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Loss-of-function sequence variants in KCNAI, which encodes the voltage-gated potas-
sium channel Kv1.1, cause Episodic Ataxia Type 1 (EA1) and epilepsy. Due to a paucity
of drugs that directly rescue mutant Kv1.1 channel function, current therapeutic strat-
egies for KCNAI-linked disorders involve indirect modulation of neuronal excitability.
Native Americans have traditionally used conifer extracts to treat paralysis, weakness, and
pain, all of which may involve altered electrical activity and/or Kv1.1 dysfunction spe-
cifically. Here, screening conifer extracts, we found that Chamaecyparis pisifera increases
wild-type (WT) Kv1.1 activity, as does its prominent metabolite, the abietane diterpe-
noid pisiferic acid. Uniquely, pisiferic acid also restored function in 12/12 EA1-linked
mutant Kv1.1 channels tested in vitro. Crucially, pisiferic acid (1 mg/kg) restored WT
function in Kv1.1583%* mice, a model of human EA1. Experimentally validated all-atom
molecular dynamics simulations in a neuron-like membrane revealed that the Kvl1.1
voltage-sensing domain (VSD) also acts as a ligand-binding domain akin to those of
classic ligand-gated channels; binding of pisiferic acid induces a conformational shift
in the VSD that ligand-dependently opens the pore. Conifer metabolite pisiferic acid
is a promising and versatile therapeutic lead for EA1 and other Kv1.1-linked disorders.

KCNA1 | potassium channel | Kv1.1 | episodic ataxia | voltage gating

Voltage-gated potassium (Kv) channels are essential for coordinated electrical activity in the
brain, peripheral nerves, muscle, and other excitable tissues. Consequently, genetic and acquired
dysfunction of Kv channels causes diseases of electrical excitability. Episodic ataxia syndromes
encompass a genetic and clinical spectrum of movement disorders characterized by recurring
episodes of poor coordination and balance, but can also comprise blurred vision, emesis,
hemiplegia, migraines, muscle weakness, myokymia, nausea, seizures, slurred speech, tinnitus,
and vertigo (1, 2). Episodic ataxia 1 (EA1), an autosomal dominant inherited excitability
disorder affecting balance, coordination, gait, and speech (1), is caused by sequence variants
in human KCNA1, which encodes Kv1.1 (1, 3). EA1 is typically caused by loss-of-function
variants that directly disrupt Kv1.1 gating or ion conduction (4, 5). There is a spectrum of
effects on Kv1.1 in EAl—some mutants reduce current by >50% in the heterozygous state
and are therefore considered dominant negative, while others impart more subtle differences
(6). Because Kv1.1 is especially important for normal activity in the cerebellum, hippocampus,
neocortex, synaptic terminal sites, and juxtaparanodal regions of the nodes of Ranvier of
myelinated axons, EA1 disrupts both central and peripheral nerve function.

Once diagnosed, EA1 is generally treated using anticonvulsant/antiseizure drugs, including
carbamazepine (7) and acetazolamide (8-10), neither of which directly fixes the function of
Kv1.1 channels harboring EA1-linked variants, and which exhibit variable tolerability and
efficacy. Small molecules that can directly fix EAl mutant Kv1.1 channel function are
extremely scarce, only very recently identified, and none are in clinical use for EA1. The first
to be identified were gallic acid and tannic acid, which we found to improve function in vitro
in EAl-linked Kv1.1-E283K and Kv1.1-L155P channels by binding to the Kv1.1 voltage
sensor. We uncovered the potential use of these compounds by learning from the traditional
medicine practices of the Kwakwakawakw First Nations, who treated ataxia with nettle,
bladderwrack kelp, and Pacific ninebark, each of which contain gallic and/or tannic acid
(11). Gallic acid is a promising therapeutic because it is a highly potent Kv1.1 opener and
awell-tolerated over-the-counter supplement. However, it exhibited a relatively limited scope
of action against a panel of EAl sequence variants rescuing 2/5 heterozygous [wild-type
(WT)/mutant] homomeric Kv1.1 channels that we tested (E283K and L155B but not
G311D, L328V, nor V408A) (11).

Here, again guided by Native American traditional medicine approaches, we explored addi-
tional plant extracts for potential therapeutic activity on Kv1.1 channels. We focused on coni-
fers, which feature widely in Native American medicine for treatment of disorders including
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Episodic ataxia type 1 (EA1)is a
movement disorder caused by
sequence variants in the KCNAT
gene, which encodes the Kv1.1
potassium channel. Current
therapies for EA1 do not directly
rescue function of the Kv1.1. Here,
we report our finding that a
metabolite from a conifer tree
(pisiferic acid) rescues activity of
EA1-linked mutant Kv1.1 channels
and also restores function in a
mouse model of EA1. While Kv1.1
channels are normally activated by
cell membrane depolarization,
pisiferic acid binds to the Kv1.1
voltage-sensing domain,
mimicking the effects of
membrane depolarization to
activate Kv1.1 and overcome
EA1-linked dysfunction. Natural
product pisiferic acid, also found in
rosemary, is a promising
therapeutic lead compound for
EA1 and Kv1.1-linked epilepsy.
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paralysis, weakness, pain, and cardiovascular issues (12), all of which
typically involve altered electrical activity and some of which involve
Kv1.1 dysfunction specifically. One active conifer extract contained
a compound that, remarkably, restored some or all function in 12/12
EA1 sequence variant-containing Kv1.1 channels that we tested
in vitro. We also found that the compound restores WT function
in vivo in a mouse model of EA1. Using all-atom molecular dynamics
simulations of Kv1.1 in a model neuronal membrane followed by
mutagenesis and functional analysis, we also identified and validated
the small molecule binding site and mechanism of action.

Results

Screening of Conifer Needle Extracts Reveals WT Kv1.1 Channel
Openers. We collected and methanol-extracted needle and twig
samples from Pinus contorta (lodgepole pine; two separate samples),
Tsuga mertensiana (mountain hemlock), Pinus albicaulis (whitebark
pine), and Pinus ponderosa (ponderosa pine) collected from Yosemite
National Park (CA) and from commercially sourced Chamaecyparis
pisifera (Sawara or False Cypress), which is native to Japan (Fig. 1 4
and B). We studied the effects of 2% extracts (5 mg solid starting
material per mL) of the conifers on WT human Kvl1.1 expressed
in Xenopus oocytes, using two-electrode voltage-clamp. All extracts
altered the functional properties of Kv1.1 (Fig. 1C). All but one
(P albicaulis) negative-shifted the midpoint voltage dependence of
Kv1.1 activation (V s,.) (Fig. 1D), which increases channel activity
at negative membrane potentials, generally a beneficial property
when attempting to correct the effects of Kv channel loss-of-
function sequence variants (13). Increased Kv1.1 channel activity
dampens neuronal excitability, while loss-of-function mutations in
Kv1.1, such as those in EA1, have the opposite effect, pathologically
increasing action potential generation, firing frequency, action
potential duration, and neurotransmitter release (14). All extracts
hyperpolarized the £y, of oocytes expressing Kv1.1, the smallest
effect being for P albicaulis (Fig. 1 E), correlating with its minimal
effects on V5, and diminishment of peak current (Fig. 1D).
The traces (Fig. 1C) indicated that all but C. pisifera diminished
Kv1.1 peak current and/or slowed activation, despite left-shifting
V.54 iN most cases, and this was borne out by quantitative analysis
(Fig. 2 A and B). All Kv channels form as tetramers of pore-forming
o subunits, and many can and do form heteromeric channels in vitro
and in vivo, generally with isoforms of the same subfamily (15). Kv1.1
can form functional homomeric channels in vitro, but in native neu-
rons is thought to occur exclusively in heteromers with same-subfamily
o subunits, especially Kv1.2 (except in certain disease states, e.g.,
multiple sclerosis, where homomeric Kv1.1 is thought to be expressed
on the surface of demyelinated neurons) (16-18). Importantly, efh-
cient neuromuscular transmission requires normal function of Kv1.1/
Kv1.2 channels at juxtaparanodal regions and branch points of mye-
linated axons (18—22). Therefore, we also tested effects on channels
containing Kv1.2. We found that both C. pisifera and P ponderosa
extracts left-shifted homomeric Kv1.2 Vs, . and hyperpolarized £},
of homomeric Kvl.2-expressing oocytes (Fig. 2 C-E). C. pisifera
extract also left-shifted Kv1.1/Kv1.2 heteromer V5, and hyperpo-
larized the E,; of Kvl.1/Kvl.2-expressing oocytes (Fig.2 F-H).
Crucially, C. pisifera extract left-shifted Vs, in “heterozygous”
mimic channels generated by coexpression of 1:1 WT and EA1-linked
V408A Kv1.1, restoring WT voltage dependence, and hyperpolarized
the £, of oocytes expressing this mutant channel (Fig. 2 /-K). The
unique combination of not slowing the activation rate of Kv1.1, not
reducing the peak current of Kvl.1, and of left-shifting Vs, of
Kvl.1, Kv1.2, Kv1.1/Kv1.2, and Kv1.1/Kv1.1-V408A [which we
previously found gallic acid could not do (11)], identified C. pisifera

as the most promising extract for further study.
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Identification of Pisiferic Acid as an Efficacious and Versatile
Opener of WT and EA1-Linked Mutant Kv1.1. Previous analyses
of conifer extracts showed that pisiferic acid is a primary
component of C. pisifera that is lacking in extracts from the other
conifers we studied (23-29). Here, we confirmed the presence of
pisiferic acid in our C. pisifera extract using high-performance
liquid chromatography (HPLC) and liquid chromatography/
mass spectrometry (LC/MS) (8] Appendix, Fig. S1). Interestingly,
we previously found that pisiferic acid is ineffective at opening
KCNQ potassium channels (30). Here, application of pisiferic
acid (10 uM) in bath solution to WT human Kv1.1 expressed
in oocytes robustly increased its current (e.g., 19-fold at -40
mV) (Fig. 3 A and B) by negative-shifting the V5, by -19
mV (increasing to a -38 mV hyperpolarization at 100 pM)
(Fig. 3 Cand D), which led to a robust hyperpolarization of
E, (Fig. 3E). Dose—response studies revealed that the ECy, for
negative-shifting the Kv1.1 V5, was 12 uM, and for shifting
the Ey; of Kvl.1l-expressing oocytes was 9 uM pisiferic acid
(reaching >-30 mV hyperpolarization at 100 uM) (Fig. 3 Fand
G). Disiferic acid did not alter Kv1.1 activation rate (Fig. 3H),
but decreased Kv1.1 deactivation rate >sixfold, consistent with
pisiferic acid stabilizing the Kv1.1 open state (Fig. 37). Kv1.1
channels did, however, still close in the presence of pisiferic acid
(ST Appendix, Fig. S2).

As described above, Kv1.1 forms complexes with Kv1.2 in vivo.
Here, we found that pisiferic acid (10 pM) was also effective at
increasing Kv1.2 currents (Fig. 3 /and K), negative-shifting the Vi 5,
by -13 mV (Fig. 3 L and M) and hyperpolarizing £y, by -17 mV
(Fig. 3N). Dose-response  studies revealed the ECy, for
negative-shifting the Kv1.2 V5, was 13 uM, and for shifting the
E,; of Kv1.1-expressing oocytes was 9 UM pisiferic acid (Fig. 3 Oand
P). Pisiferic acid (12 pM) also negative-shifted V) s, of heteromeric
Kv1.1/Kv1.2 channels (by -14 mV) (Fig. 3 R and S) and hyperpo-
larized E}, of oocytes expressing Kv1.1/Kv1.2 by -19 mV (Fig. 37).

Thus, pisiferic acid is an opener of both Kv1.1 and Kv1.2, whereas
we previously found it does not activate KCNQ channels (30). Here,
we also found that pisiferic acid (12 uM) has negligible effects on
Kv2.1 and on hERG (87 Appendix, Fig. S3). A recent report
showed that niflumic acid is also a Kv1.1 opener, with a reported
ECs 0f 272 uM (31), less potent than pisiferic acid (32-34). We
directly compared the effects of niflumic acid and observed ECy,
values of 347 and 120 pM, for negative-shifting Kv1.1 V5, and
hyperpolarizing Ey; of Kv1.1-expressing oocytes, respectively, sim-
ilar to the previous report (31) and demonstrating that pisiferic
acid is a 29-fold more potent opener of Kv1.1 than niflumic acid
(SI Appendiix, Fig. S4A). We previously found that gallic acid opens
Kv1.1 with an ECy; of 0.54 uM, making it 22-fold more potent
than pisiferic acid (30). While gallic acid was the first reported
small molecule opener of Kvl1.1 channels harboring EA1-linked
loss-of-function variants, it is not a broad-spectrum opener of
Kv1.1 channels carrying pathogenic sequence variants, rescuing
2/5 tested (E283K and L155B but not G311D, L328V, nor
V408A) (30). Niflumic acid was previously shown to rescue
Kv1.1-V408A function but data for other sequence variants were
not shown (31). Therefore, here we tested effects of pisiferic acid
on 12 different pathogenic Kv1.1 sequence variants spanning all
transmembrane segments and the N-terminal domain L155P var-
iant we reported previously (35) (SI Appendix, Fig. S4B).

We first tested homomeric, homozygous EAl-mutant Kv1.1
channels, generated by expressing only mutant Kv1.1 channel
subunits, which exhibit the most severe defects in vitro but are
highly unlikely to exist in vivo because Kv1.1 heteromerizes
with e.g., Kv1.2 in vivo and EAL1 is an autosomal dominant
disorder. At its ECy, (12 uM), pisiferic acid restored some or all

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2411816122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2411816122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2411816122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2411816122#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2411816122#supplementary-materials

A @ Tuolumne Meadows

@ Tuolumne County

Pinus
contorta 1

Pinus
contorta 2
Pinus
albicaulis Pinus
ponderosa
Tsuga
mertensiana

California
+40 mV
C A10mV | -40 mV KV1 . 1
80 mv 1:50 Chamaecyparis pisifera
Control 0mv= .
0Omv~ 10 mv- §L
10 mv~ — 20 mVv-| S
-20 mv~ 30 mv~ | 0%
-30 mv~ — -40 mV- o
* T * T

Control 1:50 Pinus contorta 1
0mV—
0mW\ -
10 mV~ A0m\ -1
20 mV= 20 mWy |/~ - “05s
30 mV~ 30mVy -
-40 mVs ;
I g

Control 1:50 Pinus contorta 2
0 mV~
10 mVs OmV~ <
20 mv. 7 -10 mV~ N
-20 mV~ -20 m\A 05
30 MV 30 MV I\,,, oS
-40 mV; -40 mV~, =
[ r
Control 1:50 Tsuga mertensiana
0 mvV~
10 mv~ 0 mVA, <
-10mWA |/ ~
-20 mV~ 20m 5
-30 mV~ -30 MWW —
-40 mV~ -40 mV~ = |
P

Tsuga mertensiana

Control 1:50 Pinus albicaulis
0 mvV~
10 mv~ 0m, <
-20 mV— -10 m\A -
om -20 mV¥ 05s
; ) -30 mV— 30 mA —
Pinus albicauli
Control 1:50 Pinus ponderosa
0 mV~ 0mv— © <
410 mV~ 10 mv~ :‘LL
-20 mVA 'gg mx\ i 05s
30 mV~
-30 mV~ 40 mv~ | =
[ r

Pinus ponderosa

function in homomeric, homozygous R167M, E283K, F303V,
R324T, 1407M, and V408A channels, increasing their activity
(ST Appendix, Fig. S4C), negative-shifting their voltage depend-
ence of activation (SI Appendix, Fig. S4D), and hyperpolarizing
the Ey,; of oocytes expressing them (SI Appendix, Fig. S4E). In
contrast, pisiferic acid was unable to rescue homomeric,
homozygous L155P, T226K, N255K, R307C, G311D, or
L319R mutant channels (57 Appendix, Fig. S5). Homozygous,
homomeric rescues are colored green in S/ Appendix, Fig. S4B;
nonrescues are colored orange.

We next studied effects on channels formed by coinjection in
oocytes of 50% WT Kv1.1 cRNA and 50% EAl-mutant Kv1.1
cRNA, to mimic in a reductionist system the heterozygous status
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of individuals with EA1. As Kv channels are tetrameric, this is
expected to produce a mix of channels, including all-WT,
all-mutant, and channels with 1 to 3 mutant or WT subunits.
This is a standard reductionist approach to approximating auto-
somal dominant disease states in vitro. Strikingly, pisiferic acid
(12 uM) was able to improve function (SI Appendix, Fig. S6A)
and restore voltage dependence similar to or more responsive than
WT Kvl.1 (8] Appendix, Fig. S6B) in 11/12 EA1 mutants tested,
the exception being R307C which was completely nonfunctional
with or without pisiferic acid (87 Appendix, Figs. S6C and S7)
(SI Appendix, Fig. S6D). Heterozygous EAl-linked mutations
reduced peak current at -20 or -30 mV by 30 to 98% (S Appendix,
Fig. S6E); pisiferic acid (12 pM) increased heterozygous,
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Fig. 2. Selection of optimal conifer extract for Kv1.1 activation. Error bars indicate SEM. n indicates number of biologically independent oocytes. At least 2
batches of oocytes were used per experiment. Statistical comparisons by the two-tailed paired t test. (A) Shift in midpoint voltage dependence of activation
(Vo.sac) iInduced by 1/50 conifer extracts from Fig. 1, analyzed from recordings as in Fig. 1. (B) Shifts in activation rates induced by 1/50 conifer extracts from Fig. 1,
analyzed from recordings as in Fig. 1. (C) Mean traces for Kv1.2 expressed in oocytes in the absence (Control) or presence of conifer extracts indicated (1/50
dilution). Scale bars Upper Right for each trace; voltage protocol Upper Inset; n = 5-8 per group. (D) Mean normalized tail current (G/Gmax) for traces as in (C); n =
5-8 per group. (E) Mean unclamped oocyte membrane potential for oocytes as in (C); n = 5-8 per group. (F) Mean traces for Kv1.1/Kv1.2 heteromers expressed in
oocytes in the absence (Control) or presence of C. pisifera extract (1/50 dilution). Scale bars Upper Right for each trace; n = 8 per group. (G) Mean normalized tail
current (G/Gmax) for traces as in (F); n = 8 per group. (H) Mean unclamped oocyte membrane potential for oocytes as in (F); n = 8 per group. (/) Mean traces for
homomeric, heterozygous Kv1.1/Kv1.1-V408A channels expressed in oocytes in the absence (Control) or presence of C. pisifera extract (1/50 dilution). Scale bars
Upper Right for each trace; n = 6 per group. (/) Mean normalized tail current (G/Gmax) for traces as in (/); n = 6 per group. (K) Mean unclamped oocyte membrane

potential for oocytes as in (/); n = 6 per group.

homomeric mutant Kv1.1 channel current at =20 or =30 mV 2- to
10-fold (87 Appendix, Fig. S6F). While heterozygous EA1 muta-
tions positive-shifted Kv1.1 V5, by as much as +23 mV (where
possible to test) (SI Appendix, Fig. S6G), pisiferic acid (12 uM)
negative-shifted Kv1.1 V5, by as much as =23 mV (S/ Appendix,

Fig. S6H).

40f12 https://doi.org/10.1073/pnas.2411816122

As examples, the EAl mutant G311D is in the Kv1.1 §4-5 linker
(81 Appendix, Fig. S6D); it reduces prepulse current by >40% in
Kv1.1/Kv1.1-G311D channels (87 Appendix, Fig. SOE); pisiferic
acid increased its peak current twofold and negative-shifted its Vi 5,
by -8 mV in heteromeric channels (S7 Appendix, Figs. S6 Fand H
and §7). EA1 mutant V408A is at the Kv1.1 S6 intracellular-proximal
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end (87 Appendix, Fig. S6D) and reduces peak current by >80%,
speeds deactivation, and increases C-type inactivation of Kv1.1 (20,
36). Pisiferic acid (12 pM) doubled heterozygous, homomeric
Kv1.1-V408A current at 0 mV and increased current 10-fold at
-30 mV (8] Appendix, Fig. S6 A and F). Heterozygous, homomeric
current rescues are colored green in ST Appendix, Fig. S6D; nonres-
cues are colored orange.

Last, we studied the effects of pisiferic acid on channels generated
by coinjection of a 1:1:2 ratio of cRNA for mutant Kv1.1, WT
Kv1.1, and WT Kv1.2, respectively, to approximate the heterozy-
gous, heteromeric (Kv1.1/Kv1.2) current (generated by a mix of
channel types according to the nuances of subunit assembly for each
mutant) thought to occur in vivo in typical individuals with EA1.
Disiferic acid (12 uM) was able to increase channel peak current
and restore voltage dependence similar to or more responsive than
WT Kvl.1/Kv1.2 heteromeric channels in 12/12 EAl mutants
tested (Fig. 4 A and B and SI Appendix, Fig. S8), leading to hyper-
polarization of Ey, in all cases (Fig. 4C and SI Appendix, Fig. S8).
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Fig. 3. C. pisifera metabolite pisiferic acid activates homo-
meric and heteromeric WT Kv1.1 and Kv1.2 channels. Error
bars indicate SEM. n indicates number of biologically inde-
pendent oocytes. At least 2 batches of oocytes were used per
experiment. Statistical comparisons by the two-tailed paired
t test. (A) Mean traces for Kv1.1 expressed in oocytes in the
absence (Control) or presence of pisiferic acid (10 pM; struc-
ture shown in Upper Right Inset). Scale bars Lower Left; voltage
protocol Upper Left Inset applies to all recordings in this figure;
n =13 per group. (B) Mean peak prepulse current for traces
as in panel (A); n = 13 per group. (C) Mean tail current versus
prepulse voltage using voltage protocol as in (A), for Kv1.1 in
the absence or presence of pisiferic acid at concentrations
indicated; n = 8 per group. (D) Mean normalized tail current
(G/Gmax) versus prepulse voltage using voltage protocol as
in (A), for Kv1.1 in the absence or presence of pisiferic acid
at concentrations indicated; n = 8 per group. (E) Mean un-
clamped oocyte membrane potential for oocytes as in (A); n =
13 per group. (F) Shiftin Vs, versus [pisiferic acid] for Kv1.1
channels, recorded as in (C); n = 8 per group. (G) Shift in £
versus [pisiferic acid] for Kv1.1 channels, recorded as in (C);
n = 8 per group. (H) Activation rate (T,ivation) VErsus voltage
for Kv1.1 in the absence (black) or presence (blue) of pisiferic
acid (12 uM), recorded from traces as in (A); n = 8 per group.
(/) Deactivation rate (Tgeactivation) VErsus voltage for Kv1.1in the
absence (black) or presence (blue) of pisiferic acid (12 uM); n
=6 per group. (/) Mean traces for Kv1.2 expressed in oocytes
in the absence (Control) or presence of pisiferic acid (10 uM).
Scale bars Lower Left; n =9 per group. (K) Mean peak prepulse
Kv1.2 current for traces as in panel (/); n =9 per group. (L) Mean
Kv1.2 tail current versus prepulse voltage, in the absence or
presence of pisiferic acid at concentrations indicated; n = 6-7
per group. (M) Mean Kv1.2 normalized tail current (G/Gmax)
versus prepulse voltage, in the absence or presence of pi-
siferic acid at concentrations indicated; n = 6 per group. (N)
Mean unclamped oocyte membrane potential for oocytes as
in (/); n =9 per group. (0) Shift in V, 5, versus [pisiferic acid]
for Kv1.2 channels; n = 6-7 per group. (P) Shift in E, versus
[pisiferic acid] for Kv1.2 channels; n = 6-7 per group. (Q) Car-
toon representation of one possible subunit composition of
heteromeric Kv1.1/Kv1.2 channels studied in panels (R-T). (R)

voltage (mV)

Ctrl PA

<0.0001

_ '40 & Mean traces for Kv1.1/Kv1.2 heteromers expressed in oocytes
g 50 o in the absence (Control) or presence of pisiferic acid (12 uM).
& 4 % Scale bars Lower Left; n = 8 per group. (S) Mean Kv1.1/Kv1.2
70 normalized tail current (G/Gmax) versus prepulse voltage for
ctl PA traces as in (R); n = 8 per group. (T) Mean unclamped oocyte

membrane potential for oocytes as in (R); n = 8 per group.

Pisiferic acid universally restored some or all function in all EAl
mutants tested in the heterozygous, heteromeric form (Fig. 4 D-H).

Pisiferic Acid Corrects Episodic Ataxia Type 1 in a Mouse
Model. To further test the therapeutic potential of pisiferic acid,
we first used CRISPR-Cas9 to generate a new mouse model
of EAl, the Kv1.1-E283K mouse line, harboring one of the
12 EA1 Kvl.1 variants we found to be responsive to pisiferic
acid in vitro (87 Appendix, Figs. S4-S8 and Fig. 4). E283K was
originally identified in an individual with paroxysmal ataxia and
myokymia aggravated by painful muscular contractures of the
face and limbs and metabolic dysfunction; other family members
exhibited similar symptoms (18), and EAl-linked symptoms
were triggered by exercise, emotional stress, and certain foods.
We found that E283K was homozygous lethal in mice, consistent
with another EA1 mutant mouse line (V408A) (36). We also
found using LC/MS that pisiferic acid is able to cross the blood—
brain barrier (BBB) after IP injection, supporting the possibility of
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Fig. 4. Pisiferic acid improves functionin 12/12 EA1 mutant heteromeric, heterozygous Kv1.1/Kv1.2 channels tested. Error bars indicate SEM. n indicates number
of biologically independent oocytes. At least 2 batches of oocytes were used per experiment. Statistical comparisons by the two-tailed paired t test. (A) Mean
traces for heteromeric, heterozygous EA1 mutant Kv1.1/Kv1.2 channels (schematic of one possible subunit composition, Upper Left Inset) expressed in oocytes
in the absence (Control) or presence of pisiferic acid (12 uM). Scale bars Upper Right; voltage protocol Left Inset; n = 9-10 per group. (B) Mean normalized tail
current (G/Gmax) versus prepulse voltage for traces as in (A), in the absence or presence of pisiferic acid (12 uM); n = 9-10 per group. (C) Mean unclamped oocyte
membrane potential for oocytes as in a versus untreated WT; n = 9-10 per group. Magenta bars indicate where WT mean data were taken from panels above
in cases where recordings were conducted in the same date ranges; n = 18. (D) EA1 mutant heteromeric, heterozygous Kv1.1/Kv1.2 channel peak current at —20
or -30 mV normalized to WT Kv1.1/Kv1.2 current for mutants indicated, recorded using voltage protocol shown in panel (4); n = 6-13 per group. (E) Current fold-
increase at 20 or -30 mV induced by 12 uM pisiferic acid for EAT mutant heteromeric, heterozygous Kv1.1/Kv1.2 channels indicated, recorded using voltage
protocol shown in panel (A); n = 6-13 per group. Dashed line, 12 uM pisiferic acid-induced fold-increase in WT Kv1.1/Kv1.2 current. (F) Shift in Vg s,.. compared
to WT Kv1.1/Kv1.2 for EAT mutant heteromeric, heterozygous Kv1.1 channels, recorded using voltage protocol shown in panel (A); n = 6-13 per group. (G) Shift
in Vg 5. induced by 12 uM pisiferic acid for EAT mutant heteromeric, heterozygous Kv1.1/Kv1.2 channels indicated, recorded using voltage protocol shown in
panel (A); n = 6-13 per group. (H) Topology schematic of Kv1.1 showing locations of EAT mutations studied in this project. Green, mutations for which pisiferic
acid (12 puM) partially or fully corrected function in heteromeric, heterozygous Kv1.1/Kv1.2 channels.

its therapeutic utility in neurological disorders that require small
molecule access to the brain (S Appendix, Fig. S9).

Wee first tested performance on an accelerating rotarod to intro-
duce exercise stress and found that heterozygous mutant
(Kv1.153%%) mice performed worse than WT (Kv1.1"*) mice,
the former falling on average 30 s earlier than the latter (t = 2.223,
df=17, P=0.04; n = 8-11 per group) (Fig. 5A). In contrast, when
both sets of mice were pretreated with intraperitoneal (IP) injec-
tion of pisiferic acid (1 mg/ kg), both sets of mice performed sim-
ilarly to untreated Kv1.1""" mice (t = 0.7009, df = 28, P = 0.489
by the unpaired ¢ test; 7 = 10-20 per group (Fig. 5B).

60of 12 https://doi.org/10.1073/pnas.2411816122

We next induced stress using IP injections of isoproterenol (5
mg/kg) and then tested mouse performance on a balance beam.
During baseline testing in the absence of isoproterenol, mice were
able to cross the beam with minimal slips, regardless of genotype
(t=0.9453, df = 35, P = 0.351 by the unpaired 7 test; 7 = 15-22
per group) (Fig. 5C and Movies S1 and S2). After isoyroterenol
injections, mice slipped more frequently, and Kv1.158%* mice
slipped more than twice as often on average as Kv1.1"* mice
(defined as hindfoot slips reaching below the beam, scored by a
blinded scorer) (Fig. 5D and Movies S3 and $4). Strikingly, when

mice were pretreated with pisiferic acid (1 mg/kg) before
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isoproterenol injections, both Kv1.1** and Kv1.1%3%* mice
slipped a similar number of times to untreated Kv1.1"* mice
(Fig. 5D and Movies S5 and S6). A two-way ANOVA showed a
statistically significant interaction between the effects of genotype
and treatment on the number of hindfoot missteps after isoproter-
enol challenge (F, 55 = 4.207, P=0.0483; n=7-11 per §r01ﬁ)). The
Bonferroni post test showed a main effect where Kv1.12%* mice
treated with 1 mg/kg pisiferic acid had a statistically significant
reduction in the number of hindfoot missteps when compared to
those treated with vehicle (P = 0.025). Thus, pisiferic acid (1 mg/
kg) eliminates ataxia in Kv1. 1 B283K mice, a model of human EA1.

All-Atom Molecular Dynamics Simulations of Pisiferic Acid and
Kv1.1. We previously found that gallic acid enhances Kv1.1 but
not Kv1.2 activity, and used this to identify residues in S1, within
the voltage-sensing domain (VSD) unique to Kv1.1 and not Kv1.2
that formed the gallic acid binding site (Fig. 6 A and B) (11).
Here, we found that unlike gallic acid (11), pisiferic acid was able
to negative-shift the voltage dependence of Kv1.1 carrying a triple
mutant that disrupts the gallic acid binding site (Fig. 6 C—F). Thus.
pisiferic acid does not share a common binding site with gallic acid.

To assess the molecular processes by which pisiferic acid activates
the Kv1.1 channel, we next performed unbiased all-atom molecular
dynamics (MD) simulations of the Kv1.1 channel embedded in a
phospholipid bilayer with explicit solvent. The atomic model of the
tetrameric channel was generated using AlphaFold (37) and struc-
tural alignment of the pore helices to the X-ray crystallographic
structure of Kv1.2 (PDB ID: 2A79) (38) (Fig. 7 A and B; sce
SI Appendix, Methods for a complete description). Similar to prior
studies of ligand binding (39—42), pisiferic acid ligands were placed
into the bulk solution at least 10 A from any nonligand molecules
(Fig. 7 C-F). Three systems were prepared and selected for longer
timescale simulations. In aggregate our molecular dynamics data

totaled 0.9 ps. Strikingly, pisiferic acid spontaneously bound to the
VSD of Kv1.1.

Molecular Mechanism of Pisiferic Acid Binding to Kv1.1. The
Kvl.1 VSD contains a solvent-exposed cavity between the S1
and S4 helices, separated by approximately 17 A between the C,
atoms of 1.288 and K193 (Fig. 84). In the simulations, pisiferic
acid enters the VSD through the cavity between the S1 and S$4
helices and initially contacts E283 and Q284 on S4 (Fig. 88 and
Movies S7 and S8). Several transient interactions form between the
f-hairpin connecting the S1 and S2 helices and pisiferic acid, as well
as between the S3 and S$4 loop and pisiferic acid (Fig. 8 Cand D).
These transient contacts between the S1 and S2 f-hairpin break as
the ligand then shifts into the cavity to form a CH-r interaction
between 1291 and the aromatic ring of pisiferic acid (Fig. 8F). As
the f-hairpin returns to the conformation adopted prior to binding,
pisiferic acid coordinates residues on the S4 helix, stabilized by
interactions with the ligand’s hydroxyl group interactions with
the amino group of the peptide backbone of Q284 and a CH-nt
interaction with 1291 (Fig. 8F). The CH-r interaction breaks as
pisiferic acid rotates to contact residues K193 and E187 on the S1
helix in a metastable configuration (Fig. 8G). The pisiferic acid
ligand then inverts and shifts deeper into the VSD (Fig. 8 H and J)
eventually adopting a stable pose (Fig. 8/) with the hydroxyl end of
the ligand forming contacts with the R295 amino acid backbone,
the base of the ligand interacting with R298, which forms a salt
bridge interaction with E187, and the carboxyl end of the ligand
contacting R292 and K193. After binding, the C,, distance between
residues 1.288 and K193 reduces to 12 A reflecting a more compact
VSD (Fig. 8 Kand ).

The resting conformation of the Kv1.1 VSD could be signifi-
cantly different than that predicted by AlphaFold. To assess this,
we performed additional MD simulations of Kv1.1 in the presence

Fig. 5. Pisiferic acid restores nor-
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Fig. 6. Pisiferic acid does not require the gallic acid binding site for its
effects on Kv1.1. Error bars indicate SEM. n indicates number of biologically
independent oocytes. At least 2 batches of oocytes were used per experiment.
Statistical comparisons by the two-tailed paired t test. (A) Sequence alignment
of human Kv1.1 and Kv1.2 partial S1 and S1-S2 linker with notable Kv1.2-
specific sequence differences colored (cyan versus red). (B) SwissDock results
for unbiased docking of gallic acid (GA; blue) to the AlphaFold-predicted
structure of Kv1.1. VSD helices are individually labeled and colored. Previously
reported in ref. 11. (C) Mean traces for Kv1.1-1182S,E1921,K195N (Kv1.1-3M)
channels expressed in oocytes in the absence (Control) or presence of pisiferic
acid (12 uM). Scale bars Lower Left; voltage protocol Upper Inset; n = 11 per
group. (D) Mean peak current (measured during prepulse) from traces as in (C);
n =11 per group. (E) Mean normalized tail current (G/Gmax) versus prepulse
voltage for traces as in (C), in the absence or presence of pisiferic acid (12 uM);
n=11 per group. (F) Mean unclamped oocyte membrane potential for oocytes
asin (C); n =11 per group. PA, pisiferic acid (12 uM).

of an applied electric field. System electrostatics were quantified
using particle mesh Ewald summation, which confirmed that the
potential difference between the intracellular and extracellular
regions was ~80 mV (S/ Appendix, Fig. S10), similar to physio-
logical conditions at rest. Alignment of the VSDs revealed rela-
tively small shifts in the Kv1.1 VSD conformation between the
original AlphaFold2-predicted structure and that predicted by the
MD simulations in the presence of the applied electric field
(81 Appendix, Fig. S11), and conformational differences were espe-
cially minimal in the predicted location of the pisiferic acid bind-
ing site. This suggests that pisiferic acid can bind similarly to the
resting conformation of Kv1.1.

Conformational Changes in the Kv1.1 VSD Induced by Ligand
Binding. To examine the conformational changes that occur in
the VSD upon pisiferic acid binding, we aligned the initial (apo)
structure of the VSD prior to binding, to the pisiferic acid bound
conformation of the Kv1.1 VSD detected in our simulations (Fig. 9 A
and B). Surprisingly, comparison of the pisiferic-acid bound VSD to
that of the apo, unbound VSD, revealed large-scale conformational
shifts similar to that found during the activation of voltage-gated
potassium channels in structural and electrophysiological studies
(43, 44). Alignment of the bound-state of the Kv1.1 VSD identified
in our MD simulations with that of the apo conformation indicated
that pisiferic acid binding induces an upward rotation of the S3
and $4 helices about residues R295 and 1296 that interact with
the base of the ligand to form contacts between the S1 and S2
helices. These upward shifts in the S3 and S4 helices also caused

rotations in the S4-S5 linker toward the VSD that creates tension
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on the pore-forming helices to trigger opening of the channel. These
conformational changes suggest that the mechanism by which
pisiferic acid binding increases channel activity is by altering the
conformation of the channel toward an open state.

Ligand Density Maps Reveal Residue-Specific Interactions. To
characterize the protein-ligand interactions responsible for binding,
we computed the spatial distribution occupied by the ligand during the
dynamical simulations or in other words a 3D map of the ligand density.
Contouring the density at 26% revealed two high probability sites of
interaction with pisiferic acid and Kv1.1 at the VSD, corresponding
to the binding site detected in our MD simulations (Fig. 104). A
third interaction site was also detected in the pore domain, reflecting
transient interactions with Kv1.1 and the ligand that are more similar
to that of channel blockers. At higher probability contours density at
this third site disappears, suggesting that while pisiferic acid may have
some lower affinity at that interaction site, it is not the primary binding
site for the ligand. We also computed the percentage of simulated
time which any residue on Kv1.1 spent in contact with the pisiferic
acid (e.g., residence time) (Fig. 10.B), which showed that the highest
probability contact between Kv1.1 and the ligand occurred at binding
pocket residues proximal to R295, K193, and E187.

To experimentally validate the MD simulations, we tested the
pisiferic acid responsiveness of Kvl.1 channels bearing single,
double, and triple mutations in the residues predicted to form the
pisiferic acid binding site. Consistent with the MD simulations
and predicted binding pose, single or double mutations to create
perturbations to the binding pocket at residues K193, E187, and
R295 substantially decreased the midpoint voltage dependence of
activation shift, AV} s ., by pisiferic acid, indicative of a reduced
effect and binding of pisiferic acid on Kv1.1. The triple mutant
was nonfunctional (Fig. 10 C-E).

B Kv1.1 (side) C

Pisiferic Acid

A Kv1.1 (top)

Molecule|Outer | Inner
CHOL 47 47
POPS 0 10
POPE 14 22
POPC 27 14

POPI 0 5
SM 12 2

Fig. 7. All-atom molecular dynamics of the Kv1.1 ion channel. (A) Top view
of a model of the Kv1.1 tetramer constructed using AlphaFold and alignment
to the X-ray crystallographic structure of Kv1.2 (PDB ID: 2A79). (B) Side view
of the same complex. (C) A ball-and-stick representation of a single pisiferic
acid molecule. (D) The lipid composition of an asymmetric lipid bilayer found
in neurons. Values in the table express the concentration of each component
in terms of percentage of the total number of molecules in each layer, which
corresponds to a mixture of 94 CHOL, 28 POPE, 54 POPC, and 24 SM molecules
in the upper leaflet and 94 CHOL, 20 POPS, 44 POPE, 28 POPC, 10 POPI, and 4
SM molecules in the lower leaflet. (E) Side view of Kv1.1 channel embedded in
the lipid membrane with 5 molecules of pisiferic acid and 150 mM KCl. Lipids
are colored as in (D). (F) Top view of Kv1.1 embedded in an asymmetric lipid
bilayer found in neurons with lipid species colored as in (D).
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Fig. 8. MD simulations reveal the mechanism of
pisiferic acid binding to the VSD of Kv1.1. (A) Expanded
view of the S1-S4 helices and pisiferic acid in bulk
solvent. Dashed lines correspond to the area in (B).
(B) Close-up view of pisiferic acid. The ligand contacts

Discussion

Aberrant function of voltage-gated potassium channels underlies a
variety of inherited, de novo genetic, and/or acquired electrical
excitability disorders, including Long QT syndromes 1, 2, 5, and
6 (45), Brugada syndrome (46), KCNQ?2 developmental and epi-
leptic encephalopathy (DEE) (47), KCNB1-linked DEE (48), and
EAL (1, 3). These genetic traits are generally relatively rare, but
nonetheless often devastating. Episodic ataxias occur at an estimated
frequency of 26/100,000 people worldwide (10), and of the nine
distinct genetic forms, EA1 (caused by KCNAI sequence variants)
and EA2 (CACNA1A) are the most commonly diagnosed (49, 50).

EA1 is typically treated with varying success by altering electri-
cal excitability using the sodium channel inhibitor carbamazepine,
or less commonly the carbonic anhydrase inhibitor acetazolamide,
which is more often given to individuals with EA2. Attempts to
directly fix the function of Kv1.1 channels carrying EA1 sequence

53-54 $3-84 Bound |
Helices Helices
| e Y '
Apo (S c
Bending

1 Point ""---¥
‘4

Ben&i}lg

Point
P
Bound Apo
S$4-S5 Linker S$4-S5 Linker

Fig. 9. Comparison of the conformational changes in Kv1.1 upon ligand
binding. (A) Top view of the VSD prior (green) and after pisiferic acid stably
binds (orange). The bound conformation was measured after 184 ns of MD
simulations. (B) Side view of the apo Kv1.1 VSD and bound Kv1.1 VSD. Pisiferic
acid binding to the VSD of Kv1.1 induces a conformational change in the S3
and S4 helices. Rotation of the S3 and S4 helices applies a torque to the S4-S5
linker, creating tension on the pore-forming helices.
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and interacts with E283 and Q284 at the S4 helix. (C)
Pisiferic acid shifts and enters a solvent-exposed cavity
in the VSD. (D-F) L288, L291, and R292 coordinate
the ligand as it reaches the binding pocket and (G)
adopts a metastable configuration coordinated by
K193, R295, and E187. (H and /) The ligand flips prior
to settling in the stably bound pose (J), and remains in
this conformation for the remainder of the simulation
(K). (L) Expanded view of the ligand bound to the VSD.

o

pA
[\ N
2 )

variants have been slowed historically by limited impact of WT
Kvl1.1 openers on channels carrying EA1 mutations. The first
reported Kv1.1 channel opener, pimaric acid, augments WT
Kv1.1 currents up to eightfold (at -50 mV) at 10 pM, but at
greater concentrations was found to inhibit Kv1.1, just as we
observe for pisiferic acid at 100 uM (Fig. 3C and SI Appendix,
Fig. S2) and also similar to niflumic acid (31). It is possible that
pimaric acid is able to rescue function in Kv1.1 channels carrying
EA1l-linked sequence variants, but that has not to our knowledge
been reported (51). We previously found that several synthetic
glycine derivatives could increase WT Kv1.1 activity as much as
30-fold at submicromolar concentrations. The derivatives had the
advantage of not inhibiting Kv1.1 at higher concentrations, and
were at least semispecific among Kv isoforms, but, crucially, they
failed to rescue the EA1 variant-containing Kv1.1 channels that
we analyzed (E283K, G311D, L328V, and V408A) (52).
Subsequently, as described above, we found that gallic and tannic
acid, present in several extracts (bladderwrack kelp, common net-
tle, and Pacific ninebark) used by the Southern Kwakwaka'wakw
First Nation to treat locomotor ataxia (11), open WT Kv1.1 and
rescue 2/5 EA1 mutants we tested. Niflumic acid was then found
to rescue one EA1 mutant Kv1.1 channel in vitro and in vivo,
albeit at lower potency than pisiferic acid (31).

One question that arises is whether pisiferic acid is able to truly
rescue EA1 mutant Kv1.1 channels, or instead simply increases
the current through non-mutant-interacting WT Kv1.1 channels.
Our data suggest true mutant rescue, as follows. First, we found
that the function of half of the 12 mutants we tested was aug-
mented by pisiferic acid for mutant Kv1.1 channels in their homo-
meric, homozygous form (87 Appendix, Fig. S4) demonstrating
unequivocally that for these mutants at least, pisiferic acid genuinely
rescues the mutant form (there were no WT subunits present). We
next tested heterozygous, homomeric mutant Kv1.1 currents, and
found that activity of 11/12 of them was improved by pisiferic
acid. The majority of these channels exhibited depolarized voltage
dependence of activation compared to WT, some by >20 mV, i.e.,
they form channels with distinct properties to those of all-WT
channels recorded in the same batches, supporting the conclusion
that for the majority of cases, there are mutant subunits in the
channels being rescued. In addition, pisiferic acid has notably
differing magnitudes of effects (2 through 10, in terms of current
fold-increase) depending on the homomeric, heterozygous Kv1.1
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mutant current being studied (87 Appendix, Fig. S5F). This would
not be the case if pisiferic acid were simply acting on WT channels
and the mutant subunits were somehow left behind—the
fold-increases would be much more uniform and similar to that
of WT. We observed similar phenomena for different heteromeric,
heterozygous mutant Kv1.1/Kv1.2 currents, i.e., a differing shift
in voltage dependence of activation versus WT at baseline (Fig. 4F)
and different fold-increase in current in response to pisiferic acid
(Fig. 4E). We therefore conclude that pisiferic acid is able to
restore/augment activity in the majority of channels that include
EA1-linked mutant Kv1.1 subunits.

Herein, we again learned from Native American folk medicine,
which involved use of conifer extracts for excitability disorders
including weakness and paralysis, although our eventual lead

A C Control

B 26.0 %
N 65%
0.2 %

extract was from a Japanese conifer, because of a more favorable
activity profile in vitro (Fig. 2). While gallic acid interacted with
the S1-S2 linker to open Kv1.1 channels (Fig. 6) (11), pisiferic
acid sits much deeper in the VSD cleft, and in MD simulations
was found to spontaneously bind there, following transient inter-
actions on the way to this deep pocket (Fig. 8). The results of the
MD simulations are consistent with pisiferic acid binding induc-
ing a conformational shift in the VSD that triggers pore opening,
meaning that in this context Kv1.1 is acting similarly to a classic
ligand-gated channel, i.e., binding of a ligand to a protein domain
on the channel’s extracellular side that is distinct from but con-
nected to the pore region leads to a ligand-induced conformational
shift that opens the pore. Alternatively, this behavior can be lik-
ened to calcium-activated K" channels such as BK, which is
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Fig. 10. Ligand density maps, residence time calculations, and experimental validation of MD simulations of pisiferic acid binding to Kv1.1. (A) The ligand
density map highlights positions occupied by pisiferic acid during dynamical simulation. Three distinct isocontours are shown corresponding to 26, 6.5, and 0.2%
occupancy in dark blue, blue, and light blue, respectively. Binding pocket residues, R295, K193, and E187 that stably interact with the ligand in the VSD are also
highlighted. (B) Residue-specific contacts between Kv1.1 and pisiferic acid measured throughout the simulation as a percentage of time show the highest peaks
in residues proximal to the VSD binding pocket (R295, E187, and K193). (C) Mean traces for the Kv1.1 mutants indicated expressed in oocytes in the absence
(Control) or presence of pisiferic acid (12 uM). Scale bars Lower Left; voltage protocol as in Fig. 1C; n = 5-11 per group. For all electrophysiology in this figure: error
bars indicate SEM. n indicates number of biologically independent oocytes. At least 2 batches of oocytes were used per experiment. Statistical comparisons by
the two-tailed paired t test. (D) Mean normalized tail current (G/Gmax) versus prepulse voltage for traces as in (C), in the absence or presence of pisiferic acid (12
uM); n=5-11 per group. (E) Summary of V; s, shifts in response to pisiferic acid (12 uM), quantified from data in (Cand D), n = 5-11. ***P < 0.001; ****P < 0.0001.
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independently activated by both voltage and calcium, albeit the
calcium-binding site is intracellular (53). Similar to this model,
increasing pisiferic acid concentration at a fixed voltage increases
the proportion of open channels, while increasing voltage at a
fixed pisiferic acid concentration does the same.

A potential limitation of our study is that the cellular electro-
physiology was performed using Xenopus oocytes rather than a
mammalian expression system. However, the advantage of oocytes
thatwe consider very importantwhen studying heterozygote-mimics
and heteromeric channels is that one injects each oocyte with
relatively precise quantities of each cRNA (channel isoform,
mutant) being studied, so the quantity and ratio of the cRNAs is
controllable in each individual cell, which is not the case for tran-
sient transfections in mammalian cells.

Native Americans have used an estimated 3,000 plant species as
medicine (12), a number that may be an underestimate given that
they generally lacked their own written records, instead passing
down medicinal knowledge by word of mouth. This tradition was
especially prone to disruption by European colonists as they
destroyed First Nations’ cultures along with their people. Given
that extant documentation and knowledge of Native America tra-
ditional medicines for ataxia is therefore rare for the above reasons
and because of the relative rarity of inherited ataxias, we hypothe-
sized that Native American traditional medicines for disorders that
can also stem from hyperexcitability, such as pain, weakness, paral-
ysis, and cardiovascular dysfunction, might yield clues to potential
ataxia therapies. In Moerman’s Native American Ethnobotany
database (54), there are >30 examples of plants being used to treat
paralysis, attributed to 18 different First Nations; 110 examples for
weakness, >1,500 for pain; the relative frequencies of these three
likely reflect the relative frequency of the disorders themselves.

Of the species we tested here, a compound decoction made by
boiling P contorta needle tips in water was taken orally by the Carrier
First Nation, of what is now termed British Columbia, for paralysis,
weakness, pain, and sores (55), and by the Thompson (as a salve of
boiled sap and grease), Haisla and Hanaksiala First Nations for pain
(56). A compound containing warmed 7. mertensiana seeds was
taken by the Tingit First Nation for toothache (57) and the Bella
Coola applied a poultice of chewed 7. mertensiana leaves as a burn
dressing (55). P ponderosa pitch was applied topically by the Flathead
and Thompson to treat pain (58, 59). Extracts of all these species
had interesting and potentially beneficial effects on Kv1.1 activity
and warrant future study, despite us selecting a different species for
further work here. Strikingly, there are to our knowledge no recorded
uses of P albicaulis as medicine (12, 54), and it was instead used as
food; this is significant because it was the only conifer extract that
did not hyperpolarize the Kv1.1 V5, (Fig. 1). We are not aware
of documented use of C. pisifera in traditional medicine in Japan,
but the extract has previously reported antibacterial properties (29).
Pisiferic acid, the active component in C. pisifera, is also a compo-
nent of rosemary (Salvia rosmarinus), a plant used in traditional
medicine to treat neurological disorders (30).

In summary, by learning and extrapolating from Native American
traditional medicine use of conifers, we have found that the Sawara
cypress metabolite pisiferic acid is a uniquely versatile, potent, and
efficacious Kv1.1 opener with the capability of universal correction
of EAl-linked Kv1.1 mutant channels. The results of our experi-
ments and MD simulations support a model in which Kv1.1 has
the capability of functioning as a ligand-gated channel with its VSD
acting as the ligand-binding domain, to which pisiferic acid binds
to induce channel opening. Our findings warrant further investi-
gation of the therapeutic potential of pisiferic acid in ataxia, in
additional preclinical studies, and if supported by further data,
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clinical trials. Our work also further underscores the importance of
preserving botanical folk medicine practices and the habitats in
which medicinal plants grow. Future drugs undoubtedly lie deep
in the heart of Amazonian rain forests and among tropical coral
reefs but can also be hiding in plain sight among the herbs and trees
in gardens, forests, chaparral, and deserts closer to home. In all these
cases, realization of the potential of medicines from our natural
environment requires protection of these habitats from climate
change, unsustainable logging and farming practices, pollution, and
other existential threats to plant and animal life.

Methods Summary

Complete methods are included in SI Appendix.

Plant Extracts, Electrophysiology, and MD Simulations. Briefly, methanolic
extract of conifers, including those collected under permit from Yosemite National
Park (study # YOSE-00839); and C. pisifera metabolite pisiferic acid (presence
in extract confirmed by HPLC and LC/MS), were tested for effects on Kv channel
heterologous expressed in Xenopus laevis oocytes using two-electrode voltage-
clamp electrophysiology. An atomic model for Kv1.1 was constructed from the
predicted structure of the Kv1.7 monomer available in the AlphaFold database
(37) (UNIPROT: AF-Q09470-F1). The transmembrane segments of Kv1.1 includ-
ing the S1-S6 helices were retained, and the disordered intracellular regions
(residues 1 to 142 and 416 to 495) were removed from the model. An X-ray
crystallographic structure for the Kv1.2 tetramer (PDB ID: 2A79) (38) was used
as a template to obtain the quaternary protein-protein contacts that stabilize the
Kv1.1 tetramer. MD simulations of pisifericacid binding to Kv1.1 were conducted,
and then validated using TEVC and site-directed mutagenesis.

Mouse Studies. For mouse studies, pisiferic acid (Combi-Blocks, San Diego,
CA) was solubilized at 0.1 mg/mL in a vehicle containing 1% DMSO in sterile
PBS. Isoproterenol hydrochloride (Sigma-Aldrich, St. Louis, MO) was made up
at 0.5 mg/mL free base in sterile PBS. All compounds were injected intraperito-
neally at 10 ml/kg. The Kv1.7-E283K transgenic mouse line was created from
C57BL/6 mice by CRISPR knock-in at the Chao Family Comprehensive Cancer
Center Transgenic Mouse Facility at UCI. Experimental mice were bred by crossing
Kv1.1%85* mice with WT Kv1.1 mice (Kv7.7**). The offspring were genotyped
by qPCR and approximated typical Mendelian inheritance. Kv7. 755 and lit-
termate Kv7.7"'* transgenic mice were group-housed under a 12-h light/dark
cycle with access to food and water ad libitum. Unless otherwise noted, all of the
behavioral experiments were conducted on adult, male mice between 2 and 4
mo of age with the genotypes being tested in a counterbalanced fashion. These
behavioral paradigms were approved by the Institutional Animal Care and Use
Committee at the University of California, Irvine.

Statistics and Reproducibility. All values are expressed as mean = SEM.
Multiple comparison statistics were conducted using either a One-way ANOVA
with a post hoc Dunnet correction for multiple comparisons or a Two-way ANOVA
with a post hoc Bonferroni correction. Comparison of two groups was conducted
using a t test; all P values were two-sided.

Data, Materials, and Software Availability. Raw data have been deposited
in Dryad (https://doi.org/10.5061/dryad.hmgqnk9tq) (60).
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