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Modeling the Structure of Agitoxin in Complex with the Shaker K*
Channel: A Computational Approach Based on Experimental Distance
Restraints Extracted from Thermodynamic Mutant Cycles

Mats A. L. Eriksson and Benoit Roux
Weill Medical College of Cornell University, Department of Biochemistry, New York, New York 10021 USA

ABSTRACT Computational methods are used to determine the three-dimensional structure of the Agitoxin (AgTx2) -Shaker
complex. In a first stage, a large number of models of the complex are generated using high temperature molecular dynamics,
accounting for side chain flexibility with distance restraints deduced from thermodynamic analysis of double mutant cycles.
Four plausible binding mode candidates are found using this procedure. In a second stage, the quality and validity of the
resulting complexes is assessed by examining the stability of the binding modes during molecular dynamics simulations with
explicit water molecules and by calculating the binding free energies of mutant proteins using a continuum solvent
representation and comparing with experimental data. The docking protocol and the continuum solvent model are validated
using the Barstar-Barnase and the lysozyme-antibody D1.2 complexes, for which there are high-resolution structures as well
as double mutant data. This combination of computational methods permits the identification of two possible structural
models of AgTx2 in complex with the Shaker K™ channel, additional structural analysis providing further evidence in favor of
a single model. In this final complex, the toxin is bound to the extracellular entrance of the channel along the pore axis via
a combination of hydrophobic, hydrogen bonding, and electrostatic interactions. The magnitude of the buried solvent
accessible area corresponding to the protein-protein contact is on the order of 1000 A with roughly similar contributions from
each of the four subunits. Some side chains of the toxin adopt different conformation than in the experimental solution
structure, indicating the importance of an induced-fit upon the formation of the complex. In particular, the side chain of
Lys-27, a residue highly conserved among scorpion toxins, points deep into the pore with its positively charge amino group
positioned at the outer binding site for K*. Specific site-directed mutagenesis experiments are suggested to verify and

confirm the structure of the toxin-channel complex.

INTRODUCTION

Increasing efforts are devoted to the structural and func-
tional characterization of K* channels (Blaustein et al.,
2000; Cha and Bezanilla, 1998; Doyle et a., 1998; Hong
and Miller, 2000; Monks et al., 1999; Sokolovaet al., 2001;
Tiwari-Woodruff et al., 2000; Zhou et al., 2001). In this
regard, the toxins isolated from various venoms, which are
potent inhibitors of K™ channels, are of particular interest.
These toxins are small proteins that block the passage of K™
ions by binding at the pore entryway on the extracellular
side of the channel, thereby inhibiting the ion flux. The
interactions with K channels are among the strongest and
most specific known in protein-protein complexes. In virtue
of their remarkable properties, these toxins can serve as
powerful investigative tools in experimental studies of ion
channels.

Charybdotoxin (CTX) and its close homolog Agitoxin
(AgTx2) isolated from the venom of scorpion Leirus quin-
questriatus are the best characterized channel blocking tox-
ins. Their three-dimensional (3D) structures in solution
have been determined to high resolution using nuclear mag-
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netic resonance (NMR) (Bontems et al., 1991, 1992; Krezel
et al., 1995). With dissociation constants in the nanomolar
range, CTX is a potent inhibitor of the high conductance
Ca’*-activated channels (Anderson et al., 1988) and of the
voltage-activated Shaker K™ channels (Stocker and Miller,
1994), whereas AgTx2 isa strong inhibitor of Shaker (Mill-
er, 1995). Other well-characterized channel blocking toxins
are, to name a few, the voltage-gated K channel inhibitors
ShK (Tudor et al., 1996) and BgK (Dauplais et al., 1997)
extracted from sea anemones; tertiapin Q, a derivative of
honey bee toxin blocker of the inward rectifier (Kirl)
ROMK (Jin et al., 1999); and dendrotoxins isolated from
mamba Dendroaspis snake venoms (Harvey, 1997) such as
a-dendrotoxins, apotent blocker of Kv1.1 and Kv1.2 (Hurst
et a., 1991; Stocker et a., 1991; Tytgat et a., 1995), and
d-dendrotoxins, a blocker of the inward rectifier Kirl (Im-
redy et a., 1998) as well as voltage-activated channels
(Dolly and Parcej, 1996; Pongs, 1990; Pongs, 1993).

The scorpion toxins CTX and AgTx2 have been used to
identify the pore region of K™ channels (MacKinnon et al.,
1990; MacKinnon and Miller, 1989; Rauer et a., 2000),
determine the channel subunit stochiometry (MacKinnon,
1991), elucidate the structural topology of the extracellular
surface of channels (Goldstein et al., 1994; Hidalgo and
MacKinnon, 1995; Ranganathan et al., 1996), and assign the
functional sidedness of the proton activation of KcsA
(Heginbotham et al., 1999). Their interaction with K™ chan-
nels has been the object of numerous studies (Gross and
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MacKinnon, 1996; Hidalgo and MacKinnon, 1995; Mac-
Kinnon and Miller, 1988; Miller, 1995; Naini and Miller,
1996; Naranjo and Miller, 1996; Ranganathan et al., 1996;
Rauer et al., 2000).

Using the known 3D structure of the toxins as a template
(Bontems et al., 1991, 1992; Krezel et al., 1995), thermo-
dynamic analysis of double mutant cycles with CTX (Naini
and Miller, 1996; Naranjo and Miller, 1996; Rauer et al.,
2000; Stocker and Miller, 1994) and AgTx2 (Gross and
MacKinnon, 1996; Hidalgo and MacKinnon, 1995; Ranga-
nathan et al., 1996) was used to extract spatial restraints
between pairs of residues (one on the toxin and one on the
channel) and structurally characterize the pore of Shaker. As
shown in the case of the Barnase-Barstar complex, for
which a crystallographic structure of the complex is avail-
able (Buckle et al., 1994; Guillet et al., 1993), strong cou-
plings in double mutant cycles are, on average, generally
correlated with short distances between the mutated resi-
dues in the protein-protein complex (Schreiber and Fersht,
1995). The subsequent determination of the structure of the
KcsA K™ channel using x-ray crystallography (Doyle et al.,
1998) made it possible to verify and confirm the structural
information deduced from the analysis of double mutant
cycle (MacKinnon et al., 1998). Nonetheless, although this
initial analysis established the structural similarity of KcsA
to Shaker and provided many of the essential elements for
understanding the microscopic basis for the specificity of
toxin-channel interactions, several aspects require addi-
tional considerations. In particular, only the largest toxin-
channel contacts were included in the analysis and a large
amount of the information available was not used. In addi-
tion, it was implicitly assumed that the coupling constants
could be translated into interresidue distances, which is true
only on average. Thus, the structure of the toxin-channel
complex has not been determined at the highest possible
resolution that can be achieved with the currently available
information from the double mutant data (Hidalgo and
MacKinnon, 1995; Ranganathan et al., 1996).

To make progress in understanding the microscopic basis
for the specificity of these toxins, it is necessary to charac-
terize the interactions in the toxin-channel complex at the
atomic level. There is, however, currently no high-resolu-
tion 3D structure available from experiments of any toxins
in complex with a K™ channel. The goal of this study is to
determine the 3D structure of AgTx2 in complex with the
extracellular vestibule of the Shaker K™ channel at atomic
resolution using computational methods and available ex-
perimental data. A particular emphasis is put on assessing
the quality of the models with some degree of confidence.
The computational protocol can be divided into two parts.
First, a large number of protein-protein complexes are gen-
erated using the distance restraints deduced from thermo-
dynamic double mutant data. Second, the quality of the
generated models is examined by generating molecular dy-
namics (MD) trajectories of the toxin-channel complex sol-
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vated by explicit water molecules and by calculating the
relative binding free energy of various mutant complexes
using a continuum solvent model and comparing with avail-
able experimental values. The docking protocol, allowing
full flexibility of the side chains, differs from the rigid-body
Brownian dynamics approach of Cui et al. (2001) who have
simulated the diffusional encounter of Lg2 with KcsA. The
present MD treatment is more similar to that used for
docking CTX and ShK to different voltage-gated K* chan-
nels (Kalman et al., 1998; Rauer et al., 2000).

The work is presented as a computational method aimed
at extracting structural information from experimental data.
In this regard, the outcome differs from pure modelization
of protein-protein complexes (Camacho and Vajda, 2001;
Palma et al., 2000; Ritchie and Kemp, 2000). In the next
section, the computational methods that are used for the
structure determination and validation are described. The
methods are first tested on the Barnase-Barstar complex, for
which both a high-resolution x-ray structure (Buckle et al.,
1994; Guillet et al., 1993) as well as plenty of experimental
data from thermodynamic double mutant cycles are avail-
able (Schreiber and Fersht, 1995). Thereafter, we describe
the structure determination of the AgTx2/Shaker complex
as well as the evaluation of the resulting binding modes and
the results are discussed. Finally, the paper is concluded
with a summary of the most important findings.

THEORY AND METHODS
Modeling of Shaker

Although there is a growing body of information about the structure of
Shaker, its 3D structure at atomic resolution remains unknown. At the
present time, the only ion channel for which a 3D structure at atomic
resolution is available are the KcsA channel from Streptomyces lividans
(Doyle et al., 1998; Zhou et al., 2001), and the MthK channel from
Methanobacterium thermoautotrophicum (Jiang et al., 2002). Both Shaker
and KcsA are made of four identical subunits disposed symmetrically
around a common axis corresponding to the pore. Analysis of the amino
acid sequence suggests that each subunit of Shaker contains six putative
transmembrane (TM) segments called S1 to S6 (Jan and Jan, 1997; Tempel
et al., 1987). The S1 to S4 segments are involved in the voltage-gating
mechanism (Jan and Jan, 1997; Liman et al., 1991; Logothetis et al., 1992),
whereas the S5 and S6 segments form the central pore region responsible
for the conduction and selectivity of K™ ions (Heginbotham et al., 1992,
1994; Zhou et al., 2001). Although the subunits of KcsA comprises only
two transmembrane helices (TM1 and TM2), the amino acid sequence is
very similar to the segment S5-S6 forming the central pore of Shaker: 31
of 93 residues are identical and 15 are similar for a global sequence
similarity of ~49% (Cortes and Perozo, 1997; Doyle et al., 1998; Schrempf
et al.,, 1995). In addition, the structural similarity of Shaker relative to
KcsA is also supported by experiments: AgTx2 binds to a triply mutated
version of KcsA (although more weakly than to Shaker), indicating that the
two channels do share the same pore structure (MacKinnon et al., 1998).
Furthermore, a chimera incorporating the pore domain of KcsA into Shaker
was shown to retain the main functional features of Shaker (Lu et al.,
2001). All these observations suggest that a reliable comparative model of
the central pore of Shaker can be constructed using the crystallographic
structure of the KcsA channel as a template (Fiser et al., 2000; Sali et al.,
1995).



Structure of Agitoxin-Shaker

a)

b)

FIGURE 1 (a) Chosen NMR structure of AgTx2 (Krezel et al., 1995).
Residues Arg-24 and Lys-27, which are important for the binding to
Shaker, are colored blue. (b) Comparative model of the Shaker K* channel
(S5-S6). The front and rear monomers have been removed for easier
visualization. Coloring corresponds to the following regions: dark blue,
outer helix (S5, 391-417); gray, turret (418—424); orange, pore helix
(425-440); blue, inner helix (S6, 454—482). The backbone of the selec-
tivity filter is shown explicitly. Monomers are labeled A, B, C, and D in the
clockwise sequence from the extracellular side.

The similarity-based models of Shaker were generated by optimizing a
larger number of internal spatial restraints extracted from the KcsA struc-
ture using the program MODELLER v. 4 (Sali and Blundell, 1993). This
technique has been shown to yield 3D models that are generally accurate
(Sali and Blundell, 1993). One-hundred 3D models of Shaker were gen-
erated. The ideal fourfold symmetry of the tetrameric channel was imposed
on all the models. The best model (the one with the lowest MODELLER
restraint energy), shown in Fig. 1 b, was kept and then further refined with
energy minimization of the side chains. Two potassium ions were inserted
at positions corresponding to the upper inner site (in contact with the
carbonyl of Thr-75 and Val-76 in KcsA) and the cavity site of KcsA (Doyle
et al., 1998). The outermost sites were left unoccupied as it can be
anticipated that they will clash with the Lys-27 side chain of the toxin (see
below). The segment S6 was modeled on the basis of the crystallographic
structure despite indications that its structure may be different toward the
intracellular end beyond residue Val-474 (Holmgren et al., 1998). How-
ever, these structural differences in S6 are of no consequence on the
binding of AgTx2 to the extracellular side of the central pore and can be
safely ignored in the current modeling.

Docking and simulated annealing

Coupling constants (€2) derived from thermodynamic analysis of double
mutant cycles represent the main source of information about the structure
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TABLE 1 Distance restraints used successively in the
dockings of AgTx2 to Shaker

Harmonic upper
bound distance

Restraints (ri™) between Experimental*

Restraint strength* heavy atoms (A)" In(€2)
Gly-10-Thr-449 w 4.0 1.6
Gly-10—Phe-425 m 3.5 -31
Ser-11-Asp-447 m 35 -16
Ser-11-Asp-4318 m 35 -17
Arg-24—-Asp-431 S 3.0 -7.3
Phe-25—Met-448 m 35 -3.3
Phe-25-Val-451 w 4.0 0.9
Lys-27-Tyr-445 s 3.0 1.7
Met-29-Thr-449 w 4.0 0.6
Pro-37-Val-451 m 35 -1.6

*s, Strong; m, medium; w, weak.

"The distance between a polar or charged residue pair is taken as the
minimum distance between the heavy atoms of the polar or charged groups,
whereas for nonpolar residue pairs it is the minimum distance between all
heavy atoms of the side chains.

*Ranganathan et al., 1996.

SThis restraint was omitted early in the docking rounds.

of the toxin-channel complex. It has been shown that the magnitude of Q
reflects the spatial closeness of two residues in the protein-protein complex
(Schreiber and Fersht, 1995). The pairs of residues exhibiting the strongest
coupling in the thermodynamic analysis of double mutant cycles for
AgTx2 and Shaker are given in Table 1 (Ranganathan et al., 1996).
Typically, large couplings are indicative of a short distance between the
mutated residues. In contrast, weak couplings are slightly less informative
because they may reflect a large distance but could also arise from a
cancellation of effects. Although such weak couplings can still be useful in
postanalysis to validate the protein-protein complex, it is therefore prefer-
able to use only the strongest couplings as distances restraints in generating
a 3D model of the protein-protein complex.

In the case of the AgTx2-Shaker complex, one practical problem arises
from the fact that the experimentally observed couplings correspond to an
average over four possible and equivalent orientations of the toxin bound
to the tetrameric channel. For this reason, a distance restraint cannot be
assigned unambiguously between a residue in the toxin and a residue in a
specific channel subunit. To resolve the intrinsic ambiguity from the
fourfold symmetry of the system, the distance restraint between a residue
of the toxin (i) and of the channel (j) were implemented as

1 2
3 K(ry — ri™

i it r>rg™

if ry=r™

EG, ) = 1)

in which r{j®is the upper bound on the distance restraint, K is the strength
of the restraint and

ry = Min(r; = o, fIri = o2l liri = o7 liei = 7D

In the case of polar or charged residues, the minimum over all distances
between the heavy atoms of the polar or charged groups was taken,
whereas for nonpolar residue pairs the minimum over all distances between
all heavy atoms of each side chain was taken. Such spatial restraint is
“ambiguous” because it is not assigned between a specific pair of atoms
(one in the toxin and one in a given subunit of the channel) but is
effectively applied only between the toxin residue and the residue of the
channel subunit (A, B, C, or D) that is the closest instantaneously. Standard
distance restraints between pairs of specific residues were applied in the
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later stages of the structural refinement as the contacts between the toxin
and the channel were unambiguously characterized.

The toxin was docked onto the channel surface in the presence of a
selected set of distance restraints taken from Table 1. The docking protocol
consists of a series of short MD trajectories followed by energy minimi-
zations. The channel was positioned such that the wide nonpolar cavity was
centered at Z = 0, which corresponds roughly to the center of a membrane
bilayer, and the pore was aligned with the Z-axis with the extracellular side
on the positive side. The atoms of all the residues of the channel for which
Z < 9 A (corresponding to residues below Gly-444 in the selectivity filter)
were kept fixed in all the MD calculations. For the remaining residues of
Shaker, the backbone atoms were restrained relative to the initial model
using a harmonic potential and the side chain atoms were unrestrained. The
17 NMR solution structures (Krezel et al., 1995) were clustered with the
program NMRCLUST (Kelley et al., 1996). Four clusters were found, and
a representative structure from the cluster that had 12 members (Fig. 1 a)
was chosen. An internal harmonic restraint based on the root-mean-square
deviation (rmsd) relative to the experimental NMR structure (Krezel et al.,
1995) of AgTx2 was applied to the backbone, and the side chains of the
toxin were unrestrained. This rmsd energy restraint allows complete free-
dom of translation and rotation while maintaining the conformation of the
backbone of the toxin close to the reference structure. The strength of the
rmsd backbone restraints was decreased from 100 to 5 kcal/mol/A? during
the docking. All the docking trajectories were started with different initial
conditions. The toxin was given a completely random orientation and was
positioned randomly in a region of 5 by 5 by 1 A centered along the pore
axis at a distance of 20 A from the channel on the extracellular side.
Hydrogen atoms were not included, and electrostatic interactions were
ignored in the early stage of the docking simulation. Atomic displacements
along a fictitious fourth dimension were allowed to reduce the core-core
repulsion between the toxin and channel, thus enabling easier structural
rearrangements of the side chains at the protein-protein interface (i.e., this
MD in the fourth dimension literally allows atoms go through each other in
3D; van Schaik et al., 1993). All atoms were included, and electrostatic
interactions were taken into account toward the end of the docking simu-
lations. The initial temperature was 500 K. The temperature and the
position of AgTx2 along the fourth dimension were gradually decreased to
generate structures of the complex at 300 K in 3D. The time step was 1 fs,
and the total length of one docking simulation was 10 ps. The distance
restraint force constant, K, was gradually increased from 10, 10, and 10
kcal/mol/A? to 60, 40, and 15 kcal/mol/AZ for the strong (s), medium (m),
and weak (w) restraints, respectively, during the docking simulations
(Table 1). Models with distance restraints energies greater than 100 kcal/
mol, corresponding to a deviation of ~1 A on the distance restraints, were
rejected. The best models resulting from the docking trajectories (in terms
of distance restraints energies) were further refined using a simulated
annealing protocol with electrostatics during which the temperature was
decreased from 1000 to 300 K, and the fourth coordinate of AgTx2 was
decreased to zero. To relax the protein-protein complex, the distance
restraints were gradually weakened as the temperature decreased. Hydro-
gen atoms were restrained with the SHAKE algorithm (Ryckaert et al.,
1977), and the time step was 2 fs. The total length of one simulated
annealing was 28 ps. All the MD calculations were performed using the
CHARMM program version ¢28a3 (Brooks et al., 1983).

To test of the docking simulation protocol, Barstar was docked onto
Barnase according to the same protocol that was used for determining the
AgTx2-Shaker complex. The Barnase-Barstar complex is very suitable as
a test system because a high-resolution x-ray structure is available (Buckle
et al., 1994; Guillet et al., 1993) as well as binding free energies from
several single and double mutants. The set of distance restraints used is
given in Table 2. Each docking simulation was started with a randomized
position of Barstar along the principal axis above the interface and a
random orientation of Barstar relative to Barnase. The Barnase backbone
atoms were restrained relative to the crystal structure using a harmonic
potential. An internal harmonic restraint based on the rmsd relative to the
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TABLE 2 Distance restraints used in the dockings/
annealings of Barstar (an asterisk in the table) to Barnase

Harmonic upper
bound distance

Restraints (ri™) between Experimental*
Restraint strength™  heavy atoms (A)  AAG;,, (kcal/mol)
Lys-27-Trp-38* w 4.0 0.6
Lys-27—-Asp-39* S 3.0 4.8
Lys-27-Thr-42* m 35 15
Arg-59-Asp-35* S 3.0 34
Arg-59—Trp-38* w 4.0 0.6
Arg-59-Glu-76* S 3.0 1.7
Arg-83-Asp-39* S 3.0 6.7
Arg-83—Thr-42* m 3.5 1.2
Arg-87-Tyr-29* w 4.0 1.0
His-102—Tyr-29* S 3.0 3.3
His-102—Asp-39* S 3.0 4.9

*The distances between the residue pairs are defined as in Table 1.
Ts, Strong; m, medium; w, weak.
*Schreiber and Fersht, 1995.

crystal structure of the complex was applied to the Barstar backbone. The
side chains of both Barnase and Barstar were fully flexible. Fifty docking
simulations were performed using the described protocol and models with
a distance restraints energy <50 kcal/mol (35 of 50) were refined with the
simulated annealing protocol. The rmsd of the backbone of Barstar relative
to the crystal structure of the complex was 0.7 A for the best model. Most
side chain conformations at the Barnase-Barstar interface in the resulting
model are also in good agreement with the x-ray structure with an rmsd of
1.8 A for all heavy atoms. Thus, given that there are enough distance
restraints between the two proteins, the docking protocol is expected to
give satisfactory results.

Thermodynamic double mutant cycles

In a thermodynamic double mutant cycle, the interaction AAG;,, between
two residues “a” and “b,” respectively, in protein “A” and “B” is deter-
mined by considering the difference between the single and double mutant
relative binding free energy (Ranganathan et al., 1996; Schreiber and
Fersht, 1995),

AAG;, = [AGping(a*, b*) — AGpng(a*, b)]
— [AGpina(a, b*) — AGying(a, b)]
=RT In(Q) (2)

in which AGy;q (&, b), AGyiq(@*, b), AGy;ng (&, b*), and AG;4 (a*, b*)
represent the binding free energy of the wild-type, single, and double
mutant proteins. €) is a measure of the nonadditivity of the mutations “a —
a*” and “b — b*” on the binding affinity (Ranganathan et al., 1996;
Schreiber and Fersht, 1995). If the interactions other than those between a
residue pair canceled out, the coupling constant would be roughly related
to the difference in direct interaction energy (Horovitz et al., 1990; Serraro
et al., 1990).

A continuum solvent model provides a useful and computationally
inexpensive approach for calculating the binding free energies of the
various mutants (Norel et al., 2001; Novotny et al., 1997; Olson, 1998;
Olson and Reinke, 2000; Sharp, 1998). To make progress, the binding free
energy AGy,;,q IS expressed as

AGbind = AG‘np + AGelec (3)
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FIGURE 2 (Top) AAGy,;,q4 (kcal/mol) for 13 single mutations in Barnase-

Barstar. (Bottom) AAG;,,, (kcal/mol) for 14 Barnase-Barstar residue pairs.
Experimental values (Schreiber and Fersht, 1995) are shown as black bars
and the values calculated from the x-ray structure (Buckle et al., 1994;
Guillet et al., 1993) as light shaded bars.

in which AG,,, and AG are the nonpolar and electrostatic contributions,
respectively. The electrostatic contribution is calculated from the Poisson-
Boltzmann equation. The nonpolar contribution to the binding free energy
is empirically written as a fraction of the van der Waals interactions
AAE, 4 upon formation of the complex between protein “A " and “B.”
The value of A, as well as the dielectric constant assigned to the protein
interior, €,.o, Was optimized empirically using the experimental data about
the 13 single mutations of the Barnase-Barstar complex (Ranganathan et
al., 1996; Schreiber and Fersht, 1995). For each mutation, the structure was
relaxed using a short MD simulation followed by an energy minimization
for all atoms at a distance less than 6 A from the mutated residue(s), while
the rest of the complex was kept fixed. The Poisson-Boltzmann equation
was solved numerically using the PBEQ module (Im et al., 1998) imple-
mented in the program CHARMM (Brooks et al., 1983). A set of atomic
Born radii, calibrated and optimized to reproduce the electrostatic free
energy of the 20 amino acids in MD simulations with explicit water
molecules, was used (Nina et al., 1997). An excellent agreement was
obtained with €, = 12 and A = 0.17; the rmsd between calculated and
measured binding free energies, x, was equal to 1.3 kcal/mol. Incorporating
the influence of the solvent accessible surface area (SASA) did not im-
prove the results. The small value of A reflects the fact that the short-range
dispersive interactions in the complex are partly (but not completely)
compensated by protein-solvent interactions in the dissociated state. The
relative binding free energy of the single mutants are shown in Fig. 2 (top).
The AAGig = [AGping (Mut) — AG;,g (Wt)] for 14 double mutations in
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the x-ray structure yields a x value of 1.5 kcal/mol. The AAG;,, for the
double mutants are shown in Fig. 2 (bottom). The agreement with exper-
imental values is excellent with a y of 1.4 kcal/mol.

As a blind test of the applicability of the present continuum solvation
model, the binding free energy of the lysozyme dimeric antibody D1.3
complex was examined (Dall’Acqua et al., 1998). As in the case of
Barnase-Barstar, the AAG,;,q, calculated for 13 single mutations in either
lysozyme or in the antibody were in good agreement with experimental
results with a x of 1.0 kcal/mol. Finally, calculations of AAGy;,4 and
AAG;,, for eight double mutants in the complex resulted in y values of 1.2
and 0.9 kcal/mol, respectively, suggesting that the empirical parametriza-
tion is valid for other protein-protein complexes. Such results are compa-
rable with previous calculations by others using similar continuum solvent
approximation (Novotny et al., 1997; Olson, 1998; Olson and Reinke,
2000; Sharp, 1998).

RESULTS AND DISCUSSION
Docking and simulated annealing

The docking simulations to determine the structure of the
AgTx2-Shaker complex were staged in four sets of calcu-
lations. The number of distance restraints was increased
progressively in the successive set of calculations, with one
restraint in set I, two in set 11, seven in set Il1, and nine in
set 1V, each set helping to better resolve the structure of the
complex by incorporating more restraints. The main results
from each series of calculations are summarized in Table 3
and in Fig. 3.

A first set of calculations was performed using a single
distance restraint involving the side chain of Lys-27. There
are several experimental indications that this residue is
particularly important for toxin binding. The binding affin-
ity of CTX (a close homolog of AgTx2) decreases threefold
upon charge neutralization of Lys-27 and removes the tox-
in’s characteristic voltage dependence in dissociation rate
(Goldstein and Miller, 1993; Park and Miller, 1992). Fur-
thermore, ion entry from the internal solution accelerates
CTX dissociation from the extracellular face of the channel,
suggesting that it competes with K* for a binding site
located deeply into the pore (MacKinnon and Miller, 1988;
Park and Miller, 1992). These observations suggest that the
positively charged amino group of Lys-27 is repelled by K™
ions and is thus probably positioned in the pore of the
channel (Goldstein and Miller, 1993; Park and Miller,
1992). Lastly, double mutant cycle analysis shows that the
coupling constant for the Lys-27Met/Tyr-445-Phe is rela-
tively large (Table 1), further indicating that Lys-27 could
bind directly into the pore (Ranganathan et al., 1996).

Although plausible, it remains nevertheless uncertain
whether the molecular shape of the two proteins can steri-
cally accommodate the binding of Lys-27 in close proximity
to the pore. Can the lysine side chain actually reach into the
pore or not? To examine this possibility, 200 models of the
toxin-channel complex were generated following the simu-
lation protocol described in Theory and Methods. A single
distance restraint between the positively charged amino
group of the Lys-27 side chain and the carbonyl oxygens of
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TABLE 3 Distance restraints applied in the four docking simulations and resulting average backbone rmsd (i\)

Restrained to bind Average backbone rmsd

Docking Restrained pair to monomer (number of kept models™)
1. (200 models) Lys-27-Tyr-445 Outer side 5.5 (200)
11. (100 models) 3.7 (80)
Lys-27-Tyr-445 Outer site
Arg-24—-Asp-431 A
I11. (150 models) 3.0 (109)
Lys-27-Tyr-445 Outer site
Arg-24—-Asp-431 A
Phe-25—Met-448 A
Pro-37-Val-541 B
Gly-10-Thr-449 A B, CorD
Gly-10-Phe-425 A, B, CorD
Ser-11-Asp-447 A, B, CorD
V. (50 + 50 models)* 1.8 (100)
Lys-27-Tyr-445 Outer site
Arg-24—-Asp-431 A
Phe-25—Met-448 A
Pro-37-Val-541 B
Gly-10-Thr-449 D
Phe-25-Val-451 A
Gly-10-Phe-425 CorD
Met-29—Thr-449 CorD
Ser-11-Asp-447 C or D*

*Two parallel series of docking simulations (50 models each) with Ser-11 restrained to either contact Asp-447 (C) or Asp-447 (D), respectively.
"Models with distance restraints energies >100 kcal/mol were rejected from the analysis.

Tyr-445 was applied, positioning the positively charged end
of the lysine side chain near the outer binding site identified
in the x-ray structure (Doyle et al., 1998). This position is
also referred to as the S, binding site (Berneche and Roux,
2001). In all of the resulting models, it was observed that the
side chain of Lys-27 is located in the pore near the outer
binding site, demonstrating that such configurations are
sterically possible. Nonetheless, the orientation of the toxin
is widely distributed around the pore axis with a slightly

I

I

higher occurrence observed for the complexes in which
Arg-24 is near the residue Asp-431 from one of the four
channel subunits. Although these initial calculations dem-
onstrate that the docking procedure is able to explore ex-
tensively over all orientations of the toxin bound at the
extracellular surface of the channel, they show that the
restraint on Lys-27 alone is not sufficient for determining an
accurate model. Presumably, the complementarity between
the molecular surface of the channel and the toxin is not

IV

FIGURE 3 Distribution of modeled structures for docking set Il, I1l, and V. Mode | is red, mode I’ is green, mode Il is yellow, and mode 1" is blue
in the right figure. The labeling of the monomers in Shaker is shown in the left figure.
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sufficient to impose a unique orientation for the protein-
protein complex. To increase the resolution of the resulting
models, it is necessary to introduce additional distance
restraints.

A second set of calculations (set 1) was performed,
including an additional restraint between Arg-24 and Asp-
431. This pair of residue exhibits the largest coupling ob-
served experimentally in the double mutant experiments
(In(Q2) = —7.3, see Table 1), probably reflecting the for-
mation of a salt bridge in the toxin-channel complex
(Hidalgo and MacKinnon, 1995). Consequently, a restraint
imposing a maximum distance of 3.0 A between any pair of
oppositely charged atoms was applied (i.e., N,; or N, of
Arg-24 with Oy, or Oy, of Asp-431). In principle, Arg-24
can bind alternatively with Asp-431 on any of the four
monomers of Shaker, although the symmetrically related
complexes are structurally equivalent and provide no addi-
tional information. To avoid the unnecessary complication
of the fourfold symmetry, the distance restraint between
Arg-24 and Asp-431 was assigned only to monomer A of
Shaker; 100 models were generated following the simula-
tion protocol. A total of 80 models satisfying the distance
restraints were kept, and the remaining models were re-
jected. For this set of 80 structures, the rmsd of the toxin
backbone relative to the average structure is 3.7 A. The
resulting models allowed the assignment of a few additional
unambiguous distance restraints corresponding to the stron-
gest coupling in the double mutant data. In particular, it was
observed that Phe-25 is within 4 A of Met-448 of monomer
A and that Pro-37 is less than 4 A from Val-451 of mono-
mer B.

Even though the experimentally observed coupling be-
tween Ser-11 and Asp-431 is relatively large, these residues
were in close proximity in none of the generated models. In
fact, further analysis indicated that satisfying both the Arg-
24-Asp-431 and Ser-11-Asp-431 distance restraints was not
possible even though they both exhibit strong coupling in
the double mutant data; 50 models were generated with the
Lys-27-Tyr-445 distance restraint and one additional am-
biguous restraint between Asp-431 and either Ser-11 or
Arg-24 (the residue that happened to be nearest). On the
basis of these models, it was found that Ser-11 was as far as
12 A away from the nearest Asp-431 when Arg-24 was near
Asp-431. Conversely, when Ser-11 was close to Asp-431,
Arg-24 was 8 to 15 A away from the nearest Asp-431. This
computational experiment suggests that the observed Ser-
11/Asp-431 coupling does not reflect a short distance in this
case. For this reason, no distance restraint was applied
between Ser-11 and Asp-431 in the docking simulations.

On the basis of the analysis of the previous models, 150
additional models were generated with four monomer-spe-
cific restraints and three additional ambiguous restraints (set
I11). A total of 109 models satisfying the distances restraints
were kept, and the remaining models were rejected from the
analysis. The rmsd of the toxin backbone for the ensemble
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of models relative to the average structure is 3.0 A, which is
slightly smaller than that of the previous set of calculations.
The resulting models allowed the assignments of additional
monomer-specific contacts between the toxin the channel:
Gly-10 is close to Thr-449 of monomer D, and close to
Phe-425 in either monomer C or D, whereas Ser-11 is close
to Asp-447 in either monomer C or D. The models were also
analyzed to identify additional contacts detected in the
double mutants data experiments, which could contribute to
better define the structure of the toxin-channel complex. It
was found that Phe-25 is close to Val-451 in monomer A,
whereas Met-29 is close to Thr-449 in either monomer C or
D. Couplings on the order of 0.5 kgT were measured in the
double mutant cycles for these pairs of residues (Ranga-
nathan et al., 1996).

To better resolve the resulting protein-protein complexes,
two separate sets of 50 models were generated using seven
monomer-specific restraints and two ambiguous restraints
(set 1V): a first set in which Ser-11 was restrained to
Asp-447 in monomer C and a second set in which it was
restrained to Asp-447 in monomer D. The rmsd of the toxin
backbone for the resulting 100 models is only 1.8 A. From
these models it was possible to distinguish four different
binding modes: I, I, 11, and 11". The rmsd for the individual
mode is only 0.5 A, which indicate that they are distributed
quite narrowly. The four binding modes occurred with sim-
ilar frequencies and with similar distance restraint energies
and, thus, appear to be equally plausible. The four binding
modes can clearly be observed in Fig. 3 (right). In particu-
lar, mode | (red) and mode 1’ (green) are quite similar to
each other, and similarly for mode 11 (yellow) and mode II’
(blue). However, it can be observed that the orientation of
the toxin differ by a rotation on the order of ~20° around
the z axis of mode | (or I") relative to mode Il (or 11"). The
relative rmsd is on the order of 1.2 A. Further structural
refinement using simulated annealing with all interactions
on the eight best structures of each binding mode (lowest
restraint energies) decreased the backbone rmsd of AgTx2
relative to the average structure from each of the four
binding modes to 0.4 A. The significant structural differ-
ence between the four binding modes indicates that the
procedure has reached its intrinsic limit. Further discrimi-
nation between the different models is thus needed to con-
verge toward a valid model of the AgTx2-Shaker complex.

Unrestrained MD simulations with explicit solvent

The stability of the four binding modes was examined by
generating 3 ns MD trajectories of the toxin-channel com-
plex solvated by explicit water molecules. The strengths of
the distance restraints were gradually reduced to zero at 0.4
ns; internal backbone restraint on AgTx2 were gradually
reduced from 1.6 to 1.8 ns. The time evolution of the AgTx2
rmsd from the starting structure and the minimum distances
between the restrained residue pairs are shown in Fig. 4.

Biophysical Journal 83(5) 2595-2609
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FIGURE 4 MD simulations of one annealed model from each binding mode of the toxin-channel complex with explicit solvent molecules. Each colored
curve shows the time evolution of the minimum distance between the initially restrained pairs in AgtTx2-Shaker for the four binding modes. The violet
curve is the time evolution of the AgTx2 backbone rmsd from the initial structure, and the other curves are minimum distances between residue pairs (as
defined in Table 1). The simulated systems were solvated with a 25-A radius sphere of water molecules centered at Tyr-445. The strength of the restraints
was gradually decreased until the molecular complex was freely simulated at 0.4 ns. The nonbonded interactions were truncated at 10 A; the length of bonds
involving hydrogen atoms were kept fixed using the SHAKE algorithm (Ryckaert et al., 1977), and the time step was 2 fs.

After 2.2 ns the protein complexes of mode | and Il were
both stable and nondrifting with a backbone rsmd from the
initial structure around 1.6 A. All distances between the
initially restrained residue pairs were also stable and non-
drifting (Fig. 4, left). In contrast, mode I’ and 1" appeared
to be much less stable. In mode I’ (Fig. 4, top, right), the
AgTx2 backbone rmsd is slightly higher (2.0 A) and the
N-terminal part of the helix (around residue 10 to 12) is
opening up toward the end of the simulation. In the case of
mode Il’, there is an abrupt increase in the AgTx2 backbone
rmsd when the internal restraint is removed (Fig. 4, bottom,
right) and the rmsd is drifting throughout the simulation.
The G10-F425 and Ser-11-D447 distances in mode 1" and
1" are significantly larger than the corresponding distances
in mode 1 and II.
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At the end of the simulations the AgTx2 backbone rmsd
relative to the NMR structure are on the order of 1to 1.5 A.
The small differences are mostly located at the turn between
residues 29 to 31. Examination of the toxin-channel inter-
face shows that all side chains have unique conformations
within one binding mode, except those at the protein-sol-
vent interface. The side chain conformations of AgTx2 are
generally the same as in the NMR structure with Lys-27 and
Phe-25 being two notable exceptions. In all the AgTx2-
Shaker complexes, the side chain of Lys-27 adopts an
extended conformation, pointing directly into the pore.
However, such a conformation is observed in none of the
NMR structures (Krezel et al., 1995). Similarly, the rota-
meric state of the Phe-25 side chain differs from the one
observed in the NMR structure; the x; and x, dihedral
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angles of the Phe-25 side chain changed from —178° and
—66°, respectively (in the NMR structure), to 159° and 80°
in mode | and to 84° and 60°, respectively, in mode II.
These conformational changes of AgTx2 upon docking to
Shaker show that there is partly an induced fit in toxin-
channel interactions. These observations highlight the im-
portance of allowing side chain flexibility in searching for
the optimal conformation of protein-protein complexes, an
aspect that is generally neglected in docking algorithms for
the sake of computational efficiency (for example, see Ca-
macho and Vajda, 2001; Palma et al., 2000; Ritchie and
Kemp, 2000). Side chain flexibility of toxins has been
ignored in previous rigid-body BD docking studies (Cui et
al., 2001; Cui et al., 2002).

The magnitude of the SASA buried upon formation of the
AgTx2-Shaker complex is roughly 1000 A?, a value that is
comparable with that of other known protein-protein com-
plexes (Glaser et al., 2001; Jones and Thornton, 1996). The
SASA covered by the toxin in the case of mode I and I" is
roughly 350 A? for monomer A, 250 A2 for monomer B,
250 A? for monomer C, and 150 A for monomer D. In the
case of mode Il and 11", the SASA is 360 A? for monomer
A, 230 AZ for monomer B, 120 A2 for monomer C, and 240
A? for monomer D. The variations in the SASA reflect the
rotation of the toxin in the different binding modes.

Binding free energies and coupling constants

To further assess the validity of the toxin-channel com-
plexes, the binding free energies of the single and double
mutants were calculated using a continuum solvation ap-
proximation. The total electrostatic and nonpolar contribu-
tions to the binding free energy (AGge. + AG,,) of the four
binding modes were calculated as an average over eight
configurations, taken near the end of the MD simulations. In
all cases, AGg, + AG,, was very similar for each binding
mode, —38 =+ 2 kcal/mol. One may note that such value is
roughly consistent with the experimental dissociation con-
stant in the nanomolar range (Ranganathan et al., 1996)
once the loss of entropy caused by the translational and
orientational restriction (approximately +7 kcal/mol) as
well as the immobilization of side chains with rotatable
bonds at the toxin-channel interface (approximately +16
kcal/mol; Doig and Sternberg, 1995) have been accounted
for. However, the calculated absolute free energies are
much too similar to allow discrimination between the dif-
ferent binding modes.

To further discriminate among the binding modes, we
calculated the difference in binding free energies between
mutated and wild-type complexes (AAGy,;,q) for 18 single
mutations in each binding mode. The AAG,;,4 were calcu-
lated from an average over four configurations, taken near
the end of the MD simulations; the standard deviations are
on the order of £0.2 kcal/mol. The mutations involving the
four tyrosines of the selectivity filter (Y445F) were not
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included in those calculations because their influence on
toxin binding is expected to be mediated by subtle and
complex effects involving the carbonyl oxygens that would
be inaccurately modeled by the continuum solvent model.
The calculated and measured AAG,;,4 for the four binding
modes are shown in Fig. 5. Overall, the agreement with
experiments is very reasonable for all modes. The results are
slightly better results in the case of mutations in AgTx2 than
in Shaker, reflecting the fact that a mutation in Shaker
involves one point mutation in each one of the four subunits,
which can lead to an accumulation of small errors. Because
the coupling constants () represent the raw information
extracted from experimental double mutants cycles used in
the docking simulations, they are of particular interest in
trying to assess the validity of the models. Errors in the
calculated binding free energies of single and double mu-
tants may cancel in the calculations of the coupling con-
stants. Seventeen coupling constants were calculated for
double mutants according to Eq. 2. The calculated coupling
constants for the four binding modes are shown in Fig. 6.
The agreement of the coupling constants with experimental
values is significantly better for mode I and I1 than for mode
I”and I1” with rmsd values of 1.6 (0.9 kcal/mol) and 1.3 (0.8
kcal/mol), respectively.

Generally the magnitude of In(€2) is much smaller for
mode I” and I1” than for mode I and 1I. The low values of the
coupling constants are especially pronounced for mode 11’
(blue bars in Fig. 6). Two clear examples are the In(Q)
values for Asp-447-Glu/Ser-11-Ala and Phe-425-Gly/Gly-
10-Val, which are close to zero in both modes I’ and II’,
whereas they have values close to the experimental in the
two other modes. This reflects the fact that the toxin is
slowly shifting away from the surface of Shaker, consistent
with the observation that the MD simulations of both mode
I” and Il" are less stable than the two other modes. All these
results suggest that mode I’ and 11" can be ruled out as
candidates for the correct binding mode.

It is particularly encouraging that the values of In(€) for
residue pairs where distances between the residues were not
restrained during the MD simulations (marked with an
asterisk in Fig. 6) are also in good agreement with the
experimental values for modes | and II. The Asp-431/S11
pair is particularly interesting. Even though a distance re-
straint could not be satisfied in the docking simulations (see
above), the calculated value of In(€2) have the correct sign
(but are underestimated). Overall, the agreement with the
experimental data is slightly better for mode 11 than mode I.
This is mostly due to the value of In(€2) for Met-448-Ala/
Phe-25-Ala. In mode I, these mutations give rise to a In((2)
close to the experimental, whereas in mode | it is close to
zero. Although the Met-448-Phe-25 distance is roughly 4.5
A for both binding modes (blue curves in Fig. 4), the phenyl
ring of Phe-25 is oriented differently in the two binding
modes (see above). The plane of the phenyl ring is perpen-
dicular to the pore axis is mode I, whereas it is more parallel

Biophysical Journal 83(5) 2595-2609
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FIGURE 5 Calculated and experimental AAGy;,4 for 18 single mutations in either AgTx2 or Shaker.

in mode Il. The better agreement for mode Il suggests that
the orientation of the Phe-25 phenyl ring should be almost
parallel to the pore axis rather than perpendicular.

All of the AgTx2-Shaker residue pairs that are less than
4 A apart from each other in either one of the two binding
modes are listed in Table 4. The particular interresidues
distances, which differ markedly between mode | and mode
11, are highlighted in bold. The two regions of AgTx2 that
differ most between the binding modes are the N-terminal
part of the helix (residues 9—12) and the B-turn between
residues 28 and 32. For example, the Thr-9-Phe-425 and
Ser-11-Thr-449 distances are both ~3 A larger in mode I
than in mode | (Table 4). The weak couplings that were
measured between Thr-9-Phe-425 and Ser-11-Thr-449
should reflect relatively large interresidue distances. In both
cases, the distance between the pair of residue is smaller in
mode I, suggesting that mode |1 is more consistent with the
experimental data. Conversely, the distance between Asn-
30-Phe-425 is almost 5 A larger in mode | than in mode 11.
The relatively strong coupling between this residue pair
(In(Q2) = 1.1) is in much better accordance with the distance
between the residues as in mode Il. Fig. 7 shows the
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AgTx2-Shaker complex in binding mode 11 and summarizes
some important contacts found between the toxin and the
channel.

For some specific residue pairs there are obvious prob-
lems with the calculated couplings. In particular, the calcu-
lated coupling constants involving the Phe-425-Gly or the
Thr-449-Cys mutations have the wrong sign for all binding
modes. Although the reasons for such discrepancies are
unclear, it might reflect the intrinsic limitations of the sim-
ple continuum solvent treatment used to calculate the bind-
ing free energies, or also indicate that some of the side
chains of Shaker are in a wrong conformation (e.g., in
particular the bulky aromatic ring of Phe-425). Difficulties
arising from the 3D model of Shaker should be expected.
Despite the fact that the sequence similarity of Shaker and
KcsA is generally very high (with no insertion or deletion),
the residues in the turret region (gray in Fig. 1 b) have a very
low sequence similarity (two of eight residues). For this
reason, it is likely that these regions of the 3D model are not
represented accurately. For example, in mode Il, the
charged groups of Lys-16 and Lys-19 form strong contacts
with Glu-422 and Ser-424, respectively. In mode I, the
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conformations of these side chains are somewhat different
as Lys-16 points out in the solution and Lys-19 instead
interacts with the backbone carbonyl of Gly-422. However,
the experimental values of In(Q)for Lys-16-Glu-422 and
Lys-38-Glu-422 are only 0.5 and 0.2, respectively (Hidalgo
and MacKinnon, 1995), which suggests that no salt bridge is
formed between these residues. Lastly, the AAG,;,q4 for the
Asn-30-Ala mutation is underestimated by 3 to 4 kcal/mol
in all four binding modes. No distance restraints were avail-
able to determine the orientation of this polar side chain,
although its large effect on the association constant indi-
cates that it should interact strongly with the extracellular
surface of Shaker. In the toxin-channel complex Asn-30 is
relatively close to Asp-431. To examine the occurrence of
an interaction, a short simulated annealing was performed
with an additional distance restraint between Asp-431-
Ogs1/52 @and Asn-30-Nj,. Although such an additional re-
straint could not be satisfied without significant perturbation
of the complex in the case of mode I, it could easily be
satisfied in the case of mode II. In this case, the backbone of
AgTx2 backbone moved only slightly (rmsd relative to the
previous structure is 1.6 A), the changes affecting mostly
the loop region between residues 28 to 32. In the resulting

structure, the Asn-30 side chain is 3.2 A away from Asp-
431 and also within 5 A from Asp-447. This computational
experiment shows that Asn-30 could interact more strongly
with Shaker without any significant structural changes of
the complex in the case of mode Il but not in the case of
mode 1.

Importantly, it is possible to use the present atomic mod-
els to guide the design of experiments aimed at further
refining the structure of the AgTx2-Shaker complex. In
particular, Pro-12 is located at the N terminus of the helix in
AgTx2 where the structural difference between the binding
modes is the largest. The residue forms various contacts
with monomer D of Shaker (Table 4), and the difference in
distance between the binding modes for a given residue pair
is ~3 A. The different contacts in modes | and Il should
give rise to different couplings and help to discriminate
between the modes. Hypothetically, stronger couplings
should be found for Pro-12-Ser-424, Pro-12-Met-448, and
Pro-12-Thr-449 in the case of mode I, whereas a stronger
coupling should instead be found for the pair Pro-12-Phe-
425 in the case of mode II. Similarly, Gly-10 is in contact
with Asp-447 in mode |, whereas is it 6.5 A away from the
closest Asp-447 in mode Il. Thus, a strong coupling would

Biophysical Journal 83(5) 2595-2609
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TABLE 4 AgTx2-Shaker residue side chains that are less
than 4.0 A apart from each other in at least one of binding
modes | and Il after the MD simulations and experimental
coupling constants*

Distance (A)

AgTx2-Shaker residues Mode | Mode 11 Exp. |In ()]

Charged/polar contacts
Thr-9-Glu-422(D) 43 2.8
Ser-11-Asp-447 3.1(C) 2.8 (D) 1.6
Lys-16-Glu-422(A) 6.8 2.8 0.5
Lys-19-Ser-424(A) 8.3 35
Arg-24-Asp-431(A) 2.9 2.9 7.3
Arg-31-Ser-424(C) 2.9 7.8
Lys-38-Glu-422(B) 2.8 2.8 0.2

Nonpolar contacts
Thr-9-Phe-425 4.0 (C) 6.6 (D) 0.2
Gly-10-Asp-447 3.8(C) 6.5 (D)
Ser-11-Thr-449(D) 3.6 6.8 0.6
Pro-12-Ser-424(D) 3.8 6.7
Pro-12-Phe-425(D) 6.6 3.7
Pro-12-Met-448(D) 40 6.4
Pro-12-Thr-449(D) 4.0 9.5
lle-15-Glu-422(A) 9.1 4.0
Arg-24—Phe-425(A) 35 3.6 0.2
Arg-24—Met-448(A) 42 3.8 0.7
Phe-25-Asp-447 3.5(B) 5.4 (D) 0.4
Phe-25-Met-448(A) 3.8 3.6 3.3
Phe-25-Thr-449(A) 3.7 4.4 0.1
Phe-25-Val-451(A) 47 3.8 0.9
Met-29-Asp-447 3.7(B) 4.0 (C) 1.4
Asn-30-Phe-425 (C) 8.3 35 11
Arg-31-Phe-425 (C) 34 8.2 1.1
Thr-36-Asp-447 (A) 43 3.1 0.5
Pro-37-Val-451 (B) 3.6 5.0 1.6

*Ranganathan et al., 1996.

"Hidalgo and MacKinnon, 1995.

Residue pairs of particular value for discrimination between mode | and 11
are shown in bold. The letter in brackets refers to a monomer in Shaker and
distances are defined as in Table I.

be expected for Gly-10-Asp-447 only in the case of mode I.
Finally, it would be interesting to determine the coupling of
Asn-30 with Asp-431 and with Glu-422.

Although the validity of mode 11 appears to be better than
mode |, it is somewhat surprising that the calculated prop-
erties are in such good agreement for two significantly
different AgTx2-Shaker complexes. Both mode | and Il are
stable during the 3-ns MD simulations with explicit water
molecules and have very similar calculated coupling con-
stants (slightly better for mode I1). In view of these results,
it is tempting to speculate that AgTx2 might not bind to
Shaker in a unique way. From a functional point of view,
the existence of such multiple binding modes might effec-
tively increase the capture radius of AgTx2 for the surface
of Shaker, which would result in a more efficient toxin.
Although we see no compelling reasons to reject the possi-
bility of multiple binding modes, it seems more likely that
the lack of convergence toward a unique structure reflects
the intrinsic limitations of the set of coupling constants that
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is currently available. Ultimately, additional experiments
are required to better resolve the structure of the AgTx2-
Shaker complex. The usefulness of the present models will
be in guiding the design of future experiments.

CONCLUSIONS

The purpose of this work was to determine the structure of
the neurotoxin AgTx2 in complex with the pore of Shaker
potassium channel. A docking protocol using distance re-
straints between AgTx2 and Shaker derived from experi-
mental double mutant data was applied for the structure
determination. A series of dockings simulations was per-
formed during which the number of distance restraints was
successive increased. The series converged into four differ-
ent complexes of AgTx2-Shaker, corresponding to two sim-
ilar binding modes (I, 1" and I, 1I', respectively). The
orientation of the toxin in the two binding modes differ
quite significantly by a rotation of ~20° around an axis
parallel to the pore.

To discriminate between the binding modes, 3-ns MD
simulations of the complex were performed with explicit
water molecules. The simulations of mode | and Il were
both stable, with a nondrifting AgTx2, whereas mode I" and
II" were significantly less stable. Thereafter, binding free
energies of 18 single mutant complexes relative to the
wild-type complex (AAG,;,q) Were calculated from struc-
tures taken near the end of the MD simulations. The agree-
ment with experimental data was reasonable, but no signif-
icant difference was observed between the four modes. The
subsequent calculation of coupling constants (€2) from 17
double mutants turned out to be more helpful for discrimi-
nating between the binding modes. The agreement with
experimental data was much better in the case of mode I and
Il relative to 1" and 11’ suggesting these two modes do not
represent good models of toxin-channel complex. In both
models, the side chain of Lys-27 binds at the outer binding
site for K™ and plugs the pore. Further analysis suggests
that toxin-channel contacts for some residues located in the
regions where the structural difference between the two
modes is largest (e.g., Thr-9, Serll, and Asn-30) are more
consistent with the experimentally measured coupling con-
stants in the case of mode Il, although the lack of clear
convergence toward a unique structure indicates that addi-
tional coupling constants are required to better resolve the
structure of the AgTx2-Shaker complex. The present mod-
eling suggests that those involving Pro-12 and Asn-30 on
the toxin and Ser-424, Met-448, Thr-449, and Phe-425 on
Shaker would be particularly informative.

Lastly, the present study illustrates well the power of
double mutant cycles in combination with computational
methods for the structural characterization of macromolec-
ular complexes. This strategy may be helpful when a high-
resolution structure of a complex cannot be obtained by
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FIGURE 7 (Top) Summary of important contacts between AgTx2 and Shaker in binding mode Il. (Bottom) Two views of the AgTx2-Shaker complex
(mode I1) rotated 90° around the pore axis relative to each other. The rear and front monomers have been removed for easier visualization and the letters
refer to Shaker monomers. The potassium ion in the selectivity filter is shown as a magenta sphere, and the side chains have the same colors as in the figure
above; (left) Lys-27-Tyr-445-0, red; Arg-24-Asp-431(A), green; Phe-25-Met-448(A), magenta; Lys-19-Glu-422(A), orange; and Asn-30-Phe-425(C), cyan.
(Right) Lys-27-Tyr-445-0, red; Pro-37-Val-451(B) and Thr-9-Glu-422(D) blue; Lys-38-Glu-422(B), magenta; Ser-11-Asp-447(D) yellow; and Pro-12-

Phe-425(D), cyan.

NMR or x-ray crystallography even though the structure of
the constituents is known.

This work was supported by grant GM62342-01 from the National Insti-
tutes of Health and from Merck. Helpful discussions with R. MacKinnon,
M. Garcia, and J. Imredy are gratefully acknowledged.

REFERENCES

Anderson, C. S., R. MacKinnon, C. Smith, and C. Miller. 1988. Charyb-
dotoxin block of single Ca2+-activated K+ channels: effects of channel
gating, voltage, and ionic strength. J. Gen. Physiol. 91:317-333.

Bernéche, S., and B. Roux. 2001. Energetics of ion conduction through the
K+ channel. Nature. 414:73-77.

Blaustein, R. O., P. A. Cole, C. Williams, and C. Miller. 2000. Tethered
blockers as molecular ‘tape measures’ for a voltage-gated K+ channel.
Nat. Struct. Biol. 7:309-311.

Bontems, F., B. Gilquin, C. Roumestand, A. Menez, and F. Toma. 1992.
Analysis of side-chain organization on a refined model of
charybdotoxin: structural and functional implications. Biochemistry. 31:
7756—7764.

Bontems, F., C. Roumestand, B. Gilquin, A. Menez, and F. Toma. 1991.
Refined structure of charybdotoxin: common motifs in scorpion toxins
and insect defensins. Science. 254:1521-1523.

Brooks, B. R., R. E. Bruccoleri, B. D. Olafson, D. J. States, S. Swami-
nathan, and M. Karplus. 1983. CHARMM: a program for macromolec-
ular energy minimization and dynamics calculations. J. Comput. Chem.
4:187-217.

Buckle, A. M., G. Schreiber, and A. R. Fersht. 1994. Protein-protein

recognition: crystal structural analysis of a barnase-barstar complex at
2.0-A resolution. Biochemistry. 33:8878—8889.

Biophysical Journal 83(5) 2595-2609



2608

Camacho, C. J., and S. Vajda. 2001. Protein docking along smooth asso-
ciation pathways. Proc. Natl. Acad. Sci. U.S.A. 98:10636—-10641.

Cha, A., and F. Bezanilla. 1998. Structural implications of fluorescence
quenching in the Shaker K+ channel. J. Gen. Physiol. 112:391—-408.

Cortes, D. M., and E. Perozo. 1997. Structural dynamics of the Strepto-
myces lividans K+channel (SKC1): oligonmeric stochiometry and sta-
bility. Biochemistry. 36:10343-10352.

Cui, M., J. Shen, J. M. Briggs, X. Luo, X. Tan, H. Jiang, K. Chen, and R.
Ji. 2001. Brownian dynamics simulations of interaction between scor-
pion toxin Lg2 and potassium ion channel. Biophys. J. 80:1659—-1669.

Cui, M., J. Shen, J. M. Briggs, W. Fu, J. Wu, Y. Zhang, X. Luo, Z. Chi, R.
Ji, H. Jiang, and K. Chen. 2002. Brownian dynamics simulations of the
recognition of the scorpion toxin PO5 with the small-conductance cal-
cium-activated potassium channels. J. Mol. Biol. 318:417—428.

Dall’ Acqua, W., E. R. Goldman, W. Lin, C. Teng, D. Tsuchiya, H. Li, X.
Ysern, B. C. Braden, Y. Li, S. J. Smith-Gill, and R. A. Mariuzza. 1998.
A mutational analysis of binding interactions in an antigen-antibody
protein-protein complex. Biochemistry. 37:7981-7991.

Dauplais, M., A. Lecoq, J. Song, J. Cotton, N. Jamin, B. Gilquin, C.
Roumestand, C. Vita, C. L. de Medeiros, E. G. Rowan, A. L. Harvey,
and A. Menez. 1997. On the convergent evolution of animal toxins:
conservation of a diad of functional residues in potassium channel-
blocking toxins with unrelated structures. J. Biol. Chem. 272:
4302-4309.

Doig, A. J., and M. J. E. Sternberg. 1995. Side-chain conformational
entropy in protein folding. Prot. Sci. 4:2247-2251.

Dolly, J. O., and D. N. Parcej. 1996. Molecular properties of voltage-gated
K+ channels. J. Bioenerg. Biomembr. 28:231-253.

Doyle, D. A., J. M. Cabral, R. A. Pfuetzner, A. Kuo, J. M. Gulbis, S. L.
Cohen, B. T. Chait, and R. MacKinnon. 1998. The structure of the
potassium channel: molecular basis of K+ conduction and selectivity.
Science. 280:69—77.

Fiser, A., R. Sanchez, F. Melo, and A. Sali. 2000. Comparative protein
structure modeling. In A Molecular Perspective from Computation and
Experiment. A. D. MacKerrel, B. Roux, and M. Watanabe, editors.
Marcel Dekker Inc., New York.

Glaser, F., D. M. Steinberg, I. A. Vakser, and N. Ben-Tal. 2001. Residue
frequencies and pairing preferences at protein-protein interfaces. Prot.
Struct. Funct. Genet. 43:89-102.

Goldstein, S. A. N., and C. Miller. 1993. Mechanism of Charybdotoxin
block of a voltage-gated K+ channel. Biophys. J. 65:1613-1619.

Goldstein, S. A. N., D. J. Pheasant, and C. Miller. 1994. The charybdotoxin
receptor of Shaker K+ channel: peptide and channel residues mediating
molecular recognition. Neuron. 12:1377-1388.

Gross, A., and R. MacKinnon. 1996. Agitoxin footprinting the shaker
potassium channel pore. Neuron. 16:399—-406.

Guillet, V., Lapthorn, A., Hartley, R. W., and Y., M. 1993. Recognition
between a bacterial ribonuclease, barnase and its natural inhibitor
barstar. Structure. 1:165-177.

Harvey, A. L. 1997. Recent studies on dendrotoxins and potassium chan-
nels. Gen. Pharmacol. 28:7-12.

Heginbotham, L., T. Abrahamson, and R. MacKinnon. 1992. A functional
connection between the pores of distantly related ion channels as re-
vealed by mutant K+ channels. Science. 258:1152.

Heginbotham, L., T. Abrahamson, and R. MacKinnon. 1994. Mutations in
the K+ channels signature sequence. Biophys. J. 66:1061-1067.

Heginbotham, L., M. LeMasurier, L. Kolmakova-Partensky, and C. Miller.
1999. Single streptomyces lividans K+ channels: functional asymme-
tries and sidedness of proton activation. J. Gen. Phys. 114:551-560.

Hidalgo, P., and R. MacKinnon. 1995. Revealing the architecture of a K+
channel pore through mutant cycles with a peptide inhibitor. Science.
268:307-310.

Holmgren, M., K. S. Shin, and G. Yellen. 1998. The activation gate of a
voltage-gated K+ channel can be trapped in the open state by an
intersubunit metal bridge. Neuron. 21:617—621.

Hong, K. H., and C. Miller. 2000. The lipid-protein interface of a Shaker
K(+) channel. J. Gen. Physiol. 115:51-58.

Biophysical Journal 83(5) 2595-2609

Eriksson and Roux

Horovitz, A., L. Serraro, B. Avron, M. Bycroft, and A. R. Fersht. 1990.
Strength and cooperativity of contributions of surface salt bridges to
protein stability. J. Mol. Biol. 216:1031-1044.

Hurst, R. S., A. E. Busch, M. P. Kavanaugh, P. B. Osbhorne, R. A. North,
and J. P. Adelman. 1991. Identification of amino acid residues involved
in dendrotoxin block of rat voltage-dependent potassium channels. Mol.
Pharmacol. 40:572-576.

Imredy, J. P., C. Chen, and R. MacKinnon. 1998. A snake toxin inhibitor
of inward rectifier potassium channel ROMKZ1. Biochemistry. 37:
14867-14874.

Im, W., D. Beglov, and B. Roux. 1998. Continuum solvation model:
electrostatic forces from numerical solutions to the Poisson-Boltzmann
equation. Comp. Phys. Comm. 111:59-75.

Jan, L. Y., and Y. N. Jan. 1997. Cloned potassium channels from eu-
karyotes and prokaryotes. Annu. Rev. Neurosci. 20:91-123.

Jiang, Y., A. Lee, J. Chen, M. Cadene, B. T. Chait, and R. MacKinnon.
2002. Crystal structure and mechanism of a calcium-gated potassium
channel. Nature. 417:515-522.

Jin, W., A. M. Klem, J. H. Lewis, and Z. Lu. 1999. Mechanisms of
inward-rectifier K+ channel inhibition by tertiapin-Q. Biochemistry.
38:14294-14301.

Jones, S., and J. M. Thornton. 1996. Principles of protein-protein interac-
tions. Proc. Natl. Acad. Sci. U.S.A. 93:13-20.

Kalman, K., M. W. Pennington, M. D. Lanigan, A. Nguyen, H. Rauer, V.
Mahnir, K. Paschetto, W. R. Kem, S. Grissmer, G. A. Gutman, E. P.
Christian, M. D. Cahalan, R. S. Norton, and K. G. Chandy. 1998.
ShK-Dap22, a potent Kv1.3-specific immunosuppressive polypeptide.
J. Biol. Chem. 273:32697-32707.

Kelley, L. A., S. P. Gardner, and M. J. Sutcliffe. 1996. An automated
approach for clustering an ensemble of NMR-derived protein structures
into conformationally related subfamilies. Prot. Eng. 9:1063-1065.

Krezel, A. M., C. Kasibhatla, P. Hidalgo, R. MacKinnon, and G. Wagner.
1995. Solution structure of the potassium channel inhibitor agitoxin 2:
caliper for probing channel geometry. Prot. Sci. 4:1478-1489.

Liman, E. R., P. Hess, F. Weaver, and G. Koren. 1991. Voltage-sensing
residues in the S4 region of a mammalian K+ channel. Nature. 353:
752—756.

Logothetis, D. E., S. Movahedi, C. Satler, K. Lindpaintner, and B. Nadal-
Ginard. 1992. Incremental reductions of positive charge within the S4
region of a voltage-gated K+ channel result in corresponding decreases
in gating charge. Neuron. 8:531-540.

Lu, Z., A. M. Klem, and Y. Ramu. 2001. lon conduction pore is conserved
among potassium channels. Nature. 413:809—-813.

MacKinnon, R. 1991. Determination of the subunit stoichiometry of a
voltage-activated potassium channel. Nature. 350:232—235.

MacKinnon, R., S. L. Cohen, A. Kuo, A. Lee, and B. T. Chait. 1998.
Structural conservation in prokaryotic and eukaryotic potassium chan-
nels. Science. 280:106-109.

MacKinnon, R., L. Heginbotham, and T. Abrahamson. 1990. Mapping the
receptor site for charybdotoxin, a pore-blocking peptide potassium chan-
nel inhibitor. Neuron. 5:767—771.

MacKinnon, R., and C. Miller. 1988. Mechanism of charybdotoxin block
of the high-conductance Ca2+ activated K+ channel. J. Gen. Phys.
91:335-349.

MacKinnon, R., and C. Miller. 1989. Mutant potassium channels with
altered binding of charybdotoxin, a pore-blocking peptide inhibitor.
Science. 245:1382-1385.

Miller, C. 1995. The charybdotoxin family of K+ channel-blocking pep-
tides. Neuron. 15:5-10.

Monks, S. A., D. J. Needleman, and C. Miller. 1999. Helical structure and
packing orientation of the S2 segment in the Shaker K+ channel. J. Gen.
Physiol. 113:415-423.

Naini, A. A,, and C. Miller. 1996. A symmetry-driven search for electro-
static interaction partners in charybdotoxin and a voltage-gated K+
channel. Biochemistry. 35:6181—-6187.

Naranjo, D., and C. Miller. 1996. A strongly interacting pair of residues on
the contact surface of charybdotoxin and a Shaker K+ channel. Neuron.
16:123-130.



Structure of Agitoxin-Shaker

Nina, M., D. Beglov, and B. Roux. 1997. Atomic radii for continuum
electrostatics calculations based on molecular dynamics free energy
simulations. J. Phys. Chem. B. 101:5239-5248.

Norel, R., F. Sheinerman, D. Petrey, and B. Honig. 2001. Electrostatic
contributions to protein-protein interactions: fast energetic filters for
docking and their physical basis. Prot. Sci. 10:2147-2161.

Novotny, J., R. E. Bruccoleri, M. Davis, and K. Sharp. 1997. Empirical free
energy calculations: a blind test and further improvements to the method.
J. Mol. Biol. 286:401-411.

Olson, M. A. 1998. Mean-field analysis of protein-protein interactions.
Biophys. Chem. 75:115-128.

Olson, M. A, and L. T. Reinke. 2000. Modeling implicit reorganization in
contiuum descriptions of protein-protein interactions. Prot. Struct.
Funct. Genet. 38:115-119.

Palma, P. N., L. Krippahl, J. E. Wampler, and J. J. Moura. 2000. BiGGER:
a new (soft) docking algorithm for predicting protein interactions. Pro-
teins. 39:372-384.

Park, C. S., and C. Miller. 1992. Interaction of charybdotoxin with per-
meant ions inside the pore of a K+ channel. Neuron. 9:307-313.

Pongs, O. 1990. Structural basis of potassium channel diversity in the
nervous system. J. Basic Clin. Physiol. Pharmacol. 1:31-39.

Pongs, O. 1993. Receptor sites for open channel blockers of Shaker
voltage-gated potassium channels—molecular approaches. J. Recept. Res.
13:503-512.

Ranganathan, R., J. H. Lewis, and R. MacKinnon. 1996. Spatial localiza-
tion of the K+ channel selectivity filter by mutant cycle-based structure
analysis. Neuron. 16:131-139.

Rauer, H., M. D. Lanigan, M. W. Pennington, J. Aiyar, S. Ghanshani,
M. D. Cahalan, R. S. Norton, and K. G. Chandy. 2000. Structure-guided
transformation of charybdotoxin yields an analog that selectively targets
Ca(2+)-activated over voltage-gated K(+) channels. J. Biol. Chem.
275:1201-1208.

Ritchie, D. W., and G. J. Kemp. 2000. Protein docking using spherical
polar Fourier correlations. Proteins. 39:178—-194.

Ryckaert, J. P., G. Ciccotti, and H. J. C. Berendsen. 1977. Numerical
integration of the Cartesian equations of motions of a system with
constraints: molecular dynamics of n-alkanes. J. Comp. Chem. 23:
327-341.

Sali, A., and T. L. Blundell. 1993. Comparative protein modelling by
satisfaction of spatial restraints. J. Mol. Biol. 234:779—815.

Sali, A., L. Potterton, F. Yuan, H. van Vlijmen, and M. Karplus. 1995.
Evaluation of comparative protein protein modeling by MODELLER.
Proteins. 23:318-326.

2609

Schreiber, G., and A. R. Fersht. 1995. Energetics of protein-protein
interactions: analysis of the barnase-barstar interface by single mutations
and double mutant cycles. J. Mol. Biol. 248:478-486.

Schrempf, H., H. O. Schmidt, R. Kummerlen, S. Hinnah, D. Muller, M.
Betzler, T. Steinkamp, and R. Wagner. 1995. A procaryotic potassium
ion channel with two predicted transmembrane seqments from strepto-
myces lividans. EMBO J. 14:5170.

Serraro, L., A. Horovitz, B. Avron, M. Bycroft, and A. R. Fersht. 1990.
Estimating the contribution of engineered surface electrostatic interac-
tions to protein stability using double mutants cycles. Biochemistry.
29:9343-9352.

Sharp, K. 1998. Calculation of HyHel10-lysozyme binding free energy
changes: effect of ten point mutations. Prot. Struct. Funct. Genet.
33:39-48.

Sokolova, O., L. Kolmakova-Partensky, and N. Grigorieff. 2001. Three-
dimensional structure of a voltage-gated potassium channel at 2.5 nm
resolution. Structure. 9:215-220.

Stocker, M., and C. Miller. 1994. Electrostatic distance geometry in a K+
channel vestibule. Proc. Natl. Acad. Sci. U.S.A. 91:9509-9513.

Stocker, M., O. Pongs, M. Hoth, S. H. Heinemann, W. Stuhmer, K. H.
Schroter, and J. P. Ruppersberg. 1991. Swapping of functional domains
in voltage-gated K+ channels. Proc. Royal Soc. London Ser. B Biol. Sci.
245:101-107.

Tempel, B. L., D. M. Papazian, T. L. Schwarz, Y. N. Jan, and L. Y. Jan.
1987. Sequence of a probable potassium channel component encoded at
Shaker locus of Drosophila. Science. 237:770—775.

Tiwari-Woodruff, S. K., M. A. Lin, C. T. Schulteis, and D. M. Papazian.
2000. Voltage-dependent structural interactions in the Shaker K(+)
channel. J. Gen. Physiol. 115:123-138.

Tudor, J. E., P. K. Pallaghy, M. W. Pennington, and R. S. Norton. 1996.
Solution structure of ShK toxin, a novel potassium channel inhibitor
from a sea anemone. Nat. Struct. Biol. 3:317-320.

Tytgat, J., T. Debont, E. Carmeliet, and P. Daenens. 1995. The alpha-
dendrotoxin footprint on a mammalian potassium channel. J. Biol.
Chem. 270:24776-24781.

van Shaik, R. C., H. J. C. Berendsen, A. E. Torda, and W. F. van
Gunsteren. 1993. A structure refinement method based on molecular
dynamics in four spatial dimensions. J. Mol. Biol. 234:751-762.

Zhou, Y., J. H. Morais-Cabral, A. Kaufman, and R. MacKinnon. 2001.
Chemistry of ion coordination and hydration revealed by a K+ channel-
Fab complex at 2.0 A resolution. Nature. 414:43-48.

Biophysical Journal 83(5) 2595-2609



	Modeling the Structure of Agitoxin in Complex with the Shaker K+ Channel: A Computational Approach Based on Experimental Distance Restraints Extracted from Thermodynamic Mutant Cycles
	Introduction
	Theory and methods
	Modeling of Shaker
	Docking and simulated annealing
	Thermodynamic double mutant cycles

	Results and discussion
	Docking and simulated annealing
	Unrestrained MD simulations with explicit solvent
	Binding free energies and coupling constants

	Conclusions
	References


