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Abstract 

HpTx2 is an inhibitor cystine knot (ICK) gating modifier toxin that selectively 

inhibits Kv4 channels.  To characterize the molecular determinants of interaction, we 

performed alanine scanning of the Kv4.3 S3b region.  HpTx2-Kv4.3 interaction had an 

apparent Kd = 2.3 μM.  Two alanine mutants in Kv4.3 increased Kd to 6.4 µM for V276A 

and 25 μM for L275A.  Simultaneous mutation of both amino acids to alanine nearly 

eliminated toxin interaction.  Unlike HaTx and other well-characterized ICK toxins, 

HpTx2 binding does not require a charged amino acid for interaction.  To determine if 

the identity of the S3b binding site amino acids altered HpTx2 specificity, we 

constructed Kv4.3 [LV275IF].  This mutation decreased the Kd to 0.54 μM, suggesting 

that the hydrophobic character of the putative binding site is the most important property 

for interaction with HpTx2. One mutant, N280A, caused stronger interaction of HpTx2 

with Kv4.3; the Kd for Kv4.3 [N280A] was 0.26 μM.  To understand Kv4.3-based 

transient outward currents in native tissues, we tested the affinity of HpTx2 for Kv4.3 co-

expressed with KChIP2b.  The toxin’s Kd for Kv4.3+KChIP2b was 0.95 μM.  KChIP2b 

stabilizes the closed state of Kv4.3, suggesting that the increased toxin affinity is due to 

increased stabilization of the closed state. These data show that HpTx2 binding to 

Kv4.3 has aspects in common with other ICK gating modifier toxins, but that the 

interventions that increase toxin affinity suggests flexibility toward channel binding that 

belies its unusual specificity for Kv4 channels. 
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Introduction 

Voltage-gated K+ channels of the Kv4 (Shal) family are present in many mammalian 

tissues, most prominently in the heart and central nervous system.  Like several 

voltage-gated K+ channels, their currents are transient; characterized by rapid activation 

and inactivation.  However, among channels that show similar kinetics, Kv4 channels 

are characterized by their unusually fast kinetics of recovery from inactivation (Birnbaum 

et al., 2004).  In the hearts of most mammals, these channels are responsible for the 

fast-recovering transient outward K+ current (Ito; Birnbaum et al., 2004; Patel and 

Campbell, 2005).  In the central nervous system, Kv4 channels are responsible for the IA 

current in the somatodendritic region of neurons (Jerng et al., 2004).  Currents generated 

by Kv4 channels are also found in the smooth muscle of the lower gastrointestinal tract, 

uterine wall and vasculature (Birnbaum et al., 2004).  Because of their central role in 

many important physiological processes, Kv4 channels are promising targets for drug 

development (Wickenden, 2002; Nattel and Carlsson, 2006).   

  Kv4 channel activity is modulated by several types of ancillary subunits (Birnbaum 

et al., 2004), the most prominent of which are the KChIPs (Kv4 Channel Interacting 

Proteins), a family of cytoplasmic calcium binding proteins ranging from 184 to 285 

amino acids in humans.  The products of three KChIP genes are predominant in the 

CNS (KChIP1, 3, and 4), while KChIP2 is more abundant in the heart, where it 

contributes to the cardiac Ito (Patel and Campbell, 2005).  KChIPs interact with the N-

terminus and T1 domains of Kv4 channels, where they serve as chaperones to increase 

expression of α subunits, modulate channel gating kinetics, and alter the 

pharmacological properties of Kv4 channels (Birnbaum et al., 2004; Bett et al., 2006; 
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Covarrubias et al., 2008; Maffie and Rudy, 2008).    

One pharmacological modulator of Kv4 channels is HpTx2, a 33 amino acid peptide 

toxin originally purified from the venom of the spider Heteropoda venatoria (Sanguinetti 

et al., 1997).  It is one of a diverse group of peptide toxins that form an “inhibitor cystine 

knot” (ICK) motif (Norton and Pallaghy, 1998).  HpTx2 and the nearly identical HpTx3 

have been shown to inhibit Kv4-based transient outward currents in the hearts and 

brains of several mammalian species, while having no apparent effect on other currents, 

including non-Kv4-based transient K+ currents, demonstrating the toxin’s utility in 

understanding native transient outward potassium currents (Sanguinetti et al., 1997; 

Brahmajothi et al., 1999; Himmel et al., 1999; Guo et al., 1999; Sanchez et al., 2002; 

Kassiri et al., 2002; Ramakers and Storm, 2002; Varga et al., 2004; Aimond et al., 2005; 

Tang et al., 2005; Guo et al., 2005; Wang et al., 2006; Lauver et al., 2006; Wang and 

Schreurs, 2006; Nerbonne et al., 2008; Colinas et al., 2008).   

Previously, we showed that recombinant HpTx2 is specific for Kv4 channels over 

Kv1.4, Kv2.1, and Kv3.4.  Recombinant HpTx2 inhibits Kv4.3 current in a voltage-

dependent manner.  It shifts the threshold for activation to more depolarized voltages, 

speeds deactivation, and slows inactivation.  This gating modification occurs through 

binding externally exposed portions of the voltage-sensor domain (Zarayskiy et al., 

2005).  However, the precise positions of amino acids responsible for HpTx2 – Kv4.3 

interaction were not identified, and the mechanism of the interaction was not revealed. 

In this paper, we analyzed a series of Kv4.3 S3b alanine mutants’ response to HpTx2.  

These experiments showed that leucine 275 and valine 276 are critical for HpTx2 

inhibition of Kv4.3.  These amino acids are in the identical position as the isoleucine and 
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phenylalanine shown to be required for Hanatoxin (HaTx) binding to Kv2.1 (Swartz and 

MacKinnon, 1997b).  However, unlike HaTx, HpTx2 does not require a charged amino 

acid for interaction with Kv4.3.  We also identified an alanine substitution, N280A that 

increased affinity for of Kv4.3 for HpTx2 nearly 10-fold. Mutation of L275 and V276 to 

isoleucine and phenylalanine, respectively, increased the degree of HpTx2-induced 

gating modification, suggesting hydrophobic interactions are the key for HpTx2 

interaction.  To understand better the behavior of Kv4.3-based transient currents in 

native tissues, we tested the affinity of HpTx2 for Kv4.3 co-expressed with KChIP2b.  

The toxin had a 2-fold higher affinity for Kv4.3+KChIP2b than Kv4.3 alone, suggesting 

that stabilization of the closed-state of Kv4.3 also increases toxin affinity. These data 

lead to a view that highly specific interaction of HpTx2 with Kv4.3 requires a very simple 

binding site, and that the degree of gating modification can be modulated by ancillary 

subunits that alter the gating properties of Kv4.3. 
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Materials & Methods 

Preparation of RNA for Oocyte Injection.  The short form of rat Kv4.3 (636 

amino acids; NCBI accession NP_113927) and KChIP2b, the 270 amino acid form 

(isoform 2) of KChIP2 (AAL51037) were described previously (Patel et al., 2002; Li et 

al., 2006).  Plasmids encoding cloned channels and a phage RNA polymerase promoter 

were linearized by restriction endonuclease digestion, and transcribed using T7 RNA 

polymerase (mMessage Machine; Applied Biosystems/Ambion, Austin, TX). The 

reaction was terminated by DNAase I treatment followed by precipitation of RNA with 

LiCl, and suspended in RNAase-free water. The sample concentration was determined 

by absorbance at 260 nm, adjusted to 500 ng/mL, and stored at −80°C.   

Site-Directed Mutagenesis.  PCR-based mutagenesis was performed as 

described (Zarayskiy et al., 2005). Each mutant required two oligonucleotides encoding 

the desired mutation that overlapped by 12 nucleotides and were at least 30 nucleotides 

in length. Separate 25 µL reactions each contained 1× Pfu buffer, 1 unit Pfu DNA 

polymerase (Stratagene, La Jolla, CA), 0.2 µg template plasmid, and 40 µM each of the 

4 dNTPs.  Each reaction had 0.1 µg of one mutagenic primer, and was subjected to 4 

cycles of 94°C × 30 s, 55°C × 60 s, 68°C × 6 min. The reactions were mixed, and 

cycling repeated with 12 additional cycles. The completed reaction was digested with 

Dpn I, and transformed into E. coli. Mutants were confirmed by DNA sequencing.  

HpTx2 synthesis.  Toxin was produced by heterologous expression in E. coli as 

described (Zarayskiy et al., 2005).  Its amino acid sequence is identical to native HpTx2 

purified from Heteropoda venatoria (Sanguinetti et al., 1997), except for two additional 
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amino acids (glycine-serine) on its amino terminus; we previously referred to this 

recombinant toxin as rHpTx2GS (Zarayskiy et al., 2005). 

Xenopus Oocyte Preparation.  Use of Xenopus laevis has been considered 

and approved for numbers of animals, humane treatment and care by the University at 

Buffalo-SUNY Institutional Animal Care & Use Committee, and was carried out in 

accordance with the Declaration of Helsinki and with the Guide for the Care and Use of 

Laboratory Animals as adopted and promulgated by the U.S. National Institutes of 

Health. Oocytes were prepared as previously described (Li et al., 2006). Frogs obtained 

from Xenopus I (Dexter, MI) were anesthetized by immersion in 3-aminobenzoic acid 

ethyl ester for 10-60 min. The ovarian lobes were harvested and placed in Ca2+-free 

ND96 (mM: 96 NaCl, 2 KCl, 1 MgCl2, 5 HEPES, pH 7.4) and treated with 1-2 mg/ml 

collagenase (Type II; Sigma-Aldrich, St. Louis MO) to remove the follicular cell layer.  

Oocytes were injected with 10-50 nL in vitro transcribed mRNA; when necessary, 

KChIP2b mRNA was injected at a 1:1 ratio KChIP2b:Kv4.3 (w/w).  Injected oocytes 

were incubated at 18°C in normal ND96 (including 1.8 mM CaCl2) + 

antibiotic/antimycotic (Invitrogen, Carlsbad CA) for 3-7 days. 

     Two-Electrode Voltage-Clamp Technique. Currents were measured in 

oocytes using a two-microelectrode Dagan CA-1B amplifier as described (Wang et al., 

2004).  Expression of KChIP2b was established by the faster recovery from inactivation 

than that shown by Kv4.3 alone (Wang et al., 2002; Li et al., 2006).  Electrodes were 

filled with 3M KCl. Experiments were performed at room temperature (20-24°C) in either 

ND96 + 0.1% BSA or 98K +0.1% BSA (98mM KCl, 1mM MgCl2, 1.8mM CaCl2, and 

5mM HEPES, pH=7.4). Data were digitized at either 50 kHz or 5 kHz using pClampex 
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9.2 (Molecular Devices, Sunnyvale, CA), and analyzed with pClampfit 9.2, Microsoft 

Excel 2007, or Sigma Plot 9 (SSPS, Chicago, IL).  Raw traces shown were neither 

leakage nor capacitance subtracted.   

After performing control pulse protocols, toxin was applied to the oocyte-

containing flow cell as a 2× solution, and mixed by gentle pipetting.  Subsequent 

protocols were applied without perfusion, except for washouts.  Lack of perfusion did 

not cause current inhibition due to external K+ accumulation, as we identified mutants 

that did not interact with the toxin, and were not inhibited during these protocols (Fig. 6) 

A two-pulse protocol was employed to measure voltage dependence of G/Gmax 

and steady-state inactivation relationships.  From a holding potential of −90 mV, 

eighteen 3 s voltage steps (P1) were applied from −120 to +50 mV in 10 mV increments 

followed by a 1 s pulse (P2) to +50 mV. Conductance G(V) at each voltage was 

calculated from the equation G(V) = Imax1,Kv4.3/(V-EK), where V is the depolarization 

voltage during P1, Imax1,Kv4.3 is the maximum IKv4.3 current during P1, and EK = −100 mV; 

the reversal potential in ND96 + 0.1% BSA. The voltage dependence of G/Gmax was 

obtained by normalization of G(V) to the maximal conductance value Gmax.  Activation 

curves G/Gmax were fitted by a Boltzmann function fa(V)=1/(1+exp[(V1/2-V)/k]), where V1/2 

and k are the half-activation potential and the slope, respectively.  The G/Gmax curves 

were used to calculate the change in free energy due to toxin application in Fig. 2G 

were calculated as ΔG0,+HpTx2 = RT[(V½/k)−(V½,+HpTx2/k+HpTx2)], where RT = 0.582 

kcal/mole, V½,+HpTx2 and k+HpTx2 are the half-activation potential and the slope after toxin 

application, respectively.  The difference in ΔG0,+HpTx2 for WT and mutant channels were 

determined from the equation ΔΔG0 = ΔG0,WT+HpTx2−ΔG0,mutant+HpTx2.  Positive ΔΔG0 
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values represent decreased gating modification induced by HpTx2, while negative 

values represent increased gating modification; these values are included in Table 1.  

Apparent Kd values were also used to calculate the ΔG0 due to toxin binding from the 

equation ΔG0=RT(ln(Kd)) Steady-state inactivation relationships were determined as the 

ratio of the maximum of IKv4.3 during P2, Imax2,Kv4.3, for the depolarization voltage during 

P1 to the maximum value of Imax2,Kv4.3, Imax2,Kv4.3(V = −120 mV). Steady-state inactivation 

relationships were fitted by the Boltzmann function fi(V)=1/(1+exp[(V½,i−V)/ki]), where 

V1/2,i and ki are the half-inactivation potential and the slope, respectively. 
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Results 

  Previously, we showed that recombinant HpTx2 is specific for Kv4 channels over 

Kv1.4, Kv2.1, and Kv3.4 (Zarayskiy et al., 2005).  Recombinant HpTx2 inhibits Kv4.3 

current in a voltage-dependent manner.  It shifts the threshold for activation to more 

depolarized voltages, speeds deactivation, and slows inactivation.  HpTx2 failed to 

inhibit gating of a Kv4.3 mutant in which the S3b-S4 linker region of Kv4.3 was replaced 

with that of Kv1.4, a K+ channel whose gating is unaffected by HpTx2 (Zarayskiy et al., 

2005).  This externally exposed region is near the gating modifier “hot spot” for 

interaction of ICK toxins with the voltage sensor domain of voltage-gated ion channels 

(Swartz, 2007).   

The putative binding site of HpTx2 is in S3b.  To determine which amino acids 

in Kv4.3 are responsible for gating modification by HpTx2, we performed alanine-

scanning mutagenesis on amino acids in S3b from positions 273 to 285, and 287 (286 

is alanine; Fig. 1).  This approach removes the side chain of each amino acid past the β 

carbon of each amino acid, thereby limiting disruption of local secondary structure and 

allowing identification of the amino acids that interact with the toxin (Cunningham and 

Wells, 1989).   

Messenger RNAs for each Kv4.3 mutant were transcribed and expressed in 

Xenopus oocytes. Each construct was tested for sensitivity to HpTx2 using the two-

electrode voltage-clamp technique, employing a two-pulse protocol (see Materials & 

Methods).  From a holding potential of −90 mV, voltage was increased to −10 mV (20 

mV above the activation threshold of Kv4.3) for 3 seconds to establish the control 
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current amplitude. The two-pulse protocol was initially applied for Xenopus oocytes in 

control solution, then recombinant HpTx2 was added directly to the flow cell, mixed by 

gentle pipetting, and the pulse protocol repeated.  Currents generated by the alanine 

mutants had kinetics similar to those of WT Kv4.3, with minor variation in current-

voltage, G/Gmax, and steady-state inactivation relationships (Table 1), suggesting that if 

these channels possessed the appropriate amino acid binding determinants for HpTx2 

interaction they will show the appropriate gating modification. 

The results of the alanine scan are shown in Figure 2.  Gating modification of 

Kv4.3 by HpTx2 is voltage dependent (Zarayskiy et al., 2005; Fig. 2A, B), therefore, we 

expressed the degree of HpTx2 influence as the difference (ΔΔG0) in the toxin-induced 

changes in the free energy in G/Gmax after application of toxin to WT Kv4.3 (See 

Materials & Methods). Positive ΔΔG0 values represent decreased gating modification 

induced by HpTx2, while negative values represent increased gating modification.  The 

alanine mutations that had the largest negative effect on gating were at L275 and V276 

(Fig. 2C, D, G).  Mutating both of these amino acids to alanine resulted in complete 

elimination of gating modification by HpTx2, identifying L275 and V276 as the critical 

amino acids necessary for toxin binding to Kv4.3 (Fig.2G).   

HpTx2 is related to Hanatoxin (HaTx); 64% of their amino acids are either 

identical or conservative substitutions.  While HpTx2 is specific for Kv4 channels, HaTx 

inhibits both Kv2.1 and Kv4.2 (Swartz and MacKinnon, 1995; Zarayskiy et al., 2005).  

HaTx binding to Kv2.1 is dependent on 3 amino acids in S3b: I273, F274, and E277 

(Swartz and MacKinnon, 1997b).  The positions of the bulky hydrophobic amino acids, 

leucine and valine in the case of Kv4.3, and isoleucine and phenylalanine in the case of 
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Kv2.1, are conserved between the two channels (Fig. 1).  Our scan failed to identify an 

acidic amino acid requirement for HpTx2 interaction with Kv4.3, suggesting that the 

identity of the hydrophobic amino acids in Kv4.3 might be critical.  To test this idea, we 

mutated L275 and V276 in Kv4.3 to isoleucine and phenylalanine (LV275IF), 

respectively.  Interestingly, this mutant increased toxin inhibition of Kv4.3 threefold at 

−10 mV (Fig. 3C), suggesting that the hydrophobic character of these amino acids is the 

key property in HpTx2 interaction.  There is an asparagine in Kv4.3 three amino acids 

downstream from V276 (analogous to Kv2.1 E277; Fig. 1), however, mutation of N279 

to alanine had little effect on HpTx2 gating modification of Kv4.3 (Fig 2G).  Alanine 

mutations in two other Kv4.3 S3b amino acids, E281 and D282, did not result in 

decreased gating modification (Fig. 2G).  These data show that the putative HpTx2 

binding site consists solely of two hydrophobic amino acids in S3b within the well 

characterized site for interaction of ICK gating modifier toxins in voltage-gated ion 

channels. 

Determination of the dissociation constant for HpTx2·Kv4.3 and its 

mutants.  To quantify the effect of Kv4.3 mutations on interaction with HpTx2, we 

determined the Kd for WT Kv4.3 and several of the Kv4.3 S3b mutants at toxin 

concentrations between 1 nM and 10 μM HpTx2.  We used a method previously utilized 

with the gating-modifier toxins HaTx, Scodra griseipes toxin (SGTx), and APETx1 (Lee 

et al., 2003; Zhang et al., 2007).  Like HpTx2, these toxins all interact with the S3b 

region of a voltage-gated K+ channel; Kv2.1 in the case of HaTx and SGTx, Kv11.1 

(HERG) with APETx1.  The four S3b regions in a  tetrameric voltage-gated K+ channel 

are approximately 65 Å apart, while HpTx2 is 17 Å in its longest dimension, suggesting 
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that there are four toxin binding sites per channel; one in each subunit (Bernard et al., 

2000; Long et al., 2005).  This method measures the change in degree of gating 

modification in response to toxin, and assumes that it is reflective of the degree of 

HpTx2 binding. However, in the absence of direct binding data, the Kd values reported 

should be considered as apparent Kds.   

The fraction of current inhibited by toxin (I/Io) was well fit to a function of four 

independent and equivalent binding sites.  As shown in Figure 2A, strong 

depolarizations cause channels to open even when bound to toxin (Phillips et al., 2005), 

therefore currents are measured in response to weak depolarizing pulses where the 

assumption is that Kv4.3 with at least one bound toxin still show measurable gating 

modification.   To determine the proper “threshold depolarization voltage” (Swartz and 

MacKinnon, 1997a), oocytes expressing Kv4.3 were subjected to a series of 12 ms 

voltage pulses from −90 mV to +50 mV applied from a holding potential −90 mV in 10 

mV increments, followed by a step to −90 mV for 150 ms.   Fractional occupancy of the 

channel by HpTx2 was measured by dividing the current amplitude in the presence of 5 

μM HpTx2 by the current amplitude of the control.  Deactivation of Kv4.3 is relatively 

fast (Wang et al., 2004), and is accelerated by HpTx2.  Therefore, the measurements 

were performed in 98 mM K+, which increased the tail current amplitude at negative 

voltages and slowed the current decay.  Based on these measurements, we determined 

that −10 mV was the optimal depolarization voltage for Kd determination (Fig. 3A,B). 

The protocol described in the previous paragraph was applied to Kv4.3 and 

several of the Kv4.3 mutants at toxin concentrations ranging from 1 nM to 10 μM. The 

dose-response curves were fit using the equation I/Io=(1-([HpTx2]/([HpTx2]+Kd))
4 (Fig. 
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3C), with a Hill coefficient of four, assuming four equal and independent binding sites on 

the channel.  This method generated an apparent Kd of 1.6 μM for wild-type Kv4.3.  The 

mutants that caused the largest positive shift of ΔΔG0 in Figure 2G, as expected, gave 

considerably higher dissociation constants.  The apparent Kd were 6.4 µM and 25 µM 

for Kv4.3 [V276A] and Kv4.3 [L275A], respectively.  For the Kv4.3 [LV275AA] double 

mutant, the Kd was >70 μM.  These correspond to |ΔΔG| for channel-toxin binding of 0.8 

kcal/mole for Kv4.3 [V276A], and 1.6 kcal/mole for L275A. These values are well within 

the range expected for the hydrophobic interactions for which these two amino acids are 

most likely responsible (Thorn and Bogan, 2001).   

Several of the Kv4.3 S3b alanine mutants appeared to have higher affinity for 

HpTx2 than did wild-type Kv4.3.  Most significant in this regard is Kv4.3 [N280A]. Our 

dose-response results showed that the apparent Kd of this mutant is 0.26 μM, roughly 

an order of magnitude lower than the Kd of wild-type Kv4.3; this corresponds to a ΔΔG 

of −1.2 kcal/mol.   The reason for the increase in binding affinity is unclear.  The logic of 

alanine substitution is that it removes only the β carbon chain of the amino acid, 

asparagine 280 in this case, while limiting the introduction of secondary conformational 

and physiochemical changes (Cunningham and Wells, 1989).  This would suggest that 

removal of the glutamine side chain relieved steric inhibition for HpTx2 access to its 

binding site, and perhaps allowed formation of further interactions within S3b.  However, 

the direct interaction of HpTx2 with the alanine introduced at position 280 cannot be 

ruled out.  

We encountered many technical difficulties when measuring accurate dose-

response relationships of HpTx2 affinity for Kv4.3.  These included determination of 
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small current amplitudes at low threshold voltages, the oocytes’ tendency to produce 

very high leaks in response to toxin concentration greater than 10 μM, and variations 

among oocytes in responsiveness to HpTx2.  Therefore, to check the accuracy of our 

dose-response analysis, we employed an alternative technique for Kd determination.  

We measured the time course for HpTx2 inhibition of Kv4.3 current (τon) and the time 

course for release of inhibition after wash out of the toxin (τoff).   The pulse protocol and 

solution conditions were similar to those used in Figure 3C.  Figure 4 shows the time 

course of inhibition during application of 2 μM HpTx2, and after wash-out.  The inhibition 

data was best fit to the equations fon(t)= C1(exp(-t/τon)), and the recovery from inhibition 

by a fourth power function,  foff (t) = C2(1-exp(-t/ τoff))4; this gave a 

kon=1/(4[HpTx2]τon)=8.5±1.0 ms ⋅ µM-1, and koff=1/τoff=19.0±0.1 ms.  Determined by this 

method, the apparent Kd was 2.3±0.3 μM, which is in reasonable agreement with our 

previous estimate of 1.6 μM using the dose-response relationship.   

HpTx2 has a higher affinity for the Kv4.3-KChIP2b complex.  Heteropoda 

toxins have frequently been used to study Kv4-based K+ currents in vivo (Sanguinetti et 

al., 1997; Brahmajothi et al., 1999; Himmel et al., 1999; Guo et al., 1999; Sanchez et al., 

2002; Kassiri et al., 2002; Ramakers and Storm, 2002; Varga et al., 2004; Aimond et al., 

2005; Tang et al., 2005; Guo et al., 2005; Wang et al., 2006; Lauver et al., 2006; Wang 

and Schreurs, 2006; Nerbonne et al., 2008; Colinas et al., 2008).  Generally, these 

studies used toxin concentrations of 100-200 nM, which in our assay would produce an 

approximately 20% decrease in Kv4.3 current at +50 mV (Zarayskiy et al., 2005).  

Examination of experiments performed on native currents suggested that the IC50 may 

be much lower than the values we have shown; up to 10-fold in some cases 
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(Sanguinetti et al., 1997; Brahmajothi et al., 1999; Guo et al., 1999; Sanchez et al., 

2002; Ramakers and Storm, 2002; Aimond et al., 2005).  One factor in this apparent 

discrepancy could be the presence of Kv4.3 ancillary subunits in native tissues.  

Therefore, we expressed KChIP2b, a cytoplasmic protein that may participate in cardiac 

Ito (Patel et al., 2002), with Kv4.3 in Xenopus oocytes, and tested its response to 

application of HpTx2. 

As we have previously shown (Bett et al., 2006; Li et al., 2006), KChIP2b co-

expression slows the major component of Kv4.3 inactivation, causes a negative shift in 

the V½ of steady-state inactivation, and speeds recovery from inactivation (Fig. 5).  We 

found that KChIP2b also increases the inhibition of Kv4.3 K+ current by HpTx2.  At +50 

mV, 2 μM HpTx2 decreases Kv4.3 current by 31% (Fig. 5A-C), however, expression 

with KChIP2b increases inhibition to 49% of current in the presence of toxin (Fig. 5A-C).  

The increased inhibition is apparent at all voltages (Fig. 5C).  We determined the Kd of 

Kv4.3+KChIP2b by the method established in Figure 4.  The koff was the same as was 

measured for Kv4.3 alone, 20.0±1.0 ms.  However, the kon = 2.3±0.1 ms ⋅ µM-1, 

resulting in a Kd that is 2.4× lower at 0.95 ± 0.11 μM (Fig. 6).   

The structure of the cytoplasmic KChIP/Kv4 T1 domain complex has been 

determined (Pioletti et al., 2006; Wang et al., 2007).  One important implication of these 

studies is that the KChIPs are sequestered away from the inner membrane, making it 

unlikely that KChIPs have direct contact with the cytoplasmic loops of the 

transmembrane segments, including S3, which we have established as the HpTx2 

interaction site.  The T1 domain to which KChIPs are complexed is a conserved region 

among the Kv1-Kv4 families that consists of about 100 amino acids in a highly ordered 
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cytoplasmic structure (Kreusch et al., 1998).  It is responsible for assembly specificity 

within a family, is a binding site for several ancillary subunits (including KChIPs), 

controls subcellular localization, and modulates gating (Maffie and Rudy, 2008).  The T1 

domain’s structure and role in gating and localization suggest that KChIPs might 

influence the S3 transmembrane domain allosterically, thereby revealing additional 

binding determinants on S3 or elsewhere.  To test this hypothesis, we expressed Kv4.3 

[LV275AA], the mutant which was not inhibited by HpTx2, with KChIP2b.  There was no 

detectable inhibition upon application of 5 μM HpTx2 (Fig. 6B), showing that no 

additional binding determinants were uncovered by association with KChIP2b.  This 

suggests that the increase in gating modification caused by KChIP2b is due to its 

effects on the kinetics of Kv4.3 gating and further supports that LV275 are the critical 

amino acids for HpTx2 binding to Kv4.3. 
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Discussion 

We used alanine scanning mutagenesis of Kv4.3 combined with 

electrophysiological assays to localize the site responsible for HpTx2-induced gating 

modification.  Mutation of L275 and V276 in S3b resulted in complete elimination of 

gating modification, identifying them as the critical amino acids in Kv4.3 for HpTx2 

interaction.  While we cannot completely rule out that an alanine scan extended to 

adjacent parts of the channel might reveal mutations that influence toxin binding, the 

nearly complete loss of gating modification in Kv4.3 [LV275AA], combined with the 

mutant channels’ normal gating properties (Table 1), suggests these two amino acids 

are necessary for HpTx2 binding.  These bulky, hydrophobic amino acids are in the 

same position in Kv4.3 as the isoleucine and phenylalanine in Kv2.1 required for HaTx 

interaction, however, unlike HaTx, HpTx2 has no requirement for an acidic amino acid. 

HpTx2 joins a growing list of peptide gating modifier toxins that interact with the 

outer portion of S3 or the S3-S4 linker of several voltage-gated ion channels (Catterall 

et al., 2007; Swartz, 2007; Norton and McDonough, 2008; Bosmans et al., 2008).  In 

several cases, careful channel mutagenesis studies have been performed.  These 

studies have shown that the toxin binding sites are often complex, and are dependent 

on either a combination of charged and hydrophobic amino acids or charge interactions 

alone (Swartz and MacKinnon, 1997b; Zhang et al., 2007; Smith and Blumenthal, 2007; 

Alabi et al., 2007; Swartz, 2007; Catterall et al., 2007; Bosmans et al., 2008; Norton and 

McDonough, 2008).  HpTx2 is thus far unique among the ICK toxins in relying solely on 

hydrophobic contacts for channel interaction.   
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The paradigm for gating modifier ICK peptide toxins is HaTx (Swartz and 

MacKinnon, 1995).  HaTx and HpTx2 share 40% primary sequence identity, and 63% 

with respect to conserved amino acid properties.  While HpTx2 is specific for Kv4 

channels, HaTx has been shown to inhibit Kv2.1 and Kv4.2 to similar extents (Swartz 

and MacKinnon, 1995; Swartz, 2007).  In spite of these similarities, HaTx has been 

shown to have 3 major binding determinants within Kv2.1 S3b:  two hydrophobic amino 

acids analogous to LV275 in Kv4.3, plus a glutamic acid just downstream (Fig. 1).  As 

might be expected from the additional interaction, the 300 nM Kd for HaTx·Kv2.1 is 

lower than that for interaction of HpTx2 with Kv4.3 (Milescu et al., 2007).   

It is perhaps unsurprising that HpTx2 lacks an acidic binding determinant on the 

channel; the net charge of the 35 amino acid HaTx is +2, but HpTx2 is more acidic, with 

a net charge of −3 over its 32 amino acids (Sanguinetti et al., 1997).  Mutation of LV275 

to the isoleucine and phenylalanine in Kv4.3 found in Kv2.1 reduced the Kd of HpTx2 to 

a value near that of HaTx inhibition of Kv2.1, suggesting that the main difference in 

affinity is due to the extent of hydrophobic interactions.  

In addition to the LV275IF mutation, we discovered other conditions in which the 

Kd of HpTx2 was decreased.  One of these was co-expression of the Kv4.3 ancillary 

subunit, KChIP2b.    The effects of KChIP2b on Kv4.3 have been studied in detail 

(Wang et al., 2002; Patel et al., 2002; Patel et al., 2004; Bett et al., 2006).  KChIP2b 

causes small shifts in steady-state activation and deactivation, and slows both open and 

closed-state inactivation kinetics considerably.  Its most significant effects are a shift of 

about −5 mV in the V½ of steady-state inactivation and a 4-fold increase in the rate of 

recovery from inactivation. 
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We found that HpTx2 had a Kd for Kv4.3+KChIP2b of 0.95 ± 0.11 µM, 2.4× less 

than the Kd with Kv4.3 alone.  However, HpTx2 caused no apparent difference in 

activation, deactivation, inactivation, or recovery kinetics that was dependent on 

KChIP2b expression. We tested the possibility that the increased affinity could be due to 

exposure of additional binding determinants in S3b through allosteric effects of KChIP2b 

on the inside of the channel.  However, the Kv4.3 [LV275AA] mutation had little 

apparent affinity for toxin in the presence of KChIP2b.   

What is the reason for the enhanced affinity of the Kv4.3·KChIP2b complex?  

The negative shift in steady-state inactivation, and fast recovery from inactivation are 

manifestations of KChIP2b stabilizing the closed state of Kv4.3.  Like the gating modifier 

toxins HaTx, SGTx, and APETx1, HpTx2 binds to Kv4.3 in its closed-state (Lee et al., 

2003; Zhang et al., 2007; DeSimone, 2008).  Therefore, agents that stabilize the closed 

state such as KChIP2b would be predicted to increase the affinity of HpTx2 for Kv4.3. 

Moreover, HpTx2 speeds deactivation of Kv4.3, further stabilizing the closed state. 

Superimposing the increased stabilization of the closed state by KChIP2b and HpTx2 

increases gating modification of Kv4.3 and the calculated apparent Kd. Kv4 channels in 

vivo are associated with several types of ancillary subunits, many of which speed 

recovery, and therefore stabilize the closed state of the channel (Patel et al., 2004).   

The increase in gating modification shown when HpTx2 is applied to Kv4.3 co-

expressed with KChIP2b in Xenopus oocytes does not seem to fully recapitulate the 

increased affinity the seems to be evident in native Kv4-based transient outward K+ 

currents.  There are several possible explanations for this observation; these include the 

presence of additional ancillary subunits, or differences in the membrane lipid 
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composition in Xenopus oocytes compared to cardiomyocytes or neurons.  However, 

our data do provide a partial explanation for the apparent differences seen in response 

to HpTx2 between native and heterologously expressed K+ currents.  We suggest that 

when applied to native transient K+ currents based on Kv4 channels, HpTx2 will be 

more potent than we have found for Kv4.3 expressed in oocytes in the absence of 

ancillary subunits (Sanguinetti et al., 1997; Brahmajothi et al., 1999; Himmel et al., 

1999; Guo et al., 1999; Sanchez et al., 2002; Ramakers and Storm, 2002; Varga et al., 

2004; Tang et al., 2005; Lauver et al., 2006; Wang and Schreurs, 2006; Colinas et al., 

2008). 

These findings have important implications in consideration of toxins like HpTx2 

as scaffolds for rational drug design.  Drug binding can be influenced profoundly by the 

presence of ancillary subunits (Bett and Rasmusson, 2008).  KChIP2b alters the use 

dependence and potency of the common antiarrhythmic nifedipine, rendering it 

potentially less effective in vivo than would be predicted from studies of Kv4.3 (Bett et 

al., 2006).  However, because of their enhanced affinity for the close state, drugs that 

mimic the actions of spider toxins may be more effective than many compounds in 

current use when the presence of ancillary subunits is taken into account.  

A final intervention that increased toxin affinity for Kv4.3 was the N280A 

mutation; the apparent Kd was nearly 10-fold lower than that measured with wild-type 

Kv4.3.  It is unlikely that the cause of this increased affinity is due to the mutant 

stabilizing the closed state of Kv4.3, as we observed no kinetic differences such as 

faster recovery from inactivation, which would suggest this.  Instead, it is likely that 
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removal of the asparagine side chain removes a steric hindrance to toxin interaction 

with S3b. 

An interesting difference between HpTx2 and most other ICK toxins, including 

HaTx, is the discrepancy in their affinity for membrane lipid bilayers.  Several ICK 

toxins, including HaTx, have been shown to have affinity for phospholipid vesicles, an 

effect that could decrease the Kd of an ICK toxin for its target about an order of 

magnitude (Lee and MacKinnon, 2004; Phillips et al., 2005; Smith et al., 2005; 

Posokhov et al., 2007; Zeng et al., 2007; Milescu et al., 2007).  However, HpTx2 and 

huwentoxin IV (an ICK inhibitor of neuronal Na+ channels) have no apparent affinity for 

membranes (Posokhov et al., 2007; Xiao et al., 2008).  It is has been suggested that 

membrane partitioning may be obligatory for spider toxin binding to voltage-gated cation 

channels (Lee and MacKinnon, 2004; Milescu et al., 2007).  This implies that the 

binding site for these toxins in the voltage-sensor domain of the channel is submerged 

in the membrane (Lee and MacKinnon, 2004; Alabi et al., 2007; Long et al., 2007; 

Milescu et al., 2007).  While partition of toxin into the membrane would concentrate the 

toxin near its binding site, thereby increasing its effective concentration (Milescu et al., 

2007), the examples of HpTx2 and huwentoxin IV show that membrane interaction is 

not obligatory.  It has been suggested that HpTx2 membrane interaction below the limit 

of detection could still result in significant concentration of toxin in the membrane 

(Posokhov et al., 2007; Milescu et al., 2007).  We argue that this is not the case.  The 

difference in Kd between HpTx2 and HaTx only accounts for a difference in binding free 

energy of ≅1 kcal/mole; this can easily be accounted for by the additional salt bridge 

present with the extra HaTx binding determinant, Kv2.1 glutamic acid 277 (Fig. 1).  
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Furthermore, we are able reduce the Kd of HpTx2 to a value comparable with that of 

HaTx with either the Kv4.3 [LV275IF] or [N280A] mutations.  We do not dispute the 

importance of lipid bilayer interactions for channel binding of many ICK toxins; however, 

it is unlikely to be a factor in the interaction of HpTx2 with Kv4.3.  Instead, we suggest 

that the voltage sensor domain of Kv4.3 has a slightly different resting conformation with 

respect to the membrane, so that its toxin binding site is accessible without membrane 

interaction.  Testing of this hypothesis will have to await structural determination of the 

channel toxin complex.
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Figure Legends 

Fig. 1. Sequence alignment of S3b-S4 regions of two mammalian voltage-

gated K+ channel α-subunits, Kv4.3 and Kv2.1.  Boxed amino acids are those used in 

alanine scanning mutagenesis.  Those in bold were shown to have the largest decrease 

of HpTx2 gating modification of Kv4.3 (Fig. 2) or HaTx interaction with Kv2.1 (Swartz 

and MacKinnon, 1997b).  The underlined amino acid is N280, which when mutated to 

alanine was shown to have the largest increase of gating modification by HpTx2 (Fig. 

2G). 

Fig. 2.  Inhibition of Kv4.3 mutant channels in the presence of 5 μM HpTx2.  

A, current traces of Kv4.3 in the presence of 5 μM rHpTx2 in ND96 +0.1% BSA at −10 

mV. The horizontal scale bar is 0.5 seconds; the vertical scale bar is 0.5 μA.  The black 

trace is the control before toxin application; the gray trace was acquired in the presence 

of toxin; the black trace is the control before toxin application.  B, current−voltage 

relationship of Kv4.3 in the presence of 5 μM rHpTx2 (closed circles are control ± 

S.E.M., open circles are with toxin ± S.E.M., n=4).   C, current traces of Kv4.3 

[LV275AA] + 5 μM HpTx2 shows no effect; notations are the same format as in A.  D, as 

in B, current-voltage relationships of Kv4.3 [LV275AA] in the presence of 5 μM rHpTx2; 

notations are the same as in B.  E, current traces of Kv4.3 [N280A] shows that HpTx2 

has a larger effect on Kv4.channel gating; notations are the same as in A.  F, current-

voltage relationships of as in B, with Kv4.3 [N280A] in the presence of 5 μM rHpTx2; 

notations are the same as in B.   G, summary of alanine scanning mutagenesis 

experiments conducted from I273 in S3b to F287 in the S3b−S4 region of Kv4.3.  The 
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V½, slope, and ΔΔG0 values were calculated from G/Gmax as described in Materials & 

Methods and shown in Table 1.   The amino acid substitutions with the greatest 

negative effect on toxin binding are L275A and V276A; the double mutant, LV275AA 

nearly eliminated effects due to HpTx2 interaction.  N280A had a large negative ΔΔG0, 

suggesting increased affinity for HpTx2. 

Fig. 3. Dose-response relationship of Kv4.3 and mutant channels. A, 

Determination of the threshold depolarization voltage.  Pulse protocol: from a holding 

potential of −90 mV, voltage was increased to a P1 voltage from −50 to +50 mV in 10 

mV increments for 12 ms, before subsequent repolarization back to −90 mV.  Current 

amplitude was measured at 43 ms after the end of the P1 pulse and normalized to the 

maximum current amplitude when P1 = +50 mV. Closed circles represent the control, ± 

S.E.M., open circles are with 1 μM HpTx2 ± S.E.M.,  n=5).   B, raw current traces of 

Kv4.3 in the presence (gray line) and absence (black line) of 1 μM HpTx2 immediately 

after the end of a −10 mV P1 pulse; the scale is 2 μA vertically and 10 ms horizontally.  

C, dose-response of select Kv4.3 constructs to HpTx2 plotted as fractional occupancy 

(I/Io) at different concentrations of rHpTx2.  The lines are the fits of the fractional 

occupancies as described in the text; shown are Kv4.3 [N280A] (closed squares fitted 

with a dotted black line), Kv4.3 [LV275IF] (open triangles fit with a dashed gray line), 

wild-type Kv4.3 (closed circles fit with a solid black line), Kv4.3 [V276A] (open squares 

fit with a dotted gray line), Kv4.3 L275A (closed triangles fit with a dashed black line), 

Kv4.3 [LV275AA] (open circles fit with a solid gray line) etc.  All points are ± S.E.M., with 

n=5.  The apparent Kd values are listed in Table 1.   
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Fig. 4. Time course of inhibition of Kv4.3 with 2 μM HpTx2 and recovery 

from inhibition. The bar indicates the duration of 2 μM HpTx2 application.  The two 

pulse protocol started from a holding potential of −90 mV; the P1 pulse was to −10 mV 

for 12 ms, followed by a P2 pulse to −50 mV for 150 ms, followed by a 1 s interpulse 

interval.  The data represents the normalized reciprocal current amplitude measured 

from the P2 pulse.  The experiment was performed in 98 mM KCl solution (see 

Materials & Methods) to maximize current amplitude.  Gray lines show the fits with the 

functions ƒ1(t)= C1[exp(-4 kon t)] for τon and ƒ2(t)= C2[1-exp(-koff *t)]
4 for τoff. 

Fig. 5.  The influence of KChIP2b expression with Kv4.3 on HpTx2 

interaction.  Raw current traces measured at +30 mV in control (black traces) and in 

the presence (gray traces) of 2 μM HpTx2 (gray traces).  A, Kv4.3 co-expressed with 

KChIP2b; the scale bar is 1 μA vertically and 0.5 s horizontally. B, Kv4.3 alone; the 

scale bar is 2 μA vertically and 0.5 s horizontally.  C-E, current voltage relationship (C), 

and steady-state inactivation (D) relationships (D), and recovery from inactivation (E) of 

Kv4.3 + KChIP2b in response to 2 μM HpTx2 (closed and open circles represent 

measurements in the absence and in the presence of toxin, respectively); all data 

shown as ± S.E.M, n=5. 

Fig. 6.  Time course of inhibition of Kv4.3 and Kv4.3 [LV275AA] co-

expressed with  KChIP2b by 2µM rHpTx2 and recovery from inhibition. The bar 

indicates the duration of 2 μM HpTx2 application.   A, WT Kv4.3 + KChIP2b; the 

apparent Kd was 0.95 ± 0.3µM, calculated as described in Fig. 4.  B, Kv4.3 [LV275AA] + 

KChIP2b had no significant affinity for 2 μM HpTx2.   
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Table 1 

Channel Kd
§ 

G/Gmax Steady-state inactivation 

Control + 5 μM HpTx2 ΔG0 

(kcal/mole) 
Control + 5 μM HpTx2 

V½ (mV) k V½ (mV) k V½,i (mV) ki V½,i (mV) ki 

WT Kv4.3 1.6-2.3 μM† 4.2 ± 0.99 15.0 ± 0.16 29.3 ± 1.64 13.6 ± 1.05 1.90 ± 0.19 −38.7 ± 1.55 4.6 ± 0.12 −17.4 ± 2.15 7.0 ± 0.32 

I273A ND‡ 6.4 ± 1.08 16.0 ± 0.3 27.6 ± 1.13 13.4 ± 0.40 1.67 ± 0.12 −46.3 ± 0.21 5.1 ± 0.21 −26.0 ± 0.45 7.2 ± 0.18 

G274A ND‡ 3.1 ± 0.77 15.6 ± 0.17 22.5 ± 0.99 15.5 ± 0.19 1.26 ± 0.06 −39.9 ± 0.48 4.8 ± 0.06 −27.3 ± 1.03 8.0 ± 0.47 

L275A 25 μM 5.2 ± 0.68 14.3 ± 0.38 10.6 ± 1.42 15.3 ± 0.08 0.33 ± 0.08 −36.9 ± 0.3 4.5 ± 0.14 −34.2 ± 0.32 5.1 ± 0.13 

V276A 6.4 μM 2.0 ± 2.25 15.3 ± 0.08 18.0 ± 3.05 15.3 ± 0.72 1.05 ± 0.08 −47.0 ± 7.67 4.6 ± 0.66 −32.6 ± 1.22 6.4 ± 0.14 

M277A ND‡ 3.0 ± 1.23 15.6 ± 0.08 26.5 ± 0.27 12.7 ± 0.22 1.90 ± 0.07 −40.1 ± 1.27 4.2 ± 0.75 −17.4 ± 1.11 7.4 ± 0.57 

T278A ND‡ 7.0 ± 1.1 14.2 ± 0.35 34.9 ± 4.36 12.9 ± 1.26 2.38 ± 0.54 −35.5 ± 0.69 4.8 ± 0.28 −8.3 ± 6.91 6.7 ± 0.35 

N279A ND‡ 11.6 ± 1.3 15.0 ± 0.5 32.5 ± 0.93 11.4 ± 0.37 2.10 ± 0.12 −36.9 ± 2.74 5.1 ± 0.27 17.7 ± 2.43 6.9 ± 0.81 

N280A 0.26 μM 7.9 ± 1.62 14.9 ± 0.24 54.9 ± 1.21 11.1 ± 1.00 4.51 ± 0.42 −36.0 ± 1.72 5.9 ± 0.2 −13.9 ± 2.76 6.9 ± 0.3 

E281A ND‡ 6.8 ± 0.36 13.4 ± 0.37 35.8 ± 2.35 14.8 ± 1.66 2.05 ± 0.43 −32.9 ± 1.41 4.8 ± 0.39 −2.1 ± 1.7 6.9 ± 0.45 

D282A ND‡ 2.1 ± 1.34 14.6 ± 0.12 44.2 ± 4.16 16.6 ± 1.14 2.63 ± 0.50 −45.1 ± 0.38 4.9 ± 0.11 −14.1 ± 1.09 8.7 ± 0.76 

V283A ND‡ −13.1 ± 3.22 19.3 ± 0.62 16.3 ± 3.28 18.2 ± 0.84 1.62 ± 0.08 −57.6 ± 0.83 5.6 ± 0.3 −37.4 ± 2.44 9.0 ± 0.33 

S284A ND‡ 5.0 ± 1.18 13.9 ± 0.55 31.0 ± 0.73 13.9 ± 0.63 1.90 ± 0.13 −38.0 ± 3.42* 5.0 ± 0.48* −20.1 ± 4.03* 7.7 ± 1.68* 

G285A ND‡ −5.6 ± 2.16 16.7 ± 0.36 27.6 ± 1.34 15 ± 0.46 2.18 ± 0.03 −51.2 ± 2.17 5.2 ± 0.17 −25.9 ± 4.01 11.9 ± 0.58 

F287A ND‡ −2.6 ± 1.67 20.5 ± 0.36 22.9 ± 1.28 13.2 ± 0.27 1.87 ± 0.08 −67.6 ± 1.33 6.6 ± 0.11 −28.7 ± 2.49 7.0 ± 0.52 

LV275AA >70 μM 7.6 ± 1.79 14.6 ± 0.38 7.0 ± 1.98 15.2 ± 0.36 −0.06 ± 0.04 −35.2 ± 1.03* 4.6 ± 0.18* −33.8 ± 1.3* 4.3 ± 0.87* 

Table 1:  Characterization of Kv4.3 mutants in the presence of 5 μM HpTx2.  G/Gmax and steady-state inactivation 
relationships were measured as described in Materials and Methods.  All values are expressed as means ± S.E.M. (n=3 
when marked with an asterisk, otherwise n=4).   †Determined by independent methods described in Fig. 2 and Fig. 3.  
‡Not determined.  §Apparent Kd. 
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