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Abstract: Toxins from marine animals provide molecular tools for the study of many ion channels,
including mammalian voltage-gated potassium channels of the Kv1 family. Selectivity profiling
and molecular investigation of these toxins have contributed to the development of novel drug
leads with therapeutic potential for the treatment of ion channel-related diseases or channelopathies.
Here, we review specific peptide and small-molecule marine toxins modulating Kv1 channels and
thus cover recent findings of bioactives found in the venoms of marine Gastropod (cone snails),
Cnidarian (sea anemones), and small compounds from cyanobacteria. Furthermore, we discuss
pivotal advancements at exploiting the interaction of κM-conotoxin RIIIJ and heteromeric Kv1.1/1.2
channels as prevalent neuronal Kv complex. RIIIJ’s exquisite Kv1 subtype selectivity underpins a
novel and facile functional classification of large-diameter dorsal root ganglion neurons. The vast
potential of marine toxins warrants further collaborative efforts and high-throughput approaches
aimed at the discovery and profiling of Kv1-targeted bioactives, which will greatly accelerate the
development of a thorough molecular toolbox and much-needed therapeutics.

Keywords: bioactives; conotoxins 2; Kv1; marine toxins; modulators; potassium channels; sea
anemone toxins

1. Introduction

1.1. Kv1 Channels

Voltage-gated K+ channels (Kv) are intrinsic plasma membrane proteins mediating the selective
flow of K+ ions down their electrochemical gradient in response to a depolarization in the
transmembrane electric field [1]. The selectivity and voltage dependence of Kv channels make
them central players in virtually all physiological functions, including the maintenance and modulation
of neuronal [2–4] and muscular (both cardiac and skeletal) excitability [5–7], regulation of calcium
signalling cascades (reviewed by Reference [8]), control of cell volume [9,10], immune response [11],
hormonal secretion [12], and others.

The Kv channel α-subunit belongs to the six transmembrane (6-TM) family of ion channels
(Figure 1a,b) in which the voltage-sensing domain (VSD) formed by transmembrane segments S1–S4
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controls pore opening via the S4–S5 intracellular loop that is connected to the pore domain (PD).
The PD is formed by transmembrane segments S5–S6 including a re-entrant pore loop bearing the
potassium selectivity sequence TVGYG [13]. Depolarization of the transmembrane electric field
induces a conformational change in the VSD that leads to channel activation, leading to opening of the
water-filled permeation pathway permitting K+ to flow down their electrochemical gradient. Upon
repolarization, the VSD returns to its resting state, closing the channel gate and terminating ionic
flow in a process called deactivation. Immediately after deactivation, channels can be reactivated;
however, if depolarization-induced channel activation extends beyond a few milliseconds, inactivation
ensues, ceasing K+ permeability. Kv channels recover from inactivation only after spending enough
time at a hyperpolarized potential [14]. The molecular underpinnings of the inactivation processes
have been thoroughly examined functionally and structurally, identifying various inactivation types
involving distinct and complex molecular mechanisms. Voltage-gated ion channels can inactivate from
pre-open closed-states (closed-state inactivation, CSI) or from the open state(s) (open-state inactivation,
OSI) [15]. Inactivation can also be categorized depending on the speed of its onset upon activation.
In some Kv channels, fast inactivation or N-type inactivation occurs soon after the channel activates
and it is mainly due to an intracellular block by the channel’s intracellular N-terminus hence known as
the inactivation particle [16]. This process has been directly observed by cryo-electron microscopy
(cryo-EM) in a related prokaryotic K channel [17]. In addition to N-type inactivation, a common but
relatively slower process happens after tens or hundreds of milliseconds from channel activation
that is termed C-type (or slow) inactivation [18]. Even though the extent and complexity of slow
inactivation remain the subjects of investigation, the pore structure and the permeating ions appear to
play a vital role [19]. Recent structural and functional studies support a mechanism through which the
redistribution of structural water molecules accompanies the rearrangement of amino acids within
the channel’s inner cavity and outer vestibule, ultimately leading to the collapse of the permeation
pathway in C-type inactivation (reviewed in Reference [20]). Modulation of the inactivation process is
a powerful strategy to control the cellular availability of Kv channel-mediated currents; thus, both N-
and C-type inactivation are responsive to the cellular redox environment [21]. For instance, structural
motifs within the Kv channel’s N-terminus/inactivation particle serve as sensors of the cytoplasmic
redox potential [22].
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Figure 1. (a) Schematic illustration of KV channel membrane topology depicting the 6 transmembrane
subunits including the voltage sensing domain (voltage-sensing domain (VSD): S1–S4) and the pore
domain (PD) between S5 and S6 segments. (b) Top and side views of representative homomeric and
heteromeric Kv1 channels based on the crystal structure of Kv1.2 channels [(Protein Data Bank number,
PDB: 2A79)] [13]. (c) Current trances of homomeric Kv1.1 (left) and 1.2 (right) channels and their
heteromeric combination (middle) revealing distinct sensitivity to the classical pharmacological tool
tetraethylammonium (TEA) [23,24].
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K+ channels are the most diverse family of ion channels in excitable and nonexcitable tissues,
encompassing 40 Kv members allocated into 12 subfamilies: voltage-gated Kv subfamilies, the
Ether-à-go go (EAG) subfamily, and the Ca2+-activated subfamilies [1]. As such, they are implicated in
many neurological, cardiac, and autoimmune disorders, which position them as important therapeutic
targets [25]. The identified genes for Kv channel α-subunits are classified into twelve subfamilies:
Kv1 (Shaker); Kv2 (Shab); Kv3 (Shaw); Kv4 (Shal); Kv7 (KvLQT); Kv10 (HERG); Kv11 (EAG);
Kv12 (ELK); and the modulatory “electrically silent” Kv5, Kv6, Kv8, and Kv9 subfamilies (https:
//doi.org/10.2218/gtopdb/F81/2019.4). The Shaker-related Kv1 family is comprised of eight members
(Kv1.1–Kv1.8) encoded by the corresponding KCNA1–KCNA8 genes. Several Kv1 channels have been
identified and functionally characterized within their native tissues, exploiting selective blockers
(reviewed by References [2,26,27]). The first Kv1 complexes were purified from mammalian brain using
the snake venom toxins called dendrotoxins (DTX). These studies indicated that the functional Kv1
channel is a large (Mr ~400 kDa) sialoglycoprotein complex consisting of four pore-forming α-subunits
and four cytoplasmically associated auxiliary β-proteins [28] that modulate K+ channel activation and
inactivation kinetics (for a thorough review, refer to Reference [29]).

The Kv1 channels are expressed in a variety of tissues as homo- or heterotetrameric complexes
(Figure 1a,b) [30]. These complexes are formed in the endoplasmic reticulum [31], where monomers
are randomly recruited, assembled, and inserted in the plasma membrane [31]. The four cytoplasmic
N-terminal domains interact with one another in a strictly subfamily-specific manner, thus providing the
molecular basis for the selective formation of heteromultimeric channels in vivo [32,33]. The predominant
pathway in tetramer formation involves dimerization of subunit dimers, thereby creating interaction
sites different from those involved in the monomer–monomer association during the oligomerization
process [34].

In heterologous expression systems, all Potassium Voltage-gated channel subfamily A Member
gene (KCNA) transcripts encoding Kv1 α-subunits yield functional homo-tetrameric complexes with
distinct biophysical and pharmacological profiles [35], (Figure 1c). While theoretically, the combination
of different Kv1 subunits could afford impressive functional diversity, only a subset of oligomeric
combinations has been elucidated [36–40], suggesting their synthesis and/or assembly are carefully
orchestrated. Amongst the KV1 channels, Kv1.2 is the most prevalent isoform in neuronal membranes
where only a small fraction occurs as a homo-tetramer, while the majority are a hetero-tetramer with
other Kv1 α-subunits [36,40]. In these preparations, the less abundant Kv1.1 subunit is consistently
identified in oligomers containing Kv1.2 channels.

1.2. Mechanisms of Kv Channel Inhibition by Marine Toxins

The diversity of Kv1 channels and their wide distribution, including their specific expression
pattern in the central and peripheral nervous systems (CNS and PNS, respectively), together with their
vital function in the excitability of nerve and muscle, make them strategic targets of marine toxins.
These natural products are synthesized by marine organisms to deter competitors and to aid predation
or for self-defense [41]. Many venomous organisms block Kv channel-mediated currents, crippling
membrane repolarization, yielding enhanced excitability, and ultimately engendering paralysis in pray
or foe [42].

Marine toxins exploit different Kv channel traits to exert their modulatory actions. A commonly
used strategy relies on direct occlusion of the narrow potassium permeation pathway from the
extracellular side of the channel protein (Figure 2a,b). Toxins inhibiting ionic current via this mechanism
are referred to as “pore blockers”. Many structurally and phylogenetically unrelated pore-blocking
toxins of Kv channels share a dyad motif composed of a lysine (positive) and a tyrosine/phenylalanine
(hydrophobic) [43–45]. The lysine residue fits snugly in the Kv channel selectivity filter, sterically
occluding K+ ion flow, whilst the hydrophobic amino acid in the dyad aids docking and consolidation
of the toxin binding. This dyad motif has been proposed to be the minimal core domain of the Kv
channel-binding pharmacophore (Figure 2b) [46–49].

https://doi.org/10.2218/gtopdb/F81/2019.4
https://doi.org/10.2218/gtopdb/F81/2019.4
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Mutational analysis and docking calculations have demonstrated that some marine toxins do not
possess the canonical functional dyad or do not seem to use one in the classic “pore blocker” fashion to
prevent potassium permeation. In these toxins, a positively charged ring of amino acids participates in
electrostatic interactions with the Kv1 outer vestibule. These residues provide surface recognition and
anchoring, and concurrently, a network of hydrogen bonds and hydrophobic interactions consolidate
“capping” of the channel vestibule, with the peptide toxin acting as a lid over the Kv channel pore
(Figure 2b) [50].
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Figure 2. (a) Schematic presentation of a side view KV1 channel showing the site of interaction
with representative pore-blocking peptide toxins from Cone snail (κM-RIIIK, [51] and ConK-S1, PDB:
2CA7, [52]) and sea anemone ShK (PDB: 1ROO, [53]) and gating modifier toxin from spider (HaTx;
PDB: 1D1H, [54]). (b) The modes of pore blocking (plug, lid, or collapse) illustrated by marine peptide
blockers as revealed by the docking models. The outer turret regions (residues 348–359 for Kv1.1,
350–359 for Kv1.2, and 334–343 for Kv1.7) are in cyan, and the inner turret regions (residues 377–386 for
Kv1.1, 377–386 for Kv1.2, and 462–469 for Kv1.7) are indicated in green. Only two subunits of the Kv1
channels are shown, for simplicity. Docking was performed using the Haddock webserver [55,56] and
the docking model image were generated using Pymol (The PyMOL Molecular Graphics System, [57]).

A distinct mechanism from pore block is achieved by interacting with the gating mechanism
of Kv channels. Toxins acting in this fashion are known as “gating modifiers”. The VSD in Kv
channels controls pore opening; hence, toxins binding to the extracellularly exposed linker between
transmembrane segments S3 and S4, the S3–S4 linker paddle motif within the VSD, inhibit channel
function by increasing the energy required to open the channel’s gate by shifting the voltage dependence
of activation to more depolarized potentials. Alternatively, some toxins destabilize the Kv channel
open state reflected as enhanced entry into a nonconductive inactivated state at potentials where Kv
activity would normally be favored [58]. This modulatory mechanism was first shown for Hanatoxin,
a gating modifier peptide component of the Chilean rose-hair tarantula venom that inhibits Kv2.1
channels (Figure 2a) [59].

A recently proposed inhibitory mechanism appears as a hybrid strategy between pore blockade
and gating modification. A toxin sitting in the channel’s outer vestibule blocks the extracellular



Mar. Drugs 2020, 18, 173 5 of 28

side of the permeation pathway and modifies the permeation of water molecules into proteinaceous
peripheral cavities in the channel. This creates asymmetries in the distribution of water molecules
around the selectivity filter, triggering a local collapse of the channel pore akin to Kv C-type inactivation
(Figure 2b) [60].

2. Molluscan Peptides that Inhibit Kv1 Channels

Conotoxins constitute a family of small peptide toxins found in the venom glands of cone snails [61].
These marine gastropods of the genus Conus are represented by ~800 predatory mollusks [62]. It is
believed that the large arsenal of conotoxins within a single venom is used for fast pray immobilization
in hunting cone snails [63].

Conotoxins are typically 8–60 amino acid peptides that potently interact with a wide range of
voltage- and ligand-gated ion channels and receptors [64]. The cone snail venom peptides evolved
to capture their prey (worms, fish, and other mollusks), and their venom is known to interact and
modulate several mammalian ion channels with great selectivity [65]. The pharmacological properties
of conotoxins have been exploited as molecular tools for the study of mammalian targets [66], and
their scaffolds are employed for drug development and potential treatment of human diseases [67].

Mature conotoxins are structurally diverse, including disulfide-free and mono- and poly-disulfide-
bonded peptides (several reviews deal with the structural diversity of conotoxins; see References [64,68]).
Peptides lacking disulfide bonds are flexible, whereas the presence of multiple disulfide linkages
provides structural rigidity and provides different three-dimensional conformations depending
on the cysteine disulfide framework within the toxin sequence [69]. Cone snail VDPs are
often post-translationally modified, including C-terminal amidation, bromination, γ-carboxylation,
hydroxylation, O-glycosylation, N-terminal pyroglutamylation, and sulfation [70].

Pharmacological classification of the structurally diverse (i.e., cysteine framework/connectivity,
loop length, and fold) conotoxins is based on the target type and mechanism of action of the peptides.
Twelve pharmacological families are currently recognized (ConoServer [71]). Due to the variable
nature of conotoxins, a consensus classification-linking pharmacology to structure has not been agreed
upon. Given the nature of this review, we will focus on the pharmacological family classification of the
kappa- or κ-conotoxins, which are defined by modulatory activity over potassium-selective channels.
The founding member of the κ-conotoxins was identified in the venom of the piscivorous snail Conus
purpurascens κ-PVIIA by its potent block of Drosophila voltage-gated Shaker channels [72].

Up to now, nine conotoxins are listed as mammalian Kv1 channel blockers in the Kalium
database [73]. From those, the activity of Contryphan-Vn from Conus ventricosus against Kv1.1 and
Kv1.2 was tested by displacement of radiolabeled Bunodosoma granulifera Kv1 blocker (BgK), showing
weak activity at 600 µM [74]. Therefore, Contryphan-Vn modulatory activity against Kv1 channels
remains to be verified.

The other κ-conotoxins listed belong to various structural families of disulfide-rich peptides (A, I,
J, M, O, and the Conkunitzins; Figure 3 and Table 1). Disulfide-rich κ-conotoxins have been shown
to act as pore blockers using canonical interactions through the “functional dyad” and the “ring of
basic residues” as molecular determinants of κ-conotoxin modulation of Kv1 channel conductance.
Such mechanisms of action have been described in scorpion and cnidarian VDP toxins blocking Kv1
channels; hence, κ-conotoxins share important features that enable Kv1 channel inhibition in a similar
way to other animal VDP blockers.
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2JTU), and Conkunitzin-S1 (PDB: 2CA7, [52]): β-sheets are in cyan, and α-helices are in red.2.1.
κM-RIIIK.

Despite the great abundance of Conus peptides characterized to date, relatively few have been
shown to interact with Kv channels. κM-RIIIK from Conus radiatus [77] (Figures 2 and 3) is 24 residues
long, and it is structurally homologous to the well-known voltage-gated sodium channel blocker
µ-GIIIA [78]. RIIIK was originally identified as a Shaker (Drosophila) and TSha1 (trout) Kv1 orthologue
channel blocker [79]. Later, RIIIK became the first conotoxin described to modulate human Kv1
channels, selectively blocking homomeric Kv1.2 without apparent effects over Navs or mammalian
homologs Kv1.1, Kv1.3, Kv1.4, Kv1.5, and Kv1.6 recorded by Two Electrode Voltage Clamp recording
(TEVC) in Xenopus oocytes [77]. Interestingly, heteromerization with Kv1.2α-subunits suffices to render
Kv1.1, Kv1.5, and Kv1.7, containing heterodimeric channels sensitive to low micromolar RIIIK [80].

Binding of κM-RIIIK to closed (deactivated) Kv1.2 channels is ~2-fold stronger than to the open
state, hinting towards state-dependent interactions between this peptide and the Kv1s. Importantly,
RIIIK blocks its Kv1 channel targets, through a pharmacophore comprised of a ring of positive charges
and not via the classical “dyad motif” [51,81].

2.1. κM-RIIIJ

Further analyses of the venom of Conus radiatus revealed a second, closely related peptide, named
κM-RIIIJ, that displayed 10-fold higher potency (~30 nM) blocking homomeric Kv1.2-mediated currents.
Comparison of RIIIK and RIIIJ activity in an animal model of ischemia/reperfusion revealed that the
latter was cardioprotective, an effect adjudicated to RIIIJ’s higher potency at inhibiting heterodimeric
Kv1-mediated currents [80].

An in-depth evaluation of RIIIJ was performed against heteromeric channels generated by a
covalent linkage composed of Kv1.2 and all other Kv1s subunits (except for Kv1.8) at different
stoichiometries and arrangements [82]. This work revealed that RIIIJ exquisitely targets asymmetric Kv
channels composed of three Kv1.2 subunits and one Kv1.1 or Kv1.6 subunit. RIIIJ’s apparent affinity
for the asymmetric complex is ~100-fold higher than for the homomeric Kv1.2 complex.

http://www.rcsb.org/structure/2JTU
http://www.rcsb.org/structure/2JTU
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Recently, the discerning sensitivity of RIIIJ to its heteromeric Kv1 channel target was exploited
to comprehensively classify and characterize individual somatosensory neuronal subclasses within
heterogenous populations of dorsal root ganglion (DRG) neurons [83]. RIIIJ’s selectivity was used to
distinguish two functional Kv1 complexes in mouse dorsal root ganglion (DRG) neurons. One being
RIIIJ’s high-affinity target (3 × Kv1.2 + Kv1.1 or Kv1.6), and the second component characterized by
inhibition at higher RIIIJ concentrations arguably composed of homo-tetrameric Kv1.2 subunits [82].
The functional behavior of large DRG (L-DRG) neurons exposed to RIIIJ was used to classify L-DRGs
in six discrete neuronal subpopulations (L1–L6). Interestingly, this peptide’s block of heteromeric
Kv1 channels in subclass L3 and L5 neurons lead to enhanced calcium signals consistent with
their contribution to repolarization after a depolarizing stimulus, whilst in subclass L1 and L2
neurons, exposure to RIIIJ decreased the threshold for action potential firing. The integration of
constellation pharmacology [66], electrophysiology, and transcriptomic profiling using RIIIJ as a
pharmacological tool served to functionally assess three biological levels spanning the molecular target
Kv1 channel (Kv1.2/Kv1.1 heteromer), the functional characteristics of specific neuronal subclasses and
the physiological system (i.e., proprioception) in which they participate.

Table 1. Some characteristics of known conotoxins targeting the Kv1 channel.

Conopeptide Source Family Target Channel(s) (IC50) References

CPY-Pl1 C. planorbis CPY Kv1.2 (2 µM); Kv1.6 (170 nM) [84]
CPY-Fe1 C. ferruginesus CPY Kv1.2 (30 µM); Kv1.6 (8.8 µM) [84]
κM-RIIIJ C. radiatus M hKv1.2 (33 nM) [80]

κM-RIIIK C. radiatus M hKv1.2 (300 nM)
rKv1.2 (335 nM) [79]

Pl14a
(κJ-PlXIVA) C. planorbis J hKv1.6 (1.6 µM) [76]

κ-ViTx C. vigro I2 rKv1.1 (1.6 µM)
rKv1.3 [85]

Conkunitzin-S1 C. Striatus Conkunitzins Kv1.7 (< nM) [12]

2.2. Conk-S1

Conk-S1 (Conkunitzin-S1; Figures 2 and 3) was the first reported member of a novel family
of marine toxins characterized by the Kunitz structural fold [52]. Conk-S1 is a 60-residue marine
toxin from the venom of Conus striatus that blocks Shaker [52] and mammalian Kv1 channels [12].
The crystal structure of Conk-S1 displays a Kunitz-type fold in which an NH2- terminal 3-10 helix,
2-stranded β-sheet, and the COOH- terminal α-helix are stabilized by 2 disulfide bridges and a network
of non-covalent interactions [86]. Despite having only two of the three highly conserved cysteine
bridges present in canonical Kunitz peptides, such as bovine pancreatic trypsin inhibitor (BPTI) and
Dendrotoxin-κ, structural analyses using NMR spectroscopy verified the presence of the Kunitz-type
fold not only in Conk-S1 but also in its homolog Conk-S2 [87].

A comprehensive selectivity profile amongst Kv1, Kv2, Kv3, Kv4, BK and EAG channels is
available for Conk-S1 [12]. With such information in hand, it was possible to utilize Conk-S1 as a
pharmacological tool to identify the role of Kv1.7 channels in glucose-stimulated insulin secretion
(GSIS) in pancreatic β cells [12]. Conk-S1 not only was useful as a molecular tool but also was
shown to enhance insulin secretion ex vivo in a glucose-dependent manner in islets of Langerhans as
well as in vivo in anesthetized rats. Rats treated with Conk-S1 did not evidence any adverse effects,
highlighting the potential of Conk-S1 as a therapeutic scaffold for the treatment of hyperglycemia
related disorders.

Mutation of the Shaker K+ channel residue K427 to aspartate enhances Conk-S1 potency of block
>2000-fold, suggesting Conk-S1 interactions with the Kv channel vestibule (see Figure 2b) [52]. Recent
structural, functional, and computational work proposes a novel mechanism of the block for K+ channel
blockers [60]. Conk-S1 does not seem to directly block the ion conduction pathway, but instead, its
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binding causes disruptions in the structural water network responsible for the stabilization of the Kv
channel activated state [88], causing the collapse of the permeation and the consequent hindrance of
K+ ion flow, similar to what has been described to occur during slow inactivation [60]. This systematic
and elegant work was performed on Kv1.2 channels (Conk-S1, IC50: 3.4 ± 1.3 µM) instead of the
previously described highest affinity mammalian target Kv1.7. The affinity of Conk-S1 for human Kv1.7
channels is 37 ± 5 nM (Xenopus oocytes [89]) and 439 ± 82 nM for the mouse orthologue determined in
mammalian cells [12]. Interestingly, comparison of the pore sequences of Kv1.1–Kv1.6 and Shaker
channels lead to the conclusion that Conk-S1’s preferential toxin action against the Drosophila channel
(502 ± 140 nM, Xenopus oocytes) was dominated by aromatic interactions mediated by a phenylalanine
in Shaker position 425, whilst in hKv1.7, a histidine (341) is present in the equivalent position.

The observation that heteromerization with Kv1.7 enhances Conk-S1 affinity towards Kv1.2
containing hetero-multimeric Kv channels [12] suggests that such a mechanism of block would extend
to Kv1.7-mediated current inhibition as well as to other homo and hetero-tetrameric Kv1 channels.

2.3. κ-PVIIA

The venom of Conus purpurascens is a source of the founding member of the kappa conotoxins
κ-PVIIA (or CGX-1051). PVIIA is a 27-amino-acid-long peptide that potently blocks Shaker potassium
channels [72,75]. PVIIA was reported to reduce myocardial lesions in rabbit, rats, and dogs, exhibiting
protective effects relevant to ischemia/reperfusion-induced cardiomyocyte damage [90]. In these
animal models, acute intravenous administration of PVIIA substantially reduces myocardium infarct
size without adverse alterations in cardiovascular hemodynamics [91]. However, attempts to identify
a mammalian target of PVIIA have been unsuccessful with 2 µM PVIIA failing to inhibit Kv1.1 or
Kv1.4-mediated currents expressed in Xenopus laevis oocytes and recorded by two-electrode voltage
clamp [92].

While the mechanism underlying the cardioprotective efficacy of κ-PVIIA is unclear, the reported
preclinical results in animal models of ischemia/reperfusion suggest that κ-PVIIA may represent a
valuable adjunct therapy in the management of acute myocardial infarction [93].

2.4. κ-ViTx

The structural superfamily I2 of Conus peptides was established with the discovery of κ-conotoxin
ViTx in the venom of Conus virgo. In ViTx, four disulfide bridges crosslink a chain of 35 amino acids.
TEVC recordings in Xenopus oocytes showed that ViTx inhibits voltage-gated K+ channels rKv1.1 (IC50:
1.59±0.14 µM) and hKv1.3 (IC50: 2.09±0.11 µM) but not Kv1.2 (up to 4 µM). Activity on other Kv1
channels has not been reported [85].

2.5. SrXIa

SrXIa was purified from the venom of vermivorous Conus spurius and was found to inhibit Kv1.2
and Kv1.6 without apparent effects over Kv1.3 channels. SrXIa does not contain lysine residues and
thus is considered to lack a functional dyad to support Kv1 channel blockade. Moreover, a ring of
arginine including R17 and R29 were shown to be important for its biological activity [94]. Activity on
other Kv1 channels is missing.

2.6. Promiscuous Conotoxins Interacting with Kv1 Channels

2.6.1. pl14a

The J-conotoxin pI14a isolated from the vermivorous cone snail Conus planorbis is 25 amino acids
long, from which six residues form an elongated NH2- terminus and four cysteines are bonded into the
“1-3, 2-4” connectivity, and is decorated with a C-terminal amide group (Figure 3). NMR structure
determination revealed one α-helix and two 3(10)-helices stabilized by two disulfide bridges [76]. pl14a
inhibits Kv1.6 channels (IC50 = 1.59 µM) as well as neuromuscular α1β1εδ and neuronal α3β4 nicotinic
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acetylcholine receptors (IC50s = 0.54 µM and 8.7 µM, respectively). Importantly, 1-5 µM pl14a had
negligible effects over Kv1.1−Kv1.5, Kv2.1, Kv3.4, Nav1.2, or N-type presynaptic Cav channels [76].
An interesting feature of pl14a is that it contains a putative Kv channel blocking “dyad” formed by
residues K18 and T19 as well as a ring of basic residues consisting of R3, R5, R12, and R25. In silico
predictions suggest that pI14a inhibition of Kv1.6-mediated currents is mainly supported by the basic
ring of amino acids [95]; however, this awaits experimental verification.

2.6.2. Tyrosine-Rich Conopeptides CPY-Pl1 and CPY-Fe1

The conopeptide family Y (CPY) was defined by the discovery of two 30-amino-acid-long peptides,
named CPY-Pl1 and CPY-Fe1, found in the venoms of vermivorous marine snails Conus planorbis
and Conus ferrugineus. VDPs belonging to this family do not contain disulfide bridges and appear
unstructured in solution. Nevertheless, the NMR analysis of CPY-PI1 revealed a helical region around
residues 12–18 [84].

Functionally, both peptides are more active against Kv1.6 and Kv1.2 than Kv1.1, Kv1.3, Kv1.4,
and Kv1.5, with CPY-PI1 displaying ~50-fold more potency against Kv1.6 than CPY-Fe1 (IC50 0.17 µM
and 8.8 µM, respectively), being ∼18-fold more potent for pl14a. At 1 µM, these peptides also inhibit
currents mediated by N-methyl-D-Aspartate (NMDA) receptors (NR1–3b/NR2A and NR1–3b/NR2B)
and Nav1.2 channels. Anecdotally, devitellinized oocytes exposed to hydrophobic CPY peptides
become “leaky”, suggesting that these peptides could intercalate into the plasma membrane either to
destabilize it or to perhaps display pore-forming activity [84].

2.6.3. µ-PIIIA

Conotoxin µ-PIIIA and µ-SIIIA inhibit mammalian Nav1.2 and Nav1.7 channels with nanomolar
potency [96] and bacterial sodium channels NaChBac and NavSp1 in the picomolar range [97]. It has
been recently shown that these µ-conopeptides can also selectively inhibit Kv1.1 and Kv1.6 channels
with nanomolar affinity while sparing other Kv1 and Kv2 family members [96]. Functional evaluation
of chimeras between µ-PIIIA sensitive and insensitive isoforms revealed that these toxins interact with
the Kv pore region with subtype specificity largely determined by the extracellular loop connecting the
channel pore and transmembrane helix S5 (turret).

In contrast to all other pore-blocking κ-conotoxins, the binding of µ-PIIIA to Kv1.6 channels
reaches equilibrium after several tens of minutes, pointing towards an alternative Kv1 mechanism of
inhibition for µ-PIIIA. Docking and molecular dynamics simulations were used to assess the interaction
between µ-conotoxins and Kv1 channels [98]. This work proposed similar binding modes of µ-PIIIA to
Kv1.6 and Kv1.1 homomeric channels supported by hydrogen bonding between R and K residues from
µ-PIIIA’s α-helical core and the central pore residues of the Kv channel. In such circumstances, effective
pore blockage would occur by dual interaction of the µ-conotoxin with both inner and outer pore
loops of the Kv channel. This implies that the composition of the channel inner pore loop determines
the orientation of the µ-PIIIA, which is further consolidated by hydrogen bonding with the Kv1
extracellular pore loops. The subtype specificity of µ-PIIIA among the Kv1 family members was then
rationalized by unfavorable electrostatic interactions between charged residues in the pore loops of the
µ-PIIIA-resistant Kv1s.

The apparent binding kinetics of µ-PIIIA to Kv1.6 channels were too slow to allow estimation
of potency from concertation response curves as it is customary for potassium channels blocking
peptides. This poses the question of whether common peptide screenings on Kv channels performed
by relatively short (~5 min) exposures to the toxins are consistently missing positive hits. Alternatively,
binding equilibrium determinations in experiments that extend over tens of minutes may be providing
an overestimation of potency due to intrinsic confounding factors (such as current rundown and cell
viability) inherent to the biological system and experimental conditions used.
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2.6.4. κP-Crassipeptides

From Crassispirine snails, a group of venomous marine gastropods, κP-crassipeptides were
isolated [99]. Three peptides were characterized to be Kv1 channel blockers, CceIXa, CceIXb, and
IqiIXa. The same study showed that, among the tested neuronal hKv1 channels, CceIXb was selective
for Kv1.1 with IC50 ~ 3 µM. In 1 mM concentration, the other two toxins did not elicit any detectable
effects when tested on these Kv1 targets [99]. However, CceIXa and b peptides elicited an excitatory
phenotype in a subset of small-diameter capsaicin-sensitive mouse DRG neurons that were affected
by the Kv1.6 blocker κJ conotoxin pl14a [94,99]. Since κJ conotoxin pl14a is broader in selectivity
among Kv1 channels expressed in DRGs, CceIXa might be more selective for particular combinations
of heteromeric Kv1 channels.

3. Cnidarian Peptides that Inhibit Kv1 Channels

Sea anemones (phylum Cnidarian) produce various classes of peptide toxins targeting a diverse
array of ion channels that serve the functions of defense from predators and immobilization of
potential prey [100]. Some marine toxins found in sea anemones target Kv1 channels in which block
leads to neuronal hyperexcitability and muscle spasms. These marine toxins have been shown to
have important therapeutic applications in the treatment of autoimmune diseases including multiple
sclerosis, rheumatoid arthritis, and diabetes [101,102].

Due to the large diversity of toxins produced from sea anemones and both their functional
convergence and promiscuity, classification of sea anemone toxins has proven difficult. A recent review
has attempted to circumvent this by classifying sea anemone proteinaceous toxins into three major
groups: (1) enzymes, (2) nonenzymatic cytotoxins, or (3) nonenzymatic peptide neurotoxins [103]. The
Kv channel targeting sea anemone toxins all fall into the third group, peptide neurotoxins, which can
be further classified into 9 structural families. To date, of these subfamilies, only six have a Kv-selective
toxin representative (ShK, Kv type 1; Kunitz-Domain, Kv type 2; B-Defensin-like, Kv type 3; Boundless
β-hairpin (BBH), Kv type 4; Inhibitor Cystine-Knot (ICK), Kv type 5; and Proline-hinged asymmetric
β-hairpin (PHAB), Kv type 6; see Table 2).

The anemone VDP toxins interact with Kv1 channels, are typically 17–66 amino acids long, and are
cross-linked by 2–4 disulfide bridges [104,105]. Up to 21 sea anemone toxins are listed as mammalian
Kv1 channel blockers in the kalium database, which populate all Kv types, except Kv type 5. Each of
these types of cnidarian toxins are examined in detail below.

Table 2. Sea anemone peptides directed against Kv1 channel.

Toxin Source Inhibited Kv1 Channels References

Type 1
ShK Stichodactyla helianthus Kv1.1, Kv1.3, Kv1.4, 1.6 [106,107]

AeK Actinia equina
125I α-DTX binding

to synaptosomal membranes (IC50 22 nM)
[108]

AETX K Anemonia erythraea
125I α-dendrotoxinDTX binding

to synaptosomal membranes (IC50 91 nM)
[109]

AsKS Anemonia sulcata Kv1.2 [110,111]

BcsTX1/2 Bunodosoma caissarum
BcsTx1 Kv1.2, Kv1.6

BcsTx2 Kv1.1, Kv1.2, Kv 1.3, Kv1.6, Shaker
IR with nM IC50

BgK Bunodosoma granulifera Kv1.1, Kv1.2, Kv1.3, Kv1.6 [112,113]

HmK Heteractis (Radianthus)
magnifica Kv1.2, Kv1.3 [114,115]

Type 2
AsKC1 Anemonia sulcata Kv1.2 [111]
AsKC2 Anemonia sulcata Kv1.2 [116]
AsKC3 Anemonia sulcata Kv1.2 [116]

APEXTx1 Anthopleura elegantissima Kv1.1

SHTXIII Stichodactyla haddoni
125I α-DTXdendrotoxin binding

to synaptosomal membranes (IC50 270 nM)
[117]
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Table 2. Cont.

Toxin Source Inhibited Kv1 Channels References

Type 3
BDS-I Anemonia sulcata Kv1.1–5 < 20% inhibition at 10 µM [116]

APETx1/2/4 Anthopleura elegantissima Kv1.1-6 < 30% inhibition at 100 nM

PhcrTx2 Phymanthus crucifer Slight inhibition on DRG Kv currents at µM
concentrations [118,119]

Type 4
SHTX I/II Stichodactyla haddoni None

Type 5
BcsTx3 Bunodosoma caissarum Kv1.1, Kv1.2, Kv 1.3, Kv1.6, Shaker IR [110]

PhcrTx1 Phymanthus crucifer Slight inhibition on DRG Kv currents at µM
concentrations [120]

Type 6
AbeTx1 Actinia bermudensis Kv1.1, Kv1.2, Kv1.6, Shaker IR [121]

3.1. Kv Type 1 Anemone Toxins

Kv type 1 toxins are toxins that include an ShK motif identified from stichodactylatoxin ShK
extracted from Stichodactyla helianthus. Other VDPs that fall in this family include AeK (Actinia equina),
AETX K (Anemonia erythraea), Kaliseptine AsKS (Anemonia sulcata), BcsTXI/II (Bunodosoma caissarum),
BgK (Bunodosoma granulifera), and HmK (Heteractis magnifica). They are composed of 34–38 amino acids
and cross-linked by three disulfide bridges (3–35, 12–28, and 17–32) [100]; see Figure 4.
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Figure 4. (a) Structures of sea anemone peptide toxins ShK (PDB: 1ROO, [53]), BgK (PDB: 1BGK, [46]),
APETx-1 (PDB: 1WQK, [122]), and BDS-I (PDB: 2BDS, [123]): The location of the disulfide linkages are
shown in green, beta-sheets are in blue, and alpha-helices are in red. (b) Sequence alignment of type 1
sea anemone KV-toxins according to their cysteine framework with the pairings indicated by the lines
linking them: Amino acid identity (dark shade) and similarities (light shade) are shown [110].

3.1.1. ShK

One of the first Kv1 channel blockers characterized was ShK (Stichodactyla helianthus K+ channel
toxin; Figures 2 and 4a [124,125]. ShK potently blocks Kv1.3 and Kv1.1 over Kv1.4 and Kv1.6
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channels [106,107]. The amount of ShK found in the Stichodactyla helianthus body is relatively small,
yet chemical synthesis of the wild-type peptide and its analogs allowed its in-depth study. ShK is a
35-amino-acid peptide with a molecular mass of 4055 Da containing three disulfide-bonded cysteine
pairs (C3–C35, C12–C28, and C17–C32) [53,125]. Surface residues of ShK bind at the entrance of the Kv1
channel and block ion conduction by plugging the pore using Lys22 (Figure 2b). The position of the two
key binding residues (K22 and Y23) in ShK is conserved in related K+ channel blocking peptides from
other sea anemones (Figure 4b) [46]. Alanine scanning experiments also identified three other amino
acids, S20, K22, and Y23, as essential for the binding of ShK to rat brain potassium channels [107]. In T
lymphocytes, Kv1.3 channel activity seems to dominate the membrane potential, where high potency
block of this current by ShK highlights its potential use as an immunosuppressant [106,107,126].
However, this peptide has strong binding affinity for neuronal Kv1.1 as well as for its bona fide
target Kv1.3 in effector-memory T cells [127]. Thus, the identification of ShK analogs that are highly
selective for Kv1.3 over Kv1.1 would enable their use in the treatment of autoimmune diseases such
as rheumatoid arthritis and diabetes [102]. To address this, much effort has been dedicated to the
optimization of ShK’s sequence to bias selectivity towards Kv1.3. For example, the N-terminal extension
on ShK (EWSS) is 158-fold more selective to Kv1.3 over Kv1.1 [127]. Non-peptide-based modifications
of ShK include the addition of a 20 kDa poly(ethylene glycol) in ShK-PEG, which increased ShK
selectivity 1000-fold, reaching picomolar potency in whole-blood T cell assays and improved the
peptide’s half-life in vivo [128].

Albeit with lower potency, ShK also blocks Kv3.2 channel (IC50~0.3 nM, [129]). Hence, the ShK
therapeutic scaffold is being exploited for the development of analogs with improved selectivity
profiles [130]. More selective analogs for Kv1.1 and Kv1.3 were developed by amino acid replacements
with differently charged or non-natural amino acids (ShK-Dap22, IC50 23 pM), analogs containing
phospho-tyrosine (ShK-186, IC50 69 pM), and phosphono-phenylalanine (ShK-192, IC50 140 pM), which
contain non-protein adducts and hydrolysable phosphorylated residues [115,131]. Such work suggests
that selective Kv1.3 antagonists such as ShK-Dap22, for which structural and functional data are
available, might represent promising immunosuppressant leads [106,114].

ShK-K-amide is an ShK analog in which an amidated lysine residue has been added to the
C-terminus, resulting in potent and selective block of Kv1.3 [132]. ShK inhibits Kv1.3 and Kv1.1
channels with similar potencies (IC50 of 9 ± 2 pM and 23 ± 3 pM, respectively). While retaining potency
(IC50 26 ± 3 pM) against Kv1.3 channels, ShK-K-amide’s affinity for Kv1.1 is greatly reduced (IC50

942 ± 120 pM), thus being 36-fold more selective between these two Kv1 isoforms. It is reasoned
that addition of a C-terminal-amidated positive charge by the extra lysine changes the electrostatic
interaction between the peptide’s C and N-termini, resulting in more favorable interaction with Kv1.3
by allowing arginine 1 to engage with the channel vestibule as well as the previously reported strongly
coupled pair R29-S379 in Kv1.3-ShK [127]. However, the extra C-terminal lysine (in ShK-K-amide)
disrupts binding with Kv1.1 by apparently altering K18 and R29 interactions with negatively charged
residues in the channel.

3.1.2. BgK

BgK is a 37-amino-acid peptide isolated from the sea anemone Bunodosoma granulifera, which
blocks Kv1.1, Kv1.2, and Kv1.3 channels [112]. BgK is a 37 amino acid peptide crosslinked by three
disulfide bridges (C2–C37, C11–C30, and C20–C34), and free C-terminal carboxylate. Both natural and
synthetic BgK inhibit binding of 125I-α-DTX to rat brain synaptosomal membranes with nanomolar
potency [112]. Corresponding BgK residues (S23, K25, and Y26) are involved in binding to rat brain
potassium channels Kv1.1, Kv1.2, Kv1.3, and Kv1.6 [133]. BgK does not select between Kv1.1, Kv1.2,
and Kv1.3 channels expressed in Xenopus oocytes, displaying quite similar dissociating constants (Kd

= 6 nM, 15 nM, and 10 nM, respectively [113]). BgK and ShK share 13 residues and present similar but
not exact topologies (Figure 2a) ([46,126] Figure 4b). It has been shown that shortening of K25 side
chain by removal of the four methylene groups dramatically decreases the affinity of BgK towards all
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Kv1 channels [134]. Mutations at position F6 in BgK reduce potency towards both Kv1.2 and Kv1.3
while not affecting Kv1.1, making BgK-F6A selective for Kv1.1 [135]. BgK-F6A increased miniature
excitatory postsynaptic current in neurons while not affecting T-cell activation. This suggests that the
Kv1.1 blockade has potential in neuro-inflammatory diseases including multiple sclerosis and stroke
and BgK-F6A as a scaffold for drug design.

3.1.3. BcsTx1/2

Two toxins from the venom of Bunodosoma caissarum were isolated and named, BcsTX1 and
BcsTx2 [110]. These peptides contained the classical three disulfide bonding pattern of Kv type 1 toxins
and were screened against a panel of Kv channels, displaying no affinity towards channels outside of
the Kv1 subfamily. Both toxins showed differences in their Kv1 selectivity, with BcsTX1 being 10-fold
selective for Kv1.2 (~30 nM) over Kv1.6 (~1.6 µM), which in turn was >10-fold selective over other Kv1
channels examined, while BcsTX1 was less selective, displaying the highest affinity for Kv1.6 but less
than 10-fold greater than Kv1.1, Kv1.2, and Kv1.3 [110].

3.1.4. Other Kv Type 1 Toxins

Other Kv type 1 sea anemone toxins are known to interact with Kv1 channels; however, little
follow has been completed looking at their selectivity or therapeutic potential in depth. The sea
anemone Heteractis magnifica venom contains the VDP, HmK. It is 35 amino acids long, having an
identical molecular weight (MW 4055) to ShK, with 60% homology. HmK is approximately 40%
identical to BgK and AsKS (Figure 4b). Partial reduction at acidic pH and rapid alkylation allowed
the full assignment of the disulfide linkages (C3–C35, C12–C28, and C17–C32). HmK inhibits the
binding of 125I-α-DTX to rat brain synaptosomal membranes with a ~1 nM Ki and block Kv1.2 channels
and facilitates neuromuscular junction acetylcholine [114]. Alanine scanning analyses proved that six
amino acids (D5, S20, and the dipeptides KY22–23 and KT30–31) are crucial for binding to rat brain Kv
channels and perfectly conserved between BgK, ShK AsKS, and HmK [114].

AeK, isolated from Actinia equine, is a Kv1 channel toxin that inhibits the binding of 125I-α-DTX
rat synaptosomal membranes in a dose-dependent manner with an IC50 of 22 nM [108]. The complete
amino acid sequence of AeK is composed of 36 amino acid and six cysteine residues. AeK’s three
disulfides are located between C2–C36, C11–C29, and C20–C33. AeK contains the canonical dyad for
Kv channel block formed by K22 and Y23. AeK is similar to AsKS structurally with which it shares
86% sequence homology, 53% with BgK, and 36% with ShK (Figure 4b). However, the selectivity of
this peptide has not been addressed functionally.

AsKS, or kaliseptine, is a 36-amino-acid peptide isolated from the sea anemone Anemonia sulcata that
blocks Kv1 channels and impedes the binding of 125I-α-DTX to receptors in rat brain membrane [111].
AsKS shares 49% sequence homology with BgK toxin ([134] Figure 4b) but differs in two of its cysteine
residues (C33 and C36) and the C-terminus. Dendrotoxin I (DTX-I) is a potent blocker of Kv1.1-,
Kv1.2-, and Kv1.6-mediated currents in Xenopus oocytes. Despite being structurally dissimilar, AsKS
appears to share a receptor site in Kv1 channels with the kalicludines (AsKC) and DTX-I. The simple
comparison on the capacity of AsKS inhibition for Kv1.2 channel with inhibition 125I-α-dendrotoxin
binding to neuronal membranes should be followed with a more in-depth investigation.

The mature AETxK peptide from Anemonia erythraea is 34 residues long; six cysteines are paired
to form three disulfide bridges (C2–C34, C11–C27, and C16–C31) and presents a canonical Kv
channel-blocking dyad comprised of K21 and Y22. AETxK is 59% and 65% homologous to ShK and
HmK respectively, whereas it shares 41–44% sequence homology to all other type 1 anemone toxins
(Figure 4b). AETxK blocks 125I-α-DTX binding to rat synaptosomal membranes with an estimated IC50

of 91 nM [109]. No electrophysiological or related functional data has been reported for this peptide;
therefore, its selectivity is unknown [109].

These VDP are all similar to the well-studied ShK; thus, in-depth selectivity profiling is required
for these toxins on both homomeric and heteromeric Kv1 channels. These toxins have the potential
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as scaffolds for therapeutics targeting of autoimmune disorders, stroke, diabetes, multiple sclerosis,
and others. None of these toxins have been tested on hetero-tetrameric Kv1 channels and, with their
divergent affinities across the Kv1s, may provide interesting routes to discovering selective compounds
for various heteromeric Kv1 channels.

3.2. Kv Type 2 Anemone Toxins

Kv type 2 anemone toxins all contain a kunitz-type motif and function as both protease inhibitors
and Kv channel blockers. They were first isolated from sea anemones Anemonia sulcata and named
kalicludines (AsKC1–AsKC3) [130]. However, other Kv type 2 inhibitors have been discovered including
APEKTx1 (Anthopleura elegantissima) [136] and SHTXIII (Stichodactyla haddoni) [117]. When compared
to Kv type 1, Kv type 2 anemone toxins typically have lower affinity towards Kv1 channels, making
their biological role unclear. They may act to paralyze prey through their dual action protease/Kv
channel activity, to provide protection for prey/predator proteases (or, in a similar fashion, to provide
protection for their own venom components when injected into their prey/predator), or to act to
regulate digestive mechanisms [137]. AsKC1-3 (kalicludines 1–3), are composed of 57–60 amino acid
residues with protease inhibitor activity [111]. A mutation at position 19 lowers their inhibitory effect
that linked to the sequence homology of BPTI, protein Kunitz-type protease inhibitors [104]. AsKC1
and AsKC2 contain the fully conserved dyad K5/L9 responsible for competing with the DTX-I site in
Kv1 channels. They share ~40% amino acid homology with other toxins from venomous animals, such
as DTX and BPTI, but AsKC1 and AsKC2 have different specificity from AsKC3 [111,130]. However,
further studies should be conducted on the selectivity of these toxins.

In contrast, APEKTx1 has an in-depth study into its selectivity across a variety of ion channels.
This study revealed potent activity against Kv1.1 (0.9 nM) with >1000-fold selectivity over other Kv1
channel members, making it an excellent probe into Kv1 channelopathies.

3.3. Kv Type 3 Anemone Toxins

Kv type 3 anemone toxins contain a β-defensin-fold characterized by a short helix or turn followed
by a small twisted antiparallel β-sheet. β-defensin are antimicrobial peptides, and anemones have
weaponized them as neurotoxins [138] to target not just Kv channels but also Nav and acid sensing ion
channels (ASIC) [139,140]. Five Kv type three toxins are shown to have affinity towards Kv1s although
very modestly. These include BDS-I (blood depressing substance I from Anemonia sulcata), APETx1/2/4
(Anthopleura elegantissima), and PhcrTx2 (Phymanthus crucifer). BDS-I was first characterized as an
antihypertensive and antiviral compound [141]. It was later shown that BDS-I inhibited Kv3.1, Kv3.2,
and Kv3.4 with nanomolar concentrations, with only a week inhibitory effect of Kv1.1–5 [116]. BDS-1
has also been shown to inhibit voltage-gated sodium channels in the nanomolar range [142]. Similar to
BDS-I, APETx1, 2, and 4 have similar issues with selectivity towards Kv1s. APETx1 and APETx4 are
more selective for hERG [118,143], while APETx2 is selective for ASIC channels [138]. PhcrTx2 showed
little inhibition of the total DRG Kv channels currents (IC50 6.4 µM) or heterologously expressed Kv1
channels [119]. Currently, no Kv type 3 anemone toxin is specific for Kv1s, suggesting this family of
toxins may not be Kv1 therapeutics of potential pharmacological agents. However, future studies will
be interesting to address if the Kv type 5 anemone toxins are all antimicrobial and, if so, do they target
prokaryotic potassium channels.

3.4. Kv Type 4 Anemone Toxins

Kv type 4 anemone toxins are characterized by a novel fold called boundless β-hairpin. SHTX I
(28 residues) and SHTX II (an analog of SHTX I, 28 residues), based on their structure, has been shown
that SHTX I and II have only been shown to inhibit binding of 125I-DTX [117] with no channel blocking
specificity described. Further studies are required to ascertain selectivity and potency towards Kv1s to
assess their future potential as therapeutics or pharmacological tools
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3.5. Kv Type 5 Anemone Toxins

Kv type 5 anemone toxins contain the ubiquitous, inhibitor cysteine knot (ICK) motif. BcsTx3
is a 50-amino-acid peptide and Kv toxin extracted from the venom of the sea anemone Bunodosoma
caissarum with a molecular weight of 5710.52 Da and four disulfide bridges. High identity (65.3% and
63.3%) with BscTx3 and identical positions of cysteine residues have been found in toxins isolated from
Nematostella vectensis and Metridium senile. Another Kv type 5 anemone toxin, PhcrTx1 (Phymanthus
crucifer), has low affinity modulatory actions on Kv1 channels; however, its main target has been shown
to be ASIC channels [120].

Activity investigation of BcsTx3 has been done by Reference [110] on 12 cloned voltage-gated
potassium channels and 3 voltage-gated sodium channels. It was shown that BcsTx3 blocks Kv channels
Kv1.1, Kv1.2, Kv1.3, Kv1.6, and Shaker IR (inactivation removed) and did not show any activity on
sodium channels. The blockage activity of BcsTx3 is not voltage dependent, and the binding site is
located at the extracellular side. The lysine and tyrosine functional dyads are absent although present
in most of the pore blocker toxins. BcsTx3 binds to Shaker IR through multipoint interaction due to
existence of two putative dyads (R5-Y6 and R39-Y40). The evolution of the neurotoxin gene family has
been followed by sequencing of the entire genome of N. vectensis. It has been shown that peptides
in sea anemones responsible for blocking Kv channels evolved at least five times independently but
that adaptive evolution took place in a common ancestor [144]. It remains to be seen if any Kv type 5
anemone toxins will provide selectivity within the Kv1 channel family, and thus, any potential as a
therapeutic scaffold so far is limited. However, the ICK motif is highly stable, resistant to denaturation
and proteolysis [145], which make excellent potential therapeutics if selectivity can be conferred.

3.6. Kv Type 6 Anemone Toxins

Kv type 6 anemone toxins are the shortest of Kv-type sea anemone toxins and contain a
proline-hinged asymmetric β-hairpin fold. AbeTx1 is a toxin with a unique primary structure
isolated from nematocysts of the sea anemone Actinia bermudensis. It is short flexible random-coil-like
conformational peptide chain of 17 amino acids with a tendency to form β-sheet (aromatic or aliphatic
amino acids are not present, but it contains a high proportion of Lys and Arg, and two disulfide bridges
between C1–C4 and C2–C3) [121].

The activity of AbeTx1 was tested on 12 subtypes of Kv channels (Kv1.1–Kv1.6; Kv2.1; Kv3.1;
Kv4.2; Kv4.3; Kv11.1; and Shaker IR) and three voltage-gated sodium channels (NaV1.2, NaV1.4, and
BgNaV). It has been shown that AbeTx1 is selective for Shaker-related K+ channels and is capable
of inhibiting K+ currents by blocking the K+ current of Kv1.2 or by altering activation of Kv1.1 and
Kv1.6 channels. AbeTx1 showed no activity on sodium channels, but the same concentration (3 µM)
inhibits the current of Kv1.1, Kv1.2, Kv1.3, Kv1.6, and Shaker IR channels [121]. It is known that the
mechanism of Kv channel toxins is multipoint interaction binding to ring based amino acid, and due
to the presence of six such amino acid rings (R1, R9, R11, K3, K7, and K13), AbeTx1 toxins interact
with Kv1.1 and Kv1.6 channels. Electrophysiological experiments were performed to determine the
mechanism of action, and it has been discovered that probably AbeTx1 toxin binds on the outer side of
Kv1.2 and Kv1.6 channels since its effect is reversible (current was recovered). Competitive binding
experiments with TEA showed that binding sites for both ligands are not overlapping completely on
Kv1.1, which is not the case with Kv1.6 channels due to less voltage dependence of blockage of Kv1.1
with membrane depolarization [121].

Also, alanine point-mutated analogs were tested on Kv1.1 and Kv1.6 channels. Six synthetic
analogs were used to test a multipoint interaction of the toxin to the channel’s binding site, and it has
been shown that loss of the side chains will lead to decreasing activity of analogs [121].
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4. Non-Peptidyl Kv1 Channel Inhibitors

4.1. Gambierol

One of the non-peptidyl toxins from the ciguatera group (CigTXs) is gambierol (Figure 5), marine
polycyclic ether toxin isolated from marine dinoflagellate Gambierdiscus toxicus showing acute toxicity
in mice (LD50 = 50 mg/Kg, ip; [146]). These CigTXs are accumulated throughout the marine food chain,
causing hypotension, bradycardia, respiratory difficulties, and paralysis [147]. Although CigTXs are
toxic for Nav channels, gambierol inhibits only Kv1 potassium channels [147,148].
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Gambierol is lipophilic and can pass through the cell membrane. This was confirmed as Gambierol
inhibited closed channels no matter which side the toxin was applied [148]. Gambierol has heptacyclic
and tetracyclic analogs that are specific inhibitors for the Kv1.2 channel expressed in CHO cells with
IC50s of 0.75, 7.6, and 28 nM, respectively [146]. However, the dose-dependent leak current induced
by these compounds might be behind their cytotoxic effect. Screening of Gambierol against other Kv
channels revealed that Kv2 and Kv4 were insensitive to 1 µM gambierol but fully repressed Kv3.1
channels [149]. The same study showed ~70% inhibition of K+-mediated currents by Kv1.4 using
100 nM Gambierol.

According to Kopljar, et al., 2009 [149], Kv3 channels inhibition occurs when channels are
deactivated, suggesting a mechanism related to gating modification. Swapping of the S5–S6 linker
between Kv3.1 and Kv2.1 channels gave no differences in selectivity of gambierol to either of the
channels, indicating that gambierol is not an external pore blocker. Kv1 and Kv3 channels contain
threonine residues in the inner permeation pathway, while the insensitive Kv2 and Kv4 channels
have valine at the same position. After the replacement of threonine with different moieties, it was
confirmed that hydrogen bonding capable amino acids (serine and lysine) contribute to the high affinity
of gambierol to Kv3.1 channels. The T427 residue between the S5 and S6 segments of Kv3.1 channels
interacts with one of the ether oxygens of the toxin, thereby inhibiting permeation of K+ ions and
stabilizing the closed state.

4.2. Aplysiatoxin Derivatives

Marine cyanobacteria are a source of many toxins, including a recently discovered group of
Kv1.5 blockers called Aplysiatoxins (ATXs). ATXs and related analogs, namely Oscillatoxins and
nhatrangins (Figure 6), are 27 bioactive dermatoxins polyketide compounds that were isolated from
several marine cyanobacteria species with antiproliferative activity, tumor-promoting properties,
proinflammatory actions, and antiviral activity (see Reference [150]). According to the structural
characteristics, ATXs were divided into three categories: (1) the ABC tricyclic ring systems with carbon
numbers of 6/12/6, 6/10/6, and 6/6/6 (e.g., Debromoaplysiatoxins and neo-debromoaplysiatoxins) [151];
(2) the AB spirobicyclic ring system (e.g., Oscillatoxin D) [152], and (3) acyclic structures such as
Nhatrangins [153].
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In addition to their various structures, ATX derivatives exhibit selectivity and potency against
Kv1.5 channels, a possible pivotal target for new treatment of atrial tachyarrhymias with minimal
potential for deleterious side effect [151,154,155]. Although further studies are still ongoing to establish
the Kv1.5 inhibition mechanism by these various bioactive compounds, researchers suggested two
mechanisms. One is the direct ion channel modulation by direct blocking of the pore. The other
proposed mechanism is the indirect modulation of the Kv channel by activating protein kinase C [154].

5. Kv1-Active Toxins in Research and Drug Discovery

Venom-derived toxins have been paramount in the identification and study of ion channels.
Neuronal Kv1 heteromeric complexes were first recognized thanks to snake dendrotoxins and were
identified by isoform-specific antibody fractionation [36,37,40]. We have learned that the majority
of Kv1 channel complexes present in the nervous system are hetero-tetrameric combinations of Kv1
α-subunits, while only a small fraction of channels are homo-tetramers (e.g., neuronal: Kv1.2 and
1.4; immune system Kv1.3). The composition, stoichiometries, and subunit arrangements of Kv1
complexes expressed in different tissues and cells remains to be fully identified. As seen in the sections
above, many of the venom-derived toxins published have not been screened against homomeric Kv1
channels and thus lack information of biological potential. To understand the therapeutic potential
of these toxins, it is necessary to study their effects on relevant heteromeric Kv channel complexes.
This requires efforts that include but are not limited to the generation and functional characterization
of concatenated (or tandem) hetero-tetramers [156,157], as proxies of the physiological targets, in
bioactive-driven molecular tool development and drug discovery.

By examining venom-derived peptides on hetero-tetrameric Kv1, it has recently been discovered
that some VDP display significantly higher potencies for heteromeric Kv1s than those with the
same contributing homomeric channel isoforms. For example, testing of conotoxin κM-RIIIJ over 12
different heterodimers containing Kv1.2 subunits, Cordeiro et al. showed that RIIIJ was most potent
against Kv1.1/Kv1.2 heterodimers without apparent regard for their arrangement, showing significant
discrimination against other heterodimeric constructs including those formed by association of Kv1.2
with Kv1.5 or Kv1.6. Further functional analyses showed that RIIIJ was indeed ~100 more potent
against hetero-tetramers made of three copies of Kv1.2 α-subunits and one of either Kv1.1 or Kv1.6 in a
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3:1 stoichiometry [82]. This detailed functional and biochemical characterization then enabled the use
of RIIIJ as a molecular tool for the classification of live large DRG neurons into six discrete functional
populations [83]. An approach that can be exploited to accelerate the classification and study of other
cell types within mixed population.

The thorough functional characterization of Conkunitzin-S1 allowed the identification of Kv1.7
channels in pancreatic beta cells as contributors in glucose-stimulated insulin secretion [12]. As shown
for the RIIIJ/Kv1.2 interactions, the presence of the Kv1.7 α-subunit confers sensitivity to Conk-S1 to a
Kv1 hetero-tetramer. In contrast to RIIIJ, Conk-S1 (and Conk-S2) appears to be able to discriminate
different Kv1 targets based on their relative positioning [12]. Thus, hinting to the Conks’ potential as
molecular tools in the study of heteromeric Kv1 channels in native tissues.

The thorough characterization and in vivo study of Conk-S1 was possible due to the production
of high yields by recombinant expression of the peptide in E. coli [52], which guarantees inexpensive
production. Much like monomeric insulin, Conk-S1 is a small peptide (<10 kDa) in which therapeutic
potential for the treatment of hyperglycemic disorders is supported principally by its effectiveness,
in vivo and ex vivo, to enhance insulin secretion and lower glucose levels in a strictly glucose
dependent manner because the targeted Kv1.7 channel opens at depolarized potentials that are
achieved upon increases in blood glucose (i.e., postprandial). Consequently, Conk-S1 treatment
appears to modulate pancreatic β-beta cell excitability only at stimulatory glucose concentrations
where bursting electrical activity is observed but not at low/basal glucose concentrations, eliminating
the risk of hypoglycemia [12]. This is advantageous because the current drugs used to ameliorate
diabetes are effective at lowering blood glucose but do so regardless of the basal conditions. Hence,
acute, delayed, and persistent hypoglycemia constitutes the most frequent adverse effect associated
with sulfonylureas (KATP channel inhibitors) and insulin-based therapies, obliging frequent monitoring
of blood glucose concentrations [158]. Furthermore, intraperitoneal Conk-S1 injections neither affected
basal glucose levels nor produced adverse cardiovascular or neurological side effects in vivo [12],
highlighting the safety of targeting Kv1.7 channels. Nevertheless, the identification and validation of
biological target(s) as well as prediction of biological activities of Conk-S1 must be verified in alternative
systems including animal models in order to ascertain the mechanism of action behind Conk-S1’s
pro-insulinogenic effects. Further, Structure-Activity Relationship (SAR)-aided computational work
would be useful to aid functional refinements in the selectivity and potency of Conk-S1 for its
development as a therapeutic to minimize potential side effects and to decrease production costs.

Much has been done in the case of the anemone toxins. For instance, ShK is considered the most
potent blocker for Kv1.3 channels with an IC50 of 10 pM [106]. However, it also potently blocks Kv1.1,
1.4, and 1.6 channels [131,159]. Kv1.3 has been shown to be a potential target of immune-modulators;
hence, in order to enhance its selectivity over other targeted Kv1 isoforms, analogs of ShK have been
generated [115]. These efforts paved the way for the development of a leading blocker called ShK-186,
which has a 100-fold improvement in selectivity for Kv1.3 over Kv1.1, 1.4, and 1.6 channels [160].
Currently known as dalazatide, it successfully passed phase 1 clinical trials in 2016 and entered phase 2
in 2018 for the treatment of several autoimmune diseases like inclusion body myositis, lupus, multiple
sclerosis, psoriasis, rheumatoid arthritis, type 1 diabetes, and inflammatory bowel diseases. Promising
newer generation, ShK analogues are currently under development [102].

6. Challenges and Outlook

In this review, a conscious attempt was made to provide an overview of those Kv1-targeted
marine bioactives for which functional data including potency and selectivity has been reported.
The availability of such information has allowed their development as molecular tools, as are the cases
of κ-RIIIJ and Conk-S1, and therapeutically promising pharmacological scaffolds like ShK or Conk-S1.
The wealth of marine bioactive molecules targeting Kv1 channels is immense, yet the vast majority
has been characterized only at the sequence level. The collection of marine toxins presented here was
focused around Kv1 channel modulatory activity. However, the selectivity profiles of most marine



Mar. Drugs 2020, 18, 173 19 of 28

toxins, both the peptides and non-peptides, are absent or inadequate; hence, further work is necessary
to assess their real potential as research tools and therapeutics.

Competition binding data is customarily reported for venom-derived compounds, but this is
at best indicative of their potential bioactivity. Comprehensive functional profiling is fundamental
to attest to the potential of the abundance of toxins identified, albeit it is not achieved without
substantial challenges. First, the primary sequence of venom derived peptides is used to predict
their 3D structure and to guide inference of potential targets. Unfortunately, similar scaffolds are
often used to target across families of ion channels and enzymes; therefore, functional verification is
an absolute requirement. Second, most selectivity screens to determine specificity of Kv1-targeted
compounds are limited to their functional assessment in homo-tetrameric Kv1 channels assembled
upon expression of a single α-subunit in heterologous systems. Most native Kv channels are not
homomeric but heteromeric complexes formed by up to four different α-subunits, as is the case of
the CNS and PNS Kv channels, and thus, natural bioactive species such as marine toxins and VDPs
have evolved to target heteromeric combinations. These natural molecules have been selected through
evolution to serve as molecular tools for the study of native Kv channels. Furthermore, the study of
the molecular determinants guiding marine bioactive targeting of heteromeric Kv channels would aid
the design of pharmacological agents for the treatment of various channelopathies.

κ-conotoxins, such as RIIIK, RIIIJ, Conk-S1, and Conk-S2 toxins, have been shown to discriminate
among targets based on heteromeric composition and order of connectivity [12]. Naturally evolved K+

channel-targeted ligands may become instrumental in the study of heteromeric Kv1 channels in live
biological systems allowing facile determination of composition and physiological function. Efforts
must be made towards bioactivity determination in hetero-multimeric Kv1 channels in heterologous
systems and by coupling functional studies with single cell transcriptomics/proteomics of primary
cultures. The findings from such work would provide invaluable to the development of leading drugs
against heteromeric channels associated with Kv1 channelopathies [25].

VDP inhibitors select among heteromeric Kv1 channel targets according to their α-subunit
identities, their stoichiometry, and their arrangement by binding across monomeric boundaries.
This could account for the diversity of selectivity “fingerprints” observed in native cells/tissues and
highlights marine toxin relevance as molecular tools and pharmacological applications. The potency
and selectivity of bioactives found in nature provides a wealth of scaffolds with therapeutic potential.
From one side, the molecular understanding of the ion channel pore structure was revealed by using
natural peptide-based toxins as molecular probes. On the other hand, better understanding of the Kv1
channels as drug targets for the treatment of disease is crucial for developing promising therapies.

Comparatively speaking, few marine toxins have been functionally explored in enough depth to
be considered for research or clinical purposes. Only a few labs in the world have full capabilities
to perform all: discovery, synthesis/production, functional characterization, and experimentation in
animal models. Therefore, collaboration between expert labs from each and all disciplines involved is
an absolute requirement for the advance of the field.

Despite the high interest in the discovery of novel marine toxins, many challenges exist in
advancing them into therapeutically active compounds. Amongst those challenges, the development
of adequate transferable human assays to assess compound’s selectivity and off-target activity is
paramount. Selectivity and SAR screens are time and labor intensive, requiring large amounts of
pure material. For example, synthesis and purification of biologically active peptides are ridden
with numerous potential pitfalls such as the selection of the optimal prokaryotic or eukaryotic
expression host (bacteria, yeast, or mammalian cell lines). The production of recombinant proteins has
predominantly used bacterial expression due the ability to generate high protein yields from large
volume cultures of fast-growing, low-cost bacteria [161,162]. However, when the protein products
involve eukaryotic posttranslational modifications, mammalian or insect cells become the system of
choice. Often, functionally, many marine peptides require proper folding supported by their cysteine
connectivity, which can curtail yields of active proteins [163] and/or incorporate posttranslational
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modifications critical for their activity. Despite the advantages of eukaryotic expression systems,
higher production costs preclude their use [164]. Recently, periplasmic peptide expression in E. coli
has made use of the oxidizing environment to produce folded peptides (i.e., Reference [165]). While
this has the potential to speed up protein production, it is limited as targeting across the cytoplasmic
membrane can substantially limit periplasmic yields [166,167]. Marine non-peptidyl compounds also
pose challenges inherent to their chemistry and organisms that produce them [168]. However, once
production of marine compounds is achieved, their stability, formulation, delivery, and antigenicity
need to be overcome. Despite these limitations, the potential therapeutic abilities of marine natural
products are unquestionable. Successful examples include Zinconotide (Prialt, sever chronic pain),
Cytarabine (Cytosar-U, chemotherapy medication), Vidarabine (Vira-A, antiviral drug), Brentuximab
Vedotin (Adcetris, chemotherapy medication), Eribulin Mesylate (Halaven, chemotherapy medication),
Omega-3-acid ethyl esters (Lovaza, diet and exercise drug which reduces triglycerides), Trabectedin
(Yondelis, chemotherapy medication), Fludarabine Phosphate (Fludara, chemotherapy medication),
Nelarabine (Arranon, chemotherapy medication), and Iota-carrageenan (carragelose, Antiviral drug),
with ~30 in various clinical phase I-IV trials (for a recent review, see Reference [169]).

Marine toxins remain a relatively under-explored source of bioactives targeting Kv1 channels.
Technological advances in transcriptomics and proteogenomic will enable the expedited identification
of novel marine toxin repertoires, will explore the diversity of their function based on known peptide
scaffold, and will understand the relationships of structure-function aspects of these toxins with much
more still that remains to be discovered. Importantly, bioactive function can only be determined
experimentally. The use of marine toxins and novel, integrative strategies provide powerful approaches
to functionally define specific cellular types underlying physiology in health and diseased states.
Given the laborious nature of electrophysiological recordings, high-throughput functional assessment
platforms involving automated patch clamp are fundamental for substantial output increase in the
discovery of novel ion-channel targeting molecules and the advancement of the venom-derived drug
discovery field.

Author Contributions: Conceptualization, A.A.-S. and R.K.F.-U.; software and analysis, G.K.K.; visualization and
figures design, G.K.K.; R.K.F.-U. and A.A.-S. All the authors contributed to the writing, editing and drafting the
manuscript; All authors have read and agreed to the published version of the manuscript.

Funding: This review received no external funding.

Acknowledgments: A special thanks to Teresa Carlomagno (Leibniz Universität Hannover) and Stefan Becker
(Max Planck Institute for Biophysical Chemistry, Göttingen) for providing the PDB structure file for κM-RIIIK.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hille, B. Ion channels of excitable membranes, 3rd ed.; Sunderland, Mass. Sinauer: New York, NY, USA, 2001.
2. Gutman, G.A.; Chandy, K.G.; Grissmer, S.; Lazdunski, M.; McKinnon, D.; Pardo, L.A.; Robertson, G.A.;

Rudy, B.; Sanguinetti, M.C.; Stuhmer, W.; et al. International Union of Pharmacology. LIII. Nomenclature and
molecular relationships of voltage-gated potassium channels. Pharmacol. Rev. 2005, 57, 473–508. [CrossRef]
[PubMed]

3. Rudy, B. Diversity and ubiquity of K channels. Neuroscience 1988, 25, 729–749. [CrossRef]
4. Vacher, H.; Mohapatra, D.P.; Trimmer, J.S. Localization and targeting of voltage-dependent ion channels in

mammalian central neurons. Physiol. Rev. 2008, 88, 1407–1447. [CrossRef] [PubMed]
5. Barry, D.M.; Trimmer, J.S.; Merlie, J.P.; Nerbonne, J.M. Differential expression of voltage-gated K+ channel

subunits in adult rat heart. Relation to functional K+ channels? Circ. Res. 1995, 77, 361–369. [CrossRef]
[PubMed]

6. Kalman, K.; Nguyen, A.; Tseng-Crank, J.; Dukes, I.D.; Chandy, G.; Hustad, C.M.; Copeland, N.G.; Jenkins, N.A.;
Mohrenweiser, H.; Brandriff, B.; et al. Genomic organization, chromosomal localization, tissue distribution,
and biophysical characterization of a novel mammalian Shaker-related voltage-gated potassium channel,
Kv1.7. J. Biol. Chem. 1998, 273, 5851–5857. [CrossRef] [PubMed]

http://dx.doi.org/10.1124/pr.57.4.10
http://www.ncbi.nlm.nih.gov/pubmed/16382104
http://dx.doi.org/10.1016/0306-4522(88)90033-4
http://dx.doi.org/10.1152/physrev.00002.2008
http://www.ncbi.nlm.nih.gov/pubmed/18923186
http://dx.doi.org/10.1161/01.RES.77.2.361
http://www.ncbi.nlm.nih.gov/pubmed/7614722
http://dx.doi.org/10.1074/jbc.273.10.5851
http://www.ncbi.nlm.nih.gov/pubmed/9488722


Mar. Drugs 2020, 18, 173 21 of 28

7. Matsubara, H.; Liman, E.R.; Hess, P.; Koren, G. Pretranslational mechanisms determine the type of potassium
channels expressed in the rat skeletal and cardiac muscles. J. Biol. Chem. 1991, 266, 13324–13328.

8. Bose, T.; Cieslar-Pobuda, A.; Wiechec, E. Role of ion channels in regulating Ca2+ homeostasis during the
interplay between immune and cancer cells. Cell Death Dis. 2015, 6, e1648. [CrossRef]

9. Dubois, J.M.; Rouzaire-Dubois, B. The influence of cell volume changes on tumour cell proliferation.
Eur. Biophys. J. 2004, 33, 227–232. [CrossRef]

10. Rouzaire-Dubois, B.; Dubois, J.M. A quantitative analysis of the role of K+ channels in mitogenesis of
neuroblastoma cells. Cell. Signal. 1991, 3, 333–339. [CrossRef]

11. Koo, G.C.; Blake, J.T.; Talento, A.; Nguyen, M.; Lin, S.; Sirotina, A.; Shah, K.; Mulvany, K.; Hora, D., Jr.;
Cunningham, P.; et al. Blockade of the voltage-gated potassium channel Kv1.3 inhibits immune responses
in vivo. J. Immunol. 1997, 158, 5120–5128.

12. Finol-Urdaneta, R.K.; Remedi, M.S.; Raasch, W.; Becker, S.; Clark, R.B.; Struver, N.; Pavlov, E.; Nichols, C.G.;
French, R.J.; Terlau, H. Block of Kv1.7 potassium currents increases glucose-stimulated insulin secretion.
EMBO Mol. Med. 2012, 4, 424–434. [CrossRef] [PubMed]

13. Long, S.B.; Campbell, E.B.; Mackinnon, R. Crystal structure of a mammalian voltage-dependent Shaker
family K+ channel. Science 2005, 309, 897–903. [CrossRef] [PubMed]

14. Kurata, H.T.; Fedida, D. A structural interpretation of voltage-gated potassium channel inactivation.
Prog. Biophys. Mol. Biol. 2006, 92, 185–208. [CrossRef] [PubMed]

15. Bahring, R.; Covarrubias, M. Mechanisms of closed-state inactivation in voltage-gated ion channels. J. Physiol.
2011, 589 (Pt 3), 461–479. [CrossRef]

16. Aldrich, R.W. Fifty years of inactivation. Nature 2001, 411, 643–644. [CrossRef] [PubMed]
17. Fan, C.; Sukomon, N.; Flood, E.; Allen, T.W.; Nimigean, C.M. Ball-and-chain inactivation in a calcium-gated

potassium channel. Nature 2020.
18. Pau, V.; Zhou, Y.; Ramu, Y.; Xu, Y.; Lu, Z. Crystal structure of an inactivated mutant mammalian voltage-gated

K+ channel. Nat. Struct. Mol. Biol. 2017, 24, 857–865. [CrossRef]
19. Hoshi, T.; Armstrong, C.M. C-type inactivation of voltage-gated K+ channels: Pore constriction or dilation?

J. Gen. Physiol. 2013, 141, 151–160. [CrossRef]
20. Valiyaveetil, F.I. A glimpse into the C-type-inactivated state for a Potassium Channel. Nat. Struct. Mol. Biol.

2017, 24, 787–788. [CrossRef]
21. Sahoo, N.; Hoshi, T.; Heinemann, S.H. Oxidative modulation of voltage-gated potassium channels. Antioxid.

Redox Signal. 2014, 21, 933–952. [CrossRef]
22. Finol-Urdaneta, R.K.; Struver, N.; Terlau, H. Molecular and Functional Differences between Heart mKv1.7

Channel Isoforms. J. Gen. Physiol. 2006, 128, 133–145. [CrossRef]
23. Al-Sabi, A.; Kaza, S.K.; Dolly, J.O.; Wang, J. Pharmacological characteristics of Kv1.1- and Kv1.2-containing

channels are influenced by the stoichiometry and positioning of their alpha subunits. Biochem. J. 2013, 454,
101–108. [CrossRef] [PubMed]

24. Kavanaugh, M.P.; Hurst, R.S.; Yakel, J.; Varnum, M.D.; Adelman, J.P.; North, R.A. Multiple subunits of a
voltage-dependent potassium channel contribute to the binding site for tetraethylammonium. Neuron 1992,
8, 493–497. [CrossRef]

25. Wulff, H.; Castle, N.A.; Pardo, L.A. Voltage-gated potassium channels as therapeutic targets. Nat. Rev. Drug
Discov. 2009, 8, 982–1001. [CrossRef] [PubMed]

26. Alexander, S.P.H.; Kelly, E.; Mathie, A.; Peters, J.A.; Veale, E.L.; Armstrong, J.F.; Faccenda, E.; Harding, S.D.;
Pawson, A.J.; Sharman, J.L.; et al. The Concise Guide To Pharmacology 2019/20: Introduction and Other
Protein Targets. Br. J. Pharmacol. 2019, 176 (Suppl. 1), S1–S20. [CrossRef]

27. Ovsepian, S.V.; LeBerre, M.; Steuber, V.; O’Leary, V.B.; Leibold, C.; Oliver Dolly, J. Distinctive role of KV1.1
subunit in the biology and functions of low threshold K+ channels with implications for neurological disease.
Pharmacol. Ther. 2016, 159, 93–101. [CrossRef]

28. Parcej, D.N.; Scott, V.E.; Dolly, J.O. Oligomeric properties of alpha-dendrotoxin-sensitive potassium ion
channels purified from bovine brain. Biochemistry 1992, 31, 11084–11088. [CrossRef]

29. Pongs, O.; Schwarz, J.R. Ancillary subunits associated with voltage-dependent K+ channels. Physiol. Rev.
2010, 90, 755–796. [CrossRef]

30. Coetzee, W.A.; Amarillo, Y.; Chiu, J.; Chow, A.; Lau, D.; McCormack, T.; Moreno, H.; Nadal, M.S.; Ozaita, A.;
Pountney, D.; et al. Molecular diversity of K+ channels. Ann. N. Y. Acad. Sci. 1999, 868, 233–285. [CrossRef]

http://dx.doi.org/10.1038/cddis.2015.23
http://dx.doi.org/10.1007/s00249-003-0364-1
http://dx.doi.org/10.1016/0898-6568(91)90062-Y
http://dx.doi.org/10.1002/emmm.201200218
http://www.ncbi.nlm.nih.gov/pubmed/22438204
http://dx.doi.org/10.1126/science.1116269
http://www.ncbi.nlm.nih.gov/pubmed/16002581
http://dx.doi.org/10.1016/j.pbiomolbio.2005.10.001
http://www.ncbi.nlm.nih.gov/pubmed/16316679
http://dx.doi.org/10.1113/jphysiol.2010.191965
http://dx.doi.org/10.1038/35079705
http://www.ncbi.nlm.nih.gov/pubmed/11395746
http://dx.doi.org/10.1038/nsmb.3457
http://dx.doi.org/10.1085/jgp.201210888
http://dx.doi.org/10.1038/nsmb.3480
http://dx.doi.org/10.1089/ars.2013.5614
http://dx.doi.org/10.1085/jgp.200609498
http://dx.doi.org/10.1042/BJ20130297
http://www.ncbi.nlm.nih.gov/pubmed/23725331
http://dx.doi.org/10.1016/0896-6273(92)90277-K
http://dx.doi.org/10.1038/nrd2983
http://www.ncbi.nlm.nih.gov/pubmed/19949402
http://dx.doi.org/10.1111/bph.14747
http://dx.doi.org/10.1016/j.pharmthera.2016.01.005
http://dx.doi.org/10.1021/bi00160a018
http://dx.doi.org/10.1152/physrev.00020.2009
http://dx.doi.org/10.1111/j.1749-6632.1999.tb11293.x


Mar. Drugs 2020, 18, 173 22 of 28

31. Panyi, G.; Deutsch, C. Assembly and suppression of endogenous Kv1.3 channels in human T cells. J. Gen.
Physiol. 1996, 107, 409–420. [CrossRef]

32. Shen, N.V.; Pfaffinger, P.J. Molecular recognition and assembly sequences involved in the subfamily-specific
assembly of voltage-gated K+ channel subunit proteins. Neuron 1995, 14, 625–633. [CrossRef]

33. Xu, J.; Yu, W.; Jan, Y.N.; Jan, L.Y.; Li, M. Assembly of voltage-gated potassium channels. Conserved
hydrophilic motifs determine subfamily-specific interactions between the alpha-subunits. J. Biol. Chem. 1995,
270, 24761–24768. [CrossRef] [PubMed]

34. Tu, L.; Deutsch, C. Evidence for dimerization of dimers in K+ channel assembly. Biophys. J. 1999, 76,
2004–2017. [CrossRef]

35. Stuhmer, W.; Ruppersberg, J.P.; Schroter, K.H.; Sakmann, B.; Stocker, M.; Giese, K.P.; Perschke, A.; Baumann, A.;
Pongs, O. Molecular basis of functional diversity of voltage-gated potassium channels in mammalian brain.
EMBO J. 1989, 8, 3235–3244. [CrossRef] [PubMed]

36. Coleman, S.K.; Newcombe, J.; Pryke, J.; Dolly, J.O. Subunit composition of Kv1 channels in human CNS.
J. Neurochem. 1999, 73, 849–858. [CrossRef]

37. Koch, R.O.; Wanner, S.G.; Koschak, A.; Hanner, M.; Schwarzer, C.; Kaczorowski, G.J.; Slaughter, R.S.;
Garcia, M.L.; Knaus, H.G. Complex subunit assembly of neuronal voltage-gated K+ channels. Basis for
high-affinity toxin interactions and pharmacology. J. Biol. Chem. 1997, 272, 27577–27581. [CrossRef]

38. Koschak, A.; Bugianesi, R.M.; Mitterdorfer, J.; Kaczorowski, G.J.; Garcia, M.L.; Knaus, H.G. Subunit
composition of brain voltage-gated potassium channels determined by hongotoxin-1, a novel peptide derived
from Centruroides limbatus venom. J. Biol. Chem. 1998, 273, 2639–2644. [CrossRef]

39. Ruppersberg, J.P.; Schroter, K.H.; Sakmann, B.; Stocker, M.; Sewing, S.; Pongs, O. Heteromultimeric channels
formed by rat brain potassium-channel proteins. Nature 1990, 345, 535–537. [CrossRef]

40. Shamotienko, O.G.; Parcej, D.N.; Dolly, J.O. Subunit combinations defined for K+ channel Kv1 subtypes in
synaptic membranes from bovine brain. Biochemistry 1997, 36, 8195–8201. [CrossRef]

41. Schendel, V.; Rash, L.D.; Jenner, R.A.; Undheim, E.A.B. The Diversity of Venom: The Importance of Behavior
and Venom System Morphology in Understanding Its Ecology and Evolution. Toxins (Basel) 2019, 11, 666.
[CrossRef]

42. Mouhat, S.; Andreotti, N.; Jouirou, B.; Sabatier, J.M. Animal toxins acting on voltage-gated potassium
channels. Curr. Pharm. Des. 2008, 14, 2503–2518. [CrossRef]

43. Eriksson, M.A.; Roux, B. Modeling the structure of agitoxin in complex with the Shaker K+ channel: A
computational approach based on experimental distance restraints extracted from thermodynamic mutant
cycles. Biophys. J. 2002, 83, 2595–2609. [CrossRef]

44. Gao, Y.D.; Garcia, M.L. Interaction of agitoxin 2, charybdotoxin, and iberiotoxin with potassium channels:
Selectivity between voltage-gated and Maxi-K channels. Proteins 2003, 52, 146–154. [CrossRef] [PubMed]

45. Miller, C. The charybdotoxin family of K+ channel-blocking peptides. Neuron 1995, 15, 5–10. [CrossRef]
46. Dauplais, M.; Lecoq, A.; Song, J.; Cotton, J.; Jamin, N.; Gilquin, B.; Roumestand, C.; Vita, C.; de Medeiros, C.L.;

Rowan, E.G.; et al. On the convergent evolution of animal toxins. Conservation of a diad of functional
residues in potassium channel-blocking toxins with unrelated structures. J. Biol. Chem. 1997, 272, 4302–4309.
[CrossRef]

47. Gilquin, B.; Racape, J.; Wrisch, A.; Visan, V.; Lecoq, A.; Grissmer, S.; Menez, A.; Gasparini, S. Structure of the
BgK-Kv1.1 complex based on distance restraints identified by double mutant cycles. Molecular basis for
convergent evolution of Kv1 channel blockers. J. Biol. Chem. 2002, 277, 37406–37413. [CrossRef]

48. Savarin, P.; Guenneugues, M.; Gilquin, B.; Lamthanh, H.; Gasparini, S.; Zinn-Justin, S.; Menez, A.
Three-dimensional structure of kappa-conotoxin PVIIA, a novel potassium channel-blocking toxin from
cone snails. Biochemistry 1998, 37, 5407–5416. [CrossRef]

49. Srinivasan, K.N.; Sivaraja, V.; Huys, I.; Sasaki, T.; Cheng, B.; Kumar, T.K.; Sato, K.; Tytgat, J.; Yu, C.; San, B.C.;
et al. kappa-Hefutoxin1, a novel toxin from the scorpion Heterometrus fulvipes with unique structure
and function. Importance of the functional diad in potassium channel selectivity. J. Biol. Chem. 2002, 277,
30040–30047. [CrossRef]

50. Jouirou, B.; Mouhat, S.; Andreotti, N.; De Waard, M.; Sabatier, J.M. Toxin determinants required for interaction
with voltage-gated K+ channels. Toxicon 2004, 43, 909–914. [CrossRef]

http://dx.doi.org/10.1085/jgp.107.3.409
http://dx.doi.org/10.1016/0896-6273(95)90319-4
http://dx.doi.org/10.1074/jbc.270.42.24761
http://www.ncbi.nlm.nih.gov/pubmed/7559593
http://dx.doi.org/10.1016/S0006-3495(99)77358-3
http://dx.doi.org/10.1002/j.1460-2075.1989.tb08483.x
http://www.ncbi.nlm.nih.gov/pubmed/2555158
http://dx.doi.org/10.1046/j.1471-4159.1999.0730849.x
http://dx.doi.org/10.1074/jbc.272.44.27577
http://dx.doi.org/10.1074/jbc.273.5.2639
http://dx.doi.org/10.1038/345535a0
http://dx.doi.org/10.1021/bi970237g
http://dx.doi.org/10.3390/toxins11110666
http://dx.doi.org/10.2174/138161208785777441
http://dx.doi.org/10.1016/S0006-3495(02)75270-3
http://dx.doi.org/10.1002/prot.10341
http://www.ncbi.nlm.nih.gov/pubmed/12833539
http://dx.doi.org/10.1016/0896-6273(95)90057-8
http://dx.doi.org/10.1074/jbc.272.7.4302
http://dx.doi.org/10.1074/jbc.M206205200
http://dx.doi.org/10.1021/bi9730341
http://dx.doi.org/10.1074/jbc.M111258200
http://dx.doi.org/10.1016/j.toxicon.2004.03.024


Mar. Drugs 2020, 18, 173 23 of 28

51. Al-Sabi, A.; Lennartz, D.; Ferber, M.; Gulyas, J.; Rivier, J.E.; Olivera, B.M.; Carlomagno, T.; Terlau, H.
KappaM-conotoxin RIIIK, structural and functional novelty in a K+ channel antagonist. Biochemistry 2004,
43, 8625–8635. [CrossRef]

52. Bayrhuber, M.; Vijayan, V.; Ferber, M.; Graf, R.; Korukottu, J.; Imperial, J.; Garrett, J.E.; Olivera, B.M.;
Terlau, H.; Zweckstetter, M.; et al. Conkunitzin-S1 is the first member of a new Kunitz-type neurotoxin
family. Structural and functional characterization. J. Biol. Chem. 2005, 280, 23766–23770. [CrossRef]

53. Tudor, J.E.; Pallaghy, P.K.; Pennington, M.W.; Norton, R.S. Solution structure of ShK toxin, a novel potassium
channel inhibitor from a sea anemone. Nat. Struct. Biol. 1996, 3, 317–320. [CrossRef]

54. Takahashi, H.; Kim, J.I.; Min, H.J.; Sato, K.; Swartz, K.J.; Shimada, I. Solution structure of hanatoxin1, a gating
modifier of voltage-dependent K+ channels: Common surface features of gating modifier toxins. J. Mol. Biol.
2000, 297, 771–780. [CrossRef] [PubMed]

55. de Vries, S.J.; van Dijk, M.; Bonvin, A.M. The HADDOCK web server for data-driven biomolecular docking.
Nat. Protoc. 2010, 5, 883–897. [CrossRef] [PubMed]

56. van Zundert, G.C.P.; Rodrigues, J.; Trellet, M.; Schmitz, C.; Kastritis, P.L.; Karaca, E.; Melquiond, A.S.J.; van
Dijk, M.; de Vries, S.J.; Bonvin, A. The HADDOCK2.2 Web Server: User-Friendly Integrative Modeling of
Biomolecular Complexes. J. Mol. Biol. 2016, 428, 720–725. [CrossRef] [PubMed]

57. DeLano Scientific. The PyMOL Molecular Graphics System; DeLano Scientific: Palo Alto, CA, USA, 2002.
58. Kalia, J.; Milescu, M.; Salvatierra, J.; Wagner, J.; Klint, J.K.; King, G.F.; Olivera, B.M.; Bosmans, F. From foe to

friend: Using animal toxins to investigate ion channel function. J. Mol. Biol. 2015, 427, 158–175. [CrossRef]
59. Swartz, K.J.; MacKinnon, R. Hanatoxin modifies the gating of a voltage-dependent K+ channel through

multiple binding sites. Neuron 1997, 18, 665–673. [CrossRef]
60. Karbat, I.; Altman-Gueta, H.; Fine, S.; Szanto, T.; Hamer-Rogotner, S.; Dym, O.; Frolow, F.; Gordon, D.;

Panyi, G.; Gurevitz, M.; et al. Pore-modulating toxins exploit inherent slow inactivation to block K+ channels.
Proc. Natl. Acad. Sci. USA 2019, 116, 18700–18709. [CrossRef]

61. Dave, K.; Lahiry, A. Conotoxins: Review and docking studies to determine potentials of conotoxin as an
anticancer drug molecule. Curr. Top. Med. Chem. 2012, 12, 845–851. [CrossRef]

62. Puillandre, N.; Duda, T.F.; Meyer, C.; Olivera, B.M.; Bouchet, P. One, four or 100 genera? A new classification
of the cone snails. J. Molluscan Stud. 2015, 81, 1–23. [CrossRef]

63. Dutertre, S.; Jin, A.H.; Vetter, I.; Hamilton, B.; Sunagar, K.; Lavergne, V.; Dutertre, V.; Fry, B.G.; Antunes, A.;
Venter, D.J.; et al. Evolution of separate predation- and defence-evoked venoms in carnivorous cone snails.
Nat. Commun. 2014, 5, 3521. [CrossRef]

64. Morales Duque, H.; Campos Dias, S.; Franco, O.L. Structural and Functional Analyses of Cone Snail Toxins.
Mar. Drugs 2019, 17, 370. [CrossRef] [PubMed]

65. Olivera, B.M.; Raghuraman, S.; Schmidt, E.W.; Safavi-Hemami, H. Linking neuroethology to the chemical
biology of natural products: Interactions between cone snails and their fish prey, a case study. J. Comp.
Physiol. A Neuroethol. Sens. Neural Behav. Physiol. 2017, 203, 717–735. [CrossRef] [PubMed]

66. Teichert, R.W.; Schmidt, E.W.; Olivera, B.M. Constellation pharmacology: A new paradigm for drug discovery.
Annu. Rev. Pharmacol. Toxicol. 2015, 55, 573–589. [CrossRef] [PubMed]

67. Han, T.S.; Teichert, R.W.; Olivera, B.M.; Bulaj, G. Conus venoms—A rich source of peptide-based therapeutics.
Curr. Pharm. Des. 2008, 14, 2462–2479. [CrossRef]

68. Jin, A.H.; Muttenthaler, M.; Dutertre, S.; Himaya, S.W.A.; Kaas, Q.; Craik, D.J.; Lewis, R.J.; Alewood, P.F.
Conotoxins: Chemistry and Biology. Chem. Rev. 2019, 119, 11510–11549. [CrossRef]

69. Lavergne, V.; Harliwong, I.; Jones, A.; Miller, D.; Taft, R.J.; Alewood, P.F. Optimized deep-targeted
proteotranscriptomic profiling reveals unexplored Conus toxin diversity and novel cysteine frameworks.
Proc. Natl. Acad. Sci. USA 2015, 112, E3782–E3791. [CrossRef]

70. Buczek, O.; Bulaj, G.; Olivera, B.M. Conotoxins and the posttranslational modification of secreted gene
products. Cell. Mol. Life Sci. 2005, 62, 3067–3079. [CrossRef]

71. Kaas, Q.; Westermann, J.C.; Halai, R.; Wang, C.K.; Craik, D.J. ConoServer, a database for conopeptide
sequences and structures. Bioinformatics 2008, 24, 445–446. [CrossRef]

72. Terlau, H.; Shon, K.J.; Grilley, M.; Stocker, M.; Stuhmer, W.; Olivera, B.M. Strategy for rapid immobilization
of prey by a fish-hunting marine snail. Nature 1996, 381, 148–151. [CrossRef]

73. Tabakmakher, V.M.; Krylov, N.A.; Kuzmenkov, A.I.; Efremov, R.G.; Vassilevski, A.A. Kalium 2.0,
a comprehensive database of polypeptide ligands of potassium channels. Sci. Data 2019, 6, 73. [CrossRef]

http://dx.doi.org/10.1021/bi0495681
http://dx.doi.org/10.1074/jbc.C500064200
http://dx.doi.org/10.1038/nsb0496-317
http://dx.doi.org/10.1006/jmbi.2000.3609
http://www.ncbi.nlm.nih.gov/pubmed/10731427
http://dx.doi.org/10.1038/nprot.2010.32
http://www.ncbi.nlm.nih.gov/pubmed/20431534
http://dx.doi.org/10.1016/j.jmb.2015.09.014
http://www.ncbi.nlm.nih.gov/pubmed/26410586
http://dx.doi.org/10.1016/j.jmb.2014.07.027
http://dx.doi.org/10.1016/S0896-6273(00)80306-2
http://dx.doi.org/10.1073/pnas.1908903116
http://dx.doi.org/10.2174/156802612800166765
http://dx.doi.org/10.1093/mollus/eyu055
http://dx.doi.org/10.1038/ncomms4521
http://dx.doi.org/10.3390/md17060370
http://www.ncbi.nlm.nih.gov/pubmed/31234371
http://dx.doi.org/10.1007/s00359-017-1183-7
http://www.ncbi.nlm.nih.gov/pubmed/28551870
http://dx.doi.org/10.1146/annurev-pharmtox-010814-124551
http://www.ncbi.nlm.nih.gov/pubmed/25562646
http://dx.doi.org/10.2174/138161208785777469
http://dx.doi.org/10.1021/acs.chemrev.9b00207
http://dx.doi.org/10.1073/pnas.1501334112
http://dx.doi.org/10.1007/s00018-005-5283-0
http://dx.doi.org/10.1093/bioinformatics/btm596
http://dx.doi.org/10.1038/381148a0
http://dx.doi.org/10.1038/s41597-019-0074-x


Mar. Drugs 2020, 18, 173 24 of 28

74. Massilia, G.R.; Eliseo, T.; Grolleau, F.; Lapied, B.; Barbier, J.; Bournaud, R.; Molgo, J.; Cicero, D.O.; Paci, M.;
Schinina, M.E.; et al. Contryphan-Vn: A modulator of Ca2+-dependent K+ channels. Biochem. Biophys. Res.
Commun. 2003, 303, 238–246. [CrossRef]

75. Scanlon, M.J.; Naranjo, D.; Thomas, L.; Alewood, P.F.; Lewis, R.J.; Craik, D.J. Solution structure and proposed
binding mechanism of a novel potassium channel toxin kappa-conotoxin PVIIA. Structure 1997, 5, 1585–1597.
[CrossRef]

76. Imperial, J.S.; Bansal, P.S.; Alewood, P.F.; Daly, N.L.; Craik, D.J.; Sporning, A.; Terlau, H.; Lopez-Vera, E.;
Bandyopadhyay, P.K.; Olivera, B.M. A novel conotoxin inhibitor of Kv1.6 channel and nAChR subtypes
defines a new superfamily of conotoxins. Biochemistry 2006, 45, 8331–8340. [CrossRef] [PubMed]

77. Ferber, M.; Al-Sabi, A.; Stocker, M.; Olivera, B.M.; Terlau, H. Identification of a mammalian target of
kappaM-conotoxin RIIIK. Toxicon 2004, 43, 915–921. [CrossRef] [PubMed]

78. Cruz, L.J.; Gray, W.R.; Olivera, B.M.; Zeikus, R.D.; Kerr, L.; Yoshikami, D.; Moczydlowski, E. Conus
geographus toxins that discriminate between neuronal and muscle sodium channels. J. Biol. Chem. 1985, 260,
9280–9288.

79. Ferber, M.; Sporning, A.; Jeserich, G.; DeLaCruz, R.; Watkins, M.; Olivera, B.M.; Terlau, H. A novel conus
peptide ligand for K+ channels. J. Biol. Chem. 2003, 278, 2177–2183. [CrossRef]

80. Chen, P.; Dendorfer, A.; Finol-Urdaneta, R.K.; Terlau, H.; Olivera, B.M. Biochemical characterization of
kappaM-RIIIJ, a Kv1.2 channel blocker: Evaluation of cardioprotective effects of kappaM-conotoxins. J. Biol.
Chem. 2010, 285, 14882–14889. [CrossRef]

81. Verdier, L.; Al-Sabi, A.; Rivier, J.E.; Olivera, B.M.; Terlau, H.; Carlomagno, T. Identification of a novel
pharmacophore for peptide toxins interacting with K+ channels. J. Biol. Chem. 2005, 280, 21246–21255.
[CrossRef]

82. Cordeiro, S.; Finol-Urdaneta, R.K.; Kopfer, D.; Markushina, A.; Song, J.; French, R.J.; Kopec, W.; de Groot, B.L.;
Giacobassi, M.J.; Leavitt, L.S.; et al. Conotoxin kappaM-RIIIJ, a tool targeting asymmetric heteromeric Kv1
channels. Proc. Natl. Acad. Sci. USA 2019, 116, 1059–1064. [CrossRef]

83. Giacobassi, M.J.; Leavitt, L.S.; Raghuraman, S.; Alluri, R.; Chase, K.; Finol-Urdaneta, R.K.; Terlau, H.;
Teichert, R.W.; Olivera, B.M. An integrative approach to the facile functional classification of dorsal root
ganglion neuronal subclasses. Proc. Natl. Acad. Sci. USA 2020. [CrossRef]

84. Imperial, J.S.; Chen, P.; Sporning, A.; Terlau, H.; Daly, N.L.; Craik, D.J.; Alewood, P.F.; Olivera, B.M.
Tyrosine-rich conopeptides affect voltage-gated K+ channels. J. Biol. Chem. 2008, 283, 23026–23032. [CrossRef]
[PubMed]

85. Kauferstein, S.; Huys, I.; Lamthanh, H.; Stocklin, R.; Sotto, F.; Menez, A.; Tytgat, J.; Mebs, D. A novel
conotoxin inhibiting vertebrate voltage-sensitive potassium channels. Toxicon 2003, 42, 43–52. [CrossRef]

86. Dy, C.Y.; Buczek, P.; Imperial, J.S.; Bulaj, G.; Horvath, M.P. Structure of conkunitzin-S1, a neurotoxin and
Kunitz-fold disulfide variant from cone snail. Acta Crystallogr. D Biol. Crystallogr. 2006, 62 (Pt 9), 980–990.
[CrossRef]

87. Korukottu, J.; Bayrhuber, M.; Montaville, P.; Vijayan, V.; Jung, Y.S.; Becker, S.; Zweckstetter, M. Fast
high-resolution protein structure determination by using unassigned NMR data. Angew. Chem. Int. Ed. Engl.
2007, 46, 1176–1179. [CrossRef] [PubMed]

88. Cuello, L.G.; Jogini, V.; Cortes, D.M.; Perozo, E. Structural mechanism of C-type inactivation in K+ channels.
Nature 2010, 466, 203–208. [CrossRef] [PubMed]

89. Finol-Urdaneta, R.K. Investigation of the Heterologous Expression of the Voltage Activated Potassium Channel
Kv1.7; George-August University: Goettingen, Germany, 2004.

90. Zhang, S.J.; Yang, X.M.; Liu, G.S.; Cohen, M.V.; Pemberton, K.; Downey, J.M. CGX-1051, a peptide from
Conus snail venom, attenuates infarction in rabbit hearts when administered at reperfusion. J. Cardiovasc.
Pharmacol. 2003, 42, 764–771. [CrossRef]

91. Lubbers, N.L.; Campbell, T.J.; Polakowski, J.S.; Bulaj, G.; Layer, R.T.; Moore, J.; Gross, G.J.; Cox, B.F. Postischemic
administration of CGX-1051, a peptide from cone snail venom, reduces infarct size in both rat and dog models
of myocardial ischemia and reperfusion. J. Cardiovasc. Pharmacol. 2005, 46, 141–146. [CrossRef]

92. Mahdavi, S.; Kuyucak, S. Why the Drosophila Shaker K+ channel is not a good model for ligand binding to
voltage-gated Kv1 channels. Biochemistry 2013, 52, 1631–1640. [CrossRef]

93. Tanaka, J.; Abe, J.; Futagi, Y. A case of late infantile ceroid lipofuscinosis–an electrophysiological follow-up
study. Hattatsu 1987, 19, 415–419.

http://dx.doi.org/10.1016/S0006-291X(03)00331-0
http://dx.doi.org/10.1016/S0969-2126(97)00307-9
http://dx.doi.org/10.1021/bi060263r
http://www.ncbi.nlm.nih.gov/pubmed/16819832
http://dx.doi.org/10.1016/j.toxicon.2003.12.010
http://www.ncbi.nlm.nih.gov/pubmed/15208025
http://dx.doi.org/10.1074/jbc.M205953200
http://dx.doi.org/10.1074/jbc.M109.068486
http://dx.doi.org/10.1074/jbc.M502376200
http://dx.doi.org/10.1073/pnas.1813161116
http://dx.doi.org/10.1073/pnas.1911382117
http://dx.doi.org/10.1074/jbc.M800084200
http://www.ncbi.nlm.nih.gov/pubmed/18505731
http://dx.doi.org/10.1016/S0041-0101(03)00099-0
http://dx.doi.org/10.1107/S0907444906021123
http://dx.doi.org/10.1002/anie.200603213
http://www.ncbi.nlm.nih.gov/pubmed/17205584
http://dx.doi.org/10.1038/nature09153
http://www.ncbi.nlm.nih.gov/pubmed/20613835
http://dx.doi.org/10.1097/00005344-200312000-00011
http://dx.doi.org/10.1097/01.fjc.0000167015.84715.27
http://dx.doi.org/10.1021/bi301257p


Mar. Drugs 2020, 18, 173 25 of 28

94. Aguilar, M.B.; Perez-Reyes, L.I.; Lopez, Z.; de la Cotera, E.P.; Falcon, A.; Ayala, C.; Galvan, M.; Salvador, C.;
Escobar, L.I. Peptide sr11a from Conus spurius is a novel peptide blocker for Kv1 potassium channels. Peptides
2010, 31, 1287–1291. [CrossRef]

95. Mondal, S.; Babu, R.M.; Bhavna, R.; Ramakumar, S. In silico detection of binding mode of J-superfamily
conotoxin pl14a with Kv1.6 channel. Silico Biol 2007, 7, 175–186.

96. Leipold, E.; Ullrich, F.; Thiele, M.; Tietze, A.A.; Terlau, H.; Imhof, D.; Heinemann, S.H. Subtype-specific block
of voltage-gated K+ channels by mu-conopeptides. Biochem. Biophys. Res. Commun. 2017, 482, 1135–1140.
[CrossRef] [PubMed]

97. Finol-Urdaneta, R.K.; McArthur, J.R.; Korkosh, V.S.; Huang, S.; McMaster, D.; Glavica, R.; Tikhonov, D.B.;
Zhorov, B.S.; French, R.J. Extremely Potent Block of Bacterial Voltage-Gated Sodium Channels by
micro-Conotoxin PIIIA. Mar. Drugs 2019, 17, 510. [CrossRef]

98. Kaufmann, D.; Tietze, A.A.; Tietze, D. In Silico Analysis of the Subtype Selective Blockage of KCNA Ion
Channels through the micro-Conotoxins PIIIA, SIIIA, and GIIIA. Mar. Drugs 2019, 17, 180. [CrossRef]

99. Imperial, J.S.; Cabang, A.B.; Song, J.; Raghuraman, S.; Gajewiak, J.; Watkins, M.; Showers-Corneli, P.; Fedosov, A.;
Concepcion, G.P.; Terlau, H.; et al. A family of excitatory peptide toxins from venomous crassispirine snails:
Using Constellation Pharmacology to assess bioactivity. Toxicon 2014, 89, 45–54. [CrossRef] [PubMed]

100. Honma, T.; Shiomi, K. Peptide toxins in sea anemones: Structural and functional aspects. Mar. Biotechnol.
(N. Y.) 2006, 8, 1–10. [CrossRef] [PubMed]

101. Kuyucak, S.; Norton, R.S. Computational approaches for designing potent and selective analogs of peptide
toxins as novel therapeutics. Future Med. Chem. 2014, 6, 1645–1658. [CrossRef]

102. Prentis, P.J.; Pavasovic, A.; Norton, R.S. Sea Anemones: Quiet Achievers in the Field of Peptide Toxins. Toxins
(Basel) 2018, 10, 36. [CrossRef]

103. Madio, B.; King, G.F.; Undheim, E.A.B. Sea Anemone Toxins: A Structural Overview. Mar. Drugs 2019, 17,
325. [CrossRef]

104. Gasparini, S.; Gilquin, B.; Menez, A. Comparison of sea anemone and scorpion toxins binding to Kv1
channels: An example of convergent evolution. Toxicon 2004, 43, 901–908. [CrossRef]

105. Mouhat, S.; Jouirou, B.; Mosbah, A.; De Waard, M.; Sabatier, J.M. Diversity of folds in animal toxins acting on
ion channels. Biochem. J. 2004, 378 (Pt 3), 717–726. [CrossRef]

106. Kalman, K.; Pennington, M.W.; Lanigan, M.D.; Nguyen, A.; Rauer, H.; Mahnir, V.; Paschetto, K.; Kem, W.R.;
Grissmer, S.; Gutman, G.A.; et al. ShK-Dap22, a potent Kv1.3-specific immunosuppressive polypeptide.
J. Biol. Chem. 1998, 273, 32697–32707. [CrossRef] [PubMed]

107. Pennington, M.W.; Mahnir, V.M.; Khaytin, I.; Zaydenberg, I.; Byrnes, M.E.; Kem, W.R. An essential binding
surface for ShK toxin interaction with rat brain potassium channels. Biochemistry 1996, 35, 16407–16411.
[CrossRef] [PubMed]

108. Minagawa, S.; Ishida, M.; Nagashima, Y.; Shiomi, K. Primary structure of a potassium channel toxin from the
sea anemone Actinia equina. FEBS Lett. 1998, 427, 149–151. [CrossRef]

109. Hasegawa, Y.; Honma, T.; Nagai, H.; Ishida, M.; Nagashima, Y.; Shiomi, K. Isolation and cDNA cloning
of a potassium channel peptide toxin from the sea anemone Anemonia erythraea. Toxicon 2006, 48, 536–542.
[CrossRef] [PubMed]

110. Orts, D.J.; Moran, Y.; Cologna, C.T.; Peigneur, S.; Madio, B.; Praher, D.; Quinton, L.; De Pauw, E.; Bicudo, J.E.;
Tytgat, J.; et al. BcsTx3 is a founder of a novel sea anemone toxin family of potassium channel blocker. FEBS
J. 2013, 280, 4839–4852. [CrossRef] [PubMed]

111. Schweitz, H.; Bruhn, T.; Guillemare, E.; Moinier, D.; Lancelin, J.M.; Beress, L.; Lazdunski, M. Kalicludines
and kaliseptine. Two different classes of sea anemone toxins for voltage sensitive K+ channels. J. Biol. Chem.
1995, 270, 25121–25126. [CrossRef]

112. Cotton, J.; Crest, M.; Bouet, F.; Alessandri, N.; Gola, M.; Forest, E.; Karlsson, E.; Castaneda, O.; Harvey, A.L.;
Vita, C.; et al. A potassium-channel toxin from the sea anemone Bunodosoma granulifera, an inhibitor for
Kv1 channels. Revision of the amino acid sequence, disulfide-bridge assignment, chemical synthesis, and
biological activity. Eur. J. Biochem. 1997, 244, 192–202. [CrossRef]

113. Racape, J.; Lecoq, A.; Romi-Lebrun, R.; Liu, J.; Kohler, M.; Garcia, M.L.; Menez, A.; Gasparini, S. Characterization
of a novel radiolabeled peptide selective for a subpopulation of voltage-gated potassium channels in mammalian
brain. J. Biol. Chem. 2002, 277, 3886–3893. [CrossRef]

http://dx.doi.org/10.1016/j.peptides.2010.04.007
http://dx.doi.org/10.1016/j.bbrc.2016.11.170
http://www.ncbi.nlm.nih.gov/pubmed/27916464
http://dx.doi.org/10.3390/md17090510
http://dx.doi.org/10.3390/md17030180
http://dx.doi.org/10.1016/j.toxicon.2014.06.014
http://www.ncbi.nlm.nih.gov/pubmed/24997406
http://dx.doi.org/10.1007/s10126-005-5093-2
http://www.ncbi.nlm.nih.gov/pubmed/16372161
http://dx.doi.org/10.4155/fmc.14.98
http://dx.doi.org/10.3390/toxins10010036
http://dx.doi.org/10.3390/md17060325
http://dx.doi.org/10.1016/j.toxicon.2004.03.029
http://dx.doi.org/10.1042/bj20031860
http://dx.doi.org/10.1074/jbc.273.49.32697
http://www.ncbi.nlm.nih.gov/pubmed/9830012
http://dx.doi.org/10.1021/bi962463g
http://www.ncbi.nlm.nih.gov/pubmed/8987971
http://dx.doi.org/10.1016/S0014-5793(98)00403-7
http://dx.doi.org/10.1016/j.toxicon.2006.07.002
http://www.ncbi.nlm.nih.gov/pubmed/16905168
http://dx.doi.org/10.1111/febs.12456
http://www.ncbi.nlm.nih.gov/pubmed/23895459
http://dx.doi.org/10.1074/jbc.270.42.25121
http://dx.doi.org/10.1111/j.1432-1033.1997.00192.x
http://dx.doi.org/10.1074/jbc.M109886200


Mar. Drugs 2020, 18, 173 26 of 28

114. Gendeh, G.S.; Young, L.C.; de Medeiros, C.L.; Jeyaseelan, K.; Harvey, A.L.; Chung, M.C. A new potassium
channel toxin from the sea anemone Heteractis magnifica: Isolation, cDNA cloning, and functional expression.
Biochemistry 1997, 36, 11461–11471. [CrossRef]

115. Zhao, Y.; Huang, J.; Yuan, X.; Peng, B.; Liu, W.; Han, S.; He, X. Toxins Targeting the Kv1.3 Channel: Potential
Immunomodulators for Autoimmune Diseases. Toxins (Basel) 2015, 7, 1749–1764. [CrossRef] [PubMed]

116. Diochot, S.; Lazdunski, M. Sea anemone toxins affecting potassium channels. Prog. Mol. Subcell Biol. 2009,
46, 99–122. [PubMed]

117. Honma, T.; Kawahata, S.; Ishida, M.; Nagai, H.; Nagashima, Y.; Shiomi, K. Novel peptide toxins from the sea
anemone Stichodactyla haddoni. Peptides 2008, 29, 536–544. [CrossRef] [PubMed]

118. Diochot, S.; Loret, E.; Bruhn, T.; Beress, L.; Lazdunski, M. APETx1, a new toxin from the sea anemone
Anthopleura elegantissima, blocks voltage-gated human ether-a-go-go-related gene potassium channels.
Mol. Pharmacol. 2003, 64, 59–69. [CrossRef]

119. Rodriguez, A.A.; Garateix, A.; Salceda, E.; Peigneur, S.; Zaharenko, A.J.; Pons, T.; Santos, Y.; Arreguin, R.;
Standker, L.; Forssmann, W.G.; et al. PhcrTx2, a New Crab-Paralyzing Peptide Toxin from the Sea Anemone
Phymanthus crucifer. Toxins (Basel) 2018, 10, 72. [CrossRef]

120. Rodriguez, A.A.; Salceda, E.; Garateix, A.G.; Zaharenko, A.J.; Peigneur, S.; Lopez, O.; Pons, T.; Richardson, M.;
Diaz, M.; Hernandez, Y.; et al. A novel sea anemone peptide that inhibits acid-sensing ion channels. Peptides
2014, 53, 3–12. [CrossRef]

121. DJ, B.O.; Peigneur, S.; Silva-Goncalves, L.C.; Arcisio-Miranda, M.; Je, P.W.B.; Tytgat, J. AbeTx1 Is a Novel Sea
Anemone Toxin with a Dual Mechanism of Action on Shaker-Type K+ Channels Activation. Mar. Drugs
2018, 16.

122. Chagot, B.; Escoubas, P.; Villegas, E.; Bernard, C.; Ferrat, G.; Corzo, G.; Lazdunski, M.; Darbon, H. Solution
structure of Phrixotoxin 1, a specific peptide inhibitor of Kv4 potassium channels from the venom of the
theraphosid spider Phrixotrichus auratus. Protein Sci. 2004, 13, 1197–1208. [CrossRef]

123. Driscoll, P.C.; Gronenborn, A.M.; Beress, L.; Clore, G.M. Determination of the three-dimensional solution
structure of the antihypertensive and antiviral protein BDS-I from the sea anemone Anemonia sulcata: A
study using nuclear magnetic resonance and hybrid distance geometry-dynamical simulated annealing.
Biochemistry 1989, 28, 2188–2198. [CrossRef]

124. Rauer, H.; Pennington, M.; Cahalan, M.; Chandy, K.G. Structural conservation of the pores of calcium-activated
and voltage-gated potassium channels determined by a sea anemone toxin. J. Biol. Chem. 1999, 274, 21885–21892.
[CrossRef]

125. Castaneda, O.; Sotolongo, V.; Amor, A.M.; Stocklin, R.; Anderson, A.J.; Harvey, A.L.; Engstrom, A.;
Wernstedt, C.; Karlsson, E. Characterization of a potassium channel toxin from the Caribbean Sea anemone
Stichodactyla helianthus. Toxicon 1995, 33, 603–613. [CrossRef]

126. Pennington, M.W.; Mahnir, V.M.; Krafte, D.S.; Zaydenberg, I.; Byrnes, M.E.; Khaytin, I.; Crowley, K.; Kem, W.R.
Identification of three separate binding sites on SHK toxin, a potent inhibitor of voltage-dependent potassium
channels in human T-lymphocytes and rat brain. Biochem. Biophys. Res. Commun. 1996, 219, 696–701. [CrossRef]
[PubMed]

127. Chang, S.C.; Huq, R.; Chhabra, S.; Beeton, C.; Pennington, M.W.; Smith, B.J.; Norton, R.S. N-Terminally
extended analogues of the K+ channel toxin from Stichodactyla helianthus as potent and selective blockers
of the voltage-gated potassium channel Kv1.3. FEBS J. 2015, 282, 2247–2259. [CrossRef] [PubMed]

128. Murray, J.K.; Qian, Y.X.; Liu, B.; Elliott, R.; Aral, J.; Park, C.; Zhang, X.; Stenkilsson, M.; Salyers, K.; Rose, M.;
et al. Pharmaceutical Optimization of Peptide Toxins for Ion Channel Targets: Potent, Selective, and
Long-Lived Antagonists of Kv1.3. J. Med. Chem. 2015, 58, 6784–6802. [CrossRef]

129. Yan, L.; Herrington, J.; Goldberg, E.; Dulski, P.M.; Bugianesi, R.M.; Slaughter, R.S.; Banerjee, P.; Brochu, R.M.;
Priest, B.T.; Kaczorowski, G.J.; et al. Stichodactyla helianthus peptide, a pharmacological tool for studying
Kv3.2 channels. Mol. Pharmacol. 2005, 67, 1513–1521. [CrossRef]

130. Garcia-Fernandez, R.; Peigneur, S.; Pons, T.; Alvarez, C.; Gonzalez, L.; Chavez, M.A.; Tytgat, J. The
Kunitz-Type Protein ShPI-1 Inhibits Serine Proteases and Voltage-Gated Potassium Channels. Toxins (Basel)
2016, 8, 110. [CrossRef]

131. Chi, V.; Pennington, M.W.; Norton, R.S.; Tarcha, E.J.; Londono, L.M.; Sims-Fahey, B.; Upadhyay, S.K.;
Lakey, J.T.; Iadonato, S.; Wulff, H.; et al. Development of a sea anemone toxin as an immunomodulator for
therapy of autoimmune diseases. Toxicon 2012, 59, 529–546. [CrossRef]

http://dx.doi.org/10.1021/bi970253d
http://dx.doi.org/10.3390/toxins7051749
http://www.ncbi.nlm.nih.gov/pubmed/25996605
http://www.ncbi.nlm.nih.gov/pubmed/19184586
http://dx.doi.org/10.1016/j.peptides.2007.12.010
http://www.ncbi.nlm.nih.gov/pubmed/18243416
http://dx.doi.org/10.1124/mol.64.1.59
http://dx.doi.org/10.3390/toxins10020072
http://dx.doi.org/10.1016/j.peptides.2013.06.003
http://dx.doi.org/10.1110/ps.03584304
http://dx.doi.org/10.1021/bi00431a033
http://dx.doi.org/10.1074/jbc.274.31.21885
http://dx.doi.org/10.1016/0041-0101(95)00013-C
http://dx.doi.org/10.1006/bbrc.1996.0297
http://www.ncbi.nlm.nih.gov/pubmed/8645244
http://dx.doi.org/10.1111/febs.13294
http://www.ncbi.nlm.nih.gov/pubmed/25864722
http://dx.doi.org/10.1021/acs.jmedchem.5b00495
http://dx.doi.org/10.1124/mol.105.011064
http://dx.doi.org/10.3390/toxins8040110
http://dx.doi.org/10.1016/j.toxicon.2011.07.016


Mar. Drugs 2020, 18, 173 27 of 28

132. Pennington, M.W.; Harunur Rashid, M.; Tajhya, R.B.; Beeton, C.; Kuyucak, S.; Norton, R.S. A C-terminally
amidated analogue of ShK is a potent and selective blocker of the voltage-gated potassium channel Kv1.3.
FEBS Lett. 2012, 586, 3996–4001. [CrossRef]

133. Gilquin, B.; Braud, S.; Eriksson, M.A.; Roux, B.; Bailey, T.D.; Priest, B.T.; Garcia, M.L.; Menez, A.; Gasparini, S.
A variable residue in the pore of Kv1 channels is critical for the high affinity of blockers from sea anemones
and scorpions. J. Biol. Chem. 2005, 280, 27093–27102. [CrossRef]

134. Alessandri-Haber, N.; Lecoq, A.; Gasparini, S.; Grangier-Macmath, G.; Jacquet, G.; Harvey, A.L.; de
Medeiros, C.; Rowan, E.G.; Gola, M.; Menez, A.; et al. Mapping the functional anatomy of BgK on Kv1.1,
Kv1.2, and Kv1.3. Clues to design analogs with enhanced selectivity. J. Biol. Chem. 1999, 274, 35653–35661.
[CrossRef]

135. Beraud, E.; Viola, A.; Regaya, I.; Confort-Gouny, S.; Siaud, P.; Ibarrola, D.; Le Fur, Y.; Barbaria, J.; Pellissier, J.F.;
Sabatier, J.M.; et al. Block of neural Kv1.1 potassium channels for neuroinflammatory disease therapy.
Ann. Neurol. 2006, 60, 586–596. [CrossRef] [PubMed]

136. Peigneur, S.; Billen, B.; Derua, R.; Waelkens, E.; Debaveye, S.; Beress, L.; Tytgat, J. A bifunctional sea anemone
peptide with Kunitz type protease and potassium channel inhibiting properties. Biochem. Pharmacol. 2011,
82, 81–90. [CrossRef] [PubMed]

137. Mourao, C.B.; Schwartz, E.F. Protease inhibitors from marine venomous animals and their counterparts in
terrestrial venomous animals. Mar. Drugs 2013, 11, 2069–2112. [CrossRef] [PubMed]

138. Ganz, T. Defensins: Antimicrobial peptides of vertebrates. Comptes Rendus Biol. 2004, 327, 539–549. [CrossRef]
[PubMed]

139. Chagot, B.; Escoubas, P.; Diochot, S.; Bernard, C.; Lazdunski, M.; Darbon, H. Solution structure of APETx2,
a specific peptide inhibitor of ASIC3 proton-gated channels. Protein Sci. 2005, 14, 2003–2010. [CrossRef]
[PubMed]

140. Smith, J.J.; Blumenthal, K.M. Site-3 sea anemone toxins: Molecular probes of gating mechanisms in
voltage-dependent sodium channels. Toxicon 2007, 49, 159–170. [CrossRef]

141. Beress, L.D.; Doppelfeld, I.S.; Etschenberg, E.; Graf, E.; Henschen, A.; Zwick, J. Polypeptides, Process for
Their Preparation, and Their Use as Hypotensive Active Compounds. Patent No. DE3324689, 17 January
1985.

142. Liu, P.; Jo, S.; Bean, B.P. Modulation of neuronal sodium channels by the sea anemone peptide BDS-I.
J. Neurophysiol. 2012, 107, 3155–3167. [CrossRef]

143. Moreels, L.; Peigneur, S.; Galan, D.T.; De Pauw, E.; Beress, L.; Waelkens, E.; Pardo, L.A.; Quinton, L.; Tytgat, J.
APETx4, a Novel Sea Anemone Toxin and a Modulator of the Cancer-Relevant Potassium Channel Kv10.1.
Mar. Drugs 2017, 15, 287. [CrossRef]

144. Daly, M.; Chaudhuri, A.; Gusmao, L.; Rodriguez, E. Phylogenetic relationships among sea anemones
(Cnidaria: Anthozoa: Actiniaria). Mol. Phylogenet. Evol. 2008, 48, 292–301. [CrossRef]

145. Daly, N.L.; Craik, D.J. Bioactive cystine knot proteins. Curr. Opin. Chem. Biol. 2011, 15, 362–368. [CrossRef]
146. Konoki, K.; Suga, Y.; Fuwa, H.; Yotsu-Yamashita, M.; Sasaki, M. Evaluation of gambierol and its analogs for

their inhibition of human Kv1.2 and cytotoxicity. Bioorg. Med. Chem. Lett. 2015, 25, 514–518. [CrossRef]
[PubMed]

147. Lewis, R.J. Ciguatera: Australian perspectives on a global problem. Toxicon 2006, 48, 799–809. [CrossRef]
[PubMed]

148. Cuypers, E.; Abdel-Mottaleb, Y.; Kopljar, I.; Rainier, J.D.; Raes, A.L.; Snyders, D.J.; Tytgat, J. Gambierol,
a toxin produced by the dinoflagellate Gambierdiscus toxicus, is a potent blocker of voltage-gated potassium
channels. Toxicon 2008, 51, 974–983. [CrossRef] [PubMed]

149. Kopljar, I.; Labro, A.J.; Cuypers, E.; Johnson, H.W.; Rainier, J.D.; Tytgat, J.; Snyders, D.J. A polyether biotoxin
binding site on the lipid-exposed face of the pore domain of Kv channels revealed by the marine toxin
gambierol. Proc. Natl. Acad. Sci. USA 2009, 106, 9896–9901. [CrossRef] [PubMed]

150. Fan, Z.; Ji, X.; Fu, M.; Zhang, W.; Zhang, D.; Xiao, Z. Electrostatic interaction between inactivation ball and
T1-S1 linker region of Kv1.4 channel. Biochim. Biophys. Acta 2012, 1818, 55–63. [CrossRef] [PubMed]

151. Tang, Y.H.; Liang, T.T.; Fan, T.T.; Keen, L.J.; Zhang, X.D.; Xu, L.; Zhao, Q.; Zeng, R.; Han, B.N.
Neo-debromoaplysiatoxin C, with new structural rearrangement, derived from debromoaplysiatoxin.
Nat. Prod. Res. 2019, 1–6. [CrossRef]

http://dx.doi.org/10.1016/j.febslet.2012.09.038
http://dx.doi.org/10.1074/jbc.M413626200
http://dx.doi.org/10.1074/jbc.274.50.35653
http://dx.doi.org/10.1002/ana.21007
http://www.ncbi.nlm.nih.gov/pubmed/17044011
http://dx.doi.org/10.1016/j.bcp.2011.03.023
http://www.ncbi.nlm.nih.gov/pubmed/21477583
http://dx.doi.org/10.3390/md11062069
http://www.ncbi.nlm.nih.gov/pubmed/23771044
http://dx.doi.org/10.1016/j.crvi.2003.12.007
http://www.ncbi.nlm.nih.gov/pubmed/15330253
http://dx.doi.org/10.1110/ps.051378905
http://www.ncbi.nlm.nih.gov/pubmed/15987885
http://dx.doi.org/10.1016/j.toxicon.2006.09.020
http://dx.doi.org/10.1152/jn.00785.2011
http://dx.doi.org/10.3390/md15090287
http://dx.doi.org/10.1016/j.ympev.2008.02.022
http://dx.doi.org/10.1016/j.cbpa.2011.02.008
http://dx.doi.org/10.1016/j.bmcl.2014.12.022
http://www.ncbi.nlm.nih.gov/pubmed/25556093
http://dx.doi.org/10.1016/j.toxicon.2006.07.019
http://www.ncbi.nlm.nih.gov/pubmed/16930661
http://dx.doi.org/10.1016/j.toxicon.2008.01.004
http://www.ncbi.nlm.nih.gov/pubmed/18313714
http://dx.doi.org/10.1073/pnas.0812471106
http://www.ncbi.nlm.nih.gov/pubmed/19482941
http://dx.doi.org/10.1016/j.bbamem.2011.09.028
http://www.ncbi.nlm.nih.gov/pubmed/21996039
http://dx.doi.org/10.1080/14786419.2019.1577840


Mar. Drugs 2020, 18, 173 28 of 28

152. Nokura, Y.; Araki, Y.; Nakazaki, A.; Nishikawa, T. Synthetic Route to Oscillatoxin D and Its Analogues.
Org. Lett. 2017, 19, 5992–5995. [CrossRef]

153. Dias, L.C.; Polo, E.C. Nhatrangin A: Total Syntheses of the Proposed Structure and Six of Its Diastereoisomers.
J. Org. Chem. 2017, 82, 4072–4112. [CrossRef]

154. Fan, T.T.; Zhang, H.H.; Tang, Y.H.; Zhang, F.Z.; Han, B.N. Two New Neo-debromoaplysiatoxins-A Pair of
Stereoisomers Exhibiting Potent Kv1.5 Ion Channel Inhibition Activities. Mar. Drugs 2019, 17, 652. [CrossRef]

155. Feng, J.; Wang, Z.; Li, G.R.; Nattel, S. Effects of class III antiarrhythmic drugs on transient outward and
ultra-rapid delayed rectifier currents in human atrial myocytes. J. Pharmacol. Exp. Ther. 1997, 281, 384–392.

156. Hurst, R.S.; Kavanaugh, M.P.; Yakel, J.; Adelman, J.P.; North, R.A. Cooperative interactions among subunits
of a voltage-dependent potassium channel. Evidence from expression of concatenated cDNAs. J. Biol. Chem.
1992, 267, 23742–23745. [PubMed]

157. Hurst, R.S.; North, R.A.; Adelman, J.P. Potassium channel assembly from concatenated subunits: Effects of
proline substitutions in S4 segments. Recept. Channels 1995, 3, 263–272. [PubMed]

158. Klein-Schwartz, W.; Stassinos, G.L.; Isbister, G.K. Treatment of sulfonylurea and insulin overdose. Br. J. Clin.
Pharmacol. 2016, 81, 496–504. [CrossRef] [PubMed]

159. Beeton, C.; Pennington, M.W.; Norton, R.S. Analogs of the sea anemone potassium channel blocker ShK for
the treatment of autoimmune diseases. Inflamm. Allergy Drug Targets 2011, 10, 313–321. [CrossRef]

160. Pennington, M.W.; Beeton, C.; Galea, C.A.; Smith, B.J.; Chi, V.; Monaghan, K.P.; Garcia, A.; Rangaraju, S.;
Giuffrida, A.; Plank, D.; et al. Engineering a stable and selective peptide blocker of the Kv1.3 channel in T
lymphocytes. Mol. Pharmacol. 2009, 75, 762–773. [CrossRef]

161. Rosano, G.L.; Ceccarelli, E.A. Recombinant protein expression in Escherichia coli: Advances and challenges.
Front. Microbiol. 2014, 5, 172. [CrossRef]

162. Stefan, A.; Ceccarelli, A.; Conte, E.; Monton Silva, A.; Hochkoeppler, A. The multifaceted benefits of protein
co-expression in Escherichia coli. J. Vis. Exp. 2015. [CrossRef]

163. Fahnert, B. Using folding promoting agents in recombinant protein production: A review. Methods Mol. Biol.
2012, 824, 3–36.

164. Khan, K.H. Gene expression in Mammalian cells and its applications. Adv. Pharm. Bull. 2013, 3, 257–263.
165. Luna-Ramirez, K.; Csoti, A.; McArthur, J.R.; Chin, Y.K.Y.; Anangi, R.; Najera, R.D.C.; Possani, L.D.; King, G.F.;

Panyi, G.; Yu, H.; et al. Structural basis of the potency and selectivity of Urotoxin, a potent Kv1 blocker from
scorpion venom. Biochem. Pharmacol. 2020, 174, 113782. [CrossRef]

166. Baneyx, F.; Mujacic, M. Recombinant protein folding and misfolding in Escherichia coli. Nat. Biotechnol.
2004, 22, 1399–1408. [CrossRef] [PubMed]

167. Denks, K.; Vogt, A.; Sachelaru, I.; Petriman, N.A.; Kudva, R.; Koch, H.G. The Sec translocon mediated protein
transport in prokaryotes and eukaryotes. Mol. Membr. Biol. 2014, 31, 58–84. [CrossRef] [PubMed]

168. Lindequist, U. Marine-Derived Pharmaceuticals—Challenges and Opportunities. Biomol. Ther. (Seoul) 2016,
24, 561–571. [CrossRef] [PubMed]

169. Alves, C.; Silva, J.; Pinteus, S.; Gaspar, H.; Alpoim, M.C.; Botana, L.M.; Pedrosa, R. From Marine Origin to
Therapeutics: The Antitumor Potential of Marine Algae-Derived Compounds. Front. Pharmacol. 2018, 9, 777.
[CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/acs.orglett.7b03032
http://dx.doi.org/10.1021/acs.joc.6b03060
http://dx.doi.org/10.3390/md17120652
http://www.ncbi.nlm.nih.gov/pubmed/1385425
http://www.ncbi.nlm.nih.gov/pubmed/8833999
http://dx.doi.org/10.1111/bcp.12822
http://www.ncbi.nlm.nih.gov/pubmed/26551662
http://dx.doi.org/10.2174/187152811797200641
http://dx.doi.org/10.1124/mol.108.052704
http://dx.doi.org/10.3389/fmicb.2014.00172
http://dx.doi.org/10.3791/52431
http://dx.doi.org/10.1016/j.bcp.2019.113782
http://dx.doi.org/10.1038/nbt1029
http://www.ncbi.nlm.nih.gov/pubmed/15529165
http://dx.doi.org/10.3109/09687688.2014.907455
http://www.ncbi.nlm.nih.gov/pubmed/24762201
http://dx.doi.org/10.4062/biomolther.2016.181
http://www.ncbi.nlm.nih.gov/pubmed/27795450
http://dx.doi.org/10.3389/fphar.2018.00777
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Marine Toxins Targeting Kv1 Channels: Pharmacological Tools and Therapeutic Scaffolds
	Recommended Citation
	Authors

	Introduction 
	Kv1 Channels 
	Mechanisms of Kv Channel Inhibition by Marine Toxins 

	Molluscan Peptides that Inhibit Kv1 Channels 
	M-RIIIJ 
	Conk-S1 
	-PVIIA 
	-ViTx 
	SrXIa 
	Promiscuous Conotoxins Interacting with Kv1 Channels 
	pl14a 
	Tyrosine-Rich Conopeptides CPY-Pl1 and CPY-Fe1 
	-PIIIA 
	P-Crassipeptides 


	Cnidarian Peptides that Inhibit Kv1 Channels 
	Kv Type 1 Anemone Toxins 
	ShK 
	BgK 
	BcsTx1/2 
	Other Kv Type 1 Toxins 

	Kv Type 2 Anemone Toxins 
	Kv Type 3 Anemone Toxins 
	Kv Type 4 Anemone Toxins 
	Kv Type 5 Anemone Toxins 
	Kv Type 6 Anemone Toxins 

	Non-Peptidyl Kv1 Channel Inhibitors 
	Gambierol 
	Aplysiatoxin Derivatives 

	Kv1-Active Toxins in Research and Drug Discovery 
	Challenges and Outlook 
	References

