was pro-
posed that the lower stability of this salt bridge partially
accounts for the lower affinity of ChTx than that of the other
two toxins for Kv1.3 (15).

The ChTx-K,3.1 complex reveals three strong electro-
static contacts, one of which is the Arg-25-Asp-239 salt
bridge (average length 3.4 A) equivalent to the key salt
bridge observed in OSK1-Kv1.3 and ShK-Kv1.3 previously
(15). As the key salt bridge is present in both ChTx-Kc,3.1
and ChTx-Kv1.3, ChTx is expected to be equally potent for
Kca3.1 and Kv1.3, consistent with experimental observa-
tions (8,12). In contrast, the salt bridge Arg-24-Asp-239
is not found in the most favorable model of the OSKI-
Kca3.1 complex (Fig. 5). Although two other salt bridges
are observed in OSK1-K,3.1, neither appears to be strong.
For example, the Lys-9-Asp-255 salt bridge is relatively
unstable, whereas Arg-24-Glu-227 has a length of as large
as 3.9 A on average (Fig. 3 B). In addition, Lys-27 of
OSK1 does not wedge deeply into the filter of the channel
(Fig. 5). Therefore, our model is consistent with the high
selectivity of OSK1 for Kv1.3 over K¢,3.1 observed exper-
imentally (9).

A double mutant of ChTx

The complex of ChTx-K¢,3.1 reveals that Ser-10 of the
toxin is in close proximity to Asp-255 of the channel
(Fig. 7 A). Substitution of this serine with a basic residue
is expected to increase the binding affinity of the toxin sub-
stantially, if the structure of the toxin is not significantly
altered by the mutation. On the other hand, Lys-32 of the
toxin is in the water phase, and not in direct contact with
any residues from the channel. Substitution of Lys-32 with
a neutral residue should not cause a substantial change to
the toxin affinity.

We reasoned that exchanging residues 10 and 32 would
enhance the affinity of ChTx for Kc,3.1. Following this



Scorpion Toxin Recognition by Kg,3.1

w

FIGURE 7 Model structures of the WT (A) and K10S32 mutant (B)
ChTx in complex with K¢c,3.1. In (B), two ions and water molecules in
the filter are highlighted. To see this figure in color, go online.

conjecture, a model of ChTx-[K10S32] in complex with
Kca3.1 is constructed by exchanging the side chains of
Ser-10 and Lys-32 from the toxin in the ChTx-K¢,3.1 com-
plex (Fig. 4). The structure is equilibrated for 10 ns without
restraints. The equilibrated structure of ChTx-[K10S32]-
Kca3.1 shows that Lys-10 forms a salt bridge with Asp-
239 of the channel (Fig. 7 B). All the important salt bridges
and hydrogen bonds found in ChTx-Kc,3.1 are retained.
Therefore, the mutant ChTx should be more potent for
Kc,3.1 than the WT due to the additional salt bridge it forms
with the channel. The structures of the WT and mutant ChTx
are displayed in Fig. 8 A. Subsequent PMF calculations
show that the mutation reduces the binding free energy
of ChTx-Kc,3.1 by 4 kT. The PMF profile of ChTx-
[K10S32] has a well depth of 23 kT (Fig. 8 B), correspond-
ing to a K4 value of 0.7 nM, 35-fold lower than that of
the WT (24 nM). The PMF profiles of the WT and mutant
toxins differ by up to 2 kT'in the bulk region (z > 30 A), indi-
cating that the distribution of charges on the toxin surface
can affect binding affinity.

CONCLUSIONS

In this work, the binding of two scorpion toxins, ChTx and
OSK1, to the pore domain of Kc,3.1 is examined in detail
using MD simulations. Model structures of ChTx-K¢,3.1
and OSK1-Kc,3.1 complexes are constructed using MD
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FIGURE 8 (A) Structure of the WT and K10S32 mutant ChTx. (B) The
PMF profiles for the unbinding of ChTx and its K10S32 mutant from
Kc,3.1 along the channel axis (z). To see this figure in color, go online.

simulations biased with distance restraints. The complex
structures reveal that both toxins form three strong electro-
static contacts with the channel, including one hydrogen
bond and two salt bridges. These strong interactions to-
gether with several hydrophobic clusters render the high-
affinity binding of the toxins to K¢,3.1. The dissociation
constant K, of each complex derived computationally is in
accord with that determined experimentally. Moreover, the
interacting residue pairs of our ChTx-K¢,3.1 model are in
accord with the crystal structure of ChTx-Kv1.2, in which
equivalent salt bridges are formed (59).

The salt bridge Arg-24-Asp-239, which was shown to
be crucial for the binding of OSK1 to Kv1.3 (15), is not
observed in the most favorable OSK1-Kc,3.1 complex.
This suggests that this salt bridge might be crucial for the
selectivity of OSK1 for Kv1.3 over K¢,3.1. This also indi-
cates that a toxin can form drastically different contacts
on binding to similar channels, consistent with previous
studies (46,58). Therefore, the interacting residue pairs
identified from one toxin-channel complex cannot be readily
generalized to another. This highlights the importance
of using computational methods such as MD simulations
biased with distance restraints to construct reliable models
of toxin-channel complexes with low computational cost.

A toxin-channel complex structure predicted from com-
putational methods must be validated against experimental
data. Mutagenesis experiments such as alanine scanning
provide valuable information on the key residues involved
in binding. However, such experiments are suitable for
comparison only if the mutation does not induce signifi-
cant structural changes to the toxin or channel protein.

Biophysical Journal 105(8) 1829-1837
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The dissociation constant Ky, which can be measured
both experimentally and computationally, provides a unique
quantity on which the model could be verified. For the K4
value derived from computational methods to be reliable,
the configuration of ions in the filter must be modeled appro-
priately. There are five ion binding sites (S0-S4) in the filter.
When a toxin is bound to a channel, the SO site is occupied
by the side chain of a lysine residue from the toxin. In the
present and our previous studies (15,46), the S2 and S4 sites
are filled by a K ion each, whereas the S1 and S3 sites are
occupied by water molecules (Fig. | B). This ion configura-
tion remains stable in the presence of a bound toxin (Fig. 7
B). The ion configuration in our models is consistent with
crystallographic data (59). However, in several other studies
the S4 site but not S2 is filled by a K™ ion (60), or the filter is
completely free of ions (56). Such ion configurations may
have a significant effect on the structures and energetics of
the toxin-channel complex. For example, the channel filter
can deform into a nonconducting state in the absence of a
water molecule or ion at the S2 site (61). Furthermore, a
deeper well depth in the PMF profile would be obtained if
fewer ions are present in the filter (56).

It is possible to remodel a toxin to alter its binding affinity
to a channel, once accurate structure of the toxin-channel
complex is deduced, from crystallographic data or MD
simulations. We demonstrate here that the ability of ChTx
to block Kc,3.1 can be enhanced by interchanging the
positions of two amino acid residues in the toxin. Thus,
computational studies such as the one we employed for
this study may prove to be useful for structure-based design
of selective channel blockers.
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