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ABSTRACT Polyunsaturated fatty acids (PUFAs) have beneficial effects on epileptic seizures and cardiac arrhythmia. We report
that v-3 and v-6 all-cis-PUFAs affected the voltage dependence of the Shaker K channel by shifting the conductance versus
voltage and the gating charge versus voltage curves in negative direction along the voltage axis. Uncharged methyl esters of the
PUFAs did not affect the voltage dependence, whereas changes of pH and charge mutations on the channel surface affected the
size of the shifts. This suggests an electrostatic effect on the channel’s voltage sensors. Monounsaturated and saturated fatty
acids, as well as trans-PUFAs did not affect the voltage dependence. This suggests that fatty acid tails with two or more cis double
bonds are required to place the negative carboxylate charge of the PUFA in a position to affect the channel’s voltage dependence.
We propose that charged lipophilic compounds could play a role in regulating neuronal excitability by electrostatically affecting the
channel’s voltage sensor. We believe this provides a new approach for pharmacological treatment that is voltage sensor
pharmacology.

INTRODUCTION

Polyunsaturated fatty acids (PUFAs) have beneficial effects

on both epilepsy and cardiac arrhythmia (1,2). However, the

molecular mechanism for their action is debated. To explain

the effects of PUFAs on voltage-gated ion channels, a

number of theories, ranging from unspecific effects on the

cell membrane fluidity (3) to specific binding to the channel

protein (4–8), have been proposed. In a prior investigation we

showed that PUFAs open a voltage-gated K (Kv) channel, the

Shaker K channel, by affecting the channel’s voltage de-

pendence, and computer simulations showed that this could

clearly reduce neuronal excitability (9,10). A possible mech-

anism is that the PUFAs’ negative charge electrostatically

activates the Kv channel.

Kv channels are important for setting the resting potential,

and regulating the duration and frequency of action poten-

tials. The channels contain a positively charged voltage

sensor, S4 (11–13), which induces channel opening on

movement (14,15). Even though the exact movement of S4 is

still debated, it is generally agreed on that the positive charges

in S4 move through the membrane toward the extracellular

side (14,16). S4 has also been proposed to be in contact with

the lipid bilayer (15,17,18). This suggests that lipophilic

substances can have access to the voltage sensor by binding

to the lipid bilayer.

In this investigation we explored the molecular mechanism

by which PUFAs activate Kv channels. The specific aims

were to 1), identify the features of PUFAs important for the

Shaker K channel effects; and 2), to present a biophysical

model explaining the effects of the PUFAs. Our hypothesis

suggests that the lipophilic PUFAs bind to a hydrophobic

environment (the lipid bilayer or bilayer/channel interface or

possibly to hydrophobic pockets in the channel protein itself)

from where they act electrostatically on the voltage sensor

and thereby change the voltage dependence of the channel.

We call this the lipoelectric hypothesis. Specific features of

the PUFAs place the negatively charged carboxyl group close

to the voltage sensor. We believe this provides a new ap-

proach for pharmacological treatment in which ion channel

voltage dependence is electrostatically modulated, that is

voltage sensor pharmacology, instead of the more traditional

pore block.

MATERIALS AND METHODS

Molecular biology and electrophysiology

All experiments were carried out on the Kv1-type Shaker H4 channel, made

incapable of fast inactivation by the D6-46 deletion. To measure the gating

current we used the nonconducting W434F mutation (19). To investigate the

role of surface charges the A419C/F425K/V451K triple mutation was used

(20). The cysteine-specific reagent MTSET (Toronto Research Chemicals,

Toronto, Canada) was attached to 419C to make the residue positively

charged (419C-ET1/425K/451K) giving a channel with a total of three extra

positive charges. Site-directed mutagenesis, cRNA synthesis, and cRNA

injection into Xenopus laevis oocytes were carried out as described previ-

ously (21). The electrophysiological experiments were made 2–6 days after

injection. Currents were measured with the two-electrode voltage-clamp

technique (CA-1B amplifier, Dagan Corporation, Minneapolis, MN) as de-

scribed previously (21). The amplifier’s capacitance and leak compensation

were used and the currents were low-pass filtered at 5 kHz. For gating current

measurements the capacitance compensation was done between 0 and 120

mV where the gating-charge movement is saturated. A control solution

containing (in mM) 88 NaCl, 1 KCl, 15 HEPES, 0.4 CaCl2, and 0.8 MgCl2
was used. To adjust pH to 7.4, NaOH was added yielding a final sodium

concentration of ;100 mM. All experiments were carried out at room

temperature (20–23�C). The holding potential was generally set to�80 mV.
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Animal experiments were approved by the local Animal Care and Use

Committee at Linköping University.

Chemicals

Acetic acid, arachidic acid, arachidic acid methyl ester, butyric acid,

5,8,11,14-all-cis-eicosatetraenoic acid (arachidonic acid), 4,7,10,13,16,19-

all-cis-docosahexaenoic acid (DHA), 4,7,10,13,16,19-all-cis-docosahex-

aenoic acid methyl ester (DHA-me), 5,8,11,14,17-all-cis-eicosapentaenoic

acid, 9-cis-octadecenoic acid (oleic acid), methyl 9-cis-octadecenoate (oleic

acid-me), 9,12-all-cis-octadecadienoic acid (linoleic acid), 9,12,15-all-cis-

octadecatrienoic acid (linolenic acid), and methyl 9,12,15-all-cis-octadeca-

trienoate (linolenic acid-me) were purchased from Sigma-Aldrich Sweden

AB (Stockholm, Sweden). 7,10,13-all-cis-hexadecatrienoic acid was pur-

chased from Larodan Fine Chemicals (Malmö, Sweden) and 9,12-all-trans-

octadecadienoic acid (all-trans-linolenic acid) from LabKemi (Stockholm,

Sweden). Chemical structures are shown in Fig. 7. Pure fatty acids and

methyl esters were dissolved in 99.5% ethanol to a concentration of 100 mM

and stored at �20�C until usage. Right before experiments, stock solutions

were diluted in pure control solution.

Pure control solution was added to the bath using a gravity-driven per-

fusion system. All test solutions were added manually to the bath using a

glass Pasteur pipette to avoid binding of lipids to the perfusion system. The

added volume was large enough to replace the bath solution manifold. In

experiments with arachidonic acid, indomethacin (Sigma-Aldrich Sweden

AB) was used to prevent conversion of arachidonic acid via the cyclooxy-

genase pathway. Cells were preincubated for 10 min in control solution

containing 1 mM indomethacin and experiments were carried out as de-

scribed above with the addition of 1 mM indomethacin in all solutions. At this

concentration indomethacin itself did not have any effect on the channel

activity. For Grammostola spatulata toxin experiments, GsMTx4 (Peptides

International, Louisville, KY) was diluted to 0.1 mM in distilled water ac-

cording to manufactures instructions and diluted to a final concentration of

5 mM in control solution before experiments.

Determination of the effective fatty
acid concentration

Fatty acids can be absorbed to the surfaces in the experimental chamber

resulting in an effective free fatty acid (FFA) concentration that is consid-

erably lower than the nominal concentration (22). To determine the fraction

of fatty acids binding to our Perspex chamber we used radioactively labeled

[1-14C] oleic acid. Oleic acid and DHA have been shown previously to be

absorbed to the same extent to the walls of an experimental chamber (22) and

therefore we regard oleic acid as a good representative for all fatty acids used

in this investigation. The following steps were used to determine the frac-

tions: 1), Oleic acid and [1-14C] oleic acid were mixed and dissolved in

control solution to final fatty acid concentrations of 30, 100, or 300 mM with

appropriate activity level for scintillation measurements. 2), The activity in

samples from each solution before application to the chamber was measured

with a scintillation counter. 3), The oleic acid solution was added manually to

the experimental chamber using the same procedure as for all other experi-

ments. 4), The activity was measured in a sample from the experimental

chamber (after possible absorption of oleic acid to the surfaces of the

chamber). The percentage of oleic acid bound to the chamber was calculated

from the counting rates before and after chamber exposure. 5), This was

repeated for the other oleic acid concentrations with thorough washing of the

chamber between the applications. For all tested oleic acid concentrations,

28%–32% of the fatty acids were bound to the chamber. This means that the

effective FFA concentration is 30% lower than the nominal concentration,

independent of the original fatty acid concentration. All fatty acid and methyl

ester concentrations mentioned in this work have been corrected for fatty acid

binding to the chamber and are thereby the effective concentrations, i.e., 70%

of the nominal concentrations.

Electrophysiological analysis

The steady-state current, I, was measured every 5 mV at the end of the

stimulation pulse (60–90 ms after the onset of the pulse) and the K con-

ductance, G, was calculated as G(V) ¼ I(V)/(V�VK), where V is the absolute

membrane voltage and VK is the reversal potential for the K ion (�80 mV).

For FFA in the concentration range 2.1–70 mM no current block at positive

voltages but a leftward shift of the G(V) curve was seen. This shift could

easily be determined by sliding the control curve to overlap the test curve, but

to standardize the measurement of the shift of G(V) curves the following

strategy was used: data points were connected by fitting the following

Boltzmann-like equation to the data

GðVÞ ¼ A=ð1 1 expððV50 � VÞ=sÞÞn; (1)

where V50 is the midpoint and s the slope factor of the standard Boltzmann

curve. n is an exponent making the equation to better fit the data. n was found

to be between 3 and 8 but the exact value was not of interest because the

equation was only used to get a smooth connection of the data points. The shift

was measured at 10% of the maximum conductance in control solution

because this level is less sensitive to possible alterations of G(V) max due to for

instance endogenous currents (activated at positive voltages) and voltage-

dependent block by intracellular ions (e.g., Mg21 and Na1). Before fitting

Eq. 1 to the data, declining values at positive voltages were excluded to obtain

the best possible fit. Fig. 1 shows an example of the shift measurement.

Eicosapentaenoic acid (70 mM) shifts the curve �5.8 mV along the voltage

axis. As control data we used mean values of the control before the test solution

and the recovery after the test solution. The continuous lines in Fig. 1 are best

fits of Eq. 1. In all other G(V) curves shown in this study the data points are

connected with a line. For nominal concentrations .100 mM (effective

concentrations .70 mM) a current reduction was often seen and therefore we

normalized test (DHA with or without Mg21) G(V) to control G(V).

To quantify the concentration dependence of the DHA-induced G(V)

shift, DV, the following equating was used

DV ¼ DVmax=ð1 1 c0:5=cÞ; (2)

where DVmax is the maximal shift, c0.5 is the concentration causing 50% of

maximal shift, and c is the concentration of DHA.

To make sure that the lipophilic substances reach the ion channels and do

not get stuck in the vitelline layer surrounding the Xenopus oocytes, we

tested the effects on oocytes with the vitelline layer mechanically removed.

The shifts in the G(V) curve were almost identical with (70 mM DHA:�4.4 6

0.9 mV (n¼ 5); 210 mM DHA:�8.0 6 0.7 mV (n¼ 7)) and without (70 mM

DHA: �4.8 6 1.9 mV (n ¼ 3); 210 mM DHA: �7.8 6 2.1 mV (n ¼ 4)) the

FIGURE 1 Procedure for measuring the shift of the G(V) curve. Data for

control (s), 70 mM eicosapentaenoic acid (h), and recovery (s) are shown

together with Boltzmann raised to the power of n curves (continuous lines;

Eq. 1). The area of interest for measurement is enlarged in the inset. The shift

was measured at 10% of the maximum conductance.
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vitelline layer, suggesting that the vitelline layer did not affect the experi-

ments. Similar tests were also carried out with the monounsaturated oleic

acid with no effects. Because removal of the vitelline layer makes the oocytes

fragile we kept it intact throughout the rest of the experiments.

Statistical analysis

Average values are expressed as mean 6 SE. Statistical analyses on mean

values for G(V) shifts were carried out using two-tailed one sample t-test

where the mean values were compared with a hypothetical value of 0. For

comparison between shifts of fatty acid and corresponding methyl ester two-

tailed unpaired t-test was used. For comparison between shifts of activation

and steady-state inactivation for DHA two-tailed paired t-test was used. p ,

0.05 is considered as significant.

RESULTS

DHA affects ion channel voltage dependence:
the lipoelectric hypothesis

As reported in a previous study (9,10) the v-3 PUFA doco-

sahexaenoic acid (DHA) increased the Shaker K channel

current substantially at negative voltages by shifting the con-

ductance versus voltage, G(V), curve in negative direction

along the voltage axis (Fig. 2 A). The mean G(V) shift in

physiological pH¼ 7.4 was�4.4 6 0.9 mV for 70 mM DHA,

and �8.0 6 0.7 mV for 210 mM DHA. The maximum shift

was found to be�9.6 mV and 50% shift was caused by 79 mM

DHA (10) (Fig. 3 D). DHA (21 mM), which was estimated to

be slightly lower than the increase in PUFA concentration in

cerebrospinal fluid during ketogenic diet treatment, shifted the

G(V) curve �2.3 6 0.3 mV (n ¼ 3) along the voltage axis.

This was a small but robust shift that could prevent repetitive

firing in computer simulations (9,10). In this study we sought

the mechanism for the shift and we therefore used relatively

high fatty acid concentrations (mostly 70 mM) that have large

effects on the channels’ voltage dependence. This facilitates

the comparison between the effects for different compounds.

However, we do not assume that the concentrations used in

this work are to be found clinically during ketogenic diet

treatment. Another reason for using 70 mM as a standard

concentration is that this concentration is close to the midpoint

of the dose-response curve for DHA and therefore any dif-

ference in effect for different substances should be most

readily identified at this concentration.

We also found that the opening of the channel was faster,

the closing was slower, and the steady-state slow inactivation

curve was shifted in negative direction along the voltage axis

by the same amount as the G(V) curve by DHA (nonsignif-

icant difference with paired t-test; mean �8.2 6 1.0 (acti-

vation) and�6.1 6 0.4 (inactivation) for 210 mM DHA; n¼
4). These effects on all of the channel’s voltage-dependent

parameters suggest that DHA causes an electrostatic effect on

the channel’s voltage sensor.

DHA has two main structural elements (Fig. 2 A): 1), a

lipophilic acyl chain that is incorporated easily into lipid bi-

layers; and 2), a carboxyl group at one end of the chain that is

either protonated (uncharged), or deprotonated (negatively

charged) depending on pH. From these structural features and

the observed effect of DHA on the channel’s voltage depen-

dence a working hypothesis was suggested: the acyl chain is

incorporated into the lipid bilayer in the vicinity of the ion

channel or into hydrophobic pockets at the lipid bilayer/ion

channel interface or channel protein. This places the nega-

tively charged carboxyl group close to the ion channel where

it electrostatically affects the channel, possibly by attracting

the positively charged voltage sensor, S4, toward the extra-

cellular side and thereby activating the channel. To test this

lipoelectric hypothesis two critical factors were investigated:

1), the electrostatic effect of the negative charge; and 2), the

structural requirements of the acyl chain. We first studied the

electrostatic effect by a series of experimental tests.

The carboxylate charge is crucial for shifting the
G(V) curve along the voltage axis

The importance of the FFA’s negative charge was directly

tested by eliminating the charge. This is done by esterifying

the carboxyl group to its methyl ester, which gives an un-

charged compound highly similar to the original fatty acid

(compare the structure of DHA and DHA-me in Fig. 2). Fig.

2 B shows that the methyl ester of DHA did not shift the G(V)

curve (mean shift 1.1 6 0.8 mV, n ¼ 5).

Another way to test the importance of the charge would be

to use a positively charged PUFA to test whether it shifts the

G(V) in positive direction. Unfortunately, no such PUFA is

commercially available. Instead, we explored the effect of

another type of charged lipophilic substance. Recently, a toxin

from the Chilean rose tarantula Grammostola spatulata, was

shown to affect stretch-activated ion channels by binding to the

lipid bilayer and not through direct interaction with the

channels (23). The toxin, GsMTx4, has a net charge of 14

elementary charges at pH 7.5 (24), suggesting that GsMTx4

could act electrostatically on Kv channels after incorporation

into the membrane. As expected from our lipoelectric hy-

pothesis, GsMTx4 shifted the G(V) curve in positive direction

along the voltage axis (Fig. 2 C), 15.7 6 0.3 mV (n ¼ 4) for

5 mM GsMTx4. An alternative interpretation of the data is that

the shift is caused by an allosteric interaction between the toxin

and the voltage sensor. Other tarantula toxins like hanatoxin

and SGTx1 have also been shown to partition into membranes

and are suggested to interact directly with Kv channels (25). A

direct toxin-channel interaction of these toxins is supported by

the finding that the L and D enantiomers do not show the same

effect on the channels. However, GsMTx4 differs from these

toxins by having both the L and D enantiomers active on

stretch-activated channels speaking against a direct interaction

between the toxin and the channel for this specific toxin (23).

Furthermore, residues shown to be important for SGTx to bind

to a Kv channel are all different in GsMTx4 suggesting no

specific toxin-channel interaction (26). We therefore believe

that GsMTx4 can be used as a substitute for a positively
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charged PUFA. It should be noted, however, that little is

known about the nature of the GsMTx4–Shaker channel in-

teraction. Fig. 2 D summarizes the G(V) shifts for DHA, DHA-

me, and GsMTx4. Thus, the negative charge of the carboxyl

group is essential for shifting G(V) in negative direction.

The potency of DHA changes with pH

If the charge of the carboxyl group is important for shifting

G(V), then increased pH could possibly increase the effect

because a larger fraction of fatty acids would be deprotonated.

To test this we investigated the DHA-induced G(V) shift at

different pH. Fig. 3 A shows that the current increased more

than 20-fold at�40 mV in the presence of 70 mM DHA at pH

9.0. The corresponding G(V) curve is shifted�20.2 mV (Fig.

3 B, mean �18.0 6 1.4 mV, n ¼ 9). At pH 9.0, the shift was

saturated already at 21 mM DHA (�17.0 6 0.3 mV, n ¼ 5),

which seemed to be the maximum effect because neither 210

mM DHA at pH 9.0 nor 70 mM at pH 10.0 induced larger

shifts. At pH 6.5 DHA had no effect. DHA-me did not induce

FIGURE 2 The importance of the charge for

shifting the G(V) curve. (A) 210 mM DHA (h)

shifted the control G(V) curve (s) in negative

direction. The scaled DHA curve (n) overlaps

the control curve shifted �6.0 mV (d). Mean

shift is �8.0 6 0.7 mV (n ¼ 7). (B) Addition of

a methyl group to the carboxyl end abolished

the shift (1.1 6 0.8 mV, n ¼ 5). Control (s),

DHA-me (h). (C) The positively charged spider

toxin GsMTx4 (h) shifted the control G(V)

curve (s) in positive direction (15.7 6 0.3, n¼
4). (D) A summary of the effects of DHA,

DHA-me, and GsMTx4 on the channel’s volt-

age dependence. Error bars indicate SE.

FIGURE 3 pH dependence of the DHA ef-

fects. (A) 70 mM DHA at pH 9.0 increased the

current at�40 mV 20-fold. (B) The correspond-

ing G(V) curve was shifted �20.2 (mean shift

�18.0 6 1.4 mV, n ¼ 9). Control (s), DHA

(h). (C) DHA-me did not shift G(V) at pH 9.0.

Control (s), DHA-me (h). (D) Shift data for

DHA at pH 6.5 (d), pH 7.4 (s), pH 9.0 (h),

and pH 10.0 (n). Continuous lines show dose-

response fits (Eq. 2) for pH 7.4 and 9.0. pH 7.4:

DVmax ¼ �9.6 mV, c0.5 ¼ 79 mM; pH 9.0:

DVmax ¼ �19.7 mV, c0.5 ¼ 5.5 mM. Error bars

indicate SE. Small error bars are covered by

symbols.

Lipoelectric Modification of Voltage Gating 2245

Biophysical Journal 95(5) 2242–2253



any G(V) shift at pH 9.0 indicating that the negative charge of

the fatty acid is central for the increased shifts at higher pH

(Fig. 3 C). Data for all different DHA concentrations and pH

values are shown in Fig. 3 D. The dose-response curves for

DHA at pH 9.0 and 7.4 showed that 1), the maximum G(V)

shift was more than doubled; and 2), the dose-response curve

was shifted left along the concentration axis by a factor of

;10. The increased maximum shift can be explained by a

larger fraction of the FFAs being deprotonated whereas the

leftward shift suggests that the affinity for the interaction

between the FFA and the ion channel is increased.

To explore the pH dependence, we used a simple four-state

model (Fig. 4 A). Both the ion channel and the FFA can as-

sume two states where the transition between the states is pH

dependent. At a low pH the ion channel is in a conformation

preventing FFA interaction (State 1). When pH is increased

the ion channel changes its conformation, which allows for

FFA interaction (State 2). At this point the FFA can interact

either in a protonated form (State 3) or in a deprotonated form

(State 4). It is only in its deprotonated form the FFA affects

the channel’s voltage dependence. In these calculations we

used a combined binding constant, KD, for both closed and

open channels (with either protonated or deprotonated FFAs).

However, it should be noted that because the binding of a

charged FFA to the channel promotes opening of the channel,

the binding should be stronger to the open channel than to the

closed channel. The apparent KD value used in these calcu-

lations reflects an average binding to open and closed chan-

nels. We refrained from using a more detailed model with

more free parameters (see Appendix for more comments).

In the model, there are four unknown parameters: a pKa for

the interaction site (pKa,rec), a pKa for the FFA (pKa,FFA), the

lowest possible combined dissociation constant for the in-

teraction between the FFA and the channel (KD), and the

maximum possible G(V) shift of the FFA (DVMAX). To de-

termine the parameter values an equation was developed

from the model (Appendix):

DV ¼ DVMAX=ðð1 1 10
ðpKa;FFA�pHÞÞ

3 ð1 1 KD=½L�3 ð1 1 10
ðpKa;rec�pHÞÞÞÞ: (3)

[L] is the concentration of FFA. The best simultaneous fit to

all data gives DVMAX ¼ �20.5 mV, apparent pKa,FFA ¼ 7.4,

KD ¼ 3.5 mM, and apparent pKa,rec ¼ 8.8. The solutions for

this equation for pH 6.5, 7.4, 9.0, and 10.0 are shown in Fig.

4 B. The surprisingly high apparent pKa for the FFA (close to

physiological pH) suggests that even small changes in pH

could affect the efficacy of the FFAs. The high pKa value is in

line with previous reports that FFAs incorporated in a

phospholipid bilayer or a monolayer has a pKa around 7.5

or even more, whereas it is several pH steps smaller when

bound to albumin (27,28). Alternative experiments with a

charge not titrated in the physiological range (e.g., sulfonate)

were not possible because no sulfonated PUFA is available

commercially.

Because FFAs may form micelles at the highest concen-

trations (see Discussion) we also explored the model when

excluding all data .70 mM. The parameter values were not

very much changed (DVMAX¼�20.2 mV, apparent pKa,FFA¼
6.8, KD ¼ 1.4 mM, and apparent pKa,rec ¼ 9.5) and most

importantly, the outcome was not changed in the predictions

for changes in local pH explored in the following section.

Channel-specific effects depend on changes in
local pH

We have shown that DHA shifts the G(V) curve in negative

direction along the voltage axis depending on the charge of

the FFA, which in turn depends on the pH. The pH value that

matters is the local pH close to the channel and theoretically

different ion channels can have different local pH values

depending on the local set of fixed surface charges. For in-

stance, positive charges close to the FFA (which must be

close to the voltage sensor to cause the effects) repel hy-

drogen ions and increase the local pH, which would de-

protonate the FFA and increase the shift. The change in local

pH (DpH) depends on the change in local (surface) potential

(Dc0) as

DpH ¼ Dc0 3 F=ðR 3 T 3 ln10Þ; (4)

where F, R, and T have their normal thermodynamic mean-

ings. This suggests that the PUFA- induced effect can be

channel specific, depending on the channel-specific set of

surface charges, implying that different channels can be

specific targets for the lipoelectric compounds. Thus, to

quantitatively explore the role of the surface charges and

local pH we used a mutated Shaker K channel. In a previous

study (20) we found that a triple mutation where residues at

positions 419, 425, and 451 were made positive, changed the

local surface potential sensed by the voltage sensors with

116 mV, corresponding to a local pH change of 0.3.

At 21 mM DHA the DHA-induced G(V) shift for the triple-

positive mutant is double that of the wild-type. A summary of

the results for the triple 419C-ET1/425K/451K-mutation is

shown in Fig. 4 C. The data coincide well with the predicted

effect (mutant line in Fig. 4 C); the prediction was made for

pH 7.7, which should reflect the increase in local pH of 0.3

for the triple-positive mutant, and with the assumption that

the affinity for the FFA is not affected by the mutation per se.

A very similar prediction was found for the model excluding

concentrations .70 mM (data not shown), which not only

corroborates the model for the FFA effects but also suggests

that different channels with different surface charge struc-

tures (29) are differently sensitive to FFAs.

DHA increases the screening capacity of a
divalent metal ion

Another way to test if DHA is shifting G(V) by electrostati-

cally affecting the channel’s voltage sensor is to study the
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screening capacity of divalent cations. Mg21 is suitable for

screening experiments because they seem to affect Kv

channels mainly by charge screening and not through pore

block or nonelectrostatic effects (30). By increasing the ex-

tracellular concentration of Mg21 the negative surface

charges will be screened and the local potential experienced

by the voltage sensor changed. This change is seen as a shift

in the G(V) curve. A DHA-induced increase in the negative

surface charges near the ion channel will attract more Mg21

to the cell surface, exerting a larger screening effect seen as

an increased G(V) shift. Fig. 5 A shows that 20 mM Mg21 (in

the form of MgCl2) added to the extracellular side shifted

G(V) in positive direction along the voltage axis. When the

membrane was pretreated with 210 mM DHA, the Mg21-

induced shift increased (Fig. 5 B). The increase is small

(1.8 6 0.3 mV, n¼ 10) but statistically significant (p¼ 0.0005).

As a negative control we tested if DHA-me, which did not

shift G(V), affected the Mg21-induced shift. DHA-me did not

increase the screening capacity of Mg21. The triple-positive

mutant showed increased screening capacity compared to wt

Shaker (DDVMg ¼ 2.2 6 0.4, n ¼ 6). The expected magni-

tude of the increasing screening capacity of divalent cations

can be calculated using the Grahame equation, which ex-

presses how the surface charge density (s) is related to the

surface potential (c):

s
2 ¼ 2 3 er 3 e0 3 R 3 T

3 S
i

ci 3 ½expð�zi 3 F 3 c 3 R
�1

3 T
�1Þ � 1�

� �
;

(5)

where R, T, and F have their normal thermodynamic mean-

ings, er is the dielectric constant of the medium, e0 the per-

mittivity of free space, and ci the bulk concentration and zi the

valence of the ith ionic species in the solution. If DHA in-

creases the negative surface charge density it will change

both the surface potential and the screening capacity. Fig. 5 C
shows lipid-induced G(V) shifts plotted versus changes in

Mg21-induced shifts for 210 mM DHA and 210 mM DHA-

me. The continuous line is the prediction of the Grahame

equation for smeared surface charges. The data for DHA-me

(circle) falls expectedly close to origin. The DHA data for

both wt Shaker and the triple-positive mutant (open and filled

squares respectively) for DDVMg is significantly different

from 0 mV but does not fully reach the prediction. This

probably depends on the protonation of the carboxyl group of

DHA. Increasing Mg21 makes the surface potential more

positive (approximately 115 mV), and consequently the

local pH is increased (by ;0.26; Eq. 4). This deprotonates the

FFA to be more negative, which shifts G(V) in the negative

FIGURE 4 A simple four-state model describing

the pH dependence of the FFA effects. (A) At low

pH the ion channel conformation prevents FFA

interaction (State 1). Increased pH induces confor-

mational changes making FFA interaction possible

(State 2). The FFA can interact with the channel in a

protonated form (State 3) or a deprotonated form

(State 4). The FFA can only change the channel’s

voltage dependence in State 4. (B) Global least-

square fitted solutions for Eq. 3 shown as continuous

lines. DVMAX ¼ �20.5 mV, pKa,FFA ¼ 7.4, KD ¼
3.5 mM, and pKa,rec ¼ 8.8. (C) The mutation line

shows the predicted dose-response relationship

from Eq. 3 for the triple mutation 419C-ET1/

425K/451K at pH 7.4. Experimental data for the

triple mutation are plotted as mean (D) 6 SE. Small

error bars are covered by symbols.
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direction, counteracting the attempts by Mg21 to shift in

positive direction. Taken together, this makes DDVMg

smaller than expected if FFA was not protonable.

Which activation steps are affected by FFAs?

Activation of voltage-gated ion channels proceeds in several

steps (31–36). At least two distinct components have been

identified. First, there are independent movements of the

channels four positively charged voltage sensors, S4s, toward

the extracellular side of the membrane. Second, this is fol-

lowed by concerted steps including the opening step. The

second component is relatively unexplored but is believed to

involve a simultaneous rearrangement of all of the channels

four subunits that will lead to channel opening (32,37).

During activation there is a movement of gating charges

through the membrane toward the extracellular side, which

gives rise to a gating current. Gating currents can only be

measured when the channel is nonconducting because gating

currents are far smaller than typical ionic currents. Approx-

imately 80% of the gating charges are carried by the first

gating component and the remaining ;20% are carried by

the second component (36). Changes in the voltage depen-

dence of the gating current therefore mainly reflect changes

of the first gating component of activation.

To explore which activation step is affected by FFAs we

measured gating currents from the nonconducting channel

mutant W434F. Fig. 6 A shows gating currents at�20 mV in

control and in 70 mM DHA at pH 9.0 (holding potential:�80

mV, off-gating step to �80 mV). DHA speeds up the on-

gating current (representing channel activation) and slows

down the off-gating current (representing channel deactiva-

tion) as expected from pure electrostatic effects. Fig. 6 B
shows that 70 mM DHA shifts the Q(V) curve in negative

direction along the voltage axis. However, the shift was only

approximately one-third of the shift for G(V) under similar

conditions (Fig. 6 C).

If the FFAs primarily affect the first gating component the

gating charge versus voltage, Q(V), curve should be shifted

left along the voltage axis whereas the G(V) curve should be

relatively unchanged because the ion channel opens when the

second step is completed. We would therefore expect a larger

effect on the Q(V) than on the G(V) curve. If FFAs primarily

affect the second component, the G(V) curve should instead

be more affected than the Q(V) curve. The larger effect of 70

mM DHA seen on the G(V) than on the Q(V) curve suggests

that the opening step (the second gating component) is more

affected than the early transitions by the FFA.

Two or more cis double bonds in the acyl chain
are necessary to shift G(V)

The second critical factor in the lipoelectric hypothesis is the

structure of the acyl chain. Ten additional fatty acids or fatty

acid-like compounds with different acyl chain lengths and

different numbers, position, and geometry of double bonds

were tested to identify structural features important for the

lipoelectric effects.

Fig. 7 shows the structures of the tested compounds to-

gether with their induced G(V) shifts. Five acids with DHA-

like G(V) shifts were identified, namely eicosapentaenoic

acid, arachidonic acid, linolenic acid, hexadecatrienoic acid,

and linoleic acid. These are the acids with most structural

similarity to DHA by having two or more methylene-inter-

rupted double bonds at either the v-3 or the v-6 position. The

experiments with arachidonic acid were carried out together

with 1 mM indomethacin to avoid metabolism by cycloox-

ygenase (see Material and Methods). The importance of the

acyl-chain length is difficult to interpret because all PUFAs

gave similar G(V) shifts even though their chains ranged from

16 to 22 carbons. This indicates that the length of the PUFAs

is less important than the charge and number of double

bonds. The monounsaturated oleic acid and the shorter sat-

urated acetic and butyric acid did not shift the G(V) curve.

The saturated arachidic acid induced a small G(V) shift in the

positive direction along the voltage axis. Therefore, two or

more double bonds seem to be required to shift G(V) in

negative direction. Interestingly, any two double bonds are

not enough to change the channels voltage dependence; the

double bonds must be in cis geometry. Substitution for trans
double bonds almost abolished the shift of the G(V) curve

(Fig. 7) showing that the cis geometry is required to clearly

shift G(V). Fatty acids with trans double bonds will assume a

less bent conformation of their acyl chain, similarly to that of

a saturated fatty acid. A structure having cis double bonds

may thus be necessary for placing the negative charge of the

FIGURE 5 DHA affects the screening effect

of a divalent metal ion. (A) Increased extracel-

lular Mg21 concentration (20 mM) shifted G(V)

in positive direction by screening the negative

surface charges. (B) DHA increased the screen-

ing effect (DDVMg is 1.8 6 0.3 mV, n ¼ 10).

(C) DDVMg plotted versus DHA (h) and DHA-

me (s) shifts for wt Shaker and DHA for the

triple-positive mutant (n) (data for 210 mM).

Error bars show SE. pH ¼ 7.4. The continuous

line shows the solution to the Grahame equa-

tion (Eq. 5).
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free carboxyl group near the ion channel and thereby facili-

tate electrostatic interactions.

Further experiments supporting the
lipoelectric hypothesis

If the lipoelectric hypothesis presented here is generally ap-

plicable, esterification of any cis-PUFA should eliminate

leftward G(V) shifts, and esterification of monounsaturated or

saturated fatty acids would not affect G(V) shifts. Fig. 7

presents several such experiments supporting the lipoelectric

hypothesis. Adding a methyl group to the polyunsaturated

linolenic acid completely abolished the clear G(V) shift.

Adding a methyl group to the monounsaturated oleic acid did

not induce any G(V) shift, and adding a methyl group to the

saturated arachidic acid did not change the G(V) shift but

persisted the small but significant G(V) shift in positive di-

rection found for the arachidic acid. All these experiments

support the lipoelectric hypothesis and show that the PUFAs

do not shift G(V) by possible non electrostatic mechanisms

caused by conformational changes induced by the removal of

the negative charge.

DISCUSSION

In this study we have shown that cis v-3 and cis v-6 fatty

acids shift the voltage dependence of a K channel in the

negative direction along the voltage axis whereas saturated

and monounsaturated acids do not shift. The charge of the

PUFA is necessary for the shift and the features of the acyl

chain probably place the carboxyl group of the PUFA in a

suitable position close to the channel’s voltage sensor. Ar-

guments for an electrostatic effect of the carboxyl group are

that 1), removal of the charge (the methyl esters) abolished

FIGURE 6 Effect of DHA on the gating

currents. (A) On and off-gating currents for

control (black trace) and 70 mM DHA (gray

trace) at pH 9.0. DHA speeds up the on-gating

current (extended timescale in inset) and slows

down the off-gating current. The holding po-

tential was �80 mV, the on-gating step to �20

mV, and the off-gating step to �80 mV. (B) 70

mM DHA (h) at pH 9.0 shifted the control

Q(V) curve (s) in negative direction (�6.3 6

0.5 mV, n ¼ 7). Dashed line shows control

curve shifted�5.0 mV. (C) The shift of Q(V) is

;1/3 of the G(V) shift.

FIGURE 7 Structure of fatty acids and fatty acid-like compounds used and G(V) shifts for respective compound. All data are for a compound concentration

of 70 mM at pH 7.4 (except for data denoted with y that are for compound concentrations of 210 mM). n denotes the number of experiments, and yy,

arachidonic acid with 1 mM indomethacin. Error bars indicate SE.
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the shift; 2), the charged PUFA affected surface-charge

screening; and 3), pH had a pronounced effect on the PUFA

but not on the methyl esters. Furthermore, the lack of effects

for both oleic acid (one double bond) and its methyl ester

suggests that it is not the methylation per se that shifts G(V) in

positive direction. Arguments for specific features in the acyl

chain are that 1), at least two double bonds are needed; and 2),

they must be of cis geometry. Gating-current measurements

suggest that the PUFAs mainly affect the concerted opening

step and to less degree the early transitions during channel

activation.

Previous investigations of PUFAs on
ion channels

Previous studies of PUFAs on ion channels have focused

mainly on nonelectrostatic mechanisms. Both channel-

specific (7,8,38) and channel-unspecific (3) nonelectrostatic

interactions have been suggested for several voltage-gated

ion channels. For instance, PUFA binding to the lipid bilayer

changes the membrane fluidity, and altered elasticity can be a

mechanism for ion channel regulation (22,39). Extensive

work by Andersen et al.(40) shows that changes in membrane

properties can regulate gramicidin and ion channel activity.

However, pure distortion of the lipid bilayer does not seem

to be a likely mechanism for the effects reported in this study.

They are more likely explained by the following electrostatic

interactions: 1), The two types of lipophilic substances in-

vestigated in this study (GsMTx4 and PUFAs) had opposite

effects–the G(V)s were shifted in different directions. In the

gramicidin channel, where the bilayer effect is most impor-

tant, the activity is affected in the same direction by the op-

positely charged molecules (22,23). 2), The PUFA methyl

esters do not show any effect on the channels voltage de-

pendence even though their acyl chain is identical to the

corresponding PUFAs. 3), The increased sensitivity of the

triple-mutated channel to PUFAs and the changes in Mg21-

induced shifts are explained more easily by an electrostatic

mechanism rather than a lipid-bilayer distortion. Overall, our

study suggests that the charge of the fatty acid is crucial.

In other experiments, a role of the negative charge has also

been observed (4–6,41), and mechanisms involving channel-

specific electrostatic interactions have been discussed

(4,5,42). We believe in a more general, unspecific interaction

because of the similar effect of PUFAs on many different

channels: leftward shifts in activation and/or inactivation

have been reported for other K channels (5,38) and also for

Na channels (3,8,43,44) and Ca channels (8,45). Also, the

interaction shows a great tolerance to variations in acyl chain

length and number of double bonds among PUFAs. To our

knowledge, this lipoelectric hypothesis is the first model

where PUFAs electrostatically affect voltage-gated ion

channels by binding to a hydrophobic environment. At this

point we can not distinguish between if the PUFAs incor-

porate into the lipid bilayer, the border between membrane

and channel, or into hydrophobic pockets on the channel

protein.

Properties of PUFAs incorporated in the
lipid membrane

In this study, we propose that the PUFA incorporates into

the outer leaflet of the lipid bilayer where it exerts its effect on

the voltage sensor. The PUFAs probably also flip-flop to the

inner leaflet but apparently, this does not counteract the

electrostatic effect in the outer leaflet. The G(V) shifts occur

within seconds and the effect does not change (reverse) with

time. (No further effects were seen up to 30 min after ap-

plication). The exact binding site to the channel (if any) is not

known and has to await future mutational studies, but we

assume that the PUFA bind relatively close to the voltage

sensor even though the distance is complicated to calculate

partly because we do not know the number of bound PUFAs

per voltage sensor. However, we showed that the effect of

PUFA is more pronounced if positively charged residues are

introduced close to the voltage sensor, suggesting channel-

specific effects. For instance, Kv2 and 3 type channels have a

more positive surface potential and should be more sensitive

to PUFAs than Kv1-type channels (29). Different sensitivity

to PUFAs depending on the structure of the ion channel

surface may also be the reason why the estimated c0.5 value

for the Shaker K channel is higher than that reported for some

other channels.

The flexibility of the acyl chain may be the critical property

responsible for orienting the PUFAs in a way that allow them

to affect the channels electrostatically. cis double bonds

found in PUFAs have been reported to give the chains un-

expected flexibility and DHA undergoes rapid transitions

between different conformations where the transitions are

fastest near the methyl end (46). A less flexible saturated or

monounsaturated fatty acid may place the negative charge

too far away from the ion channel to be able to exert an

electrostatic effect. An increase in PUFA potency with the

degree of unsaturation in K (47) and Na channels (44) has

indeed been reported. This hypothesis also fits well with the

work done by Feller and collaborators showing that PUFAs

interact more intimate with the rhodopsin protein that satu-

rated chains do (48,49).

Possible interference from micelle formation

At high fatty acid concentrations micelles will be formed.

However, we believe that in most of our experiments the fatty

acids are still free in the solution. The estimated critical mi-

cellar concentration (CMC) found in the literature is around

60–150 mM for different unsaturated fatty acids (50), but,

depending on the experimental conditions, both lower (51)

and higher concentrations (52) have been reported. The fact

that 210 mM DHA had larger effects on the channels than 70
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mM at pH 7.4 suggests that CMC . 70 mM. The evaluation

of the four-state model is sensitive to a possible underesti-

mation of the concentration FFA due to micelle formation.

However, as mentioned in the Results section, the calcula-

tions and conclusions are only marginally affected when data

from concentrations .70 mM are removed.

The CMC for a fatty acid depends on properties like the acyl

chain length and the degree of saturation. Therefore it is pos-

sible that the amount of available FFA is lower for a saturated

or monounsaturated fatty acid than for a PUFA at a given

concentration. An alternative interpretation of the lack of effect

from the monounsaturated oleic acid could then be that two or

more cis double bonds are required not for the flexibility of the

acyl chain but for the adequate availability of the fatty acid.

However, the CMC for oleic acid and linoleic acid has been

reported to differ only by a factor of 2 in one study (51),

whereas another suggests that there is almost no difference in

CMC for oleic acid, linoleic acid, arachidonic acid, as well as

DHA (50). In contrast to this, the potency between oleic acid

and the PUFAs with respect to the G(V) shifts differs by a

factor of .10 (concentrations above 7 mM DHA shifts the

G(V) curve, whereas 70 mM oleic acid has no effect). Fur-

thermore, the CMC for linoleic and linolenic acid has been

reported to differ by a factor of 4 (51) but in this study there is

no difference in effect between them. The poor correlation

between CMCs and the ability to affect the channel’s voltage

dependence suggests that the difference between cis-PUFAs

and other fatty acids mainly depends on the flexibility of the

acyl chain and not on variations in CMCs.

Physiological and pharmacological implications

Even though the physiological concentrations of PUFAs are

low, we have previously estimated that the PUFA concen-

tration in the cerebrospinal fluid increases up to 80 mM

during treatment with the antiepileptic ketogenic diet and that

an even lower DHA concentration (21 mM) have significant

effects on the Shaker K channel (10). Furthermore, the clear

pH dependence discovered in this investigation also suggests

a possible potentiating mechanism. Finally, excitability can

be extremely sensitive to small G(V) shifts (9,10). We thus

suggest that the mechanism described in this investigation is

a possible candidate in the treatment of epilepsy as well as

other hyperexcitability diseases like cardiac arrhythmias.

Antiarrhythmic effects of PUFAs (8) have been reported in

both cardiac myocytes (53,54) and animal models (2,54).

Interestingly, the structural requirements identified for

PUFA-induced antiarrhythmic effects is also similar to what

we have proposed here; an acyl chain with two or more

double bonds in combination with a free carboxyl group (2).

We thus suggest that the lipoelectric alterations in the voltage

dependence of ion channels can possibly become a common

future pharmacological application for PUFAs in the treat-

ment of both epilepsy and arrhythmia.

APPENDIX: MODEL FOR THE INTERACTION
BETWEEN THE FREE FATTY ACID AND THE
ION CHANNEL

To explore the pH dependence of the DHA effects we created a model

describing the expected G(V) shifts at different free fatty acid (FFA)

concentrations and pH:

We consider the interaction site (receptor) to have two possible configura-

tions, one that can bind the FFA (R*) and one that cannot bind (R). The

transition between the two configurations is pH-dependent where the

binding-resistant configuration R is present at lower pH. KD is the dissoci-

ation constant for the binding reaction and L is the ligand (¼FFA).

The relations between the receptor states are:

R ¼ R
�
3 10

ðpKa;rec�pHÞ

R
�
L ¼ R

�
3 ½L�=KD;

and the fraction of bound receptors (f) is:

f ¼ R
�
L=ðR�L 1 R

�
1 RÞ

¼ 1=ð1 1 KD=½L�1 KD=½L�3 10
ðpKa;rec�pHÞÞ:

The shift for a bound FFA is:

DVFFA ¼ DVMAX=ð1 1 10
ðpKa;FFA�pHÞÞ;

where DVMAX is the maximal shift, and pKa,FFA is the pKa value for the FFA.

The expected shift of the G(V) curve for a specific FFA concentration and

pH is the product of the shift for each FFA and the fraction of bound

receptors:

DV ¼ DVFFA 3 f ¼ DVMAX=ðð1 1 10
ðpKa;FFA�pHÞÞ

3 ð1 1 KD=½L�3 ð1 1 10
ðpKa;rec�pHÞÞÞÞ: (A1)

It should be noted that the R*L state is a summed representation of State 3

and State 4 in Fig. 4 A. The binding of a negatively charged FFA is stronger to

an activated channel with S4 in its upper position (as shown in State 4) than to

a resting channel (as shown in State 3). The KD value in both this Appendix

and in Fig. 4 A represents a combined binding to State 3 and 4. An expanded

binding scheme includes eight states–the four states in Fig. 4 A in both the

activated and resting configurations, with distinct transitions between States

2 and 3 and between States 2 and 4. Such an expanded scheme does not add

more information to the calculations in Fig. 4, B and C. Therefore, we use the

simpler model developed in this Appendix.
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