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ABSTRACT 

 

We located a novel binding site for grayanotoxin on the cytoplasmic linkers of 

voltage-dependent cardiac (rH1) or skeletal-muscle (µ1) Na+ channel isoforms (segments 

S4-S5 in domains D1 and D4), using the alanine scanning substitution method. 

GTX-modification of Na+ channels, transiently expressed in HEK 293 cells, was evaluated 

under whole-cell voltage clamp, from the ratio of maximum chord conductance for modified 

and unmodified Na+ channels.  In µl, mutations K237A, L243A, S246A, K248A, K249A, 

L250A, S251A or T1463A, caused a moderate, but statistically significant decrease in this 

ratio.  On making corresponding mutations in rH1, only L244A dramatically reduced the 

ratio.  Because in µ1, the serine at position 251 is the only heterologous residue with respect 

to rH1 (Ala-252), we made a double mutant L243A&S251A to match the sequence of µ1 and 

rH1 in S4-S5 linkers of both domains.  This double mutation resulted in a significant decrease 

in the ratio, to the same extent as L244A substitution in rH1 did, indicating that the site at 

Leu-244 in rH1 or at Leu-243 in µ1 is a novel one, exhibiting a synergistic effect of 

grayanotoxin.  

 

Keywords: grayanotoxin, sodium channel, S4-S5 linker, whole-cell patch clamp, HEK 293  
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INTRODUCTION 

Grayanotoxin belongs to the class of so-called lipid-soluble toxins which include 

batrachotoxin (BTX), veratridine, and aconitine. The unique actions of these toxins on 

voltage-dependent Na+ channels consist of a hyperpolarizing shift in voltage-dependency of 

channel activation and elimination of fast Na-inactivation.  While all toxins in this class are 

potentially useful for elucidating the molecular basis of Na+ channel gating, GTX has the 

distinct advantage that the relevant interaction sites on the GTX molecule are already known, 

as a result of exhaustive analyses of its structure-activity relationship (1-3).  The methyl 

group on residue 10 of the molecule's β-surface and the hydroxyl groups on several residues 

of its β [3, 5, 6]- and α-surface [15, 16] are essential to the pharmacologic action of GTX.  

Moreover, GTX action has a unique dependency on the state of the Na+ channel: GTX binds 

only to the open state and dissociates from the closed state (4). 

Previously, we reported that transmembrane segments D1S6 and D4S6 are required 

for GTX-binding to the Na+ channel (5, 6).  Within these segments, a number of putative 

binding sites on the µ1 Na+ channel isoform (Ile-433, Asn-434, Leu-437, Ile-1575, Phe-1579 

and Tyr-1586) may interact with the α-surface of the GTX molecule, whose pharmacologic 

action is effected within a hydrophobic micro-environment (3).  Tyr-1586 in D4S6 has been 

found to provide a unique binding site for GTX, to the exclusion of the other known 

lipid-soluble toxins (6).  Moreover, we have attributed the difference in GTX sensitivity of 

the Na+ channel isoforms, µ1 and rH1, to a critical residue (Ser-251) in the intracellular loop 

of D1S4-S5 (7).  Kimura et al. (7) deduced particular GTX binding sites by making several 

chimeras targeting the heterologous amino acid residues of µ1 and rH1, and then noting 

which chimeras showed reduced sensitivity to GTX.  Using such a strategy, we may have 

overlooked critical sites on these Na+ channel isoforms in conserved regions of their amino 

acid sequence, which nonetheless have intimate involvement in GTX-action.  To overcome 
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this shortcoming, we thought it worthwhile to examine the S4-S5 linkers in D1 and D4 with 

the alanine scanning substitution method to see whether novel amino acid residues (in 

addition to those already reported) are critical for GTX-action. 
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MATERIALS AND METHODS 

 

Construction of Alanine Scanning Mutants of Na+ Channels 

Alanine scanning mutants of Na+ channels were constructed using two cDNA clones 

encoding the rat skeletal muscle, and cardiac α-subunits, µ1 (8) and rH1 (9). To construct the 

mutants by alanine substitution, we followed our method described previously (5-7, 10).  All 

of the resulting mutants were confirmed with restriction mapping and sequencing using an 

ABI PRISMTM 310 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA). 

 

Transient Transfection and Cell Culture 

The point-mutated cDNA clones were inserted into a mammalian expression vector 

pcDNA3.1 (Invitrogen, Carlsbad, CA, USA), and were then transiently co-transfected with 

CD8 cDNA into HEK 293 cells using the SuperFect transfection reagent (Qiagen, Hilden, 

Germany).  The cells were grown to 50% confluence in DMEM (Invitrogen), containing 10% 

fetal bovine serum (BioWhittaker, Walkersville, MD, USA), 30 units/ml penicillin G 

(Invitrogen) and 30 µg/ml streptomycin (Invitrogen), in 60-mm tissue culture dishes, and in a 

humidified atmosphere of 5% CO2 and 95% air at 37˚C.  The transfected cells were used for 

electrophysiological experiments as late as 3 to 4 days after transfection.  

Transfection-positive cells were identified by immunobeads (CD8-Dynabeads, Dynal, Oslo, 

Norway) before Na+ current (INa) recording. 

 

Electrophysiological Recording 

Macroscopic INa from the transfected cells was measured using the whole-cell 

variation of the patch clamp method.  The bath solution contained (in mM): 70 NaCl, 67 

N-metyl-D-glucamine, 1 CaCl2, 1.5 MgCl2, 10 glucose, and 5 HEPES (pH 7.4).  The pipette 



 6 

solution contained (in mM): 70 CsF, 60 CsCl, 12 NaF, 5 ethylene-bis (oxonitrilo) tetraacetic 

acid and 5 HEPES (pH 7.2).  To assess the effects of GTX on whole-cell INa, 300 µM of GTX 

I was added to the pipette solution, because GTX is known to act intracellularly (11).  Data 

are presented as mean ± SD (number of observations), unless otherwise indicated. 
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RESULTS 

Effect of GTX on wild type µ1 and rH1 

Because GTX exclusively binds to Na+ channels in their open state (4-7, 12), 

repetitive depolarizing pulses were applied to induce GTX modification.  Following these 

repetitive conditioning pulses, test pulses to various membrane potentials induced a 

characteristic sustained current (Figs. 1A2 and B2).  Without repetitive prepulses, the 

majority of channels opened and inactivated normally, although a slight increase in 

non-inactivating INa at the end of test pulses indicated that a small fraction of the channels 

were modified during the test pulse itself (Figs. 1A1 and B1). 

Since each transfected cell expresses the Na+ channel at different densities, we used 

the maximum conductance to standardize data from different cells as described previously (6, 

7, 12).  The I-V relationships for unmodified INa through wild type rH1 channels and its 

mutant forms (rH1-L244A) are given in Figs. 1A3 and B3.  The continuous line was fitted to 

peak INa at membrane potentials from 0 to +60 mV and the chord conductance was estimated 

from the slope.  However, once 100 conditioning pulses were applied, an entirely different 

family of sustained currents through modified sodium channels was obtained (Figs. 1A2 and 

B2).  For GTX-modified channels, INa at the end of a 160 msec test pulse was plotted against 

the membrane potential, and the chord conductance was estimated from the slope of the I-V 

relationship between -50 and +50 mV (dashed line in Figs. 1A3 and B3).  Common 

pharmacological characteristics of various GTX analogues are summarized as follows: 1) 

single channel conductance of modified channels (wild-type isoforms) decreases to one-third; 

2) the open channel probabilities are in the range from 0.78 to 0.8; and consequently 3) any 

difference in GTX action among Na+ channel isoforms should be due to a change in the 

number of channels modified (7, 12).  Therefore, it is reasonable to use the ratio of chord 

conductances of GTX-modified to unmodified channels as a measure of channel sensitivity to 
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GTX modification, which is referred to as the relative chord conductance. 

 

Comparison of kinetic parameters of channel gating among mutant channels 

To assess the kinetic properties of mutant and wild-type Na+ channels, the time to peak INa 

was measured as estimate of activation kinetics and the time constant for the falling phase (τf) 

of INa as that of the inactivation process.  As shown in Fig. 2, all measured values for the 

mutants of µ1 and rH1 were similar each other, indicating that the introduced mutations did 

not significantly modify the kinetics of these Na+ channels. 

 

Alanine substitutions within intracellular loops of D1S4-S5 and D4S4-S5 in µ1 

We systematically substituted each amino acid in D1S4-S5 for alanine, one residue 

at a time, between Lys-237 and Asp-252.  The same alanine scanning substitution method 

was also applied from Thr-1463 to Asn-1477 in D4S4-S5.  In D1, the relative chord 

conductance for K237A, L243A, S246A, K248A, K249A, L250A and S251A was noticeably 

deceased by 37%, from 0.35 to around 0.22 (Fig. 3A).  On substitution of amino acids in D4, 

a significant decrease in the relative chord conductance, comparable to the effect produced by 

D1 substitutions, was observed only in the case of T1463A (Fig. 3B).  HEK 293 cells 

transfected with four mutant constructs of µ1, V247A, P1473A, L1475A and N1477A, did 

not express sufficient numbers of Na+ channels to permit accurate measurements of INa. 

 

Systematic substitution of amino acids in S4-S5 intracellular loops of D1 and D4 in rH1 with 

alanine 

 Only amino acids in the S4-S5 linkers of µ1 that significantly modified GTX-action 

were examined in rH1.  Mutants of K238A, S247A, K249A, K250A and T1647A did not 

affect the GTX action.  Only L244A dramatically decreased the relative chord conductance 
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by some 80%, from 0.22 to 0.04 (Fig. 3C).  However, mutation of the homologous residue in 

µ1, L243A, resulted in only a moderate decrease in relative conductance of 34%, from 0.35 

to 0.23.  Since there is only one non-homologous amino acid in S4-S5 of D1 and D4 in each 

Na+ channel (Fig. 3D; Ser-251 in µ1 and Ala-252 in rH1), we hypothesized that this amino 

acid difference may strengthen GTX-action in the µ1 isoform.  Accordingly, a double mutant, 

µ1-L243A&S251A, was constructed to match the amino acid sequence of µ1 and rH1 in the 

indicated segments.  This double mutant of µ1 actually exhibited a substantial decrease in 

relative chord conductance from 0.35 to 0.10, which was equivalent to the L244A mutant in 

rH1 (Fig. 3A; filled column). 
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DISCUSSION 

 

In the previous paper by Kimura et al. (7), we attempted to identify the site 

responsible for GTX-action by making chimeras with different combinations of Na+ channel 

cDNAs encoding µ1 and rH1.  The fundamental assumption was that the difference in the 

response of Na+ channel isoforms to GTX comes from non-homologous amino acid residues 

in µl and rH1.  Using this strategy, Kimura et al. (7) were able to deduce that residue 251 in 

µ1 is a critical site responsible for the difference in GTX-sensitivity between µ1 and rH1.  In 

the present study, the alanine scanning method shed new light on additional sites in the same 

S4-S5 linker in µ1 domain D1 by showing a moderate decrease in channel modification 

induced by GTX.  However, corresponding mutations in rH1 did not lead to any such 

decrease with the exception of L244A.  This remarkable mutation decreased channel 

modification much more than any of the mutations in the µ1 isoform.  When we examine the 

entire sequence of the S4-S5 linker in both D1 and D4, we recognize that there is a difference 

of one amino acid residue, Ser-251 in µ1 and Ala-252 in rH1 (Fig. 3D).  Thus, it is 

reasonable to suppose that the reduced GTX effect in rH1 may be due to the presence of 

Ala-252 instead of Ser at the corresponding site in µ1.  The double mutant, L243A&S251A, 

did give a substantial decrease in GTX-induced channel modification (Fig. 3A in the last 

filled column).  From these observations, it is concluded that Leu-244 in rH1 or at residue 

243 in µ1 is critical to GTX-action.  A similar finding was obtained by surveying mutants of 

insect para-Na+ channels resistant to pyrethroids using mortality as a rough index of channel 

modification (13).  These investigators reported that mutation of I287N in the D1S4-S5 linker 

confers a modest level of resistance to pyrethroids; moreover, insects having mutations in S6 

segments plus the S4-S5 linkers in D1, D2 and D3 responded to the pyrethroid by a factor of 

one-hundred times less than wild type.  In this connection, it is worthwhile to note certain 
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similarities in the pharmacological effects of pyrethroids and GTX on Na+ channels: 1) both 

pyrethroids and GTX are known to prolong open time of Na+ channels and to shift the 

sodium conductance-voltage curve in the hyperpolarizing direction (12, 14); 2) treatment 

with these toxins induced a characteristic, long-lasting opening of single Na+ channels when 

rectangular pulses were applied (12, 14).  However, some differences also exist: 1) GTX 

modifies Na+ channels strictly in their open state (4), whereas pyrethroids can modify Na+ 

channels in all states (14), including the channel’s open configuration, which still has higher 

susceptibility to GTX than the resting or closed states; 2) single channel conductance of Na+ 

channels modified by pyrethroids remains the same as that in control (14), whereas GTX 

modification reduces channel conductance to one-third of the control value (7, 12).  Thus, 

S4-S5 linkers take part in the modification of channel gating whether the toxins used are 

GTX analogs or pyrethroids.  Furthermore, there are some examples in which the S4-S5 

linker is involved in the voltage dependence of Na+ channel gating, although the domains 

involved can vary.  Interactions between the inactivation gate (corresponding to the 

intracellular loop connecting D3 and D4) and the S4-S5 linkers of D3 and D4 have been 

suggested on the basis of site-directed mutagenesis (15-17).  Examples of the involvement of 

S4-S5 linkers in Paramyotonia congenita are the I693T mutation in the S4-S5 linker of D2, 

which induced a hyperpolarizing shift of about 9 mV in the voltage dependence of activation 

without greatly affecting the inactivation process (18), and mutations in the S4-S5 linker in 

D4, which slowed fast inactivation and revealed that this S4-S5 linker may play an important 

role in mediating the coupling between activation and inactivation (19, 20).  Additionally, the 

LQT 3 mutation interfered with inactivation by destabilizing the structure of the acceptor site 

for the inactivation particle (21), which is located in the S4-S5 linker of D3. 

Possible involvement of the S4 segment in sensing the change in membrane potential 

has been argued, since the late Professor Numa’s group determined the Na+ channel cDNA 
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sequence (22).  Using the cystein-substitution method, Yang and Horn (23) showed that 

during the operation of Na+ channel gates, depolarization causes all four S4 segments to 

move outward to their active position.  With the aid of site-directed fluorescent labeling, Cha 

et al. (24) were able to trace the functional role of the S4 segments of D1 and D2 to the 

nonimmobilizable component of gating charge (associated with channel inactivation) and that 

of the S4 segments of D3 and D4, to the immobilizable fraction.  Taking into consideration 

the available information on the structure-function relationships of the Na+ channel, we are 

tempted to speculate that the S4-S5 linker in D1 may take part in transferring the molecular 

information about GTX-binding to the voltage sensor on the S4 segment, thereby causing a 

shift in the voltage dependence of activation in a manner very similar to the pyrethroids. 
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FIGURE LEGENDS 

 

FIG. 1.  GTX modification of Na+ channels.  Differences in potency of GTX I between 

wild-type rH1 and mutant L244A. INa families and I-V relations for unmodified peak INa and 

for GTX I-modified steady-state INa in wild type rH1 (A) and its mutant L244A (B).  Even in 

the presence of 300 µ M GTX, the currents were scarcely modified without preconditioning  

pulses as shown in A1 and B1.  Thus, control currents (unmodified currents) were taken in 

the presence of intracellular GTX.  Modified current (open circles in I-V plots of A3 and B3) 

was induced by a train of 100 conditioning prepulses (pulse potential, –20 mV; pulse duration 

and interpulse interval, 6 msec and 100 ms; holding potential, –120 mV), and assayed with a 

160-msec test pulse to variable potentials between –140 mV and +50 mV, incremented in 

10-mV steps (A2 and B2).  Predominantly unmodified current (filled squares in I-V plots of 

A3 and B3) was obtained without application of conditioning prepulses and measured by 

peak INa (A1 and B1).  
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FIG. 2.  Similar inactivation and activation kinetics of wild type and mutant channels. A1- 

C1: Relationship between time-to-peak INa and membrane potential in HEK cells expressing 

mutations in the S4-S5 linker of µl domain D1 (A1), the S4-S5 linker of µl domain D4 (B1), 

and the S4-S5 linker of rH1 domains D1 and D4 (C1).  A2-C2: Relationship between the time 

constant (τf) for the falling phase of INa and membrane potential in the above-described 

mutants of µ1 D1 (A2), µ1 D4 (B2), and rH1 D1 plus D4 (C2).  For the sake of clarity, mean 

values without error bars are given for the indicated mutant channels.  Number of 

observations was 6 each for wild type µ1 and rH1 isoforms, and 4 for mutant channels. 
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FIG. 3.  Effect of GTX I on wild type and mutant channels. (A) Mutants of S4-S5 linker in µl 

D1.  (B) Mutants in D4 of µ1. (C) Mutants in both rH1 D1 and D4.  Hatched bars in A and B 

indicate that moderate suppression of GTX-action is recognizable; filled bars in A and C 

show that the observed suppression is sizeable.  (D) Summary of the sites of action of GTX in 

µ1.  Squares with bold line indicate marked suppression of GTX-action commonly observed 

in both µ1 and rH1; squares with thinner line show the moderate suppression observed only 

in µ1.  For the sake of convenience, amino acid sequences for the S4-S5 linkers in rH1 

domains D1 and D4 are also displayed (amino acid sequence numbered from N terminus), 

and the sites of action for GTX  in D1S6 and D4S6, as reported in Ref. 5 and 6, are included.  
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