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Abstract

Diverse structural scaffolds have been described in peptides from sea anemones,
with the ShKT domain being a common scaffold first identified in ShK toxin from Sti-
chodactyla helianthus. ShK is a potent blocker of voltage-gated potassium channels
(Ky1.x), and an analog, ShK-186 (dalazatide), has completed Phase 1 clinical trials in
plaque psoriasis. The ShKT domain has been found in numerous other species, but
only a tiny fraction of ShKT domains has been characterized functionally. Despite
adopting the canonical ShK fold, some ShKT peptides from sea anemones inhibit
Kv1.x, while others do not. Mutagenesis studies have shown that a Lys-Tyr
(KY) dyad plays a key role in Ky/1.x blockade, although a cationic residue followed by
a hydrophobic residue may also suffice. Nevertheless, ShKT peptides displaying an
ShK-like fold and containing a KY dyad do not necessarily block potassium channels,
so additional criteria are needed to determine whether new ShKT peptides might
show activity against potassium channels. In this study, we used a combination of
NMR and molecular dynamics (MD) simulations to assess the potential activity of a
new ShKT peptide. We determined the structure of ShKT-Ts1, from the sea anemone
Telmatactis stephensoni, examined its tissue localization, and investigated its activity
against a range of ion channels. As ShKT-Ts1 showed no activity against Ky1.x chan-
nels, we used MD simulations to investigate whether solvent exposure of the dyad
residues may be informative in rationalizing and potentially predicting the ability of
ShKT peptides to block Ky1.x channels. We show that either a buried dyad that does
not become exposed during MD simulations, or a partially exposed dyad that
becomes buried during MD simulations, correlates with weak or absent activity
against Ky1.x channels. Therefore, structure determination coupled with MD simula-
tions, may be used to predict whether new sequences belonging to the ShKT family

may act as potassium channel blockers.
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1 | INTRODUCTION

The venoms of sea anemones are complex mixtures of biologically
active compounds, including peptides, proteins, and low-molecular
weight molecules.>™ Peptides from the venom of sea anemones, as
well as from other parts of these animals,> exhibit exceptional molecu-
lar diversity, with more than 17 structural scaffolds described,®®” and
more being discovered.® A commonly detected scaffold is the ShKT
domain, which was first identified in ShK toxin, from the Caribbean
sea anemone Stichodactyla helianthus.” This peptide was isolated on
the basis of its activity against potassium channels,” and subsequent
studies showed that it was a picomolar blocker of the voltage-gated
potassium channel Ky/1.3, but also blocked Ky1.1, Ky1.4, and Ky/1.6 at
subnanomolar concentrations.’® As Ky1.3 is upregulated in many
autoimmune and neuroinflammatory diseases, 12 inhibitors of this
channel are potentially valuable molecular tools and therapeutic leads;

d, 1371 and one

accordingly, selective inhibitors of ShK were develope
of them, ShK-186 (now known as dalazatide), has successfully com-
pleted Phase 1 clinical trials in plaque psoriasis.”

Since its discovery in a sea anemone, the ShKT domain has been
found in numerous other species, including plants, algae, protozoa,
other cnidarians (such as hydra and jellyfish), sea urchins, mollusks,
sea squirts, fish, nematodes, parasitic worms, snakes, amphibians,
birds, and mammals.*®*? Indeed, a recent search of the UniProt data-
base?® identified more than 17 600 ShKT domains, whereas 13 829
ShKT domains in 7329 proteins were found in the SMART nrdb data-
base.?' These occur as individual peptides (like ShK), repeat
sequences containing multiple ShK domains, and ShK domains linked
to proteases.'®?2 A recent analysis of the chemical and sequence
space of the ShKT superfamily clearly distinguished ShKT domains in
the cysteine-rich domains of cysteine-rich secretory proteins (CRISPs)
from individual ShKT peptides.?? Four CRISP subclusters separate out
into the main phyla of mammal, insects, and reptiles, whereas ShKT
peptides fall into seven subclusters, the largest of which contains
members from across the eukaryotes, with a continuum of intermedi-
ate properties. Smaller subclusters contained specialized members
such as nematode ShK-like sequences, but several subclusters con-
tained no functionally characterized sequences.?? Indeed, only a tiny
fraction of these ShKT domains has been characterized functionally.

Several inhibit voltage-gated potassium channels,18:1%:23-2¢

t,27'28

although
some do no even though they adopt the canonical ShK fold.?’
Intriguingly, none of these ShKT peptides from sea anemones has
proven to be as potent a blocker of Ky1.3 as ShK itself.1°

A clue to the potentially diverse functions of ShKT domains
comes from studies of the model sea anemone Nematostella vectensis,
which revealed the recruitment of an ShKT domain from the nervous
system to venom.*° This sea anemone produces ShK-like1, which is

lethal to fish larvae and found in nematocysts, the venom-producing

stinging capsules, as well as ShK-like2, a neuropeptide localized to
neurons and involved in development. It was concluded that these
two peptides originated from duplication of a ShK-like2 ancestor, a
neuropeptide-encoding gene, followed by diversification and partial
functional specialization.3° Thus, it is likely that some ShKT domains
from sea anemones and other species may have endogenous neuro-
endocrine functions.

Numerous genomic, transcriptomic, and proteomic studies of sea
anemones have been reported recently.”"% These studies further
highlight, among other findings, the abundance of ShKT domains in
sea anemones, and thus the importance of characterizing their
function(s). One potential indicator of activity against voltage-gated
potassium channels is the presence of a KY (Lys-Tyr) dyad in the
sequence, where the Lys and Tyr side chains are in close spatial prox-
imity, as first noted by Ménez et al.2> Subsequently, it has been recog-
nized that the function of the Tyr residue can be served by a Phe or
even a long aliphatic side chain. However, the presence of a KY dyad
does not guarantee that an ShK-like peptide will block voltage-gated
potassium channels, as illustrated by the peptide OspTx2b, which con-
tains the dyad but failed to show activity against a range of voltage-
gated potassium channels expressed in Xenopus oocytes or human T
lymphocytes.?® Given the abundance of ShKT domains in nature and
the importance of defining their functions, we have investigated
whether a combination of structure determination and/or prediction
with molecular dynamics (MD) simulations might be useful, at least for
predicting activity against voltage-gated potassium channels. The
advent of AlphaFold has significantly enhanced the accuracy of pep-
tide and protein structure predictions,*® especially when homologous
structures are available, as in the case of ShKT. However, even
disulfide-rich structures such as ShK can exhibit significant conforma-

tional dynamics,®”~4°

and these dynamics can influence the relative
orientation of functionally important side chains.*®*! We therefore
believe that a combination of structure determination and/or predic-
tion with MD simulations is necessary to assess the potential for Kv1.
x inhibition. In this study, we have applied this approach to a new
ShKT peptide, ShKT-Ts1, from the Australian sea anemone Telmatac-
tis stephensoni, a reef-based sea anemone that has caused medically

significant human envenomations.®342

2 | MATERIALS AND METHODS

The ShKT-Tsl sequence was identified in transcriptomic (e-
value < 1 x E~°) and proteomic analyses of the sea anemone Telma-
tactis stephensoni.>® Gene expression of the ShKT-Ts1 peptide was
quantified across six anatomically distinct morphological structures
(club-tips, tentacles, actinopharynx, body column, mesenterial fila-

ments, and pedal disc), based on a previously published global
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RNASeq dataset.>® Mass spectrometry imaging (MSI) was utilized to
determine the spatial distribution of the ShKT-Ts1 peptide using the

I.,43

methodology described by Surm et a with spectra of interest

investigated using SCiLS Lab.

21 | Recombinant expression of ShKT-Ts1 in
Escherichia coli

The plasmid vector (pET32a) construct encoding thioredoxin (Trx) fol-
lowed by a Hiss-tag, a tobacco etch virus (TEV) cleavage site, and the
ShKT-Ts1 nucleoside sequence, was purchased from GenScript
(Piscataway, USA). E. coli BL21(DE3) competent cells containing the
ShKT-Ts1 vector were grown overnight at 37°C in Luria-Bertani
(LB) medium containing 100 mg/mL ampicillin. The overnight culture
(1%) was transferred to 1 L LB containing 100 mg/mL ampicillin and
incubated at 37°C with agitation at 150 rpm until the optical density
at 600 nm (ODg¢go) reached 0.9. The temperature was reduced to
18°C for 1 h, followed by addition of isopropyl-g-D-thiogalactoside
(IPTG, Astral Scientific) to a final concentration of 0.5 mM. The culture
was incubated overnight at 18°C with agitation at 150 rpm. The sam-
ples before and after induction were analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The cells were
harvested by centrifugation at 5000 g for 15 min at 4°C, and the pel-
let resuspended in binding buffer (50 mM Tris, pH 8, 500 mM NaCl,
10 mM imidazole) with 1x cOmplete EDTA free protease inhibitor.
Cell lysis was achieved by sonication for 3 cycles (30's on and 30 s
off) in ice. The lysate was clarified by centrifugation at 10 000 g for
30 min at 4°C.

2.2 | Isotopic labeling of ShKT-Ts1

Escherichia coli BL21(DE3) competent cells containing the ShKT-Ts1-
expression vector were grown overnight at 37°C in LB medium con-
taining 100 mg/mL ampicillin. The overnight culture (1%) was
transferred to 4 L LB with 100 mg/mL ampicillin and incubated at
37°C with agitation at 150 rpm until the OD600 reached 0.9. The
cells were harvested by centrifugation at 5000 g for 20 min at 20°C
and the pellets resuspended in 2 L M9 salts solution.** The cells were
harvested at 5000 g for 20 min at 20°C and the pellet resuspended in
1L labeled minimal growth media enriched with 1 g/L >NH,CI
(Sigma Aldrich). The cells were incubated at 150 rpm at 37°C for 1 h
and expression induced with 0.5 mM IPTG at room temperature for
18 h with agitation at 150 rpm. The cells were harvested by centrifu-
gation at 5000 g for 15 min at 4°C, and the pellet resuspended in
binding buffer (50 mM Tris, pH 8, 500 mM NaCl, 10 mM imidazole)
with 1x cOmplete EDTA free protease inhibitor. Cell lysis was
achieved by sonication for three cycles (30 s on and 30 s off) in ice.
The lysate was clarified by centrifugation at 10 000 g for 30 min
at 4°C.

2.3 | ShKT-Ts1 thioredoxin fusion purification

A metal-chelating affinity column (5 mL Ni Sepharose, GE Healthcare,
USA) charged with NiSO,4 and pre-equilibrated with binding buffer
(10 mM imidazole) was used to purify the ShKT-Ts1 thioredoxin
fusion protein. The clarified cell lysate was incubated with the affinity
resin at 4°C for 1 h to allow the His-tag to bind. The column was then
washed with binding buffer and increasing concentrations of imidaz-
ole (20, 40, 60, and 80 mM) to eliminate contaminants. The ShKT-Ts1
thioredoxin fusion was eluted with 100 and 200 mM imidazole, and
the eluted fractions analyzed by SDS-PAGE.

24 | Buffer exchange and TEV cleavage

Imidazole in the ShKT-Ts1 thioredoxin fusion sample was removed
and the sample buffer concurrently exchanged to 50 mM Tris pH 7,
100 mM NacCl, using a 3 kDa Amicon® Ultra-15 centrifugal filter and
centrifugation at 3000 g at 4°C. The ShKT-Ts1 thioredoxin fusion
was then incubated at 32°C for 3 h with in-house His-tagged TEV
protease in 3 mM reduced glutathione (GSH) and 0.3 mM oxidized
glutathione (GSSG); this cleavage leaves an additional Gly residue at
the N-terminus, which is designated Gly-1 to distinguish it from the
native N-terminal residue Alal. The TEV-treated sample was loaded
onto the NiSO, column prewashed with 50 mM Tris pH 7 contain-
ing 100 mM NaCl, and the flow-through was collected. The column
was washed with binding buffer (10 mM imidazole) followed by a
high concentration of imidazole (1 M) for thioredoxin elution. The
flow-through containing the cleaved ShKT-Ts1l was freeze-dried
prior to purification on high-performance liquid chromatogra-
phy (HPLC).

2.5 | High-performance liquid chromatography

The crude peptide was resuspended in 95% solvent A (0.1% trifluor-
oacetic acid (TFA) in water) and 5% solvent B (0.1% TFA in acetoni-
trile), filtered with a 0.22 um syringe filter and loaded onto a C18
reverse-phase (RP-HPLC) column (Vydac, 250 mm x 10 mm, 10 um,
300 A) equilibrated in 5% solvent B. An increasing linear gradient of
10%-30% solvent B over 30 min with isocratic flow at 23% B for
5 min was used to elute the peptide, at a flow rate of 4 mL/min
throughout.

2.6 | Mass spectrometry

Mass spectrometry was carried out on a Shimadzu LC-MS2020 instru-
ment via a Phenomenex Luna C8 column (100 mm x 2 mm, 3 um,
100 A). The gradient for this analysis was from 0% to 80% solvent B

at a flow rate of 0.2 mL/min over 20 min.
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2.7 | NMR experiments

NMR experiments were performed at 298 K on a Bruker Avance-Il|
600 MHz spectrometer. Lyophilized ShKT-Ts1 (labeled and nonla-
beled) was dissolved in 90% H,0/10% 2H,0 at 1 mg/mL (0.3 mM)
and the pH was adjusted to 5. The backbone and side chain resonance
assignments of ShKT-Ts1 were obtained by analysis of the multidi-
mensional heteronuclear experiments 2D 1H-15N HSQC, 2D 'H-*3c
HSQC (using *°C natural abundance), 3D °N-edited NOESY-HSQC
(mixing time 200 ms) and °N-TOCSY-HSQC (spin-lock 100 ms).*®
1H-13N-HSQC with different *°N spectral widths (35 and 50 ppm)
were recorded to identify Arg side chain resonances. Hydrogen-
deuterium exchange was monitored by dissolving the lyophilized
ShKT-Ts1 in 20 mM deuterated sodium acetate in 2H,O at pH 5, and
acquiring a series of *H 1D and H-H 2D TOCSY spectra. The 2D
spectra were recorded using 304 and 2048 complex data points in the
t; and t, dimensions, respectively. The 3D spectra were recorded
using nonuniform sampling on a 50% Poisson gap sampling schedule*®
for NOESY experiments and 30% for TOCSY, with 200, 64, and 2048
complex data points in the t4, t;, and t3 dimensions, respectively.
Spectral reconstruction made use of the iterative soft threshold
method (hmsIST).*® We used NMRpipe*” to process all the NMR data
and CCPNMR analysis*® for resonance assignments; both were
accessed via the NMRbox platform.*?

2.8 | Structure calculation

Distance restraints for structure calculations were derived from the
3D *N-NOESY-HSQC and 2D *H-'H NOESY using ARIA 2.1 version
2.3°%°1 in NMRbox.*’ The peptide backbone dihedral angles ¢ and
were predicted from chemical shifts using TALOS-N.>2 We recorded a
set of hydrogen-deuterium exchange experiments (1D H and 2D
1H-1H TOCSY) in 100% 2H,0 (as described above) to compare the
experimental results with the prediction of TALOS-N. Amide hydro-
gens that exchanged quickly with deuterium (7 min after dissolution
in 2H,0) were considered to not be involved in ordered secondary
structure. Amides that were visible in spectra recorded 12-14 h after
dissolution in 2H,O were identified as possible hydrogen bond donors
involved in secondary structure. Backbone amides that were identi-
fied in both TALOS-N and hydrogen-deuterium exchange experiments
were included as hydrogen-bond restraints for structure calculations.
In the initial structure calculations, we did not include any disulfide
bond information as restraints. Based on the proximities of Cys side
chains in the structure after these initial calculations, disulfide
restraints were then assigned. A final ensemble of 20 structures was

generated and analyzed using protein structure validation software.>®

29 | MD simulations

We identified peptides structurally related to the final calculated
structure of ShKT-Ts1 using DALI.>* The four peptides identified were

ShK (PDB id 1R00),?’ BgK (PDB id 1BGK),%> OspTx2a-p1 (PDB id
6CKD)?* and MMP23 (PDB id 2 K72).*8 MD simulations were per-
formed using GROMACS version 2021.1,°> and the Amber99sb>®
force field. Simulations used periodic boundary conditions with cell
dimensions 5.56 nm x 5.56 nm x 5.56 nm, with the TIP3P water
model. lons were included to neutralize the net positive charge on the
peptides, and the particle-mesh Ewald (PME)®” method was used for
treatment of long-range electrostatic interactions. Simulations were
performed at a temperature of 293 K using isotropic pressure cou-
pling with the Parrinello-Rahman®® and V-rescale thermostat.>’ The
starting models were minimized using steepest descents method. Sys-
tems were equilibrated under the NVT ensemble (constant number of
particles N, volume V, and temperature T; 50 ns). Production simula-

tions (1 us) were run at 1 atm using the NPT ensemble.

210 | Cytotoxicity

The sulforhodamine B (SRB) assay was undertaken to assess the cyto-
toxicity of ShK-Ts1 against adherent cells, and was performed accord-
ing to published protocols.é%¢! Briefly, two macrophage cell lines,
RAW 264.7 and immortalized bone marrow-derived macrophages
(iBMDM), were seeded at 5 x 10° cells/100 uL/well in a 96-well flat-
bottom plate, and incubated overnight at 37°C in a humidified incuba-
tor with 5% CO,. Macrophages were then treated with ShKT-Ts1
(10 and 20 uM) for 48 h. To fix cells to the plate, a fixation solution
(10% vol/vol trichloroacetic acid) was added directly to the culture
media and incubated at 4°C. After 2 h the solution was gently
removed and cells were rinsed with water, prior to drying at room
temperature. SRB solution (0.2% wt/vol in 1% vol/vol acetic acid) was
then added and incubated for 45 min. Unbound dye was removed by
acetic acid solution (1% vol/vol). Protein-bound dye was solubilized
with 10 mM Tris base (pH 10.5) and absorbance measured at 560 nm

using an EnVision (PerkinElmer) plate reader.

211 | Mammalian cell cultures and transfection of
ion channel genes

Chinese hamster ovary (CHO) cells (ATCC, Germany) were grown in
Dulbecco's modified Eagle medium supplemented with 10% fetal
bovine serum (FBS), 2 mM L-glutamine, 100 pug/mL streptomycin and
100 U/mL penicillin-g (Sigma-Aldrich, St. Louis, MO) in a humidified
incubator at 37°C and 5% CO,. Cells were passaged every 2-3 days
following a 5 min incubation in 0.05% trypsin-EDTA solution.

CHO cells were transiently transfected with plasmids encoding
the following ion channels using Lipofectamine 2000 kit (Invitrogen,
Waltham, MA) according to the manufacturer's protocol: hKy1.1,
hKy1.2, and hKy1.6 in pCMV6-AC-green fluorescent protein (GFP)
plasmid (OriGene Technologies, Rockville, MD), hKy/1.4 in pCDNA3
plasmid, hKy1.5, in pEYFP-C1 plasmid (a kind gift from A. Felipe, Uni-
versity of Barcelona, Barcelona, Spain), hKc,3.1 in pEGFP-C1 vector
(a kind gift from H. Wulff, University of California, Davis, CA) and
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hNay1.5 (a kind gift from H. Abriel, University of Bern, Bern,
Switzerland). The cells were cotransfected with a plasmid encoding
GFP at a GFP:channel DNA molar ratio of 1:10 for hK,1.4. After
24 h of transfection, GFP-positive cells were identified with Nikon
TE 2000 U fluorescence microscope (Nikon, Tokyo, Japan) using
bandpass filters of 455-495 and 515-555 nm for excitation and
emission, respectively, (>70% success rate for transfection) and cur-
rents were recorded. Human embryonic kidney 293 cells stably
expressing mKc,1.1 (BKCa, a kind gift from C. Beeton, Baylor College
of Medicine, Houston), or hNay/1.4 (a kind gift from P. Lukacs, E6tvos
Lorand University, Budapest, Hungary) were used. hKy1.3 currents
were recorded from activated T cells. To obtain human T cells, mono-
nuclear cells from healthy donors’ blood were separated through His-
topaque1077 (Sigma-Aldrich, St. Louis, MO) density gradient
centrifugation and cultured in Roswell Park Memorial Institute
(RPMI) 1640 medium containing 2 mM L-glutamine, 10% FBS,
100 pg/mL streptomycin and 100 U/mL penicillin-g at a density of
5 x 10° cells per mL in a humidified incubator at 37°C and 5% COs,.
Phytohemagglutinin A was also added to the medium at a concentra-
tion of 2, 5, and 10 pg/mL to enhance the expression of K* channels.
Patch-clamp experiments were performed after 3-6 days of

activation.

212 | Electrophysiology

Whole-cell currents were recorded using conventional patch-clamp
electrophysiology following standard protocols.®? Micropipettes were
pulled from Borosilicate Standard Wall with Filament glass (Harvard
Apparatus Co., Holliston, MA) in four stages using a Flaming Brown
automatic pipette puller (Sutter Instruments, San Rafael, CA), resulting
in electrodes having 3-6 MQ resistance in the bath solution. All mea-
surements were performed at room temperature (20-25°C) using a
Multiclamp 700B amplifier connected to a computer with Axon Digi-
data1440 digitizer. For data acquisition, Clampex 10.7 software was
used (Molecular Devices, Sunnyvale, CA). Current records were dis-
carded when the leak current at holding potential (V},) was >10% of
peak current at the test potential.

All salts and components of the solutions were purchased from
Sigma Aldrich, St. Louis, MO. The intracellular (pipette) solution (ICS)
for recording Ky1.x and Kc,1.1 currents consisted of (in mM) 140 KF,
2 MgCl,, 1 CaCl,, 11 EGTA, and 10 HEPES. The composition of ICS
for Na™ channels was (in mM) 10 NaCl, 105 CsF, 10 HEPES, 10 EGTA,
and for hK¢,3.1 channels (in mM) 150 K-Asp, 5 HEPES, 8.5 CaCl,,
2 MgCl,, and 10 EGTA. The pH of ICS was set to 7.22 and osmolarity
was ~295 mOsM. The extracellular (bath) solution (ECS) consisted of
(in mM) 145 NaCl, 5 KCl, 2.5 CaCl,, 1 MgCl,, 10 HEPES, and 5.5 glu-
cose, pH 7.35 for all the ion channels included in this study. The
osmolarity of the ECS was 302-308 mOsM. In the HK-150 and Na*-
free ECS, all Na™ was substituted by K* or choline-Cl, respectively;
other ingredients remained unchanged. In the various tetraethylam-
monium (TEA™)-containing solutions, Na™ was substituted by TEA™-
chloride in equimolar concentration. ShKT-Ts1 and positive controls
were dissolved in ECS supplemented with 0.1 mg/mL bovine serum

albumin. The cells were perfused with control and test solutions using
a gravity-driven perfusion system and AutoMate Perfusion Pencil
Multi-Barrel Manifold Tip (AutoMate Scientific, Berkeley, CA). Excess
ECS was removed continuously by vacuum suction. The complete
exchange of solution in the bath chamber, that is, the proper opera-
tion of the perfusion apparatus, was confirmed frequently using either
fully reversible inhibitors (TEA™ for Ky1.1, Ky1.3, Ky1.6, and mKc,1.1,
charybdotoxin (ChTx) for Ky1.2, 4-aminopyridine (4-AP) for Ky1.5,
and Tram34 for Kc,3.1), or ECS (HK-150 for Ky1.4 to eliminate the
driving force for K" during depolarization to O mV or Na*-free solu-
tion for Nay channels) as positive controls.

For recording the currents of Ky1l.x channels, 15-300 ms long
depolarization pulses to +50 mV (except where indicated) were
applied from a holding potential (V}) of —120 mV every 15s and
peak currents were measured. Owing to the highly variable activation
kinetics of Ky1.2,°® the pulse duration was set between 15 and
300 ms to maximize open probability of the channel. The slower
inactivation rate of Ky1.2 prevented inactivation even at 300-ms-
long depolarization pulses. mKc,1.1 currents were evoked by depo-
larizing the cells to +100 mV for 600 ms from a V, of —100 mV. Test
pulses were delivered every 15 s. For Kc,3.1 currents, 150-ms-long
voltage ramps to +50 mV from —120 mV were applied every 10s.
The V}, was set to —85 mV. For Nay1.x current recordings, 15-ms-
long voltage steps from a V, of —120 to O mV were applied
every 10 s.

Patch-clamp data were analyzed using pClamp 10.7 software
package (Molecular Devices, Sunnyvale, CA) and GraphPad Prism
software (version 8.0.1, La Jolla, CA). Whole-cell current traces were
digitally filtered with a three points boxcar smoothing filter and
were corrected for ohmic leakage when needed. The inhibitory effect
of a peptide toxin at a given concentration was calculated as remain-
ing current fraction (RCF = I/lo, where Iy is the peak current in the
absence of the toxin, and | is the peak current after 3-5 min perfusion
by ShKT-Ts1. Peptide concentrations were based on dry weight, with-
out any correction for TFA content.

213 | Chemical space analysis

ShKT domain sequence datasets used for the principal component
analyses (PCAs) were retrieved from Uniprot.?® The dataset
(ShKT6103) consists of ShKT domains from sea anemones, specifically
UniProtKB sequences classified under the ShKT Domain [FT] with
Taxon ID 6103 (order Actiniaria). Protein existence was set to include
only sequences whose existence was supported by experimental evi-
dence at protein level, transcript level or those inferred from homol-
ogy; sequences with predicted and uncertain existence were filtered
out of the dataset. ShKT domain subsequences (where the ShKT
domain is part of a larger sequence) were retained. The dataset was
examined for redundancies, and for sequences with multiple ShKT
domains, each individual domain was labeled numerically, beginning
from the N-terminus. After the inclusion of ShKT-Ts1, the final data-
set consisted of 88 ShKT domain sequences. Multiple sequence align-
ments (MSA) were generated using Clustal Omega,®* and alignment
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columns composed mainly of gaps with a residue consensus lower
than 7% were removed. Alignment visualization and editing were car-
ried out in Jalview v2.11.2.6,°> which defines residue consensus as
the commonest residues and is expressed as a percentage for each
column of the alignment. The MSAs were fed into the QIIME2%° plu-
gin for PCA analysis of protein sequence phylogeny, g2-protein-pca
pipeline, as described by Wang and Kennedy.®” The EMPeror soft-

ware®® was used for PCA loadings and scores plots visualization.

3 | RESULTS

3.1 | Gene expression and peptide distribution

The transcript corresponding to ShKT-Ts1 was not significantly differ-
entially expressed across the six morphological structures examined
(four-fold expression difference, false discovery rate <0.05), but a
trend toward higher expression was observed in the mesenterial fila-
ments (Figure 1A). MALDI-MSI identified that the abundance of a
spectral peak (4206 m/z) close to the expected mass of ShKT-Tsl
peptide was greatest in the region corresponding to the mesenterial
filaments of T. stephensoni, which play a role in digestion and prey kill-

ing (Figure 1).
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3.2 | Resonance assignments

We expressed ShKT-Ts1 as described in Section 2. The successful
expression of ShKT-Tsl is documented in the SDS-PAGE in
Figure S1A. After expression, the peptide-fusion with Trx was purified
using nickel affinity with an increasing imidazole gradient
(Figure S1A). After TEV cleavage, a second nickel affinity purification
was used to separate the cleaved peptide from Trx and TEV
(Figure S1A). ShKT-Ts1 was then purified using RP-HPLC
(Figure S1B), and the mass and purity of the peptide were confirmed
by LCMS, as shown in Figures S2 (unlabeled ShKT-Ts1) and S3 (**N-
labeled). The mass determined by LCMS confirmed that the peptide
was fully oxidized after cytoplasmic expression and TEV-cleavage,
with no extra step necessary for oxidative folding. Note that the
recombinant peptide, on which all structural and functional characteri-
zation was conducted, contains an additional N-terminal Gly relative
to the native ShKT-Ts1 sequence.

We acquired a series of 1D H spectra at different pH values and
temperatures (Figures S4 and S5, respectively) to identify the best
conditions for resonance assignments and structure calculations. The
pH titration from 2 to 7 showed that spectra at pH 4 and 5 had better
peak dispersion over the amide/aromatic region; pH 5 was chosen as

some peaks that are missing or overlapping at other pHs are resolved

FIGURE 1 Expression
patterns and abundance of the
ShKT-Ts1 peptide across
functional regions in Telmatactis
stephensoni. (A) Bar graph of
ShKT-Ts1 expression patterns.
(B) Schematic of the
morphological structures
sampled. (C) Hematoxylin and
eosin-stained longitudinal
section of a T. stephensoni
individual. (D) Mass
spectrometry imaging (MSI) data
showing the abundance of
ShKT-Ts1 in T. stephensoni. a,
acontia; b, body column; ¢, club-
tips; m, mesenterial filaments; p,
pharynx; pd, pedal disc; t,
tentacles.

Intensity
= -

A A
0% 100%
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at pH 5 (Figure S4). 1D *H NMR spectra of ShKT-Ts1 at different
temperatures (278-308 K) at pH 5 were also acquired (Figure S5);
298 K was chosen for structure calculation as it shows better peak
dispersion through the amide and aromatic region, especially at
7-8 ppm.

ShKT-Ts1 peptide has 36 amino acid residues, with an extra
N-terminus Gly following TEV-cleavage (designated Gly-1 to distin-
guish it from the native N-terminal residue Alal), making a total of
37 amino acids. The *®*N-HSQC (Figure 2) shows 44 peaks because
of side chain resonances of Asn4 and Asn5 (H6), and Arg9, Argl3,
Arg14, and Arg25 (He). The folded peak of the Lys31 side chain is also
observed at 6.9 ppm on *H and 106.5 ppm on °N. A 1>N-HSQC with
increased '°N spectral width was acquired for identification and
assignment of Arg side chain resonances (Figure S6). The chemical
shifts of all *H and '°N resonances are listed in Table S1 in the Sup-
porting information $1, and have been deposited in BioMagResBank®’
with id number 51896.

3.3 | ShKT-Ts1 solution structure

We used 956 NOE distance restraints for calculation of the structure
of ShKT-Ts1l, where 466 are intra-residue, 231 sequential,
146 medium range (2 <|i-j| <5), and 113 long range (i -j| > 5;
Table S2). To calculate the initial structures, we used only the NOE

15 10 15 20 25 30 35
GACENNFSDRECERRKKDCDSSMKFRELSCPKTCGT K3t He [
3 L
G34 ° 110
$20 r
N5H52 —————— N5HB2 [
033‘ ‘ D19 I
s7 () r
° E26 R35 s28 L 115
T ased < o 3]
" Yo, .N4H52 I =z
ci1 E2Re  ° ) F6 Yy 3
® O K31|
° K23 7 R13He R9HE. 2,
N4 Cad' @ Ori3 O Rune s 120
T o R25He L
K16 F24 o (]
E10 ©36 I
) ° I
r?a Al E3 r
—125
oM22 —130
—— T
8.5 8 7.5 7
1
H [ppm]
FIGURE 2 'H-'SN-HSQC of ShKT-Ts1 at pH 5 and 298 K. A total

of 44 amide peaks was observed, as expected for 37 amino acids with
two Asn and four Arg; the folded Lys31 side chain resonance is at
6.9 ppm in the *H dimension and 106.5 ppm in **N.

restraints and did not specify any disulfide connections. Hydrogen
bond restraints were included based on hydrogen-deuterium
exchange experiments (Figure S7) and TALOS-N>? prediction. After
convergence of the initial structures, well-defined disulfide connectiv-
ities based on the proximity of the cysteines and NOEs between the
sidechains were identified and included in further structure calcula-
tions. The calculated structures were energetically refined through
MD simulations in explicit water using ARIA; the final ensemble of
20 lowest energy structures of ShKT-Ts1 is shown in Figure 3A and
deposited in the Protein Data Bank (PDB id 8SED). The structures are
well-defined, with backbone (N, C, and Ca) and heavy atom RMSDs
for all residues of 0.7 and 1.2 A, respectively. Table S2 summarizes

the structural statistics.

N-terminal

180°

FIGURE 3 ShKT-Ts1 solution structure. (A) The 20 best energy
structures of ShKT-Ts1 superimposed over Ca are represented as
ribbon (blue). The three disulfide bonds (C2—C35, C11—C29, and
C18—C33) are shown as yellow sticks and the numbers indicate each
cysteine. (B) Cartoon representation of the best energy ShKT-Ts1
structure. The a-helices are colored in blue. The three disulfide bonds,
the Lys23 and Phe24 side chains, and several surrounding residues
are shown in stick representation. (C) Surface representation of ShKT-
Ts1 showing the negatively charged side chains in red (Asp, Glu),
positively charged in blue (Lys, Arg), hydrophobic in green (Ala, Cys,
Leu, Met, Phe); all the others (Asn, Ser, Thr, Gly, Pro) are in gray and
were identified using the Kyte and Doolittle scale.”® While Lys23
(cyan) is solvent exposed, Phe24 (orange) is buried, being surrounded
by hydrophilic residues Arg14, Ser21, Lys23, and Leu27.
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ShKT-Ts1 has the disulfide bond connectivities C1—Cé6, C2—C4,
and C3—C5 (Figure 3B), as in other ShK-like peptides. The Asp/Asn
interaction with Lys-Thr is conserved among ShKT domains and has
been shown to be important for peptide folding; Asn5 and Lys31 are
labeled in Figure 3C.2>277°

Although ShKT-Ts1 has a ShK-like disulfide bond scaffold, its 3D
structure shows slight differences from that of ShK. While ShK has
two short a-helices encompassing residues 14-19 and 21-24,%°
ShKT-Ts1 has a short 319 helix (18-20) between two a-helices
encompassing residues 8-14 and 22-27. The N-terminus adopts an
extended conformation up to residue 8. ShKT-Ts1 lacks the critical
Lys-Tyr dyad (Lys22-Tyr23 in ShK), but it has a Lys-Phe (Lys23-
Phe24) which could perhaps support activity against voltage-gated
potassium channels, as previous work has shown the importance of a
cationic/hydrophobic residue pair for inhibitory activity.2> However,
while Lys23 in ShKT-Ts1 is solvent-exposed in the structure, Phe24 is
buried, shielded by the surrounding hydrophilic residues Argl4,
Ser21, and Leu27 (Figure 3C). The location of several charged side
chains on the surface of ShKT-Ts1 is highlighted in Figure 3C. While
the negatively charged Glu and Asp are distributed throughout the
peptide, the positively charged Arg and Lys are mostly concentrated
in the a-helix 8-14. Like other disulfide-rich peptides, ShKT-Ts1 lacks
a canonical hydrophobic core, and instead the hydrophobic side
chains are solvent exposed, or partially exposed, surrounded by
hydrophilic side chains, which are organized as surface hydrophobic
clusters, as observed in other disulfide-rich peptides.”*”? Here, the
hydrophobic residues were identified using the Kyte and Doolittle
scale”?; the surface representation of ShKT-Ts1 shows that the only
hydrophobic residue that is buried is Phe24 (Figure 3C).

3.4 | Cytotoxicity

We investigated the cytotoxicity of ShKT-Ts1 using the SRB assay.
The assay was performed 48 h after ShKT-Ts1 treatment and showed
that the relative cell densities in wells treated with 10 uM peptide
were > 99% of untreated control for both RAW 264.7 (Figure S8A)
and iBMDMs (Figure S8B). Cell densities with 20 uM peptide treat-
ment were > 97% of untreated control for RAW 264.7 and >99% for
iBMDMs, indicating that high concentrations of ShKT-Ts1 did not
affect macrophage proliferation.

3.5 | lon channel activity

The typical functional Lys-Tyr dyad found in ShK peptide is present
as Lys-Phe in ShKT-Ts1, suggesting that it may block voltage-gated
K* channels. Therefore, we tested the effect of 100 nM recombinant
ShKT-Ts1 on the first six members of human Ky1 channel family,
hKy1.1-hKy1.6 (Figure S9A-G) as a standard Ky, panel established in
our laboratory.”* To test whether these channels were inhibited by
ShK-Ts1, we first recorded whole-cell currents in control conditions,

and then the operation of the microperfusion system was confirmed

using reversible blockers of the respective channels (Figure S9A-C/F,
G) or HK-150 solution for hKy1.4 (Figure S9E). In the latter case, in
the absence of a reversible blocker for hKy1.4, the full solution
exchange was confirmed by ~0 K* current in symmetric K™ concen-
trations and at O mV test potential (Figure S9E). Having confirmed
proper solution exchange, the recombinant peptide at 100 nM con-
centration was applied and the whole-cell currents were recorded for
12-20 consecutive depolarizing pulses in the presence of ShK-Ts1
corresponding to 3-5 min exposure. None of the hKy,1.x currents was
inhibited by 100 nM ShK-Ts1 under these conditions (Figure S9A-G,
L). We then extended our study to other channels: mKc,1.1, the large
conductance voltage- and Ca?*-activated channel (Figure S9H);
hKca3.1, a Ca?*-activated K* channel (Figure S91); and two human
voltage-gated Na® channels hNay1.4 (Figure S9J) and hNay1.5
(Figure S9K). We found that 100 nM ShKT-Ts1 did not inhibit any of
the channels investigated in this study (Figure S9L).

3.6 | Chemical space analysis

Previously, Shafee et al.?2 had illustrated the utility of chemical/
sequence space analysis to cluster sequences within the ShKT super-
family based on their biophysical properties. This analysis clearly dis-
tinguished ShK-like peptides from the cysteine-rich domains of
CRISPs, but also demonstrated subclustering within the superfamily
and provided some insight into the taxonomic and functional proper-
ties of sequences within the ShKT clusters. We have used a similar
approach to determine whether PCA could shed light on the lack of
ion channel activity of ShKT-Ts1. The PCA loadings plot (Figure S10A)
describes the level of conservation at each alignment position; the
dots represent the PC1 and PC2 loadings of each position and are an
indication of the level of influence of each position. Along the PC1
and PC2 axes, it can be inferred that the alignment positions 8, 20,
7, and 19, corresponding to ShK Arg11 and Ser10 (alignment positions
20 and 19 are gaps) are most influential in driving the direction and
distance of sequence separation in the PCA scores plot, as these have
the largest absolute PCA loadings values. The alignment position
5 (ShK Pro8) has a significant influence along the PC2 axes.

The PCA scores plot of the ShKT6103 dataset revealed the close
spatial positioning of similar sequences in PCA space and suggested
that the analysis may be useful in relating the spread of sequences
within a sequence group to sequence homology (Figure S10). How-
ever, no consistent function-based clustering was apparent, as evi-
denced from the significant separation in space between OspTx2b
and AsK132958, which are peptides that have shown no activity
against a range of K,1.x isoforms, and the proximity of OspTx2a,
which has weak Ky1.x-inhibitory activity, to OspTx2b, which showed
no activity. ShKT-Ts1 is relatively close to ShK and yet their Ky1.x-
inhibitory activities are starkly different (Figure S10B). In contrast,
ShK and BgK, both of which are potent blockers of Ky1.x channels,
are not close to one another, although ShK is close to HmK, which is a
potent blocker (Figure S10B). In order for analyses such as this to be

useful as predictors of function, a more specific clustering based on a
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group of residues that have been shown to be important in channel
binding in ShK (beyond just the KY dyad) would be worth exploring.

3.7 | MD simulations of ShKT-Ts1 and structurally
related peptides

We have previously noted that even small disulfide-rich peptide
toxins display dynamics that may be important for molecular

4041 and a combination of NMR relaxation and high-

recognition,
pressure NMR measurements confirmed that ShK samples conforma-
tions in which the dyad residues may be more exposed to
solvent.®” 3% ShKT-Ts1 has a Lys23-Phe24 sequence that could play
a role in blocking potassium channels, as previous work has shown
the importance of a cationic/hydrophobic residue pair for this activ-
ity.25 However, the 3D structure of ShKT-Ts1 showed that Phe24 is
largely buried and protected from solvent by the surrounding hydro-
philic residues Arg14, Ser21, and Lys23, as shown in Figure 3C.

We employed MD simulations of ShKT-Ts1 over 1 us to investi-
gate the presence of conformational dynamics in ShKT-Ts1 that may
modify the solvent exposure of Phe24. To understand the fundamen-
tal motions of ShKT-Ts1, we employed PCA (also known as essential
dynamics analysis)’> over the 1 us trajectory. We extracted the
atomic positions of all atoms from the MD trajectories and built a

covariance matrix, where the diagonalization provides a set of

FIGURE 4 MD simulations of ShKT-Ts1. (A) PCA analysis show
higher dynamics in the region encompassing Arg15-Lys23.

(B) Average structure over 1 ps trajectory represented as a surface.
Lys23 is shown in cyan, Arg15 and Lys31 in blue, and Glu26 in red.
Phe24 is colored in orange and is largely buried by electrostatic
interactions formed by Glu26-Arg14 side chains and the Lys31 N
side chain and backbone carbonyl of Argl4.

eigenvectors and associated eigenvalues that represent the principal
motion directions of the peptide. The 20 representative structures
over the first and second principal components (PC1 and PC2) were
extracted, overlaid on the Ca atoms, and colored as rainbows, as
shown in Figure 4A. This analysis identified the region comprising the
helix 319 as being involved in conformational changes, leading to an
untwisted conformation of the region from Argl5 to Lys23, which
brings the side chains of Glu26 Ot and Argl4 Nn as close as 4 A
(Figure 4B). These salt bridges stabilize the folding of ShKT-Ts1 and
contribute to Phe24 being shielded from solvent (Figure 4B). To
assess the exposure of the dyad, we calculated the solvent-accessible
surface area (SASA) for each residue over the 1 us trajectory. The
average SASA indicates that Lys23 is more exposed to solvent than
Phe24 in ShKT-Ts1 (Figure S11). The comparison between the SASA
of the NMR solution structure and the AlphaFold-predicted structure
indicates that the exposure for both Lys23 and Phe24 is overesti-
mated in the predicted structure.”®

The observation that Phe24 is buried in the calculated structures,
and largely remains so during the MD simulations, could be a signifi-
cant contributor to the lack of activity of ShKT-Ts1 against Ky1.x
channels. In contrast, ShK,”?° which shows an overall 3D fold similar
to ShKT-Ts1 (Figure 5AB), blocks Ky1.3 with 11 pM*° and has the
dyad Lys22-Tyr23 exposed to the solvent and thus available for inter-
actions with the pore of the channel (Figure $11).4

(A) r 1
ShKT-Ts1 ~ACENNFSDRECERRK--KDCDS SMKERELSCPKTCGTC 36
ShK RSCIDTIPKSRCT--A--FQCKHSMKMRLSFCRKTCGTC 35
BgK —VCRDWFKETACRHAKSLGNCRTSQKMRA-NCAKTCELC 37
OspTx2a-pl —ACKDNLPAATCSNVKANNNC-SSEKMKT-NCAKTCGEC 36
MMP2 3 YGCLDRIFV--CTSWARKGFCDVROREMKRLCPRSCDFC 37

ShKT-Ts1 AF

FIGURE 5 Comparison between the solution structure of ShKT-
Ts1 determined here (blue) and structurally related ShKT peptides.
(A) Sequence alignment (performed using Clustal Omega®?) showing
the dyad Lys-Tyr/Phe/Leu in cyan and green, respectively. (B) ShKT-
Ts1 as cartoon representation (blue) and ShK (PDB id 1ROO) in dark
red.?? Lys and Tyr dyad residues are shown as sticks (cyan and green,
respectively). (C) BgK (PDB id 1BGK)?® in purple. (D) OspTx2a-p1
(PDB id 6CKD)?* in pink. (E) MMP23 (PDB id 2K72)*® in orange.

(F) The AlphaFold2 predicted structure of ShKT-Ts1 in red, including
the side chains of Lys23 and Phe 24. Lys23 and Phe24 in the solution
structure are shown in cyan and orange, respectively.
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We used in silico calculations to extend our studies of conforma-
tional changes in other peptides structurally related to ShKT-Ts1.
Those peptides, identified by DALI,>* are the sea anemones toxins2’
BgK (PDB id 1BGK),?® and OspTx2a-p1b (PDB id: 6CKD),** as well as
MMP23 (PDB id 2K72),*® which is a metalloprotease with an ShK-like
domain (Figure 5). The sequence alignment of these peptides shows
conserved disulfide bonds and the dyad formed by Lys (or Arg in the
case of MMP23, although there is a nearby Lys that may serve this
function) followed by a hydrophobic amino acid (most of them aro-
matic, except for MMP23 where it is Leu; Figure 5A).

BgK?>77 (Figure 5C) blocks Ky1.3 with Ki 0.7 nM, whereas
OspTx2a-p1 (Figure 5D) is a weak inhibitor of Ky1.2 and Ky1.6 chan-
nels.2* MMP23 contains a ShKT domain that displays three short
a-helices encompassing residues 10-14, 23-29, and 31-3418
(Figure 5E). Figure 5F compares the lowest-energy solution structure
of ShKT-Ts1 determined in this study with the structure predicted by
AlphaFold.3¢ Although there is good agreement between the experi-
mental and predicted structures, the predicted structure shows a

ShKT-Ts1 AF ShKT-Ts1

BgK

E

OspTx2a-p1

K15

Tl

-

MMP23

R24

more exposed dyad than the experimental structure. As discussed
below, the solvent exposure of Lys23-Phe24 in the predicted struc-
ture does not correlate with the lack of activity on potassium
channels.

The calculated average SASA for the AlphaFold structure also
confirms that the dyad is more exposed than in the experimental
NMR structure. In the case of ShK, both Lys and Tyr are the most
exposed dyad compared with other sea anemone peptides
(Figure S11). Over the course of the MD simulations, we performed
PCA analysis and extracted the first PC for each peptide, which shows
conformational dynamics that result in varying solvent exposure of
the dyad, as summarized in Figure 6. In ShKT-Ts1, a conformational
change in the 349 helix and surrounding residues (from 15 to 23)
brings Arg14 close to Glu26, as a result of which Phe24 becomes fully
buried. BgK and MMP23 also have the dyad exposed to the solvent
and are both relatively rigid throughout the trajectory (Figure 6). Inter-
estingly, the peptides with the dyad exposed (ShK and BgK) showed
activity against Ky1.x channels. ShK blocks Ky/1.3 with 11 pM,° while

FIGURE 6 Four
representative structures over
the first principal component
(PC1) over the course of a 1 us
MD trajectory for four ShKT
family peptides, represented as
surfaces (colored wheat). The
dyad for each one is cyan for Lys,
magenta for Tyr, or orange for
Phe, as shown for ShKT-Ts1
(dyad Lys23-Phe24). (A) ShKT-
Ts1 NMR. (B) The structure for
ShKT-Ts1 predicted by
AlphaFold.2¢ (C) BgK (Lys25-
Tyr26).2° (D) OspTx2a-p1l
(Lys24-Tyr25).24 (E) The dyad in
MMP23*8 is composed of Arg24
and Leu25, which are colored
blue and green, respectively.
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BgK blocks a range of Kylx channels with nM affinities.?>”8

OspTx2a-p1, which blocks Ky1.2 and Ky/1.6 channel currents at low
UM concentrations,?* has a partially exposed Tyr25 in a pocket that is
completely buried when conformational changes bring Arg15 close to
Lys24 (Figure 6), probably also involving a rearrangement with the
water. We propose a relationship between the static exposure of
the dyad, the effects of local structural dynamics on that exposure,
and the activity against Ky1.x channels, where peptides with the dyad
exposed can bind to the pore of the channel. Although the dyad is
exposed in MMP23, it is not a Lys-Tyr as found in Ky blockers, but
instead Arg-Leu, which may contribute to the low potency against
Kv1.3 (~3 uM).*8

As indicated above, the structure of ShKT-Ts1 predicted by
AlphaFold is very similar to the experimentally determined solution
structure. It has been noted, however, that AlphaFold structures are
likely to be less reliable in regions with conformational dynamics and
to have more hydrogens bonds than those observable by NMR.”® We
therefore subjected the structure of ShKT-Ts1 predicted by AlphaFold
to the same MD simulations. As shown in Figure 6B, the Lys23-
Phe24 dyad remains solvent-exposed throughout the simulation, in
contrast to the solution structure, where it is partially buried to begin

with and becomes fully buried during the simulation.

4 | DISCUSSION

In this study, we determined the structure of ShKT-Ts1, a new pep-
tide from the sea anemone Telmatactis stephensoni, and examined its
tissue localization and activity against a range of ion channels. We
have also explored whether the degree of solvent exposure of the
functional dyad, and the way that exposure changes over the course
of MD simulations, might be informative in predicting the ability of
ShKT family peptides to block Ky1.x channels.

The highest abundance of ShKT-Ts1 peptide was found in mesen-
terial filaments, a morphological structure that has a functional role in
prey killing and digestion.®? Several other peptides found in the
milked venom of Actinia tenebrosa and T. stephensoni have similar tis-
sue localization patterns to ShKT-Ts1, but their molecular targets
remain uncharacterized.

Fully oxidized ShKT-Ts1 was obtained by cytoplasmic expression
of a Trx fusion protein, from which it was cleaved using TEV. ShKT-
Ts1 adopted the canonical disulfide connectivity pattern (C1—Cé,
C2—C4, and C3—C5) found in other ShKT peptides!®?42°2829
(Figure 2B), and the Asp/Asn interaction with Lys-Thr, which is con-
served among ShKT domains and has been shown to be important for
peptide folding,z”O was also present. The surface representation of
ShKT-Ts1 shows that, like other disulfide-rich peptides, ShKT-Ts1
lacks a canonical hydrophobic core, with the only hydrophobic residue
buried being Phe24 (Figure 2C). All other hydrophobic side chains are
solvent exposed or partially exposed.

While ShK has two short a-helices encompassing residues 14-19
and 21-24,%° ShKT-Ts1 has a short 310 helix (18-20) between two
a-helices encompassing residues 8-14 and 22-27. The functional
dyad Lys-Tyr found in ShK is present as Lys-Phe in ShKT-Ts1,

suggesting that it may show activity against voltage-gated potassium
channels, but our electrophysiology assays showed that ShKT-Ts1 has
no activity against a range of voltage-gated and Ca?*-activated ion
channels (Figure S9). This demonstrates that prediction of the activity
of ShKT peptides cannot be based solely on the amino acid sequence,
and that other factors have to be considered.

DALI®* was used to identify peptides structurally related to
ShKT-Ts1; of the four structures identified, three have the functional
dyad Lys-Tyr (ShK, BgK, and OspTx2a-p1) but only two (ShK and
BgK) have been shown to block Ky1.3 with pM-nM potency.
OspTx2a-pl blocks Ky1.2 and Ky1.6 channel currents at low uM con-
centrations.?* The ShKT domain of MMP23, which is not from a sea
anemone, contains a dyad composed of Arg-Leu but still shows weak
activity against Ky1.3 (~3 uM). Using MD simulations and PCA analy-
sis, we found that the extent of solvent exposure of the dyad resi-
dues, and the effect thereon of conformational dynamics, may play a
role in the ability of these peptides to block potassium channels. Our
MD simulations showed that ShKT-Ts1 displays conformational
dynamics around the 34 helix (Figure 4); there is a rearrangement of
this 310 helix, which consequently shows a high root-mean-square
fluctuation for the region Argl5-Lys23 (Figure 4A). PCA analysis
show that the region comprising the 34 helix is involved in conforma-
tional changes, where the region from Argl5 to Lys23 experiences
changes in secondary structure, leading to an untwisted conformation
that brings the side chains of Glu26 Oe and Argl4 Nn close to one
another (4 A; Figure 4C). These salt bridges probably stabilize the
structure of ShKT-Ts1l but they also shield Phe24 from solvent
(Figure 4C).

BgK and MMP23 also have solvent-exposed dyads. However, in
MMP23 the dyad is not Lys-Tyr, but rather Arg-Leu, which may con-
tribute to its low potency against Ky1.3.2® OspTx2a-p1 has a very
similar fold to BgK, but shows a low pM affinity against Ky1.2 and
rKy1.6. The dyad in this peptide is partially exposed, but Tyr25 is in a
pocket that is completely buried when conformational changes during
MD simulations bring Arg15 close to Lys24 (probably involving a local
rearrangement of water).

These findings suggest a relationship between the extent of sol-
vent exposure of the dyad, peptide dynamics, and activity against
Kyv1.x channels. Peptides with the dyad exposed can readily be recog-
nized by the target and bind to the pore-vestibule region of the chan-
nel, but those with a buried dyad that does not become exposed
during MD simulations, or with a partially exposed dyad that becomes
buried during MD simulations may not show activity. Thus, advances
in the accuracy of structure prediction, as exemplified by AlphaFold,*®
combined with MD simulations, offer a means to predict whether
new sequences belonging to the ShKT family might show activity as
Ky1.x channel blockers, or whether other potential targets should be
explored. However, in the case of ShK-Ts1, the experimentally deter-
mined solution structure proved to be a more accurate basis for pre-
dicting activity against Ky1 channels than the AlphaFold-predicted
structure. Further comparisons of experimentally determined solution
structures, AlphaFold-predicted structures, and activity against K1
channels for ShKT peptides will be informative in establishing the pre-
dictive value of these approaches.
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