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Abstract

Dysfunction of the human voltage-gated K* channel Kv1.1 has been associated
with epilepsy, multiple sclerosis, episodic ataxia, myokymia, and cardiorespira-
tory dysregulation. We report here that AETX-K, a sea anemone type I (SAK1)
peptide toxin we isolated from a phage display library, blocks Kv1.1 with high af-
finity (K;~1.6 pM) and notable specificity, inhibiting other Kv channels we tested
a million-fold less well. Nuclear magnetic resonance (NMR) was employed both
to determine the three-dimensional structure of AETX-K, showing it to employ
a classic SAK1 scaffold while exhibiting a unique electrostatic potential surface,
and to visualize AETX-K bound to the Kv1.1 pore domain embedded in lipopro-
tein nanodiscs. Study of Kv1.1 in Xenopus oocytes with AETX-K and point vari-
ants using electrophysiology demonstrated the blocking mechanism to employ a
toxin-channel configuration we have described before whereby AETX-K Lys,5,
two positions away on the toxin interaction surface from the classical blocking
residue, enters the pore deeply enough to interact with K* ions traversing the
pathway from the opposite side of the membrane. The mutant channel Kv1.1-
L,oF is associated with pharmaco-resistant multifocal epilepsy in infants because
it significantly increases K* currents by facilitating opening and slowing closure
of the channels. Consistent with the therapeutic potential of AETX-K for Kv1.1
gain-of-function-associated diseases, AETX-K at 4 pM decreased Kv1.1-L,qF cur-
rents to wild-type levels; further, populations of heteromeric channels formed
by co-expression Kvl.1 and Kvl1.2, as found in many neurons, showed a K; of
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(K;>2000nM).
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1 | INTRODUCTION

The voltage-gated K* channel Kv1.1 is expressed across
the human central nervous system, prominently in the
hippocampus, cerebellum, and neocortex."? In neurons,
Kv1.1 channels regulate the threshold of action poten-
tial generation, action potential repolarization, firing
frequency, and thereby neurotransmitter release.’> Kv1.1
channels are composed of four subunits and can assem-
ble as homotetramers or mixed complexes, notably with
Kv1.2.*> Each Kv1.1 subunit contains six transmembrane
segments (S1-S6), S1-S4 comprise the voltage sensor do-
main (VSD), and S5-S6 forms the pore domain that allows
transmembrane flux of K* ions when the channel opens
on membrane depolarization (Figure 1B).*> A spectrum of
neurological diseases has been associated with mutations
in the KCNA1 gene encoding for Kv1.1 channels. These
include more than 40 loss-of-function mutations linked to
episodic ataxia type 1, paroxysmal kinesigenic dyskinesia,
hypomagnesemia, and epilepsy.' Increased Kv1.1 channel
activity has been associated with multiple sclerosis* and,
recently, severe, pharmaco-resistant multifocal epilepsy in
an infant with a gain-of-function mutation, Kv1.1-L,o.F.’
The patient was not sensitive to maximal therapeutic
doses of anti-seizure medications, whereas compassion-
ate use of 4-aminopyridine (4-AP) reduced seizure bur-
den and prevented rehospitalization. Unfortunately, 4-AP
blocks Kv1.1 only at uM levels, cross-reacts with other
channels in the Kvl subfamily,6 and can be toxic, caus-
ing diaphoresis, altered mental status, and seizures with
dopamine-related movement abnormalities, including
tremor, choreoathetosis, and dystonia.7 A blocker with
greater specificity and higher affinity for Kvl.1 might be
beneficial for patients with gain-of-function-associated
diseases like this child.>®

Sea anemones are a rich source of peptide toxins that
block K* channels; the peptides have been used as tools to
study the structure and function of K* channels and are
being explored as therapeutic agents for diseases includ-
ing multiple sclerosis, psoriasis, and rheumatoid arthritis.’
Previously, we identified three blockers of the bacterial
KcsA K channel, HmK, Huil and AETX-K (Figure 1A),
by screening a phage display library of 1.5 million combi-
natorial variants of sea anemone type I (SAK1) peptides

~10nM even though homomeric Kv1.2 channels were insensitive to the toxin

AETX-K, epilepsy, Kv1.1, NMR, venom peptide

created based on the sequences of 150 SAK1 toxin genes."
KcsA exhibits high sequence and structural homology to
the S5-S6 domain of voltage gated K* (Kv) channels."! We
observed that HmK, a natural toxin in the library isolated
from the sea anemone Heterotactica magnifica, was potent
but promiscuous, blocking KcsA, human Kv1.2, human
Kv1.3, and Shaker channels with half-maximal equilib-
rium inhibition constants (K;) of 1 to 4nM.'®* HmK blocks
from the external side of the membrane by occluding the
conduction pore with Lys,,, a lysine conserved across the
SAK1 family, thereby conferring voltage dependence to
dissociation of the toxin from its binding site because K*
ions traversing the pore from the cytosol “knock-off” the
toxin (Figure 1A,B).12 The blocking mechanism of HmK is
reminiscent of the a-KTx scorpion toxins, like charybdo-
toxin (CTX) and Kaliotoxin (KTx), that block Kv channels
by position a conserved Lys in the outer pore vestibule to
impede the passage of ions."*™° The classical a-KTx mech-
anism was visualized in the crystal structure of CTX and
Kv1.2, showing the e-amino group of CTX-Lys,, near the
first K* binding site in the conduction pore.'® In contrast,
the novel chimeric peptide Huil, comprised of segments
from AETX-K and HmK (Figure 1A), blocked KcsA with
high affinity and specificity in an unexpected manner
such that Hui-Arg,; conferred voltage sensitivity to pep-
tide dissociation from the outer pore vestibule, a larger
basic residue located two positions away from the classical
site (Figure 1B).1°

Here, we study the natural SAKI toxin AETX-K with
six Kv channels observing that it blocks Kv1.1 with high
affinity (K;~1.6 pM) and notable specificity. Nuclear
magnetic resonance (NMR) showed that AETX-K has
the helix-kink-helix conformation, constrained by Cys11-
Cys27 and Cysl6-Cys31 disulfide bonds, observed for
other SAK1 toxins. However, the electrostatic potential
of the AETX-K binding surface presented to the channel
vestibule is like that of Huil (that exhibits 88% sequence
identity with AETX-K) but differs considerably from
HmK. Further, we find that AETX-K-Lys,5, a residue that
corresponds to Huil-Arg,s, is responsible for the voltage
dependence of peptide dissociation rather than AETX-K-
Lys,, that corresponds to HmK-Lys,,, supporting the no-
tion that AETX-K blocks in an alternative orientation like
Huil rather than HmK.
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FIGURE 1 SAKI toxins display two blocking mechanisms in the K* channel pore. (A) Sequence alignment of AETX-K, HmK, and
Huil. Pore occluding residues were labeled blue. Identical residues between AETX-K and HmK were marked with gray color. (B) Cartoon

suggesting SAK1 toxin binding orientations in the Kv1.1 channel or KcsA channel external pore vestibule with Lys or Arg near the

conduction pore. Left: AETX-K with Lys,, toward K* in the Kv1.1 channel pore. The epilepsy-associated gain-of-function mutation L296F

(shown in red) locates at the S4 transmembrane segment in the voltage sensor domain of the Kv1.1 channel. Middle: HmK with Lys,,

toward K* in the KcsA channel pore as described before.'? Right: Huil with Arg,; toward K* in the KcsA channel pore as described before. '

The gain-of-function mutation Kv1.1-L,yF shifts chan-
nel activation to more negative voltages, increasing current
amplitude and slowing channel closure compared to wild
type (WT) Kv1.1. AETX-K blocks Kv1.1-L,oF with a K; of
~2.1 pM and application of 4 pM AETX-K inhibits the cur-
rent of the mutant channel to WT levels. Kv1.1 can form
mixed channels with other Kv1 subunits, predominantly
Kv1.2, in neuronal membranes.®> AETX-K blocks popu-
lations of Kv1.1-Kv1.2 heteromeric channels formed by
equal cRNA concentrations of the two subunits in oocytes
with a K; of ~10nM even though Kv1.2 channels are insen-
sitive to the toxin. The extent of the block of Kv1.1-Kv1.2
channels by various concentrations of AETX-K allows an
estimation of the K, for heteromeric channels formed with
three, two and one Kv1.1 subunits of ~56 pM, 14nM, and
1155nM, respectively. We suggest that AETX-K will find
utility as a tool to study the physiology and biophysics of
Kv1.1 channels and can serve as a lead for medications to
treat diseases associated with excess activity of channels
formed with Kv1.1.

2 | MATERIALS AND METHODS

2.1 | Molecular biology

Human Kvl.l (NM_000217), Kvl1.2 (NM_004974),
Kvl.3 (NM_002232), Kvl.5 (NM_002234), Kv7.2
(NM_001382235) and Kv7.3 (NM_001204824) were cloned
in pMAX+ vector with the 5" and 3’ portions of the Xenopus
laevis pB-globin gene, and a T7-promoter for in vitro tran-
scription. Point mutation for the Kv1.1 channel was intro-
duced using QuikChange Site-Directed Mutagenesis Kit
(Agilent). The sequences of all constructs were confirmed
by DNA sequencing. cRNAs for all K™ channels were syn-
thesized in vitro. The plasmids were linearized using Pmel
(New England BioLabs), purified using QIAquick PCR
Purification Kit (QIAGEN), and cRNAs synthesized using
the mMESSAGE mMACHINE kit for T7 (Invitrogen).
cRNAs were diluted with RNase-free water, and concentra-
tions were measured using NanoDrop 2000 (ThermoFisher
Scientific) and stored at —80°C until use.
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| Peptide toxin synthes1s and
recombmant expression

AETX-K (QOEAE5), AETX-K-K,,N, AETX-K-K,;N, HmK
(016846) were purchased as synthetic peptides from
CSBio where peptide folding reactions were quenched by
acidification, products purified by reverse-phase HPLC
and evaluated by mass spectral analysis, as before.'%'?
Peptides had greater than 90% purity were lyophilized
and stored at —20°C. Peptides were dissolved in recording
solution for TEVC before use. °’N-labeled AETX-K for as-
signment of chemical shifts and structure determination
was expressed by modifying previously reported proto-
cols."” Briefly, a Trx-TEV-AETX-K fusion construct was
expressed in E. coli BL21(DE3) inclusion bodies (IB) using
M9 minimal medium supplemented with 100 mg/mL am-
picillin and containing 1g/L ""NH,CI and 4g/L glucose.
After cell lysis and pelleting of the IB, they were solubi-
lized in buffer containing 6 M guanidine-HCI and 2mM
dithiothreitol (DTT) and stirred for 2h at room tempera-
ture. The sample was clarified by centrifugation and the
supernatant was incubated overnight at ambient tempera-
ture with Ni-NTA agarose resin beads (Macherey-Nagel,
Diiren, Germany) equilibrated with 20mM Tris pH 8.0,
250mM NaCl, 10mM imidazole, 6 M urea, and 1 mM
DTT. Immobilized protein was refolded on-column with
a linear gradient of 6 to OM urea and 1 to 0OmM DTT and
eluted with elution buffer (containing 500 mM imidazole)
followed by dialysis and overnight TEV-protease cleavage.
AETX-K was separated from this mixture by reverse-phase
HPLC on a C18 column using an H,0:MeCN gradient,
lyophilized and kept at —20°C for storage. For expression
of ?H,""N-labeled AETX-K for binding to LPN-channels,
after initially inoculating an M9 culture and growing to
ODyyo~0.5, cells were transferred to H,0-based M9 me-
dium supplemented with 2 g/L d,-glucose and 0.5g/L DN-
IsoGro powder (Sigma-Aldrich).

2.3 | Preparation of
LPN-channel assemblies

The KcsA channel (residues 16-160) and chimeric Kv1.1
channel (Figure S1) were overexpressed in C41 E. coli
bacteria and purified without isotopic labeling follow-
ing previously described procedures.'® For optimal yields
the extraction buffer contained 1.5% w/v n-dodecyl-N,N-
dimethyl-3-ammonio-1-propanesulfonate (Anzergent
3-12) and 1.2M KCI. The final buffer for elution from
the Ni**-affinity column contained 5mM dodecyl malto-
side (DDM). Full-length membrane scaffold protein was
expressed in BL21(DE3) Escherichia coli transformed
with a pET28a plasmid encoding for MSP1D1 fused to

a tobacco etch virus (TEV) protease cleavage site and
containing an N-terminal His, tag. Overexpression and
purification were performed as previously described,"
with final dialysis performed against 20mM Tris pH?7.5,
100mM NacCl, 0.5mM EDTA) in preparation for incor-
poration into LPNs. A 3-to-1 mol:mol mixture of 1-palm
itoyl-2-oleoyl-sn-glycero-3-phosphocholine:1-palmitoyl-2
-oleoyl-sn-glycero-3-phospho-rac-glycerol (POPC:POPG)
was solubilized in MeOH:CHCI; (35:65) and lyophilized.
The channel sample was mixed with MSP1D1, lipids, and
sodium cholate at 1:20:800:1600 molar ratio, while main-
taining a final cholate concentration of 12-40 mM and in-
cubated overnight with moderate shaking at 25°C. SM-2
BioBeads (BioRad, 0.5 gr per 1 mL of assembly mixture)
were then added, and shaking was continued for 2h. After
removal of the BioBeads, the LPN-channel assembly was
purified on a Ni** affinity column equilibrated in 20 mM
Tris pH7.5, 100mM NaCl, 20mM imidazole buffer, and
the protein-containing LPNs were eluted by addition of
500mM imidazole. The eluted channel-containing nano-
discs were concentrated and purified on a Superdex200
16/60 size exclusion column (GE Healthcare, Uppsala,
Sweden) equilibrated with 20mM Tris pH7.5, 100mM
NaCl, 0.5mM EDTA, concentrated, and preserved at 4°C
until use.

2.4 | Two electrode voltage clamp
(TEVC)

Xenopus laevis oocytes consistent with stage VI were se-
lected based on their size and clear white equatorial bands
and were injected with 0.05ng of cRNA encoding Kv1.1,
Kv1.1-L,oF, or other Kv channels. Recording solution
was (in mM): 4 KCl, 100 NaCl, 1 MgCl,, 0.3 CacCl,, 10
HEPES, pH 7.5. Recordings were performed with constant
gravity flow of solution at 2mL/min, yielding chamber ex-
change in 5s. Currents were recorded 2days after cRNA
injection using an Oocyte clamp amplifier OC-725C
(Warner Instruments) and electrodes filled with 3M KCI
with resistance of 0.3-1 MQ. Data were filtered at 1kHz
and digitized at 20kHz using pClamp software and as-
sessed with Clampfit v9.0 and Origin 6.0. Equilibrium in-
hibition of AETX-K was determined by fitting the
concentration-response curve, whereas it was calculated
for AETX-K variants from the fraction of unblocked cur-
rent achieved by one to three toxin concentrations that
inhibited 20%-80% of the current, as described before.!°
K, and K g were estimated from fits of the kinetics of tox-
ins wash-in and wash-off. Thus, according to a bimolecu-
lar scheme with a single toxin-bound state and changes in
toxin concentration compared to the speed of block and
unblock, one can assess steady-state and Kkinetic
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parameters of blockade. The unblocked fractional current
at equilibrium (F,,) with a toxin concentration [Tx] re-
lates to the concentration dependence of inhibition ac-
cording to Hill equation: F,=(1+[Tx]/K,)~", where F,, is
related to the second-order association rate constant K,
(1/Ms) and first-order dissociation rate constant K. (1/s)
according to equation: F,, =K /(K [Tx] + Kg), and the
equilibrium inhibition constant for half-maximal block-
ade K; is given by the equation: K;=K /K. Time con-
stants of block and unblock (z,, and zg) were determined
by single exponential fits of the kinetics of toxin wash-in
and wash-off, and these parameters are related to K, and
Kot by equations: 7,, = (Kon[TX] "'I<off)_1 and Toff= (Koff)_l-
The G-V relationships were fitted to the Boltzmann equa-
tion: G=G,,,/[1+exp(-zF(V-V,,,)/RT)], where G, is
maximum conductance, V is the test potential, V,, is the
voltage of half-maximal activation, z is the effective va-
lence, T is the temperature, R is the gas constant, and F is
the Faraday constant. The theoretical percentages of ex-
pression of the five different stoichiometries of assembled
channels of Kv1.1-Kv1.2 were calculated with the bino-
mial equation F;={4!/ [(4-n)!n!]}Fg}IZ)FI’évL2, where F; is
the decimal fraction of channels with n Kv1.2 subunits,
Fy.1 1 is the fraction of Kv1.1 cRNA injected, and Fy,, , is
the fraction of Kv1.2 cRNA injected, both Fy,, ; and Fg,; 5
are 0.5 in this study. For Kv1.1-Kv1.2 channels, n ranges
from 0 to 4, giving five channel types based on subunit
composition (Figure 7C).

2.5 | NMR sample preparation

Lyophilized synthetic or recombinant labeled AETX-K
were dissolved in 20mM phosphate buffer (pH 6.8) con-
taining 10mM NaCl, 0.02% NaN, and 7% “H,0. Typical
AETX-K concentrations were 300-1000pM for assign-
ment and structure determination experiments and 50 pM
’H,>°N-AETX-K for LPN-channel binding experiments.
For the latter, LPN-channel was titrated in from a stock
solution of 150-200 pM of tetrameric channel to reach the
desired toxin: channel ratio.

2.6 | NMR spectroscopy and structure
determination

All NMR measurements were performed with a Bruker
DRX 700 spectrometer equipped with a cryogenic triple-
resonance TCI probe and z-axis pulsed field gradients
at 16.4T and 298K (structure determination) or 303K
(LPN-channel binding). Chemical shifts were directly
referenced against 4,4-dimethyl-4-sila-pentane-1-su
Ifonic acid (DSS) present at ~1 mM. All spectra were

;'IC-ASEBJournaI

processed by using the TopSpin 3.5 package (Bruker
BioSpin, Karlsruhe, Germany). Assignments of AETX-K
'H chemical shifts were obtained from homonuclear 2D
total correlation spectroscopy (TOCSY) and 2D nuclear
Overhauser effect spectroscopy (NOESY) spectra. An
’N-edited 3D-NOESY spectrum served to assign ambig-
uous 'H shifts as well as the '°N shifts. Assignments of
13C()(/BC[S shifts were obtained from a 2D 1H,BC-HMQC
spectrum by comparison to known 'H shifts. Details of
NMR acquisition parameters are summarized in the
Supplementary Information.

For structure determination, NOESY cross peaks from
2D- and 3D-spectra were assigned, normalized for multi-
plicity and binned by intensity into strong, medium, weak
and very weak groups, and these were assigned 'H-'H dis-
tances of 2.5, 3.3, 4.0 and 5.0 A, respectively. Appropriate
distance constraints were employed with a+30% toler-
ance. TALOS+ predictions for backbone ¢/y dihedral an-
gles were added as dihedral constraints with a tolerance
of +£30°. The CNS1.3 structure calculation suite was em-
ployed with these constraints as input to determine 81 ac-
cepted structures, of which 23 low-energy structures were
chosen for the final ensemble.

3 | RESULTS

3.1 | AETX-K blocks Kv1.1 potently and
specifically

AETX-K was identified in the Sea anemone Anemonia
eryﬂfzraea.20 AETX-K has 34 residues, including six
cysteine residues that form three intramolecular disulfide
bonds with Cys2-Cys34, Cys11-Cys27, and Cys16-Cys31
(Figure 1A) to yield the distinct SAK1 scaffold. SAK1 tox-
ins block Kv channels similarly to a-KTx scorpion toxins
via binding to the external pore vestibule and occlusion
of the conduction pore by a positively charged residue.”**
Thus, HmK blocks using Lys,,, whereas Huil and ShK
uses a non-classical residue two position further across
the toxin interaction surface, Huil-Arg,;/ShK-Arg,, ">
AETX-K shares 67% identity to HmK in primary sequence
and 88% identity to Huil (Figure 1A).

cRNA encoding Kvl.1 was synthesized in vitro
and injected into Xenopus oocytes, yielding robust
outward K* currents that were recorded using two-
electrode voltage clamp (TEVC) two days after in-
jection. Incubation with 50 pM AETX-K inhibited
~96% of K* currents at 0mV (Figure 2A). AETX-K
blocked Kvl.1 reversibly with association and dis-
sociation constants of K,,=1.7x10°+0.2x10°/M-s
and K, z=2.3x107>+0.3x107%/s, respectively, deter-
mined by single-exponential fits to the time courses for
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FIGURE 2 AETX-K peptide blocks Kv1.1 with low picomolar affinity. Kv1.1 channels were expressed in oocytes and studied by two-

electrode voltage clamp (TEVC) to assess equilibrium inhibition and kinetic blocking parameters using a holding voltage of —100mV,

300-ms test pulses, and a 5-s interpulse interval, n=5-12 cells for each condition. Values are mean + SEM. Some error bars are smaller than

symbols. (A) Representative current traces for Kvl.1 channels at steady state before (Control), in the presence of 50 pM AETX-K, and after

toxin washout (Wash) with steps of 20mV from —100 to 80 mV. (B) The time course for block and unblock of Kv1.1 on acute application

(bar) and washout of 50 pM AETX-K. Peak currents recorded at 0 mV; every sixth point is shown. (C) Dose-response relationships for
AETX-K inhibition of Kv1.1 studied as in B and fit to the Hill equation (Materials and Methods).

block and unblock on acute application and washout
of AETX-K (Figure 2B). AETX-K inhibited Kv1.1 cur-
rents in a dose-dependent manner. A fit of the dose-re-
sponse at 0mV with the Hill equation (Materials and
Methods) yielded a K;=1.6+0.2 pM and a Hill coeffi-
cient of 1.03 +£0.21, consistent with an expected mecha-
nism of block of the channel by one peptide on the pore
(Figure 2C).

AETX-K was found to be quite specific for Kvl1.1.
Kv1.2 is another Kv channel in the Kv1 subfamily that
is prominently expressed in the central nervous sys-
tem.”* Kv1.1 and Kv1.2 share the same topology and
80% identity in their primary sequences. AETX-K blocks
Kv1.2 with an estimated K; of 2.2uM (Table 1), that is,
~1.4 million-fold less well than it blocks Kv1.1. Kv1.3
channels are expressed in various cell types in the
brain, muscle, and leucocytes, and are blocked by many
venom-derived peptides.” AETX-K blocks Kv1.3 with an
estimated K; of 1.2 uM (Table 1), ~800000-fold less well
than Kv1.1. Further, 10 pM AETX-K showed no inhibi-
tion of Kv1.5, a channel expressed in the human heart,
brain, and pancreatic cells.”® Nor did 10pM AETX-K

TABLE 1 AETX-K is a specific blocker of the Kv1.1 channel.

K; (nM)
Channels AETX-K HmK
Kvl.l 0.0016+0.0002 0.075+0.008
Kv1.2 2243 +187 2.5+0.1
Kvl.3 1230+ 54 3.1+0.2
Kvl.5 No Block 9765+1390
Kv7.2 No Block 3810+ 554
Kv7.2/7.3 No Block 6091 +1020

Note: AETX-K and HmK peptides were synthesized and their inhibition of
the indicated channels at equilibrium (K;+ SEM) were determined by two-
electrode voltage clamp (TEVC) as described in Figure 2; n=>5-12 oocytes.

inhibit homotetrameric channels formed by Kv7.2 or
heterotetrameric channels formed by Kv7.2 and Kv7.3
(M-channels) (Table 1) that are expressed in the brain
and linked to a spectrum of seizure disorders.** In con-
trast, HmK tested on this panel of channels was again
observed to be promiscuous, blocking all the K* chan-
nels with K; from 75 pM to 9.8 uM (Table 1).
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3.2 | The NMR structure of AETX-K

To assess the structural basis for toxin inhibition, the
three-dimensional structure of AETX-K was determined
using standard 2D- and 3D-NMR methods (Materials
and Methods). 1’N-labeled AETX-K was expressed het-
erologously and purified by fast protein liquid chro-
matography (FPLC) and high-performance liquid
chromatography (HPLC) (Materials and Methods).?
A total of 297 proton-proton distance and 43 TALOS-
based?® dihedral angle constraints were employed to de-
rive an ensemble of 23 low energy structures exhibiting a
backbone (all heavy atoms) root mean square deviation
(rmsd) of 0.47 (1.24) A (Table S1, PDB accession code
70D2). AETX-K residues Thr,,-Thr,;g and Met,,-Thr,,
adopt tight a-helical conformations as part of the typi-
cal SAK1 helix-kink-helix structure constrained by the
Cys;;-Cys,; and Cys,-Cyss; disulfide bonds (Figure 3A).

(A)

Thrle-)ASEBJournql

As expected for this family of homologous toxins, the
overall fold and orientation of sidechains Lys,; and Lys,;
are quite similar to that of HmK (Figure 3B),'? and Huil
(PDB 2N6B)."® However, comparing surface electro-
static maps for AETX-K and HmK reveals a striking dif-
ference. Similar to Huil, AETX-K presents a uniformly
positively charged surface, including contributions from
residues Lysg, Arg;s, Arg,;, Lys,;, Lys,; (Arg,; in Huil),
and Lys,g. In both toxins the single acidic residue, Asp,,
isinvolved in a structure-stabilizing salt bridge with res-
idue Lys,q. In contrast, the N-terminal region of HmK is
less positively charged because of two amino acid sub-
stitutions in this region, Lysg/Valy and Gln,;/Asp,, re-
sulting in a channel-binding surface with very different
electrostatic properties (Figure 3B).

To study the interaction between AETX-K and the Kv1.1
channel by high-resolution NMR methods we embedded
tetramers of the Kv1.1 pore as a chimera in KcsA backbone

+3

FIGURE 3 Structure of AETX-K as determined by NMR. (A) Superposition of 23 low-energy NMR structures of AETX-K. Shown
are AETX-K with the first helix head-on (left) and in channel-binding pose with Lys,; pointing downward (right). Disulfide bonds are
highlighted in yellow and sidechains of Lys,, and Lys,; in blue. (B) Electrostatic surface rendering of toxins Huil (left), AETX-K (middle)
and HmK (right) in aligned orientations according to interpolated charge (red/blue =negative/positive). Sidechains of Lys,; and Lys,; are

highlighted as blue spheres.
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or KcsA in lipoprotein nanodiscs (LPNs) stabilized by a
membrane scaffolding protein.'”*’ To create the chimeric
protein with Kv1.1 pore, we replaced 13 residues in the tur-
ret region and 2 residues in the extracellular pore vestibule
region of KcsA where SAK1 toxins usually bind,'**® with
the homologous residues in Kv1.1 (Figure S1). Suggesting
AETX-K binds to KcsA and the Kv1.1 pore chimera directly,
adding sub-stoichiometric concentration of the channels
into a ?H,'°N-labeled AETX-K sample resulted in a loss of
cross-peak intensity in the fingerprint "H,"’N-HSQC spec-
trum of AETX-K (Figure 4A). Due to the large size of the
LPN-channel assembly, estimated at 150 kDa, signal loss in
these experiments is a combination of immobilization of
the toxin and exchange broadening, both induced by for-
mation of the toxin-channel complex. Observing a weak-
ening (rather than shifting) of peaks is a hallmark of strong
binding to the channel, reflecting slow exchange on the
NMR timescale between free and bound forms of AETX-K.
Thus, at 0.33:1.0mol:mol channel:AETX-K, the reduction
of intensity reduction was considerably more for the Kv1.1
chimera (66 +4%) than KcsA (25+9%) (Figure 4), consis-
tent with a stronger interaction with the Kv1.1 channel
turret and extracellular pore vestibule regions. Notably,
when focusing on the central helix-kink-helix motif of the
AETX-K toxin (residues Gln,;-Thr,,), the intensity loss is
above average, 74% and 34% for the Kv1.1 chimera and

KcsA, respectively (Figure 4B). This is an indication that
residues in this region are, as anticipated from the current
view of the toxin-channel interface, intimately involved
in the interaction with the channel. These findings are
also consistent with our findings that AETX-K blocks the
Kv1.1 and KcsA pore with affinities of 1.6 pM and 0.3nM,*
respectively.

3.3 | AETX-K occludes the Kv1.1 pore
via Lys,;

AETX-K blockade of Kvl.1 follows expectations for a
pore-directed toxin inhibitor whereby one molecule oc-
cludes the channel conduction pathway. Thus, the dose-
response for AETX-K inhibition of Kv1.1 showed a Hill
coefficient of ~1 (Figure 2C) and fits to the time courses
for AETX-K association and dissociation were single-
exponential (Figure 2B), as expected for a simple biomo-
lecular interaction relaxing to equilibrium."

We previously studied the blocking mechanism of
HmK, Huil and ShK, showing that HmK, Huil and ShK
blockade are sensitive to voltage, and this depends on their
positively charged residues HmK-Lys,,, Huil-Arg,;, and
ShK-Arg,, respectively, interacting with K* traversing the
pore from the intracellular compartment (Figure 1B).'%"2
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FIGURE 4 Interaction of AETX-K with KcsA and Kv1.1 are revealed by NMR. (A) Interaction of KcsA (left) and chimeric Kv1.1 (right)
with AETX-K followed by "*N,"H-HSQC spectra without the LPN-embedded channel (black) and with 0.33eq. (red) and 1.0eq. (green) of

channel. Increased weakening of peak intensity reflects stronger affinities. (B) Summary of intensity decreases along the AETX-K sequence.
Gray (dark gray) bars indicate the normalized intensity (in comparison to peaks prior to addition of channel) at 0.33 (1.00) mol:mol channel

equivalents. Errors were estimated from S/N levels in all spectra.
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Like HmK, Huil and ShK, the dissociation rate of
AETX-K from Kv1.1 was sensitive to voltage (Figure 5A).
To confirm the blocking mechanism of AETX-K, we first
neutralized the residue corresponding to HmK-Lys,, in
AETX-K to produce AETX-K-K,,N. AETX-K-K,,N di-
minished toxin inhibition, showing an attenuation of ~1.1
million-fold (Table 2); however, neutralization of AETX-
K-K,, did not affect the voltage dependence of toxin dis-
sociation (Figure 5B). We next neutralized the residue
corresponding to Huil-Arg,; in AETX-K to produce
AETX-K-K,;N. AETX-K-K,;N only attenuated the K;~0.1
million-fold (Table 2); however, the mutation eliminated
the voltage dependence of toxin dissociation (Figure 5B).
Thus AETX-K Lys,, not Lys,;, mediated the voltage de-
pendence of toxin dissociation consistent with the Lys in
the non-classical position (homologous to Hui-Arg,; and
ShK-Arg,,) occluding the Kv1.1 pore.

3.4 | AETX-K blocks the gain-of-function
channel Kv1.1-L,,F

The mutant channel Kv1.1-L,F alters a residue in the
voltage sensor that moves to open the channel pore (S5-
S6) (Figure 1B).” Injecting the same amount of cRNA en-
coding Kv1.1-L,4F into Xenopus oocytes as for WT Kv1.1
channels produced larger peak outward K* currents and
slower closure on return to the resting potential compared
to WT (Figure 6A). At 0mV, the current amplitude of
Kv1.1-L,F was ~3.1-fold larger than WT (Figure 6A,D).
This was explained by a shift in the half-maximal (V,,,)
conductance-voltage (G-V) relationship of —59mV for

(A) WT AETX K
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- .0.051

-0.10
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(
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Kv1.1-L,ocF compared to WT, favoring opening of the
mutant channel at potentials where the WT is closed
(Figure 6B). A fit of the dose-response curve for inhibi-
tion by AETX-K at 0mV yielded a K;=2.1+0.1 pM and a
Hill coefficient of 1.02 +0.03 (Figure 6C). Incubation with
4 pM AETX-K reduced Kv1.1-L,oF currents ~3.1-fold at
0OmV, bringing the current-voltage (I-V) relationship of
Kv1.1-L,yF to a comparable level of that for uninhibited
WT channels (Figure 6D). Finally, AETX-K binding did
not change the voltage-dependence of activation of the
channels (Figure S2). Thus, the peptide blocks the gain of
function channel effectively showing only ~1.3-fold loss
of affinity compared to WT channels, presumably due to
increased “knock-off” with increased open probability
rather than a change in the pore binding site per se, and
this is easily offset by applying 2.1 pM rather than 1.6 pM
to achieve half-block at 0mV.

3.5 | AETX-K blocks Kv1.1-Kv1.2
heterotetrameric channels

Kv1.1 subunits can form homotetrameric channels or het-
erotetrameric channels with other Kv1 subunits in vivo.>*
Kv1.2 is the predominant subunit that forms heterotetra-
meric channels with Kv1.1 in neuronal membranes.’ Both
Kv1l.1 and Kv1.2 are voltage gated and open at negative
membrane potentials with a V,, of =23 and —5mV, respec-
tively (Figure 7A,B). We note above that Kv1.2 channels are
over a million-fold less sensitive to AETX-K (K;~2.2uM)
than Kv1.1, suggesting that the peptide might inhibit mixed
channel complexes poorly; however, incorporation of Kv1.2

B)
- 0.15 1 A K21N
X 0.101 A WT
X 0.05 1
E .
;g 0.00 - < K23N
§7 -0.05 1

-0.10

-20 0 20 40
V (mV)

FIGURE 5 AETX-K-Lys,; is responsible for voltage-dependent dissociation. Kv1.1 channels were expressed in oocytes and studied by
TEVC as indicated in Figure 2. n=5-12 cells for each condition. Values are mean + SEM. Some error bars are smaller than symbols. (A)
Effect of voltage on AETX-K blocking kinetics of Kv1.1 channels. Each parameter was measured with test steps from —20 to 40mV and
normalized to its value at 0mV. Association and dissociation rate time constants were determined by single-exponential fits to the time
course for block or unblock on acute application or washout of 50 pM AETX-K. The inhibition constant K; was calculated from the fraction
of unblocked current at equilibrium and the rate constants (Materials and Methods). The change in K; with voltage is due to the altered
dissociation rate. (B) Effect of voltage on dissociation rate of Kv1.1 by AETX-K mutants. K for each toxin was determined from —20 to
40mV based on the single-exponential fits to the time course for unblock on acute application or washout of 50 pM AETX-K, 5pM AETX-K-
K21N and 500nM AETX-K-K23N and plotted as a ratio to the values at 0mV.
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subunits suppresses AETX-K in a recessive manner. To
study the blockade of Kv1.1-Kv1.2 heterotetrameric chan-
nels, we combined cRNAs encoding Kv1.1 and Kv1.2, in
a 1:1 ratio and injected the mixture into Xenopus oocytes.
Assuming unbiased assembly, channels will form with four
subunits and various ratios of the two subunits according to
a binomial distribution as for other Kv channels,”’ 6% with
four Kv1.1 (Kv1.1,), 25% with three Kv1.1 (Kv1.1,-Kv1.2),

TABLE 2 Inhibition of Kv1.1 and the gain-of-function
mutation Kv1.1-L296F by AETX-K and variants.

K; (nM)
Toxin Kvl.1 Kv1.1-L296F
AETX-K 0.0016 +0.0002 0.0021 +0.0001
AETX-K-K21N 17114132 ND
AETX-K-K23N 217+18 ND

Note: Equilibrium inhibition constants (K;+SEM) were determined by
TEVC as described in Figure 2. n=>5-12 oocytes.

Abbreviation: ND, not determined.

38% with two Kv1.1 (Kv1.1,-Kv1.2,), 25% with one Kv1.1
(Kv1.1-Kv1.2;) and 6% with no Kv1.1 (Kv1.2,) (Figure 7C).
The composite behavior of the channels yielded a cur-
rent amplitude smaller than Kv1.1 and bigger than Kv1.2,
with an apparent V,,, of —14mV (Figure 7A,B). Although
100 pM AETX-K fully blocked Kv1.1 channels and did not
block on Kv1.2 channels, the mixed population was blocked
~22% (Figure 7D,E). Application of 10nM AETX-K blocked
the population by 47% and 1000nM by 82% (Figure 7F).
One can estimate the relative affinity of AETX-K for the
Kv1.1;,-Kv1.2 channels by assuming that 100 pM fully blocks
Kv1.1, and 64% of Kv1.1,-Kv1.2 channels, giving an esti-
mated K; of 56 pM according to Hill equation (see detailed
calculation in Table 3). Similarly, the K; for Kv1.1,-Kv1.2,
and Kv1.1-Kv1.2; can be estimated to be ~14 and 1155nM
(Table 3). Based on these estimates and the Hill equation,
we anticipated the percentage of block of the mixed popula-
tion K* currents to be 67% when 100nM AETX-K was ap-
plied, similar to the 68% blockade we observed (Figure 7F),
supporting the estimated affinities.
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Kv1.1 Kv1.1-L296F ® Kvi1
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FIGURE 6 AETX-K inhibits Kv1.1-L,yF channels effectively. Kv1.1 and Kv1.1-L,F channels were expressed in oocytes and studied
by TEVC as indicated in Figure 2. n=>5-12 cells for each condition. Values are mean + SEM. Some error bars are smaller than symbols. (A)
Representative current traces for Kv1.1 and Kv1.1-L,F channels with steps of 10mV from —100 to 80 mV. (B) Conductance-voltage (G-V)
relationship for Kv1.1 and Kv1.1-L,g4F. Kv1.1-LyyF channels showed a —59 +4 mV shift in half-maximal activation voltage (V,,,) compared
to wild-type Kv1.1. Curves fit to a Boltzmann equation (Materials and Methods). (C) Dose-response relationships for AETX-K inhibition
of Kv1.1-L,oF studied as in Figure 2 and fit to the Hill equation (Materials and Methods). (D) Voltage-voltage (I-V) relationship for Kv1.1,

Kv1.1-L,g¢F, and Kv1.1-L,ysF with incubation of 4 pM AETX-K.
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FIGURE 7 AETX-K blocks mixed populations of Kv1.1-Kv1.2 channels. Kv1.1 and Kv1.2 channels, and Kv1.1-Kv1.2 heterotetrameric
channels formed by a cRNA ratio of 50%:50% were expressed in oocytes and studied by TEVC as indicated in Figure 2. n=3-12 cells for each

condition. Values are mean + SEM. Some error bars are smaller than symbols. (A) Representative current traces for Kv1.1, Kv1.1-Kv1.2, and
Kv1.2 channels with steps of 10mV from —100 to 80 mV. (B) G-V relationship for Kv1.1, Kv1.1-Kv1.2, and Kv1.2. Curves fit to a Boltzmann
equation (Materials and Methods). (C) After co-expression, Kv1.1 and Kv1.2 subunits assemble into tetrameric assembled channels with

five different subunit stoichiometries. The theoretical percentages of expression of the five different stoichiometries of assembled channels

can be calculated with the binomial equation (Materials and Methods), assuming that equal numbers of Kv1.1 and Kv1.2 subunits randomly

assemble into tetrameric channels, each with equal probability to reach the membrane surface. (D) Representative current traces for Kv1.1,
Kv1.1-Kv1.2, and Kv1.2 channels at steady state in the presence of 0.1 nM AETX-K with steps of 10mV from —100 to 80mV. (E) Kv1.1,
Kv1.1-Kv1.2, and Kv1.2 currents at the end of a test pulse to 0mV with 100 pM AETX-K. (F) Apparent block of Kv1.1-Kv1.2 currents with
0.1, 10, 100 and 1000nM AETX-K. The K; for channels with different subunit stoichiometries are summarized in Table 3.

4 | DISCUSSION

4.1 | AETX-Kis a potent and specific
blocker of Kv1.1

Kvl.l can be blocked by several small molecules.
Tetraethylammonium (TEA) is widely used to study K"
channels and inhibits Kv1.1 channels with an affinity of
0.4mM by binding to Kv1.1-Tyr;,, in the extracellular pore
vestibule.”® Another well-known small molecule blocker
of Kv1.1 is 4—AP,31 which blocks Kv1.1 with an affinity of
17 M by crossing the plasma membrane to bind to the in-
tracellular vestibule of the channel.” 4-AP has been shown
to be effective in clinical trials in patients with downbeat
nystagmus, episodic ataxia type 2, and multiple sclerosis,*
although it has proven to be toxic for some patients, caus-
ing neurologic excitability, gastrointestinal effects, diapho-
resis, and cardiac toxicity.” Two other major disadvantages
of these small molecule blockers are their lack of potency
and specificity. TEA and 4-AP block many K™ channels with
an affinity range from uM to mM because they interact only
with a few channel residues, usually at conserved motifs. In
contrast, venom-derived peptides can provide higher affinity

and specificity than small molecules because of their larger
interaction surface with the channels. Compared to other
known Kv1.1 peptide blockers, AETX-K affinity is many or-
ders more avid at K;~1.6 pM and shows ~1.4-million-fold
and ~760000-fold greater selectivity over Kv1.2 and Kv1.3,
respectively (Table 1). Thus, the scorpion venom toxin KTx
blocks Kv1.1 with K;~1nM but also blocks Kv1.1, Kv1.2,
Kv1.3 and BK channels at nM level.**** Dendrotoxin-K
(DTX-K) from the mamba snake venom blocks both Kv1.1
and Kv1.2 with K;~0.6nM and~9.6nM, respectively.SS’36
Other well studied SAK1 toxins, such as ShK and BgK, block
Kv1.1, Kv1.2, and Kv1.3 almost equally well (Table S2).

4.2 | AETX-K blocks Kv1.1via a Lys in an
unexpected location

An effective drug should bind with high specificity to its
intended target to avoid the risk of deleterious side effects.
AETX-K has striking specificity for Kvl.1 compared to
other peptide toxins that we suspect is conferred by oc-
clusion of the pore via a classical residue, lysine, located
in an unexpected location. We have previously described
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TABLE 3 Inhibition of Kv1.1-Kv1.2 channels by AETX-K.

Channels based on

Channels binomial distribution (%) K; (nM)

Kvl.1 6 0.0016 +0.0002
Kv1.1;-Kv1.2 25 0.056 +0.006
Kvl.1,Kvl2, 38 1442
Kvl.1,;-Kvl2, 25 1155+30
Kvl.2 6 2243 +187

Note: cRNAs encoding Kv1.1 and Kv1.2 were mixed with a 1:1 ratio and
injected into Xenopus oocytes for expression of Kv1.1-Kv1.2 channels

with five different subunit stoichiometries (Figure 7C). Equilibrium
inhibition constants (K;+SEM) for Kv1.1 and K1.2 were determined

by TEVC as described in Figure 2. The K; of AETX-K for Kv1.15-Kv1.2,
Kv1.1,-Kv1.2,, and Kv1.1,-Kv1.2; were estimated based on the fractional
block at equilibrium observed when applying 0.1, 10 and 1000 nM

AETX-K (Figure 7F, N=3-12 oocytes), the Hill equation, and the binomial
distribution assuming unbiased expression and assembly of Kv1.1 and
Kv1.2. Thus, 0.1 nM AETX-K blocked 22% of the current, and we can
confidently surmise that Kv1.1 was fully blocked (6% of the channels)

and if blockade of Kv1.1,-Kv1.2, is assumed to be poor at this low level of
toxin, we can attribute the fractional block (1 - F,,) of Kv1.1;-Kv1.2 to be
(22% - 6%)/(25%) = 64% offering an estimated K;=0.056 nM using the Hill
equation F,, =(1+[Tx]/K;)™" for this 3:1 heteromeric channel. Next, 10nM
AETX-K blocked 47% of the current and if we assume this concentration of
toxin blocks all the Kv1.1 and Kv1.15-Kv1.2 channels, removing 31% of the
current, we can attribute the fractional block (1 - F,,,) of Kv1.1,-Kv1.2, to be
(47% - 31%)/(38%) =42%, leading to an estimated K;=14nM using the Hill
equation for the 2:2 channels. Finally, 1000nM AETX-K blocked 82% of the
current and if we assume this concentration of toxin blocks all the Kv1.1
and Kv1.1;-Kv1.2; channels, essentially all of the Kv1.1,-Kv1.2, channels
(~98%), and a portion of Kv1.2 (~30%) removing ~70.4% of the current, we
can attribute the fractional block (1 - F,,,) of Kv1.1,-Kv1.2; to be (82% -
70.4%)/(25%) = 46.4%; this leads to an estimated K; = 1155nM using the Hill
equation. Validating the reasonableness of our estimates, we predict 100nM
AETX-K should block all the Kv1.1, Kv1.1;-Kv1.2 channels, and 90% of the
Kv1.1,-Kv1.2, channels, 8% of the Kv1.1,-Kv1.2; channels and essentially no
Kv1.2 channels, yielding a 67% decrease of current, and we observe 68% of
block experimentally (Figure 7F).

two blocking mechanisms for SAKI toxins. We observed
HmK to interact with trans-ions passing through KcsA
and Kv1.3 via Lys,,, a residue in a classical location on
the toxin interaction surface homologous to the conserved
blocking lysine in a-KTx scorpion toxins such as CTX-
Lys,, '* In contrast, we have also found that the chimeric
SAKI1 toxin Huil and the natural toxin ShK blocked KcsA
and Kvl1.3 using an arginine residue, Huil-Arg,; and
ShK-Arg,,, respectively, two positions past the canonical
blocking lysine, indicative of an alternative binding orien-
tation.'” Here we show that AETX-K deploys Lys,; (and
not Lys,;) to inhibit the Kv1.1 pore, adopting the Huil
and ShK-like Arg-mediated blocking mechanism. We
surmise AETX-K blocks Kv1.1-Kv1.2 channels with the
same binding orientation since the toxins we have studied
to-date have been consistent in their binding orientation
independently of channel type; for example, HmK blocks
both KcsA and Kv1.3 pores using its Lys,, >

Our NMR chemical shift perturbation experiments
(Figure 4) confirm the helix-kink-helix region where
AETX-K-Lys,; is located to be embedded near the channel
pore and studies of the voltage dependence of dissociation
of AETX-K charge variants establish that it blocks Kv1.1
via Lys,,, the residue is located where Huil deploys Arg,,
to block (Figure 5). Like AETX-K, Huil manifests notable
specificity'® suggesting the alternative binding strategy may
not be available in all channels. Supporting this notion, the
relative positions of the classical site (AETX-K-Lys,;) and
non-classical site (AETX-K-Lys,;) are on opposite faces of
the second helix with their side chains offset by ~150° in the
various low-energy structures (Figure 3). This implies that
the binding orientations for AETX-K/Huil versus HmK
vary by a significant rotation around the long axis of the
toxins and therefore may involve quite different contacts in
the turret region and the extracellular pore vestibule of the
channels allowing for interaction with residues that are not
conserved in other K* channels. These findings are consis-
tent with reports that changing the charged residues on a
scorpion toxin altered the orientation of binding in Kv1.3.”’
Accordingly, we surmise that the contrasting electrostatic
surface potentials of Hui/AETX-K and HmK contribute to
their differing binding orientations. Of course, the bind-
ing interface of the Kv1.1 channel, which exhibits a net —5
charge across the extracellular loops that form the outer
vestibule, also contributes to the structure of the complex.
Of note, our finding that SAK1 blocks Kv1.3 by an Arg-
dependent non-classical mechanism like Huil,"? suggests
that the model of ShK with Kv1.3 that assumed Lys,, to be
in the pore may need to be revisited.*

A crystal structure of the scorpion toxin CTX in com-
plex with a homomeric Kv1.2 channel’® demonstrated
how the toxin interaction surface residues inferred by
mutational studies'>'* interact with the channel. Thus,
CTX-Lys,; (homologous to AETX-K-Lys,;) that medi-
ates trans-ion “knock-off” inserts into the selective filter
forming hydrogen-bonds with the carbonyl backbone at
Kv1.2-Y;,; on the four subunits. Other functional toxin
residues on the interaction surface (CTX-M,y,CTX-Y5,
CTX-R,; and CTX-R,,) were shown to pack against
Kv1.2-D3;9 and Kv1.2-V,q;, or to interact electrostati-
cally with Kv1.2-D,¢; in the pore helix and Kv1.2-Q;5,
in the pre-helix turret region (Figure S3).'® Given the
similarity of the Kv1.1 and Kv1.2 pore residues, and that
AETX-K has similar hydrophobic and basic residues
like CTX surrounding the key AETX-K-Lys,; which
mediates the trans-ion effect, we suspect the toxin will
have contacts in Kv1.1 and Kv1.2 at the conserved resi-
dues noted above in the CTX-Kv1.2 structure including
Kv1.2-Y;;,, Kv1.2-D3y9, Kv1.2-V3,; in and near the selec-
tivity filter and perhaps Kv1.2-D,4; in the pore helix as
well as turret sites.

85U8017 SUOWILLOD 3A1TE1D) 3|qedt|dde 8Ly Aq peusenob afe aole YO ‘88N JO S9INI 10§ A%eidiT8UIIUQ AB|IM UO (SUONIPUCD-PUR-SLLIBY WO A8 | 1M A1 1[pUl|UO//ScIY) SUORIPUOD Pue SWB | 8y} 89S *[202/T0/0] Uo ARiqiTauliuo AB|Im ‘Buinl| -eluodiEeD JO AiseAun Ag HT90Z0EZ02 [1/960T 0T/10p/w00 A8 1M Ate.q 1 pulU0"gesey//Sdny Wwou) papeojumod ‘T ‘v20Z ‘098908ST



ZHAO ET AL.

13 of 15

4.3 | AETX-K may offer a strategy to treat
diseases caused by Kv1.1 hyperactivity

Studies of Kv1.1 knockout (KO) mice and isolated hip-
pocampal neurons showed that loss of Kv1.1 in the hip-
pocampus can underlie seizure generation."” The Kv1.1
KO mice show premature death, develop temporal lobe
epilepsy spontaneously, exhibit cardio-respiratory fail-
ure, and experience sudden death."* Moreover, loss-of-
function mutations in the human Kv1.1 gene have been
linked to ataxia, myokymia, and epilepsy."** In recent
years, diseases caused by Kv1.1 hyperactivity have been
reported. For instance, Kv1l.1 was found to overexpress
outside the nodes of Ranvier in demyelinated axons of
optic nerve, and blocking the channel with 100nM DTXy
ameliorated multiple sclerosis-related symptoms in
mice.* In addition, gain-of-function mutations of Kv1.1
have been reported, including the drug-resistant Kv1.1-
L,¢F mutation in the VSD we consider here as well as
a Kv1.1-A,,, T mutation in the S3 transmembrane seg-
ment that causes mild, drug-responsive, focal epilepsy in
patients.® Recently, gain-of-function mutations of Kv1.6
were found to be associated with neurodevelopmental
disorders and seizures in patients.*’ Because Kv1.6 and
Kv1.1 share high similarity in the pore region (Figure S3)
and form heterotetrametric channels in the human brain,
AETX-K is anticipated to suppress excess current passed
by these gain-of-function channels as well. The increased
KT currents likely lead to excess repolarization, and ac-
tion potential shortening, disrupting the firing frequency
and dampening neuronal excitability.! Although 4-AP
showed beneficial effects in treating a patient with Kv1.1
gain-of-function mutation-associated epilepsy,’ it has
been reported to produce side effects.” AETX-K, a pep-
tide with ~10-million-fold better affinity and superior
specificity compared to 4-AP may serve as a lead for an
alternative therapeutic strategy. In recent years, signifi-
cant progress has been made using peptide biologics to
diagnose and treat various diseases.*! Peptide therapeu-
tics have improved in part because they are amenable to
structural modification to influence pharmacodynamics
and pharmacokinetics and formulations can be varied
for delivery. Thus, the disadvantages of many unmodi-
fied peptides for use as drugs, like short half-life and
rapid elimination from the body, have been confronted
by chemical modifications, cyclization, unnatural amino
acid substitutions, high molecular weight polyethylene-
glycol (PEG) conjugation, and alternative delivery sys-
tems.*! Moreover, the intramolecular disulfide bonds in
venom-derived peptides like AETX-K provide excellent
thermal and proteolytic stability. Although intrathecal
administration has been favored for venom-derived pep-
tide therapy targeting the central nervous system,*” they

#\SEBJourml

do cross the blood-brain barrier via passive diffusion or
saturable transport pathways after intraperitoneal or in-
travenous injection**** or using designed drug carriers.*
To date, 15 therapeutic peptides have been approved for
clinical use, and several other peptide candidates are un-
dergoing clinical trials.*!
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in the Supporting Information section at the end of this
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