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Kv3 potassium channels, with their ultra-rapid gating and high activation threshold, are essential for high-frequency firing in many CNS
neurons. Significantly, the Kv3.4 subunit has been implicated in the major CNS disorders Parkinson’s and Alzheimer’s diseases, and it is
claimed that selectively targeting this subunit will have therapeutic utility. Previous work suggested that BDS toxins (“blood depressing
substance,” from the sea anemone Anemonia sulcata) were specific blockers for rapidly inactivating Kv3.4 channels, and consequently
these toxins are increasingly used as diagnostic agents for Kv3.4 subunits in central neurons. However, precisely how selective are these
toxins for this important CNS protein? We show that BDS is not selective for Kv3.4 but markedly inhibits current through Kv3.1 and Kv3.2
channels. Inhibition comes about not by “pore block” but by striking modification of Kv3 gating kinetics and voltage dependence.
Activation and inactivation kinetics are slowed by BDS-I and BDS-II, and V1/2 for activation is shifted to more positive voltages. Alanine
substitution mutagenesis around the S3b and S4 segments of Kv3.2 reveals that BDS acts via voltage-sensing domains, and, consistent
with this, ON gating currents from nonconducting Kv3.2 are markedly inhibited. The altered kinetics and gating properties, combined
with lack of subunit selectivity with Kv3 subunits, seriously affects the usefulness of BDS toxins in CNS studies. Furthermore, our results
do not easily fit with the voltage sensor “paddle” structure proposed recently for Kv channels. Our data will be informative for experi-
ments designed to dissect out the roles of Kv3 subunits in CNS function and dysfunction.
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Introduction
Neuronal excitability is determined substantially by the charac-
teristics of voltage-gated K� channels (Hodgkin and Huxley,
1952; Hille, 2001). Clear identification of which K� channel sub-
type determines particular physiological properties is crucial to
understanding neuronal integration but also for selective thera-
peutic strategies. The Kv3 pharmacological and biophysical fin-
gerprint [remarkably fast activation and deactivation, high
threshold (Rudy et al., 1999)] mirrors certain neuronal K� cur-
rents (Brew and Forsythe, 1995; Perney and Kaczmarek, 1997;
Erisir et al., 1999; Southan and Robertson, 2000; Lien and Jonas,
2003), and, in many CNS neurons, a “fast spiking” phenotype is
conferred by Kv3 channels (Martina et al., 1998; Wang et al.,
1998; Rudy and McBain, 2001; Lien and Jonas, 2003). However,
key issues remain; for example, Kv3 activation can be up to 30 mV

different between model cells and neurons. Disappointingly, Kv3
single-subunit knock-out mice showed modest changes in firing
frequency and overall phenotype (Ho et al., 1997), perhaps at-
tributable to compensation (Porcello et al., 2002). Although the
pharmacology of Kv3 channels is fairly distinctive [high sensitiv-
ity to 4-AP and tetraethylammonium (TEA)] (Rudy et al., 1999),
there is a pressing need for highly selective tools to dissect out
their roles in neuronal signaling.

Kv3.4 subunits have been implicated recently in responses to
chronic hypoxia (Kaab et al., 2005) and, significantly, in the eti-
ology of Alzheimer’s (Angulo et al., 2004) and Parkinson’s
(Baranauskas et al., 2003) diseases, sparking considerable interest
in Kv3.4 subunits as a therapeutic target for these major CNS
disorders (Surmeier et al., 2004). Toxins provide the most pow-
erful pharmacological tools to help unravel channel function in
neurons, and selective subunit blockers might have utility in CNS
diseases. Several toxins are available for individual Kv1 subunits
and useful in identifying the functions of low-threshold conduc-
tances (Geiger and Jonas, 2000; Southan and Robertson, 2000;
Dodson et al., 2003; Ishikawa et al., 2003).

There is a shortage of Kv3 subfamily-specific toxins, but Dio-
chot et al. (1998) reported that sea anemone toxins BDS-I and
BDS-II (“blood depressing substance”) were highly specific
blockers for Kv3.4 subunits in expression systems. This led to
several groups using these toxins as selective antagonists for
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Kv3.4 subunits in neuronal (Chabbert et al., 2001; Riazanski et
al., 2001; Baranauskas et al., 2003; Brooke et al., 2004;
Shevchenko et al., 2004) and non-neuronal (Abbott et al., 2001;
Wang et al., 2004) preparations, assigning functional roles to this
single subunit. We report here that BDS is not subunit selective
but also inhibits Kv3.1 and Kv3.2 subunits. BDS toxins are gating
modifiers, positively shifting V1/2 for activation, reducing ON
gating charge, and markedly slowing activation kinetics of Kv3
channels. (These results alone make clean subtraction of native
K� currents invalid.) Using alanine substitution, we find that the
S3b–S4 segments are important for BDS inhibition, consistent
with several other toxin gating modifiers. Furthermore, because
BDS inhibits closed Kv3 channels, it is not clear how the toxin
reaches S3b–S4 regions buried deep in the membrane lipid, as the
crystal structure of bacterial KvAP channels implies.

Materials and Methods
Cell culture. tsA201 cells were a kind gift of Prof. Annette Dolphin (Uni-
versity College London, London, UK) and were used as the expression
system for transient transfections of Kv3.2b and Kv3.4b channels. Cells
were grown in 25 cm 2 tissue culture flasks (Nalge Nunc International,
Hereford, UK) in MEM with 10% fetal bovine serum (FBS), 1% non-
essential amino acids, and 1% penicillin/streptomycin antibiotic solu-
tion in a humidified atmosphere of 95% O2/5% CO2 at 37°C. Mouse
fibroblast (B82) cells stably expressing Kv3.1a were a kind gift from Prof.
Haruhiro Higashida (Kanazawa University, Kanazawa, Japan). B82 cells
were grown in DMEM with 5% FBS and 1% penicillin/streptomycin
antibiotic solution and were maintained as above. Both cell lines were
passaged every 3– 4 d.

Kv3 channel transfection. tsA201 cells were plated onto 35-mm-
diameter Petri dishes at an approximate density of 1 � 10 6 cells/ml and
transfected the same day. Wild-type rat Kv3.2b and human Kv3.4b clones
were kind gifts of Prof. Bernardo Rudy (New York University, New York,
NY), which were introduced into the cells using LipofectAMINE PLUS
(Invitrogen, Paisley, UK). Transfected cells were reseeded the next day
and incubated for at least 2 h before use in electrophysiological experi-
ments. As a marker for successfully transfected cells, green fluorescent
protein was cotransfected with target Kv3 cDNA. More than 75% of
fluorescing cells expressed the Kv3 current of interest.

For the gating current experiments, a nonconducting mutant (NCM)
rat Kv3.2b channel, P468W, was transiently expressed in HEK 293 cells.
The NCM is analogous to the ShH4-IR P473W (Hackos et al., 2002).

Site-directed mutagenesis. Mutant Kv3.2b channels were designed in
alignment with the rat Kv2.1 sequence, which identified amino acid res-
idues sensitive to block by hanatoxin (HaTX) (Swartz and MacKinnon,
1997b). Mutant Kv3.2b channels were generated by site-directed mu-
tagenesis in which target amino acids were substituted by alanine
(QuikChange II XL site-directed mutagenesis kit; Stratagene, Amster-
dam, The Netherlands). All mutations were kindly confirmed by Roth
Tate (University of Strathclyde, Glasgow, UK) using sequence analysis on
an automated system (model 373A, version 1.2.1; Applied Biosystems,
Foster City, CA). These modified channels were transiently expressed in
tsA201 cells as described above.

Whole-cell electrophysiology. Whole-cell patch-clamp experiments
were performed at room temperature (20 –24°C). Pipettes were fabri-
cated from borosilicate glass capillaries (GC150F-10; Harvard Appara-
tus, Kent, UK) using a Narishige (Tokyo, Japan) PP-830 micropipette
puller and had resistances of 3– 6 M� when filled with the intracellular
solution. Series resistance (RS) was compensated by �60 – 85%. Electro-
physiological recordings were made using an EPC9 patch-clamp ampli-
fier (HEKA Elektronik, Lambrecht, Germany), controlled by Pulse soft-
ware (version 8.05; HEKA Elektronik) running on a Power Macintosh
(8600/250; Apple Computers, Cupertino, CA) computer. Data were
sampled between 5 and 24 kHz after being filtered at one-third the ap-
propriate sampling frequency. Leakage and capacitive currents were sub-
tracted on-line using a P/�4 procedure. Activation curves were deter-
mined by fitting a single first-order Boltzmann expression to calculated

conductance (Gv) values. The equation used was as follows: Gv � Gmax/{1
� exp [�(V � V1/2)/k]}, where Gmax is the maximum conductance, V is
the membrane voltage, V1/2 is the half-activation voltage, and k is the
slope factor.

Activation time constants of voltage-gated K � currents during test
pulses were fitted with an exponential function A [1 � exp(�[t �
�]/�act)] for t � �, where A is the current amplitude, �act is the activation
time constant, and � is a delay. In certain cases, double-exponential
functions were used. To determine the deactivation time constant, tail
currents after test pulses were fitted with an exponential function A
exp(�t/�deact) � B, in which �deact is the deactivation time constant, and
B represents an offset. From a holding potential (VH) of �80 mV, cur-
rents were recorded by stepping to various depolarizing test potentials
ranging from �80 to �80 mV for 100 ms at 6 s intervals.

Gating current measurements. Coverslips with HEK 293 cells trans-
fected with (NCM) rat Kv3.2b channel P468W were removed from the
incubator before experiments and placed in a superfusion chamber (vol-
ume of 250 �l) containing the control bath solution at 22–23°C. Current
recording and data analysis were performed using an Axopatch 200A
amplifier and pClamp 6 software (Axon Instruments, Union City, CA).
Capacitance compensation and leak subtraction using a P/6 protocol from a
holding potential of �100 mV were routinely used during gating current
recordings. Data were sampled at 10–50 kHz and filtered at 2–10 kHz. All
Qon and Qoff measurements were obtained by integrating the ON- or OFF-
gating currents during 12 ms depolarizations or repolarization.

Solutions. The internal solution contained the following (in mM): 125
methylsulfonic acid (K � salt), 20 KCl, 4 ATP (Mg 2� salt), 10 HEPES, 5
phosphocreatine (Na � salt), and 5 EGTA, pH 7.2 adjusted with NaOH.
This solution was stored at �20°C and thawed and filtered at 0.1 �m
immediately before use. The external solution contained the following
(in mM): 135 NaCl, 5 KCl, 2 CaCl2, 2 MgCl2, 25 glucose, and 10 HEPES,
pH 7.4 adjusted with NaOH. For gating current recordings from HEK
293 cells, patch pipette solution contained the following (in mM): 135
N-methyl-D-glucamine, 5 EGTA, 1 MgCl2, and 10 HEPES, pH 7.2 ad-
justed with HCl. For these experiments, the external solution contained
the following (in mM): 135 NMG �, 10 HEPES, 1 MgCl2, and 1 CaCl2, pH
7.4 adjusted with HCl. All salts were ANALAR or equivalent grade and
obtained from BDH Chemicals (Poole, UK) or Sigma (St. Louis, MO).
BDS toxins, isolated from Anemonia sulcata, were obtained from
Alomone Labs (Jerusalem, Israel). BDS and other agents were applied
externally via bath superfusion. Concentration–response curves were
constructed using the following logistic (Hill) equation: response �
maximum response/[1 � (IC50/concentration)], using the program Or-
igin (version 5.0; Microcal Software, Northampton, MA). Calculated fits
were confirmed independently by use of the program CVFIT from Prof.
David Colquhoun (University College London; http://www.ucl.ac.uk/
Pharmacology/dcpr95.html#cvfit). The CVFIT program is a general pur-
pose curve-fitting program that allows weighted least-squares fitting and
calculation of errors. We found little difference in IC50 or overall fits
between these two methods. Results are expressed as mean � SEM, and n
is the number of cells. Two-tailed unpaired Student’s t tests, unless oth-
erwise stated, were used to calculate statistical significance. Results were
considered significant at the p 	 0.05 level.

Results
The sea anemone toxin BDS inhibits Kv3.4
BDS toxins were originally reported as selective, high-affinity
blockers for homomeric Kv3.4 channels in mammalian and oo-
cyte expression systems (Diochot et al., 1998). We sought to re-
explore the selectivity of BDS toxins after somewhat ambiguous
results with BDS-I and BDS-II in a CNS slice preparation known
to be richly endowed with Kv3.4 subunits (N. P. Morris and B.
Robertson, unpublished observations). We carefully examined
the selectivity and potency of BDS-I and BDS-II on homomeric
Kv3 subunits expressed in mammalian cell lines. Control Kv3.4b
currents in tsA201 cells exhibited both rapid activation and rapid
inactivation characteristic of “A-type” potassium currents, as re-
ported previously (for review, see Rudy et al., 1999) (Fig. 1).
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Half-maximal activation of this conductance occurred at
�15.1 � 1.9 mV, with k of 11.2 � 0.7 mV (both n � 12). Time
constants for activation and inactivation from 12 cells at �40mV
were 1.3 � 0.1 and 10.9 � 0.8 ms, respectively; all of these values
are within the published range (Rudy et al., 1999). Application of
500 nM BDS-I inhibited Kv3.4 to approximately half (44.1 �
3.9% of peak amplitude at �40 mV; n � 9). Onset of block (�20
s) was rapid, achieving stable inhibition after �1 min (Fig. 1A,
inset); BDS inhibition was completely reversed during washout.
These data confirm the findings of Diochot et al. (1998), although
both BDS isoforms proved less potent in our experiments (see
below) and had faster on and off rates for inhibition. Conduc-
tance–voltage (G–V) relationships for Kv3.4 were measured (Fig.

1B), and, from single Boltzmann fits to these curves, V1/2 and k
were �10.7 � 3 and 10.8 � 1 mV (n � 3) in control; in 500 nM

BDS-I, V1/2 was shifted �16 mV positive (to �26.9 � 1 mV),
with no effect on k (both n � 3). Importantly, BDS not only
shifted the activation curve of Kv3.4 but also changed time course
of activation and inactivation (Fig. 1A), slowing both approxi-
mately twofold. At �40 mV, �act changed from 1.7 � 0.1 ms in
control to 3.2 � 0.3 ms (n � 7), whereas �inact changed from
10.3 � 0.5 to 19.6 � 2.4 ms (n � 5) in 500 nM BDS-I. The
rightward shift in activation and slowed kinetics suggested that
BDS was not acting like a simple “pore blocker” of Kv3.4 cur-
rents, but a “gating modifier” [compare for example, the actions
of HaTX on Kv2.1 (Swartz and MacKinnon, 1997a)]. Given the
strong sequence homology of Kv3 subfamily channels in regions
considered to be important for gating (Coetzee et al., 1999), we
tested whether these effects were restricted to Kv3.4 subunits or
applied to other members of the Kv3 subfamily.

BDS toxins also modify Kv3.1 and Kv3.2 channels
Fibroblasts stably expressing Kv3.1a subunit homomeric chan-
nels produced large-amplitude currents that were inhibited by
BDS-I and BDS-II in a concentration-dependent manner (Fig.
2A,B). Again, inhibition by both toxin isoforms was rapid in
onset (limited only by perfusion time to cells) and reversible.
Inhibition of peak current amplitudes was measured at �40 mV,
and IC50 values were 220 nM for BDS-I and 750 nM for BDS-II
(slope factors of 1.1 and 0.8, respectively). Fitting fractional inhi-
bition of Kv3.1 by BDS using steps to more negative voltages (0
mV) (Swartz and MacKinnon, 1997) proved unsuccessful, be-
cause at very low BDS concentrations, no inhibition [or even
modest enhancement (Fig. 2C)] of current was observed. Addi-
tionally, our concentration–response data were very poorly fitted
by fourth-order functions, as might be expected of gating modi-
fier toxins binding to individual voltage sensors (see below). Un-
fortunately, concentrations at or above 3 �M BDS-I or BDS-II
proved toxic to cells, preventing absolute determination of IC50

values. However, taking the weights of the errors associated with
each measurement into account, it is unlikely that there is a sig-
nificant difference in inhibition between the two BDS isoforms
(D. Colquhoun, personal communication). It is unlikely that
100% inhibition of Kv3 current with BDS would ever be observed
because, with other K� channels and toxins (including gating
modifiers, see below), residual current flow occurs at maximal
toxin block; the molecular basis for this is not yet understood
(Owen et al., 1997; Imredy and MacKinnon, 2000). Similar
concentration-dependent inhibitory effects were observed with
both BDS isoforms on Kv3.2b channels transiently expressed in
tsA201 cells (data not shown). We point out that the concentra-
tion–response curve is model independent. The curve allows a
close comparison (similar voltage step length and amplitudes)
with the inhibition obtained by Diochot et al. (1998) and shows
that, in our experiments, BDS is less potent. As we will see below,
BDS has complex actions on Kv3 channel gating and has voltage
dependence; therefore, IC50 values will alter depending on the
protocols used.

Figure 2, C and D, reveals that the inhibition by BDS-I and
BDS-II is voltage dependent, being more marked at higher con-
centrations, in which they vary in effectiveness approximately
fourfold over the voltage range tested. For example, 500 nM

BDS-II inhibited Kv3.1a by 76.1 � 5.9% (n � 9) at �10 mV but
by only 18.3 � 5.6% (n � 8) at �70 mV.

For further examination of the effects of these toxins, a con-
venient concentration of 500 nM BDS-I and BDS-II was selected,

Figure 1. BDS-I effectively inhibits Kv3.4 currents. A, Traces show currents recorded at a test
potential of �40 mV, recorded from tsA201 cells transiently expressing homomeric Kv3.4
channel subunits, before and during stable inhibition by 500 nM BDS-I. Inset, Time course of
Kv3.4 current inhibition by 500 nM BDS-I (indicated by horizontal bar) is fast, with stable block
occurring within 1 min of application. Peak currents measured at �40 mV. A similarly fast and
almost complete recovery of the current was achieved on washout of BDS-I. Note slowing of
activation and inactivation of Kv3.4 by BDS-I. B, Normalized G–V plots (n � 3) of control Kv3.4
currents (filled squares) and similar curves in the presence of 500 nM BDS-I (same 3 cells; open
squares). Curves were fitted with a single, first-order Boltzmann function described as follows:
Gv �Gmax/{1�exp [�(V�V1/2)/k]}. BDS-I caused a positive shift in the V1/2 of Kv3.4 of 16�
2 mV (range from 11 to 27 mV), with slope factor k being unaffected.
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and similar degrees of inhibition of peak
current was observed for both Kv3.1a and
Kv3.2b channel currents. For instance, at
�40 mV, 500 nM BDS-I inhibited Kv3.1 by
45.3 � 3.3% (n � 4) and Kv3.2 by 48.1 �
4.5% (n � 5); 500 nM BDS-II inhibited
Kv3.1 by 46.6 � 2.9% (n � 8) and Kv3.2
by 52.5 � 3.7% (n � 4). This suggests that
each BDS toxin isoform is equipotent (Fig.
2D).

Both toxin isoforms produced a grad-
ual slowing of activation (both �fast and
�slow) of Kv3.1a and Kv3.2b (Table 1);
BDS-II was marginally more effective in
slowing activation rate in both channel
subtypes. However, deactivation time
constants (�deact) for Kv3.1a and Kv3.2b
were little changed by BDS-I or BDS-II.
Because Kv3 channels deactivate ex-
tremely rapidly, these values were mea-
sured from tail currents in 35 mM [K�]o

externally to increase tail current ampli-
tude (Fig. 3). (There was a statistically in-
significant hyperpolarizing shift in the
Kv3.1 control G–V curve on increasing
[K�]o from 5 to 35 mM and an � 33%
increase in conductance, but the magni-
tude of BDS inhibition was unaltered.) For
Kv3.1a tail currents measured at �70 mV,
after a step to �40 mV to maximally acti-
vate channels (see below), �deact decreased
by only �7% (n � 3) from control values
(1.0 � 0.1 ms) with 500 nM BDS-I (0.9 � 0.1 ms) and, in another
three cells, decreased from 0.8 � 0.2 to 0.6 � 0.1 ms, or � 18%,
with 500 nM BDS-II. Changes in �deact in the absence and presence
of BDS toxins were calculated to be statistically insignificant ( p �
0.05, Student’s t test). The absence of any effect on deactivation
kinetics is in marked contrast to the actions of the gating modifier
HaTX on Kv2.1 channels (Swartz and MacKinnon, 1997a) but
are similar to the results seen with a novel toxin from marine
gastropod mucus on Shaker K� channels (Sack et al., 2004).

BDS-I and BDS-II shift the G–V curves of Kv3 channels
Figure 4A shows the control G–V curve for Kv3.1a channels. V1/2

is �22.3 � 0.7 mV, and k is �7.3 � 0.1 mV (n � 166 cells). In the
presence of 500 nM BDS-I (Fig. 4B), the V1/2 shifted 10.2 � 3.1
mV in the depolarizing direction with negligible (0.8 � 0.8 mV)
change in slope factor k (n � 4). Similar changes in the activation
curve were seen with 500 nM BDS-II (Fig. 4C) (V1/2 shift, �13.8 �
2.1 mV; k shift, �0.3 � 0.6 mV; n � 5) on Kv3.1a channels.
Correspondingly, BDS-induced shifts in G–V curves were ob-
tained with Kv3.2b channels (see below). In every case, the G–V
curves saturated at a lower conductance level in the presence of
BDS.

BDS inhibition does not require open channels
Voltage protocols thus far show that BDS-I and BDS-II reduced
the amplitude and altered the gating kinetics of Kv3.1a and
Kv3.2b currents over a large voltage range. It was of interest to
determine whether these toxins similarly affected channels in a
closed state. Control Kv3.1a and Kv3.2b currents were evoked by
repetitive steps from �80 to �40 mV until a stable amplitude was
obtained. These steps were stopped for 3 min, during which 500

nM BDS-II was continuously applied to cells, and we measured
inhibition on the first depolarizing step. Figure 5 shows results
obtained from a typical cell: immediately on resumption of the
depolarizing steps, current in the presence of BDS was 51.5% of
control (mean inhibition of closed channels was 45.9 � 3.9% of
control; n � 10); this value was nearly identical to that seen for
BDS inhibition of continuously opened channels (see above).
Because the open probability (Popen) of Kv3 channels opening at
�80 mV is extremely low (Popen 	 10�6, calculated from our
Boltzmann curves), this indicates that BDS can bind to the closed
state of Kv3 channels. Together with our identification of the
binding regions important for BDS effects (see below), this result
has implications for the location of the resting voltage-sensing
domains of Kv3 channels.

In contrast, continuously opening the channels at high fre-
quencies or interspersing stronger depolarizing pulses between
the standard �40 mV steps did not appear to decrease BDS inhi-
bition (data not shown), suggesting that, once bound to the Kv3
channels, BDS is not “knocked off” by voltage or greater K�

efflux through the pore region.
We wanted to determine whether the maximal inhibition by

BDS toxins simply unmasked an endogenous voltage-gated cur-
rent in the cells used for expression of Kv3 channels. Perhaps the
slowed kinetics and positive V1/2 simply represented the gating of
this now-revealed endogenous current? We found that the en-
dogenous voltage-gated K� current in untransfected cells has an
IC50 for external TEA of � 300 �M, and a V1/2 for activation of
�1.3 � 1.4 mV (k � 9.9 � 0.3 mV; n � 44) and a �act (at �40
mV) of 5.4 � 0.4 ms (n � 44). These values are close to corre-
sponding values for Kv3 subfamily channels in a variety of ex-
pression systems (for review, see Coetzee et al., 1999). However,

Figure 2. BDS-I and BDS-II toxins inhibit Kv3.1a currents in a concentration- and voltage-dependent manner. A, Exemplar
current recordings at �40 mV from a mouse fibroblast (B82) cell stably expressing homomeric Kv3.1a channel subunits, under
control conditions and when stably blocked by 50 –1000 nM BDS-I. Note also slowing of the activation rate, which becomes more
marked as concentration increases. B, Concentration–response curves of peak Kv3.1a current inhibition (measured at �40 mV)
by various concentrations of BDS-I (open squares) and BDS-II (open circles). Plots were fitted with a logistic function, described as
follows: response � maximum response/[1 � (IC50/concentration)]. Calculated IC50 values from these curves were 220 and 750
nM for BDS-I and BDS-II, respectively. C, Fractional inhibition of peak Kv3.1 current by 50, 300, and 500 nM BDS-I depends on step
voltage. I is peak outward current in toxin, and Io is current amplitude in the absence of toxin. D, Inhibition of peak outward current
by 500 nM BDS-I and BDS-II on both Kv3 subtypes shows steep voltage dependence.
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500 nM BDS-I only slightly slowed time-to-peak of this endoge-
nous current and had no significant effect on its V1/2 or k values:
control V1/2 � 2 � 3.8 mV, control k � 8 � 0.9 mV; correspond-
ing values in BDS-I were 0.7 � 4.1 mV and 9.3 � 0.9 mV, respec-
tively, n � 6). We therefore think it highly unlikely that BDS is
simply unmasking a large-amplitude endogenous current with
slow kinetics, and that we are seeing fully modulated Kv3
currents.

Thus far, our results show that BDS-I and BDS-II toxins have
voltage dependence, inhibit Kv3.1a and Kv3.2b subunits with

similar potency to Kv3.4 subunits, and are
therefore not subunit selective as reported
previously (Diochot et al., 1998). Further-
more, the toxins slow the activation rate of
all Kv3 subfamily homomeric channels
tested and shift the V1/2 of the steady-state
activation curves by �10 –20 mV more
positive, indicating that BDS toxins act
more like gating modifiers of Kv3 chan-
nels, rather than pore blockers.

Determination of the amino acids
required for BDS inhibition

We next sought to identify the regions important for BDS toxins
inhibitory effects by site-directed mutagenesis, changing wild-
type amino acids to alanine (Swartz and MacKinnon, 1997b).
BDS alters Kv3 channels in a manner very similar to how HaTX
affects Kv2.1 channels (Swartz and MacKinnon, 1997a,b): both
toxins slow activation and shift activation to more positive volt-
ages, altering the energetics of K� channel activation. Alanine
scanning of the entire S1–S4 domains of Kv2.1 revealed that
HaTX binds to a region between the latter part of S3 (S3b) and
adjacent to the S3/S4 linker (Swartz and MacKinnon, 1997a,b;
Li-Smerin and Swartz, 2000). Because of the strong similarities
between HaTX and BDS effects, we aligned Kv3.2b and Kv2.1,
making several alanine substitutions in proposed BDS recogni-
tion “patches.” Cells containing Kv3.2b channels were chosen for
these experiments because this was a transient transfection sys-
tem allowing us to screen a number of mutants more easily. Two
such mutants, mutant 2 and mutant 4 (although fluorescent after
transfection) with amino acid substitutions in S4, yielded cur-
rents (n � 7 and n � 10 cells, respectively) that were indistin-
guishable from the endogenous currents of tsA201 cells, mea-
sured by current density and G–V curves (data not shown). This
was disappointing because corresponding amino acid changes in
Kv2.1 channels reduced HaTX sensitivity twofold to fivefold, but
clearly changes here in Kv3 channels may not be tolerated or
expressed.

As discussed above, BDS toxins inhibited Kv3.2b currents
similarly to Kv3.1 currents. Data from four exemplar cells is
shown in Figure 6, Ai and Aii, in which 500 nM BDS-II shifted
control Kv3.2b conductance from V1/2 of �13.6 � 1.48 mV (k �
10.5 � 0.7 mV) to V1/2 of �30.4 � 2.7 mV (k � 10 � 0.9 mV). We
made a triple mutant (V330, G331, G334: mutant 1) of the S3b
region of Kv3.2b (which aligns to I273, F274, E277 amino acids in
Kv2.1), because this is an area that displayed the greatest reduc-
tion in the sensitivity of Kv2.1 to HaTX (Swartz and MacKinnon,
1997b). Mutant 1 constructs produced large, robust currents
similar to wild-type Kv3.2b. Mutant 1 �act was slightly faster at all
potentials examined (0 to �80 mV), being 1.5 � 0.1 ms (n � 9)
compared with 2.5 � 0.1 ms (n � 26) for wild-type Kv3.2b chan-
nels at �40 mV. Voltage sensitivity of �act was similar (data not
shown). V1/2 of mutant 1 channels was �1.4 � 1 mV, and slope
factor k was 6.7 � 0.1 mV (n � 9), both values being very similar
to wild-type Kv3.2b (V1/2 of �4.8 � 0.7 mV and k � 7.0 � 0.2
mV, respectively; both n � 30). Although having very similar
biophysical fingerprints to wild-type Kv3.2b, BDS sensitivity was
considerably reduced in this triple mutant (approximately five-
fold). Figure 6, Bi and Bii, reveals that mean inhibition by 500 nM

BDS was only 9.2 � 1.3% (n � 9). V1/2 shifted only 0.9 mV ( p �
0.5; n � 5), and �act at �40 mV was only slightly slowed in 500 nM

BDS-II (control, 1.5 � 0.1 ms, n � 5; BDS-II, 1.9 � 0.1 ms, n �
5; p � 0.05). These data indicate that BDS sensitivity (inhibition

Table 1. Time constant of current activation for the fast (�fast) and slow (�slow) components of Kv3.1a and Kv3.2b
channel currents in the absence and presence of 500 nM BDS-I and 500 nM BDS-II

�fast at �40 mV (ms) �slow at �40mV (ms)

Kv3.1a Kv3.2b Kv3.1a Kv3.2b

Control 4.6 � 0.9 2.3 � 0.3 26.5 � 11.4 9.0 � 2.7
500 nM BDS-I 12.2 � 1.7 9.6 � 1.8 43.4 � 14.2 17.6 � 3.1
Fold change 3.1� 4.6� 2.1� 2.4�
Control 3.2 � 0.9 1.8 � 0.2 27.1 � 17.0 5.2 � 1.2
500 nM BDS-II 13.9 � 3.9 10.2 � 2.6 60.0 � 34.8 28.1 � 5.3
Fold change 4.7� 5.7� 5.7� 6.4�

Current activation was recorded at �40 mV and fitted with a double-exponential function. Time constants are for paired data.

Figure 3. BDS-I does not modify Kv3.1a tail current deactivation. A, To facilitate measure-
ment of deactivation rates (circled), tail currents were increased by increasing [K �]o to 35 mM.
Traces shown are from a single B82 cell expressing Kv3.1a homomeric channels subunits and
were made at a test potential of �70 mV after a conditioning depolarizing prepulse to �40
mV. This prepulse will fully activate Kv3 currents (see activation curves herein). Example cur-
rents are shown in the presence and absence of 500 nM BDS-I. B, The enhanced tail currents were
fitted with a single-exponential function (dashed lines) described as follows: A exp(�t/�deact)
� B. BDS-I did not significantly increase the rate of channel deactivation; in the example
shown, �35 K� control � 1.2 � 0.1 ms, and �BDS-I � 0.9 � 0.1 ms, at �70 mV; n � 3.
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as well as gating changes) depends on the integrity of the binding
patch in the S3b region of Kv3.2b channels, in a region corre-
sponding to the main HaTX-sensitive binding domain in Kv2.1
channels. Indeed, this region is significant for the interaction of
several toxins with a number of ion channels (see Discussion).

In Kv2.1, changing the glutamic acid E277 in the S3b segment
reduced HaTX sensitivity by �15-fold (Swartz and MacKinnon,
1997b). We were therefore interested to determine the contribu-
tion played by the nearby glutamic acid residue in Kv3.2b, which
is five amino acids farther upstream in S3, adjacent to the binding
patch identified in our experiments with mutant 1. Substituting
this residue for alanine (E329A mutant) reduced BDS-I sensitiv-
ity (25.3 � 2.5% inhibition at �40 mV; n � 6) (Fig. 6Ci), without
a shift in the G–V curve (�1 mV, with no change in k; n � 6) (Fig.
6Cii). The activation time constant at �40 mV was only a little
slowed by 500 nM BDS-I being 9.5 � 0.6 ms (n � 6) in control
versus 13.0 � 2.1 ms (n � 6) in toxin (Fig. 6Ci).

We made an additional triple mutant, this time in the S4 re-
gion of Kv3.2b, which is a region that contains a HaTX-sensitive
patch on Kv2.1. Currents from this channel mutant (mutant 3:
L347A, V350A V353A) expressed robustly but now had a consid-

Figure 4. BDS-I inhibition of Kv3.1a currents produces a shift in activation. A, Control peak con-
ductance–voltage plot from B82 cells expressing Kv3.1a currents (f; n�166) were recorded across
a 100 mV voltage range in 10 mV increments. The G–V plot was well fitted by a single, first-order
Boltzmann function to give V1/2 of�22�1 mV and k of 7�0 mV. The�40 mV was chosen as the
maximum conductance, because, beyond these values, conductance falls, probably attributable to
block by internal Mg 2�. B, C, Application of 500 nM BDS-I (�; n�4, paired data) and 500 nM BDS-II
(E; n � 4, paired data) resulted in depolarizing shifts of the Kv3.1a G–V plots. Depolarizing shifts
induced by BDS-I and BDS-II, 11�2 and 13�3 mV, respectively. k values were changed by	1 mV.

Figure 5. BDS-II blocks Kv3.1a channels when they are closed. A, The top trace shows a
typical current recording elicited by a step to �40 mV under control conditions, and the bottom
trace shows current after 3 min exposure to 500 nM BDS-II, in the absence of depolarizing test
pulses. B, Time course of block shows that maximal block was fully established on resumption of
test pulses to �40 mV. Inhibition of current in this cell was 52% (mean block of closed Kv3.1a
was 45.9 � 3.9% of control; n � 10). BDS exposure indicated by horizontal bar. Full recovery of
the current was observed on washout of the toxin.
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erably hyperpolarized activation voltage
V1/2 of �35 mV negative to wild-type
Kv3.2b (V1/2 becoming �30.6 � 1.3 mV,
k � 9.8 � 0.5 mV, n � 24; wild type, V1/2

4.8 � 0.7 mV, k � 7 � 0.2 mV, n � 30).
Activation rates were significantly faster in
mutant 3 channels, especially at voltages
below �40 mV; for example, control
Kv3.2 currents had a �act of 15.4 � 1.0 ms
at �10 mV (n � 26), and mutant 3 had
values of 2.0 � 0.1 ms (n � 6) at the same
potential. BDS had complex and intrigu-
ing effects on this mutant channel, as
shown in Figure 7. BDS-II at 500 nM

shifted the mutant 3 activation curve to
depolarized values by �23 mV and slowed
activation kinetics (by 7- to 11-fold, de-
pending on voltage) (Fig. 7Ai,Aii). How-
ever, a remarkable “crossover” effect was
observed, such that, at voltages below 0
mV, BDS inhibited mutant 3 current
(Fig. 7Ai,C), but, at voltages positive to
this, BDS enhanced the current (Fig.
7Aii, B, C). This unexpected result is seen
dramatically in Figure 7B, in which in-
stead of inhibiting mutant 3 Kv3.2 chan-
nels, BDS-II actually increases current at
�40mV. Interestingly, the tarantula
toxin �-grammotoxin-SIA also induces
a crossover effect on the G–V curves of
certain neuronal voltage-gated calcium
currents (McDonough et al., 1997), with
shifts in V1/2 of the order of 100 mV. Our
data provide additional evidence that
that BDS is not a simple pore-blocking
toxin (because it is difficult to conceive
how such a mechanism could increase
current) but is a gating modifier.

Subsequently, mutant 3 channels were
broken down into the corresponding sin-
gle point mutant channels (L347A, mu-
tant 3a; V350A, mutant 3b; and V353A,
mutant 3c) to determine which amino
acid residue conferred changes in current
inhibition, enhancement, and changes in
gating by BDS-II. None of the single mu-
tants (Fig. 8) produced the dramatic hy-
perpolarizing change in the G–V curve
(V1/2 shifting some 35 mV more negative)
seen with the triple mutant (V1/2, mutant
3a, �8.8 � 0.9 mV, n � 7; mutant 3b,
�6.2 � 1.7 mV, n � 10; mutant 3c,
�13.3 � 1.0 mV, n � 10). Slope factors for
the activation curves were similar to both
wild-type Kv3.2b and all single mutant 3
channels. Furthermore, BDS toxin did not
produce the enhancement of current seen
in the “parent” mutant 3 channel. In short,
500 nM BDS-II inhibited current in all
three single mutants, reducing peak cur-
rent at �40 mV (in contrast to the �33%
enhancement seen with triple mutant 3),
shifted V1/2 of activation more positive

Figure 7. BDS-II both inhibits and potentiates mutant 3 currents. Mutant 3 contains three point residue mutations,
L347A, V350A, and V353A, in the Kv3.2b channel. A, Current recordings at �10 mV (i) and �40 mV (ii) from a single
tsA201 cell transiently expressing mutant 3 Kv3.2b channel subunits, in the presence and absence of 500 nM BDS-II. Traces
were obtained on steps from a holding potential of �80 mV. B, Time course of current potentiation by BDS (exposure
indicated by horizontal bar) at a single test potential of �40 mV. Enhancement occurs rapidly and is fully reversible. C,
Normalized G–V plots obtained over the whole voltage range from �80 to �80 mV fitted with Boltzmann functions for
mutant 3 control (f). Application of 500 nM BDS-II (E) resulted in a depolarizing shift of 23 � 2 mV (control V1/2, �33 �
1 mV; BDS-II V1/2, �10 � 2 mV; slope factors, 9.7 � 0.6 and 9.8 � 0.2 mV, respectively; n � 6). Enhancement of
conductance occurred over the voltage range beyond �10 mV.

Figure 6. Actions of BDS-II on wild-type Kv3.2b channels and with mutations in their S3b region. The top panels show current
recordings at �40 mV from tsA201 cells transiently expressing either wild-type Kv3.2b mutant 1 (triple substitution: V330A,
G331A, G334A) or E329A mutant Kv3.2b channels, in both the absence and presence of 500 nM BDS-II. The bottom panels are
corresponding normalized G–V plot plots fitted with Boltzmann functions. A, BDS-II at 500 nM inhibited Kv3.2b currents similarly
to Kv3.1 currents, with slowing of activation and reduction of peak current. V1/2 for control currents was �13.6 � 1.48 mV (k �
10.5 � 0.7 mV; n � 4) and moved rightward to V1/2 of �30.4 � 2.7 mV (k � 10 � 0.9 mV; n � 4) in BDS-II. Bi, BDS had only
modest effects on the triple mutant, as shown in this example trace obtained with activating steps to �40 mV from �80 mV.
Overall, block of triple mutant 1 currents were significantly less than wild-type Kv3.2b channel currents as observed on comparison
of the conductance–voltage curves, and a negligible shift in V1/2 (1 � 1 mV; n � 5, paired data) was observed. There was no
significant change in k. C, The E329A mutation also reduced sensitivity to BDS-II with a similar insignificant change in V1/2 (shift of
�0.4 � 1.2 mV; n � 6, paired data).
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(between �13 and �25 mV, with little ef-
fect on k), and slowed activation rates. In-
terestingly, BDS-II inhibition at �40 mV
for mutant 3a (L347A) was reduced com-
pared with wild-type Kv3.2b (�16 vs
52%) (Fig. 8Ai,Aii).

Taking the data from our mutagenesis
experiments together, BDS effectiveness
depends principally on the integrity of the
amino acids in the S3b (329 –334) and to a
lesser degree on residues near the “top” of
S4 (347–353) regions. From the recent
x-ray structure of the archaebacterial po-
tassium channel KvAP (Jiang et al.,
2003a,b), these regions form part of the
voltage sensor paddle, which resides deep
in the membrane lipid, positioned toward
the intracellular solution when the chan-
nel is closed. We therefore examined
whether inhibition by BDS showed “sid-
edness,” by including toxin in the record-
ing pipette and looking for changes in cur-
rent amplitude, kinetics, or voltage
dependence of activation over time. With
500 nM BDS-II in the intracellular solu-
tion, we saw no changes in any parameter
over several minutes recording (up to 15
min; n � 10), suggesting that this toxin
needs to be applied extracellularly to be
effective.

Measurement of gating currents to
establish mechanisms of BDS action
To examine the hypothesis that BDS tox-
ins were inhibiting Kv3 channels by alter-
ing the energetics of gating, we performed
gating current measurements, because
these give direct insight into the move-
ments of gating charges in the voltage sen-
sors of the channel. The effects of BDS-II
on voltage sensor movement were studied
by recording the gating currents in a non-
conducting mutant Kv3.2b channel,
P468W, which has almost no ionic cur-
rents. Figure 9, A and B, shows gating cur-
rent recordings at �10 or �80 mV in the
presence and absence of 1 mM BDS-II in
the bath solution. The toxin dramatically
reduced the amplitude of the ON-gating
currents elicited by the depolarization re-
gardless of the magnitude of depolariza-
tion, indicating that voltage sensor move-
ment was significantly hindered. This is
consistent with the slowing of current ac-
tivation seen in ionic current experiments
with BDS-II. A similar reduction of the
OFF-gating current was observed in the
presence of BDS-II after the pulse to �10 mV. However, after the
�80 mV depolarization, 1 mM BDS-II only caused a minor re-
duction in the OFF-gating current (Fig. 9B). These data suggest
that full sensor movement needed the greater depolarization and
that the toxin did not affect the return of the moved voltage
sensors. This interpretation was confirmed by measuring the

voltage-dependent movement of the gating charge. The integral
of the gating currents (Qon) or the subsequent repolarization
(Qoff) was normalized and plotted against the membrane poten-
tial (Q–V relationships) (Fig. 9C). Notably, in the toxin-treated
cells, we could only measure the Q–V relationship from the OFF-
gating currents. As discussed above, the reduction of the OFF-

Figure 9. Effects of BDS-II on the movement of gating charge. A, B, Gating current recordings from HEK 293 cells expressing Kv3.2b
P468W mutant channels in the absence or presence of 1�M BDS-II in the bath solutions. Control ON-gating currents are the larger positive
deflections. The pulse protocols are shown above. The dotted lines indicate the zero current level. C, Q–V relationships obtained by
integratingtheONandOFFcomponentsofthegatingcurrentswith(E)andwithout(f,�)BDS-II.Smoothcurvesthroughpointsarefits
of data to a Boltzmann function with V1/2 of�10�7 mV (n�3),�12�1.5 mV (n�6), and 14�1.7 mV (n�12) for the ON- and
OFF-gating currents in the control and toxin-treated cells, respectively, and k of 20�2.5 mV (n�3), 23�1 mV (n�6), and 21�1.6
mV (n � 12) for the ON- and OFF-gating currents in the control and toxin-treated cells, respectively.

Figure 8. Breaking the triple mutant 3 into its component single mutants results in inhibition to varying degrees by BDS-II. Ai,
Bi, and Ci show current recordings at a sample step to �40 mV, from cells transiently expressing L347A, V350A, or the V353A
mutant Kv3.2b channels, before and after steady-state inhibition by 500 nM BDS-II. Aii, Bii, and Cii show the corresponding
normalized G–V plots for L347A (a), V350A (b), and V353A (c) channel mutants. All plots have been fitted with single, first-order
Boltzmann functions, and, in the presence of BDS-II, all mutants show depolarizing shifts: L347A, �14 � 3 mV (n � 5); V350A,
�25 � 4 mV (n � 5); and V353A, �15 � 1 mV (n � 4).
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gating currents by 1 mM BDS-II was almost removed after a �80
mV depolarization. Depolarizations to �100 or �120 mV also
resulted in the maximum OFF-gating charge.

In Figure 9C, it is clearly shown that the toxin shifted the
voltage dependence of the movement of the gating charge to
more depolarized potentials. In control cells, we measured
the Q–V relationships for both ON- and OFF-gating currents.
The V1/2 and k were �10 � 7 and 20 � 2.5 mV (n � 3) for the
ON-gating currents, respectively, and �12 � 1.5 and 23 � 1 mV
(n � 6) for the OFF-gating currents, respectively. We found that
the toxin shifted the Q–V relationship for OFF-gating current to
more depolarized voltages. The V1/2 and k were 14 � 1.7 and 21 �
1.6 mV (n � 12) for the OFF-gating currents in the BDS-treated
cells, respectively. Our data reveal that reduction of ON-gating
current resulted from a shift of the Q–V relationship to more
depolarized voltages by �26 mV, a value satisfyingly in line with
our shifts in the conductance voltage curves (see above). This
supports the idea that BDS-II binds to, and stabilizes, a resting
state of the Kv3 channel voltage sensor.

Discussion
Unraveling the complex electrical properties of neurons and ul-
timately designing effective, selective, therapeutic agents for CNS
disorders requires precise knowledge of their complement of ion
channels and receptors. For voltage-gated channels, identifica-
tion of particular subtypes has been aided remarkably by com-
paring biophysical and pharmacological fingerprints obtained
from expression systems to native currents (Southan and Robert-
son, 2000; Lien and Jonas, 2003), use of selective antibodies
(Trimmer and Rhodes, 2004), and genetic manipulations (Espi-
nosa et al., 2004), but each of these approaches is beset with
problems. Subunit-selective toxins are extremely useful in telling
us how a particular subunit contributes to shaping electrical con-
ductances (Dodson et al., 2003). Nevertheless, toxin selectivity
and mechanisms of inhibition need to be carefully established
before firm conclusions can be drawn. BDS toxins have been
widely used to elucidate the role of Kv3.4 subunits, which have
been recently implicated in two major CNS diseases.

BDS toxins are not selective blockers of Kv3.4 subunits
The nearly unique gating properties of Kv3 subfamily channels
make them the strongest candidates to allow neurons to generate
rapid firing patterns (Du et al., 1996; Erisir et al., 1999; Rudy and
McBain, 2001; Dodson et al., 2003; Lien and Jonas, 2003). Al-
though Kv3 channels have hallmark high sensitivity to 4-AP and
TEA (Coetzee et al., 1999), these compounds are poorly selective,
indicating a need for more potent, subunit-selective agents. Dio-
chot et al. (1998) reported that BDS selectively blocked Kv3.4
subunits, leaving other members of the Kv3 subfamily unscathed.
We find that this is not the case, because both BDS isoforms
similarly inhibit Kv3.1a and Kv3.2b channels. [Our IC50 for
BDS-I and BDS-II is higher than Diochot et al. (1998), being
closer to a more recent study (Abbott et al., 2001).] Alone, this
calls into question work that assigns a specific role for the Kv3.4
subunit in neurons. Because we also find that BDS toxins dramat-
ically change Kv3 gating (activation rates, voltage dependence),
“clean” subtractions of Kv3 current from mixed conductances
will be difficult.

There has long been a discrepancy between V1/2 of Kv3s in
expression systems and their neuronal phenotype. Baranauskas
et al. (2003) suggested that Kv3.4 subunits shift the V1/2 of other
Kv3 currents to physiologically relevant negative potentials,
partly based on pharmacological separation with BDS. Our data

do not support this conclusion because, under very similar con-
ditions, our splice variant of Kv3.4 activates �26 mV more pos-
itive than that used by Baranauskas et al. (2003). Here, Kv3.4b
subunits activate �10 mV more depolarized to Kv3.2b when
expressed in the same cells, and all of the alternative spliced ver-
sions of Kv3 channels have similarly positive voltage dependence
(B. Rudy, personal communication). Perhaps modulation of the
channels by second-messenger systems (Atzori et al., 2000;
Macica and Kaczmarek, 2001; Moreno et al., 2001), experimental
differences, or association with accessory proteins, such as MiRPs
(MinK-related peptides) (Abbott et al., 2001; Lewis et al., 2004),
are responsible for such dramatic differences in activation
voltage.

Importantly, because BDS blocks all Kv3 subunits tested here
with similar effectiveness, one must be cautious in assigning a
role for any one Kv3 subfamily member using this toxin. Given
the almost 100% sequence identity between all four Kv3 subfam-
ily members in the regions we identify as being important for
BDS action, it is not surprising that BDS inhibits Kv3.1 and Kv3.2
channels; we predict that Kv3.3 subunits will also show sensitiv-
ity, as will heteromultimers. Our results therefore have important
implications for the selective targeting of Kv3.4 subunits with
BDS (or other knock-down strategies) in Parkinson’s disease
(Baranauskas et al., 2003, Surmeier et al., 2004) or Alzheimer’s
disease (Angulo et al., 2004); BDS will inhibit all Kv3 subunits,
and our data do not support the proposed “threshold shifting”
role of Kv3.4.

BDS toxins are gating modifiers, which bind to voltage-
sensing regions of Kv3 channels
The actions of BDS-I and BDS-II to slow Kv3 channel activation
rate and shift the G–V curve more depolarized are strongly rem-
iniscent of the effects of HaTX on Kv2.1 channels (Swartz and
MacKinnon, 1997a,b; Lee et al., 2003), in which only mutations
in S3b and N-terminal part of S4 segments significantly altered
HaTX binding affinity. We have similarly identified some single
amino acid residues in this region that dramatically reduced BDS
effects. Key residues in S3b are E329, V330, G331, and G334,
whereas in S4, each single point mutant (mutant 3a, L347; mu-
tant 3b, V350; mutant 3c, V353) had reduced BDS sensitivity. The
largest reductions in BDS sensitivity were seen with E329 and
L347 point mutants: BDS not only failed to inhibit peak current,
but G–V curves and activation rate were unaffected, suggesting a
common mechanism for all three effects. We interpret these re-
sults as being consistent with BDS interacting directly with resi-
dues in S3b and S4 of Kv3, which are part of the voltage sensor
(Bezanilla, 2000), modifying the energetics of activation making
channel opening more difficult. Such is the mechanism of action
of several gating modifier toxins (Hille, 2001). Indeed, Swartz
and colleagues (Chuang et al., 1998; Li-Smerin and Swartz, 1998,
2000; Winterfield and Swartz, 2000) have shown that many gat-
ing modifier toxins (from a wide variety of species) interact with
a similar region of voltage-sensing domains in voltage-gated
Na�, Ca 2�, and K� channels. This suggests a common evolu-
tionary solution to targeting voltage-gated channels. Similar ef-
fects to BDS are seen with the marine snail toxin 6-bromo-2-
mercaptotryptamine (BrMT) (Kelley et al., 2003; Sack et al.,
2004), which also slows K� channel activation, positively shifts
G–V curves, has no effect on deactivation, and modifies gating
only from the extracellular side. Sack et al. (2004) suggest that
BrMT slows early, but not late, activation steps in the activation
pathway of Kv channels; we propose that BDS acts similarly to
modify gating of Kv3 channels, via interaction with the voltage-
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sensing paddle. Our conclusion is further strengthened by the
results of our gating current experiments, which reveal that
BDS-II markedly suppresses the ON-gating charge of noncon-
ducting Kv3.2 channels, as well as shifting the voltage dependence
of gating charge movement, supporting that the idea that BDS
binds to, and stabilizes, a resting state of the voltage sensor of all
Kv3 channels.

The elegant experiments of MacKinnon’s group suggest that
these voltage-sensing domains reside in the membrane lipid
moving upwards to gate Kv channels (Jiang et al., 2003a,b, 2004;
Swartz, 2004). One problem with this model is that toxins have to
partition into the membrane lipid to access their interaction sites
(Lee et al., 2003). The tarantula toxin VSTX1 (voltage-sensor
toxin 1) does partition into the lipid but this occurs very slowly
(up to 1 h), producing a gradual inhibition of channels (Lee and
MacKinnon, 2004). BDS acts within minutes, blocks channels in
the closed state, and is ineffective when applied to the inside of
cells. If BDS were partitioning into the lipid to reach its binding
site, one would expect much slower alteration of channels, and it
should act effectively both extracellularly and intracellularly;
clearly, we need to know more about the interactions of toxins
with membrane lipids and resting state paddles.

A strong argument against BDS being a classical open channel
blocker is revealed by our triple (mutant 3) Kv3.2 channel, in
which BDS caused crossover in the activation curve. It is hard to
see how BDS could be a simple pore blocker at negative voltages
but actually enhance current at positive potentials. Unfortu-
nately, breaking mutant 3 down into the single amino acid mu-
tants did not reveal the basis of this curious K� current enhance-
ment, and neither did they shed light on the marked
hyperpolarizing shift of the G–V curve in mutant 3 channels. [A
marked hyperpolarizing shift in activation is also obtained with a
single amino acid mutant in a homologous region in Kv2.1 chan-
nels (Li-Smerin et al., 2000).] There are examples of gating mod-
ifier toxins enhancing subtypes of Ca 2� channels (McDonough
et al., 1997; Sidach and Mintz, 2002) likely through interaction
with voltage-sensing regions. This raises the tantalizing possibil-
ity that one might be able to design “agonist” properties into a
gating modifier of Kv channels. Given the overwhelming impor-
tance of Kv3 channels in controlling neuronal phenotype, along
with their selective distribution in neurons, such compounds
could have considerable therapeutic utility.

Conclusions
We show that BDS toxins are not subunit-selective blockers of
Kv3.4 subunits but, through interaction with their conserved
voltage-sensing domains, also inhibit other Kv3 subfamily mem-
bers. This has implications for recent studies assigning a specific
role for Kv3.4 in neuronal function and consequently suggestions
for novel therapeutics, such as Parkinson’s therapies, based on
this premise. BDS inhibition of Kv3 channels comes about by
modification of channel gating, with slowed activation rates, and
positive shifts of voltage dependence of gating currents and ionic
conductance. These results show that BDS will be useful for iden-
tifying the presence of all Kv3 channel subunits in neurons, but
subtractions and extrapolations must be treated with consider-
able caution.
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