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Abstract
Polyunsaturated fatty acids (PUFAs) affect cardiac excitability. Kv7.1 and the β-subunit
KCNE1 form the cardiac IKs channel that is central for cardiac repolarization. In this study,
we explore the prospects of PUFAs as IKs channel modulators. We report that PUFAs open
Kv7.1 via an electrostatic mechanism. Both the polyunsaturated acyl tail and the negatively
charged carboxyl head group are required for PUFAs to open Kv7.1. We further show that
KCNE1 co-expression abolishes the PUFA effect on Kv7.1 by promoting PUFA protonation.
PUFA analogues with a decreased pKa value, to preserve their negative charge at neutral pH,
restore the sensitivity to open IKs channels. PUFA analogues with a positively charged head
group inhibit IKs channels. These different PUFA analogues could be developed into drugs to
treat cardiac arrhythmias. In support of this possibility, we show that PUFA analogues act
anti-arrhythmic in embryonic rat cardiomyocytes and in isolated perfused hearts from guinea
pig.

Significance Statement
More than 300 mutations in the genes encoding the cardiac slowly activating potassium (IKs)
channel have been identified in patients with cardiac arrhythmia. These mutations cause either
loss-of-function or gain-of-function of the IKs channel. This study describes for the first time
how a family of small-molecule modulators, polyunsaturated fatty acids (PUFAs) and their
analogues, activate or inhibit the IKs channel. These modulators can restore rhythmic firing in
arrhythmic firing cardiac myocytes and restore a prolonged QT interval in guinea pig hearts.
The study also describes a novel mechanism by which an auxiliary β-subunit alters the
pharmacological sensitivity of the IKs channel. Our findings open up for future design of
pharmacological compounds that target IKs channels, as is necessary for treating different
cardiac arrhythmias caused by mutations in the IKs channel.
2

Introduction
The cardiac action potential is initiated and maintained by inward sodium and calcium
currents and terminated by outward potassium currents (1). The IKs channel, formed by four α
subunits (Kv7.1, originally called KCNQ1 or KvLQT1) and two to four auxiliary β subunits
(KCNE1, originally called minK) (1, 2), contributes a major component of the repolarizing
potassium current. More than 300 mutations in the genes encoding Kv7.1 and KCNE1 have
been identified in patients with cardiac arrhythmia (1). Loss-of-function mutations of the IKs
channel prolong the QT interval as observed in Long QT syndrome, leading to ventricular
arrhythmias, ventricular fibrillation, and sudden death (1). Gain-of-function mutations of the
IKs channel shorten the QT interval, possibly leading to arrhythmia such as Short QT
syndrome or atrial fibrillation (1). Pharmacological augmentation (in the case of Long QT
syndrome) or inhibition (in the case of Short QT syndrome) of IKs channel activity is a logical
pharmacological strategy to treat these forms of cardiac arrhythmias.

Kv7.1 is a tetrameric voltage-gated K (Kv) channel with six transmembrane segments (called
S1-S6) per subunit (3). S5 and S6 from all four subunits together form the pore domain with
the central ion-conducting pore. S6 has been shown to function as the activation gate, shutting
off the intracellular access to the pore for K+ ions in the closed state of the channel (3-5).
Most reported activators or inhibitors of Kv7.1 channels target the ion-conducting pore
domain of the channel, opening or blocking the ionic pathway (6-10). S1 to S4 of each
subunit form a voltage-sensor domain (VSD). Each S4 segment has several positivelycharged residues and has been shown to move in response to changes in the transmembrane
voltage (3, 11). In response to membrane depolarization, the S4 segments move outward with
respect to the membrane, which causes channel opening. Although four Kv7.1 subunits per se
form a functional channel, Kv7.1 needs to co-assemble with the auxiliary β-subunit KCNE1
3

to recapitulate the biophysical properties of the native cardiac IKs channel (12, 13). KCNE1, a
single transmembrane helix protein, has been proposed to associate with Kv7.1 in the lipid
cleft between adjacent VSDs, making contact with VSD transmembrane segments S1 and S4
and pore transmembrane segment S6 (14-16).

In this study, we explore the prospects of polyunsaturated fatty acids (PUFAs) and PUFA
analogues as small molecules enhancing or inhibiting the activity of the cardiac IKs channel by
changing IKs channel voltage dependence. The pharmacological sensitivity of IKs to smallmolecule activators has been shown to depend on the Kv7.1:KCNE1 stoichiometry (17-19).
We therefore also determine the impact of Kv7.1:KCNE1 stoichiometry on PUFA sensitivity.

Below we show that PUFAs affect the Kv7.1 channel by an electrostatic effect on the voltage
sensor movement. We also show that KCNE1 abolishes the PUFA sensitivity of the Kv7.1
channel at physiological pH, suggesting that physiologically occurring PUFAs do not act on
IKs channels in vivo. Furthermore, we identify new PUFA analogues that have effects on the
IKs channel at physiological pH, increase IKs in cardiomyocytes, restore rhythmic firing in
arrhythmic cardiomyocytes, and shorten the QT interval in isolated perfused guinea pig
hearts. These results may form the basis for development of pharmacological drugs that target
the IKs channel to prevent cardiac arrhythmias.

Results
n-3 PUFAs open Kv7.1 channels via an electrostatic mechanism
Extracellular application of the n-3 (or -3) PUFA docosahexaenoic acid (DHA) (in the
concentration range of total circulating plasma PUFAs (20-22)) activates Kv7.1 channels by
shifting the conductance versus voltage (G(V)) curve of human Kv7.1 in negative direction
4

along the voltage axis (Fig. 1A-B) and changing Kv7.1 channel kinetics (Fig. S1A-B). 70 µM
DHA shifts the G(V) by 9.3 ± 0.9 mV (n = 3). 7 M DHA induces significant G(V) shifts
(3.0 ± 0.5 mV (n = 3, P < 0.05). The estimated maximum shift is 15.8 ± 2.3 mV (from Eq.
3) and 50% of the maximum shift is caused by 50 ± 20 M DHA (Fig. 1C).

To determine the molecular mechanism of how DHA facilitates Kv7.1 channel opening, we
explore the structural requirements of the DHA molecule to facilitate channel opening. We
test the importance of the DHA head charge (1-3 below) and the DHA acyl tail (4 below) in
four sets of experiments:

1) We test the effect of the uncharged PUFA analogue DHA methyl ester (70 M) and find
that it does not change the voltage dependence of Kv7.1 (Fig. 2A, Table S1). In contrast, the
positively charged arachidonyl amine (AA+, 70 M) and the positively charged
docosahexaenyl amine (DHA+, 70 M) shift the G(V) curve by +9.7 ± 2.1 mV (n = 8) and
+7.8 ± 3.0 mV (n = 10), respectively (Fig. 2A). These data suggest that a charged PUFA head
group is required for shifting the G(V) curve of the Kv7.1 channel. The valence of that charge
determines the direction of the G(V) shift, as if the PUFA – Kv7.1 channel interaction is
electrostatic.

2) We test the effect of pH on the G(V) shifts induced by PUFAs. Unsaturated fatty acids in a
lipid environment are protonated/deprotonated with an apparent pKa ≈ 7 (23, 24) (illustrated
in Fig. S1C). The apparent pKa value for DHA on Kv7.1 is ≈ 7.7 as reported by the shift of
the G(V) relation (Fig. 2B). Increasing external pH from 7.4 to 9 or 10 increases the shift in
negative direction of the G(V) curve protocol by DHA, whereas reducing external pH to 6.5
abolishes the DHA effect (Fig. 2C).
5

3) We co-apply 70 µM DHA and 70 µM DHA methyl ester and find that DHA methyl ester
reduces the shift of the G(V) relation (5.5 ± 0.6 mV, n = 4) compared to application of 70
µM DHA alone (9.3 ± 0.9 mV) (Fig. S2A-B). The induced G(V) shift from co-application of
70 µM DHA and 70 µM DHA methyl ester (5.5 mV) is close to that produced by 35 µM
DHA alone (6.5 mV) (Fig. S2C), as if the uncharged DHA methyl ester competes with DHA
for binding but has by itself no effect on Kv7.1 channel activation.

4) We test the effects of another PUFA with a slightly shorter tail (eicosapentaenoic acid,
EPA) and of the monounsaturated oleic acid (Fig. 2A). The length of the acyl chains of EPA
and oleic acid differ by only two carbons. The main difference between EPA and oleic acid is
the number of double bonds in the acyl chain where EPA contains five double bonds and oleic
acid only one double bond. The polyunsaturated EPA is similar in its effect on Kv7.1 as
DHA, whereas the monounsaturated oleic acid has no effect (Fig. 2A and Table S1). This
suggests that a polyunsaturated acyl tail is required for shifting the Kv7.1 channel voltage
dependence.

In summary, both a negatively charged head group and a polyunsaturated acyl tail of the
PUFA are required for shifting the G(V) curve of the Kv7.1 channel in the negative direction
along the voltage axis. These structural requirements of the PUFA molecule to modulate
Kv7.1 channel activity are similar to the structural requirements of PUFAs for modulating the
Shaker Kv channel (23, 25, 26). In analogy with the mechanism for PUFA suggested for the
Shaker Kv channel (23, 27), we hypothesize that the negatively-charged head group of PUFA
interacts electrostatically with the VSD of Kv7.1 in facilitating channel opening and that the
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polyunsaturated acyl tail of PUFA is important to locate the PUFA molecule to the otherwise
phospholipid filled space between two neighboring VSDs (illustrated in Fig. 2D).

The auxiliary KCNE1 subunit reduces the DHA effect on Kv7.1
KCNE1 has been proposed to locate in the space between two neighboring VSDs (14-16) of
tetrameric Kv7.1 channels, close to where PUFAs have been proposed to interact with Kv
channels (26). One might thus expect that the DHA effect on Kv7.1 is altered in the presence
of KCNE1. To explore this, we co-express Kv7.1 with high concentrations of KCNE1 and test
the DHA sensitivity of the heteromeric Kv7.1/KCNE1 channel. Co-expression with KCNE1
prevents 70 M DHA from shifting the G(V) of Kv7.1 (Fig. 3A-B; Table S1).

We test in the following three possible explanations of why KCNE1 reduces the DHA
efficacy on Kv7.1 channels: (1) DHA binds to the Kv7.1/KCNE1 channel, but its effects are
masked by the strong KCNE1 effects on Kv7.1 activation gating. (2) KCNE1 excludes DHA
from binding to a shared location on Kv7.1. (3) KCNE1 modifies the local environment of the
head group of the PUFAs, thereby reducing DHA potency (for instance, by altering the local
proton concentration). We use different Kv7.1 and KCNE1 constructs to distinguish among
these possible explanations.

1) KCNE1-induced reduction of DHA sensitivity is not due to altered activation gating
We co-express Kv7.1 with a KCNE1 construct in which the C-terminus is truncated
(KCNE1ΔC). This construct was previously shown to associate with Kv7.1 (28) but to alter
channel kinetics and voltage dependence only to a small degree: Kv7.1/KCNE1ΔC kinetics
and activation voltage dependence are similar to these of Kv7.1 alone (Fig. S3A). The
Kv7.1/KCNE1ΔC channel is however insensitive to 70 µM DHA (Fig. S3A, Table S1). A

7

strong alteration of activation gating by KCNE1 is thus not required for suppression of DHA
action.

2) KCNE1-induced reduction of DHA sensitivity is not dependent on Kv7.1:KCNE1
stoichiometry
KCNE1 has been shown to eliminate the effect of Kv7.1 activators, such as R-L3 and ML277.
These compounds potentiate Kv7.1 homotetrameric channels expressed in Xenopus oocytes,
but not Kv7.1 co-expressed with high levels of KCNE1 (17, 18). A gradual decrease in the
potency of these compounds is observed depending on the number of KCNE1 subunits in the
Kv7.1/KCNE1 channel complex. We test whether the potency of DHA on Kv7.1/KCNE1
channels increases if the number of KCNE1 subunits in the Kv7.1/KCNE1 complex is
reduced. To this end, we construct two concatemers, KCNE1-Kv7.1-Kv7.1 and KCNE1Kv7.1, forcing either a 4:2 or a 4:4 stoichiometry of Kv7.1 and KCNE1 subunits in assembled
channels. 70 µM DHA applied to either one of the concatemeric channels only shifts the G(V)
relation by a small positive voltage (Fig. S3B-C). This positive shift (observed at external pH
7.4) is unique for the concatemeric channels, because it is not seen in WT Kv7.1/KCNE1
channels (Table S1). This positive shift does not require the negative charge of the DHA head
group because the uncharged DHA methyl ester induces a similar positive shift in both
concatemeric channels (Table S1). Experiments on these concatemeric channels show that a
Kv7.1 channel with only two KCNE1 subunits is also not sensitive to DHA.

3) KCNE1-induced reduction of DHA sensitivity is due to protonation of DHA
To test whether KCNE1 reduces the DHA potency by altering the local proton concentration
close to the head group of the PUFAs, we test the DHA effect on Kv7.1/KCNE1 at pH 9. In
contrast to the experiments at pH 7.4 where the G(V) of WT Kv7.1/KCNE1 (or concatemers
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Kv7.1-KCNE1) is not shifted (or slightly in positive direction for the concatemers), 70 µM
DHA at pH 9.0 shifts the G(V) curves by 26 mV (28 to 30 mV for the concatemers) (Fig.
3C-E, Table S1). These shifts are comparable to the DHA-induced G(V) shift of Kv7.1 alone
at pH 9 (Table S1). These data suggests that DHA binds to Kv7.1 channels co-expressed with
KCNE1, and that KCNE1 lower the local pH close to the head group of the PUFAs. KCNE1
alters the apparent pKa value for DHA from 7.7 to 8.6 (Fig. 3E). The KCNE1-induced
protonation of DHA close to Kv7.1 eliminates the electrostatic effect of DHA on the Kv7.1
channel.

Increasing external pH shifts the G(V) curve of Kv7.1/KCNE1 towards more positive voltages
(29, 30). However, this pH-induced shift in G(V) does not per se increase the DHA sensitivity
of Kv7.1/KCNE1 because the Kv7.1/S225L/KCNE1 mutant (shifted about +30 mV compared
to WT Kv7.1/KCNE1) is not sensitive to 70 µM DHA at pH 7.4 (mean shift: +0.5 ± 0.3 mV,
n = 4).

PUFA analogues effective on Kv7.1/KCNE1
If KCNE1 decreases the G(V) shifting potency of DHA by lowering the local pH close to the
head group of the PUFAs and thereby neutralizing acidic PUFAs by protonation (illustrated in
Fig. 3F upper panel), then we expect KCNE1-induced protonation to increase the effect of
amino-analogues of PUFAs (illustrated in Fig. 3F lower panel). This expectation is met by
experimental data; 70 µM arachidonyl amine at pH 7.4 shifts the G(V) curve of the
Kv7.1/KCNE1 channel by +22.6 ± 1.9 mV (n = 10) (Fig. 3G, Table S1, Fig. S4A), compared
to only +9.7 ± 2.1 mV (n = 8) for Kv7.1 alone (Fig. 3G, Table S1). In addition, DHA and
arachidonyl amine have opposite pH dependence of their effect on Kv7.1/KCNE1: the G(V)
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shifting potency of DHA increases with increasing pH, while the potency of arachidonoyl
amine decreases with increasing pH (Fig. S5A).

To further test if KCNE1 reduces the effect of PUFAs on the Kv7.1 channel via a local pH
reduction, we use the PUFA analogue docosahexaenoyl glycine (DHA-Gly), whose lower
pKa value should keep the DHA-Gly molecule deprotonated at physiological pH. 70 µM
DHA-Gly shifts by a similar amount the G(V) curves of channels formed by Kv7.1 alone and
by Kv7.1 together with KCNE1 (25 mV; Fig. 4A, Fig. S4B, Table S1). DHA-Gly has an
apparent pKa-value of 7.1 for Kv7.1/KCNE1, which is about 1.5 pH unit lower than that of
DHA (Fig. 4B). Moreover, a permanently-charged PUFA analogue, which is not protonated
or deprotonated by changes in the local pH in our experimental setting, should be equally
effective on Kv7.1 alone as on Kv7.1/KCNE1. 70 µM of the permanently negatively charged
N-arachidonoyl taurine shifts by a similar amount the G(V) curves of Kv7.1 channels with and
without KCNE1 (26 to 27 mV; Table S1, Fig. 4C, Fig. S4C). N-arachidonoyl taurine also
increases the maximum conductance of Kv7.1/KCNE1 (Fig. S4C). The mechanism for this is
unclear.

These results show that even in the presence of KCNE1, Kv7.1 is activated by a PUFA
analogue with a lower pKa value and a PUFA analogue with a permanent negative charge,
supporting the hypothesis that KCNE1 reduces the local pH and thereby modifies the
sensitivity to PUFAs. A simple model can recapitulate the pH dependence of DHA and DHAGly on Kv7.1 and Kv7.1/KCNE1 (Fig. S5B-C). Furthermore, we also note that the G(V)
shifts of (i) Kv7.1 induced by 70 μM DHA at pH 9 and 10 (almost fully deprotonated), of (ii)
Kv7.1/KCNE1 by 70 μM DHA at pH 9 (almost fully deprotonated), of (iii) Kv7.1 and
Kv7.1/KCNE1 by 70 μM DHA-Gly at pH 7.4 (almost fully deprotonated), and of (iv) Kv7.1
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and Kv7.1/KCNE1 by 70 μM N-arachidonoyl taurine at pH 7.4 (negatively charged) are all
about 30 mV, suggesting that, as long as the PUFA is charged, the effect of the PUFA is
independent of KCNE1.

PUFAs target the VSD
Because PUFAs require a charged head group to affect Kv7.1 channel activity, we
hypothesize that the PUFAs electrostatically facilitate Kv7.1 channel opening via interaction
with the extracellular-facing part of the positively charged voltage sensor S4, as previously
suggested for PUFA-induced opening of the Shaker channel (26, 27). To test this hypothesis,
we neutralize the outermost positive gating charge R228 in S4 of Kv7.1 by generating a
R228Q mutant channel. 70 µM DHA-Gly does not shift the G(V) curve of R228Q (Fig. 4D,
Table S1, Fig. S6A). This lack of effect of DHA-Gly on R228Q cannot be explained by an
alteration in local pH caused by the R228Q mutation because also 70 µM N-arachidonoyl
taurine (which is not subject to protonation) is ineffective on R228Q (mean shift: +2.4 ± 3.5
mV, n = 5). The voltage dependence of the R228Q mutant is shifted towards more negative
voltages compared to wild type Kv7.1. This shift in G(V) towards more negative voltages
caused by the R228Q mutation does not per se reduce the DHA sensitivity of R228Q, because
the opening of the R228Q/F351A mutant (shifted about +25 mV towards more positive
voltages compared to Kv7.1, Fig. S6B) is not facilitated by 70 µM DHA-Gly (Fig. S6B, mean
shift: +4.0 ± 1.0 mV, n = 5). In addition to S4 gating charge residues, also other residues in
the top of S3 and S4 were previously shown to be important for the PUFA effect on the
Shaker channel (26). We therefore also test the effect of K218C and G219C, located in the
S3-S4 loop of Kv7.1, on PUFA potency. Both these mutations reduce the effect of 70 µM
DHA-Gly on Kv7.1 (Fig. 4D) and reduce the affinity of DHA-Gly by a factor of ~3-4 (Fig.
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S6C).

The fact that three point mutations in or close to the voltage sensor S4 alters DHA-Gly
potency on Kv7.1 and that two of these mutations alter the affinity of DHA-Gly suggests that
the VSD is important for the PUFA effect on Kv7.1 and may form part of a PUFA binding
site. Neutralizing the outermost positive gating charge in S4 abolishes the effect of DHA-Gly
on Kv7.1, supporting the hypothesis of an electrostatic interaction between the charged
PUFAs and the S4 of Kv7.1. Apparently, R228 plays a special in this electrostatic interaction
as the other gating charges cannot substitute for R228 when R228 is neutralized. To further
explore if PUFAs indeed affect S4 movement, we test the effect of N-arachidonyl taurine on
the Kv7.1/G219C mutant in which G219C is labeled with the fluorophore Alexa488
maleimide (referred to as Kv7.1/G219C*). As previously reported (31-33), using voltageclamp fluorometry we can detect S4 movement in this construct as a change in fluorescence
intensity. 70 µM N-arachidonoyl taurine speeds up the fluorescence kinetics during an
activating test pulse (Fig. 4E) and shifts the F(V) curve towards more negative voltages (Fig.
4F). The mean F(V) shift induced by 70 µM N-arachidonoyl taurine is 20.0 ± 1.9 mV (n =
9). These data support the hypothesis that PUFAs facilitate Kv7.1 channel opening by
promoting S4 movement.

PUFA analogue restores cardiac rhythm
We test the effect of N-arachidonoyl taurine on isolated embryonic rat cardiomyocytes
gestation day 16, in which there is IKs expression but no IKr expression (34). 30 µM Narachidonoyl taurine shortens the cardiomyocyte action potential duration (APD50) by 17 ±
3% (n = 5, P < 0.05) and increases the frequency of action potential firing by 26 ± 5% (n = 5,
P < 0.05) (Fig. 5A-B, Table S2). 30 µM N-arachidonoyl taurine has no effect on the resting
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membrane potential compared to control (Table S2), but decreases the action potential peak
amplitude by 9 ± 1 mV (Table S2). Supplementary Figure S7A (left panel) shows the
current in an isolated embryonic rat cardiomyocyte during E4031 and Nifedipine treatment (to
block possible interfering IKr and ICa,L-type, respectively). 10 µM of the IKs channel blocker
Chromanol 293B blocks this current by 91 ± 5% (n = 3) at +10 mV, suggesting that the main
part of this current is IKs. Application of 30 µM N-arachidonoyl taurine increases this current
by 103 ± 68% at +10 mV (n = 5, P = 0.005) (Fig. 5C, Figure S7A). To induce arrhythmia in
the embryonic rat cardiomyocytes, we apply a sub-saturating concentration of Chromanol
293B, which is known to prolong the cardiac action potential duration and induce arrhythmia
(35). 5 µM Chromanol 293B increases the action potential duration (APD50) by 30 ± 11% (n
= 6, P < 0.05) (Fig. S7B). With time, two types of effects (sometimes within the same cell)
are seen upon 5 µM Chromanol 293B application:
(1) In 4 out of 10 cells we see arrhythmic firing with pronounced variation in the frequency of
action potential firing (Fig. 5D-E, Fig. S7C). During this arrhythmic firing, there is a large
variation in action potential duration (Fig. S7D) due to double peaks and irregular RRinterval.
(2) in 9 out of 10 cells we see a slowing of the frequency of spontaneous action potential
firing (Fig. S7E-F). The mean increase in RR-interval is 387 ± 95% (n = 9, P < 0.05). The
slowing in action potential firing induced by Chromanol 293B is in line with earlier studies of
Long QT mutations in Kv7.1 channels in patients for whom bradycardia has been reported
(36, 37). The mechanism of how Long QT mutations in Kv7.1 could cause bradycardia is not
clear.

These two different effects of Chromanol 293B are most likely due to different subtypes of
cardiomyocytes. Independent of the type of effect induced by Chromanol 293B application,

13

30 µM N-arachidonoyl taurine reverses the effect: abolishing the arrhythmic firing (Fig. 5F,
Fig. S7C) or restoring the frequency of spontaneous action potential firing (Fig. S7G, the RRinterval in co-application of Chromanol 293B and N-arachidonoyl taurine is not significantly
different to control (P > 0.05)).

PUFA analogue restores QT interval
To test the effect of a PUFA analogue on an intact heart, we apply DHA-Gly on isolated
perfused guinea pig hearts. To mimic a Long QT setting, first, 0.03 µM of the IKr blocker
E4031 is perfused into the guinea pig heart to prolong the QT interval and action potential
duration (Fig. 5G-I). 20 minutes perfusion of 0.03 µM E4031 increases the QT interval by
23.6 ± 3.6 ms (n = 3, P < 0.05) and prolongs the action potential duration (APD90) by 14.3 ±
2.2 ms (n = 3, P < 0.05). Perfusion of the guinea pig heart with 0.03 µM E4031 together with
10 µM DHA-Gly reverses the E4031-induced QT prolongation and E4031-induced
prolongation of action potential duration (Fig. 5G-I). Perfusion with 0.03 µM E4031 or 10
µM DHA-Gly produces no significant effects on intrinsic heart rate (Fig. S7H).

Discussion
In this study, we show that small-molecules (PUFAs and PUFA analogues) activate or inhibit
the Kv7.1 channel. We describe a novel mechanism by which the auxiliary KCNE1 subunit
alters the pharmacological sensitivity of the Kv7.1 channel. KCNE1 reduces the Kv7.1
channel sensitivity to regular PUFAs by promoting PUFA protonation. In contrast, KCNE1
increases the Kv7.1 channel sensitivity to the positively charged PUFA analogue arachidonyl
amine by promoting amine protonation. The effect on Kv7.1 of the PUFA analogues
docosahexaenoyl glycine, which has a lower pKa value, and of N-arachidonoyl taurine, which
is permanently charged, are not modified by KCNE1 co-expression. Thus, understanding the
14

mechanism for how KCNE1 tunes the pharmacological sensitivity of Kv7.1 allows us to
chemically by-pass the auxiliary subunit interference of KCNE1.

The similarity in PUFA modulation of Kv7.1 (reported here) and the Shaker Kv channel (23,
26, 27) implies a similar PUFA binding site and similar PUFA mechanism of action on these
two channels from different species. Circulating PUFAs may therefore speculatively play an
important role in tuning the activity of several voltage-gated ion channels by directly affecting
the voltage sensor movement. One of the key findings in the present work is, however, that
the co-expression of Kv7.1 with KCNE1 modulates the PUFA effect on the Kv7.1 channel by
altering PUFA protonation. This suggests that Kv channels in different tissues might be
differentially sensitive to PUFAs depending on the auxiliary subunits with which they form a
complex.

Cellular, animal and clinical studies support a hypo-excitable and anti-arrhythmic effect of
fish oil and PUFAs on the heart (38-42). One main hypothesis put forward to explain the
beneficial effect is PUFA-induced inhibition of cardiac sodium and calcium channels (41-46).
Some studies also describe shortening of the cardiac action potential upon PUFA
administration (47, 48). PUFA-induced shortening of the cardiac action potential could
theoretically be explained by PUFA-induced augmentation of the IKs channel. Our
experiments show that whereas the voltage dependence of Kv7.1 expressed alone is affected
by PUFAs, the voltage dependence of Kv7.1 in complex with KCNE1 is not affected by
PUFAs. This suggests that PUFAs and fish oil do not act anti-arrhythmic by altering the
voltage dependence of the Kv7.1/KCNE1 channel. However, our findings here show proofof-principle that PUFA analogues can be designed as IKs channel activators or inhibitors
targeting the VSD of IKs channels. Because PUFA analogues can be designed as either
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channel activators or inhibitors depending on the charge of the head group, these analogues
have the potential to be useful to prevent cardiac arrhythmias caused by either loss-offunction or gain-of-function IKs mutations, as in Long QT or Short QT syndrome respectively.
The prospect of PUFA analogues as clinical IKs channel modulators is supported by our
results showing anti-arrhythmic effects of N-arachidonoyl taurine on isolated cardiomyocytes
and DHA-Gly induced shortening of a prolonged QT interval in guinea pig hearts.

Materials and Methods
Molecular biology
Expression plasmids human KV7.1 (GenBank Acc. No. NM_000218) in pXOOM and
KCNE1 (NM_000219) in pGEM have been previously described (49, 50). The truncation
construct KCNE1ΔC was generated by introducing a Stop codon at position 67 using mutated
oligo extension PCR. The concatemers E1-KV7.1-KV7.1 and E1-KV7.1 were kindly provided
by Dr. R.S. Kass at Columbia University, NY, USA, and contained mutations to make the
constructs suitable for voltage-clamp fluorometry recordings (51). Mutated cDNA was
replaced by wild-type subunits by standard cloning techniques. All newly generated
constructs were sequenced to ensure integrity (Genewiz, NJ, USA). cRNA was prepared from
linearized DNA using the T7 mMessage mMachine transcription kit (Ambion, TX, USA).
RNA quality was checked by gel electrophoresis, and RNA concentrations were quantified by
UV spectroscopy.

Experiments on Xenopus laevis oocytes
Xenopus laevis oocytes were isolated and maintained as previously described (9).
Approximately 50 nl cRNA (50 ng Kv7.1, KCNE1-Kv7.1-Kv7.1 or KCNE1-Kv7.1
alternatively 25 ng Kv7.1 together with 8 ng KCNE1 or KCNE1ΔC) was injected into each
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oocyte using a Nanojet microinjector (Drummond). Co-injection of Kv7.1 and KCNE1 is
referred to as Kv7.1/KCNE1 throughout the text. Concatemers of Kv7.1 and KCNE1 are
referred to as KCNE1-Kv7.1 or KCNE1-Kv7.1-Kv7.1 throughout the text. Currents were
measured 2-5 days after injection at room temperature with the two-electrode voltage-clamp
technique (CA-1B Dagan amplifier). Currents were sampled at 1-3.3 kHz, filtered at 500 Hz,
and not leakage corrected. The control solution contained (in mM): 88 NaCl, 1 KCl, 15
HEPES, 0.4 CaCl2, and 0.8 MgCl2 (pH adjusted to 7.4 using NaOH). Animal experiments
were approved by the local ethics committees. The holding voltage was generally set to 80
mV. Activation curves were generally elicited by stepping to test voltages between 110 and
+60 mV (2-4 s durations and 10 mV increments) followed by a tail voltage of 30 mV. For
recordings of Kv7.1 at pH 9 and pH 10, the holding voltage was set to more negative voltages
because the largest DHA-induced shifts induced channel opening already at 80 mV. In
addition to effects on channel voltage dependence, arachidonyl amine induced Kv7.1 channel
inactivation. Therefore, in arachidonyl amine experiments a brief hyperpolarizing pulse of 50
ms to 120 mV was introduced between the test voltage and the tail voltage to relief the
channels from inactivation. Voltage-clamp fluorometry experiments were performed as
previously described on oocytes labeled for 30 min with 100 µM Alexa488 maleimide
(Molecular Probes) at 4°C. (31-33).

Experiments on rat cardiomyocytes
On gestation day 16 of pregnancy, time-mated Sprague Dawley rats (Taconic, Denmark) were
anesthetized in a CO2 chamber followed by cervical dislocation. Cell preparation of
cardiomyocytes and culturing on glass coverslips were made as previously described (34).
Animal experiments were approved by the local ethics committees. Spontaneous action
potentials and currents were measured using the patch-clamp technique in whole cell
17

configuration 1-3 days after culturing. An Axopatch 200B patch-clamp amplifier, Digidata
1140A converter (Molecular Devices) and pClamp software (Molecular Devices) were used
to acquire data. Data was recorded at 10 kHz and low pass filtered at 2-5 kHz. For figures,
currents were off-line filtered with a Gaussian filter, cut-off 200 Hz. The extracellular solution
for action potential recordings contained (in mM): 140 NaCl, 5.4 KCl, 1 MgCl2, 1.8 CaCl2, 10
Glucose and 10 HEPES (pH 7.4, adjusted with NaOH). The intracellular solution contained
(in mM): 130 K-gluconate, 9 KCl, 8 NaCl, 10 EGTA, 1 MgCl2, 10 HEPES and 3 MgATP (pH
7.3, adjusted with KOH). For current measurements, 1 µM E-4031 and 10 µM Nifedipine
were added to the extracellular solution. The solutions were perfused through the recording
chamber (flow: 0.5 mL/min). All chemicals were purchased from Sigma-Aldrich. The patch
pipettes, made of borosilicate glass, had a resistance between 4–6 MΩ, once filled with
intracellular solution. All experiments were carried out at 35°C. To analyze action potential
characteristics, a stable 60-seconds recording was selected before and after application of the
test solution. The average data were then calculated for the complete trace in Clampfit 10
(Molecular Devices). To analyze the effect of Chromanol 293B on APD50, the first 30 s of the
trace after Chromanol 293B application was used. To analyze current amplitude, the holding
voltage was set to 70 mV and the steady-state current in the end of test pulses ranging from
70 mV to +40 mV measured. Liquid junction potential was adjusted for in current
measurements.

Isolated, perfused heart preparations
Female guinea-pigs (Dunkin Hartley, 450-600 g, Charles River, France) were anaesthetized
with sodium pentobarbitale supplemented with lidocainhydrochloride (Sygehus Apotekerne,
Denmark). Upon thoracotomy, the aorta was cannulated to start a retrograde coronary
perfusion with a modified Krebs’–Henseleit solution that contained in mM: NaCl 120.0; KCl
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4.0; NaHCO3 25.0; glucose 11.0; MgSO4 0.6; KH2PO4 0.6, and CaCl2 2.5.The solution was
gassed with 95% O2, 5% CO2 and warmed (37°C), to maintain pH at 7.4. Finally, the excised
heart was mounted on a Langendorff-perfusion apparatus (Hugo Sachs-Harvard Apparatus
GmbH, Germany) and perfused at a constant pressure of 60 mmHg. ECG signals were
recorded using 3 ECG electrodes. A monophasic action potential electrode was placed on the
right ventricle and a pacing electrode on the right atrium. Pacing periods consisted of 2 min
pacing at 250 beats per minute (BPM). All data were acquired at 2 kHz using a 16- channel
PowerLab system (ADInstruments, UK). The heart stabilized for minimum 30 minutes
followed by 2 minutes of pacing in order to record baseline EGC and APD90 at a constant
heart rate. Next, the hERG/Kv11.1 inhibitor E4031 (0.03 µM) was added to the perfusate for
20 min and data was acquired during 2 min atrial pacing. Finally 10 µM DHA-Gly was added
to the perfusate and the heart was paced for 2 min every 10th minute. All data are presented as
the mean of the last 1 min recording during pacing. Drug effects on intrinsic heart rate were
evaluated before initiation of pacing.

Test compounds
4,7,10,13,16,19-all-cis-docosahexaenoic acid (DHA), 4,7,10,13,16,19-all-cisdocosahexaenoic acid methyl ester (DHA-me), 5,8,11,14,17-all-cis-eicosapentaenoic acid
(EPA), and methyl 9-cis-octadecenoic acid (oleic acid) were purchased from Sigma-Aldrich.
Docosahexaenoyl glycine and N-arachidonoyl taurine were purchased from Cayman
Chemical. N-arachidonoyl taurine is a very strong acid and is expected to be always ionized
when in solution. It is therefore referred to as permanently charged. Synthesis of arachidonyl
amine and docosahexaenoyl amine were performed as described in Supplementary Figure
S8. Test compounds were dissolved in 99.5% ethanol to a concentration of 100 mM and
diluted shortly before experiments as previously described (23, 25). We expect all test
19

compound concentrations of 70 µM and lower to be below the critical micellar concentration
in our experimental setting (23, 52). For the highest DHA concentration used, 210 µM, we
cannot be sure that there is no micelle formation. If we have micelle formation at 210 µM
DHA, the free DHA concentration will not be 210 µM which may affect our concentrationresponse estimates in Fig. 1C and Fig. 2C and tend to overestimate the c0.5. The estimates for
c0.5 should therefore be seen as an approximation. Control solution was added to the bath
using a gravity-driven perfusion system. To avoid binding of test compounds to the perfusion
system, test solutions were added manually with a glass Pasteur pipette. Previously, the
effective concentration of fatty acids was determined to be 70% of the nominal concentration
due to binding to the Perspex chamber (23). All fatty acid and fatty acid analogue
concentrations denoted are the estimated effective concentrations, i.e. 70% of the nominal
concentration. Generally, the test compound effect was poorly reversible. The PUFA effect
could not be washed away with pure control solution. When adding 100 mg/L albumin during
washing the recovery was much improved however not complete.

To avoid possible cyclooxygenase enzyme metabolization of arachidonyl amine and Narachidonoyl taurine, oocytes were pretreated with 1 µM indomethacin, and 1 µM
indomethacin was supplemented to the recording solutions as previously described (23).

Electrophysiological analysis
To quantify effects on the voltage dependence, tail currents (measured shortly after initiation
of repolarization) were plotted against the prepulse (test) voltage. The following Boltzmann
relation was fitted to the control curve and the given slope factor was noted

G(V) = A / (1 + exp ((V½ – V) / s)),
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(1)

where V½ is the midpoint and s the slope factor. The same Boltzmann relation was fitted to the
test substance Itail vs voltage curve with the slope factor constrained to the value given for the
control curve. The V½ values were compared to quantify the shift in voltage dependence. For
illustrative clarity in figures showing Itail vs voltage, the curves are normalized between 0 and
1. The curves shown in the figures are not Boltzmann fits, but simply lines connecting the
data points.

To quantify the concentration dependence and pH dependence of the DHA-induced shift of
voltage dependence, ΔV, the following equation was used:

ΔV = ΔVmax / (1 + (c0.5 /c)),

(2)

where ΔVmax is the maximal shift, c0.5 the concentration causing 50% of the maximal shift,
and c the concentration of DHA (or H+).

Statistical analysis
Average values are expressed as mean ± SEM. Mean values for shifts in voltage dependence
were analyzed using a two-tailed one sample t-test where mean values were compared with a
hypothetical value of 0 or where mean values were compared to each other. Comparison of
PUFA potency on VSD mutants were done by one-way ANOVA comparing the PUFA effect
on each mutant with the PUFA effect on Kv7.1 wild type (Dunnett’s Multiple Comparison
Test). Effects of N-AT and Chromanol 293B on embryonic rat cardiomyocytes were analyzed
using paired two-tailed t-test. Effects of E4031 and DHA-Gly on whole guinea pig hearts
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were analyzed using one-way ANOVA with Turkey’s Multiple Comparison Test. P < 0.05 is
considered as statistically significant.
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Figure legends
Figure 1
DHA shifts the voltage dependence of Kv7.1. (A) 70 M DHA increases current amplitude
of Kv7.1 in response to a 20 mV voltage step. (B) 70 M DHA shifts the G(V) of Kv7.1.
DHA (●), control (○). Dashed curve in B) is control curve shifted 10 mV. (C) Concentration
dependence of DHA effect. Mean ± SEM. ΔVmax = 15.8 mV, c0.5 = 50 M. n = 3-5.

Figure 2
A charged head group and a polyunsaturated acyl tail are necessary. (A) Induced G(V)
shifts for 70 M of indicated substance. Mean ± SEM. n = 3-8. (B) pH-dependence of the
G(V) shift caused by the application of 70 µM DHA on Kv7.1. Mean ± SEM. ΔVmax = 28.0
mV, c0.5 = 1.8*10-8 = pH 7.7. n = 3-5. (C) Concentration-response curves for DHA on Kv7.1
at different pHs. pH 9.0: ΔVmax = 27.7 mV, c0.5 = 10 M; pH 7.4 see Fig. 1C. n = 3-8. (D)
Schematic illustration of PUFA modulation. PUFAs incorporate in the lipid cleft close to the
channel’s VSD and electrostatically affect the S4 movement. +++ denotes S4 gating charges.
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Figure 3
KCNE1 abolishes PUFA effect on Kv7.1/KCNE1 at physiological pH. (A-D) 70 M DHA
applied on Kv7.1/KCNE1 at pH 7.4 (A-B) and pH 9 (C-D). DHA (●), control (○). Bold traces
= 0 mV (A) or +10 mV (C). Dashed curve in D) is control curve shifted 35 mV. (E) pHdependence for 70 µM DHA. Kv7.1/KCNE1: ΔVmax=29.0 mV, c0.5 = 2.5*10-9 = pH 8.6. n =
3-6. For Kv7.1: see Fig. 2B. (F) Model: KCNE1 changes probability of protonation of
negatively-charged acidic (upper) and positively-charged amine (lower) PUFA analogues,
thereby changing PUFA-Kv7.1 voltage sensor (+++) interactions. (G) G(V) shift induced by
70 µM DHA or AA+. n = 3-8.

Figure 4
PUFA analogues are effective on Kv7.1/KCNE1. (A) 70 µM DHA-Gly induces a negative
G(V) shift of Kv7.1/KCNE1. DHA-Gly (●), control (○). Dashed line is control curve shifted
20 mV. (B) pH-dependence for 70 µM DHA-Gly or 70 µM DHA applied on Kv7.1/KCNE1.
DHA-Gly: ΔVmax = 38.8 mV, c0.5 = 7.6*10-8 = pH 7.1. n = 3-6. For DHA: see Fig. 3E. (C) 70
µM N-arachidonoyl taurine (N-AT) induces a negative G(V) shift of Kv7.1/KCNE1. N-AT
(●), control (○). Dashed line is control curve shifted 24 mV. (D) 70 µM DHA-Gly does not
shift Kv7.1/R228Q and has a smaller effect on Kv7.1/K218C and Kv7.1/G219C. Mean ±
SEM. n = 4-14. (E) Normalized fluorescence during an activating test pulse to 60 mV from a
holding voltage of 120 mV. (F) 70 M N-AT shifts the F(V) of Kv7.1/G219C*. N-AT (●),
control (○).The continuous lines are Boltzmann curves (Eq. (1)) fitted to experimental data.
For control: V50 = 41.1 mV; s = 11.7. For N-AT: V50 = 61.1 mV; s = 16.3. Mean ± SEM. n
= 9.
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Figure 5
Anti-arrhythmic effect of PUFA analogues. (A-B) Effect of 30 µM N-AT on action
potential duration and frequency in isolated embryonic rat cardiomyocytes. (C) Example of
the effect of 30 µM N-AT on current amplitude in isolated embryonic rat cardiomyocytes.
Grey trace is current in control solution from a voltage 20 mV more positive than the N-AT
trace. (D-F) Representative examples of arrhythmia induced by application of 5 µM
Chromanol 293B or 5 µM Chromanol 293B + 30 µM N-arachidonoyl taurine (N-AT) in
isolated embryonic rat cardiomyocytes. (G-H) Representative example of effect of 0.03 µM
E4031 and 10 µM DHA-Gly on QT interval (G) and action potential duration (H) in isolated
perfused guinea pig heart. Hearts are paced at 250 beats/min. (I) Summary of effect of 0.03
µM E4031 and 10 µM DHA-Gly on QT interval and action potential duration (APD90) in
isolated perfused guinea pig heart. Mean ± SEM. n =3. Statistical significance compared to
control.
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Supplementary Table 1. Effect of PUFAs and PUFA analogues on channel voltage dependence.
Construct

Compound

pH

ΔV1/2 ± SEM (mV)

n

P†

Kv7.1

70 µM DHA

7.4

9.3 ± 0.9

3

< 0.01

Kv7.1

70 µM DHA

9.0

25.1 ± 4.2

5

< 0.01

Kv7.1

70 µM EPA

7.4

12.7 ± 1.4

3

0.01

Kv7.1

70 µM OA

7.4

1.0 ± 0.5

3

> 0.1

Kv7.1

70 µM DHA-me

7.4

+2.8 ± 2.5

3

> 0.1

Kv7.1

70 µM AA+

7.4

+9.7 ± 2.1

8

< 0.01

Kv7.1

70 µM DHA+

7.4

+7.8 ± 3.0

8

< 0.05

Kv7.1

70 µM DHA-Gly

7.4

25.5 ± 1.6

14

< 0.001

Kv7.1

70 µM N-AT

7.4

26.2 ± 2.7

4

< 0.01

Kv7.1/K218C

70 µM DHA-Gly

7.4

11.0 ± 4.5

5

0.05

Kv7.1/G219C

70 µM DHA-Gly

7.4

14.3 ± 2.4

10

< 0.001

Kv7.1/R228Q

70 µM DHA-Gly

7.4

0.6 ± 1.2

4

> 0.5

Kv7.1/E1

70 µM DHA

7.4

0.2 ± 1.1

3

> 0.5

Kv7.1/E1

70 µM DHA

9.0

25.7 ± 3.3

4

< 0.01

Kv7.1/E1

70 µM AA+

7.4

+22.6 ± 1.9

10

< 0.0001

Kv7.1/E1

70 µM DHA-Gly

7.4

25.1 ± 3.9

6

0.001

Kv7.1/E1

70 µM N-AT

7.4

27.0 ± 2.5

5

< 0.001

Kv7.1/E1ΔC

70 µM DHA

7.4

1.0 ± 1.7

8

> 0.5

E1-Kv7.1

70 µM DHA

7.4

+5.9 ± 1.4

15

< 0.001

E1-Kv7.1

70 µM DHA

9.0

27.9 ± 4.7

6

< 0.01

E1-Kv7.1

70 µM DHA-me

7.4

+5.0 ± 1.3

5

< 0.05

E1-Kv7.1

70 µM DHA-me

9.0

+3.6 ± 2.6

4

> 0.1

E1-Kv7.1-Kv7.1

70 µM DHA

7.4

+5.0 ± 1.9

13

< 0.05

E1-Kv7.1-Kv7.1

70 µM DHA

9.0

30.4 ± 2.5

6

< 0.0001

E1-Kv7.1-Kv7.1

70 µM DHA-me

7.4

+5.7 ± 0.9

6

< 0.01

E1-Kv7.1-Kv7.1

70 µM DHA-me

9.0

+8.2 ± 2.7

3

0.1

†from two-tailed one sample t-test where mean values were compared with 0. DHA = docosahexaenoic acid,
EPA = eicosapentaenoic acid, OA = oleic acid, DHA-me = docosahexaenoic acid methyl ester, AA+ =
arachidonyl amine, DHA+ = docosahexaenyl amine, DHA-Gly = docosahexaenoyl glycine, N-AT = Narachidonoyl taurine.

2

Supplementary Table 2. Summary of the effect of 30 µM N-AT on embryonic rat cardiomyocytes.
Control

N-AT

Change

P

n

Mean ± SEM

Mean ± SEM

Mean ± SEM

APD30

261 ± 50 ms

211 ± 37 ms

19 ± 4%

< 0.05†

5

APD50

341 ± 62 ms

279 ± 47 ms

17 ± 3%

< 0.05†

5

APD70

402 ± 65 ms

336 ± 50 ms

16 ± 3%

< 0.05†

5

RR-interval

2869 ± 319 ms

2075 ± 197 ms

26 ± 5%

< 0.05†

5

Amplpeak

41 ± 3 mV

32 ± 2 mV

9 ± 1 mV

< 0.01†

5

RMP

58 ± 2 mV

56 ± 2 mV

+2 ± 1 mV

> 0.1†

5

† from two-tailed paired t-test. N-AT = N-arachidonoyl taurine, APD = action potential duration, RR-interval =
the inverse of action potential frequency, Amplpeak = peak action potential amplitude, RMP = resting membrane
potential.
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Supplementary Figure 1. DHA shifts the voltage dependence of Kv7.1. (A) Representative current families
for the same cell as in Fig. 1A for control and 70 µM DHA on Kv7.1 channels. Currents for 20 mV are shown
as bold traces. (B) Normalized current traces for 20 mV from a holding voltage of 80 mV. (C) Schematic
illustration of pH dependence of PUFA protonation. The probability of protonation of the PUFA is indicated by
the gray scale of the (-): dark gray= low probability of being protonated, light gray= high probability of being
protonated.
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C

Supplementary Figure 2. DHA methyl ester and DHA co-application reduces the DHA effect on Kv7.1.
(A-B) The G(V) shift induced by 70 M DHA on a representative cell when DHA is applied alone (A) or
together with 70 M DHA methyl ester (B; DHA-me). DHA or DHA+DHA-me (●), control (○). The dashed
line in A) is the control curve shifted 11 mV and the dashed line in B) is the control curve shifted 5.5 mV. (C)
The same concentration-response curve as in Fig. 1C with experimental data for co-application added (red
circle). Mean ± SEM. n = 4. The vertical arrow denotes the predicted G(V) shift by 35 M DHA deduced from
the concentration-response curve.
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Supplementary Figure 3. DHA has no effect on Kv7.1/KCNE1ΔC and 2:4 and 4:4 Kv7.1:KCNE1
concatemers. (A) Kv7.1/KCNE1ΔC channel is insensitive to 70 M DHA despite channel kinetics and voltage
dependence being more similar to Kv7.1. DHA (●), control (○). Currents for 30 mV are shown as bold traces.
(B) 70 M DHA induces a small shift in positive direction along the voltage axis for KCNE1-Kv7.1-Kv7.1
(forcing 4:2 Kv7.1:KCNE1 stoichiometry). DHA (●), control (○). Currents for 0 mV are shown as bold traces.
The dashed line in (B) is the control curve shifted +7 mV. (C) 70 M DHA induces a small shift in positive
direction along the voltage axis also in KCNE1-Kv7.1 (forcing 4:4 Kv7.1:KCNE1 stoichiometry) channel
voltage dependence. DHA (●), control (○). Currents for +10 mV are shown as bold traces. The dashed line in C)
is the control curve shifted +5.5 mV.
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Supplementary Figure 4. Arachidonoyl Amine (AA+), DHA-Gly and N-arachidonoyl taurine (N-AT) shift
the voltage dependence of activation of Kv7.1/KCNE1. (A) 70 M AA+ at pH 7.4 induces a large shift in
positive direction along the voltage axis in Kv7.1/KCNE1. AA+ (●), control (○). Currents for +20 mV are
shown as bold traces. The dashed line in the right graph is the control curve shifted +28 mV. Note that the G(V)
curves are from the same cell and not normalized. The continuous lines are Boltzmann curves (Eq. (1)) fitted to
experimental data. The slope for AA+ is fixed to the same slope as for the control recording. (B) Representative
current families for the same cell as in Fig. 4A for control and 70 µM DHA-Gly on Kv7.1/ KCNE1 channels.
Currents for 20 mV are shown as bold traces. G(V) curve (same as in Fig. 4A) shown for comparison. (C)
Representative current families for the same cell as in Fig. 4C for control and 70 µM N-AT on Kv7.1/ KCNE1
channels. Currents for 0 mV are shown as bold traces. G(V) curve (same as in Fig. 4C) shown for comparison.
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Supplementary Figure 5. pH dependence PUFA analogues. (A) pH dependence of the DHA and AA+ effect
on Kv7.1/KCNE1. G(V) shift induced by 70 µM DHA or AA+ at pH 7.4 or pH 9. Data expressed as mean ±
SEM. n = 3-10. (B-C) Model of pH dependence of the DHA and DHA-Gly effect on Kv7.1 and Kv7.1/KCNE1.
The protonation state of DHA and DHA-glycine (DG) were calculated from the electroneutrality equation:
zi[ioni]local) + zPUFA (1- 1/(1+ KPUFA/[H+]local) ) + zKCNE1 (1- 1/(1+ KKCNE1/[H+]local) ) = 0. Each local ion
concentration was estimated using [ioni]local = [ioni] exp(-ziFV/kT). We assume that KCNE1 introduces extra
negative charge with a pKa of 7.7 in the micro environment of the DHA compounds. We assume DHA has a
pKa of 7.7 and DHA-glycine a pKa of 6.7 in the micro environment of Kv7.1 in the lipid bilayer in the absence
of KCNE1. (B) pH dependence of protonation of DHA. Kv7.1: c0.5 = 2*10-8 = pH 7.7; Kv7.1/KCNE1: c0.5 =
5*10-9 = pH 8.3. (C) pH dependence of protonation of DHA-glycine. Kv7.1: c0.5 = 1.9*10-7 = pH 6.7;
Kv7.1/KCNE1: c0.5 = 1.4*10-7 = pH 6.8.
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Supplementary Figure 6. VSD mutants reduce the effect of DHA-Gly on Kv7.1. (A) Representative current
families for control and 70 µM DHA-Gly on Kv7.1/R228Q channels. (B) Voltage-dependence of
Kv7.1/R228Q/F351A and effect of 70 µM DHA-Gly. Mean ± SEM. n = 8. Dashed line indicates Kv7.1 WT. (C)
Concentration-response curves for the effect of DHA-Gly on Kv7.1, Kv7.1/K218C and Kv7.1/G219C. ΔVmax
was restricted to a shared value (34.7 mV) to make the fits more robust. Kv7.1: c0.5 = 27 M; Kv7.1/K218C:
c0.5 = 113 M; Kv7.1/G219C: c0.5 = 96 M. Mean ± SEM. n = 3-14.
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Supplementary Figure 7. Compound effect on embryonic rat
cardiomyocytes and guinea pig heart. (A) Example of current in isolated
embryonic rat cardiomyocytes before (left) and after (right) 30 µM N-AT
application. E4031 and Nifedipine added. Vholding = 70 mV; test voltages =
70 to +20 mV. (B) Example of effect of 5 µM Chromanol 293B on action
potential duration in one isolated embryonic rat cardiomyocyte. (C-D)
Example of box plot plot for 5 µM Chromanol 293B effect on rhythmicity
of spontaneous cardiomyocyte firing (C) and variability of action potential
duration (D) in one isolated embryonic rat cardiomyocyte. Box = 25th to
75th percentile; horizontal line = median; plus sign = mean; whiskers =

range. (E-G) Representative example of slowed firing induced by application of 5 µM Chromanol 293B or 5
µM Chromanol 293B + 30 µM N-arachidonoyl taurine (N-AT) in isolated embryonic rat cardiomyocytes. (H)
Summary of effect of E4031 (0.03 µM) and DHA-Gly (10 µM) on intrinsic heart rate in 3 isolated perfused
guinea pig hearts. Data normalized to baseline (control).
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Supplementary Figure 8. Synthesis of arachidonyl amine. Synthesis of arachidonoyl amine was performed
essentially as previously described (25). As an exception to the previous synthesis description, arachidonic acid
(2, Nu Chek prep, Inc) was used as a starting material to produce arachidonyl alcohol (3). For synthesis of
arachidonyl alcohol (3), LiAlH4 (0.5 g, 13 mmol) was suspensed into dry tetrahydrofuran (THF, 50 mL) and the
mixture was cooled on an ice bath. Arachidonic acid (1.1 g, 3.5 mmol) in dry THF (40 mL) was added slowly.
After the addition, stirring was continued for 1 hour on the ice bath and an additional hour at room temperature.
Ice cold water (1 mL) following 10% NaOH (0.2 mL) was added slowly and stirring was continued for 1 hour.
The mixture was filtered through Celite and the filtrate was dried over Na2SO4. Evaporation of solvents gave
800 mg (80%) of a colorless, oily product. 1HNMR (CDCl3):  0.89 (t, 3J=3.6 Hz, 3H), 1.19 (t, 3J=2.5 Hz, 1H)
1.25 – 1.39 (m, 6H), 1.42 – 1.48 (m, 2H), 1.57 – 1.62 (m, 2H), 2.04 – 2.13 (m, 4H), 2.80 – 2.85 (m, 6H), 3.66
(q, 3J=6.0 Hz, 2H), 5.31 – 5.43 (m, 8H). (a) 1. LiAlH4, THF, 2. H2O, 10% NaOH; (b) pyridine,
methanesulphonyl chloride, 2. DMF, NaN3; (c) LiAlH4, THF, diethyl ether. Docosahexaenoyl amine was
synthesized according to the same scheme but starting with docosahexaenoic acid.

25. Börjesson SI, Parkkari T, Hammarström S, Elinder F (2010) Electrostatic Tuning of Cellular Excitability.
Biophys J 98: 396-403.
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