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Dendrotoxin proteins isolated from Mamba snake venom block potass-
ium channels with a high degree of specificity and selectivity. Using
site-directed mutagenesis we have identified residues that constitute the
functional interaction surfaces of d-dendrotoxin and its voltage-gated
potassium channel receptor. 3-Dendrotoxin uses a triangular patch
formed by seven side-chains (Lys3, Tyr4, Lys6, Leu7, Pro8, Argl0Q, Lys26)
to block K* currents carried by a Shaker potassium channel variant. The
inhibitory surface of the toxin interacts with channel residues at Shaker
positions 423, 425, 427, 431, and 449 near the pore. Amino acid mutations
that interact across the toxin-channel interface were identified by mutant
cycle analysis. These results constrain the possible orientation of dendro-
toxin with respect to the K* channel structure. We propose that dendro-

toxin binds near the pore entryway but does not act as a physical plug.
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Introduction

Here we study the energetic interaction between
two proteins, a voltage-dependent K* channel and
a specific inhibitor from snake venom, &-dendro-
toxin. Our aim is to understand the mechanism by
which 8-dendrotoxin inhibits ion flow, and by so
doing, gain deeper insight into the operation of the
channel.

A single dendrotoxin molecule associates reversi-
bly with the K* channel to produce the inhibited
state. The electrophysiological assay used in this
study provides an accurate determination of the
equilibrium constant for the binding reaction
between the toxin and channel proteins. Scanning
mutagenesis was applied to both proteins to ident-
ify the amino acids involved in toxin-channel com-
plexation, and thermodynamic mutant cycle
analysis to correlate pairs of amino acids that are
coupled energetically across the protein-protein
interface. When the known structures of the KcsA
K* channel and dendrotoxin homologues are con-
sidered, the energetic data reveal well-defined
interaction surfaces on both the K* channel and
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the dendrotoxin and suggest a somewhat uncon-
ventional mechanism of inhibition.

With what degree of confidence can mutant cycle
data be used to deduce structural information in a
protein-protein complex? Two studies addressed
this question. First, Schreiber & Fersht (1995) com-
pared the magnitude of mutant cycle coupling
energies with distances measured in the crystallo-
graphic structure of the enzyme barnase in complex
with its inhibitor barstar. The strength of coupling
between mutations at two sites was strongly corre-
lated with distance. Most coupling energies greater
than 1.0 kcal mol™ involved amino acids that were
within 4 A of each other. Second, work from our
own laboratory attempted to deduce the surface
structure of the scorpion toxin binding site on K*
channels (Hidalgo & MacKinnon, 1995). The scor-
pion toxin structure, serving as a distance caliper to
interpret mutant cycle data, provided a model of
the surface that included the positions of several
key channel amino acids (Ranganathan et al., 1996).
The subsequent structure determination of the
KcsA K* channel by X-ray crystallography con-
firmed that the predictions based on the mutant
cycle analysis were surprisingly good (Doyle et al.,
1998; MacKinnon et al., 1998). Thus, it seems reason-
able to expect that energetic interactions on the
surfaces of rigid, interacting proteins should
be fairly additive, and therefore useful structural
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information should be obtainable through mutant
cycle analysis.

d-Dendrotoxin is a member of the dendrotoxin
family of neurotoxins isolated from snake venom
(Joubert & Taljaard, 1980; Harvey, 1997). These tox-
ins are roughly 60 amino acid residues long, con-
tain three disulfide bridges, and have the same
fold as the Kunitz protease inhibitors such as BPTI
(Hollecker & Creighton, 1983). They are unrelated
in structure to the charybdotoxin family of K*
channel inhibitors isolated from scorpion venom
(Miller, 1995). The dendrotoxins inhibit K* chan-
nels containing two membrane-spanning segments
(Imredy et al., 1998) as well as those with six, the
voltage-dependent K* channels (Pongs, 1990, 1993;
Dolly & Parcej, 1996). These toxins have been used
to probe the function and biochemical composition
of K* channels in the central nervous system
(Parcej & Dolly, 1989; Rehm & Lazdunski, 1988;
Benishin ef al,, 1988). Toxin administration pre-
vents repolarization of presynaptic terminals and
leads to uncontrolled neurotransmitter release and
seizure activity (Anderson, 1985; Bagust et al.,
1997; Black et al., 1986; Collier et al., 1981; Halliwell
et al., 1986; Harvey & Gage, 1981; Harvey &
Anderson, 1985; Silveira et al., 1988a,b; Velluti ef al.,
1987).

Results

Electrophysiological assay of
dendrotoxin inhibition

Potassium selective channels share a highly con-
served sequence known as the pore region. Pre-
vious studies have shown that this region is the
site of action of dendrotoxin (Hurst et al., 1991;
Imredy et al., 1998; Stocker et al., 1991; Tytgat et al.,
1995). The pore region structure is known through
the X-ray analysis of the KcsA K* channel (Doyle
et al., 1998). Here, we used the voltage-gated K"
channel Shaker for analysis of dendrotoxin inter-
action because of this channel’s sequence similarity
to KecsA (MacKinnon et al., 1998) and because its
function has been extensively characterized
(MacKinnon, 1991a; Sigworth, 1994; Yellen, 1998).

The pore region of the Shaker K* channel was
modified through mutagenesis for purposes of this
study (Figure 1(a)). 8-Dendrotoxin binds to the
modified Shaker channel, ShaKv1.1, with an equili-
brium dissociation constant (K ) of 2 nM, inter-
mediate between that of the wild-type Shaker
channel (>1 pM) and the Kv1.1 channel (<10 pM).
An affinity of around 1 nM is convenient for the
following practical reasons. §-Dendrotoxin has an
association rate constant of around 5 x 107 M™!
s7!; consequently, a Ky of 1 nM corresponds to a
dissociation rate constant of about 0.05 s~', or dis-
sociation time constant of 20 seconds. As the affi-
nity of the toxin-channel interaction is increased,
for example in comparing d-dendrotoxin on the
ShaKv1.1 and Kv1.1 channels, the dissociation rate
constant decreases proportionally. The time con-
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Figure 1. Electrophysiological assay of 3-dendrotoxin
inhibition of a voltage-gated K* channel. (a) Sequence
alignment of the pore regions of the Drosophila Shaker
and the rat Kv1.1 voltage-gated K* channels, as well as
the bacterial KcsA K* channel. ShaKvl.l is a Shaker
channel with a modified pore region sequence (boxed
residues). Shaded residues are those matching the Shaker
pore region. The K, for &-dendrotoxin inhibition is
shown at the right of each sequence except KcsA (N.D.).
(b) Plot of the magnitude of the K* current during suc-
cessive activating voltage pulses to 0 mV from a resting
voltage of —80 mV. Voltage pulses were applied every
seven seconds to an oocyte expressing ShaKvl.l chan-
nels. Arrows indicate the time of application of various
concentrations of §-dendrotoxin. Each application is fol-
lowed by a wash with toxin-free solution. (c) Time-
course of the ShaKv1.1 K* current during selected acti-
vating pulses marked a (Ctl), b (2 nM), and ¢ (200 nM)
in (b). Pulse duration (top) was 300 ms. Inhibition of K*
current was measured as the fraction of control current
remaining after equilibration was reached. (d) Plot of
the fraction of control ShaKv1.1 K* current remaining as
a function of §-dendrotoxin concentration. Plotted is the
mean current (+SEM) obtained from five oocytes tested
as in (b) and (c). The broken line represents the fit of
the equation {1/(1 + [3-dtx concentration]/Ky)}, where
K4=2.0nM.

stant for 8-dendrotoxin dissociation from the Kv1.1
channel is near 30 minutes, or longer than the
stable lifetime of the average oocyte under voltage
clamp (see Materials and Methods). It is therefore
more convenient to work with K; values in the
nanomolar range. The Ky can be accurately deter-
mined when the toxin-channel affinity is very low
(micromolar range), and the dissociation rate corre-
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spondingly fast, but such experiments are costly in
terms of the quantity of toxin required. Thus, the
ShaKv1.1 channel, with a K4 for 4-dedrotoxin in
the nanomolar range, was used as the “wild-type”
channel in this study.

The K* current carried by ShaKvl.l channels
expressed in frog oocytes was measured by
repeated  application of short membrane-
depolarizing voltage pulses in order to open the
voltage-dependent channels (Figure 1(b) and (c)).
Dendrotoxin was applied by bath perfusion while
monitoring K* current (Figure 1(b)). Extracellular
application of a high concentration of dendrotoxin
was used in order to determine the background
current (dendrotoxin insensitive current) which
was subtracted from the total measured current
prior to analysis. The fraction of unhibited K* cur-
rent as a function of the d-dendrotoxin concen-
tration is shown (Figure 1(d)). The data, which
adhere to a Langmuir isotherm with 1:1 stoichi-
ometry between toxin and channel (K4 =2.0 nM),
emphasize the precision with which the K, can be
determined for the reversible inhibition reaction.

At extremely high concentrations, dendrotoxin
inhibits the K* channels in an irreversible manner,
as shown (Figure 1(b)). We do not yet understand
this irreversible inhibition, but it is distinct and
separable from the reversible process that is the
focus of the present study.

The functional interaction surface of
o6-dendrotoxin

The known structure of dendrotoxin-K, with 55
out of 57 residues identical with d-dendrotoxin,
was used to guide our mutagenesis of surface
amino acids (Berndt et al., 1993). We mutated 28
out of 57 amino acid residues on d-dendrotoxin,
including all ionizable and solvent-exposed side-
chains. Each mutant toxin was expressed in Escher-
ichia coli, purified by sequential ion exchange and
reversed-phase chromatography, and stored for
electrophysiological assay. Figure 2(a) shows the
amino acid sequence of 3-dendrotoxin and the pos-
itions of the mutated residues. All mutations were
to an Ala residue, except where this amino acid
occurred in the wild-type sequence, in which case
the substitution was to a Gln residue.

Figure 2(b) graphs the change in binding free
energy resulting from each mutation. The binding
free energy was derived from the inhibition con-
stant measured as in Figure 1(d) for each dendro-
toxin mutant (see Table 1). A total of five out of
the seven mutants with the largest changes
(>1.5 kcal mol™!) fall within the first ten positions
of the N-terminal region of §-dendrotoxin (Lys3,
Tyr4, Lys6, Pro8 and Argl0). Interestingly, this
region is least conserved among members of the
dendrotoxin family (Dufton, 1985; Gasparini ef al.,
1998; Harvey, 1997). Additional functionally sig-
nificant mutations include Lys26Ala and Arg44Ala.
Figure 2(c) presents these results in color displayed
over the accessible surface of each mutated amino

acid. The color scale correlates increased changes
in the binding free energy with an increased red-
shift, starting with blue for no change and ending
with red for the largest alteration of binding free
energy (3.5 kcal mol™).

All but one functionally significant residue
(Arg44) fall within a triangular patch (~20 A each
side) on the wider end of the pear-shaped toxin
(Figure 2(c), top). The vertices of this triangle are
demarcated by amino acids Lys3, Argl0 and
Lys26. The outlying residue, Arg44, has its side-
chain buried in the structure of dendrotoxin-K. It is
therefore possible that mutation of Arg44 has
induced a global conformational change of the
toxin (Beeser et al., 1997; Gasparini et al., 1998).
Our results are in very good agreement with those
reported by Menez and colleagues (Gasparini et al.,
1998) who, using a biochemical binding assay,
defined a similarly located patch of functionally
important residues for the interaction of a-dendro-
toxin with rat brain synaptosomes.

The triangular interaction surface on d-dendro-
toxin includes amino acid residues Lys3, Tyr4,
Lys6, Leu7, Pro8, Argl0 and Lys26. The mutation
Leu7Ala was “silent”, but when defining an inter-
action surface on the basis of function, a null
hypothesis must be applied. That is, a mutation
probably involves an interaction surface amino
acid in order to perturb the binding energy
(assuming there are no long-range conformational
changes), but the absence of perturbation does not
exclude a residue’s presence on the surface. The
“hot spots” of binding energy on the interface of
growth hormone and its receptor provided a very
nice demonstration of this fact (Clackson & Wells,
1995). Because Leu? is located at the center of the
functionally defined triangle, we assume that it
interfaces with the K* channel, even though its
mutation to Ala was without effect.

The functional interaction surface incorporates
residues from various structural elements of the
toxin (Figure 2(a)). Figure 2(c) shows a ribbon dia-
gram of these elements. Residues 3, 4, 6 and 7 are
part of the amino-terminal 3,, helix, while residues
8 and 10 emerge from the loop connecting the 3,
helix with the narrow tip of the toxin. Lys26 juts
out from a hairpin turn between the two beta
strands forming the back side of this view of the
toxin. The highly positively charged interaction
surface (containing three lysine residues and one
arginine residue) argues for the probable
indispensable role of basic residues in the binding
of toxins targeting the pore region of cation-selec-
tive channels (Becker et al., 1992; Park & Miller,
1992a). Interestingly, there is no overlap between
the active site of the structurally similar protease
inhibitors (which corresponds to residues 15-17 of
d-dendrotoxin) and the active site of dendrotoxins
(Gasparini et al., 1998; Smith et al., 1997; Wang
et al., 1999).
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Figure 2. Interaction surface of -dendrotoxin. (a) Sequence of §-dendrotoxin. Underlined residues indicate the
point substitutions by alanine (or glutamine for wild-type alanine), each of which was synthesized in E. coli, purified,
and tested against ShaKv1.1. The secondary structural elements, as well as the cystine bonds are diagrammed. (b)
Bar graph showing the change in binding energy relative to wild-type §-dendrotoxin arising from the indicated point
mutation. The absolute value of the change in binding energy (kcal mol™') was calculated according to: [0.6 In{K4
mut/Ky wt}|. Filled and empty bars denote a decrease or increase in toxin affinity, respectively. Table 1 (column 2)
lists the K, values obtained as in Figure 1(b)-(d) for each point mutant. The error bar represents the calculated error
arising from propagation of the measured error in each Ky value (see Materials and Methods). (c) Surface represen-
tations of 6-dendrotoxin viewed from three orientations. The structure of dendrotoxin-K (Berndt et al., 1993; Acc. No.:
1DTK), which is 96 % identical with 6-dendrotoxin, was used as a structural model for d-dendrotoxin. The surface
color indicates the change in binding energy resulting from mutation of the underlying residue according to the color
scale below. Non-mutated surface regions are white. Labeled residues are those with binding energy changes
>1.5 kcal mol™. Top left-hand panel, Orientation of the toxin showing the functional interaction surface of dendro-
toxin. Leu7 was included as part of the interaction surface (see the text). Top right-hand panel, Ribbon representation
of d-dendrotoxin using identical view as in the left-hand panel. Middle and bottom, Opposing side views of the den-
drotoxin binding surface. The molecular surface representations for this and all subsequent Figures were calculated
and drawn using GRASP (Nicholls et al., 1991). The ribbon representation was drawn with MOLSCRIPT (Kraulis,
1991).
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Table 1. Dissociation constants and coupling energies of 3-dendrotoxin and ShaKv1.1 K* channel mutations

SkaKv1.1 Wild-type 1425-N427S E4233A D431A Y449
Coupling Coupling Coupling Coupling
Ky(nM) K4q(pM) (kcal/mol) Ky(nM) (kcal/mol) K4(nM) (kcal/mol) Ky(nM) (kcal/mol)
5-DTX +SEM(n1)  +SEM(n) +SEM +SEM(n) +SEM +SEM(n) +SEM +SEM(n) +SEM
wild-type 202 (5)| 22x08 (6) ; 155+ 4.5 (4): 316 £27 (s): 214+9 (s)i
AlQ 1042 (5)| 122£28 (6) !l 0.04 041 : : :
K3A 23017 (5) | 675£245 (6) 1 0.59+0.43 { 1010123 (5)] 034203 | 614:26 (6) | 2442 0.15 [1244+230 (5) | 1.79+0.21
YdA 33.4£25 (5)| S$5+26 (&) } 0.24£033 | 321429 (4 : 0.13£0.29 |1918:£202 (5) : 061017 | 42273 (5)} 128402
K6A 518455 (5)| 610+£90 (7) | 0.04+036 | 1952120 (4) | 0.43+0.29 |4630+£460 (6) | 1.72+0.18 5280+ 631 (5) | 1.41+0.18
L7A 2103 (5)] 289+23 (5) : 151£035 | 132415 (5) : 1254032 | 408+35 (4)| 0.12+02 | 223225 (6)| 002
PSA 5125 (4)| 556413 (7)1 0.01+038 | 472+100 (4)10.11+0.33 | 1874%97 (6) | 0.87+0.16 | 330+42 (5) | 1.68+0.18
VoA 13£01 (9] 53+07 (6) 0.27+035 : { : {
RI10A 142414 (5)| 486482 (5)! 0.7+036 | 291+23 (5)| 0.8+0.29 |2900£330 (6) | 1.23+0.19 [2953 785 (4) | 0.98+0.27
YHA 2305 (4)| 25+03 (4) | 0.01+039 : } }
PI13A 4704 4)| 94x22 (5! 036+038 : { I
KI5A 2902 (4)| 56+08 (4)] 0.3420.3S | | |
KI6A | 029002 (4)[0.84£0.11 (4) : 0.58 +0.51 : : }
K17A 2+016 (4)| 2.5£036 (4) ] 0.080.35 i | }
K24A 101209 (5)| 9.5%1 (4) : 0.09 + 0.34 : : :
W25A 106£3 (4)] 306+5 (4) ] 0.58+043 ! I |
K26A 71£6 (5)| 81713 (5) : 0.03+036 | 265+29 (6) : 04403 12600110 (6) : 0.88+0.15 1851275 (5) ‘l 0.85£0.19
K28A =13 (5) 72 (4) | 0.33£0.41
L31A 3104 (4] 3.5%06 (4) } 0.02£037 ShaKvl.l |&DTX,Kd (aM)
D34A 1303 (4)| 2109 (5) 1 0.23+0.88 Y415A [29:04 (4)
N41A 22£05 (4) 811 (4) } 0.72+0.39 F416A |28%1 (4)
A42Q 11.6£22 (4)| 358256 (5) 1 0.62+0.39 E418A | No expression
R44A 4310 (4) | 556217 (6)| 0.1+0.45 E420A |75:21 (4)
K46A 85412 (4)| 39405 () ! 052£036 E421A {42%16 (4)
E49A 25+1 (4) 2405 (5) | 0.08+0.68 L425SA [7.6x12 (4)
ES0A 0.43+0.1 (4)]0.99:0.18 (7) | 044206 F426A |44%1 (&)
RS52A 77+1 (5)| 10813 (5) | 0.15£0.36 N#27A (22207 (&)
RS3A 94%1 (4)] 55067 (4 038035 V4SIA | 62+2 (4)
TS4A 69408 (4)| 294045 (4)) 0.58%0.36 G452A [04£0.1 (D)
VAS3A | 23+045 (5)
W454A [ 1702 (4)

The affinities for ShaKv1.1 of §-dendrotoxin variants are listed in the second column from the left (wild-type). Across the top row
are listed those ShaKv1.1 mutations which resulted in significant changes in the dissociation constant when screened against wild-
type 8-dendrotoxin. Note that the affinities for the ShaKv1.1 double mutant Leu425His/Asn427Ser are listed in units of picomolar.
The boxed inset at lower right contains the equilibrium dissociation constants corresponding to those channel mutations whose
effects on 3-dendrotoxin binding were small. The intersections between rows and columns present both the dissociation constant, K,
, for the combination of toxin and channel mutant as well as the coupling energy between those two mutations calculated according
to equation (1). In parentheses are the number of oocyte recording trials used to obtain the dissociation constant. The coupling ener-
gies >1 kcal mol™ are plotted in Figure 4(a) and color mapped onto the surface of the K* channel KcsA (Figure 4(b)).

The dendrotoxin receptor surface on the we produced mutations at sites known to be at the
potassium channel surface of the closely related KcsA K™ channel
(Doyle et al, 1998). Figure 3(a) indicates the

The Conserved Sequence Of the pore region Of K+ mutations made in this Study. A total Of 15 amino
channels forms the selectivity filter that catalyzes  acids along the pore region were substituted, one
the rapid diffusion of K* across the membrane bar- ~ at a time, by an alanine residue. In addition, a
rier to the virtual exclusion of all other cations. — double substitution was made which conferred
Based on the KcsA K+ channel structure, we know  Kv1.1 turret sequence identity onto ShaKv1.1 (see
that four identical pore regions come together to  Figure 1(a)).
form the filter. Each monomer contains a loop, Figure 3(b) graphs the changes in binding free
termed the “turret”, that juts out into the extra-  energy resulting from the mutations (from Table 1),
cellular solution as if to guard the centrally located =~ while Figure 3(c) displays the same data in color
pore entryway. To identify amino acids of the  on the surface of the KesA K* channel. Mutation of
ShaKv1.1 channel that interact with d-dendrotoxin, amino acids at positions 423, 425/427, 431 and 449
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resulted in binding free energy changes greater than
1 kcal mol~'. Residues 420 and 452, which made
significant but smaller contributions to toxin bind-
ing, are also labeled. The double mutation Leu425-
His/Asn427Ser had the largest effect (>4 kcal
mol™!). This double mutation, as well as the
Gly452Ala mutation, increased the affinity (open
bars), while all other mutations decreased the affi-
nity of toxin for the channel. Figure 3(c) shows that
amino acid residues 423, 425 and 427 are located at

unmutated ShaKv1l.l. Changes in
binding energy were calculated as
described in the legend to
Figure 2(b). Empty bars denote
increases, filled bars decreases in
toxin affinity. The error bar rep-
resents the calculated error arising
from propagation of the error in
each K, value (see Materials and
Methods). No current could be
measured through the expressed
mutant channel Glu418Ala. (c) Sur-
face representation of the pore
region of KcsA viewed from the
extracellular side looking down the
axis of the pore (Doyle et al., 1998;
Acc. No.: 1BL8). The surface color
represents the change in binding
energy of d-dendrotoxin (see color
scale below) associated with a
mutation at the equivalent residue
position in ShaKv1.1. Non-mutated
areas of the channel are white.
Labeled residues are those with
binding energy changes >0.9 kcal/
mol. Residue positions 425 and 427
of ShaKvl.1 are colored according
to the result obtained from their
joint mutation Leu425His/Asn427-
Ser.

the apex of the turrets, while residue Asp431 lines
the groove between. Residue Tyr449 lies immedi-
ately adjacent to the small central pore opening.

The consequences of an asymmetric ligand (in
this case, dendrotoxin) binding to a 4-fold sym-
metric receptor (the K* channel) are interesting,
and have been considered in detail (MacKinnon,
1991b; Hidalgo & MacKinnon, 1995; Ranganathan
et al., 1996). Given a stoichiometry of one toxin per
channel, when the toxin binds it can do so in one
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Figure 4. Non-additive (coupling) energies from double mutations. (a) Each indicated toxin mutant was tested
against each of the shown channel mutants for those residues that are part of the functional interaction surfaces. The
coupling energy (kcal mol™") for each toxin/channel pair was calculated according to equation (1). Table 1 lists the
inhibition constants, Ky, used. Bars plot the coupling energy of those paired toxin/channel residue substitutions
whose coupling energy exceeds 1 kcal mol™'. See Table 1 for the complete listing of coupling energies of all toxin/
channel residue pairs. (b) Views of the functional interaction surfaces of dendrotoxin and the K* channel. Each panel
maps the coupling energies according to color and location for all functional interaction residues of dendrotoxin with
the indicated channel mutant. Purple denotes the location of the channel mutation.

of four possible orientations. These orientations are  the toxin does not likely interact with all equival-
energetically equivalent but statistically dis-  ent residues on the four subunits, because the toxin
tinguishable. That is, the toxin can bind facing  does not share the channel’s molecular symmetry.
north, south, east or west. In any one orientation, Given the interaction surfaces defined on the toxin
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Figure 5. Hypothetical binding orientation for dendrotoxin. (a) Stereo diagram of §-dendrotoxin relative to the Sha-
ker K* channel. The channel is shown in the same orientation as in Figure 3(c), looking directly down the pore from
the extracellular side of the channel. The functional interaction residues of the channel have been mapped to the sur-
face with the following color scheme: 423/425/427 (green), 431(red), and 449 (blue). The toxin side-chains shown are
from residues that strongly interact (through mutant cycles) with their color matched interaction partner(s) on the
channel (Figure 4(a); Lys3 and Argl0, red; Leu?, green; Pro8, blue; Tyr4, omitted for clarity). Lys6 of 6-dendrotoxin,
which interacts to roughly the same extent with both 431 (red) and 449 (blue), is purple. (b) Binding orientation of
scorpion toxin on the K* channel. This orientation is based on mutant cycle analysis of Agitoxin2 interaction with the
Shaker channel (Ranganathan ef al., 1996, MacKinnon et al., 1998). The channel residues are colored as in (a), except
that positions 423 and 427 have been omitted. Additional Shaker residues that interact with Agitoxin2 are M448 (yel-
low) and Y445 (purple). The blue-green residue on Agitoxin2 interacts with both position 449 (blue) and 425 (green).
The purple residue on Agitoxin2 is Lys27 which interacts with the external K* binding site of the channel and thus
acts as a “plug” in the pore (Park & Miller, 1992a,b; Ranganathan et al., 1996). The orientation of the toxins relative
to the channel was arrived at by visually minimizing the distances between the spacefilled models of the interacting
toxin residue atoms (omitting hydrogen atoms) and the molecular surface of the coupled channel residues within the
program GRASP (Nicholls et al., 1991). The toxin backbones are shown as a black line.

and channel, with the concept of four mutually
exclusive orientations in mind, we then tried to fit
the two proteins together.

Interactions between mutations across the
toxin-channel interface

To identify amino acid pairs that are near each
other on the interface we looked for mutations
whose effects are coupled according to thermo-
dynamic mutant cycle analysis (Hidalgo &
MacKinnon, 1995; Schreiber & Fersht, 1995). For

the seven amino acids forming the toxin interaction
surface, paired with each of the four affinity-alter-
ing channel mutations, the Ky was determined for
the four corners of a mutant cycle. The coupling
coefficient, 2, for the magnitude of interaction
between any two perturbations is given by
(Hidalgo & MacKinnon, 1995):

_ Kg(wtX, wtY) x Kq(mutX, mutY)

Q=
Ka(wtX, mutY) x Kg(mutX, wtX)

M

where K4(X,Y) is the equilibrium dissociation con-
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stant for toxin X and channel Y. An Q deviating
from unity indicates an interaction between the
two mutations under study. In energetic terms, the
coupling energy is given by the absolute value of
RTIn(R2) and reflects the degree of non-additivity
of the energetic effects of the single mutations. In
the absence of large structural changes, coupled
mutations should indicate close proximity on the
protein-protein interface (Schreiber & Fersht, 1995).

Table 1 lists the K4 values as well as the coupling
energies for the indicated toxin:channel mutant
combinations. The mutant pairs giving rise to
coupling energies greater than 1 kcal mol™' are
plotted in the bar graph of Figure 4(a). The stron-
gest coupling occurs between the channel mutation
Asp431Ala and toxin mutation Lys3Ala. Asp431-
Ala is also coupled to mutation Lys6Ala and
weakly but significantly to ArglOAla. Lys3 and
Lys6 are separated by one turn of a 3, helix and
therefore are quite near each other on §-dendrotox-
in. That mutation of the Lys residue at these two
sites is coupled to mutation of the very same Asp
on the channel is not surprising. Argl0, on the
other hand, is almost 20 A away from Lys3 on the
dendrotoxin structure (Figure 2(c)). The ArglOAla
mutation is presumably coupled to mutation of an
Asp431 residue on a separate subunit. Given the
locations of the four Asp431 residues on the chan-
nel surface, a 20 A distance is most consistent with
the separation between two Asp431 residues on
adjacent, rather than diagonal subunits
(Figure 4(b)). Independent evidence supports this
suggestion (below).

The double mutation Leu425His/Asn427Ser and
single mutation Glu423Ala both couple uniquely to
toxin mutation Leu7Ala (Figure 4(a)). These chan-
nel residues are located on the turret, while Leu? is
half way between Lys3 and ArglO on the toxin
interaction surface (Figure 4(b)). Since the turrets
are located about half way between Asp431 resi-
dues on adjacent subunits, these assignments
further suggest that dendrotoxin interacts predomi-
nantly with two adjacent subunits in the channel
tetramer. The channel mutation Tyr449Ala couples
to four separate mutations on the toxin
(Figure 4(a)). These toxin mutations involve amino
acids located near the base and to one side of Leu7
on the triangular interaction surface (Figure 4(b)).

Discussion

This study has defined a set of amino acids
responsible for the binding of 6-dendrotoxin to a
voltage-dependent K* channel. The interaction
surface on the toxin is a triangular patch of seven
amino acids, four of which are basic. On the
channel surface, the toxin interacts with amino
acids that are located in the wide, shallow vesti-
bule surrounding the extracellular pore entryway.
Although dendrotoxins and scorpion toxins inter-
act with many of the same amino acids on the K*
channel, mutant cycle analysis points to very

different docked complexes and mechanisms of
action.

Figure 5(a) shows a hypothetical binding orien-
tation for dendrotoxin that fulfills all of the mutant
cycle derived constraints shown in Figure 4(b). In
this model, the toxin is essentially draped over a
turret with Leu7 in direct contact with turret
amino acid residues. Lys3 and ArglO reach into
the grooves on either side of the turret where they
are in close proximity to Asp431 residues from
adjacent subunits. Lys6 is close enough to Lys3 to
interact electrostatically with its Asp431 partner
on the same subunit. The interaction of Tyr449
mutations with mutations of four toxin amino acid
residues is also reasonably consistent with this
orientation of the toxin with respect to the channel.
We do not take this complex seriously in its detail,
but rather, we propose that it will look something
like that shown. In particular, the mutant cycle
data provide very strong evidence that dendrotox-
in binds off-center by interacting with a turret and
two adjacent subunits. The major constraints point-
ing to this conclusion are the spatial assignments
of Lys3 and Argl0, which are separated by about
20 A, with Asp431 on the channel, and the assign-
ment of Leu7 with turret amino acids in between
Asp431 residues on adjacent subunits. Ultimately,
this model will be tested with direct structural
methods.

It is interesting to compare the mutant cycle
derived constraints for agitoxin (a scorpion toxin)
to those of dendrotoxin (Figure 5(a) and (b)). Agi-
toxin is smaller and fits into the groove between
the turrets. It inhibits Shaker apparently by com-
peting for part of the channel’s “active site”, the
channel’s outer K* binding site, physically occlud-
ing the path of K* ions (Park & Miller, 1992b;
Ranganathan ef al., 1996). The channel amino acid
residue Asp431 is very important in the interaction
of both toxins, but mutations on agitoxin Qinvol—
ving Arg residues separated by 25 to 30 A) are
coupled to Asp431 on diagonal, not adjacent sub-
units (MacKinnon et al., 1998).

The off-center location of dendrotoxin satisfies a
subtle but important property of dendrotoxin-
inhibited K* channels: they are not always blocked
completely. That is, with certain K* channels,
residual current flow may occur at very high toxin
concentrations (Hall et al., 1994; Owen et al., 1997).
At the single channel level, the residual current
corresponds to a small but measurable current
flow through the channel when the toxin is bound
(Imredy et al., 1998). Therefore, dendrotoxins
reduce the flow of ions to a variable extent
(depending on which K* channel they are bound)
but they do not prevent it altogether. In contrast,
scorpion toxins seem to block the K* current com-
pletely. An off-center binding site for dendrotoxin
would leave a clear path for ion flow.

If dendrotoxins do not behave like molecular
plugs, as do the scorpion toxins, then how do they
inhibit K* channels? It might be reasonable to sup-
pose that the cationic toxin protein reduces K*
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access to the pore by setting up a repulsive electro-
static potential (this kind of electrostatic mechan-
ism has been proposed for p conotoxin inhibition
of sodium channels (French & Dudley, 1999)).
However, in the case of dendrotoxin, our charge-
altering mutations do not support such a mechan-
ism (data not shown). We think it is more likely
that the presence of dendrotoxin attached to the
turret alters the dynamics of the pore and thus the
throughput of ions. The pore region amino acids
form a tightly packed unit consisting of the turret
(which is very structured and resistant to pro-
teases), pore helix, selectivity filter and an
extended strand running radially away from the
pore entryway (Doyle et al., 1998). As ions move
through the pore they undoubtedly distort its
walls to some extent. If dendrotoxin binds and
makes the structure more rigid, even to a small
degree, then the flow of ions could be affected.
Thus, we propose that dendrotoxins inhibit by
altering the dynamical structure of the channel, not
by capping its pore.

In the first Figure we showed a strange property
of d-dendrotoxin, that at extreme concentrations
(one hundred times the K;) it caused slow, irre-
versible inhibition of the K* channel. This result is
difficult to explain since at toxin concentrations of
ten times Ky (90 % inhibition), no irreversible inhi-
bition is observed. This raises the possibility of a
second, low affinity, but lethal site for dendrotoxin.
However, toxin mutations that lower the affinity
for reversible inhibition (the focus here) also pro-
portionally lower the affinity for the irreversible
inhibition, as if the sites are one and the same.
Inspection of the proposed K* channel-dendrotox-
in complex raises an interesting but yet untested
possibility. That is, that a second dendrotoxin
could bind on the diagonally opposite turret. Due
to steric hindrance, affinity for the second toxin
would be much lower than for the first. But two
toxins might induce an irreversible conformational
change of the channel. This suggestion for irrevers-
ible inhibition is pure speculation but is directly
testable.

Materials and Methods

Plasmids and mutagenesis

The Drosophila melanogaster Shaker H4 K* channel was
expressed using a clone (Kamb et al., 1987) from which
bases encoding amino acid residues 6-46 had been
deleted, resulting in a non-inactivating K" current
(Hoshi et al., 1990). All channel mutations were made in
this background using a pore region cassette extending
from Bsml (base 1153) to Spel (base 1513).

A synthetic gene encoding &-dendrotoxin (Imredy
et al., 1998) was inserted into the vector pCSP105 (Park
et al., 1991) using the Sall/HindIII cassette. 3-Dendrotox-
in was expressed as a carboxy-terminal fusion to the cap-
sid protein of T7 bacteriophage (gene 9 product) (Dunn
& Studier, 1983). 3-Dendrotoxin and channel mutations
were generated using a sequential PCR protocol. All

mutations were verified by sequencing the entire cassette
after its reinsertion into the plasmid.

Electrophysiological assay of 8-dendrotoxin

The electrophysiological recording of K* currents was
performed according to previously published methods
(Imredy et al., 1998). In vitro transcribed mutant Shaker
channel mRNA was injected into defolliculated oocytes
isolated from Xenopus laevis frogs (Oocyte One, Michi-
gan; NASCO, Wisconsin) one day after surgical harvest-
ing and collagenase treatment (Worthington, Type II,
0.5 mg/ml for one hour) of fresh oocytes. Expressed K*
currents were recorded with a two-electrode voltage-
clamp recording amplifier (Warner Instruments OC-
725A) within four days of injection. For recording, the
oocytes were placed in a 130 ul bath and continuously
perfused with a frog Ringer solution containing 96 mM
NaCl, 2 mM KCl], 0.3 mM CaCl,, 1 mM MgCl,, 0.05 mg/
ml bovine serum albumin (SIGMA), and 5 mM Hepes at
pH 7.6 (NaOH). Just prior to its application to the
recording chamber, §-dendrotoxin was added to the per-
fusate from a stock kept at 4°C (or on ice) in 100 mM
Hepes at pH 7.6 (NaOH). To determine the fraction of
total dendrotoxin-sensitive current, a high concentration
(100-1000 times Ky) was added to the recording chamber.
For concentrations >10 mM the flow was stopped and
the toxin was added directly to the flow chamber. Inhi-
bition curves always refer to this dendrotoxin-sensitive
current. For the currents shown in Figure 1, a solution
containing 100 mM TEACI, 2 mM KCl, 0.3 mM CaCl,,
1 mM MgCl,, 0.05 mg/ml bovine serum albumin, and
5 mM Hepes at pH 7.6 (NaOH) was perfused, and the
remaining current was used to subtract capacitive and
TEA insensitive leak current.

In order to evoke K* current through Shaker channels,
depolarizing potential steps of 300 ms duration and
80 mV magnitude were applied to oocytes from a resting
potential of —80 mV. The elicited current was recorded
digitally and stored on a computer. The average current
value during the last 15 ms of a given current response
(Figure 1(c)) was used as a measure of the K* current
during that pulse (Figure 1(b)). All electrophysiological
recordings were performed at room temperature. Fits of
the Langmuir isotherm to dendrotoxin K* current
inhibition plots (Figure 1(d)) were made using Origin
software (Microcal, Massachussetts). The error in the
binding energy and coupling energy values (Figures 2, 3
and 4) were calculated from the experimental error of
the measured K, values (reported as the standard error
of the mean, or SEM) using the geometric sum of the
partial errors. For f(x,y), a function of two inhibition con-
stants, x and y, the resulting error in the function, Af,
was approximated by:

N (¥ ALY
Af = —A —A
i) ()
where Ax and Ay are the measured errors in the inhi-
bition constants (SEM).

Expression and purification of 3-dendrotoxin

The expression and purification procedure for §-den-
drotoxin followed previously established methods
(Imredy et al., 1998). 8-Dendrotoxin was expressed in the
BL21-DES3 strain of E. coli as a carboxy-terminal fusion to
the T7 bacteriophage capsid protein (gene 9 product) fol-
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lowed by an engineered Factor Xa cleavage recognition
site. The fusion protein was isolated using anion
exchange chromatography on a DE52 (Whatman) packed
column. In the case of all but two of the dendrotoxin
mutations the dendrotoxin, cleaved from its fusion part-
ner by trypsin, could be isolated as a functional protein
with the correct mass spectrogram. The dendrotoxin
mutants Arg44Ala and Asn4lAla, however, had to be
cleaved with Factor Xa from the fusion protein in order
to be isolated. Following its cleavage, the toxin was iso-
lated using cation exchange chromatography (Mono S,
Pharmacia Biotech). The eluted dendrotoxin solution
was desalted and purified using HPLC reverse phase
chromatography (VYDAC C8, Phenomenex). The calcu-
lated extinction coefficient of 17,883 M~' cm™! (Imredy
et al., 1998) was used to estimate the concentration of
wild-type and mutated dendrotoxins except for
mutations involving alanine residue substitutions for Tyr
and Trp residues. For estimation of these mutant toxin
concentrations, the extinction coefficients were adjusted
(Gill & von Hippel, 1989).
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