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Abstract:  

The marine polycyclic-ether toxin gambierol and 1-butanol (n-alkanol) inhibit 

Shaker-type Kv channels by interfering with the gating machinery. Competition 

experiments indicated that both compounds do not share an overlapping 

binding site but gambierol is able to affect 1-butanol affinity for Shaker through 

an allosteric effect. Furthermore, the Shaker-P475A mutant, which inverses 1-

butanol effect, is inhibited by gambierol with nM affinity. Thus, gambierol and 1-

butanol inhibit Shaker-type Kv channels via distinct parts of the gating 

machinery. 
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Kv channels have drug/toxin binding sites outside the K+ pore.  

Voltage-gated K+ (Kv) channels are tetramers composed of α-subunits with 

six transmembrane segments S1-S6 (Long et al., 2005a). The S5-S6 segments 

assemble into the K+ pore with a gate in the C-terminal region of S6 (Labro and 

Snyders, 2012). The S1-S4 segments form the voltage-sensing domains 

(VSDs) that move upon changes in the membrane potential (Long et al., 2005b; 

Bezanilla, 2000). An interaction between the S4-S5 linker and C-terminal region 

of S6 creates the electro-mechanical coupling that translates VSD movements 

into gate opening/closure (Blunck and Batulan, 2012). The ensemble of regions 

underlying voltage-dependent channel opening is termed the gating machinery.  

Toxins and drugs can potentiate or inhibit Kv channels, which can have a 

therapeutic potential (Wulff et al., 2009). Gambierol is a polycyclic-ether toxin 

(MW = 757 g/mol) produced by the marine dinoflagellate Gambierdiscus toxicus 

and is related to ciguatoxins associated with ciguatera food poisoning (Lewis, 

2006). Gambierol is a potent inhibitor of Kv1 and Kv3 channels (Cuypers et al., 

2008; Kopljar et al., 2009), and has been shown to inhibit K+ currents in native 

tissues (Ghiaroni et al., 2005; Schlumberger et al., 2010; Alonso et al., 2012; 

Perez et al., 2012; Cao et al., 2014). Gambierol most likely operates via a lipid 

accessible space located between the VSD and the lipid facing side of the pore 

forming S5 and S6 segments (Kopljar et al., 2009; Kopljar et al., 2016), a 

binding site that may correspond with that of the Psora-4 compound (Marzian et 

al., 2013). Similarly, n-alkanols such as 1-butanol (1-BuOH) act outside the K+ 

pore affecting the electro-mechanical coupling (Barber et al., 2011; Bhattacharji 

et al., 2006; Zhang et al., 2013). Here we report that the Shaker channel, the 

prototypical Kv channel for exploring the gating mechanism, is sensitive to 
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gambierol and show that gambierol and 1-BuOH target different parts of the 

gating machinery.  

Gambierol and 1-BuOH do not compete as inhibitors of the Shaker-IR Kv channel. 

Gambierol-sensitive Kv1 and Kv3 channels contain an important threonine 

residue in S6 (Kopljar et al., 2009), which is conserved in Shaker (T469). 

Therefore, we expected the Shaker channel to be sensitive. In this study we 

used the fast inactivation removed Shaker-IR channel, which was transiently 

expressed in HEK293 cells and whole-cell ionic currents were recorded with the 

patch-clamp technique (20 hours after transfection). Patch-clamp setup and 

data acquisition/analysis were similar as described previously (Martinez-

Morales et al., 2015). During recordings the cells were continuously superfused 

with a bath solution (in mM): NaCl 130, KCl 4, CaCl2 1.8, MgCl2 1, HEPES 10, 

Glucose 10, adjusted to pH 7.35 with NaOH. The intracellular patch-pipette 

solution contained: KCl 110, K4BAPTA 5, K2ATP 5, MgCl2 1, HEPES 10, 

adjusted to pH 7.2 with KOH. Application of 300 nM gambierol to Shaker-IR 

resulted indeed in approximately 80% current inhibition (Figure 1A-B). This 

observation differs from a previous study, which used Xenopus oocytes as 

expression system, reporting Shaker to be less sensitive (Cuypers et al., 2008). 

Since gambierol is highly lipophilic the use of HEK293 cells instead of Xenopus 

oocytes is a likely explanation for the different response, as also Kv1.2’s 

gambierol affinity depends on the expression system used (Konoki et al., 2015).  

A valine substitution for T469 reduced, as expected, gambierol sensitivity 

(Figure 1B-C). However, this Shaker-IR-T469V mutant was still inhibited by 1-

BuOH suggesting that both compounds have different binding determinants. To 

investigate this further we performed competition experiments and compared 
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the experimental data with the predicted level of inhibition using an allotopic 

(non-competing) or syntopic (competing) binding model (Jarvis and Thompson, 

2013). Experiments were done with concentrations near the IC50 values as in 

these conditions the largest difference between both models is expected; thus 

we used 50 mM 1-BuOH and 100 nM gambierol, respectively. Both compounds 

were applied to the cells using a pressurized perfusion system as described 

previously (Kopljar et al., 2009; Martinez-Morales et al., 2015). For each 

experiment (number of cells analyzed n = 7), we determined first the amount of 

current inhibition by 50 mM 1-BuOH (58.0 ± 2.6 %) and 100 nM gambierol (58.5 

± 3.0 %) alone. Subsequently, after reaching steady-state gambierol inhibition, 

we tested the effect of both compounds combined and applied a mixture of 100 

nM gambierol + 50 mM 1-BuOH. This mixture yielded a total inhibition of 78.0 ± 

2.0 % (Figure 1D-E). The predicted inhibition of the mixture (INB,G) according to 

the allotopic and syntopic model was calculated using the formulas described 

by Jarvis and Thompson, 2013: INB,G = (INB + ING - INBING) and INB,G = ((INB + ING - 

2INBING)/(1- INBING)), respectively. INB and ING were the experimentally determined 

level of channel inhibition by 1-BuOH and gambierol alone. When both 

compounds share the same binding site (syntopic model), 73.8 ± 1.7 % of 

inhibition was expected. If both compounds have different binding sites 

(allotopic model) there would be no competition and 82.4 ± 1.8 % of inhibition 

was expected. Hence, our experimentally observed inhibition differed 

significantly from both models (Figure 1E). According to Jarvis and Thompson 

(2013), this result indicates that gambierol and 1-BuOH possess distinct binding 

determinants, but binding of gambierol results in a reduced affinity for 1-BuOH 

most likely through an allosteric effect. The effect of 1-BuOH binding on 
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subsequent gambierol affinity (i.e. establishing first steady-state 1-BuOH 

inhibition followed by adding the mixture) could not be tested because 

gambierol unbinding is very slow (Kopljar et al., 2013) and it is important to 

determine the level of inhibition for both compounds independently when 

comparing the data with both binding models (Jarvis and Thompson, 2013). To 

validate our results we performed competition experiments between 1-BuOH 

and 1-hexanol (1-HeOH) that should compete for the same binding site. Indeed, 

the experimentally obtained inhibition matched the predicted value of a syntopic 

model and differed only statistically from that of an allotopic one (Figure 1G-H).  

The Shaker–IR-P475A pore mutant is inhibited by gambierol.  

To investigate gambierol´s mechanism of action further and to strengthen 

that gambierol and 1-BuOH affect different parts of the gating machinery, the 

Shaker-IR-P475A mutant was tested for its sensitivity to gambierol. Previously, 

we reported that this mutation renders Shaker insensitive to the well-studied 

gating modifying compound 4-aminopyridine (4-AP) and inverses the response 

to n-alkanols such that Shaker-IR-P475A’s current amplitude is potentiated by 

1-BuOH instead of being inhibited (Martinez-Morales et al., 2015). Applying 300 

nM gambierol to Shaker-IR-P475A yielded 83 ± 4 % (n = 4) current inhibition at 

+90 mV, indicating that the mutant displayed a similar gambierol affinity as wild-

type Shaker-IR (Figure 2A-C). Figure 2D shows that the inhibition by gambierol 

was voltage-independent. Fitting the remaining current activation at +90 mV 

with a single exponential function yielded a ac time constant of 455 ± 15 ms (n 

= 4), which was similar to ac in control conditions (573 ± 68 ms, n = 4). Fitting 

the current deactivation at -20 mV yielded deac constants of 193 ± 16 ms (n = 4) 

and 197 ± 30 ms (n = 4) for control and presence of 300 nM gambierol, 
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respectively. Thus, gambierol did not affect the kinetics of the remaining 

currents nor the voltage dependence of channel activation since the normalized 

conductance vs. voltage (GV) curves of the remaining currents were similar to 

the GV curves obtained in control conditions (Figure 2D). Thus, in contrast to 

the potentiating effect of 1-BuOH (n-alkanols) on this mutant (Martinez-Morales 

et al., 2015), Shaker-IR-P475A was still inhibited by gambierol.  

Gambierol and 1-BuOH have distinct binding sites.  

Our competition and mutagenesis experiments suggest that gambierol and 

1-BuOH act at different binding sites but both compounds affect each other’s 

binding in an allosteric manner. There are several mechanisms to achieve this; 

a likely possibility is that a conformational change in the electro-mechanical 

coupling upon gambierol binding subsequently impairs the binding of 1-BuOH. 

When Kv channels traverse the activation sequence from a closed to an open 

gate conformation, they pass different intermediate closed states before 

reaching an activated state from which they transition to the open state in a 

voltage-independent manner (Figure 2F). Whereas 1-BuOH traps the channels 

in the activated state (Martinez-Morales et al., 2015), gambierol stabilizes the 

channel in an early closed state (Kopljar et al., 2013). If this closed state has a 

lower 1-BuOH affinity, then gambierol binding would reduce 1-BuOH affinity by 

locking the channels in this closed (lower affinity) state. Likewise, since the 

P475A mutation affects only the transition from the activated to the open state 

(Martinez-Morales et al., 2014), the early closed states are unaffected and the 

Shaker-IR-P475A mutant remains sensitive to gambierol. In conclusion, the 

toxin gambierol and 1-BuOH interfere with the gating machinery differently by 

acting via distinct binding sites outside the K+ pore. 
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Figure 1: gambierol and 1-BuOH do not compete for inhibiting Shaker-IR.  

A, Left, ionic currents of Shaker-IR channels recorded at 22°C and elicited with 

the pulse protocol shown on top. Right, currents of Shaker-IR in control 

conditions (black trace) and upon steady-state inhibition by 300 nM gambierol 

(gambi, gray trace). B, Representative currents of the Shaker-IR-T469V mutant 

elicited with the pulse protocol shown on top. C, Steady-state currents of 

Shaker-IR-T469V in control conditions (black trace) and upon application of 

either 300 nM gambierol (left recordings, gray trace) or 50 mM 1-BuOH (right 

recordings, gray trace). D, Sequentially recorded steady-state currents of 

Shaker-IR elicited by applying a 150 ms long +40 mV depolarization from a 

holding potential of -80 mV. After the depolarizing step the membrane potential 

was briefly repolarized to -45 mV to elicit a deactivating tail current. To reach 

steady-state conditions, depolarizations were repetitively applied with an inter-

pulse interval of 10 s. The bar on top illustrates the sequential addition of 1-

BuOH and/or gambierol. Below, representative currents recorded from left to 

right: in control conditions, upon steady-state inhibition by 50 mM 1-BuOH, 

steady-state inhibition by 100 nM gambierol after washout of 1-BuOH, and 

finally the current inhibition by the mixture (100 nM gambierol + 50 mM 1-

BuOH). E, Bar chart shows the average reduction in current amplitude at +40 

mV ± S.E.M. (obtained from recordings as shown in D, n = 7) after applying 50 

mM 1-BuOH, 100 nM gambierol and the mixture gambi+1-BuOH. Fraction 

inhibition was calculated by normalizing the steady-state current in presence of 

drug/toxin to the current amplitude in control conditions. The expected inhibition 

according to an allotopic or syntopic model was calculated as described in the 

text. Note, the experimentally obtained inhibition with the mixture differed 

statistically (using paired t-tests) from the predicted value of either model (*, p < 

0.05). F, Steady-state currents of Shaker-IR recorded upon sequential addition 

of 3 mM 1-HeOH, 50 mM 1-BuOH after washout of 1-HeOH, and the mixture 3 

mM 1-HeOH + 50 mM 1-BuOH. G, Bar chart shows the fractional reduction in 

current amplitude at +40 mV ± S.E.M. (n = 5) after applying 50 mM 1-BuOH, 3 

mM 1HeOH and the mixture. The inhibition obtained with the mixture differed 

only statistically from the predicted value of an allotopic model (**, p < 0.05). 
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Figure 2: inhibition of the Shaker-IR-P475A mutant by gambierol.  

A, Ionic currents of Shaker-IR-P475A, elicited using the pulse protocol shown 

on top, in control conditions (black trace) and after steady-state inhibition by 300 

nM gambierol (gray trace). B, Representative family of currents of Shaker-IR-

P475A recorded in control conditions (left) and in presence of 300 nM gambierol 

(right), elicited using the pulse protocol shown on top. C, Current density versus 

voltage relationship obtained by normalizing the peak current amplitude (from 

pulse protocols shown in panel B) to the cell capacitance, in control conditions 

(white circles, n = 4) and presence of 300 nM gambierol (gray circles). D, Lack 

of voltage dependence of gambierol inhibition: illustrated by relative 

suppression of currents at different potentials. The current suppression at +60 

mV was not statistical different from that at +120 mV (p > 0.1). E, Normalized 

GV curves of Shaker-IR-P475A obtained in control conditions (white circles) 

and presence of 300 nM gambierol (gray circles). GV curves were obtained by 

plotting the normalized tail current amplitudes of recordings shown in panel B as 

a function of prepulse depolarization. Solid line represents the average fit with a 

single Boltzmann equation (y = 1/{1 + exp[−(V − V1/2)/k]}). GV curves displayed 

a midpoint potential V1/2 of 79 ± 1 mV (n = 4) and 82 ± 2 mV, and a slope factor 

k of 12.4 ± 0.8 mV and 13.2 ± 1.0 mV for control conditions and presence of 

300 nM gambierol, respectively. F, A 4-state activation sequence of Shaker 

channels with two closed, one activated and an open state. Whereas gambierol 

locks the channels in the closed state, 1-BuOH stabilizes the activated state. 

The transition from this activated to open conformation is affected by the P475A 

pore mutation.  
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