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abstract Hanatoxin inhibits voltage-gated K* channels by modifying the energetics of activation. We studied
the molecular determinants and physical location of the Hanatoxin receptors on the drk1 voltage-gated K* chan-
nel. First, we made multiple substitutions at three previously identified positions in the COOH terminus of S3 to
examine whether these residues interact intimately with the toxin. We also examined a region encompassing S1—
S3 using alanine-scanning mutagenesis to identify additional determinants of the toxin receptors. Finally, guided
by the structure of the KcsA Kt channel, we explored whether the toxin interacts with the peripheral extracellular
surface of the pore domain in the drkl K* channel. Our results argue for an intimate interaction between the
toxin and the COOH terminus of S3 and suggest that the Hanatoxin receptors are confined within the voltage-

sensing domains of the channel, at least 20-25 A away from the central pore axis.
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INTRODUCTION

Voltage-gated K* channels are tetramers with each sub-
unit containing six transmembrane segments, termed S1—
S6. As illustrated in Fig. 1, we can think of these channels
as constructed from two types of domains: a central pore
domain formed by S5-S6 and four surrounding voltage-
sensing domains, each comprised of S1-S4. The structure
of the pore domain is likely to be similar to the crystal
structure of the KcsA K* channel, a bacterial channel that
is homologous to S5-S6 in voltage-gated K* channels
(Schrempf et al., 1995; Doyle et al., 1998; MacKinnon et
al., 1998; Heginbotham et al., 1999). Thus, both S5 and
S6 in voltage-gated K* channels are membrane-spanning
a helices with the linker between them forming a short
pore helix and the selectivity filter. A growing body of evi-
dence suggests that the voltage-sensing domains are con-
structed from S1 through S4 (Papazian et al., 1991, 1995;
Liman et al., 1991; Perozo et al., 1994; Planells-Cases et
al., 1995; Aggarwal and MacKinnon, 1996; Larsson et al.,
1996; Mannuzzu et al., 1996; Seoh et al., 1996; Yang et
al., 1996; Yusaf et al., 1996; Tiwari-Woodruff et al., 1997;
Cha and Bezanilla, 1997; Smith-Maxwell et al., 1998a,b; Li-
Smerin and Swartz, 1998; Ledwell and Aldrich, 1999;
Monks et al., 1999; Hong and Miller, 2000; Li-Smerin et
al., 2000a). Compared with the pore domain, much less is
known about the structure of this important region of
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voltage-gated K+ channels. As illustrated in Fig. 1 A, the
first four transmembrane segments (S1, S2, S3, and S4)
are thought to be membrane-spanning o helices (Monks
et al., 1999; Hong and Miller, 2000; Li-Smerin et al.,
2000a). There is also evidence for additional helices in the
extracellular linkers between S1 and S2 and between S3
and S4 (Li-Smerin et al., 2000a).

A large number of protein toxins isolated from ven-
omous animals interact with voltage-gated ion channels
and either physically block ion conduction or modify
voltage-dependent gating. The pore-blocking toxins
interact with the outer vestibule of the channel, as il-
lustrated by the receptor for Agitoxin, in Fig. 1 B
(MacKinnon and Miller, 1988, 1989; Miller, 1988, 1995;
Hurst et al., 1991; Stocker et al., 1991; Park and Miller,
19923,b; Goldstein and Miller, 1993; Garcia et al., 1994;
Goldstein et al., 1994; Lu and MacKinnon, 1997; Im-
redy et al., 1998; Jin and Lu, 1998). In fact, these toxins
were initially used to identify the pore-forming region
of the channel and subsequently to probe the three-
dimensional structure of this region (MacKinnon and
Miller, 1988; Hurst et al., 1991; Stampe et al., 1994,
Stocker and Miller, 1994; Goldstein et al., 1994; Hi-
dalgo and MacKinnon, 1995; Ranganathan et al., 1996;
Naranjo and Miller, 1996; MacKinnon et al., 1998). Im-
portantly, many of the structural constraints obtained
using pore-blocking toxins have been born out by the
crystal structure of the KcsA K* channel, recently
solved by x-ray diffraction (Doyle et al., 1998; MacKin-
non et al., 1998). In contrast to the pore-blocking tox-
ins, the location and structural determinants of the
receptors for gating modifier toxins are poorly under-
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Figure 1. Topology and archi-
() tecture of voltage-gated K* chan-
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K+ channel for the region start-
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S4 ing at the NH, terminus of S3
and ending at the COOH-termi-
nal of S4 and the putative topol-
ogy of a single o subunit. Yellow
highlighting indicates the three
positions (1273, F274, and E277)
where point mutations have
been found to alter the binding
affinity of Hanatoxin (Swartz and
MacKinnon, 1997b). The puta-
tive demarcations of the S3 and
S4 transmembrane segments,
indicated by underlining, are
based on Kyte-Doolittle hydro-
phobicity analysis. The cylinders
above the sequence indicated
the approximate positions of
three « helices. The solid cylin-
ders (for S3 and S4) are based on
a-helical periodicity detected
using alanine- and tryptophan-
scanning mutagenesis (Hong
and Miller, 2000; Li-Smerin et al.,
2000a). The dotted cylinder posi-
tioned near the COOH terminus
of S3 and the S3-S4 linker was
proposed based on helical peri-
odicity detected with alanine-
scanning mutagenesis (Li-Smerin
et al., 2000a). The topology of a
single K+ channel subunit shown
(bottom) illustrates the first four
transmembrane segments (S1-
S4, in black) comprising the volt-
age-sensing domain and the last
two transmembrane segments (S5
to S6, in blue) the pore domain.

The dotted cylinder in the S1-S2 linker is based on helical periodicity detected with alanine-scanning mutagenesis (Li-Smerin et al.,
2000a). The top is extracellular and the bottom is intracellular. (B) Architecture of voltage-gated K* channels containing a central pore
domain and four surrounding voltage-sensing domains drawn according to Li-Smerin et al. (2000b). The pore domain is represented by
the crystal structure of KcsA (Doyle et al., 1998), a simple K+ channel homologous to the S5-S6 region of voltage-gated K* channels. Adja-
cent pore domain subunits in the tetramer are illustrated using different shades of blue. The red ring over the ion conduction pore indi-
cates the footprint of Agitoxin, (~20 X 30 A), a pore-blocking toxin (MacKinnon et al., 1998). Each surrounding voltage-sensing domain
is formed by S1-S4 transmembrane helices. The four areas surrounded by black dotted lines are regions that potentially interact with
Hanatoxin, based on cohabitation of Hanatoxin and Agitoxin,. The overall dimensions of the channel are drawn using estimates of 80 X

80 A from electron microscopy (Li et al., 1994).

stood, but presumably these toxins interact with re-
gions of the channel involved in gating. The precedent
set by the pore-blocking toxins suggests that gating
modifier toxins should be very useful probes for study-
ing these gating structures.

Hanatoxin is a protein toxin from spider venom that
inhibits the drkl voltage-gated K* channel by binding
to receptors on the extracellular face of the channel
and modifying the energetics of gating (Swartz and
MacKinnon, 1995, 1997a). This mechanism was sug-
gested by the observation that toxin-bound channels
can open, but require large depolarizing voltages to do

so. Unlike the pore-blocking toxins that bind with 1:1
stoichiometry, four Hanatoxin molecules can bind to
the external surface of a single K* channel (Swartz and
MacKinnon, 1997a). An initial search for residues
forming the Hanatoxin receptors identified three posi-
tions in the COOH-terminal part of S3 (1273, F274, and
E277), where point mutations decrease toxin binding
affinity (Fig. 1 A, yellow highlighted area) (Swartz and
MacKinnon, 1997b). A significant constraint on the lo-
cation of the Hanatoxin receptors came from the ob-
servation that Agitoxin, (Garcia et al., 1994), a pore-
blocking toxin, can co-occupy the K* channel along
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with Hanatoxin (Fig. 1) (Swartz and MacKinnon,
1997b). The cohabitation of pore-blocking and gating-
modifier toxins argues for peripheral locations of the
Hanatoxin receptors, probably >15 A from the central
pore axis. The peripheral location of the Hanatoxin re-
ceptors fits nicely with the 4:1 stoichiometry between
toxin and channel since these channels are homotet-
ramers. However, the actual position of the Hanatoxin
receptors remains poorly defined because the pore-
blocking toxin receptor constitutes a relatively small
fraction of the large (~80 x 80 A) extracellular surface
of the channel (Li et al., 1994). Thus, Hanatoxin might
interact with the channel anywhere within the black
dotted lines in Fig. 1 B.

In this paper, we studied the structural components
and location of the Hanatoxin receptors on the drkl
K* channel. First, we examined whether the three pre-
viously identified residues in the COOH-terminal end
of S3 interact with the toxin by looking for patterns
arising from multiple substitutions at each position.
Second, we examined the possible contribution of ad-
ditional residues in forming the Hanatoxin receptors
by Ala-scanning a previously unexplored region be-
tween the NH,-terminal side of S1 and the COOH-ter-
minal end of S3. Finally, we explored the possibility
that Hanatoxin interacts with residues on the periph-
eral surface of the pore domain. Our results are consis-
tent with an intimate interaction between Hanatoxin
and channel residues in the COOH-terminal part of S3.
In addition, our results suggest that the toxin does not
interact with the extracellular surface of the pore do-
main, but rather exclusively interacts with the voltage-
sensing domains of the channel.

MATERIALS AND METHODS
Mutagenesis and Channel Expression

The cDNA encoding the wild-type drkl K+ channel (Frech et al.,
1989) used in this study contained several unique restriction sites
that were previously introduced using PCR (Swartz and MacKin-
non, 1997b). To construct point mutations of the channel, mu-
tant fragments were first generated by PCR and then ligated into
appropriately digested vectors. Mutations were confirmed by
dideoxy (Sanger et al., 1977) or automated DNA sequencing.
cDNAs encoding wild-type and mutant channels were linearized
with Notl and transcribed with T7 RNA polymerase.

Oocytes from Xenopus laevis frogs were removed surgically and
incubated with agitation for 1-1.5 h in a solution containing
(mM): 82.5 NaCl, 2.5 KClI, 1 MgCl,, 5 HEPES, and 2 mg/ml colla-
genase (Worthington Biochemical Corp.), pH 7.6 with NaOH.
Defolliculated oocytes were injected with cRNA and incubated at
17°C in a solution containing (mM): 96 NaCl, 2 KCI, 1 MgCl,, 1.8
CaCl,, 5 HEPES, 50 pg/ml gentamicin (GIBCO BRL), pH 7.6
with NaOH for 1-5 d before recording.

Examination of the Toxin-Channel Interaction

Two-electrode voltage-clamp recording technigues were em-
ployed to study the toxin-channel interaction using an OC-725C
oocyte clamp (Warner Instruments). Oocytes were studied in a
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160-ul recording chamber that was perfused with a solution con-
taining (mM): 50 RbCI, 50 NaCl, 1 MgCl,, 0.3 CaCl,, and 5
HEPES, pH 7.6 with NaOH. Data were filtered at 2 kHz (eight-
pole Bessel) and digitized at 10 kHz. Microelectrode resistances
were between 0.2 and 1.2 MQ when filled with 3 M KCI. All ex-
periments were performed at room temperature (~22°C).

The equilibrium dissociation constant for Hanatoxin binding
to closed or resting channels was determined using very negative
holding voltages (—120 to —80 mV) where no steady state inacti-
vation could be detected. The fraction of unbound channels was
estimated using depolarizations that were too weak to open toxin
bound channels and too short to perturb the equilibrium for
toxin binding to resting channels, as previously described
(Swartz and MacKinnon, 1997a,b). After toxin-bound channels
are opened by strong depolarization, they close more rapidly
than unbound channels after repolarization (Swartz and Mac-
Kinnon, 1997a). We therefore examined the kinetics of deac-
tivation using tail currents carried by 50 mM Rb* (to slow deacti-
vation) to confirm that toxin-bound channels did not contribute
to the currents measured with weak depolarizations. For all chan-
nels, we recorded tail current voltage-activation relations in the
absence and presence of different concentrations of toxin. After
addition of the toxin to the recording chamber, the equilibration
between toxin and channel was monitored using weak depolar-
izations elicited at 5-20-s intervals. Recovery from toxin inhibi-
tion after removing the toxin from the recording chamber was
routinely monitored but not examined quantitatively because of
complexities arising from the 4:1 stoichiometry between toxin
and channel (Swartz and MacKinnon, 1997a,b). The ratio of tail
current (1/1,) recorded in the presence (1) and absence (l,) of
toxin was calculated for various strength depolarizations, typi-
cally —50 to +60 mV. The value of 1/1, measured in the plateau
phase at negative voltages (I"/1"y), where toxin-bound channels
do not open, was taken as equal to the fraction of unbound chan-
nels (see Fig. 2). The equilibrium dissociation constant (Ky) for
toxin binding was calculated according to:

Kg = B—1

L = 1Htoxin].
Sy fpltoxin]

This equation assumes four independent and equivalent binding
sites on the drkl K* channel for Hanatoxin. For mutant chan-
nels with altered gating properties, all voltage protocols were ad-
justed appropriately so that the plateau phase in the 1/1,-voltage
relation was well defined. The fraction of uninhibited current
(1/1,) was initially measured for all mutant channels using be-
tween 100 and 250 nM Hanatoxin. The concentration depen-
dence for toxin inhibition was further examined using two or
three toxin concentrations for all mutants displaying >10-fold
changes in toxin Ky in the initial screen.

Hanatoxin was purified from tarantula venom as previously de-
scribed (Swartz and MacKinnon, 1995). The native toxin prepa-
ration is an approximately equal mixture of two isoforms that dif-
fer only at position 13, where Hanatoxin, contains serine and
Hanatoxin, contains alanine. The two isoforms most likely have
similar binding affinities because the concentration dependence
for inhibition of the channel by the native mixture and synthetic
Hanatoxin, are similar (Takahashi et al., 2000).

RESULTS

Hanatoxin inhibits the drkl voltage-gated K* channel
by shifting activation to more depolarized voltages
(Swartz and MacKinnon, 1997a). We set out to localize
the Hanatoxin receptors on the drkl voltage-gated K*



channel by examining the effects of point mutations on
toxin binding affinity. Wild-type and mutant channels
were expressed in Xenopus oocytes and the interaction
between toxin and channel were examined electro-
physiologically. We determined the equilibrium dissoci-
ation constant for toxin binding to mutant and wild-
type channels by studying the concentration depen-
dence for toxin occupancy of the channel as previously
described (Swartz and MacKinnon, 1997a) (see mate-
rials and methods). In this approach, the fraction of
unbound channels is estimated by measuring the frac-
tion of uninhibited current at negative voltages where
toxin bound channels do not open.

Effects of Multiple Substitutions in the COOH-terminal
Part of S3

Mutations to Ala at three positions in the COOH-termi-
nal part of S3 in the drk1 K+ channel were previously re-
ported to decrease Hanatoxin binding affinity by ~10-
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25-fold (Swartz and MacKinnon, 1997b). In the wild-
type channel, two of these residues are hydrophobic
(1273 and F274) and one is acidic (E277). To explore
possible interactions of these three channel residues
with the toxin, we made multiple substitutions (one at a
time) at each of these positions and determined the
equilibrium dissociation constant for Hanatoxin bind-
ing to each mutant channel. Our approach was to look
for patterns between changes in the toxin K4 and the
chemical nature of the substituted amino acids.

The measurement of toxin binding affinity is illus-
trated in Fig. 2 for the wild-type and two exemplary mu-
tant channels (F274R and E277K). Voltage-activation
relations were obtained in the absence and presence of
various toxin concentrations using tail-current proto-
cols (Fig. 2, A and B). The fraction of uninhibited tail
current was then measured for different strength depo-
larizations, as shown in Fig. 2 C. This fraction of unin-
hibited current in the plateau phase at negative volt-

Figure 2. Inhibition of the
drkl K* channel by Hanatoxin.
(A) Families of current records
obtained from two-electrode volt-

E277K -
age-clamp recording of oocytes
expressing the wild-type (left)
control toxin and two mutant drkl K* chan-

nels (F274R, middle; E277K,
right), both in the absence and
presence of 1 wM toxin. Currents
were elicited by voltage steps be-
ginning at —50 mV and incre-
menting in 5-mV steps from a
holding voltage of —80 mV. 15
traces are shown for wild-type
and F274R families (=50 to +20
mV), while 17 records are shown
for the E277K family (=50 to
+30 mV). Tail currents carried
by Rb* were elicited by repolar-
ization to —50 mV. All traces are
shown without subtraction of
leak or capacitive currents. (B)
Tail current voltage-activation re-
lations for wild-type (left), F274R
(middle), and E277K (right).
Tail current amplitudes were
measured 2-3 ms after repolar-
ization in the absence (O) or
presence (@) of 1 pM Hana-
toxin. Same oocytes as in A. (C)
Fraction of uninhibited tail cur-
rent plotted against test voltage
at different toxin concentrations
for wild-type, F274R, and E277K.
| is the tail current measured in
the presence of toxin and I, is
the tail current measured in the
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ages (I"/1"y), which approximates the fraction of un-
bound channels, was used to calculate the K, for toxin
binding to the K* channel (see materials and meth-
ods) (Swartz and MacKinnon, 1997a). In the absence
of toxin, the voltage-activation relations for F274R and
E277K displayed only small rightward shifts relative to
the wild-type channel. In contrast, for both mutants,
even very high toxin concentrations produced much
less inhibition at negative voltages when compared with
the wild-type channel, suggesting that the binding affin-
ity of the toxin for these mutants is greatly diminished.

Fig. 3 shows the results for multiple substitutions at
F274, where mutation to Ala was previously reported to
reduce Hanatoxin binding affinity by ~25-fold. The 14
substitutions made at F274 include 8 hydrophobic resi-
dues (Cys, Ala, Met, Pro, Tyr, Trp, Val, lle), 2 basic resi-
dues (Lys, Arg), 2 acidic residues (Glu, Asp), Ser, and
Gly. Fig. 3 A shows the dependence of I"/I"y on toxin
concentration for the wild-type and two mutant chan-
nels, F274G and F274R. For the wild-type channel, the
data were well described by a model assuming four
equivalent and independent binding sites for Hana-
toxin on the drkl K* channel with a K, of 103 nM for
toxin binding to each site (see materials and meth-
ods). The two mutants, F274G and F274R, greatly re-
duced the toxin binding affinity with K4 values of 4.4
and 61.6 pM, respectively. The normalized Hanatoxin
Kq values for all 14 substitutions at position 274 are sum-
marized in Fig. 3 B. One prominent trend in the data is
that substitutions with hydrophobic amino acids cause
the smallest perturbation in Hanatoxin binding energy.
The range of AAG values [AAG = —RT In (Kq"/Kym™)]
for hydrophobic residues (lle, Val, Trp, Tyr, Pro, Met,
Ala, Cys) is 1.2-1.8 kcal mol~1, while the range of AAG
values for nonhydrophobic residues (Gly, Asp, Ser, Glu,
Arg, Lys) is 2.4-3.7 kcal mol~*. Although the hydropho-
bic residues caused the smallest perturbations, even
these perturbations were quite significant, implying a
very close and specific interaction with the toxin. These
results are consistent with an intimate hydrophobic in-
teraction between F274 and the toxin. It is also interest-
ing that at position 274, substitutions with either Lys or
Arg produce the largest perturbations, with AAG values
of 3.7 and 3.6 kcal mol~1, respectively. One possibility is
that F274 is positioned close to a basic toxin residue in
the channel-toxin complex (see discussion).

We next examined the effects of multiple substitu-
tions at E277. Fig. 4 shows the concentration depen-
dence of I/I", for two mutant channels, E277Y and
E277K. Compared with the wild-type channels (same
data as for Fig. 3), E277Y and E277K displayed greatly
reduced binding affinities for Hanatoxin, with K, val-
ues of 2.5 and 17.3 pM, respectively. The normalized
Hanatoxin K, values for all eight substitutions at posi-
tion 277 are summarized in Fig. 4 B. An interesting cor-
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Figure 3. Effects of multiple substitutions at position 274 on Ha-
natoxin binding affinity. (A) Concentration dependence for inhi-
bition of the wild-type and two mutant drk1 K+ channels by Hana-
toxin. I"/1", is the value of 1/1, measured in the plateau phase at
negative voltages (e.g., Fig. 2 C). Symbols are experimental data
for the mean * SEM of three to five cells. Solid lines correspond
to I/1" = (1 — P)4 where P = [toxin]/([toxin] + Ky), with K4
values of 103 nM, 4.4 uM, and 61.6 uM for WT, F274G, and F274R,
respectively. The equation assumes four equivalent and indepen-
dent toxin binding sites per channel. (B) Normalized K, values for
14 substitutions at the position 274. Mean = SEM (n = 3-15) for
each mutant channel. The corresponding AAG values are (kcal
mol=1):3.7K,3.6R,2.8E, 26S,26D,24G,18C, 16 A 15 M,
15P15Y,1.4W,14V,and 1.2 I.

relation between the magnitude of the effects and the
substituted amino acids emerges. Substitutions with ba-
sic residues have the largest effects (AAG = 2.8 kcal
mol~1), while those with neutral residues have more
moderate effects (AAG from 1.3 to 2.2 kcal mol~1). Mu-
tation of E277 to Asp produced no discernible change
in toxin binding affinity (AAG = 0.04 kcal mol~1). The
correlation between the charge of the side chain at 277
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Figure 4. Effects of multiple substitutions at position 277 on Ha-
natoxin binding affinity. (A) Concentration dependence for inhi-
bition of the wild-type and two mutant drkl K+ channels by Hana-
toxin. I"/1", is the value of 1/1, measured in the plateau phase at
negative voltages (e.g., Fig. 2 C). Symbols are experimental data for
the mean = SEM of three to six cells. Solid lines correspond to I"/
Iy = (1 — P)* where P = [toxin]/([toxin] + Kg), with K values of
2.5 and 17.3 pM for E277Y and E277K, respectively. Data for the
wild-type channel are the same as in Fig. 3. (B) Normalized K val-
ues of eight substitutions at position 277. Mean *+ SEM (n = 3-13)
for each mutant channel. The corresponding AAG values are (kcal
mol1):2.8R,2.8K,22W,20Y,1.6G,1.5Q, 1.3N,and 0.04 D.

and toxin binding energy is to a first approximation
consistent with a through-space electrostatic interac-
tion between this position on the channel and a basic
residue on the toxin. However, two observations argue
for a more intimate interaction. First, substitutions with
various neutral amino acids produce significantly dif-
ferent perturbations, with AAG values ranging from 1.3
to 2.2 kcal mol~1. Second, the large values of AAG for
all mutations (1.3-2.8 kcal mol~1), with the exception
of Asp, are more consistent with intimate or short-

range interactions. We speculate that E277 interacts
with a basic residue on Hanatoxin through formation
of a salt bridge. In this case, the apparent tranquility
observed upon substitution of Asp for Glu would imply
some degree of conformational flexibility in either the
toxin or the channel.

The results of 13 substitutions at position 273 are
shown in Fig. 5. The mutation to Tyr produces the largest
change in toxin binding affinity (AAG = 2.8 kcal mol ™).
Substitutions with Thr, Arg, Asp, Ala, Gly, and Cys cause
moderate changes (AAG = 1.5-1.7 kcal mol~1) in toxin
binding affinity, while substitutions with Val, Met, Trp,
Phe, His, and Leu produce only minor changes (AAG =
0.5 kcal mol~1). These results are more complex than ob-
served at either F274 or E277. The observation that most
hydrophobic substitutions (Val, Met, Trp, Phe, and Leu)
produced little change in toxin binding affinity with AAG
< 0.3 kcal mol~* seems to hint at a hydrophobic interac-
tion between position 273 and the toxin. However, the
pattern is not simple because mutation to Tyr produces
the largest perturbations (AAG = 2.8 kcal mol~!) and
very significant perturbations (1.6 and 1.7 kcal mol™?)
were seen for mutation to Ala and Cys, two smaller hydro-
phobic residues. A partial explanation might be that 1273
is involved in a hydrophobic interaction with the toxin
and that there is a requirement for both a large and hy-
drophobic side-chain at position 273.

Alanine-scanning Mutagenesis from the NH,-terminal part of
S1 through the COOH-terminal Edge of S3

The above results are consistent with intimate interac-
tions between three residues in the COOH-terminal end
of S3 and Hanatoxin. While the surface area at the
toxin—channel interface is unknown, the dimensions of
Hanatoxin (~20 X 25 A) argue that many channel resi-
dues, perhaps 10 or more, are located at the toxin—
channel interface (Takahashi et al., 2000). We therefore
continued to search for residues contributing to the Ha-
natoxin receptors by Ala-scanning from the NH,-termi-
nal side of S1 through the COOH-terminal edge of S3
(started at K185 and ended at Y269). Fig. 6 shows the
normalized Hanatoxin Ky values for the 85 mutants
made in this region (S1-S3), together with the previous
results for an Ala-scan of the S3-S4 linker and the S4
segment (Swartz and MacKinnon, 1997b), shown for
comparison. A Kyte-Doolittle hydrophobicity index pro-
file for this region is shown to mark the approximate po-
sition of each transmembrane segment (S1-S4). In con-
trast to the previously observed large perturbations in
the COOH-terminal part of S3 (and small changes and
in S4), the mutations in S1 through most of S3 caused
no more than threefold changes in the toxin K. These
results suggest that residues from the NH,-terminal end
of S1 to the NH,terminal part of S3 do not appear to be
critical components of the Hanatoxin receptors.
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Figure 5. Effects of multiple substitutions at position 273 on Ha-
natoxin binding affinity. (A) Concentration dependence for inhi-
bition of the wild-type and a mutant drkl K* channel by Hana-
toxin. 1"/17 is the value of 1/1, measured in the plateau phase at
negative voltages (e.g., Fig. 2 C). Symbols are experimental data for
the mean + SEM of three to four cells. Solid lines correspond to
/1"y = (1 — P)4 where P = [toxin]/([toxin] + K;), with a Ky
value of 12.9 wM for 1273Y. Data for the wild-type channel are the
same as presented in Fig. 3. (B) Normalized K values of 13 substi-
tutions at 1273. Mean * SEM (n = 3-10) for each mutant channel.
The corresponding AAG values are (kcal mol=1):2.8Y,1.7C, 1.6 G,
16A,16D,15R,15T,0.3V,03M,0.2W,0.1F 0.05H,0.03L.

Does Hanatoxin Interact with Residues on the Peripheral
Surface of the Pore Domain?

From previous experiments, we know that Agitoxin,, a
well-studied pore-blocking toxin, and Hanatoxin can si-
multaneously occupy the drk1 K+ channel (Swartz and
MacKinnon, 1997b). Agitoxin, belongs to a family of
closely related toxins that bind over the central pore
axis and have dimensions of ~20 X 30 A (MacKinnon
and Miller, 1988; Miller, 1988; Park and Miller, 1992a;
Hidalgo and MacKinnon, 1995; Krezel et al., 1995; Ran-
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ganathan et al., 1996; MacKinnon et al., 1998). Thus,
co-occupancy of the two toxins indicates that the Hana-
toxin receptors must be located in peripheral regions
on the extracellular surface of the channel, probably at
least 15 A away from the central pore axis (Fig. 7 B).
However, from the structure of the KcsA K* channel
(Doyle et al., 1998), we can infer that a large fraction of
the extracellular surface of the pore domain lies out-
side the footprint of Agitoxin, (MacKinnon et al.,
1998) and therefore represents a potential interaction
surface for Hanatoxin. To test for a possible interaction
between Hanatoxin and the peripheral surface of the
pore domain in the drkl K+ channel, we aligned the se-
quences for the transmembrane part of KcsA (TM1
through TM2) and the pore domain of the drkl K*
channel (S5 through S6) (Fig. 7 A). The alignment
shows that >50% of the residues in this region are con-
served between the two types of K* channels. From the
alignment, we identified 18 residues on the pore do-
main of drkl that correspond to residues located on
the perimeter of the extracellular surface of KcsA (Fig.
7 A, asterisks, and B, gray side chains). Most residues
were mutated to Ala and the binding affinity of Hana-
toxin was determined. As apparent from the normal-
ized Hanatoxin K4 values in Fig. 7 C, the largest change
in Hanatoxin binding affinity was slightly less than two-
fold. These results argue against an intimate interac-
tion between Hanatoxin and the extracellular surface
of the pore domain, and thereby suggest that the toxin
binding sites are confined within the voltage-sensing
domains of the channel.

DISCUSSION

Previous studies support the idea that Hanatoxin inter-
acts with four receptors on the voltage-gated K+ chan-
nel and inhibits the channel by modifying the energet-
ics of gating (Swartz and MacKinnon, 1997a,b). The ob-
jective of the present study was to explore two questions.
First, what is the molecular composition of the Hana-
toxin receptors? Second, where are these receptors lo-
cated in the structure of the voltage-gated K+ channel?
In the first part of this paper, we examined the effects
of multiple substitutions at three positions in the
COOH:-terminal end of S3, where mutations to Ala
were previously found to alter toxin binding affinity.
Our results for both 1273 and F274 are consistent with
hydrophobic interactions between these positions and
hydrophobic residues on the toxin. The Glu residue at
position 277 also seems to interact intimately with the
toxin, perhaps by way of a salt bridge with a basic resi-
due on the toxin. The solution structure of Hanatoxin
was recently solved by NMR spectroscopy (Takahashi et
al., 2000). The toxin is composed of two B strands, one
turn of a 3, helix, with four chain reversals. While the
surface of the toxin that interacts with the K* channel
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Figure 6. Alanine-scanning mutagenesis of S1 to S3. Bar graph plot of normalized Hanatoxin K, values for mutations spanning from
K185 in S1 to T311 in S4. Data for Y270 in the COOH terminal of S3 through T311 in S4 are presented from a previous study (Swartz and
MacKinnon, 1997b) for comparison. Letters and numbers indicate the wild-type residues and their positions, respectively. All residues
were mutated to Ala, except for the native Ala residues, which were mutated to Tyr. K4 values are mean = SEM with n = 3 or 4 for each mu-
tant obtained using between 100 and 250 nM Hanatoxin. The solid line superimposed on the bar graph is a 17-residue window analysis of
the Kyte-Doolittle hydrophobicity index (Kyte and Doolittle, 1982).

remains to be experimentally identified, a channel in-  exist, surrounded by polar residues that participate in
teracting face has been proposed based on a structural hydrogen bonds and salt bridges (Clackson and Wells,
comparison of different gating modifier toxins (Taka- 1995; Bogan and Thorn, 1998; Clackson et al., 1998).

hashi et al., 2000). Two types of gating modifier toxins The dimensions of Hanatoxin (~20 X 25 A) strongly
that slow inactivation of Na* channels are the a-scor-  suggest that many channel residues, certainly more
pion toxins and the sea anemone toxins. Hanatoxin than three, are located at the interaction surface be-
and these Na* channel toxins each have a face that  tween toxin and channel. To search for additional com-
contains a large hydrophobic patch surrounded by ba- ponents of the toxin receptors, we first systematically
sic and acidic residues. This structural feature is illus- mutated the region spanning from the NH, terminus of
trated in the surface rendering of Hanatoxin in Fig. 8  S1 to the COOH terminus of S3. All mutants in this re-
A. Our results would be consistent with F274, and possi-  gion displayed binding affinities for Hanatoxin that are
bly 1273, interacting with the hydrophobic cluster on comparable to the wild-type channel (Fig. 6). The other
the toxin. E277 might interact with one of the many ba- region that we examined for potential interactions with
sic residues (through formation of a salt bridge) that Hanatoxin was the extracellular surface of the pore do-
surround the hydrophobic patch. While our results main. From the known structure of the KcsA K+ chan-
with F274 are consistent with this residue participating nel, we can infer that the extracellular surface of the
in a hydrophobic interaction, they also show that the pore domain in voltage-gated K* channels has suffi-
most dramatic perturbations result from mutations to  cient area to accommodate Agitoxin,, a pore-blocking
either Lys or Arg. This might be an indication that in toxin, and at least portions of four Hanatoxin mole-
the toxin—channel complex, F274 is located close to a  cules. When we mutated 18 residues (representing 72
basic toxin residue, a quite feasible scenario for the positions in the homotetramer) on the peripheral sur-
face of Hanatoxin shown in Fig. 8 A. It is interesting  face of the pore domain, we found no significant alter-
that the face of Hanatoxin proposed to interact with ations in Hanatoxin binding affinity (Fig. 7). These re-
the channel resembles other well-studied protein—pro-  sults argue that Hanatoxin does not interact with the
tein interfaces. For example, the interface between extracellular surface of the pore domain and therefore
growth hormone and its receptor shows a patch of hy- most likely interacts exclusively with the voltage-sensing
drophobic residues, where tight hydrophobic contacts  domains. Since the extracellular surface of the KcsA K*
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Figure 7.

Effects of the mutations in the peripheral surface of the pore domain. (A) Sequence alignment for the pore domain of the

drkl K* channel and transmembrane part of KcsA. Numbers above and below the sequences indicate the positions of the residues for
each channel. Yellow highlighting marks conserved residues between the two K+ channels. Cylinders indicate the demarcations of the two
transmembrane « helices (TM1 and TM2 for KcsA and S5 and S6 for the drk1l K+ channel) and the pore helix. *18 positions in the drkl
K* channel where mutations were made and the effects on Hanatoxin binding affinity were determined. All residues were mutated to Ala
except A348L, W365F, and L384F. (B) Location of KcsA residues (shown in gray) that correspond to those mutated in the drk1 K+ chan-
nel. Gray residues correspond to those marked by asterisks in A. The crystal structure of the tetrameric KcsA channel shown for a top view
(left) or a side view (right). Numbers correspond to residues in the drk1 K* channel. Yellow dotted rings show two orientations of the
Agitoxin, footprint. (C) Normalized K, values for 18 mutations in the pore domain of the drk1 K* channel. Data are mean = SEM with

n = 3 or 4 for each mutant channel. Dashed line marks a normalized K, value of 1.

channel has dimensions of ~45 X 45 A (Doyle et al.,
1996), we conclude that the Hanatoxin receptors must
be located at least 2025 A away from the central pore
axis in voltage-gated K* channels, as illustrated by the
Hanatoxin footprints in Fig. 8 C.

It is remarkable that mutations of only three residues
in the entire voltage-sensing domain (S1-S4) of the
drkl K* channel have large effects on Hanatoxin bind-
ing affinity. One possibility is that Ala-scanning mu-
tagenesis may have missed residues that contribute ei-
ther weakly or moderately to the interaction with toxin
because some substitutions to Ala represent rather con-
servative changes. Another very interesting possibility is
that the toxin also interacts with the NH,-terminal part
of S4, where a previous Ala-scan identified several posi-
tions where mutations have small effects (three- to five-
fold) on Hanatoxin binding affinity (Swartz and Mac-
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Kinnon, 1997b). We did not examine this region in
the present study because the previously reported ef-
fects are rather small and therefore difficult to study.
However, the large number of “negative” mutations ob-
served elsewhere in the channel strengthens the possi-
bility that there is an important interaction between
Hanatoxin and the NH,-terminal part of S4. While we
probably have not found all the residues that lie at the
interface with Hanatoxin, we may have identified the
residues (1273, F274, E277) that dominate the energet-
ics of the toxin—channel interaction. This notion is con-
sistent with other examples of protein—protein interac-
tions, where only a few residues can account for most
of the binding energy even though many more resi-
dues lie at the interface. Two notable examples are the
barnase:barnstar and growth hormone:receptor com-
plexes. In both instances, when all residues present at
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Figure 8. Molecular determinants and localization of the Hana-
toxin receptors on the drkl K* channel. (A) Surface rendering for
one face of Hanatoxin,. The structure is a solution structure solved
by NMR spectroscopy (Takahashi et al., 2000). The cluster of hy-
drophobic residues (green) surrounded by basic (blue) and acid
(red) residues represents a surface feature common to Hana-
toxin,;, CsEV (an a-scorpion toxin) and ATXIII (a sea anemone
toxin). (B) Putative topology and secondary structure of voltage-
gated K* channel o subunits. The first four transmembrane seg-
ments (S1-S4, in black) comprise the voltage-sensing domain and
the last two transmembrane segments (S5-S6, in blue) in the pore
domain. See Fig. 1 legend for details of secondary structure. The
top is extracellular and the bottom is intracellular. A short stretch
of sequence is shown for the COOH-terminal part of S3, begin-
ning with the P268 (bold), a residue that is conserved in voltage-
gated K* channels. Red lettering indicates the positions of the
three residues (1273, F274, and E277) that interact intimately with
Hanatoxin. (C) Architecture of a voltage-gated K* channel con-
taining a central pore domain and four surrounding voltage-sens-
ing domains drawn according to Li-Smerin et al. (2000b). Black
circles shown for one voltage-sensing domain illustrate the four
transmembrane (S1-S4) helices contained within, positioned ac-

the protein—protein interfaces are mutated to Ala, only
~25% of them are found to cause substantial perturba-
tions in binding energy (Schreiber and Fersht, 1995;
Clackson and Wells, 1995; Bogan and Thorn, 1998;
Clackson et al., 1998; Conte et al., 1999).

Several recent studies examining the secondary struc-
ture of the first four transmembrane segments (S1-S4)
in voltage-gated K* channels suggest that all four seg-
ments are membrane-spanning o helices (Monks et al.,
1999; Hong and Miller, 2000; Li-Smerin et al., 2000a).
The identified interaction of Hanatoxin with the COOH
terminus of S3, together with the absence of an interac-
tion with the pore domain, suggests that the toxin inter-
acts with the extracellular surface of this bundle of four
helices. However, S1, S2, and the linker between them
do not appear to interact strongly with the toxin, sug-
gesting that the Hanatoxin receptors are located over S3
and perhaps S4. The S3 segment is interesting in that
only the intracellular or NH,-terminal two-thirds, up to a
conserved proline (P268 in drkl), exhibits «-helical
character (Hong and Miller, 2000; Li-Smerin et al.,
2000a). While there is no evidence for a-helical struc-
ture for the COOH-terminal part of S3, there is evi-
dence for a-helical structure in the nearby linker be-
tween S3 and S4 (Li-Smerin et al., 2000a). One possibil-
ity is that S3 is composed of two helices separated by a
short nonhelical region near P268, as illustrated in Fig.
8 B. In this case, the three residues implicated in form-
ing the Hanatoxin receptors (1273, F274, and E277)
would be located either within or near the beginning of
the second helix. The spacing of these three residues is
compatible with helical structure in this region, with
one side of the helix comprising the external surface
where intimate interactions with the toxin occur.

It is interesting that gating modifier toxins, perhaps
as a general rule, interact with the equivalent region of
voltage-gated K+, Na*, and Ca?* channels. The present
results are consistent with an intimate interaction be-
tween Hanatoxin and E277 in the drkl K* channel.
Mutations at E1613 in the fourth repeat of the brain
IIA Na* channel alter the binding affinity of a-scorpion
toxin and sea anemone toxin, two types of toxins that
slow inactivation (Rogers et al., 1996). Also, mutation
of E1658 in repeat four of the a1A voltage-gated Ca2*
channel disrupts the binding of w-Aga-1VA (Winterfield
and Swartz, unpublished observations), a gating modi-
fier toxin for the Ca?* channel (McDonough et al.,
1997). In sequence alignments, both E1613 in the Na*t
channel and E1658 in the Ca2* channel are at positions
equivalent to E277 in the drkl K* channel. This con-
nection between different gating modifier toxins is par-

cording to Li-Smerin et al. (2000a). Yellow patches illustrate the
Hanatoxin receptors confined within the voltage-sensing domains.
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alleled by several reported examples where gating mod-
ifier toxins interact rather promiscuously with different
types of voltage-gated ion channels. Grammotoxin, a
gating modifier of the a1A voltage-gated Ca?* channel,
also inhibits the drkl1 K* channel and the binding affin-
ity of grammotoxin to the K* channel is altered by mu-
tations at 1273, F274, or E277 (Li-Smerin and Swartz,
1998). In addition, Hanatoxin can bind to and inhibit
the alA Ca?* channel. Another example is kurtoxin,
an a-scorpion toxin that slows inactivation of the brain
IIA Na* channel and also inhibits T-type voltage-gated
Ca?* channels by shifting activation to more depolar-
ized voltages (Chuang et al., 1998). Taken together,
these results suggest that gating modifier toxins inter-
act with a common region of the voltage-sensing do-
main in different voltage-gated ion channels and that
this region probably adopts a well conserved three-
dimensional structure.
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