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A structural model of BgK, a sea anemone toxin, com-
plexed with the S5-S6 region of Kvl.1, a voltage-gated
potassium channel, was determined by flexible docking
under distance restraints identified by a double mutant
cycles approach. This structure provides the molecular
basis for identifying the major determinants of the BgK-
Kv1l.1 channel interactions involving the BgK dyad res-
idues Lys25 and Tyr%. These interactions are (i) electro-
static interactions between the extremity of Lys?® side
chain and carbonyl oxygen atoms of residues from the
channel selectivity filter that may be strengthened by
solvent exclusion provided by (ii) hydrophobic interac-
tions involving BgK residues Tyr?® and Phe® and Kvl1.1
residue Tyr®”® whose side chain protrudes in the chan-
nel vestibule. In other Kvl channel-BgK complexes,
these interactions are likely to be conserved, implicat-
ing both conserved and variable residues from the chan-
nels. The data suggest that the conservation in sea
anemone and scorpion potassium channel blockers of a
functional dyad composed of a lysine, and a hydropho-
bic residue reflects their use of convergent binding so-
lutions based on a crucial interplay between these im-
portant conserved interactions.

Although most biological processes are governed by protein-
protein recognition phenomena, the molecular determinants of
the specificity of these interactions are yet poorly understood.
In particular, one protein ligand can bind multiple receptors
and a receptor can be bound by several protein ligands of
similar or even different structures (1-3), and the molecular
mechanisms underlying these multiple bindings are not well
understood. Kv1 voltage-gated potassium channels and toxins
from scorpions, snakes, sea anemones, and conus that block
currents through these channels offer an appropriate mean to
investigate the molecular basis of such pleiotropic aspects of
protein-protein interactions. Indeed, a potassium channel can
be blocked by different toxins of similar or different folds, and
conversely a toxin can bind to several members of Kv1 channels
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(3). Two lines of evidence suggest that the four groups of toxins
use a convergent solution to block Kv1 channels. First, despite
their unrelated structures, they all exert their function by
binding to the same P-region of the channels, comprised be-
tween transmembrane segments S5 and S6 (4-12). Second, the
binding sites of all these toxins contain a functional dyad com-
posed of a lysine and a hydrophobic residue that might consti-
tute a minimal functional core for the toxins to bind Kvl
channels, whereas additional residues might provide each
toxin with a specific binding profile (3, 13-17).

To get further insights into the toxin-channel interactions
and in particular into the role of the dyad residues, we used
double mutant cycle analysis to identify proximities between
residues of BgK, a sea anemone toxin, and Kv1.1. Then, these
proximities were used to determine the structure of BgK com-
plexed with the S5-S6 region of Kv1.1. Analysis of this model
provides a molecular basis for the convergent evolution of tox-
ins that block Kv1 channels.

EXPERIMENTAL PROCEDURES

Materials—BgK as well as the analogs were synthesized using a
previously described procedure (13). a-DTX' and BgK(W5Y/Y26F) were
iodinated as described in Ref. 18. The ¢cDNA encoding mKv1.1 and
mKv1.3 were generously provided by Dr. George K. Chandy, (Univer-
sity of California, Irvine, CA). The ¢cDNA encoding hKv1.6, cloned into
the mammalian expression vector pcDNA3 (Invitrogen), was kindly
provided by Prof. Olaf Pongs (Zentrum fiir Molekulare Neurobiologie,
Hamburg, Germany). Mutagenesis was made using the PCR technique
(QuickChange™ site-directed mutagenesis kit, Stratagene) and muta-
tions were confirmed by sequencing.

Production of Kvl Channels in RBL Cells—Culture of RBL cells,
linearization of plasmids, in vitro transcription, and injections were
carried out as described previously (19).

Electrophysiological Recordings—All recordings were carried out us-
ing the whole-cell recording mode of the patch clamp technique as
described previously (19, 20).

Binding Assays—Heterologous expression of hKv1.1, hKv1.2, and
hKv1.6 channels in mammalian cells, binding experiments, and data
analysis were carried out as described in Ref. 18.

Modeling of the Kv1.1 S5-S6 Region—The sequence identity between
the S5-S6 region of Kv1.1 (residues 325-409) and region 28-112 of
KesA is 32%. For the region comprised between the two transmembrane
segments S5 and S6, the sequence identitiy is 47% between both chan-
nels (Kv1.1, residues 348-382; KcsA, residues 51-85). Based on this
high degree of similarity, a model of the S5-S6 region of Kvl.1 was
generated by Modeler 4.0 (21), using the recently solved structure of the
potassium channel of Streptomyces lividans (22) (Protein Data Bank

1 The abbreviations used are: DTX, dendrotoxin; HEK, human em-
bryonic kidney; RBL, rat basophilic leukemia; r.m.s.d., root mean
square deviation; wt, wild type; mut, mutant.

This paper is available on line at http://www.jbc.org
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Fic. 1. Alignment of the amino acid sequences of the P-region of KcsA and Kvl channels. Residues differing between KcsA and Kv1.1
are indicated in black boxes in the KcsA sequence. Residues of Kv1.1 that were substituted for the double mutant cycle analysis are indicated in

gray boxes.

code 1K4C) as template. The resulting model displays a Ca r.m.s.d. to
the original x-ray structure of KesA equal to 0.5 A and 0.26 A for all the
structure and the most conserved region (selectivity filter: TTVGYGD),
respectively. Structures of the complex BgK-Kv1.1 were calculated by
high temperature molecular dynamics simulation and minimization
under NMR-style distance restraints (23) derived from experimental
results. The minimized average structure of BgK (13) was manually
positioned above the channel pore with its functional site (Ref. 24 and
Fig. 5) facing the entrance of the pore. To explore systematically the
different positions of the toxin on the channel, 400 complex structures
were calculated by rotating the toxin around the pore axis. A rigid body
simulated annealing procedure at 5,000 K (1,000 steps), then at 500 K
(1,000 steps), was used to dock BgK on Kv1.1, driven by six distance
restraints of 6 + 1, —3 A between the residues (BgK-Kv1.1): Phe®(Ce)-
Tyr®™®(Ce),  Asn'®(N82/081)-Ser®*’(0y),  Ser?*(0Oy/Hy)-Tyr*"(Ce),
Tyr*$(Ce/Om)-Ser®*”(0y), Tyr?%(Ce/On)-Asp®*1(0§), and Tyr?$(Ce/On)-
Tyr®"®(Ce) with no assignment of the channel subunit. The potassium
ions in the S3 site and in the cavity as well as the water molecule in the
S4 site and those in the cavity (22, 25, 26) were explicitly included.

The 49 energetically best complexes were refined, using a procedure
in which the structure of BgK was progressively relaxed by decreasing
harmonic restraints from 1,000 to 0 kcal/mol/A2 to allow flexibility of
the side chains. Fluctuations in the turret regions of Kv1.1 were per-
mitted by applying no harmonic restraints on residues 349-361. To
ensure continuity between the turrets and the other parts of the chan-
nel, harmonic restraints of 5 kcal/mol/AZ were applied to the atoms of
residues 346-348 and 362-364. The rest of the channel was maintained
fixed by applying harmonic restraints of 1,000 kcal/mol/A2. The proce-
dure included 5,000 steps of dynamics at 500 K and 8,000 steps of
dynamics at 400 K using 0.8-fold reduced Van der Waals radii, followed
by 10,000 steps at 300 K, using classical Van der Waals radii, under
harmonic restraints. Then, 2,000 steps of minimization were per-
formed. The 10 best structures were examined and for each restraint,
and the closest channel subunit was chosen. Last, these structures were
minimized with a dielectric constant equal to 10 under the following
modified distance restraints: 6 + 1, —3 A between the residues (BgK-
Kv1.1 subunit) (subunits were named clockwise A, B, C, and D): Phe®
(cycle atoms)-Tyr®”®, (cycle atoms), Asn'®(N§2/081)-Ser®*”(Oy),
Ser?*(0y/Hy)-Tyr37®,(0n), Tyr?9(0n)-Ser®*7,(0y), Tyr?%(Omn)-Asp>®’,
(08) and Tyr®(cycle atoms)-Tyr®*"®,(cycle atoms). Nonbonded interac-
tions were calculated with a switching function extending from 7.5 to
9.0 A. A united atom model was used in which nonpolar hydrogen atoms
attached to carbon atoms are incorporated into the latter, but the polar
hydrogen atoms were treated explicitly. All the calculations were car-
ried out using X-PLOR (27) in a force field derived from CHARMM19
(file topallh19.pro and parallhl9.pro in X-PLOR 3.1). Van der Waals
and electrostatic energies for all the residues-residues pairs were cal-
culated, and residues were considered as interacting for energies >1
keal-mol 1.

RESULTS

Double Mutant Cycles—For each cycle of the double mutant
analysis, the effect of a substitution in BgK on the effect of a
substitution in Kv1.1 was quantified by measuring the affinity
of wild-type and monosubstituted BgK for wild-type and mo-
nosubstituted mKv1.1 channels. Choice of residues substituted
in BgK was based on previous results (24); three residues
reported as important for binding to Kv1.1 (Asn'®, Lys?®, and
Tyr?%) and two reported as less or not important (His'® and

Phe®) were substituted by alanine. In the P-region of Kv1.1,
four positions, reported to be important for toxins binding
(28-30), were individually mutated: two residues from the
turret (Glu®>® and Ser®®”) and one from the loop connecting the
selectivity filter to the second trans-membrane-helix (Tyr37®)
were substituted by the corresponding ones in Kv1.3, and res-
idue Asp®¢! from the pore helix was substituted by an aspara-
gine residue (Fig. 1). As a control, we also substituted a buried
residue from the pore helix (S369T). The electrophysiological
properties of the mutant channels in respect to the voltage
dependence of activation, deactivation, and inactivation were
not significantly different from wild-type channels. Minor
changes in respect to the time course of inactivation were
observed as expected, for example for the Y379H mutant chan-
nel (for comparison, see Ref. 31). Since toxin affinity was esti-
mated using changes in peak current amplitudes, minor
changes in the inactivation time course will not influence these
estimations.

The analogs of BgK were first tested both by electrophysi-
ological and binding experiments (Fig. 2, A and B) on wild-type
Kv1.1. For electrophysiological experiments, analogs F6A,
H13A, N19A, and Y26A were tested by dose-response experi-
ments (Fig. 24), whereas K, values for analogs W5A, S23A,
Q24A, and K25A were deduced from the block of current by
certain concentrations that allowed the calculation of K; values
assuming a 1:1 stoichiometry. All the values are shown in
Table I. Probably reflecting differences in the state of the
channels used in both experiments, the affinity of BgK for
Kv1.1 measured in electrophysiological experiments is nano-
molar, whereas it is picomolar in binding experiments. How-
ever, despite this affinity range difference, the effects of sub-
stitutions on both the capacity of BgK to block current through
Kv1.1 channels and to inhibit !2°I--DTX binding to Kv1.1
channels were found to be similar (Fig. 2C) and in the same
range than those reported in a previous study (24). All the
values are shown in Table I. Then, the affinity of wild-type BgK
was measured for the five mutated channels; results indicate
that both the turret (mutations E353S and S357N) and the loop
connecting the selectivity filter to the second trans-membrane
helix (mutation Y379H) are important for BgK binding to
Kv1.1 channel (Fig. 2D and Table I).

Double mutant cycles were carried out for the five analogs
of BgK and the five Kvl.1 mutants. In addition, since a
preliminary model of the complex BgK-Kv1.1 suggested prox-
imities between residues Trp®, Ser?3, and Gln?* from BgK
and residue Tyr®”® from Kv1.1, we also made cycles for these
residues. All the K, values are reported in Table I. The
coupling energy AAG values (in kcal'mol 1) (32, 33), which
measures the co-operativity of the effects of substitutions in
both BgK and the channel, was calculated using the following
equation: AAG = RT In [K,; (wt, wt). K; (mut, mut)|/[K,; (wt,
mut)-K,; (mut, wt)] (R = 1.99 calmol™! and T = 293 K) are
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Fic. 2. Affinity of BgK and BgK analogs for Kv1.1 and mutants of Kv1.1. A, dose-response curves of BgK peptides to block current through
mKv1.1 expressed in RBL cells. Each point corresponds to the mean value of three to seven experiments. Data were fitted with the Hill equation
with the Hill coefficient fixed to 1. B, membranes prepared from HEK-293 cells producing hKv1.1 were incubated with 10 pm '?°I-o-DTX in the
absence or presence of increasing concentrations of BgK peptides. Inhibition of binding was assessed relative to an untreated control. C, comparison
of the effects of alanine substitutions in BgK on affinity for Kv1.1 measured either by binding experiments or by electrophysiological experiments.
D, effects of substitutions in mKv1.1 on the affinity of BgK measured by electrophysiology.

reported in Table I and displayed in Fig. 3, they vary between
0.08 kcal'mol ! for H13A-E353S or F6A-S357N (BgK-Kv1.1)
to 2.33 kcal'mol ! for K25A-Y379H.

Model of the Complex BgK/S5-S6 Region of Kvl.1—The com-
plexes were calculated using high temperature molecular dy-
namics simulation and minimization under distance restraints,
as deduced from coupling energies. Indeed, it has been shown
that these coupling energies may reflect proximity between
residues (33, 34); in an extensive study for validating the sig-
nification of coupling energies (34), it was found that values
>0.6 kcal'mol ! were determined for residues separated by less
than 5 A. In our study, we found a value of coupling energy up
to 0.73 keal-mol ! for a cycle, implicating a buried residue of
the channel (Ser®%®) used as a negative control. Therefore, we
used as a threshold the value of 0.7 kcal'mol ! for interpreting
coupling energies as proximity between the mutated residues.

Furthermore, coupling energies reflect proximities, provided
the substitutions have not induced any structural rearrange-
ment (33, 34). Since the critical substitution K25A in BgK was
coupled to all the channel substitutions, even when the residue
was buried (Ser3%°) (Table I), we suspected a nonspecific effect
due to a structural rearrangement at the complex interface.
Therefore, no distance restraint was applied on residue Lys?®.
By contrast for all the other residues for which several double
mutant cycles were achieved, both kind of coupling energies
values were determined: > or <0.7 kcal'mol~*. Thus, coupling
energies higher than 0.70 kcal'mol ! were considered to reflect
a distance restraints of 6 + 1, —3 A, which was therefore
applied to the following pairs of residues in the BgK-Kv1.1
complex: Phe®-Tyr37®, Asn'®-Ser®??, Ser?*-Tyr®"®, Tyr?6-Ser3?7,
Tyr?6-Asp®®!  and  Tyr*-Tyr®™® (see “Experimental
Procedures”).
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TABLE 1
Double mutant cycle analysis

Dissociations constants of BgK and BgK analogs on Kv1.1 and Kv1.1 mutants and coupling energies (AAG).
AAG

Kv1.1 S357N

K, (nm) = 2 S.E. (n)

AAG
(kcal-mol 1)

Kv1.1 E353S

K,; (nm) * 2 S.E. (n)
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ever, comparison of the two structures reveals for the turret
region slight differences on Ca positions and large variation of
the x1 angles. Furthermore, recent docking studies also sug-

FIG. 4. Structures of the complex BgK/S5-S6 region of Kvl.1.
Structures of the 10 complexes, superimposed on the fixed region of the
channel (325-345, 365—-409), are shown. The subunits of the channel
are colored yellow (subunit A), blue (subunit B), cyan (subunit C), and
green (subunit D). BgK is colored red, and the side chain is of Lys®® is
shown and colored magenta.
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gest some structural differences between bacterial and mam-
malian channels, in particular in the region containing resi-
dues 53 and 56 (using the KecsA numbering) (19).

In fine, we considered 10 complex structures whose struc-
tural statistics are shown in Table II. These structures con-
verged (Fig. 4); the mean Ca r.m.s.d. for the docked BgK is 1.7
A around the average structure of the complex. Residues of
BgK whose relative solvent accessible surface area in the com-
plex is less than 30% and for which difference between their
relative solvent accessible surface area alone and complexed
with the channel is more than 30% were defined as forming the
binding site: it includes 14 residues (Arg® Trp®, Phe®, Lys’,
Glu®, His'?, Thr?2, Ser??, GIn?%, Lys?®, Tyr?%, Arg??, Ala®®, and
Asn?®). To compare this binding site to the functional sites of
BgK, we identify the residues of BgK important for binding to
Kv1.1, Kv1.2, and Kv1.6, using binding experiments (Ref. 37
and Fig. 5). In agreement with previous results (24), these
binding sites contain three common residues: Ser??, Lys?®, and
Tyr?6. In addition to these residues, four residues were found
be important for BgK binding to Kv1.1 (change in free energy of
binding AAG upon alanine substitution >1 kcal-mol 1): Arg?,
Lys”, His'3, Asn'®. Therefore, the functional site of BgK for
binding to Kv1.1 contains seven residues. Interestingly, all
these residues but Asn'® are included in the binding site.
However, Asn'® is at the border of this interface (Fig. 6A), and
even so, the difference between its relative solvent accessible
surface area alone or complexed is 20%. The remaining eight
residues that form the binding site are: Asn2°, which could not
be definitively identified as functionally important because of
structural perturbations induced by its alanine substitution;
Glu®, Thr?2, GIn2*, and Ala?®, located at the edge of the binding
site, which have not been identified as important residues for
binding to Kv1.2 and Kv1.6; and Trp®, Phe®, and Arg?’, which
are important for BgK binding to other Kv1 subtypes (Kv1.2
and Kv1.6) (Fig. 6A).

:§3 5§ #8338 33531538 ¢%
> @© = & x u n:IxESZL‘EI—mgQ:‘-CL‘
BgK analog

Fic. 5. Functional mapping of Bgk on Kv1.1, Kv1.2, and Kv1.6. The effects of alanine substitutions in BgK on affinity for Kv1 channels were
measured by competition experiments; membranes prepared from HEK-293 or tsA-201 cells producing hKv1.1, hKv1.2, and hKv1.6 were incubated
with 10 pm '#°I-a-DTX (hKv1.1, hKv1.2) or 8—10 pM '**I-BgK(W5Y/Y26F) (hKv1.6) in the absence or presence of increasing concentrations of BgK
analogs. The CD spectra of the analogs were identical to that of BgK except for N29A, K32A, T33A, K35A, and L36A (24). Therefore the functional

effects associated with these substitutions were not considered.
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Fic. 6. Interface of BgK in the
model of BgK/S5-S6 region of Kvl.1
and interactions. A, the 14 residues of
the interface (as defined in the text) are
colored as follows: red, hot spots for bind-
ing to Kv1.1 (AAG upon alanine substitu-
tion >2.5 kcal'mol !); orange, less impor-
tant residues (AAG >1 kcal'mol 1Y)
yellow, residues important for BgK bind-
ing to Kv1.2 and Kv1.6; green, residues
not important for binding to Kv1.1, Kv1.2,
and Kv1.6. Asn'®, which is important to
Kv1.1 but which is not in the interface, is
colored magenta, and Asn?, whose func-
tional role could not be defined, since its
alanine substitution induces structural B
perturbations, is colored blue. B, back-
bone is colored red for BgK, green for
Kv1.1 subunit A, and yellow for subunit D
(residues 353-379). The side chains are
colored magenta for Kvl.1 residues and
blue for BgK residues. Carbonyl oxygen
atoms from the selectivity filter are
shown and colored red.

The two most important residues for binding to Kv1.1,
Lys?5 and Ser?? (Fig. 5), are central in the interface (Fig. 64).
The side chain of Lys?® is projecting into the channel pore
(Figs. 4 and 6B) and its extremity (r.m.s.d. over the average
model: 2.0 A for the N¢) is located 1 A above the plane defined
by the four carbonyl oxygens of Tyr®’®, at 3 A from the
potassium binding site S1 (defined as the center of gravity of
the eight carbonyl oxygens of residues 374-375) at a position
close to the potassium binding site S0, as defined in Ref. 26
(Fig. 6B). No interaction has been identified for the side chain
of Ser??, although its hydroxyl could be involved in a hydro-
gen bond with the hydroxyl of Tyr®®, (Fig. 6B). The third
important residue for BgK binding to Kv1.1 is Tyr2®, which is
also central in the interface (Fig. 6A). It interacts with sev-
eral regions of the channel; its cycle is located in a pocket
between the cycles of Tyr®"®, 1, from the loop connecting the
selectivity filter to the transmembrane helix and is stacked
on the imidazol ring of His?*®;, from the turret (Fig. 6B). The
hydroxyl of Tyr?® is likely to be involved in an hydrogen bond
with the carbonyl oxygen of Asp®’7,. However, this should
not contribute much to the interaction energy, since replacing
Tyr?® by a phenylalanine residue does induce only a small
change in free energy of binding (AAG = 0.68 kcal-mol™')
(data not shown). Residues Arg®, Lys’, His'®, and Asn'® also
contribute to the binding of BgK to Kv1.1; they are at the
periphery of the interface (Fig. 6A4). Residues Arg® and Lys”
interact with Glu®>3,, whereas His!? interacts with Glu®>3y
(Fig. 6B). No interaction implicating residue Asn'® was iden-
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tified. The cycle of residue Phe® which is important for
binding to Kv1.6 and Kv1.2, but not for Kv1.1 (Fig. 5), is
located in a pocket between the cycles of Tyr®” from two
adjacent subunits A and D (Fig. 6B). Thus, both cycles of
residues Phe® and Tyr2® fill this pocket, Tyr2® being closer to

Tyr®7®}, while Phe® is closer to Tyr37%,.

DISCUSSION

We determined the structure of the complex BgK-S5-S6 re-
gion of Kv1.1, using distance restraints deduced from double
mutant cycle analysis. To estimate the atomic resolution of this
complex, several structures were calculated. All 10 structures,
which were obtained by flexible docking, are geometrically and
energetically correct with a negative van der Waals energy, and
the buried surface area (~1,000 A?) is in agreement with those
observed typically for a protein-protein interface (38). The
r.m.s.d. on the Ca atoms of the docked BgK is equal to 1.7 A,
indicating that the position of the ligand is well defined.

This structure provides a molecular basis for understanding
how BgK binds to different Kv1 channels. Indeed, BgK binds
with similar affinities to Kv1.1, Kv1.2, and Kv1.6 and with a
lower affinity to Kv1.3 (18). The functional sites of BgK for the
these channels are very similar and contain a common core of
three hot spot residues: the dyad residues Lys2® and Tyr*® and
Ser?? (Refs. 24 and 37; Fig. 5). Furthermore, the different Kv1
subtypes are also highly analogous (83% identity) in the
P-region. Thus, the topologies of the different BgK-Kv1 channel
complexes are likely to be very similar.
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The general organization of functional residues in the bind-
ing site of BgK to Kv1.1 has been described in many protein-
protein interfaces (38, 39): the three important residues Ser??,
Lys??, and Tyr?® are central and surrounded by less important
residues, solvent-accessible. The major determinant for BgK
binding to Kv1.1 is formed by electrostatic interactions be-
tween the extremity of Lys?® side chain and carbonyl oxygen
atoms of residues from the channel selectivity filter (Fig. 6B).
Since these interactions involve residues from the most con-
served region of Kv1 channels, they are likely to be conserved
in all complexes Kv1-BgK. The second determinant for BgK
binding to Kv1.1 is formed by hydrophobic interactions be-
tween Kv1.1 Tyr®"® residue whose side chain is protruding in
the channel vestibule and two BgK residues: the hot spot dyad
residue Tyr?® and Phe® (Fig. 6B). These hydrophobic interac-
tions surround the Lys?® side chain and are thought to be
important to strengthen the electrostatic interactions between
this lysine and the oxygen atoms from the selectivity filter
residues, by allowing their exclusion from solvent. Although
Tyr®?® is a variable residue, as far as the corresponding residue
in other channels is hydrophobic, the hydrophobic nature of
these interactions can be reproduced in other complexes. The
importance of these hydrophobic interactions is confirmed by
the correlation between the nature of residue 379 in Kv1 chan-
nels and the affinity of BgK for these channels. Indeed, BgK
binds more tightly to Kv1.1, Kv1.2, and Kv1.6 in which residue
379 is either a tyrosine or a valine than to Kv1.3 where this
residue is less hydrophobic (histidine) (18) (Fig. 1). Further-
more, replacement of Tyr®™ in Kv1.1 by a histidine residue
decreases the affinity of BgK (Table I), and conversely, replace-
ment in Kv1.3 of His®"”® (using Kv1.1 numbering) by a tyrosine
residue enhances the affinity of BgK to a level comparable with
that for Kv1.1 (18). Moreover, the differential effect of substi-
tution F6A in BgK on its affinity for Kvl channels (Fig. 5),
which was shown to depend on the nature of residue 379 (18),
also enlightens the importance of hydrophobic interactions in-
volving the channel residue 379 (Fig. 6B). Indeed, we can
correlate this effect to the capacity of residue 6 of BgK to make
hydrophobic interactions with residue 379. In the complex
BgK-Kv1.1, Phe® is located in a pocket between two Tyr3"®. We
propose that an alanine at position 6 in BgK should still be able
to make some hydrophobic interactions with Tyr>"® (Kv1.1 and
Kv1.6), whereas this could not be possible with the smaller
residue equivalent in Kv1.2 (valine). Therefore, we showed that
the residues from the functional core used by BgK to bind
different Kv1 channels are likely to be involved in conserved
important interactions, implicating both conserved and vari-
able residues from the channels. Such a conservation of inter-
actions involving interplay between conserved and variable
residues has been described in other protein-protein interac-
tion studies (2, 40).

Other toxin-potassium channel systems have been charac-
terized. Despite the unrelated structures of these toxins, their
binding sites all contain a functional dyad composed of a lysine
and a hydrophobic residue (3). Structures of scorpion toxins
and of ShK, a sea anemone toxin related to BgK, complexed
with Kv1 channels (19, 41)%2 have been calculated using a re-
straint between the dyad lysine and a conserved tyrosine from
the selectivity filter, identified by double mutant cycle analysis
(30, 42). Interestingly, although we did not apply any restraint
on the BgK dyad lysine to calculate our structure, its configu-
ration in the complex is similar to those described in the latter
structures, confirming a common role for scorpion and sea
anemone toxins’ dyad lysine. Therefore, the convergent evolu-

2 B. Roux, personal communication.

Structure of the BgK-Kv1.1 Complex

tion that led to the concomitant conservation in both sea anem-
one and scorpion potassium channel blockers of a functional
dyad formed by lysine and a hydrophobic residue may reflects
a convergent binding solution based on a crucial interplay
between two conserved set of interactions. These are (i) specific
electrostatic interactions between carbonyl oxygen atoms of the
channel’s selectivity filter residues and the extremity of the
dyad lysine side chain, which are reinforced by exclusion from
solvent (ii) by nonspecific hydrophobic interactions between
nonconserved residues of the channel and the hydrophobic
dyad residue.
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