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ABSTRACT 

Mutant cycle analysis has been previously used to constrain possible docking orientations for various toxins.  As an 

independent test of the bound orientation of μ-conotoxin PIIIA, a selectively targeted sodium channel pore blocker, 

we determined the contributions, to binding voltage dependence, of specific residues on the surface of the toxin.  A 

change in the “apparent valence” (zδ) of block, associated with a change of a specific toxin charge, reflects a change 

in charge movement within the transmembrane electric field as the toxin binds.  Toxin derivatives with charge-

conserving mutations (R12K, R14K, and K17R) showed zδ values similar to the wild type (0.61±0.01, mean±SEM).  

Charge-changing mutations produced a range of responses.  Neutralizing substitutions for R14 and K17 showed the 

largest reductions in zδ values, to 0.18±0.06 and 0.20±0.06, respectively, while unit charge-changing substitutions 

for R12, S13 and R20 gave intermediate values (0.24±0.07, 0.33±0.04, and 0.32±0.05), suggesting that each of these 

residues contributes to the dependence of binding on the transmembrane voltage.  Two mutations, R2A and G6K, 

yielded no significant change in zδ.  These observations suggest that the toxin binds with R2 and G6 facing the 

extracellular solution, and R14 and K17 positioned most deeply in the pore.  We used molecular dynamics to 

simulate toxin docking and performed Poisson-Boltzmann calculations to estimate the changes in local electrostatic 

potential when individual charges were substituted on the toxin’s surface.  Consideration of two limiting 

possibilities suggests that most of the charge movement associated with toxin binding reflects sodium redistribution 

within the narrow part of the pore. 
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Introduction 

Voltage-gated sodium channels (Nav) underlie the fast electrical signalling in the nervous system, as well as 

excitation in heart and skeletal muscle.  Nav channel gain-of-function mutations leading to hyper excitability cause 

such maladies as pain, myotonia, epilepsy and cardiac arrhythmia, and thus Nav channels are excellent candidates 

for targeting by inhibitory therapeutic drugs.  By targeting different Nav channel isoforms it may be possible to 

provide a way to control these disorders with minimal side effects.  μ-Conotoxins (µCTXs) show striking isoform 

selectivity among different Nav channels.  µCTXs inhibit current through Nav channels by binding to toxin site 1 in 

the outer vestibule - for an overview of Nav binding sites see (Al-Sabi et al., 2006; Catterall et al., 2005).  Studies of 

toxin binding provide opportunities both to probe the architecture of the sodium channel outer vestibule and also to 

study the selectivity of the toxins.  An important step toward understanding how µCTXs target individual Nav 

channel isoforms is to determine the orientation of the bound toxin within the outer vestibule. 

PIIIA was the first μCTX discovered to inhibit neuronal Nav channel isoforms (Safo et al., 2000).  PIIIA is a 22 

amino acid peptide with the typical disulphide framework of the µ-conotoxins (Shon et al., 1998).  The similarity of 

PIIIA’s sequence to that of GIIIA suggested it should block skeletal muscle sodium channels, which it does, with an 

IC50 of 41nM (IC50=19nM for GIIIA) compared to the IC50 of 690nM for neuronal Nav channels (IC50=2.7µM for 

GIIIA) (Safo et al., 2000).  Energetically dominant interactions appear to occur between basic residues of the 

µCTXs and acidic residues of the outer charged rings within the lining of the channel’s extracellular vestibule 

(Choudhary et al., 2007).  Other studies show that channel isoform specificity is, at least partially, dictated by 

differences in the S5-S6 linker of repeat domain II, (Cummins et al., 2002; Li et al., 2003; Li et al., 2001).  Here, a 

novel approach, independent of identified couplings, allows us to deduce the orientation of a bound PIIIA with 

respect to the channel.  PIIIA’s likely orientation is very similar to that of the considerably more selective, but 

closely related toxin, GIIIA. 

Long, steady-state recordings from single Nav channels incorporated into planar lipid bilayers offer a direct way 

to observe and analyze the kinetics and voltage dependence of potent toxins which equilibrate slowly with the 

channel (Krueger et al., 1983; French et al., 1984).  Voltage dependence is quantified as the apparent valence, zδ, of 

the observed block.  PIIIA shows a voltage dependence of block similar to that seen for other Nav pore blockers 

including GIIIA (Becker et al., 1992), as well as TTX, STX and other goniotoxins (Moczydlowski et al., 1984b; 
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Moczydlowski et al., 1984a; Guo et al., 1987; French et al., 1984).  This is a striking result, given the range of net 

charge within this heterogeneous group (Table 1).  In such bilayer studies, the Nav channels are modified by 

batrachotoxin to allow steady-state single-channel analysis of binding.  Analysis over a wide voltage range, for 

which the channel open probability is typically >0.95, allows direct determination of kinetic parameters for toxin 

interactions with the open channel.  This straight forward, steady-state analysis of single-channel data has clear 

advantages for identifying the principles underlying the voltage dependence of toxin binding and block. 

Earlier studies of μ-conotoxin GIIIA derivatives (Becker et al., 1992) showed a weaker voltage dependence of 

block for the R13Q derivative than for the native toxin, suggesting that R13, at least, enters the transmembrane 

electric field.  Using μ-conotoxin PIIIA, we substituted various amino acids so as to either change, or to maintain, 

charges at a selected positions distributed over the surface of the toxin.  We found that single charge-changing 

mutations which modified the toxin’s voltage dependence, zδ, were localized on one half of the toxin.  Thus, we 

envision a possible docking orientation, in which residues which made little or no contribution to the observed 

voltage dependence face out of the pore, while those residues providing a large contribution to the voltage 

dependence faced into the pore.   

Two limiting mechanisms to account for these observations were considered, leading us to conclude that the 

voltage dependence of toxin block results primarily, if not exclusively, from the redistribution of one or more Na+ 

ions, within the narrow part of the pore, when a toxin molecule binds more superficially in the pore’s outer 

vestibule.  This conclusion is consistent with electrostatic calculations based on a simulated docking of PIIIA to a 

homology model of the channel.  
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MATERIALS AND METHODS 

Rat Skeletal Muscle Preparation    

Sarcolemmal membrane vesicles were isolated from rat skeletal muscle as described by (Guo et al., 1987), using 

tissue obtained from 1-2 adult rats. The tissue was homogenized in isotonic sucrose solution with a food processor 

then centrifuged for 10 minutes at 5,000g. The supernatant (S1) was filtered through 6 layers of cheese cloth and 

solid KCl was added to a concentration of 0.6M and the solution was stirred for 30 minutes. After mixing the 

solution to dissolve the KCl, it was centrifuged at 7974g for 10 minutes and the supernatant (S2) was collected and 

spun for 40 minutes at 160,000g. The pellet (P1) was resuspended in homogenization buffer (10% sucrose, 2mg/ml 

sodium azide, 10mM MOPS, pH 7.4 with NaOH or HCl), homogenized (glass-Teflon), and spun for 10 minutes at 

10,410g. The supernatant (S3) was collected and centrifuged for 40 minutes at 150,000g and the pellet (P2) saved. 

The pellet was homogenized in 10-20ml of homogenization buffer and was layered on top of a sucrose gradient 

(35%/25% sucrose/10mM MOPS) and spun for 12-18 hours at 90,000g. The band at the bottom interface was 

removed and spun at 100,000g for 50 minutes. The resulting pellet was resuspended in a solution of 0.3M sucrose 

and 20mM HEPES to a final concentration of 1-3 mg/ml and stored at -80°C.  

Toxin Synthesis and Preparation   

Conotoxin synthesis, purification and disulphide bond formation were performed by Dr. Denis McMaster, 

Peptide Services, Faculty of Medicine, and have been previously described in detail by (Hui et al., 2002). Briefly, 

linear peptides were synthesized by solid-phase synthesis using 9-flurenylmethoxycarbonyl (Fmoc) chemistry. 

Coupling of Fmoc amino acids was performed using the HBTU/HOBT/DIPEA method on an Applied Biosystems 

431A synthesizer.  

HPLC purified linear peptide was subjected to oxidative cyclization under equilibrating condition (i.e. air 

oxidation in the presence of a small amount of mercaptoethanol (10μL in 150mL)) in order to promote formation of 

the most stable disulphide bonds. During oxidization, the cyclization of the peptide was monitored by analytical 

HPLC which was completed in 2-4 days at 4ºC. The peptide formed a single major peak and some minor peaks 

being seen in each case (the number and size of minor peaks varied with the derivative being cyclized). The crude 

peptide was then isolated from the acidified reaction mixture by reverse phase extraction, was purified to near 
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homogeneity by HPLC, and the identity of the purified peptide was confirmed by quantitative amino acid analysis 

and by MALDI mass spectrometric molecular weight determination.  

Lyophilized conotoxin derivatives were then dissolved in purified water (~18 MΩ-cm) to a concentration of 

100mM. Toxin solutions used in the bilayer experiments are further diluted in the recording solution to the required 

concentration.  

Single-Channel Planar Lipid Bilayer Recordings   

A horizontal chamber was used for these experiments with two compartments of ~200µL containing the 

“extracellular” and “intracellular” solutions (200mM NaCl, 10mM HEPES, 0.1mM EDTA, Ph 7.0), for all 

experiments symmetric solutions were used.  The compartments are separated by a plastic partition punctured with a 

hole ranging from 60-100µm in diameter.  The current offset in symmetrical solutions was set to zero prior to 

bilayer formation.  A bilayer is painted with the lipids phosphatidylethanolamine and phosphatidylcholine (4PE:1PC 

in decane, Avanti polar lipids (Birmingham, Alabama) across the hole. 

An aliquot of the rat skeletal muscle membrane preparation (40μL) was incubated with batrachotoxin (BTX, 

1µM), for a minimum of 1 hour prior to the start of the experiments, to allow BTX to bind to the channel.  BTX was 

stored as an ethanol stock solution, and an aliquot was dried down under N2 immediately before adding the rat 

membrane vesicle suspension.   After incubation with BTX, the membrane preparation was then pipetted into the 

“extracellular” chamber directly over the bilayer.  Channel incorporation was detected as a step increase in current 

of ~1pA at ±60mV and channel orientation was deduced by the increased frequency of closures at -70mV.  The 

desired conotoxin derivative was then perfused through the “extracellular” chamber in two aliquots of 400µL and 

currents recorded at ±40mV to allow analysis of single channel blocking kinetics.  Records on the order of hours 

were obtained with many distinct blocking events recorded at both voltages. All measurements were taken with an 

Axopatch 200 (Molecular Devices Corporation, Sunnyvale, CA) integrating patch amplifier (lowpass Bessel filter, -

3dB at 1kHz: 80dB/decade), filtered again with a low-pass filter at 0.1kHz and digitized with a Digidata 1322A 16-

bit acquisition system (Molecular Devices Corporation).  Experiments were recorded digitally using pCLAMP 9.2 

(Molecular Devices Corporation). 

Data were analyzed by determining the probability of the channel being in the open (Po) and toxin bound (Ptx) 

states using Clampfit 9.2 (Molecular Devices Corporation). All steady-state records were filtered digitally after the 

completion of the experiment using a low pass Gaussian filter at 20 Hz over the entire trace. A single-channel search 
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(50% threshold) was performed to identify the open and toxin-bound intervals.  Toxin-bound events were 

determined to be all non-conducting, or reduced conductance (see Results) events longer than 100ms.  We 

calculated the dissociation constant (Kd) from the open and closed probabilities, as follows:  

Ptx

PoTx
Kd

][=  

For each toxin derivative, Kd’s were calculated at ±40mV (n=2-5, at each voltage for each toxin derivative). The 

Kd values were then plotted against voltage (mV) using Sigma Plot 8.0 (Systat Software, Inc., San Jose, CA). The 

data was fitted with linear regression using the equation:  

)exp()0()(
RT

FVz
mVKVK dd

δ=  

The slope of the resulting linear regression was taken and used to calculate the effective valence for block, zδ, 

through the equation: 

)
)0(
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mVK
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FV

RT
z

d

d=δ  

The effective valence for block reflects the net electrical work done by all charges (toxin or non-toxin)) that 

move within the transmembrane voltage gradient when the toxin binds.  In general, if zi is the valence of the i-th 

charge, and δi is the fraction of the transmembrane voltage that it traverses, and N is the total number of charges that 

move, then: 

ii
N
i zz δδ 1=∑=  

Parameter values are stated in the text as mean ± s.e.m. (n), and in all cases represent the results from 2-5 

independent determinations (p<0.05 determined as significant). 

Molecular Dynamics Simulations of PIIIA Docking 

The μ-conotoxin PIIIA structure was resolved using NMR experiments (Nielsen et al., 2002), with the atomic 

coordinates (1R9I) available in the Protein Data Bank (Berman et al., 2000).  All molecular dynamic (MD) 

simulations were carried out using the GROMACS set of programs (Berendsen et al., 1995; Lindahl et al., 2001).  

All visualization of models was carried out using Visual Molecular Dynamics (VMD)(Humphrey et al., 1996).  We 

used the AMBER99 force field for all MD simulations using the TIP3P water model (Jorgensen et al., 1983).  Bond 

lengths were constrained using the LINCS algorithm (Hess et al., 1997).  Lennard-Jones interactions were calculated 
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with a cut off of 0.9 nm.  The electrostatic interactions were calculated using the Particle Mesh Ewald algorithm 

with real-space cut off of 0.9 nm (Darden et al., 1993).  MD simulations were carried out with an integration time 

step of 2fs and the neighbour list was updated every 10 steps.  The components of the system, channel, toxin, 

water/ions and octane were coupled separately to a bath temperature at 310 K, using a Berendsen thermostat 

(Berendsen et al., 1984).  After initial equilibration for 1 ns, the production runs were carried out with coupling 

constant of 1.5 ps.  The pressure was maintained at 1 Atm using semiisotropic pressure coupling to a Berendsen 

barostat with a coupling constant of 4 ps.  

The starting channel construct (Choudhary et al., 2007) for PIIIA docking simulations was based on an 

extension of the Lipkind and Fozzard model, (Lipkind and Fozzard, 2005).  The model of Choudhary et al. 

incorporates a larger fraction of the sequence of the pore to which conotoxin GIIIA was docked.  This channel 

model was embedded in an octane phase of a water-octane biphasic cell, used to mimic a bilayer, using the 

GROMACS program g_membed (Wolf et al., 2010).  This system contained 19499 water molecules, and 575 octane 

molecules.  The system was contained in a box of 83x88x110Å using a single sodium ion to balance the overall 

charge of the system.  Due to the high sequence similarity and conserved disulphide bonds, a starting structure for 

MD simulations was obtained by superimposing PIIIA on the docked structure of GIIIA.  Ten 6 ns simulations were 

run, with restraints on the backbone atoms of the helices using a harmonic potential of 100kJ-mol-1-nm-2, with a 2 

kJ-mol-1-nm-2 harmonic potential restraints on the backbone atoms in the p-loops.  The resulting structures were 

aligned to the initial conformation of the channel using a least-squares fit, and clustered based on the RMSD 

between the toxin structures using an RMSD cut-off of 0.4 nm. Clustering was carried out using the algorithm 

implemented in g_cluster program (Daura et al., 1999). The largest cluster resulted obtained using the clustering 

analysis contained >40% (1378) of all the structures (3001) analyzed from the 10 calculated trajectories.  The central 

structure from this cluster was used for the electrostatic analysis described below.   

Electrostatic Calculations 

Structural models of the toxin derivatives were created from the docked structure using Chimera’s (UCSF 

Chimera) rotamer function.  For non alanine substitutions, the correct rotamer was chosen based on the best overlap 

with the original residue. The native toxin and each toxin derivative in the docked conformation were used to 

calculate individual electrostatic potential maps using the Applied Poisson-Boltzman Solver (APBS) (Baker et al., 

2001) with dielectrics of 80, 10 and 2 for water, protein and bilayer respectively, using 200mM salt concentration.  
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The individual toxin derivative maps were each subtracted from the native toxin map to get an electrostatic 

difference-potential map, allowing us to visualize surfaces of constant “difference potential” resulting from the 

various charge-changing and charge-conserving substitutions in the toxin. 

 

RESULTS 

For cellular voltage-clamp recordings, protocols of varying complexity have been applied to evaluate “use 

dependence” of toxin action, which reflects the combined effects of voltage dependence and state dependence of 

binding.  Such studies are exemplified in the following citations, which also provide additional references (Salgado 

et al., 1986; Moran et al., 2003; Santarelli et al., 2007).  Our experiments use a simpler approach, analyzing steady-

state recordings from non-inactivating batrachotoxin-modifed sodium channels to measure the voltage dependence 

of toxin binding in a voltage range for which the channels are typically open >95% the time.  Thus, although our 

data do not offer a critical test of state dependence, we consider the results to represent binding of toxin to the open 

channel. 

The basic residues of PIIIA (McArthur et al., 2011), and of other μCTXs, play vital roles in toxin binding to the 

pore of voltage-gated sodium channels, and in blocking of current through the channel.  With the high sequence 

identity between GIIIA and PIIIA, most of the important basic residues are conserved (Fig. 1).  These positively 

charged residues are spread over the surface of the toxin and, with the three internal disulphide bonds in the toxin, 

individual residues can be mutated, without a large change in the overall structure of the toxin, and the binding 

affinity of the mutant toxin can be determined.  It is for this reason that μCTXs make excellent probes of voltage-

gated sodium channels.  We studied wild-type PIIIA, plus 13 of its derivatives in which single-residue substitutions 

were made at seven positions distributed over the surface of the toxin.  Because of the small size of the toxin and the 

tight backbone constraints provided by the three disulphide bonds, all of the side chains are exposed on the surface 

of the toxin.  The various substitutions offered tests of the effects of decreasing, conserving, or increasing the charge 

at different points distributed over the full circumference of the toxin (Fig. 1). 

Charge-changing Amino acid Substitutions in PIIIA Alter the Voltage Dependence of Block 

The arginine at position 14 is critical to the voltage dependence of block as well as the overall binding affinity 

of the toxin.  Upon a charge-conserving mutation at this position from an arginine to a lysine there is a decrease in 

the binding affinity of the toxin but little change in the overall voltage dependence of the toxin.  The zδ value was 
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0.59±0.09 (3) for the native toxin and 0.62±0.11 (4) for the R14K derivative (Fig. 2).  Upon charge neutralization at 

this position there is a significant decrease in the zδ to 0.18±0.01 (3) – same values for both the R14A and R14Q 

mutations.  Each of these substitutions reduces the nominal net charge on the toxin from +7 to +6 at neutral pH.   

Several other residues spread over the surface of the toxin also contribute to the overall voltage dependence of 

PIIIA.  When the arginine or lysine at positions 12 and 17 respectively are mutated to a charge conserving residue 

(R12K or K17R) these is no significant change in the zδ values (0.64±0.02 (2) for R12K and 0.60±0.02 (3) for 

K17R) compared with native PIIIA’s zδ (Fig. 3). These results suggest that charge-conserving substitutions do not 

change the voltage dependence.  When R12 and K17 were substituted so as to remove a charge, the zδ’s showed a 

significant decrease, dependent on the location of the change.  At position R12, when the arginine is replaced by an 

alanine, the zδ is decreased to 0.21±0.01 (3), or to 0.27±0.01 (3) when replaced by a glutamine residue.  At position 

17, lysine replacement by alanine yielded a zδ of 0.16±0.01 (2), or a value of 0.26±0.01(2) in the case of 

replacement by glutamine.  A similar replacement at position 20 of an arginine by an alanine showed a decrease in 

zδ to 0.32±0.01 (3).  This represents a less dramatic change in zδ than for the R12, R14 and K17 substitutions.  

Replacement of the neutral S13 residue with a negative aspartate residue decreases zδ to 0.33±0.01 (5). 

Charges in Certain Positions do Not Contribute to PIIIA Voltage Dependence 

While studying different PIIIA derivatives we found two positions at which charge neutralization or addition 

produced no significant change in zδ.  The first residue found to have no influence on zδ was the arginine at position 

2 (Fig. 3).  When this residue was neutralized to an alanine, the zδ was 0.45±0.03 (2).  This value of zδ was not 

significantly different from that for the native toxin.  Simulated docking of GIIIA indicated that the analogous 

residue, R1, is located on the outer surface of the docked toxin with respect to the channel (Choudhary et al., 2007).  

The other position observed to have no significant influence on zδ was the glycine at position 6.  In this case, we 

substituted a positively charged lysine at this position which yielded a zδ of 0.54±0.02 (3), again not significantly 

different from the value for the native toxin.  The analogous residue in GIIIA, the threonine at position 5, was also 

located on the exposed outer surface of the docked toxin, close to the arginine at position 1. 

Simulations of PIIIA Docking into a Sodium Channel Model 

PIIIA simulations were first run in a water bath to determine the structural stability of the toxin.  The molecular 

dynamics simulations were run for 20ns allowing the toxin to move freely with no restraints placed on the toxin 
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residues.  The final toxin structures showed little change over the course of the simulation (backbone RMSD≈2Å), 

with the main structural differences in the N-terminus.   

The toxin structure was then aligned with the GIIIA docked structure in the sodium channel pore model 

(Choudhary et al., 2007).  Ten 6ns MD simulations were run and the results were clustered, with the center structure 

of the largest cluster shown in Fig. 4, along with the starting structure.  The center structure of the cluster moved 

slightly lower into the pore, from the starting structure and rotated slightly moving the critical arginine closer to 

domains II and III inner ring residues. 

Toxin Charge Distribution Systematically Biases the Electrostatic Potential in the Pore 

The central structure of the largest cluster from the MD simulations was used to calculate electrostatic 

difference-potential maps and were visualized using Chimera (Fig. 5).  Electrostatic difference-potential maps, with 

respect to the docked native PIIIA, were calculated for derivatives G6K, R12A/Q, S13D, R14A/Q, K17A/Q and 

R20A.  Each derivative’s electrostatic potential map was subtracted from the native PIIIA map to yield the 

individual electrostatic difference-potential map.  Difference-potential surfaces are expected to be a much more 

robust estimate of the electrostatic effects of discrete amino acid substitutions in the toxin than would be estimates 

of overall electrostatic potential, given the lack of a high resolution structure for the channel.  Fig. 5 shows the 

difference-potential surfaces for R2A, R12A and R14A with a solid cyan surface (2kT/e), or a red mesh (1kT/e), 

representing changes in the electrostatic potential at different distances from the site of the charge change.  Notice 

that the volume enclosed by these surfaces is obviously largest for R14A, the position deepest in the pore, and 

smallest for R2A which is directly exposed to the screening effects of the salt (200mM) in the experimental bathing 

solution. 

 

DISCUSSION 

Many external inhibitors of voltage-gated sodium channels act by directly blocking current through the pore.  

These pore blockers bind to site 1 (Catterall et al., 2005) on the sodium channel preventing the flow of sodium 

through the channel.  In steady-state recordings, block is dependent on the applied voltage.  Classic pore blockers 

like tetrodotoxin (TTX) and saxitoxin (STX) show similar zδs to those for the μCTXs, regardless of the overall 

charge on the toxin (Krueger et al., 1983; Moczydlowski et al., 1984a; Moczydlowski et al., 1984b; French et al., 

1984).  Moczydlowski and collaborators arrived at a “hypothesis of last resort” that the observed voltage 
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dependence of toxin block resulted from a voltage-dependent conformational change within the Nav channel protein 

when the toxin binds.  Our own data raise the intriguing alternate possibility that toxin charges could be responsible 

for the voltage dependence, without themselves actually traversing a substantial part of the transmembrane voltage 

(Fig. 6). 

μCTXs have numerous basic residues which could contribute to the overall voltage dependence of binding and 

block.  To examine the contributions of individual amino acids, we made PIIIA derivatives with charge-conserving 

or charge-changing amino acid substitutions.  Various charge-conserving substitutions over the surface of PIIIA 

yielded derivatives showing voltage dependence similar to that of the native toxin (zδ~0.6).  Replacement of certain 

positive residues by neutral ones led to decreases in zδ, which initially seemed to suggest that these residues traverse 

part of the transmembrane electric field when the toxin binds.  Changes in zδ associated with different substitutions 

suggested an orientation of the bound toxin in harmony with analyses of partial single-channel block and interacting 

residue pairs on toxin and channel (Hui et al., 2002; Choudhary et al., 2007). 

Charge-changing mutations at positions 12, 13, 14, 17 and 20 affected the voltage dependence to varying 

degrees (Δ(zδ) = 0.25-0.43), while mutations of R2 and G6 had no effect.  The data suggest a toxin orientation with 

residues at positions 12, 14, 17 and 20 placed deep in the vestibule, while those at positions 2 and 6 faced out into 

the extracellular solution.  In the simulated docking of the closely related μCTX, GIIIA (Choudhary et al., 2007), we 

see the homologous four residues (K11, R13, K16 and R19) lying inside the pore, while R1 and T5, which align 

with R2 and G6 of PIIIA, face the extracellular solutions.  These two sets of results are based on distinct techniques 

and principles.  Our present analysis attempts to locate toxin residues with respect to the electrical potential profile 

across the channel, whereas the GIIIA docking was constrained by toxin-channel coupling energies calculated from 

mutant cycle analysis.  These fundamentally different approaches converge to imply very similar orientations of the 

bound toxin.  Fig. 4B shows PIIIA binding in an orientation similar to that predicted for GIIIA.  This reveals a 

systematic consistency of the GIIIA coupling energy constraints with our zδ results (Figs 3D, 4). 

Looking more quantitatively, the sum of the mean Δ(zδ)s for neutralization of PIIIA’s five basic residues (Fig, 

3D) is 1.66, compared with 0.59, the zδ value for the wild type toxin.  In addition, native, site 1 “pore blockers” 

(Table 1) all show zδ values of 0.59-0.74 independent of the net charge on the toxin (GIIIA +6, PIIIA +7, TTX +1, 

STX and its derivatives, +2 to 0) (Cruz et al., 1985; Guo et al., 1987).  Thus, we cannot account for voltage 
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dependence of the wild type as the sum of contributions from individual charges, despite evidence that toxin bound 

orientation is maintained following single-residue substitutions.   

This enigmatic result may be explained if a part, or perhaps even all, of the zδ reflects movement of a non-toxin 

charge, such as a sodium ion, within the transmembrane electric field in synchrony with toxin binding.  Previously, 

we obtained two clear lines of evidence for electrostatic interactions between bound μCTX derivatives and Na+ ions 

in the conducting pathway.  First, when peptides of the form GIIIA-R13X dock, they allow a residual single channel 

current through the toxin bound-channel, and the magnitude of the residual current depends systematically on the 

charge and size of the substituent residue (Hui et al., 2002).  Second, single-channel conductance-concentration 

relations show that the sodium binding in the pore is weakened by pre-docked toxin (Pavlov et al., 2008).  Thus, if 

the toxin binds close to, but outside, the region of steep potential change, a single sodium ion may be forced by 

electrostatic repulsion, to move within the membrane electric field.  This would result in similar zδ’s which are not 

well correlated with the total charge on the toxin, but rather, depend on one, or a subset, of neighbouring toxin 

charges.  The measured zδ would then primarily reflect the movement of a sodium ion, not toxin charge, traversing 

part of the applied electric field.  Nonetheless, this does not alter the deduced toxin orientation because an individual 

residue, e.g. R14, which extends relatively deeply into the pore vestibule, would have a stronger interaction with a 

sodium ion in the pore than a residue at a more superficial position (Fig. 5).   

This explanation fits with previous studies examining charybdotoxin block of Shaker potassium channels in 

which the voltage dependence required the presence a particular toxin charge (K27), as well as  permeant or 

blocking alkali cations which could access the inner vestibule of the channel (Goldstein and Miller, 1993).  Overall, 

those authors concluded that most of the voltage dependence resulted from a toxin-alkali cation interaction, with a 

minor contribution from the key pore-blocking K27 residue on the toxin. 

Two plausible limiting hypotheses to explain our observed Δ(zδ) values are illustrated in Fig. 6.  Either model 

could account for the toxin charge-dependent changes in voltage dependence but only (A) takes into account 

interactions between permeant ions and the bound toxin and is consistent with our present data.  To further 

scrutinize this possibility, we used APBS (see Methods) to estimate changes in the electrostatic potential in and near 

the pore vestibule when various toxin derivatives are bound.  Residues which are positioned most deeply in the 

vestibule, when the toxin is bound, induce the largest changes in electrostatic potential near the DEKA selectivity 

motif (Fig. 5C), where a single sodium ion might be expected to bind in the absence of toxin.  These calculations 
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show that R14 and K17 have the largest effects (~1-2kT/e), and predict that residues like R12, S13D and R20 exert a 

weaker influence.  Residues R2 and G6 (Fig 5A) showed no significant effect on the electrostatic potential in the 

pore, consistent with their lack of effect on the voltage-dependence of PIIIA binding.   

It remains possible that the actual mechanism involves an intermediate case, between the two presented in Fig 5, 

in which the changes in zδ include a small component contributed by side chain charges entering the transmembrane 

electric field, with most of toxin voltage dependence associated with the movement of a permeant ion(s) in the pore.  

This is similar to the conclusions from studies of charybdotoxin block of Shaker channels (Goldstein and Miller, 

1993), with one striking quantitative difference: for charybdotoxin block of Shaker, voltage dependence relies 

exclusively on one toxin residue, K27, whose side chain appears to enter the extended, narrow K channel selectivity 

filter. 

Overall, three results combine to support the conclusion that the observed voltage dependence of μCTX block 

results from the movement of a sodium ion from a preferred binding site within the transmembrane electric field 

when the toxin binds to the channel.  First, the sum of observed changes in zδ for substitutions at individual 

positions in PIIIA is greater than the zδ for wild type toxin binding.  Second, various site 1 toxins with different net 

charges show similar voltage dependencies.  Third, there is a change in sodium affinity for its preferred binding site 

when a partially blocking μCTX (GIIIA-R14Q) is bound (Pavlov et al., 2008).  Unlike potassium channels, in which 

potassium ions are tightly coupled and pass through the channel in single file (Hodgkin and Keynes, 1955), sodium 

channels show only relatively weak ion-ion coupling (Begenisich and Busath, 1981; French et al., 1994) suggesting 

that, most of the time, only a single sodium ion is bound within the pore.  We argue that displacement of sodium 

from this binding site underlies most of the observed voltage dependence of these pore blockers.  Despite the 

sequence homology and apparent similarity in binding orientations of GIIIA and PIIIA, PIIIA shows interactions 

with both muscle and neuronal Nav channels (Shon et al., 1998), whereas GIIIA is highly specific for adult skeletal 

muscle channels (Cruz et al., 1989).  Thus, these two toxins, along with their smaller, neuron-selective homolog, 

μCTX KIIIA (Bulaj et al., 2005; Zhang et al., 2007) achieve very different specificity, while maintaining a generally 

similar orientation when bound to the channel. 
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Figure Legends 

Fig. 1. Solution structure of PIIIA.  A, The important amino acids shown from three 

different viewpoints with basic residues in blue (arginine, dark blue; lysine, cyan), serine in pink 

and glycine in green.  B, Sequence alignment of PIIIA and GIIIA (numbering based on PIIIA). 

Fig. 2. Charge neutralization at position 14 induces a clear change in the voltage 

dependence of block.  A, Current traces from single sodium channel in the presence of native 

PIIIA and R14A showing the typical voltage dependence of toxin block. Note that R14A only 

blocks a fraction of the unitary current on binding. Left traces, -40mV; right, +40mV. B, Voltage 

dependencies of apparent Kd for PIIIA derivatives with different substitutions at position R14, 

showing both charge-changing and charge-neutralization mutations. C, zδ values calculated from 

the slopes in part B for substitutions in the R14 position. 

Fig. 3. Charge changing mutations over the surface of PIIIA show varying degrees of 

changes in voltage-dependence which map systematically on to the surface of the toxin.  A, 

Voltage dependence of PIIIA showing all charge-conserving mutations.  B, Voltage dependence 

of PIIIA showing all charge-changing mutations.  C, zδ values calculated from the slopes in A 

and B for both charge-conserving and addition/neutralization groups (net zero denotes the mean 

for all charge-conserving derivatives; net±1 denotes the mean for charge 

additions/neutralizations except R2A and G6K; G6K/R2A denotes the mean for R2A and G6K).  

D, Structure of PIIIA showing residues important in the overall voltage dependence (red) and 

those not important in voltage dependence (blue).  Mean values of changes in zδ, for 

substitutions at each position, are tabulated alongside, as Δ(zδ). 

Fig. 4. MD simulation of docking of PIIIA into the vestibule of a voltage-gated sodium 

channel.  Depths of different residues in the channel vestibule are consistent with the observed 
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voltage dependencies for block by different derivatives.  A, Initial and final structures for the 

molecular dynamics docking simulations showing toxin backbone in green (start) and grey 

(final).  Domains: I, orange; II, yellow; III, tan; and IV, red.  B, Top view of center structure of 

largest cluster.  C, Side view of center structure of largest cluster, with all residues used in zδ 

calculations shown.  

Fig. 5.  Electrostatic difference-potential maps for substitutions at different positions.  

Only toxin charges which closely approach the DEKA selectivity ring (coloured side chains in 

stick format) would significantly influence Na+ distribution in the pore.  A, R2A, B, R12A and 

C, R14A.  Difference-potential surfaces are depicted for 2kT/e (cyan) and for 1kT/e (red mesh) 

and represent the changes in electrostatic potential with unit charge changes at the specified 

location.  D, Graph of experimental Δ(zδ) values versus model distance from a point centred 

between the four selectivity filter Cα residues, to the appropriate Cα residue of the toxin. 

Fig. 6. Cartoons of possible mechanisms for the observed voltage dependence of block.  

Indicated Δ(zδ) values are those for a unit charge change at R14. A, Toxin charge does not enter 

the applied voltage gradient.  The voltage dependence results entirely from displacement of a 

permeant ion (Na+) within the electric field.  B, A toxin charge (R14) penetrates part of the 

transmembrane potential difference and contributes directly to the observed change in zδ.  In this 

extreme scenario, there is no redistribution of Na+ within the channel on toxin binding. 
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Table 

 

Table 1. Comparison of zδ values for various Nav channel pore blockers having different 

structures and nominal net charges. 

 

Toxin  PIIIAa  GIIIAb  
STX, neoSTX, 

dcSTXc  
TTX, B1/2, 
GTX1/2/3d  C1/2/3e 

zδ  0.59  0.58-0.73  0.60-0.68  0.58-0.69  0.59-0.72  

Nominal 
net charge  

+7  +6  +2  +1  0  

athis work 

b(Becker et al., 1992) 

c(Krueger et al., 1983; French et al., 1984; Guo et al., 1987; Moczydlowski et al., 1984b) 

d(Moczydlowski et al., 1984a; Moczydlowski et al., 1984b) 

e(Moczydlowski et al., 1984b) 

 

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on April 26, 2011 as DOI: 10.1124/mol.111.071779

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on April 26, 2011 as DOI: 10.1124/mol.111.071779

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on April 26, 2011 as DOI: 10.1124/mol.111.071779

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on April 26, 2011 as DOI: 10.1124/mol.111.071779

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on April 26, 2011 as DOI: 10.1124/mol.111.071779

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on April 26, 2011 as DOI: 10.1124/mol.111.071779

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on April 26, 2011 as DOI: 10.1124/mol.111.071779

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/

