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Polyunsaturated fatty acids (PUFAs) affect cardiac excitability.
Kv7.1 and the p-subunit KCNE1 form the cardiac Igs channel that
is central for cardiac repolarization. In this study, we explore the
prospects of PUFAs as lgs channel modulators. We report that
PUFAs open Kv7.1 via an electrostatic mechanism. Both the poly-
unsaturated acyl tail and the negatively charged carboxyl head
group are required for PUFAs to open Kv7.1. We further show that
KCNE1 coexpression abolishes the PUFA effect on Kv7.1 by promot-
ing PUFA protonation. PUFA analogs with a decreased pKj value, to
preserve their negative charge at neutral pH, restore the sensitivity
to open Is channels. PUFA analogs with a positively charged head
group inhibit ls channels. These different PUFA analogs could
be developed into drugs to treat cardiac arrhythmias. In support of
this possibility, we show that PUFA analogs act antiarrhythmically in
embryonic rat cardiomyocytes and in isolated perfused hearts from
guinea pig.
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he cardiac action potential is initiated and maintained by

inward sodium and calcium currents and terminated by
outward potassium currents (1). The Ixs channel, formed by four
a subunits (voltage-gated potassium channel subunit Kv7.1, orig-
inally called KCNQ1 or KvLQT1) and two to four auxiliary p
subunits (Kv channel beta subunit KCNEI, 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 Ik
channel prolong the QT interval as observed in long QT syn-
drome, leading to ventricular arrhythmias, ventricular fibrilla-
tion, and sudden death (1). Gain-of-function mutations of the Ik
channel shorten the QT interval, possibly leading to arrhythmia
such as short QT syndrome or atrial fibrillation (1). Pharmaco-
logical augmentation (in the case of long QT syndrome) or in-
hibition (in the case of short QT syndrome) of Ik, 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. In Kv channels, 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-S4 of each subunit
form a voltage-sensor domain (VSD). In Kv channels, each S4
segment has several positively charged 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 coassemble with the auxiliary
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B-subunit KCNEI to recapitulate the biophysical properties of
the native cardiac Igs channel (12, 13). KCNEIl, 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 analogs as small molecules enhancing
or inhibiting the activity of the cardiac Ik, channel by changing
Ixs channel voltage dependence. We previously suggested that
PUFAs facilitate opening of the related Shaker Kv channel via
electrostatic attraction of S4 (17-20). The pharmacological sen-
sitivity of Ik to small-molecule activators has been shown to de-
pend on the Kv7.1:KCNEI stoichiometry (21-23). We therefore
also determine the impact of Kv7.1:KCNEI 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 KCNEL1 abolishes the PUFA sensitivity of the Kv7.1
channel at physiological pH, suggesting that physiologically
occurring PUFAs do not act on Ik channels in vivo. Further-
more, we identify PUFA analogs that have effects on the Ik
channel at physiological pH, increase Ik, 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 pharma-
cological drugs that target the Ik, channel to prevent cardiac
arrhythmias.

Significance

More than 300 mutations in the genes encoding the cardiac Ik
channel have been identified in patients with cardiac ar-
rhythmia. These mutations cause either loss of function or
gain of function of the Ixs channel. This study describes how
polyunsaturated fatty acids and their analogues activate or
inhibit the Ix; channel. These modulators can restore rhythmic
firing in arrhythmic firing cardiac myocytes and restore pro-
longed QT interval in guinea pig hearts. The study also de-
scribes a mechanism by which an auxiliary g-subunit alters the
pharmacological sensitivity of the lxs channel. Our findings may
form the basis for future design of antiarrhythmic compounds
that target I¢s channels for treating different cardiac arrhyth-
mias caused by mutations in the I channel.
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Results

n-3 PUFAs Open Kv7.1 Channels via an Electrostatic Mechanism. Ex-
tracellular application of the n-3 (or ®-3) PUFA docosahex-
aenoic acid (DHA) (in the concentration range of total circulating
plasma PUFAs) (24-26) activates Kv7.1 channels by shifting
the conductance vs. voltage [G (V)] curve of human Kv7.1 in
the negative direction along the voltage axis (Fig. 1 A and B)
and changing Kv7.1 channel kinetics (Fig. S1 4 and B). DHA
(70 pM) shifts the G(V) by =9.3 + 0.9 mV (n = 3). DHA (7 uM)
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. 2),
and 50% of the maximum shift is caused by 50 + 20 uM DHA
(Fig. 1C).

To determine the molecular mechanism of how DHA facili-
tates 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 (i—iii) and the DHA acyl tail
(iv) in four sets of experiments:

i) We test the effect of the uncharged PUFA analog DHA
methyl ester (70 pM) and find that it does not change the
voltage dependence of Kv7.1 (Fig. 24 and Table S1). In con-
trast, the positively charged arachidonyl amine (AA+, 70 pM)
and the positively charged docosahexaenyl amine (DHA+,
70 pM) shift the G(V) curve by +9.7 + 2.1 (n = 8) and
+7.8 = 3.0 mV (n = 10), respectively (Fig. 24). 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.

ii) 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 pK, ~ 7 (18, 27)
(illustrated in Fig. S1C). The apparent pK, value for DHA
on Kv7.1is ~7.7 as reported by the shift of the G(}) relation
(Fig. 2B). Increasing the external pH from 7.4 to 9 or 10
increases the shift in negative direction of the G(J) curve
protocol by DHA, whereas reducing the external pH to 6.5
abolishes the DHA effect (Fig. 2C).

iii) We coapply 70 pM DHA and 70 pM 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 with application
of 70 pM DHA alone (-9.3 + 0.9 mV; Fig. S2 4 and B). The
induced G(V) shift from coapplication of 70 pM DHA and
70 pM DHA methyl ester (—5.5 mV) is close to that pro-
duced by 35 pM DHA alone (—6.5 mV; Fig. S2C), as if the
uncharged DHA methyl ester competes with DHA for bind-
ing but has by itself no effect on Kv7.1 channel activation.

iv) We test the effects of another PUFA with a slightly shorter
tail [eicosapentaenoic acid (EPA)] and of the monounsatu-
rated oleic acid (Fig. 24). 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 ef-
fect (Fig. 24 and Table S1). These data suggest that a poly-
unsaturated 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 (17-19). In analogy with the mechanism for PUFA sug-
gested for the Shaker Kv channel (18, 20), we hypothesize that

Liin et al.

A kv B Kv7.1 C Kv7.1
_ [DHA] (uM)
70 M DHA 5 70uM DHA .2 s 10 100 1000
; /./ Control g0
> = 4 B
Control = 05 E
5 I
< 2 2
3[ & 0.08-e—e—0=" i 242
S 500 ms =100 -50 0 50 (GIRT

Voltage (mV)

Fig. 1. DHA shifts the voltage dependence of Kv7.1. (A) DHA (70 uM)
increases current amplitude of Kv7.1 in response to a —20-mV voltage step.
(B) DHA (70 pM) shifts the G(V) of Kv7.1. DHA (@), control (O). Dashed
curve in B is control curve shifted —10 mV. (C) Concentration dependence
of DHA effect. Mean + SEM. AV,ox = —=15.8 mV, ¢o5 = 50 pM. n = 3-5.

the negatively charged head group of PUFA interacts electro-
statically with the VSD of Kv7.1 in facilitating channel opening
and that the polyunsaturated acyl tail of PUFA is important to
locate the PUFA molecule to the otherwise phospholipid filled
space between two neighboring VSDs (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 (17). One might
thus expect that the DHA effect on Kv7.1 is altered in the
presence of KCNEI1. To explore this, we coexpress Kv7.1 with
high concentrations of KCNE1 and test the DHA sensitivity of the
heteromeric Kv7.1/KCNE1 channel. Coexpression with KCNE1
prevents 70 pM DHA from shifting the G(V) of Kv7.1 (Fig. 3 4
and B and Table S1).

We test the following three possible explanations of why KCNE1
reduces the DHA efficacy on Kv7.1 channels: (i) DHA binds to the
Kv7.1/KCNE1 channel, but its effects are masked by the strong
KCNETI effects on Kv7.1 activation gating; (i) KCNEI1 excludes
DHA from binding to a shared location on Kv7.1; and (iii) KCNEL1
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 con-
structs to distinguish among these possible explanations.
KCNET-induced reduction of DHA sensitivity is not due to altered activation
gating. We coexpress Kv7.1 with a KCNE1 construct in which the
C terminus is truncated (KCNE1AC). This construct was pre-
viously shown to associate with Kv7.1 (28) but to alter channel
kinetics and voltage dependence only to a small degree: Kv7.1/
KCNE1AC kinetics and activation voltage dependence are simi-
lar to these of Kv7.1 alone (Fig. S34). The Kv7.1/KCNE1AC
channel is, however, insensitive to 70 pM DHA (Fig. S34 and
Table S1). A strong alteration of activation gating by KCNE1 is
thus not required for suppression of DHA action.
KCNE1-induced reduction of DHA sensitivity is not dependent on Kv7.1:
KCNET1 stoichiometry. KCNE1 has been shown to eliminate the ef-
fect of Kv7.1 activators, such as R-L.3 and ML277. These com-
pounds potentiate Kv7.1 homotetrameric channels expressed
in Xenopus oocytes, but not Kv7.1 coexpressed with high levels
of KCNEI (21, 22). A gradual decrease in the potency of these
compounds is observed depending on the number of KCNEI sub-
units in the Kv7.1/KCNEI channel complex. We test whether
the potency of DHA on Kv7.1/KCNE1 channels increases if
the number of KCNEI1 subunits in the Kv7.1/KCNE1 complex is
reduced. To this end, we construct two concatemers, KCNE1-
Kv7.1-Kv7.1 and KCNE1-Kv7.1, forcing either a 4:2 or a 4:4 stoi-
chiometry of Kv7.1 and KCNEI subunits in assembled channels.
DHA (70 pM) applied to either one of the concatemeric channels
only shifts the G(I) relation by a small positive voltage (Fig. S3 B
and 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/
KCNEI 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 con-
catemeric channels (Table S1). Experiments on these concatemeric
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Fig. 2. A charged head group and a polyunsaturated acyl tail are necessary.
(A) Induced G(V) shifts for 70 pM of indicated substance. Means + SEM n =
3-8. (B) pH dependence of the G(V) shift caused by the application of 70 pM
DHA on Kv7.1. Means + SEM. AVpax = =28.0 mV, ¢os = 1.8 x 1078 = pH7.7.
n = 3-5. (C) Concentration-response curves for DHA on Kv7.1 at different
pHs. pH 9.0: AVax = —27.7 mV, ¢o5 = 10 pM; 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. +++, S4 gating charges.

channels show that a Kv7.1 channel with only two KCNE1 sub-
units is also not sensitive to DHA.
KCNET1-induced reduction of DHA sensitivity is due to protonation of DHA.
To test whether KCNEL1 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/KCNEL1 at pH 9. In
contrast to the experiments at pH 7.4 where the G(V) of WT
Kv7.1/KCNEI1 (or concatemers Kv7.1-KCNE1) is not shifted (or
slightly in positive direction for the concatemers), 70 pM DHA at
pH 9.0 shifts the G(V) curves by =26 mV (—28 to —30 mV for the
concatemers; Fig. 3 C-E and Table S1). These shifts are com-
parable to the DHA-induced G(V) shift of Kv7.1 alone at pH 9
(Table S1). These data suggest that DHA binds to Kv7.1 chan-
nels coexpressed with KCNEI1 and that KCNE1 lower the local
pH close to the head group of the PUFAs. KCNEL1 alters the
apparent pK, 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(}) curve of Kv7.1/KCNE1
toward more positive voltages (29, 30). However, this pH-induced
shift in G(I) does not per se increase the DHA sensitivity of
Kv7.1/KCNE1 because the Kv7.1/S225L/KCNE1 mutant (shifted
about +30 mV compared with WT Kv7.1/KCNE1) is not sensitive
to 70 pM DHA at pH 7.4 (mean shift: +0.5 + 0.3 mV, n = 4).

PUFA Analogs 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 (Fig. 3F, Upper), then we expect KCNE1-
induced protonation to increase the effect of amino-analogs of
PUFAs (Fig. 3F, Lower). This expectation is met by experimental
data; 70 uM 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, and Fig. S44), compared with only +9.7 + 2.1 mV (n =
8) for Kv7.1 alone (Fig. 3G and Table S1). In addition, DHA and
arachidonyl amine have opposite pH dependence of their effect
on Kv7.1/KCNEL1: the G(V) shifting potency of DHA increases
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with increasing pH, whereas the potency of arachidonoyl amine
decreases with increasing pH (Fig. S54).

To further test whether KCNEI1 reduces the effect of PUFAs
on the Kv7.1 channel via a local pH reduction, we use the PUFA
analog docosahexaenoyl glycine (DHA-Gly), whose lower pK,
value should keep the DHA-Gly molecule deprotonated at
physiological pH; 70 pM DHA-Gly shifts by a similar amount the
G(V) curves of channels formed by Kv7.1 alone and by Kv7.1
together with KCNEL1 (-25 mV; Fig. 44, Fig. S4B, and Table S1).
DHA-Gly has an apparent pK, value of 7.1 for Kv7.1/KCNEI,
which is about 1.5 pH units lower than that of DHA (Fig. 4B).
Moreover, a permanently charged PUFA analog, 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 pM of the permanently negatively charged
N-arachidonoyl taurine shifts by a similar amount the G(J) curves
of Kv7.1 channels with and without KCNE1 (-26 to —27 mV,
Table S1, Fig. 4C, and 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 KCNEL1, Kv7.1
is activated by a PUFA analog with a lower pK, value and a
PUFA analog with a permanent negative charge, supporting the
hypothesis that KCNEL1 reduces the local pH and thereby mod-
ifies the sensitivity to PUFAs. A simple model can recapitulate
the pH dependence of DHA and DHA-Gly on Kv7.1 and Kv7.1/
KCNE1 (Fig. S5 B and C). Furthermore, we also note that the
G(V) shifts of (i) Kv7.1 induced by 70 pM DHA at pH 9 and 10
(almost fully deprotonated), (ii) Kv7.1/KCNE1 by 70 pM DHA at
pH 9 (almost fully deprotonated), (iii) Kv7.1 and Kv7.1/KCNEL1
by 70 uM DHA-Gly at pH 7.4 (almost fully deprotonated), and
(iv) Kv7.1 and Kv7.1/KCNEI1 by 70 uyM 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 KCNEI.
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o ontrol
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©
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Fig. 3. KCNE1 abolishes PUFA effect on Kv7.1/KCNE1 at physiological pH.
(A-D) DHA (70 pM) applied on Kv7.1/KCNE1 at pH 7.4 (A and B) and pH 9
(C and D). DHA (@), control (O). Bold traces = 0 mV (A) or +10 mV (C).
Dashed curve in D is control curve shifted —35 mV. (E) pH dependence for
70 uM DHA. Kv7.1/KCNE1: AVjpay = —29.0 mV, ¢o5 = 2.5 x 107° = pH 8.6. n =
3-6. For Kv7.1, see Fig. 2B. (F) Model: KCNE1 changes probability of pro-
tonation of negatively charged acidic (Upper) and positively charged amine
(Lower) PUFA analogs, thereby changing PUFA-Kv7.1 voltage sensor (+++)
interactions. (G) G(V) shift induced by 70 uM DHA or AA+. n = 3-8.
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Fig. 4. PUFA analogs are effective on Kv7.1/KCNE1. (A) DHA-Gly (70 pM)
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16.3. Means + SEM; n = 9.

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 in-
teraction with the extracellular-facing part of the positively
charged voltage sensor S4, as previously suggested for PUFA-
induced opening of the Shaker channel (17, 20). To test this
hypothesis, we neutralize the outermost positive gating charge
R228 in S4 of Kv7.1 by generating a R228Q mutant channel;
70 pM DHA-Gly does not shift the G(V) curve of R228Q (Fig.
4D, Table S1, and Fig. S64). This lack of effect of DHA-Gly on
R228Q cannot be explained by an alteration in local pH caused
by the R228Q mutation because 70 pM N-arachidonoyl taurine
(which is not subject to protonation) is also ineffective on R228Q
(mean shift: +2.4 + 3.5 mV, n = 5). The voltage dependence of
the R228Q mutant is shifted toward more negative voltages
compared with WT Kv7.1. This shift in G(V) toward more nega-
tive voltages caused by the R228Q mutation does not per se re-
duce the DHA sensitivity of R228Q, because the opening of the
R228Q/F351A mutant (shifted about +25 mV toward more pos-
itive voltages compared with Kv7.1; Fig. S6B) is not facilitated by
70 uM DHA-Gly (Fig. S6B; mean shift: +4.0 + 1.0 mV, n =5). In
addition to S4 gating charge residues, other residues in the top of
S3 and S4 were previously shown to be important for the PUFA
effect on the Shaker channel (17). 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 pM
DHA-Gly on Kv7.1 (Fig. 4D) and reduce the affinity of DHA-Gly
by a factor of ~3—4 (Fig. 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 part in this electrostatic interaction, as the other gating
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charges cannot substitute for R228 when R228 is neutralized. To
further explore whether PUFASs 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 voltage-clamp fluorometry, we can detect S4 move-
ment in this construct as a change in fluorescence intensity; 70 uM
N-arachidonoyl taurine speeds up the fluorescence kinetics during
an activating test pulse (Fig. 4E) and shifts the F(}’) curve toward
more negative voltages (Fig. 4F). The mean F(V) shift induced by
70 pM 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 Analog Restores Cardiac Rhythm. We test the effect of
N-arachidonoyl taurine on isolated embryonic rat cardiomyocytes
gestation day 16, in which there is Igs expression but no Ik, ex-
pression (34); 30 pM N-arachidonoyl taurine shortens the car-
diomyocyte action potential duration (APDsg) 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. 5 4 and B and Table S2).
N-arachidonoyl taurine (30 pM) has no effect on the resting
membrane potential compared with control (Table S2) but de-
creases the action potential peak amplitude by -9 + 1 mV (Table
S2). Fig. S7A, Left, shows the current in an isolated embryonic
rat cardiomyocyte during E4031 and nifedipine treatment (to
block possible interfering Ix, and I,y -ype, respectively); 10 uM
of the I channel blocker Chromanol 293B blocks this current
by 91 + 5% (n = 3) at +10 mV, suggesting that the main part of
this current is Igs. Application of 30 uM N-arachidonoyl taurine
increases this current by 103 + 68% at +10 mV (n =5, P = 0.005;
Fig. 5C and Fig. S7A4). To induce arrhythmia in the embryonic
rat cardiomyocytes, we apply a subsaturating concentration of
Chromanol 293B, which is known to prolong the cardiac action
potential duration and induce arrhythmia (35); 5 pM Chromanol
293B increases the action potential duration (APDsg) by 30 +
11% (n = 6, P < 0.05; Fig. S7B). With time, two types of effects
(sometimes within the same cell) are seen on 5 pM Chromanol
293B application

i) In 4 of 10 cells, we see arrhythmic firing with pronounced
variation in the frequency of action potential firing (Fig. 5 D
and E and Fig. S7C). During this arrhythmic firing, there is a
large variation in action potential duration (Fig. S7D) due to
double peaks and irregular RR interval.

ii) In 9 of 10 cells, we see a slowing of the frequency of spon-
taneous action potential firing (Fig. S7 E and 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, 30 pM
N-arachidonoyl taurine reverses the effect: abolishing the ar-
rhythmic firing (Fig. 5F and Fig. S7C) or restoring the frequency
of spontaneous action potential firing (Fig. S7G; the RR interval
in coapplication of Chromanol 293B and N-arachidonoyl taurine
is not significantly different to control, P > 0.05).

PUFA Analog Restores QT Interval. To test the effect of a PUFA
analog on an intact heart, we apply DHA-Gly on isolated per-
fused guinea pig hearts. To mimic a long QT setting, first,
0.03 pM of the Ik, blocker E4031 is perfused into the guinea pig
heart to prolong the QT interval and action potential duration (Fig.
5 G-I). Twenty-minute perfusion of 0.03 pM EA4031 increases the
QT interval by 23.6 + 3.6 ms (n = 3, P < 0.05) and prolongs the
action potential duration (APDy) by 14.3 + 2.2 ms (n = 3, P < 0.05).
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Fig. 5. Antiarrhythmic effect of PUFA analogs. (A and B) Effect of 30 pM
N-AT on action potential duration and frequency in isolated embryonic rat
cardiomyocytes. (C) Example of the effect of 30 uM N-AT on current am-
plitude in isolated embryonic rat cardiomyocytes. Gray 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 pM
Chromanol 293B or 5 pM Chromanol 293B + 30 uM N-arachidonoyl taurine
(N-AT) in isolated embryonic rat cardiomyocytes. (G and H) Representative
example of effect of 0.03 uM E4031 and 10 pM DHA-Gly on QT interval
(G) and action potential duration (H) in isolated perfused guinea pig heart.
Hearts are paced at 250 beats/min. () Summary of effect of 0.03 uM E4031
and 10 pM DHA-Gly on QT interval and action potential duration (APDgo) in
isolated perfused guinea pig heart. Means + SEM; n =3. Statistical signifi-
cance compared with control.

Perfusion of the guinea pig heart with 0.03 uM E4031 together
with 10 pM DHA-Gly reverses the E4031-induced QT prolonga-
tion and E4031-induced prolongation of action potential duration
(Fig. 5 G-I). Perfusion with 0.03 pM E4031 or 10 pM DHA-Gly
produces no significant effects on intrinsic heart rate (Fig. STH).

Discussion

In this study, we showed that small molecules (PUFAs and PUFA
analogs) 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. KCNEI reduces
the Kv7.1 channel sensitivity to regular PUFAs by promoting
PUFA protonation. In contrast, KCNE1 increases the Kv7.1 chan-
nel sensitivity to the positively charged PUFA analog arachidonyl
amine by promoting amine protonation. The effect on Kv7.1 of
the PUFA analogs docosahexaenoyl glycine, which has a lower
pK. value, and of N-arachidonoyl taurine, which is permanently
charged, are not modified by KCNE1 coexpression. Thus, un-
derstanding the mechanism for how KCNE1 tunes the pharma-
cological sensitivity of Kv7.1 allows us to chemically bypass the
auxiliary subunit interference of KCNEL.

The similarity in PUFA modulation of Kv7.1 (reported here)
and the Shaker Kv channel (17, 18, 20) 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 sev-
eral voltage-gated ion channels by directly affecting the voltage
sensor movement. One of the key findings in the present work is,
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however, that the coexpression of Kv7.1 with KCNE1 modulates
the PUFA effect on the Kv7.1 channel by altering PUFA pro-
tonation. This finding 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 hypoexcitable
and antiarrhythmic effect of fish oil and PUFAs on the heart
(38-42). One main hypothesis put forward to explain the bene-
ficial effect is PUFA-induced inhibition of cardiac sodium and
calcium channels (41-46). Some studies also describe shortening
of the cardiac action potential on PUFA administration (47, 48).
PUFA-induced shortening of the cardiac action potential could
theoretically be explained by PUFA-induced augmentation of
the Ik, channel. Our experiments in Xenopus oocytes show that
whereas the voltage dependence of Kv7.1 expressed alone is
affected by PUFAs, the voltage dependence of Kv7.1 in complex
with KCNEI1 is not affected by DHA. This finding suggests that
PUFAs and fish oil do not act antiarrhythmically by altering the
voltage dependence of the Kv7.1/KCNEI1 channel. Recently,
Moreno et al. found that acute DHA and EPA applications in-
creased the Kv7.1/KCNE1 currents and that acute EPA appli-
cation shifted the Kv7./KCNE1 activation moderately to more
hyperpolarized voltages (49). However, chronic applications of
DHA and EPA did not increase the currents, and EPA even
shifted the activation moderately to more depolarized voltages.
Chronic EPA and DHA application also redistributed the Kv7.1
subunits and decreased their expression levels (49). The complex
results from Moreno et al. suggest that more studies are neces-
sary to clarify the clinical relevance of the effects of PUFAs on
Iks channels. However, our findings here show proof of principle
that PUFA analogs can be designed as Ik channel activators or
inhibitors targeting the VSD of Ix channels. Because PUFA
analogs can be designed as either channel activators or inhibitors
depending on the charge of the head group, these analogs have
the potential to be useful to prevent cardiac arrhythmias caused by
either loss-of-function or gain-of-function I, mutations, as in long
QT syndrome or short QT syndrome, respectively. The prospect of
PUFA analogs as clinical Ixs channel modulators is supported
by our results showing antiarrhythmic 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

For detailed description of material and methods, see S/ Materials and Methods.

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 KCNE1AC) was injected into each oocyte. Coinjection is
referred to as Kv7.1/KCNE1 and concatemers as KCNE1-Kv7.1 or KCNE1-Kv7.1-
Kv7.1. Voltage-clamp fluorometry experiments were performed as previously
described on oocytes labeled for 30 min with 100 uM Alexa488 maleimide
(Molecular Probes) at 4 °C (31-33). Synthesis of arachidonyl amine and
docosahexaenoyl amine was performed as described in Fig. S8.

Experiments on Rat Cardiomyocytes. Embryonic rat cardiomyocytes were iso-
lated from Sprague-Dawley rats on gestation day 16. Rat experiments were
approved by the Link&ping Animal Ethics Committee at Linképing University
and guinea pig experiments were approved by The Animal Experiments In-
spectorate under the Danish Ministry of Food, Agriculture and Fisheries
(University of Copenhagen). For current measurements, 1 pM E-4031 and 10 pM
nifedipine were added to the extracellular solution. All experiments were
carried out at 35 °C. Spontaneous action potential characteristics were ana-
lyzed during a stable 60-s recording. Effects of Chromanol 293B on APDsg
were analyzed from the first 30 s of the trace after Chromanol 293B appli-
cation. To analyze current amplitude, the holding voltage was set to —70 mV,
and the steady-state current at the end of test pulses ranging from —70 to
+40 mV was measured.

Isolated Perfused Heart Preparations. The excised heart from female Dunkin

Hartley guinea pigs was mounted on a Langendorff perfusion apparatus
and perfused at a constant pressure of 60 mmHg. Pacing periods consisted of
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2-min pacing at 250 BPM. The heart was stabilized for a minimum of 30 min,
followed by 2 min of pacing to record baseline electrocardiogram and APDgq;
0.03 pM E4031 was added to the perfusate for 20 min, and data were acquired
during 2-min atrial pacing. DHA-Gly (10 uM) was added to the perfusate, and
the heart was paced for 2 min every 10th minute.

Electrophysiological Analysis. To quantify Vy,, tail currents were plotted against
the prepulse (test) voltage, and the following Boltzmann relation was fitted

to the data:
G(V)=A/{1+eprsz—v)/sH, (]

where Vy; is the midpoint, and s the slope factor. To quantify the concen-
tration dependence and pH dependence of the DHA-induced shift of volt-
age dependence, AV, the following equation was used:

AV =AVipax /[1 + (Co5/9)], 2]

where AV, is the maximal shift, ¢y 5 is the concentration causing 50% of
the maximal shift, and c is the concentration of DHA (or H™).
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Statistical Analysis. Data are means + SEM. Mean values for G(V) shifts were
analyzed using a two-tailed one-sample t test compared with a hypothetical
value of 0 or where mean values compared with each other. PUFA effects on
VSD mutants were analyzed using one-way ANOVA comparing the PUFA
effect on each mutant with the PUFA effect on Kv7.1 WT (Dunnett’s multiple
comparison test). Compound effects on cardiomyocytes were analyzed using
a paired two-tailed t test. Compounds effects on guinea pig hearts were
analyzed using one-way ANOVA with Turkey’s multiple comparison test. P <
0.05 is considered statistically significant.
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