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Abstract

Voltage-gated potassium (Kv) channels are important regulators of cellular excitability
and control action potential repolarization in the heart and brain. Kv channel mutations
lead to disordered cellular excitability. Loss-of-function mutations, for example, result in
membrane hyperexcitability, a characteristic of epilepsy and cardiac arrhythmias.
Interventions intended to restore Kv channel function have strong therapeutic potential
in such disorders. Polyunsaturated fatty acids (PUFAs) and PUFA analogues comprise
a class of Kv channel activators with potential applications in the treatment of
arrhythmogenic disorders such as Long QT Syndrome (LQTS). LQTS is caused by a
loss-of-function of the cardiac Iks channel - a tetrameric potassium channel complex
formed by Kv7.1 and associated KCNE1 protein subunits. We have discovered a set of
aromatic PUFA analogues that produce robust activation of the cardiac Iks channel and
a unique feature of these PUFA analogues is an aromatic, tyrosine head group. We
determine the mechanisms through which tyrosine PUFA analogues exert strong
activating effects on the Iks channel by generating modified aromatic head groups
designed to probe cation-pi interactions, hydrogen bonding, and ionic interactions. We
found that tyrosine PUFA analogues do not activate the Iks channel through cation-pi
interactions, but instead do so through a combination of hydrogen bonding and ionic

interactions.
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Introduction

The delayed rectifier potassium channel (Iks) underlies a critical repolarizing current that
determines the timing of the ventricular action potential®. The cardiac Iks current is
mediated by the association of the voltage gated K* channel Kv7.1 a-subunit with the
KCNE1 B-subunit®*. The Kv7.1 a-subunit consists of 6 transmembrane spanning
segments, denoted S1-S6 where S1-S4 form the voltage sensing domain (VSD) and
S5-S6 form the pore domain (PD)%. The S4 segment contains several positively charged
arginine residues that allow S4 to move outward, towards the extracellular side of the
membrane, when the membrane becomes depolarized®. This outward movement of the
S4 is transformed into pore opening as a result of conformational changes in the S4-S5
linker of Kv7.17. Co-expression of KCNE1 with Kv7.1 imparts a more depolarized
voltage-dependence of activation, slower activation kinetics, and increased single
channel conductance compared to Kv7.1 alone®?®. Loss-of-function mutations in the
cardiac Iks channel can lead to an arrhythmogenic disorder known as Long QT
Syndrome (LQTS), which predisposes individuals to ventricular fibrillation and sudden
cardiac death'®-'2, Current treatments for LQTS include pharmacological intervention
with B-blockers or surgical implantation of a cardioverter defibrillator'3. However,
limitations of these treatments generate a need for novel therapeutic interventions to

treat LQTS.

Polyunsaturated fatty acids (PUFAs) are amphipathic molecules composed of a
charged hydrophilic head group and a long, polyunsaturated hydrophobic tail group™. It

is well-documented that PUFAs form a group of Iks channel activators that interact with
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the channel voltage sensing domain (VSD) thus influencing the voltage dependence of
Iks channel activation’®-'7. PUFAs promote Iks channel activation through an
electrostatic interaction between the negative charge of the hydrophilic PUFA head and
positively charged arginine residues in the S4 segment of the Iks channel'’-20 This
electrostatic activation of the Iks channel is seen as a leftward shift in the voltage
dependence of Iks channel activation that leads to increases in Iks current. Recently, it
has been reported that PUFAs increase Iks current through two independent effects:
one on S4 (as described above) and one on the pore domain through an electrostatic
interaction with a positively charged lysine residue located in S6 (K326)2"22, This
electrostatic interaction with the K326 mediates an increase in the maximal
conductance (Gmax) of the Iks channel?'?2. The mechanism through which the negatively
charged PUFA head group interacts with positive charges of S4 and S6 is called the
lipoelectric hypothesis where the polyunsaturated tail of PUFAs and PUFA analogues
incorporates into the cell membrane via hydrophobic interactions and electrostatically
attracts the outermost gating charges of S4 as well as positively charged K326 in the S6

PUFA analogues that have the most robust effects on increasing Iks current are those
that have a low pKa value and thus possess a negatively charged head group at
physiological pH?*. Examples include PUFAs with glycine or taurine head groups which
possess either a carboxyl or sulfonyl head group, respectively?*2%. We have observed
that another PUFA analogue, N-(a-linolenoyl) tyrosine (NALT), has robust effects on Iks

current. NALT is unique in that it possesses a large aromatic tyrosine head group rather
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than a carboxyl or sulfonyl group present in most of the PUFAs and PUFA analogues
that we have characterized. NALT induces a potent leftward shift in the voltage
dependence of Iks channel activation and an increase the maximal channel
conductance, thus increasing overall ks current. Here, we aim to determine the
mechanism behind Iks activation by NALT using PUFA analogues with aromatic and

modified aromatic head groups.
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95  Materials and Methods
96  Molecular Biology
97  Kv7.1 and KCNE1 channel cRNA were transcribed using the mMessage mMachine T7
98 kit (Ambion). 50 ng of cRNA was injected at a 3:1, weight:weight (Kv7.1:KCNE1) ratio
99 into defolliculated Xenopus laevis oocytes (Ecocyte, Austin, TX) for Iks channel
100  expression. Injected cells were incubated for 72-96 hours in standard ND96 solution (96
101 mM NaCl, 2 mM KCI, 1 mM MgClz, 1.8 mM CaClz, 5 mM HEPES; pH = 7.5) containing
102 1 mM pyruvate at 16°C prior to electrophysiological recordings.
103
104  Primers for Kv7.1 mutations:
105 R231Q/Q234R - cggccatcaggggTatccAAttTctgAGAatcctgagAatg
106 K326C — ccagacgtgggtcgggTGCaccatcgcctcctgcttc
107  S225A - caggtgtttgccacgGCCgcTatcaggggTatccgcttce
108  Q220L - gtgggctccaagggAcT Tgtgtttgccacgtcgg
109  T224V - ggggcaggtgtttgcAGTgtcggcTatcaggggcatc
110  S217A — gtcctetgegtgggecGecaaggggcaggtgtttg
111
112 PUFA Analogues and Fluorinated PUFAs
113 Commercially available PUFAs N-(a-linolenoyl) tyrosine (NALT) item number 10032 and
114  linoleoyl phenalanine (Lin-phe) item number 20063 were obtained from Cayman
115  Chemical (Ann Arbor, MI.) or Larodan (Solna, Sweden). Linoleoyl tyrosine (Lin-tyr),
116  Docosahexaenoyl tyrosine (DHA-tyr), and Pinolenoyl tyrosine (Pin-tyr) were synthesized

117  as described previously (Larsson et al., 2020, JGP). NAL-phe, 4Br-NAL-phe, 4F-NAL-
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118 phe, 3,4,5F-NAL-phe, and 3F-NALT were synthesized similarly, with detailed

119  descriptions of the synthesis procedures for each compound provided in the

120  supplemental methods. PUFA analogues were kept at -20° C as 100 mM stock

121  solutions in ethanol except 4Br-NAL-phe, 4F-NAL-phe, 3,4,5F-NAL-phe, and 3F-NALT
122 where stock solutions were prepared as needed on the day of recording. Serial dilutions
123 of the different PUFAs were prepared from stocks to make 0.2 uM, 0.7 yM, 2.0 uM, 7.0

124 uM, and 20 pM concentrations in ND96 solutions (pH = 7.5).

125

126  Two-electrode voltage clamp (TEVC)

127  Xenopus laevis oocytes, co-expressing wild type Kv7.1 and KCNE1, were recorded in
128  the two-electrode voltage-clamp (TEVC) configuration. Recording pipettes were filled
129  with 3 M KCI. The recording chamber was filled with ND96 (96 mM NaCl, 2 mM KClI, 1
130 mM MgClz, 1.8 mM CaClz, 5 mM Tricine; pH 9). Dilutions of PUFAs and PUFA

131 analogues were perfused into the recording chamber using the Rainin Dynamax

132 Peristaltic Pump (Model RP-1) (Rainin Instrument Co., Oakland, CA. USA).

133 Electrophysiological recordings were obtained using Clampex 10.3 software (Axon,
134 pClamp, Molecular Devices). During the application of PUFAs the membrane potential
135  was stepped every 30 sec from -80 mV to 0 mV for 5 seconds before stepping to -40
136 mV and back to -80 mV to ensure that the PUFA effects on the current at 0 mV reached
137  steady state (Fig. 1D). A voltage-step protocol was used to measure the current vs.
138  voltage (I-V) relationship before PUFA application and after the PUFA effects had

139  reached steady state for each concentration of PUFA. Cells were held at -80 mV

140 followed by a hyperpolarizing prepulse to -140 mV to make sure all channels are fully
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141 closed. The voltage was then stepped from -100 to 60 mV (in 20 mV steps) followed by
142  a subsequent voltage step to -20 mV to measure tail currents before returning to the -80
143 mV holding potential.

144

145  Data analysis

146  Tail currents were analyzed using Clampfit 10.3 software in order to obtain conductance
147  vs. voltage (G-V) curves to determine the voltage dependence of channel activation.
148  The Vos, the voltage at which half the maximal current occurs, was obtained by fitting

149  the G-V curves from each concentration of PUFA with a Boltzmann equation:

Gmax
1+ eos=V)/s

150 G(V) =
151 where Gmax is the maximal conductance at positive voltages and s is the slope factor in
152 mV. The current values for each concentration at 0 mV (I/lo) were used to plot the dose

153  response curves for each PUFA. These dose response curves were fit using the Hill

154  equation to obtain the Km value for each PUFA:

155

156 T4
lo 1+K;r,f

157

158  where A is the fold increase in current caused by the PUFA at saturating

159  concentrations, Km is the apparent affinity of the PUFA, x is the concentration, and n is
160  the Hill coefficient. Fitted maximum values derived from the dose response curves are
161  reported for each of the effects (I/lo, AVo.s, and Gmax) from the different PUFAs tested. In

162  some cases, there is variability in the Vo between batches of oocytes. In order to
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163  correct for variability due to oocytes, when the Vo5 was greatly different than 20 mV in
164  control solution, we applied a correction in order to more accurately measure PUFA-
165 induced Iks current increases. We subtracted the Vos (given by fitting the G-V with a
166  Boltzmann equation) by 20 mV and used the current measured at the resulting voltage.
167 The maximum conductance (Gmax) was calculated by taking the difference between the
168  maximum and minimum current values (using the G-V curve for each concentration)
169  and then normalizing to control solution (0 uM). Graphs plotting mean and standard
170  error of the mean (SEM) for I/lo, AVo.5, Gmax, and Km were generated using GraphPad
171  Prism (GraphPad Software, La Jolla, CA).

172

173 Statistics

174  Unpaired t-tests and one-way ANOVA with multiple comparisons statistics were

175  computed using GraphPad Prism (GraphPad Software, La Jolla, CA). Results were
176  considered significant if p < 0.05.

177
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Results

Diverse PUFA analogues with a tyrosine head group activate the Ixs channel

To measure the effects of the aromatic PUFA analogues on the cardiac Iks channel, we
expressed the Iks channel complex in Xenopus laevis oocytes (Fig. 1A). We co-injected
MRNA for the Kv7.1 a-subunit and the KCNE1 B-subunit to achieve expression of
tetrameric Iks channels. Using two-electrode voltage-clamp recordings, we applied
depolarizing voltage steps to activate the Iks channel (Fig. 1B) before and after applying
four different tyrosine PUFA analogues: N(a-linolenoyl)-tyrosine (NALT), Linoleoyl
tyrosine (Lin-tyrosine), Docosahexanoyl tyrosine (DHA-tyrosine), and Pinoleoyl tyrosine
(Pin-tyrosine) (Fig. 1C). From these voltage-clamp experiments we are also able to
acquire dose response curves for different aspects of Iks channel activation, including
changes in overall Iks current (I/lo, Fig. 1D), changes in the voltage-dependence of
activation (AVos, Fig. 1E), and changes in the maximal channel conductance
(Gmax/Gmaxo, Fig. 1F). NALT, Lin-tyr, DHA-tyr, and Pin-tyr all activate the cardiac Iks
channel by shifting the voltage dependence of Iks channel activation to more negative
voltages (NALT: -56.2 + 3.6 mV; Lin-tyr: -74.4 + 4.1 mV; DHA-tyr: -72.0 + 4.9 mV; and
Pin-tyr: -60.5 £ 5.8 mV at 20 uM; Fig. 1E) and increasing the maximal conductance
(NALT: 1.43 + 0.3; Lin-tyr: 2.0 + 0.6; DHA-tyr: 1.5 + 0.2; and Pin-tyr: 1.8 + 0.4 at 20 uM;
Fig. 1F). Together the left shift in Vo.s and the increase in Gmax increase the overall Iks
current measured in response to a voltage step close to 0 mV (NALT: 5.14 +1.2; Lin-

tyr: 12.8 + 2.1; DHA-tyr: 5.0 £ 0.9; and Pin-tyr: 5.8 £ 0.9 at 20 uM; Fig. 1D: See Methods

10
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for calculation of I/lo). In comparison, Lin-glycine (a known Iks channel activator; Fig. 1C)
causes only modest leftward voltage shifts (-30.8 + 5.4 mV at 20 uM; Fig. 1E), but
similar increases in maximal conductance (2.6 + 0.5 at 20 uM; Fig. 1F) and I/lo current

(6.7 £ 1.1 at 20 uM; Fig. 1D) as for most tyrosine PUFAs.

B +60 mV C °ri —
A20my  |-20mV " N(a-linoleoyl)-tyrosine (NALT)
-80 mV [ L-80mV Y et -
Kv7.1 KCNE1 | -100 mV [ " Linoleoy! tyrosine (Lin-tyr)
1115, 1% N oy 140 my \l/ ('Vw:'v‘\f AN,
l uélllth -~ Docosahexanoyl tyrosine (DHA-tyr)
' 0.5 uAL | Lo ACAAN
. 1sec 7 Pinoleoyl tyrosine (Pin-tyr)

K,7.1/KCNE1 (1)

° I:inoleoyi glycine (Lin-gl;)

D E )
20 - Concentration (uM)
-o- NALT ) 10 5 —e NALT
—-o— Lin-tyrosine 0, i —e— Lin-tyrosine
15 —& DHAdyrosine 0 o4 —+ DHA-yrosine
-~ Pinyrosine - o —— Pin-tyrosine
. Lin-glycine E 25 (% 3] - Linglycine
B 8 gl
2 504 o= NALT £ 2 i 4
5 -8~ Lin-tyrosine O ——1
75 & DHAdyrosine 1- -
-e- Pin-tyrosine =
0 T T Lin-glycine 0
0.1 1 10 100 - 0.1 1I 10
Concentration (uM) Concentration (uM)
205
206  Fig. 1 - PUFA analogues with a tyrosine head group are strong lks channel activators. A)
207  Schematic of two electrode voltage-clamp setup (Inset: Iks channel cartoon + PUFA (pink)). B)
208  Voltage protocol (top) with representative Ky7.1/KCNE1 (Iks) current (bottom). C) Structures of
209  NALT, Lin-tyrosine, DHA-tyrosine, and Pin-tyrosine (with Lin-glycine for comparison). D-F) /o,
210  E) AVos, and F) Gnax dose response curves for NALT (black circles) (n=4), Lin-tyrosine (pink
211  circles) (n=4), DHA-tyrosine (teal circles) (n=3), Pin-tyrosine (purple circles) (n=5), and Lin-
212 glycine (gray dotted line) (n=3). Values for all compounds and concentrations available in Figure
213 1-source data 1.

11
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214
215  Distal -OH group is necessary for robust activation of the Ixs channel.

216  Amino acids with aromatic groups (like tryptophan, tyrosine, and phenylalanine) can
217  participate in cation-pi interactions?®. Cation-pi interactions take place between the pi-
218 electrons of an aromatic ring and positively charged (cationic) groups (such as arginine
219  and lysine)?. If tyrosine PUFAs activate the Iks channel via cation-pi interactions, we
220  would expect that other aromatic groups (such as phenylalanine) would similarly affect
221  Iks activation. We tested two different PUFA analogues that both contain a

222  phenylalanine head group — Linoleoyl phenylalanine (Lin-phe) and N-(a-linolenoyl)

223 phenylalanine (NAL-phe) (Fig. 2A). Lin-phe and NAL-phe both increase I/lo (Lin phe: 2.6
224  +£0.3; and NAL-phe: 2.4 + 0.5 at 20 uM; Fig. 2B-D), causing a modest leftward shift the
225  Vos(Lin-phe: -13.1 £ 2.9 mV; and NAL-phe: -12.5 + 3.8 mV at 20 uM; Fig 2E-F).

226  However, Lin-phe and NAL-phe have minimal effects on the Gmax (Lin phe: 1.2 + 0.1;
227 and NAL-phe: 1.2 + 0.2 at 20 uM; Fig 2G-H). All of these effects (I/lo, AVo.5, and Gmax)
228  are reduced in comparison with tyrosine PUFAs, with Lin-phe and NAL-phe causing
229  significantly smaller increases in I/lo compared to Lin-tyrosine (p = 0.0004***; Fig. 2D).
230 In addition, both NALT and Lin-tyrosine cause a significantly greater AVo.s compared to
231  NAL-phe and Lin-phe (p < 0.0001****; Fig. 2F). Together, these differences suggest that
232 cation-pi interactions are not the primary mechanism through which tyrosine PUFAs
233 activate the Iks channel. Rather, our data suggest that it is actually the presence of the

234 distal -OH group on the aromatic head group that is critical for the potent activation of

12
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235
236

237
A

pronounced reductions in PUFA efficacy.

B C
e = -

Gmax/Gmax, (20 uM)

the Iks channel because the loss of this -OH group (Lin-phe and NAL-phe) results in

NALT NAL-phenylalanine
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1 - NALT
\"l] N-(o-linoleoyl)-phenylalanine [t A é Lé o --- Lin-tyrosine o’
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reme L — 5
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B T T e n 0 T T
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(]
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1 10 FFF NAL-phenylalanine
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PR Lin.tyrosine T 0.1 1 10
100- -100- Concentration (uM)
238  Fig. 2 — The distal hydroxyl (-OH) group of tyrosine PUFA analogues is necessary for
239  robust Iks channel activation. A) Structures of NAL-phe and Lin-phe. B) Representative
240  current traces for NALT (gray), NAL-phe (black), Lin-tyr (pink), and Lin-phe with 0 uM PUFA
241  (left) and 20 uM PUFA (right). C,E,G) l/lo, E) AVo5, and G) Gmax dose response curves for NAL-
242 phe (n=4) and Lin-phe (n=4) with dotted lines representing dose response of NALT (n=4) and
243 Lin-tyr (n=4). D,F,H) Maximum effects on D) I/lo, F) AVos, and H) Gmax (at 20 uM) for NAL-phe
244 (n=4), Lin-phe (n=4), NALT (n=4), and Lin-tyr (n=4). (Asterisks indicate statistically significant
245  differences determined by one-way ANOVA with Tukey’s test for multiple comparisons.) Values
246  for all compounds and concentrations available in Figure 2-source data 2.
247

*kk

*k
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248  Electronegative groups on aromatic ring are important for increases in maximal

249  conductance.

250  Our data thus far indicates that it is the presence of the -OH group, not cation-pi

251 interactions, that is critical for pronounced Iks channel activation by tyrosine PUFAs. The
252 -OH group found in tyrosine PUFAs is highly electronegative. To test how

253  electronegativity influences Iks channel activation, we compared three modified

254  phenylalanine PUFAs, that all include a highly electronegative group(s) attached to the
255  aromatic ring. We compared N-(a-linolenoyl)-4-bromo-L-phenylalanine (4Br-NAL-phe),
256  N-(a-linolenoyl)-4-fluoro-L-phenylalanine (4F-NAL-phe), and N-(a-linolenoyl) 3,4,5-

257  trifluorophenylalanine (3,4,5F-NAL-phe) (Fig. 3A). 4Br-NAL-phe, 4F-NAL-phe, and

258  3,4,5F-NAL-phe application increases I/lo (4Br-NAL-phe: 4.6 + 0.1 at 20 uM; 4F-NAL-
259 phe: 4.6 + 1.1 at 20 uM; 3,4,5F-NAL-phe: 7.1 + 1.0 at 20 uM; Fig. 3B-D), causes a

260 leftward shift in the Vo5 (4Br-NAL-phe: -22.8 + 2.0 mV; 4F-NAL-phe: -23.9 + 0.8 mV;
261  3,4,5F-NAL-phe: -32.4 + 4.9 mV at 20 uM; Fig 3E-F), and increases the Gmax (4Br-NAL-
262  phe: 1.9 + 0.1 at 20 uM; 4F-NAL-phe: 2.0 £ 0.5; 3,4,5F-NAL-phe: 2.4 + 0.4 at 20 uM;
263  Fig. 3G-H). Increasing the number of highly electronegative groups significantly

264  improves the effects of phenylalanine PUFAs on increasing I/lo and shifting the Vo,

265  evidenced by significant increases in I/lo (p = 0.0186*; Fig. 3D) and a significantly

266  greater leftward shift in the Vos (p = 0.0096**; Fig. 3F) from 3,4,5F-NAL-phe compared
267 to NAL-phe alone. Interestingly, though, NALT still causes the most prominent left-shift
268 in the Vo.scompared to 4Br-, 4F-, and 3,4,5F-NAL-phe (p = 0.0003***; p = 0.00028***;
269 and p = 0.0021**, respectively). These data suggest that the presence of highly

270  electronegative groups improve the activating effects of phenylalanine PUFAs on the Iks
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271  channel. However, they do not completely recapitulate the effects of tyrosine PUFAs on
272 the shift in Vos of the Iks channel.
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274  Fig. 3 — The addition of electronegative atoms to phenylalanine PUFA analogues
275  strengthens lks channel activation through improved effects on Gmax. A) Structures of 4Br-
276  NAL-phe, 4F-NAL-phe, and 3,4,5F-NAL-phe B) Representative traces for 4Br-NAL-phe (pink),
277  4F-NAL-phe (teal), and 3,4,5F-NAL-phe (purple) with 0 uM PUFA (left) and 20 uM PUFA (right).
278  C,E,G) I/lo, E) AVos, and G) Gmax dose response curves for NAL-phe (n=4), 4Br-NAL-phe (n=3),
279  4F-NAL-phe (n=4), and 3,4,5F-NAL-phe (n=5) with dotted line representing dose response of
280  NALT (n=4). D,F,H) Maximum effects on D) I/lo, F) AVos, and H) Gnax (at 20 uM) for 4Br-NAL-
281  phe (n=3), 4F-NAL-phe (n=4), and 3,4,5F-NAL-phe (n=5). (Asterisks indicate statistically
282  significant differences determined by one-way ANOVA with Tukey’s test for multiple
283  comparisons.) Values for all compounds and concentrations available in Figure 3-source data 3.
284
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285  Hydrogen bonding is important for pronounced leftward shifts in Iks channel voltage

286  dependence.

287  The presence of the -OH group on tyrosine PUFA analogues or the addition of

288  electronegative groups to the phenylalanine head group improves Iks activation.

289  However, a persistent and striking difference between tyrosine PUFAs and modified

290 phenylalanine PUFAs in the magnitude of their voltage-shifting effects with the tyrosine
291 PUFAs having an almost twice as big voltage shift effect than the modified

292  phenylalanine PUFAs (Fig. 3E-F). One explanation for this discrepancy is that the -OH
293  group can also behave as a hydrogen bond donor. To determine if hydrogen bonding
294  contributes to the activating effects of tyrosine PUFA analogues, we applied the

295  modified aromatic PUFA analogue N-(a-linolenoyl)-3-fluoro-L-tyrosine (3F-NALT), which
296 has a fluorine atom adjacent to the tyrosine hydroxyl group (Fig. 4A). The addition of the
297  fluorine atom reduces the pKa of the distal hydroxyl group and increases the hydrogen
298  bonding ability of said group in 3F-NALT as compared to NALT. Overall, the maximum
299  effects on l/lo are similar for 3F-NALT and NALT (3F-NALT: 5.0 + 1.0; NALT: 5.14 + 1.2
300 at20 uM; p =0.7257, ns; Fig. 4B-D). Notably, 3F-NALT induces a significantly greater
301  maximum shift in the Vo5 (-69.3 + 1.4 at 20 uM) compared to NALT (-56.1 + 3.6 AT 20
302 uM) (p = 0.0298%; Fig. 4E-F), while the effects on Gmax are not significantly different

303  between 3F-NALT and NALT (3F-NALT: 1.3 + 0.3; NALT: 1.4 + 0.3 at 20 uM; p =

304 0.7324, ns; Fig. 4G-H). These data demonstrate that increasing the hydrogen bonding
305 capacity of the -OH group increases the maximum shift in Iks channel voltage

306 dependence. This implicates hydrogen bonding as an important mechanism for Iks
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307 activation and preferentially influences the effects on the voltage dependence of Iks
308  activation.
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309
310 Fig. 4 — Hydrogen bonding through the distal -OH group of tyrosine PUFAs is important
311 for effects on Iks channel voltage dependence. A) Structures of NALT and 3F-NALT. B)
312  Representative traces of NALT (gray) and 3F-NALT (cyan) with 0 uM PUFA (left) and 20 uM
313  PUFA (right). C,E,G) I/lo, E) AVos, and G) Gnax dose response curves for NALT (black dashed
314  line) (n=4) and 3F-NALT (cyan) (n=3). D,F,H) Maximum effects on D) l/lo, F) AVo5, and H) Gmax
315  (at 20 uM) for 3F-NALT (n=3) and NALT (n=4). Values for all compounds and concentrations
316 available in Figure 4-source data 4.
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317  Aromatic PUFAs appear to activate the Ixs channel in similar mechanisms as non-

318 aromatic PUFAs

319  To better understand the mechanism of these superior activating aromatic PUFAs we
320 mutated residues previously shown to be important for non-aromatic PUFA activating
321 effects on Iks channels. The residue R231, located in the voltage sensor (S4) (Fig. 5A),
322  has been previously shown to be important for the Vo5 shifting effect of non-aromatic
323  PUFAs?2. We tested Lin-tyr, the largest Vo s shifting aromatic PUFA, on the ks channel
324 with the mutation R231Q+Q234R to assess if R231 is also important for the aromatic
325 PUFA Vos shifting mechanism. The additional mutation Q234R is necessary to preserve
326  the voltage dependence of activation in Iks channels with the R231Q mutation?228.29,
327  The Vos shifting effect of Lin-tyr was significantly decreased from -74.4mV + 4.1 at 20
328  uM in the wild-type (WT) Iks channel to -36.5mV + 7.3 at 20 uM with the R231Q+Q234R
329  mutation (p = 0.0021**; Fig. 5B-C). This reduction indicates that R231 contributes to
330  more than half of the voltage dependence shifting effect of Lin-tyr. The remaining shift is
331 most likely due to PUFA head group interactions with other nearby S4 charges such as

332 R228 and Q234R.

333  The residue K326, located near the pore, has been previously shown to be important for
334  the Gmax increasing effect of non-aromatic PUFAs?2. We tested 3,4,5F NAL-phe, the

335 largest Gmax increasing aromatic PUFA, on the Iks channel with the mutation K326C to
336  assess if K326 is also important for the aromatic PUFA Gmax increasing mechanism

337  (Fig. 5D). The Gmax increasing effect of 3,4,5F NAL-phe was significantly decreased

338 from 2.4 + 0.4 at 20 uM in the WT Iks channel to 1.22 + 0.2 at 20 uM (p = 0.0287*; Fig.
339  5E-F). This reduction indicates that K326 is necessary for 3,4,5F NAL-phe’s Gmax
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340 increasing effect. Therefore, aromatic PUFA analogues modulate the Iks channel via two
341 independent interactions with residues in S4 (R231) and S6 (K326), consistent with the

342  previously described activation mechanisms of PUFAs on Iks channels (Fig. 5G).
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343  Fig. 5 - Proposed mechanisms of aromatic PUFAs. A) Structure of Ky7.1 voltage sensing
344  domain (VSD) (based on PDB: 6VOO0A projected using PyMOL Software (Schrédinger, L. &
345 Delano, W., 2020. PyMOL). Pink spheres indicate mutated residues in the S4 segment,

346  R321Q-Q234R — which are implicated in PUFA-mediated effects on voltage dependent

347  activation. B) AVos dose response curve for WT Ky7.1/KCNE1 + Lin-tyr (pink) (n=4) and Kv7.1-
348  R231Q-Q234R/KCNE1 + Lin-tyr (black) (n=4). C) Maximum effects on AVos(at 20 uM) for WT
349  Kv7.1/KCNE1 + Lin-tyr (n=4) and Kv7.1-R231Q-Q234R/KCNE1 + Lin-tyr (n=4). D) Structure of
350  Kv7.1 pore domain (PD). Yellow spheres indicates mutated residue in the S6 segment, K326C —
351  which is implicated in PUFA-mediated effects on maximal conductance. E) Gnax dose response
352 curve for WT Ky7.1/KCNE1 + 3,4,5F-NAL-phe (purple) (n=5) and Ky7.1-K326C/KCNE1 +

353  3,4,5F-NAL-phe (pink) (n=3). F) Maximum effects on Gnax (at 20 uM) for WT Ky7.1/KCNE1 +
354  3,4,5F-NAL-phe (n=5) and Ky7.1-K326C/KCNE1 + 3,4,5F-NAL-phe (n=3). G) Model for

355 aromatic PUFAs effect on Ky7.1/KCNE1 channels, side view (left) and top view (right). One site
356 is between S4 and S5: Aromatic PUFAs shift the voltage dependence of opening by stabilizing
357  the upstate of S4 by an electrostatic interactions between R231(+) and the carboxyl group (O")
358 of the PUFA. A hydrogen bond (HB) by the hydroxyl group (OH) at the para site of the aromatic
359 ring of the PUFA stabilize the PUFA in this site. Another site is between S6 and S1: Aromatic
360 PUFAs increase the maximum conductance by an electrostatic interactions between

361 K326(+)and the carboxyl group (O). An electrostatic interaction (El) by the para fluorine (F°)
362  stabilize the PUFA in this site. Values for all compounds and concentrations available in Figure
363  5-source data 5.

364

365
366

367

20


https://doi.org/10.1101/2023.01.12.523777
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.12.523777; this version posted January 16, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

368 Residue T224 in the S3-S4 loop is a novel locus for hydrogen bond formation between
369 the Iks channel and tyrosine PUFAs.

370

371  Our experiments using fluorinated NALT (NAL-3F-tyr) to improve the hydrogen bonding
372  capacity of the tyrosine head group demonstrated that hydrogen bonding by the

373  tyrosine’s para-hydroxyl group is the reason for the large effect of PUFAs with tyrosine
374  head groups on the Iks channel voltage-dependent activation. To identify the residue
375  with which the tyrosine head group hydrogen bonds, we mutated residues in the S3-S4
376  loop capable of hydrogen bond formation. We individually mutated serine 217 (S217A),
377  glutamine 220 (Q220L), threonine 224 (T224V), and serine 225 (S225A) and compared
378  the effects of NALT on mutated channels compared to the WT Iks channel (Fig.6A-B).
379  We found that S217A, Q220L, and S225A showed similar maximum shifts in voltage-
380 dependent activation compared to the wild-type channel (WT + NALT: -56.1 + 3.6 mV,
381 S217A + NALT: -65.9 + 3.7 mV; Q220L + NALT: -59.5 + 11.1 mV; S225A + NALT: -52.4
382 +£3.7mV at 20 uM, ns); Fig. 6C-D). However, the T224V mutation significantly

383 attenuated the leftward shift in the voltage dependence of activation in response to

384  NALT application from -56.1 + 3.6 mV in WT channels to -32.1 + 7.0 at 20 uM (p =

385 0.03% Fig. 6D). To determine whether this effect was specific to compounds with the
386  ability to form hydrogen bonds we compared the effects of hydrogen-bonding NALT and
387  non-hydrogen-bonding NAL-phe on T224V mutant channels (Fig. 6E). In contrast to the
388 attenuation of the overall voltage shift observed when NALT was applied to the T224V,
389 there was no difference in the voltage-shifting effects of NAL-phe between the T224V

390 mutant and WT channels (WT + NAL-phe: -12.5 + 3.8 mV; T224V + NAL-phe: -7.8 + 2.1
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391 mV at 20 uM, ns (Fig. 6F-G). These data demonstrate that the T224V mutation only
392  reduces the efficacy of aromatic PUFAs that contain a hydrogen-bonding group like
393 tyrosine. As a result, we have identified a novel interaction between the S3-S4 loop
394 residue T224 and hydrogen bonding moieties of aromatic PUFA head groups (Fig. 6H).
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395 .
396 Fig. 6 — S3-S4 loop is the locus for hydrogen bonding interactions with tyrosine PUFAs.
397  A) Top view of Kv7.1 voltage sensing domain (VSD) highlighting mutated residues in the S3-S4
398 loop. B) Representative traces of WT Ky7.1/KCNE1 (black), Kv7.1-S217A/KCNE1 (red), Kv7.1-
399  Q220L/KCNE1 (teal), Kv7.1-T224V/KCNE1 (cyan), and Ky7.1-S225A/KCNE1 (purple) with 0 uM
400  (left) and 20 uM (right) NALT. C) AV dose response curve for WT Ky7.1/KCNE1 (n=4), Kv7.1-
401  S217A/KCNE1 (n=5), Kv7.1-Q220L/KCNE1 (n=3), Kv7.1-T224V/KCNE1 (n=4), and Kv7.1-
402  S225A/KCNE1 (n=7) with NALT. D) Maximum effects on AV (at 20 uM) for WT and S3-S4
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403  loop mutations (Asterisks indicate statistically significant differences determined by One-way
404  ANOVA). E) Representative traces of WT Ky7.1/KCNE1 with NALT (black) and NAL-phe (gray)
405  compared to Ky7.1-T224VV/KCNE1 with NALT (cyan) and NAL-phe (dark purple), Ky7.1-

406  S217A/KCNE1 (red), Kv7.1-Q220L/KCNE1 (teal), Kv7.1-T224V/KCNE1 (cyan), and Kv7.1-
407  S225A/KCNE1 (purple) with 0 uM (left) and 20 uM (right) NALT F) AVosdose response curve for
408  WT Ky7.1/KCNE1 and KV7.1-T224V/KCNE1 with NALT and NAL-phe. G) Maximum effects on
409  AVos(at 20 uM) for WT Ky7.1/KCNE1 (n=4) and Kv7.1-T224V/KCNE1 with NALT (n=4) and
410  NAL-phe (n=4)(Asterisks indicate statistically significant differences determined by One-way
411  ANOVA). H) Model for aromatic PUFAs effect on the voltage dependence of Ky7.1/KCNE1

412  channels, illustrating the electrostatic interaction between negatively charged PUFA head

413  groups and R321, in addition to the hydrogen bonding interaction between the para-hydroxyl
414  group of tyrosine PUFAs and T224. Values for all compounds and concentrations available in
415  Figure 6-source data 6.

416

417
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418 Discussion

419  We have found that PUFA analogues with tyrosine head groups are strong activators of
420  the cardiac Iks channel. Tyrosine PUFAs shift the voltage dependence of activation to
421  negative potentials and increase the maximal conductance which together contribute to
422  increases in overall ks current. The tyrosine head group is an aromatic ring with a distal
423  -OH group in the para-position. Tyrosine PUFA analogues have the potential to interact
424 with the Iks channel through several candidate mechanisms involving either the aromatic
425  ring or the -OH group (or both). The aromatic ring could modulate Iks channel function
426  through cation-pi interactions with positively charged groups on the Iks channel. In

427  addition, the -OH group could participate in electrostatic interactions and/or act as a

428  hydrogen bond donor. In this work, we elucidate the mechanisms of this PUFA-induced
429  activation of the Iks channel by applying PUFA analogues with modified aromatic head
430  groups designed to test specific chemical interactions between the PUFA head group

431 and the Iks channel.

432

433 If cation-pi interactions were the primary mechanism through which tyrosine PUFAs
434  activate the Iks channel, we would expect similar activating effects of PUFA analogues
435  with aromatic rings that lack the —OH group, such as phenylalanine. However, PUFA
436  analogues with phenylalanine head groups (Lin-phe and NAL-phe) do not activate the
437  Iks channel to the same degree as PUFA analogues with a tyrosine head group (Lin-tyr
438 and NALT) and display significant reductions in efficacy for increases in I/lo and shifts in
439  the Vos. Further evidence that cation-pi interactions are not a predominant mechanism

440  for Iks channel activation by tyrosine PUFA analogues comes from experiments applying
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441  fluorinated phenylalanine PUFAs (4F-NAL-phe and 3,4,5F-NAL-phe), which can be

442  used as a tool to probe cation-pi interactions in ion channel function®. Pless et al., 2014
443  demonstrated that tri-fluorination of phenylalanine disperses the electrostatic surface
444  potential which is necessary for cation-pi interactions®. Disruption of the electrostatic
445  surface potential through addition of fluorine atoms to the NAL-phe head group (3,4,5F-
446  NAL-phe), therefore, is expected to reduce the efficacy of 3,4,5F-NAL-phe in

447  comparison to NAL-phe alone. However, we find the opposite when we apply 3,4,5F-
448  NAL-phe to the cardiac Iks channel, and see that 3,4,5F-NAL-phe is a more potent

449  activator of the Iks channel compared to NAL-phe alone. Together, these data suggest
450  that cation-pi interactions are not the primary mechanism through which these aromatic

451  PUFA analogues activate the cardiac lks channel.
452

453  When we look at several fluorinated and brominated phenylalanine PUFA analogues,
454  we find specifically that 3,4,5F-NAL-phe has significantly greater effects on I/lo and AVo.5
455  compared to NAL-phe alone. While not statistically significant, 4Br-, 4F-, and 3,4,5F-
456  NAL-phe also lead to some of the most consistent increases in Gmax among the PUFA
457  analogues tested in this work, with each of these compounds leading to a two-fold

458 increase in Gmax. These data suggest that aromatic PUFA analogues with highly

459  electronegative atoms on the distal end of the aromatic head group have the most

460 pronounced effects on the maximal conductance of the Iks channel. Although,

461  brominated and fluorinated phenylalanine analogues increase the maximal conductance
462  of the Iks channel, these modified PUFAs still fail to recapitulate the leftward AVo.s

463  observed with tyrosine PUFA analogues. While the -OH group of tyrosine PUFA
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464  analogues is indeed strongly electronegative, it can also act as a hydrogen bond donor.
465 When we applied a fluorinated tyrosine PUFA (3F-NALT) to increase hydrogen bonding
466  abilities, we found that this leads to a stronger leftward shift in the voltage dependence
467  of Iks activation. This suggests that hydrogen bonding via the -OH group contributes to
468 the left-shifting effects of voltage dependent activation through effects on the Iks channel
469  voltage sensor. Most notably, these results suggest that specific modifications to the
470 aromatic PUFA head group can preferentially improve either the voltage-shifting or

471  maximal conductance effects of PUFA analogues. Our data suggests that adding highly
472  electronegative groups to an aromatic ring, such as bromine and fluorine, most

473  consistently improve the maximal conductance increasing effects and reduce voltage
474  dependence shifting effects relative to PUFA analogues with a tyrosine or phenylalanine
475  head group. On the other hand, we found that reducing the pKa of the -OH group (and
476 increasing the potential for hydrogen bonding), while leaving the effect on Gmax intact,

477  preferentially improves the voltage-shifting effects on the Iks channel.

478

479  Previous work has demonstrated that PUFA analogues have two independent effects
480  on lks channel activation. PUFA analogues are known to shift the voltage dependence
481  of activation in the Iks channel through electrostatic effects on the channel voltage

482  sensor?%31, This is mediated by interactions of the negative PUFA head group with the
483  outermost positively charged arginine residues located in the S4 segment?531. Recently,
484  though, a second effect on the Iks channel pore has been reported to influence the

485  maximal conductance of the Iks channel??. This is mediated through electrostatic

486 interactions between the PUFA head groups and a positively charged lysine residue in
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487  the S6 segment — K32622. In addition, molecular dynamics (MD) simulations with the
488  Kv7.1 (KCNQ1) channel (the pore-forming domain for the Iks channel)?! identified two
489  separate high occupancy sites for linoleic acid: Site 1 at R228 in the S4 segment, and
490  Site 2 at K326 in the S6 segment?'. We here show that the superior-activating aromatic
491  PUFAs also act on these sites in S4 and S6. To do this we selected the best Vo5 shifting
492  aromatic PUFA (Lin-tyr) to test on the Iks channel with the S4 mutation R231Q.

493  Additionally, we selected the best Gmax increasing aromatic PUFA (3,4,5F-NAL-phe) to
494  test on the Iks channel with S6 mutation K326C. The mutation R231Q decreases the
495  Vos shifting effect of Lin-tyr by half, indicating that Lin-tyr is shifting the voltage

496 dependence by creating an electrostatic interaction with the positive charges on the

497  voltage sensor. Conversely, the mutation K326C almost completely removed the Gmax
498 increasing effect of 3,4,5F-NAL-phe. We therefore propose that the increased effects of
499  the aromatic PUFAs, compared to non-aromatic PUFAs, are due to the additional

500 hydrogen bonding in Site 1 and electrostatic interactions in Site 2 to better anchor them
501 in these binding sites to increase their effects (Fig. 5G). As mentioned above, we also
502  show that the aromatic rings have the potential to be modified to give preferential effects

503  on either the Iks channel voltage sensor or channel pore.
504

505  Our experiments with NAL-Phe and 3F-NALT show that the hydrogen bonding capacity
506 of the -OH on the tyrosine of NALT is necessary for it to have superior voltage

507 dependence shifting effect. We further discovered the specific details of the hydrogen
508 bond interactions between this -OH group of NALT and the S3-S4 loop of the Iks

509 channel. We mutated all residues capable of hydrogen bonding in the S3-S4 loop,
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510  removing their ability to hydrogen bond and tested if this changed the NALT voltage

511  dependence shifting effect. The voltage dependence of mutations S217A, Q220L, and
512  S225A was shifted to the same degree by NALT as the wild type Iks channel. However,
513 the voltage dependence of mutation T224V was shifted significantly less than the WT lks
514  channels. This shows that the -OH group on the tyrosine of NALT hydrogen bonds with
515  T224V thereby improving the PUFA's ability to shift the voltage dependence. This

516  hydrogen bond interaction between PUFAs and the 3-4 loop of the Iks channel is a novel
517  mechanism to increase the effect of PUFAs to activate the Iks channel. These data

518  suggest that drugs designed to target this interaction would be more effective at shifting

519  Iks channel voltage dependence.

520

521  Overall, our findings suggest that different aromatic PUFA analogs not only increase
522  PUFA efficacy on activating the Iks channel, but their specific effects on Iks function can
523  be modulated independently, either increasing the maximal conductance or voltage-
524  shifting effect. This novel mechanistic understanding of how aromatic PUFAs have

525 these increased effects on the Iks channel may help to aid drug development for Long
526 QT Syndrome. This data provides insight into how PUFA activation of the Iks channel
527  can be both increased and tailored to specific Iks channel deficiencies, such as shifts in

528 voltage dependence and decreases in maximal conductance.

529

530
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