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Preface to ”Ion Channels as Marine Drug Targets”

Animal venoms, especially of marine origin, are rich natural sources of bioactive compounds.

The molecular targets of the latter are mainly ion (i.e., sodium, potassium, calcium, and chloride)

channels with their numerous variants/subtypes. These venom molecules are exhibiting diverse

potencies and selectivities and may have some therapeutic potential based on their cellular targets.

Over the past decade, marine molecules have been widely studied, as they represent potential drugs

to treat a variety of (human) pathologies, from pain to autoimmune and neurological diseases. This

Special Issue of Marine Drugs is devoted to the different aspects of marine (or marine-derived)

molecules, from the discovery and structural characterization to the pharmacology and molecular

engineering to finally develop some “novel” candidate chemotherapeutic drugs targeting the ion

channel(s).

Jean-Marc Sabatier

Editor
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Abstract: Several experimental studies have recently demonstrated that temporary autonomic block
using botulinum toxin (BoNT/A1) might be a novel option for the treatment of atrial fibrillation.
However, the assessment of antiarrhythmic properties of BoNT has so far been limited, relying
exclusively on vagal stimulation and rapid atrial pacing models. The present study examined the
antiarrhythmic effect of specially formulated BoNT/A1-chitosan nanoparticles (BTN) in calcium
chloride-, barium chloride- and electrically induced arrhythmia rat models. BTN enhanced the
effect of BoNT/A1. Subepicardial injection of BTN resulted in a significant antiarrhythmic effect in
investigated rat models. BTN formulation antagonizes arrhythmia induced by the activation of Ca, K
and Na channels.

Keywords: botulinum toxin A1; chitosan nanoparticles; antiarrhythmics; pharmacological models of
arrhythmia; electrically induced arrhythmia

1. Introduction

Botulinum toxin (BoNT) is a safe and efficient therapeutic means to treat a variety of conditions
characterized by the hyperfunction of nerve terminals [1,2]. Recently, there has been a growing
interest in BoNT for the treatment of atrial fibrillation (AF). Initially, Tsuboi et al. [3] demonstrated that
BoNT injected into the sinoatrial fat pad inhibited a decrease in sinus rate in response to vagus nerve
stimulation and suggested that BoNT can inhibit ganglionic neurotransmission in the dog heart in
situ. Later, Oh et al. [4] demonstrated that direct injection of BoNT in epicardial fat pads temporally
suppressed AF inducibility in dogs. In the first clinical study of BoNT effects on patients undergoing
coronary artery bypass surgery, Pokushalov et al. [5] demonstrated that BoNT injection suppresses
postoperative atrial fibrillation. Recently, Lo et al. [6] demonstrated that suppression of the four
major atrial ganglionated plexi by BoNT may break the vicious cycle of “AF begets AF” by inhibiting
autonomic remodeling, and possibly preventing subsequent progression of AF to more persistent
forms. In addition, Nazeri et al. [7] found that after one week following injection of BoNT into the
atrial fat pads of sheep, the vulnerability of atrial tissue to AF induction and the vagal influence on the
atrial effective refractory period were reduced compared to baseline levels.

However, the assessment of antiarrhythmic properties of BoNT has only been studied using
experimental models of vagal stimulation [3,4,7] and rapid atrial pacing [6]. Indeed, although the
effect of BoNT on atrial arrhythmias has attracted much attention, the effects of BoNT on ventricular
arrhythmias remain unknown.

Mar. Drugs 2020, 18, 410; doi:10.3390/md18080410 www.mdpi.com/journal/marinedrugs1
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Therapeutic doses of botulinum neurotoxin drugs are safe, and side effects are relatively rare.
Adverse effects often depend on the injection site: there are skin rash, muscle weakness, fatigue, flu-like
symptoms, a dry mouth and dizziness [8]. However, in the “first-in-human” study of the epicardial
fat pad botulinum toxin injection for atrial fibrillation prevention, there was no serious adverse effect
during the one-year and three-year follow-up period [5,9].

The BoNT block of neuromuscular transmission occurs after a lapse of time [7,10,11] and the
blocking effect is temporary, with recovery of neuromuscular transmission within one to six months in
skeletal muscles [12] and within three weeks in the heart [4]. Therefore, new formulations that may
accelerate the effect of BoNT and increase its duration time are highly desirable. Recently, we have
demonstrated that globular chitosan prolongs the block of neuromuscular transmission after the BoNT
intramuscular injection in rats [13]. Chitosan is a linear polymer derived from chitin, the second
most abundant aminopolysaccharide after cellulose. It is fully biocompatible, studied in numerous
pharmaceutical and medical applications, demonstrating the highest possible safety profile [14].
To overcome the poor solubility of linear chitosan in water, we used an improved globular chitosan,
Novochizol. Novochizol synthesis comprises a two-step activation of linear chitosan, an intramolecular
reaction that cross-links linear chitosan molecules. After the cross-linking procedure, Novochizol can
be impregnated with active pharmaceutical ingredients [15].

Therefore, in the present study, we examined the antiarrhythmic effect of BoNT and its formulation
with an enhanced globular chitosan (Botulinum_Novochizol, BTN) using calcium chloride-, barium
chloride- and electrically induced arrhythmia rat models.

2. Results

Normal ECG waves with a sinus rhythm were observed in all investigated models before
intravenous or subepicardial injection of test substances and before injection of arrhythmogens.

2.1. Calcium Chloride-Induced Arrhythmia

Intravenous injection of calcium chloride (150 mg/kg) caused severe lethal ventricular fibrillation (VF)
after a few seconds p.i (Table 1, Figure 1). Neither BoNT/A1 intravenous or subepicardial injection nor
subepicardial injection of chitosan nanoparticles prevented lethal VF. Subepicardial injection of BoNT/A1
lead to a slight, statistically insignificant increase in the onset time of VF (24.4± 2.1 s in the BoNT/A1 group
vs. 8.2 ± 1.7 s in the control group, p = 0.288). Subepicardial BTN injection prevented lethal VF in five rats
and led to a significant increase in the onset time of VF (208.6 ± 46.6 s in the BTN group vs. 8.2 ± 1.7 s in
the control group, p < 0.001). However, verapamil was more effective than BTN and prevented lethal VF
in eight animals, with an initial onset time of VF of 300.0 ± 30.0 s (p = 0.0000 vs. control, p = 0.002 vs. BTC
group). Only rats demonstrating VF were included in the statistical analysis of the initial onset time of VF:
there were 10 animals in the control, BoNT/A1 (i.v. and subepicardial) and chitosan nanoparticles groups,
two animals in the verapamil group and five animals in the BTN group (Figure 1).

Table 1. The effects of test substances on CaCl2-induced arrhythmia incidence in anesthetized rats.

Test Substances
Sinus

Rhythm
Lethal

VF
PVC *, Bigeminy,

Not VF
The Incidence of VF, p (vs. Saline

Control, Fisher’s Exact Test)

Saline control 0 10 0
Verapamil 8 2 0 <0.001

BoNT/A1, i.v. 0 10 0
BoNT/A1, subepicardially 0 10 0

globular chitosan, subepicardially 0 10 0
BTN, subepicardially 3 5 2 <0.05

* PVC—premature ventricular contractions.
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Figure 1. The initial onset time of ventricular fibrillation (VF) after injection of the different tested
substances, in the calcium chloride model of arrhythmia. N = 10 for saline, BoNT (intravenously and
subepicardially) and chitosan nanoparticle groups, n = 2 for Verapamil group and n = 5 for BTN group
(see Table 1). * p < 0.01 vs. control, ** p < 0.01 vs. Verapamil, ANOVA with LSD post hoc test.

Due to all the tested substances, only BTN displayed a significant antiarrhythmic effect 15 min
after subepicardial injection, and only this formulation was chosen for further study.

2.2. Barium Chloride-Induced Arrhythmia

Intravenous injection of barium chloride (7.5 mg/kg) caused premature ventricular contractions
(PVC), followed by bigeminy 1–5 min after injection, followed by restoration of sinus rhythm. None of
the animals perished.

In comparison with the saline control, subepicardial BTN injection significantly reduced the
incidence of ventricular arrhythmias at doses between 0.5 and 5 U(BoNT/A1)/kg (Table 2). Unexpectedly,
a 0.5 U(BoNT/A1)/kg dose proved more effective than 1 and 2 U/kg doses; however, these differences
were not significant (p = 0.63 and 0.35, respectively).

Table 2. The effects of test substances on arrhythmia incidence in anesthetized rats,
BaCl2-induced arrhythmia.

Test Substances Sinus Rhythm
Arrhythmia (PVC,

Bigeminy)
p (vs. Saline Control, Fisher’s

Exact Test, Two-Tailed)

Saline control 0 10
amiodarone 10 0 <0.001

BTN, subepicardially
0.5 U(BoNT/A1)/kg 8 2 <0.001
1 U(BoNT/A1)/kg 4 6 <0.05
2 U(BoNT/A1)/kg 5 5 <0.05
4 U(BoNT/A1)/kg 8 2 <0.001
5 U(BoNT/A1)/kg 8 2 <0.001
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2.3. Electrical Stimulation

There were no statistically significant differences between the values of VFT0 (threshold of
ventricular fibrillation before BTN or lidocaine injection) in different groups. Subepicardial BTN
injection increased VFT1 (threshold of ventricular fibrillation after BTN or lidocaine injection) in a
dose-dependent manner (Figure 2). VFT (ventricular fibrillation threshold) was increased by 12% and
10% upon administration of 1 and 2 U(BoNT/A1)/kg, respectively. These differences were not statistically
significant. In contrast, VFT was significantly increased by 18% and 20%, upon administration of 4
and 5 U(BoNT/A1)/kg, respectively (p = 0.0136 and 0.0177, respectively). The reference antiarrhythmic
lidocaine increased the VFT by 13% (p = 0.0344).

Figure 2. The effect of BTN (subepicardial injection) or lidocaine (i.v.) on VFT in anesthetized
rats. VFT0—minimum electrical intensity that generated VF before injection of BTN or lidocaine;
VFT1—minimum electrical intensity that produced VF after injection of BTN or lidocaine; mean ± SEM
(* p < 0.05 VFT1 vs. VFT0; ANOVA with LSD post hoc test).

3. Discussion

Several studies have shown that temporary autonomic block using BoNT might be a novel
therapeutic option for the treatment of postoperative AF [4–6,16]. It is well known that BoNT acts on
neuromuscular junctions and blocks the exocytotic release of acetylcholine (ACh) stored in synaptic
vesicles [17]. ACh is the main neurotransmitter of the parasympathetic nervous system and an internal
transmitter of the sympathetic nervous system [18]. The role of the sympathetic and parasympathetic
nervous system in the pathophysiology of cardiac arrhythmias is complex [19]. Selective ablation or
stimulation of the different components of the autonomic nervous system, such as ganglionic plexi or
the vagal nerve, can modulate the activity of this system and treat arrhythmias [20,21]. By blocking
ACh release from the autonomic nerve terminals, BoNT can affect the parasympathetic control of the
sinoatrial and atrioventricular node of the heart through the vagal nerve [3,4,22,23].

The antiarrhythmic effects of BoNT injection into ganglionated plexi have been shown to persist
for at least one year after cardiac surgery [5,16]. However, it is important to find a way to enhance and
further prolong this therapeutic effect. Indeed, patients developing new-onset postoperative atrial
fibrillation have a high risk of recurrent atrial fibrillation for as long as two years after surgery [24,25].
Recently, we have demonstrated through intramuscular injection in rats [13] that globular chitosan
prolongs the effect of BoNT/A1 and decreases its subsequent toxicity. The persistence of this effect
on BoNT/A1 will be investigated in a future study. Here, we assessed the influence of globular
(nanoprticle) chitosan on the antiarrhythmic properties of BoNT/A1.
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Chitosan is a natural polymer known for its lack of toxicity and immunogenicity,
its biodegradability and antimicrobial properties. As such, it is an excellent candidate for a variety of
medical and pharmaceutical applications [26,27]. Thanks to their globular form and a high degree of
diacylation and in contrast to linear chitosan, globular chitosan used previously [28] and the improved
chitosan nanoparticles used in the present study (Novochizol) yield aqueous suspensions equivalent
to bona fide solutions. This characteristic is essential for subepicardial or intravenous injection as
a clinical application of this compound. As demonstrated in the chloride calcium-induced model
of arrhythmia, chitosan nanoparticles alone did not display any antiarrhythmic or arrhythmogenic
properties. Thus, the antiarrhythmic effect of BTN is due to the action of BoNT. Accordingly, the dose
of BTN was measured as U(BoNT)/kg.

No good model of arrhythmia exists that brings together all the essential anatomopathological,
electrophysiological, biochemical and molecular factors present in clinical practice [29]. In addition,
the assessment of antiarrhythmic properties of BoNT has relied exclusively on experimental models of
vagal stimulation [3,4,7] and rapid atrial pacing [6]. In the present work, we used calcium chloride,
barium chloride and left ventricle electrical stimulation to devise three different experimental models
of arrhythmia in rats. Intravenous infusion of calcium chloride induces ventricular arrhythmias in
animals by increasing intracellular free calcium and opening calcium channels [30]. In contrast, barium
chloride decreases outward potassium currents [31]. The influence of the drug on K and Na channels
could be assessed in the model of electrical stimulation [32]. Protection against rhythm disturbances
caused by these arrhythmogenic factors demonstrates the ability of a compound to act as a potential
antiarrhythmic agent.

Intravenous injection is a conventional route of administration for antiarrhythmics used in clinics.
Accordingly, we initially administered BoNT/A1 by intravenous injections. However, this mode of
administration did not prevent the induced arrhythmias. Instead, antiarrhythmic effects (non-significant
for BoNT and statistically significant for BTN) were observed when BoNT/A1 and BTN were injected
subepicardially, 15 min before the injection of calcium chloride. One of the limitations in the chosen rat
model is the quasi-impossibility to perform an injection in autonomic ganglia or fat pads or even in
the wall of the left atrium. Indeed, although the density of small fibers and ganglia is the highest in
the posterior part of the left atrium and around the antrum of the pulmonary veins [33,34], the rat’s
heart is very small and the heart rate is very high. In addition, a dense network of Ach-containing
nerves running over the epi- and endocardial surfaces of left and right ventricles and a widespread
distribution of muscarinic ACh receptors throughout the ventricle have been demonstrated in different
species [35–41]. Therefore, we injected the tested substances subepicardially, in the left ventricles.

Since a time-lapse is required for BoNT to block neuromuscular transmission [7,10,11], we injected
BoNT/A1 or BTN 15 min before the injection of arrhythmogens. Our results in the calcium chloride
model demonstrated that this delay was not sufficient for BoNT/A1 to show significant antiarrhythmic
effects. In contrast, BTN demonstrated clear antiarrhythmic effects despite the short time-lapse between
the injection of BTN and the injection of the arrhythmogen. At the same time, chitosan nanoparticles
alone did not show antiarrhythmic effect. Therefore, we conclude that chitosan nanoparticles accelerate
the effect of BoNT/A1. As the next step, we examined the dose-dependency of BTN effects on the
incidence of arrhythmias in either a barium chloride model or after electrical myocardial stimulation of
the left ventricle.

There were no significant differences between the antiarrhythmic effect at different doses of
BTN (0.5–5 U(BoNT)/kg) in the barium chloride model. Instead, all dosages significantly prevented
arrhythmias as compared to the control group. On the other hand, there was a clear dose-dependent
antiarrhythmic effect of BTN in the electrically induced model of arrhythmia. In addition, in this model,
the effects of the 4 and 5 U(BoNT)/kg doses were comparable to the effects of lidocaine (8 mg/kg).

Our results demonstrate that the chitosan nanoparticle formulation of BoNT/A1 prevents
arrhythmia induced by an activation of Ca, K and Na channels. The mechanism of this effect
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remains unclear. Further study is needed to understand whether BTN acts on ionic channels directly
or whether its effect is mediated by the influence on the autonomic nervous system.

In clinical practice, the use of BoNT or BTN for the treatment of postoperative atrial fibrillation
may become a promising alternative to the radiofrequency ablation of ganglionated plexi. Ablation
techniques cause permanent destruction of anatomic structures of the heart and may become
proarrhythmic [42,43]. At the same time, postoperative arrhythmia has been shown to be a transient
phenomenon that generally arises in the first week after an operation [44,45]. Accordingly, the temporary
nature of the effect of BoNT and subsequent recovery of conduction of the autonomic nervous system
constitute an advantage of the investigated technique. Another beneficial finding is that the injection
of BoNT into the ganglionated plexi or a subepicardial injection do not cause permanent injury to the
autonomic neurons and myocardium.

4. Materials and Methods

4.1. Test Substances

BoNT/A1 (Xeomin) was purchased from Merz Pharmaceutical Gmbh (Frankfurt am Main,
Germany); each vial contained 100 U BoNT/A1.

Chitosan nanoparticles (Novochizol) were provided by Bosti Trading (Nicosia, Cyprus).
The average molecular weight of the starting chitosan raw material (Chitoclear by Primex, Siglufjörður,
Island) was 450–500 kDa, and the degree of deacetylation was at least 90%. While regular, linear
chitosan is insoluble at physiological pH, so chitosan nanoparticles may be suspended in aqueous
solutions and the resulting suspension may be assimilated to a solution.

BTN was formulated by dissolving the content of one vial (100 U of BoNT/A1) in 1 mL of a 0.25%
suspension of chitosan nanoparticles in physiological saline. The formulation was used as early as
after 24 h, and up to 10 days after preparation.

4.2. Animals

Male Wistar rats weighing 410 ± 40 g were provided by the vivarium of the Institute of Cytology
and Genetics SB RAS (Novosibirsk, Russian Federation). The animals were housed in the vivarium of
«E. Meshalkin National medical research center» of the Ministry of Health of the Russian Federation and
were allowed free access to water and commercial laboratory complete food. Prior to the experiment,
the animals had an acclimatization period of 14 days. A daily physical examination of the animals was
performed in accordance with the regulatory requirements. Animals were blindly randomized into
groups immediately prior to performing studies.

The use of animals in this study was approved by the Local Ethics Committee of «E. Meshalkin
National medical research center» of the Ministry of Health of the Russian Federation. All parts of
the protocol were performed in accordance with the recommendations for proper use and care of
laboratory animals (European Communities Council Directive 86/609/CEE) and the principles of the
Declaration of Helsinki.

4.3. Anesthesia

To induce anesthesia, rats were administered a subcutaneous injection of atropine (0.01 mg/kg)
and were subsequently placed in an anesthesia induction chamber with a continuous supply of air
containing sevoflurane (3–5%) (Gas Anesthesia System 21100, Ugo Basile, Gemonio, Italy and Small
Animal Ventilator 683, Harvard Apparatus, Holliston, MA, USA). Subsequent to anesthesia, each
animal was placed on the operating table, and a 24G peripheral intravenous catheter was inserted into
the tail vein. Anesthesia was maintained using intravenous (i.v.) administration of 20 mg/kg sodium
thiopental solution every 5–10 min. The same catheter was used for intravenous administration of other
medications. Mechanical lung ventilation with indoor air was performed using a Rodent Ventilator
device (Ugo Basile, Gemonio, Italy) via a tracheostomy tube with a diameter of 3 mm.

6
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4.4. ECG Analysis

Invasive ECG monitoring was performed with peripheral electrode pads. A standard lead II
ECG was recorded throughout the experiments using a Schiller AT-6 electrocardiograph (Schiller,
Baar, Switzerland). An ECG recording rate of 50 mm/s was used.

The ventricular ectopic activity was assessed according to the diagnostic criteria advocated
by Lambeth Conventions (II) [46]. The ECGs were analyzed to determine the onset of episodes of
arrhythmias, including premature ventricular contraction (PVC), bigeminy, ventricular tachycardia
(VT) and ventricular fibrillation (VF). VT was defined as PVCs lasting ≥4 beats. VF was defined as
rapid, irregular QRS complexes.

4.5. Subepicardial Injections

To perform subepicardial injections, the rats were anesthetized as described above, and
subsequently intubated and mechanically ventilated. To access the heart, median sternotomy was
performed, with subsequent tissue fixation using fixation devices. The left lung was moved aside
to expose the left ventricle, and the tested substances were injected subepicardially using an insulin
syringe mounted with a 26G needle. ECG was monitored throughout the entire procedure. After 20 min
of observation, the rats were euthanized by insufflation of an excessive volume of carbon dioxide for
15 min.

4.6. Assessment of the Antiarrhythmic Effect

The antiarrhythmic effect of the tested substances was assessed in three different models of
arrhythmia (induction by calcium chloride, barium chloride or left ventricle electrical stimulation).
The arrhythmogenic dose of calcium chloride and barium chloride was determined in a preliminary
study as the smallest dose that induced heart rhythm disorders in 100% of the study animals. Clinically
approved antiarrhythmics were used as controls for each model of arrhythmia.

4.7. Calcium Chloride-Induced Arrhythmia

Wistar rats were randomly divided into the following groups, comprising 10 animas each:

Group 1. Saline control (physiological saline, 0.9%);
Group 2. Verapamil, intravenously, 2 μg/kg;
Group 3. BoNT/A1, intravenously, 5 U/kg;
Group 4. BoNT/A1, subepicardially, 5 U/kg;
Group 5. Chitosan nanoparticles, subepicardially, 0.014 mg/kg;
Group 6. BTN, subepicardially, 5 U(BoNT/A1)/kg.

Arrhythmia was induced by the intravenous injection of 10% CaCl2 solution
(Moschimpharmpreparaty, Moscow, Russian Federation) to reach a final dose of 150 mg/kg.
The reference antiarrhythmic verapamil (Ozon, Samara, Russian Federation) was injected intravenously
5 min before the arrhythmogen. Each control rat received 0.1 mL saline 5 min before the injection of
the arrhythmogen. Test substances (BoNT/A1, globular chitosan and BTN) were injected intravenously
or subepicardially 15 min before the arrhythmogen.

4.8. Barium Chloride-Induced Arrhythmia

The following groups of animals, comprising 10 animas each, were investigated:

Group 1. Saline control (physiological saline, 0.9%);
Group 2. Amiodarone, 5 mg/kg;
Groups 3 to 7. Subepicardial injection of BTN (0.5, 1, 2, 4 and 5 U(BoNT/A1)/kg).

7
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Arrhythmia was induced by an intravenous administration of 2% BaCl2 solution to reach a final
dose of 7.5 mg/kg. The BaCl2 stock solution was prepared by dissolving 2 g of BaCl2 (Sigma-Aldrich,
St. Louis, MO, USA) in 100 mL of physiological saline under aseptic conditions, and when no particulate
matter was visible, the solution was sterilized by passing through a 0.1 μm syringe filter (Millipore,
Burlington, MA, USA).

Amiodarone (Sanofi-Aventis, Paris, France) was used as a reference antiarrhythmic and was
injected intravenously 5 min before BaCl2. Physiological saline was injected into the control rats 5 min
before BaCl2. BTN was injected subepicardially 15 min before BaCl2.

4.9. Electrical Stimulation

Anesthetized rats were subjected to a thoracotomy and left ventricle electrical stimulation using
two stainless steel stimulating electrodes. A pacing system analyzer (ERA 300, Biotronik, Lake Oswego,
OR, USA) was used to deliver electrical rectangular impulses (pulse-width 5 m, frequency 16.6 Hz).
Electrical intensity was initially set at 10 mA and increased in stepwise increments of 1 mA until VF
was observed. This minimum electrical intensity that produced VF was set as the threshold current for
induction of VF (VF threshold—VFT).

Six groups of animals were investigated, each group comprising 10 animals. VFT0 was recorded
after thoracotomy but before BTN injection. Then, recovery of heart rhythm was observed for 10 min,
followed by subepicardial injection of BTN or i.v. injection of lidocaine. VFT1 was recorded 15 min
after injection of BTN (0.5, 1, 2, 4 or 5 U(BoNT/A1)/kg) or lidocaine (8 mg/kg).

4.10. Statistical Analysis

Statistical analyses were carried out using Statistica 13 (TIBCO Software, Palo Alto, CA, USA).
Differences were considered significant when p < 0.05. The incidences of VF or arrhythmias (CaCl2 or
BaCl2 models, respectively) were compared using two-tailed Fisher’s exact test.

The onset times of VF (calcium chloride model) and VFT (electrically induced arrhythmia)
were expressed as mean ± standard error of the mean (SEM). ANOVA with LSD post hoc test was
implemented to identify significant differences between groups.
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Abstract: The 27-amino acid (aa)-long δ-conotoxin TxVIA, originally isolated from the mollusc-hunting
cone snail Conus textile, slows voltage-gated sodium (NaV) channel inactivation in molluscan neurons,
but its mammalian ion channel targets remain undetermined. In this study, we confirmed that TxVIA
was inactive on mammalian NaV1.2 and NaV1.7 even at high concentrations (10 μM). Given the
fact that invertebrate NaV channel and T-type calcium channels (CaV3.x) are evolutionarily related,
we examined the possibility that TxVIA may act on CaV3.x. Electrophysiological characterisation of
the native TxVIA on CaV3.1, 3.2 and 3.3 revealed that TxVIA preferentially inhibits CaV3.2 current
(IC50 = 0.24 μM) and enhances CaV3.1 current at higher concentrations. In fish bioassays TxVIA
showed little effect on zebrafish behaviours when injected intramuscular at 250 ng/100 mg fish.
The binding sites for TxVIA at NaV1.7 and CaV3.1 revealed that their channel binding sites contained
a common epitope.

Keywords: TxVIA; mammalian NaV channel; selective inhibitor; T-type CaV3.2

1. Introduction

The δ-conotoxin TxVIA (King Kong peptide), a 27-amino acid (aa)-long peptide with six cysteine
residues, was originally isolated from the mollusc-hunting cone snail species Conus textile [1]. The unique
name of TxVIA, “King Kong peptide”, stems from the dominant posture lobsters adopt following
injection of the toxin, although it has also been observed to produce convulsive-like activity in snails [1].
TxVIA also produced a paralytic effect in molluscs (Patella) but not in fish (Cambusia), insects (Sarcophaga)
or crustaceans (Porcellio) [2]. Although no mammalian activity has been reported, TxVIA was shown
to potently slow NaV channel inactivation in molluscs [3]. Previous binding and electrophysiological
studies suggest TxVIA binds to both mollusc and rat brain NaVs at sites adjacent to the binding sites of
conotoxin CsTx and coral toxin GPT [4–6]. However, TxVIA binding to mammalian NaV channels
is non-functional [4]. The disparate sequence alignment of the Aplysia NaV channel with hNaV1.7
(44% similarity overall, with especially poor overlap across the extracellular regions) supports the
distinct modes of action at these distantly related sodium channels.

T-type calcium channels (CaV3.x) have been identified with two ion-selectivity filters [7],
which allow permeability to Na+ ions in the absence of Ca2+ ions, with genomic studies on the
jellyfish NaV channel, revealing an ancestral resemblance to CaV3.x [8]. CaV3.x provides a privileged
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gate for calcium influx that initiates many physiological events including secretion, neurotransmission
and cell proliferation [9,10], implicating it in many pathophysiological disorders and diseases, including
absence epilepsy, Parkinson’s disease (PD), hypertension, cardiovascular diseases, cancers and pain [11].
The evolutionary relationship between the invertebrate NaV channel with CaV3.x raised the possibility
that TxVIA may modulate CaV3.x.

In this work, we identified the spatial distribution of TxVIA in the C. textile venom duct, isolated
and characterised native TxVIA at human CaV3.x using Fluorescent Imaging Plate Reader (FLIPR) and
electrophysiological (QPatch) assays, confirmed the lack of activity of TxVIA on human NaV channels
endogenously expressed in SH-SY5Y cells [12] and mouse NaV1.7, and used zebrafish [13,14] to analyse
behavioural effects using an automated tracking device (i.e. Zebrabox). Finally, we compared the
binding sites for TxVIA predicted from molecular docking studies using homology models of NaV1.7
and CaV3.1.

2. Results

2.1. Distribution, Isolation and Identification of Native TxVIA

C. textile venom ducts of thirteen specimens (TEX-1–13) were dissected into distal (D), distal central
(DC), proximal central (PC) and proximal (P) sections, and the extracted venom from each section
was analysed by liquid chromatography/mass spectrometry (LC/MS). TxVIA expression across the
thirteen specimens (Figure 1a) was localised to the central portions of the C. textile venom duct. Guided
by TxVIA distribution, the distal central venom of TEX-4 was selected for fractionation (Figure 1b).
Native TxVIA was isolated and its amino acid sequence WCKQSGEMCNLLDQNCCDGYCIVLVCT
confirmed by tandem mass spectrometry (MS/MS) analysis.

Figure 1. (a) TxVIA distribution across the four venom duct sections (distal (D), distal central (DC),
proximal central (PC), proximal (P)) of 13 Conus textile specimens. (b) Partial chromatogram of TEX-4
DC section fractionation. The x-axis represents the retention time, the y-axis represents UV absorption at
214 nm, and the red arrow indicates TxVIA eluting at 62.5 min (mass data obtained by MALDI-TOF MS).

2.2. Evaluation of Mammalian NaV Channel Activitiy of TxVIA using FLIPR Cell-Based Assays

TxVIA (5μM) was tested in SH-SY5Y cells using a FLIPR assay to measure endogenously expressed
NaV1.2 and NaV1.7 [12]. Although 0.5 μM TxVIA has previously been shown to slow inactivation of
molluscan NaV current [3], 5 μM TxVIA did not produce any detectable effect on human NaV responses
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in SH-SY5Y cells (n = 3, p = 0.37) (Figure 2a). TxVIA (10 μM) also failed to significantly modify calcium
influx in HEK cells transiently expressing mouse NaV1.7 (n = 2, p = 0.29) (Figure 2b).

Figure 2. Characterisation of TxVIA in sodium channels. (a) Representative fluorescent traces of the
hNaV responses with and without the addition of 5 μM TxVIA. (b) Representative fluorescent traces of
the mouse NaV1.7 responses with and without the addition of 10 μM TxVIA.

 
Figure 3. Modulation of CaV3.1, CaV3.2 and CaV3.3 current by TxVIA. (a) Concentration response
curves of TxVIA on recombinant hCaV3.2 channels (n = 5) using the QPatch. Data are means ± SEM.
(b) Representative CaV3.2 ICa during 200 ms depolarisations to Vmax (−20 mV) from a holding potential
of −90 mV before and after perfusions of 0.12 μM and 3.33 μM of TxVIA, as indicated. (c) Representative
CaV3.3 ICa during 200 ms depolarisations to Vmax (−10 mV) from a holding potential of −90 mV before
and after perfusions of 10 μM of TxVIA, as indicated. (d) Representative CaV3.1 ICa during 200 ms
depolarisations to Vmax (−20 mV) from a holding potential of −90 mV before and after perfusions
of 1.11 μM and 10 μM of TxVIA, as indicated. (e) Normalised I–V relationships of CaV3.1 (n = 5)
plotted from –75 mV to +40 mV before (black) and after (red) the addition of 1 μM of TxVIA, Vmax at
−25 mV (10.0% ± 3.9% current enhancement, p = 0.04), Imax at 0.12 ± 0.01 nA. Data are means ± SEM.
Single-voltage protocol was applied in between to measure the TxVIA effect. (f) Normalised I–V
relationships of CaV3.2 (n = 4) plotted from−75 mV to +40 mV before (black) and after (red) the addition
of 0.1 μM of TxVIA, Vmax at −25 mV, Imax at 0.65 ± 0.04 nA. Data are means ± SEM. Single-voltage
protocol was applied in between to measure the TxVIA effect.

2.3. Pharmacological Characterisation of TxVIA in CaV3.x

We examined the effects of native TxVIA on human CaV3.x by whole-cell patch-clamp using the
automated electrophysiology platform QPatch 16 X (Figure 3). Whereas TxVIA partially inhibited
CaV3.2 (n = 5) (Figure 3a,b) at high nanomolar concentrations, it had little effect on CaV3.3 (n = 6)
(Figure 3c) and promoted the opening of CaV3.1 (n = 5) (Figure 3d). Current-voltage (I–V) relationships
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of CaV3.1 in the presence of 1 μM TxVIA revealed that the channel modulation was not accompanied
by shifts in the I–V relationship (n = 5, p = 0.63) (Figure 3e). Similarly, 0.1 μM TxVIA did not shift
the I–V relationship of CaV3.2 (n = 4, p = 0.21) (Figure 3f). We also tested native TxVIA in the CaV3.2
FLIPR window current assay [15], where 60 μM TxVIA only showed partial (42%) inhibition (n = 3)
(data not shown).

2.4. TxVIA Docking in Human NaV1.7 and CaV3.x

Previous binding and electrophysiological studies have suggested that TxVIA binds to a variety
of NaVs despite its lack of functional effects on rat brain NaVs [4], and human NaV1.2 and NaV1.7
responses (present study). The binding site of TxVIA is expected to be extracellular, likely adjacent to
but distinct from neurotoxin site 3 [4–6]. Site 3 was initially recognised to be located in the S5-S6 linker
of domain I (DI) and IV (DIV) [16], and a later study identified that additional residues in the DIV S3-S4
linker influenced α-scorpion and sea anemone toxin binding [17,18]. Based on this background, we
docked TxVIA to the DIV S3-S4 linker of the cryo-electron microscopy (Cryo-EM) structure of human
NaV1.7-β1-β2 complex (Protein Data Bank (PDB) code 6J8I) [19]. This docking generated a docking
pose where TxVIA fits between the DIV S1-S2 and S3-S4 linkers of NaV1.7 (Figure 4a,b) (Table 1).
Importantly, this binding pose identified a strong salt bridge between K3 in TxVIA and E1545 in the
DIV S1-S2 linker that is a likely key binding determinant (Figure 4b).

Figure 4. Predicted binding mode of TxVIA (coloured cyan) in human NaV1.7 and CaV3.1. (a) General
view of the lowest energy docking pose of TxVIA binding to hNaV1.7 DIV S3-S4 and S1-S2 linkers
(extracellular loops, coloured red). (b) Local view of TxVIA interactions highlighting that D1597 in
hNaV1.7 DIV S3-S4 linker and E1545 in DIV S1-S2 linker make close contact with N15 and K3 of
TxVIA, respectively. (c) General view of the lowest energy docking pose of TxVIA binding to hCaV3.1
DIV S3-S4 linker (coloured red). (d) Local view of the close interaction between K3 in TxVIA and
E1694 in the hCaV3.1 DIV S3-S4 linker. Predicted hydrogen bonds are shown as yellow dashed lines,
with distances shown in Å.
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Table 1. TxVIA binding affinity in human NaV1.7 and CaV3.x.

Docking Target Molar Affinity (kcal/mol)

hNaV1.7 DIV S3-S4 −3.2
hNaV1.7 DII S3-S4 7.2
hCaV3.1 DIV S3-S4 −4.0
hCaV3.2 DIV S3-S4 49.1
hCaV3.3 DIV S3-S4 31.8

The 30-aa spider toxin ProTx-II, initially identified as a NaV1.7 selective blocker [20], has also
been shown to selectively block the hCaV3.2 current among the three CaV3.x subtypes [21]. As a
well-established site 4 (DII S3-S4 linker) toxin [22], the crystal structure of the ProTx-II-DII hNaV1.7
complex [23] has been generated. It has been suggested that TxVIA binds to a different binding site
from ProTx-II [4], which was also supported by our docking results with unfavourable binding affinity
(Table 1).

We also explored TxVIA binding in hCaV3.x. The MolProbity score of CaV3.2 and CaV3.3
homology models generated from the recently reported hCaV3.1 Cryo-EM structure [24] were 1.97
and 1.98 respectively, indicating the high quality of the modelled structures. An assessment of the
Ramachandran plot showed that only 1.85% and 1.34% residues fell in outlier regions for CaV3.2 and
CaV3.3 models, respectively, with no outliers found for residues in the DIV S3-S4 linker region.

The selective inhibition of ProTx-I [21] for CaV3.1 current over CaV3.2 has been identified to be
partly attributed to the DIV S3-S4 linker in T-type CaVs [25]. Interestingly, our docking results also
suggest that TxVIA would bind to the DIV S3-S4 linker of CaV3.1 (Figure 4c,d) with higher affinity
than to CaV3.2 and CaV3.3 (Table 1). However, the possibility that the DIV S3-S4 linker may contribute
to the activation of CaV3.1 by TxVIA requires further study. Similar to its docking at NaV1.7, the best
docking pose for TxVIA binding to CaV3.1 shows TxVIA interacting between DIV S1-S2 and S3-S4
linkers of CaV3.1. As shown in Figure 4d, a strong salt bridge was again identified between K3 in
TxVIA and E1694 in the CaV3.1 DIV S3-S4 linker, although no interactions were identified between
TxVIA and the S1-S2 in CaV3.1 DIV.

2.5. Behavioural Analysis on Zebrafish after Intramuscular Injection of TxVIA

Although the TxVIA inhibition of CaV3.2 indicated possible pain-relieving activity, its activation
of CaV3.1 indicated a possible pain inducing activity, albeit at higher concentrations. We also showed
that TxVIA had no effect on the human pain related NaV1.7. Given the potential of TxVIA to play a
defensive role, we examined its effect on zebrafish at concentrations up to 250 ng/100 mg fish. However,
TxVIA could have different pharmacology on zebrafish and mammalian CaVs and NaVs that may
influence interpretation of responses in zebrafish.

None of the injected fish showed signs indicative of pain-related behaviours or paralysis after the
injection (n= 3, p= 0.37), and no adverse effects were observed in the 24 h post-injection. Fish swimming
tracks were also recorded during the first 15 min post-injection (see Figure 5). Zebrafish injected with
250 ng/100 mg fish of TxVIA showed reduced swimming activity compared to control fish in the first
8 min, however this effect did not reach significance and soon reversed to normal edge swimming.
Additionally, the absence of swimming bursts or erratic swimming behaviour after TxVIA injection
indicates that pain pathways were not activated.
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Figure 5. TxVIA-induced behavioural response in adult zebrafish (n = 3). (a) The six boxes illustrate the
15 min swimming tracks of the control zebrafish (n = 3) and the zebrafish injected with 250 ng/100 mg
fish of TxVIA (n = 3), respectively. The fish generally start with a comparatively slow swimming speed,
indicated in black lines, and end with a regular swimming speed, indicated in green lines. Erratic or
fast swimming tracks are indicated in red lines. (b) The adult zebrafish injected with 250 ng/100 mg fish
of TxVIA (continuous line) showed a reduced activity (measured by distance travelled per min) in the
first 8 min compared to the activity of the control fish injected with saline sterilised water (dotted line),
followed by a small burst of activities for 5 min, and returned to normal gradually. Data are means
± SEM.

3. Discussion

Conotoxins are potent and selective modulators of mammalian ion channels and receptors.
The King Kong peptide TxVIA has previously been characterised as a mollusc NaV channel modulator,
producing convulsive-like activity in snails [1] and paralytic effects in the mollusc Patella sp. [2]. In this
study, we characterised the effects of TxVIA on human NaVs and CaV3.x, and zebrafish behaviours.
These studies revealed for the first time that TxVIA is a nM inhibitor of CaV3.2 with activating activity
on CaV3.1 at μM concentrations. Interestingly, high concentrations of TxVIA (5 μM) were inactive
on endogenously expressed NaVs in SH-SY5Y cells, including NaV1.2 and NaV1.7, or heterologously
expressed mouse NaV1.7 (10 μM). In addition, our experiments found that TxVIA does not trigger
pain-like behaviours or paralysis in zebrafish at up to 250 ng/100 mg fish, consistent with the lack of an
excitatory effect on vertebrate NaVs. Although TxVIA did not target the CaV3.x window current like
CaV3.x small molecule blockers [26,27], electrophysiological characterisation of TxVIA revealed it to be
a nM inhibitor for CaV3.2 (IC50 = 0.24 μM). CaV3.2 is considered to be a promising novel therapeutic
target for pain with CaV3.2 playing a major pronociceptive role in spinal nociceptive neurons and
primary afferents [28–30].

Our LC-MS analysis of dissected C. textile venoms revealed that TxVIA was expressed at its
highest levels in the central region of the venom duct as the dominant component. Previous studies
from our laboratory have revealed that Conus geographus and Conus marmoreus have evolved to produce
defensive and predatory venoms from the proximal and distal regions of the venom duct, respectively,
that are deployed in response to the corresponding stimuli [31]. However, the role of central regions
of the venom duct in these processes remains unknown. In future studies, we aim to investigate the
contribution of TxVIA to the defensive and predatory milked venoms of C. textile to unravel its role in
defensive and/or predatory behaviour.

To gain insight into TxVIA binding to NaV and CaV channels, we performed molecular docking
studies of TxVIA binding to Cryo-EM structures of hNaV1.7 and hCaV3.1. A strong salt bridge was
identified in TxVIA binding to the DIV S1-S2 linker of NaV1.7, suggesting that the DIV S1-S2 linker
could be a new binding site affecting NaV channel targeting neurotoxins. Our docking studies of
TxVIA in hCaV3.x showed that TxVIA binds to the DIV S3-S4 linker of CaV3.1 with a strong salt
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bridge, whereas it failed to dock to the DIV S3-S4 linker of CaV3.2 and CaV3.3. These results suggested
that the interaction sites between TxVIA and hCaV3.x may differ among the three subtypes, which is
supported by our electrophysiological data showing it has differential effects across the three subtypes.
We speculate that the DIV S3-S4 linker may contribute to both the selective inhibition [25] and activation
of the CaV3.1 current.

Toxins with the inhibitor cystine knot (ICK) motif have been mostly recognised as modulators of
voltage-gated ion channels [32]. However, ICK peptides with related folds but different sequences
often show altered selectivity for ion channels, indicative of promiscuous pharmacophore interactions.
δ-Conotoxin TxVIA has been reported to show a prominent hydrophobic patch covering one side of
the peptide surface (Figure 6), which was proposed to be crucial for sodium channel binding [33],
with our work confirming that TxVIA is non-functional at mammalian NaVs. Interestingly, our docking
results reveal that the side opposite to the prominent hydrophobic patch of TxVIA is involved in
its binding to DIV extracellular loops of NaV1.7 (Figure 6), suggesting the hydrophobic patch in
TxVIA only contributes to NaV channel affinity. Other CaV3.x peptide blockers with selectivity for
CaV3.2 include two hydrophobic tarantula toxins PsPTx3 [34,35] and ProTx-II [21] which also inhibits
NaV1.7 [20]. Previous structure activity relationship (SAR) studies on ProTx-II reveal that hydrophobic
patch interactions with membrane lipids are required for high affinity interactions with hNaV1.7 [36]
and NaV1.5 [37]. CaV3.2 selective peptide blockers also typically show a prominent hydrophobic face,
whereas non-hydrophobic peptide blocker ProTx-I inhibits CaV3.1 [21,25,38]. Indeed, our docking
studies suggest that TxVIA also binds to the DIV S3-S4 linker of CaV3.1 through a more polar surface
and not through the adjacent prominent hydrophobic patch (Figure 6).

Figure 6. TxVIA (PDB 1FU3) structure pair obtained by 240◦ horizontal rotation. Peptide surface
presented with blue and red colours indicate positive and negative charged residues, respectively,
and green colour indicates hydrophobic uncharged residues. The predicted buried surface of TxVIA
binding to NaV1.7 is circled in blue and the predicted buried surface of TxVIA binding to CaV3.1 is
circled in yellow. The predicted interacting residues are labelled.

In conclusion, we have identified that δ-conotoxin TxVIA modulates mammalian CaV3.x, but not
mammalian NaV channels. TxVIA represents a promising new tool to improve our understanding of
the molecular mechanism and determinants of activation and inactivation of the different NaV1.x and
CaV3.x subtypes.

4. Materials and Methods

All reagents were used as purchased from Sigma-Aldrich without further purification.

4.1. LC/MS Analysis of TxVIA Distribution in the C. textile Venom Duct

Thirteen adult C. textile specimens collected from One Tree Island on the Great Barrier Reef
(Queensland, Australia) were sacrificed and dissected into four sections on ice. The crude venom
was extracted into 30% acetonitrile, acidified with 0.1 formic acid. The collected 52 crude C. textile
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samples from each of the four duct sections (5 μL) were chromatographically separated on an ultra
HPLC system (Shimadzu Scientific, Rydalmere, Australia) directly coupled to a 5600 TripleTOF MS
(SCIEX, Foster City, USA). The LC separation was achieved using a Zorbax C18 4.6 × 150 mm column
at a linear 1.3% B (acetonitrile/0.1% formic acid (aq)) min−1 gradient with a flow rate of 0.2 ml min−1

over 90 min. Data were acquired over a time-of-flight (TOF) mass range of 350–2200 Da with an ion
spray voltage of 5500 V (CUR 25, TEM 500, GS1 50 and GS2 60). Acquired data were then analysed
with Sciex AnalystTF 1.6 software.

4.2. C. textile Crude Venom Fractionation for the Collection of Native TxVIA

Solvent A consists of 0.05% trifluoroacetic acid (TFA) in milli-Q water, whereas solvent B consists
of 0.043% TFA and 90% acetonitrile in water. 1.4 mg of lyophilised C. textile crude venom dissolved
in water with 30% solvent B was loaded using an UltiMate 3000 analytical autosampler (Dionex,
Sunnyvale, CA) onto a 00G-4053-E0 Jupiter®(Phenomenex, Torrance, CA, USA) 5 μm C18 300 Å,
250 × 4.6 mm analytical reversed phase high performance liquid chromatography (RP-HPLC) column
and eluted at a flow rate of 0.7 mL/min over 100 min. The elution was monitored at 214 nm.

The following gradient generated by an UltiMate 3000 pump was used to fractionate the C. textile
crude venom: A constant 5% solvent B over 5 min, 5–80% solvent B over 75 min, 80–90% solvent B over
1 min, a constant 90% solvent B over 4 min, 90–5% solvent B over 1 min, and a constant 5% solvent B
over 1 min.

A solvent blank run using the same gradient and equilibration with 5% solvent B for 15 min
preceded each separation. Fractions were collected every 1 min over 80 min with a Gilson FC 204
automatic fraction collector (Gilson, Middleton, WI). Collected fractions were transferred into 1.5
mL Eppendorf tubes, dried in a speed vacuum concentrator, resuspended in 100 μL of milli-Q water,
vortexed and stored at −20 °C prior to assaying. Peptide concentrations were measured using the
NanoDrop One (Thermo Scientific, MA, US). All solvents used were HPLC grade.

4.3. MS and MS/MS Analysis and Sequence Determination of Native TxVIA

4.3.1. MALDI-TOF Mass Spectrometry

Venom peptide masses were verified by matrix-assisted laser desorption/ionisation time-of-flight
mass spectrometry (MALDI-TOF MS) using the 4700 Proteomics Bioanalyzer (Applied Biosystems,
CA, USA). Venom fractions in water obtained from RP-HPLC were mixed with the matrix CHCA
(5 mg/mL in 50% ACN, 1% FA) in 1:1 (v/v) ratio and spotted on a MALDI plate. MALDI-TOF spectra
were collected in reflector positive mode and the reported masses are monoisotopic M + H+ ions.

4.3.2. Reduction and Alkylation of Cysteine Residues

45 μL peptide solution was reduced and alkylated with 50 μL of reduction/alkylation cocktail
(containing 97.5% acetonitrile, 2% iodoethanol, and 0.5% triethylphosphine by volume) in 50 mM
ammonium carbonate solution (pH 11), capped and incubated at 37 ◦C for 2 h. The sample was then
uncapped and evaporated on a speed vacuum for more than 1 h. Dried samples were kept in −80 °C
before use.

4.3.3. Trypsin Digestion

Reduced and alkylated peptide was reconstituted with 20 μL of 50 mM ammonium bicarbonate
solution (pH 8). Peptide digestion was achieved in 40 ng/μL modified sequencing grade trypsin
(Promega, Madison, WI, USA) incubated at 37 ◦C overnight. Digestion was terminated by adding 5 μL
of 5% formic acid.
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4.3.4. LC-MS/MS Analysis and Sequence Determination of Native TxVIA

The tryptic peptides (15 μL) were analysed with chromatographic separation using an ultra HPLC
system (Shimadzu Scientific, Rydalmere, Australia) directly coupled to a 5600 TripleTOF MS (SCIEX,
Foster City, USA). Data were acquired for 55 min 2 s with an ion spray voltage of 5500 V (CUR 25, TEM
500, GS1 50 and GS2 60). ProteinPilot™ 4.0 software (SCIEX) with the Paragon Algorithm was used for
protein identification. Tandem mass spectrometry (MS/MS) data was searched against database of C.
textile from conoserver (http://conoserver.org/). The search parameters were defined as iodoethanol
modified for cysteine alkylation and trypsin as the digestion enzyme.

4.4. Cell Culture and Transient Expression

The human embryonic kidney 293 (HEK293) cell line expressing human CaV3.2 or CaV3.3 (kind gift
from Emmanuel Bourinet, University of Montpellier, France) were cultured under 5% carbon dioxide at
37 ◦C in Dulbecco’s modified Eagle’s medium (DMEM), Glutamax (Gibco, Life Technologies, Carlsbad,
CA, US) supplemented with 10% (v/v) fetal bovine serum (FBS), 100 U/mL penicillin, 100 μg/mL
streptomycin (Gibco, Life Technologies) and 750 μg/mL geneticin (G418) (Gibco, Life Technologies).
The Chinese hamster ovary (CHO) cell lines (Emmanuel Bourinet, Montpellier, France) expressing
human CaV3.1 were cultured under 5% carbon dioxide at 37 ◦C in Minimum Essential Medium
Eagle-alpha modification (α-MEM) Glutamax (Gibco, Life Technologies), supplemented with 10% (v/v)
FBS and 300 μg/mL geneticin (G418) (Gibco, Life Technologies). The human neuroblastoma SH-SY5Y
cells (Victor Diaz, Goettingen, Germany) were cultured under 5% carbon dioxide at 37 ◦C in RPMI
1640 antibiotic-free medium (Invitrogen, Carlsbad, CA, US), supplemented with 15% FBS and 2 mM
GlutaMAX™ (Invitrogen). Dulbecco’s phosphate-buffered saline (DPBS) (Gibco, Life Technologies)
was used to wash the cells, and 0.25% Trypsin-EDTA (Gibco, Life Technologies) was used to detach
cells from the flask surface. They were split in a ratio of 1:5 (ideally 10,000 cells/cm2) when they reached
70–80% confluency (every 2–3 days). Transiently transfected NaV1.7 HEK293T cells were used in
the sodium channel FLIPR assay. HEK293T cells were cultured under 5% carbon dioxide at 37 ◦C in
DMEM Glutamax supplemented with 10% (v/v) FBS. DPBS was used to wash the cells, and 0.25%
Trypsin-EDTA was used to detach cells from the flask surface. The cells were split and seeded at
3 million cells per T75 flask, to reach 70–80% confluency after 24 h. The next day, 10 μg plasmid DNA
of mouse NaV1.7 α subunit (GenScript, Piscataway, USA) was incubated in 500 μL serum-free DMEM
Glutamax with 30 μL FuGENE HD transfection reagent (Promega Corporation, Madison, WI, USA)
(1:3 DNA/Fugene ratio) for 20 min, and then the mixture was added into the cell flask slowly, drop by
drop. After the transfection, the cells were cultured under 5% carbon dioxide at 37 ◦C for 16 h and
then moved to a 28 ◦C incubator prior to use.

4.5. Sodium Channel FLIPR Assay

SH-SY5Y cells or transiently transfected NaV1.7 HEK293T cells were seeded into 384-well black
wall clear bottom plates at a density of 15,000 cells or 30,000 cells per well, respectively, resulting in
90–95% confluency after 24 h. The media were then removed from the wells and replaced with 20 μL
of 10% red membrane potential dye (Molecular Devices, Sunnyvale, CA) in physiological salt solution
(PSS) containing 5.9 mM KCl, 1.4 mM MgCl2, 10 mM HEPES, 1.2 mM NaH2 PO4, 5 mM NaHCO3,
140 mM NaCl, 11.5 mM glucose, 1.8 mM CaCl2 and 0.1% BSA at pH 7.4. The cells were incubated
for 30 min at 37 ◦C in the presence of 5% carbon dioxide. The plates were placed in the FLIPRTETRA

(Molecular Devices, Sunnyvale, CA, USA) programmed to record the fluorescence responses under
baseline fluorescence 1500–2000 arbitrary fluorescence units (AFU), emission wavelength 565–625 nm,
and excitation wavelength 510–545 nm. Prior to the addition of PSS (0.1% BSA) with or without
peptide or 10 μM/1 μM TTX, five baseline fluorescence readings were recorded. The fluorescence
readings were then recorded once every two seconds over a period of 600 s, resulting in a total of
305 reads before the agonist was added. One fluorescence reading was taken before the second addition.
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After PSS (0.1% BSA) for negative control or agonist containing 40–50 μM veratridine was loaded,
the fluorescence readings were recorded every two seconds for 600 s, resulting in a total 301 reads.
n independent experiments were conducted in triplicates. Raw fluorescence readings in the form of
relative light units were converted to response over baseline using ScreenWorks®(Molecular Devices,
version 3.2.0.14) software.

4.6. T-type Calcium Channel Window Current FLIPR Assays

HEK293 cells stably expressing CaV3.2 were seeded into 384-well black wall clear bottom plates
(Corning, Lowell, MA, US) at a density of 30,000 cells per well. Once the cells reached 80–90%
confluency after 24 h, the media were removed from the wells and replaced with 20 μL of 10% calcium
4 dye (Molecular Devices, Sunnyvale, CA, USA) in Hank’s balanced salt solution-HEPES (HBSS-HEPES)
(containing 5 mM KCl, 10 mM HEPES, 140 mM NaCl, 10 mM glucose and 0.5 mM CaCl2, pH 7.4) with
0.1% bovine serum albumin (BSA). The cells were incubated for 30 min at 37 ◦C in the presence of
5% carbon dioxide. The plates were placed in the FLIPRTETRA programmed to measure maximum
fluorescence intensity following a second addition of the agonist 5 mM CaCl2. The data acquisition
parameters were adjusted as follows: baseline fluorescence 1500–2000 AFU, emission wavelength
515–575 nm, excitation wavelength 470–495 nm. Prior to the addition of HBSS-HEPES (0.1% BSA) with
or without peptide, five baseline fluorescence readings were recorded. The fluorescence readings were
then recorded once every two seconds over a period of 600 s, resulting in a total of 305 reads before the
agonist was added. One fluorescence reading was taken before the second addition. After CaCl2 was
loaded, the fluorescence readings were recorded every second for 300 s, resulting in a total 301 reads.
Raw fluorescence readings in the form of relative light units were converted to response over baseline
using ScreenWorks®(Molecular Devices, version 3.2.0.14) software [15].

4.7. Whole-Cell Patch-Clamp Electrophysiology

Whole-cell patch-clamp experiments were performed on an automated electrophysiology platform
QPatch 16 X (Sophion Bioscience A/S, Ballerup, Denmark) in single-hole configuration using 16-channel
planar patch chip QPlates (Sophion Bioscience A/S). The extracellular recording solution contained:
157 mM TEACl, 0.5 mM MgCl2, 5 mM CaCl2 and 10 mM HEPES; pH 7.4 adjusted with TEAOH;
and osmolarity 320 mOsm. The intracellular pipette solution contained: 140 mM CsF, 1 mM EGTA,
10 mM HEPES and 10 mM NaCl; pH 7.2 adjusted with CsOH; and osmolarity 325 mOsm. TxVIA
was diluted in extracellular recording solution with 0.1% BSA at the concentrations stated, and the
TxVIA effects were compared to the control (extracellular solution with 0.1% BSA) parameters within
the same cell. TxVIA incubation time varied from two (for the highest concentration) to five (for the
lowest concentration) minutes by applying the voltage protocol 10–30 times at 10 s intervals to ensure
steady-state inhibition was achieved. The effects of TxVIA were obtained using 200 ms voltage steps to
peak potential from a holding potential of −90 mV. Current–voltage (I–V) relationships were obtained
by holding the cells at a potential of –100 mV before applying 50 ms pulses to potentials from –75
to +50 mV every 5 s in 5 mV increments. Data were fitted with a single Boltzmann distribution:
I/Imax = (1 + exp(V − V50)/k)−1, where V50 is the half-availability voltage and k is the slope factor.
A single-voltage protocol was applied in between to measure the TxVIA effect. One cell was considered
as an independent experiment. Off-line data analysis was performed using QPatch Assay Software
v5.6 (Sophion Bioscience A/S) and Excel 2013 (Microsoft Corporation, Redmond, WA, USA).

4.8. Homology Modeling and Molecular Docking

Homology models of human CaV3.2 and CaV3.3 were generated by SWISS-MODEL [39] using
human CaV3.1 Cryo-EM structure [24] as template. FASTA sequences for human CaV3.2 and CaV3.3
were obtained from UniProt and used as query sequences. The resulting models were energy minimised
using the GROMOS force field, validated by Ramachandran plot analysis, visualised in PyMol and used
for molecular docking using Autodock Vina [40]. For molecular docking of TxVIA in human NaV1.7,
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we used the DIV S3-S4 linker of previously published human NaV1.7-β1-β2 Cryo-EM structure (PDB
6J8I) [19], as well as the DII S3-S4 linker (missing in the structure of 6J8I) of human NaV1.7 Cryo-EM
structure (PDB 6N4I) [23]. To define the search space for the DIV S3-S4 linker of the hNaV1.7 structure,
a grid box with the following dimensions: center x = 96.256, center y = 136.521, center z = 155.042
was used. To define the search space for the DII S3-S4 linker of hNaV1.7 structure, a grid box with
the following dimensions: center x = 82.85, center y = 288.228, center z = 213.878, was used. The size
of the grid box for all the docking in hNaV1.7 was as follows: size x = 30, size y = 30, size z = 30.
For molecular docking of hCaV3.1, hCaV3.2, hCaV3.3 DIV S3-S4 linker with TxVIA, a grid box with the
following dimensions: center x = 166.339, center y = 123.395, center z = 199.419 was used. The size
of the grid box for all the docking in hCaV3.x was as follows: size x = 25, size y = 25, size z = 25.
The exhaustiveness for the search was set to 8.

4.9. Evaluation of Zebrafish Pain Behaviours after Intramuscular Injection of TxVIA

Zebrafish were maintained using standard husbandry procedures, conforming to ethical guidelines
of the animal ethics committees at the University of Queensland. Six-month old male zebrafish with
similar body size and weight were prepared for the assay. Samples were tested via intramuscular
injections (5 μL) using a Hamilton syringe (Sigma-Aldrich no. 20795-U). Different concentrations of
TxVIA were injected intramuscularly, and the same volume of saline sterilised water was used as
control. Three fish were injected per condition. Injected animals were placed in 500 mL containers and
their swimming tracks/behaviours were recorded using a custom Zebrabox revolution (Viewpoint)
imaging platform and as previously described [41,42]. The animals were observed using the automatic
imaging platform for 15 min in dark condition followed by manual monitoring in laboratory light
conditions at 28 ◦C for up to 24 h post-injections. Bursts of erratic swimming were recorded as an
indicator of pain behaviours as previously described [14,43].

4.10. Data Analysis

Data were plotted and analysed using GraphPad Prism v8.2.1 (GraphPad Software Inc., San Diego,
CA, USA). A four-parameter logistic Hill equation with variable Hill coefficients was fitted to the data
for concentration-response curves. Data are means ± SEM of n independent experiments. Statistical
analysis was performed with a paired Student’s t-test with statistical significance at p < 0.05.
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Abstract: Chemotherapeutic drugs are widely utilized in the treatment of human cancers. Painful
chemotherapy-induced neuropathy is a common, debilitating, and dose-limiting side effect for
which there is currently no effective treatment. Previous studies have demonstrated the potential
utility of peptides from the marine snail from the genus Conus for the treatment of neuropathic
pain. α-Conotoxin RgIA and a potent analog, RgIA4, have previously been shown to prevent
the development of neuropathy resulting from the administration of oxaliplatin, a platinum-based
antineoplastic drug. Here, we have examined its efficacy against paclitaxel, a chemotherapeutic drug
that works by a mechanism of action distinct from that of oxaliplatin. Paclitaxel was administered at
2 mg/kg (intraperitoneally (IP)) every other day for a total of 8 mg/kg. Sprague Dawley rats that were
co-administered RgIA4 at 80 μg/kg (subcutaneously (SC)) once daily, five times per week, for three
weeks showed significant recovery from mechanical allodynia by day 31. Notably, the therapeutic
effects reached significance 12 days after the last administration of RgIA4, which is suggestive of a
rescue mechanism. These findings support the effects of RgIA4 in multiple chemotherapeutic models
and the investigation of α9α10 nicotinic acetylcholine receptors (nAChRs) as a non-opioid target in
the treatment of chronic pain.

Keywords: nicotinic; chemotherapy; paclitaxel; taxane; neuropathic pain; α9α10; conotoxin

1. Introduction

Neuropathic pain is a type of chronic pain that stems from the damage or disease of the sensory
nervous system that affects an estimated 6.9–10% of the general population [1]. This type of pathological
pain has many causes, including traumatic nerve injury, metabolic disorders such as diabetes, and
chemical damage from chemotherapeutics [2]. Paclitaxel (Figure 1) is an anti-cancer drug of the taxane
family, initially extracted from the bark of the Pacific yew (Taxus brevifolia), and perhaps the most
well-known natural-product chemotherapeutic. It is used as a first-line treatment for breast, ovarian,
and non-small cell lung cancers [3]. Several chemotherapies from different drug families, including
taxane- and platinum-based drugs, have been characterized to produce painful neuropathies as a side
effect. In the context of cancer therapies, these side effects can be more than disruptive as they are
often dose-limiting in treatment regimens [4].
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Patients have exhibited several types of neuropathies, including numbness, chronic pain,
and allodynia (painful hypersensitivity) to mechanical or thermal stimuli [5]. Amongst patients,
however, the type, duration, and severity of neuropathy can vary [6]. While the prevalence
and manifestations of paclitaxel-induced neuropathy have been well documented, the underlying
mechanisms are still being characterized. Several adjuvant treatments have been used in an attempt
to combat the effects of chemotherapy-induced peripheral neuropathy (CIPN). However, there are
currently no FDA-approved medications for the prevention or treatment of CIPN.

Cone snails have historically displayed a repertoire of therapeutic molecules. The venomous
marine gastropods of the genus Conus are a diverse collection of snails that have developed complex
hunting and envenomation strategies. The venoms of these snails contain hundreds of unique
peptides, and the contents of these venoms can also change in response to defensive or predatory
stimuli [7]. Cone snails have refined a suite of bioactive peptides that can exquisitely and potently
discriminate among receptors involved in neurotransmission. These targets include G-protein-coupled
receptors and voltage- and ligand-gated ion channels [8]. The chemical arsenal of each snail also
contains bioactive compounds that have been characterized as prey-endogenous mimetics, such as
the insulin-like peptide used by Conus geographus, which more closely resembles fish insulin than its
own [9]. The discovery of this molecular mimicry strategy spurred the characterization of several other
hormone/neuropeptide-like peptides in the venom repertoire of these snails [10].

Currently, there are an estimated 750+ species of cone snails whose venom components include
small, disulfide-rich peptides that have been classified into at least 28 different superfamilies.
These superfamilies are primarily subdivided by their conserved cysteine frameworks. Further
characterization of cone snail venom ducts have also revealed the presence of small molecules that
contribute to their venom activity [11]. Previous estimates of 50–200 unique compounds per venom have
been expanded nearly 10-fold with the advancement of mass spectroscopy and venomics techniques.
These estimates yield a collection of greater than 1 million potential lead peptide compounds to
be characterized, less than 1% of which (~10,000) have been partially characterized [12,13]. While
advancements in genomics, proteomics, and transcriptomics have rapidly accelerated the discovery
of conotoxin peptides, the structural and pharmacological characterization has been rate-limiting.
Notably, the ω-conotoxin MVIIA (Prialt®(ziconotide)), a non-opioid drug for intractable pain, remains
the only FDA-approved conotoxin-based drug to date [14,15]. The majority of bioactive wealth from
cone snail venoms awaits to be characterized. The classification and therapeutic applications of
conotoxins have been reviewed in considerable detail [7,8,10,12,14–20].

Among the smallest of the peptides found in Conus venoms are the α-conotoxins, which
competitively inhibit nicotinic acetylcholine receptors (nAChRs) [16]. α-conotoxins are typically
13–20 amino acids in length and disulfide-constrained. nAChRs are pentamers typically assembled
fromα and non-α subunits includingα1–α10, β1–β4, andγ, δ, and ε in coordinated distributions. There
are also homomeric assemblies consisting only of α-subunits. Together, these subunit combinations
yield a large diversity of potential nAChR subtypes.

Previously, we have reported the specific block of α9α10 nAChRs by the α-conotoxin RgIA [21,22].
This 13-amino-acid peptide, isolated from the worm-hunting snail Conus regius, blocked the rodent
α9α10 nAChR with high potency; however, it was found to be approximately 300-fold less potent on
the human receptor due to a single amino-acid substitution in the α9 nAChR subunit [23]. The second-
generation synthetic analog, RgIA4, was engineered to close this affinity gap across the rodent and
human α9α10 nAChRs (IC50 rat = 0.9 nM; IC50 human = 1.5 nM), and has also been shown to effectively
prevent oxaliplatin-induced pain in rats and mice [24,25]. These findings are consistent with previous
behavioral and cellular studies that demonstrate native RgIA can prevent the development and/or
progression of neuropathic pain in chronic constriction injury and oxaliplatin-induced injury [26–28].
RgIA and several other α-conotoxins from worm-hunting Conus species act on ancestral nAChRs such
as α9, α10, or α7-containing subtypes. While these α-conotoxins may incapacitate their native prey,
their effect on higher-order species is more nuanced, since the target receptors may play roles outside
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the neuromuscular junction [29]. Here, we show that, in addition to preventing oxaliplatin-derived
neuropathic pain, RgIA4 is efficacious in accelerating recovery from paclitaxel-induced neuropathic
pain in rats.

 
Figure 1. Natural sources of potential therapeutics. (A) The needles and berries of a Pacific yew,
characteristic of the tree from which paclitaxel was originally extracted. (B) Chemical structure
of paclitaxel. (C) Shell of the worm-hunting snail, Conus regius, from which RgIA was originally
characterized. (D) Structure of the short 13-amino-acid peptide RgIA isolated from Conus regius. Image
sources: (A) Yew Needles and Berries, National Cancer Institute Visuals Online, no. AV-9100-3761.
(C) Conus regius photograph by Peter Huynh.

2. Results

2.1. RgIA4 Accelerates Recovery from Paclitaxel-Induced Allodynia in Sprague Dawley Rats

Semisynthetic taxanes, including paclitaxel, are first-line treatments for the most common solid
tumors, but taxane-induced peripheral neurotoxicity is a frequent dose-limiting side effect. Sprague
Dawley (SD) rats are commonly used to model paclitaxel-mediated CIPN due to the consistent induction
of mechanical and thermal allodynia and ease of behavioral readouts compared to mice [30–32].
A clinical formulation of paclitaxel was chosen in order to induce a longer-lasting neuropathic pain
effect [31]. Adult SD rats were injected four times intraperitoneally (IP) with paclitaxel (2.0 mg/kg) on
days 0, 2, 4, and 6, for a total dosage of 8.0 mg/kg. Over the course of the paclitaxel injections and
over the next 12 days, rats were also administered daily subcutaneous (SC) injections of RgIA4 at 16
and 80 μg/kg five days per week (days 0–18) (Figure 2A). To assay for mechanoreceptive properties of
paclitaxel-induced neuropathic pain, SD rats were tested through hindpaw von Frey analysis.

Compared to vehicle-injected animals, paclitaxel-injected rats showed a robust, painful
sensitization to previously non-painful mechanical stimuli by day 9 which persisted through day 44
(Figure 2B). These effects peaked on day 16, where the paclitaxel (PTX)-saline-treated rats exhibited
a pain response from the Von Frey filaments, withdrawing or licking their paw at a mean threshold
of 6.2 g, compared to the vehicle-saline-treated rats, whose threshold was at a mean force of 14.6 g.
Co-administration of RgIA4 (16 or 80 μg/kg; SC) did not produce analgesic effects during the induction
of neuropathic pain (days 0–16).
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Figure 2. RgIA4 accelerates recovery from mechanical allodynia. (A) Study timeline. Sprague Dawley
(SD) rats (n = 8) were treated with either vehicle (intraperitoneally (IP))-saline (subcutaneously (SC)),
8 mg/kg paclitaxel (PTX) (IP)-saline (SC), 8 mg/kg paclitaxel (IP)-RgIA4 (80 μg/kg; SC), or 8 mg/kg
paclitaxel (IP)-RgIA4 (16 μg/kg; SC). Animals were tested for behavior prior to the first dose of paclitaxel
(baseline (BL)) and over the course of 51 days. (B) Testing results from Von Frey assay. Results are
expressed as tactile threshold values in grams (g). Black circles: vehicle-saline; red squares: PTX-saline;
blue triangles: PTX-RgIA4 (16 μg/kg); hollow green triangles: PTX-RgIA4 (80 μg/kg). Mean +/- SEM
are indicated. Two-way ANOVA was conducted followed by Bonferroni’s multiple comparison test,
alpha = 0.05. Asterisks denote a significant difference from the PTX-Saline curve (* p < 0.05, ** p < 0.01,
and **** p < 0.0001).

By day 23, the paclitaxel-treated groups began a modest recovery from their mechanical allodynia.
However, by day 31, rats treated with 80 μg/kg of RgIA4 showed accelerated recovery from the
paclitaxel-induced hypersensitivity, reaching significance compared to the paclitaxel-saline-treated
rats (p < 0.01, as determined by two-way ANOVA followed by Bonferonni’s multiple comparison test).
The rate of recovery by the RgIA4 (80 μg/kg)-treated rats maximally outpaced all other groups by
day 37 (p < 0.0001). Remarkably, this therapeutic effect was first reached 12 days after treatment with
RgIA4 had been stopped.

Further analysis of thermoreceptive properties revealed no ameliorative effects of RgIA4 at either
dosage as determined by a cold plate assay (Figure 3). Neither paclitaxel nor RgIA4 affected heat
allodynia, as measured by the Hargreaves test, nor the weight gain of the animals over the course of the
experiment (Figure 4). The dosages of 80 and 16 μg/kg were chosen based on previously characterized
regimens that effectively produced relief in neuropathic pain models in mice and rats [24,25]. These
dosages have been previously reported to produce no adverse effects in motor coordination nor CNS
function based on rotarod and Irwin tests [25].
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Figure 3. RgIA4 did not reverse cold allodynia and paclitaxel did not induce heat allodynia under
these conditions. Testing results from (A) cold plate and (B) Hargreaves assays following treatment
of SD rats (n = 8 per group, unless otherwise noted) with a total dose of 8 mg/kg paclitaxel with or
without RgIA4 at 80 or 16 μg/kg. Animals were tested for behavior from the first dose of paclitaxel (BL)
over the course of 51 days. Results are expressed in (A) cold and (B) thermal latency times in seconds
(s). Black circles: vehicle-saline; red squares: PTX-saline; blue triangles: PTX-RgIA4 (16 μg/kg); hollow
green triangles: PTX- RgIA4 (80 μg/kg). Mean +/- SEM are indicated.
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Figure 4. Neither paclitaxel nor RgIA4 significantly affected body weight over time. Changes in rat
body weight (in g) are indicated following treatment with a total dose of 8 mg/kg paclitaxel, with or
without RgIA4 at 80 or 16 μg/kg. Readings were taken from cohorts of n = 8 rats per group, unless
otherwise specified. Black circles: vehicle-saline; red squares: PTX-saline; blue triangles: PTX-RgIA4
(16 μg/kg); hollow green triangles: PTX-RgIA4 (80 μg/kg). Mean +/- SEM are indicated.

2.2. Paclitaxel Did Not Induce Mechanical Allodynia in C57BL/6J Mice

Rats have been widely used in models of neuropathic pain. When mice are used, the C57BL/6J
mouse is perhaps the most commonly used inbred strain; its entire genome has been sequenced, and a
wide variety of transgenics are available. The effectiveness of inducing CIPN pain in C57BL/6J mice
with paclitaxel, however, has been reported with varying levels of success. Some previous reports
showed robust induction of CIPN by paclitaxel in C57BL/6J mice, while others were not able to create
this pain state [32,33]. The diverse genetic background of inbred mouse strains has historically resulted
in variable levels of CIPN severity. This has been documented across several strains of mice with both
paclitaxel and oxaliplatin as the agent of induction [32,34]. Additional, early genome-wide association
studies (GWASs) have suggested genetic predispositions to CIPN pain [35]. This is also reflective of
clinical reports, where the severity and duration of painful neuropathy varies between patients [4].

In our experiments, administration of C57BL/6J mice with 2.0 mg/kg of paclitaxel (IP) on days
0, 2, 4, and 6 did not produce a statistically significant change in mechanical allodynia as measured
by Von Frey (Supplemental Figure S1). As a measure of neurophysiological integrity, the velocity
and amplitudes of sensory nerve action potentials (SNAPs) are commonly used as a readout in both
clinical and preclinical settings [36,37]. Previous studies have reported the reduction of action potential
amplitude in patients receiving paclitaxel as the duration of their treatment regimen progressed [38].
In our cohort of C57/BL6 mice, there was no change in observed nerve conduction velocities (NCVs)
nor amplitudes of SNAPs in the tail between treated and untreated mice (Supplemental Figure S2).
Due to the lack of robust induction under these conditions, we did not continue with further behavioral
tests in C57BL/6J mice.

3. Discussion

3.1. α9α10 nAChRs as a Target for Pain Treatment

RgIA4 has been previously shown to prevent the induction of CIPN pain by the platinum-based
chemotherapeutic, oxaliplatin [24,25]. Since chemotherapeutic agents work by different mechanisms of
action to inhibit tumor growth, we wished to assess the activity of RgIA4 in taxane-induced neuropathic
pain [39]. Taxanes are effective treatments for breast cancer; however, neuropathic pain is a common
side effect. After two years of treatment, over 40% of women indicated that they still experience
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neuropathy symptoms with compromised long-term quality of life [40,41]. There are currently no
recommended agents for the prevention of taxane-induced neuropathic pain. The positive outcome for
RgIA4 indicates broader applicability of α9α10 nAChR antagonists for preventing symptoms of CIPN.

In this study, the repeated and intermittent administration of clinically-formulated dosages
of paclitaxel produced a robust mechanical allodynia which was consistent with previous reports
in both humans and rodents [5]. A previously-observed coasting phenomenon was also present
in which symptoms could continue and even intensify after cessation of treatment. In this study,
symptoms peaked in intensity on day 16, ten days after the last administration of paclitaxel; a similar
phenomenon has been reported in clinical settings and successfully reproduced in rodent models [31,42].
The administration of RgIA4 five days per week for three weeks successfully accelerated the recovery
from paclitaxel-induced mechanical allodynia in a dose-dependent manner. The effects of RgIA4 only
became evident after repeated dosages and did not reach significance until day 30, approximately 12
days after the RgIA4 administration had been discontinued. This delay in efficacy is consistent with
our previous reports of both native RgIA in chronic constriction injury models of neuropathic pain and
RgIA4 in oxaliplatin-mediated neuropathic pain. The time course of symptom relief is consistent with
a disease-modifying effect of RgIA4 rather than just a pain-masking effect [24–26]. In future studies,
it will be of interest to assess the effects of RgIA4 that are administered over a longer time frame.

The diversity of cone snails and their venom components have provided a rich pharmaceutical
cornucopia of neuroactive compounds. Previously, α-conotoxins such as Vc1.1 and RgIA have been
characterized to produce anti-pain effects in rodent models of chronic pain, as have been members of
the ω-conotoxin family such as MVIIA [28,43]. MVIIA is commercially available as Prialt®(ziconotide)
for the treatment of intractable pain and acts by blocking N-type calcium channels in the CNS. Notably,
N-type calcium channels may be inhibited by stimulation of γ-aminobutyric acid type-B (GABAB)
receptors or μ-opioid receptors [44–46]. The stimulation of GABAB receptors has been proposed as
the mechanism of action for α-conotoxins Vc1.1 and RgIA [47–52]. We note, however, that the RgIA
analog used in the present study, RgIA4, does not have GABAB or μ–opioid activity [24,25].

It is noteworthy that the analgesic effects of RgIA4 do not become apparent until the discontinuation
of treatment. Previous studies of RgIA and RgIA4 have indicated that full analgesic effects may occur
after several weeks of treatment [24–26]. This efficacy time course is consistent with a disease-modifying
effect that we observed in oxaliplatin-induced neuropathic pain, where RgIA4-treated animals
demonstrate anti-allodynic benefits for several weeks after the discontinuation of RgIA4 treatment [24].
This suggests that RgIA4 affects the progression of chronic pain development and recovery, yielding
pain relief even after the clearance of RgIA4 from circulation. While neuropathic pain has many different
causes, a point of convergence in the progression of disease is neuroinflammation and peripheral nerve
damage [2]. α9α10 nAChRs have not been shown to be involved in the neurotransmission of pain.
However, these receptors have been shown to be expressed in peripheral immune cells and to affect the
release of inflammatory cytokines in vitro and the infiltration of immune cells into perineural spaces
following chronic constriction injury (CCI) [28,53,54]. While the exact mechanisms by which α9α10
nAChR antagonists exert their therapeutic effects have yet to be elucidated, it is likely that the long-term
neuroprotective effects are, at least in part, influenced by neuroimmune-mediated mechanisms.

Other α9α10 antagonists, structurally unrelated to RgIA4, have also been shown to have analgesic
activity in CIPN pain and other neuropathic pain models. Small molecule azaaromatic quaternary
ammonium analogs selectively block α9α10 nAChRs [55]. The bis-analog, ZZ1-61c, prevented the
development of vincristine-induced neuropathic pain [56]. The tetrakis-quaternary ammonium
ZZ-204G was analgesic in formalin and CCI models of neuropathic pain [57]. In addition, an entirely
different conotoxin peptide, αO-conotoxin GeXIVA, which blocksα9α10 nAChRs noncompetitively and
lacks GABAB agonist activity, also reverses oxaliplatin-induced neuropathic pain and CCI pain [58–60].

Conotoxins may be classified by gene superfamily and defined by their signal sequence in
the prepropeptide region and their disulfide framework. The α-conotoxins are members of the
A-superfamily, which are characterized as two-disulfide-bridged peptides, typically 13–19 amino
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acids in length, that selectively and competitively inhibit nAChRs [61]. By contrast, αO-conotoxin
GeXIVA is from the O1-superfamily, which are three-disulfide-bridged peptides that typically inhibit
voltage-gated ion channels [19]. This diverse group of antagonists supports the idea that α9α10
nAChRs are an effective target for reversing and accelerating recovery from neuropathic pain.

3.2. Chemotherapy-Induced Neuropathic Pain and Block of α9α10 nAChRs

Chemotherapeutics of the taxane, vinca-alkaloid, and platinum-based families have different
mechanisms of action. Paclitaxel is a member of the taxane family and produces a robust anti-cancer
effect by stabilizing microtubule polymers, effectively preventing the disassembly and progression of
mitosis [62–64]. Vinca alkaloids also target microtubules, but in a fashion “opposite” to taxanes, do so
by destabilizing microtubule formation [65]. By contrast, platinum-based drugs such as oxaliplatin
primarily target DNA, creating DNA lesions and adducts, ultimately preventing cell replication [66].
Just as the mechanisms of action between taxanes, vinca alkaloids, and platinum-based drugs are
different, the resulting neuropathologies also develop differently. Taxanes cause dysfunction to
mitochondria and endoplasmic reticulum calcium signaling as a side effect of their microtubule
disruption, whereas platinum-based drugs appear to alter surface ion-channel remodeling initially,
and eventually lead to neuronal apoptosis after prolonged exposure [67–69]. Vincristine has also been
shown to upregulate the surface expression of 5-hydroxytryptamine2A (5-HT2A)receptors in neurons
in the dorsal horn and dorsal root ganglion (DRG), sensitizing nociceptors [70]. The development and
progression of neuropathies between these three distinct classes of chemotherapeutics are multi-faceted,
overlapping in certain aspects, and yet diverse in nature [71].

Painful neuropathies caused by oxaliplatin and paclitaxel share some commonalities of neuronal
inflammation, altered ion-channel-expression and excitability of peripheral neurons, and dose-
dependent severity [69]. However, while several cellular and molecular markers have been
characterized in the development of these distinct neuropathies, the pathophysiology still remains
poorly understood [72–74]. Previously, RgIA4 showed antinociceptive efficacy in oxaliplatin-treated
rats with dosages as low as 0.128 μg/kg, compared to this study where effects did not become evident
until 80 μg/kg [24,25]. In addition, RgIA4 showed a robust reversal of cold allodynia in these oxaliplatin
models of CIPN. The reason for these differences is unknown. As such, the differential efficacy of
RgIA4 in paclitaxel-treated animals, as compared to previously-reported oxaliplatin-treated animals,
may provide a pharmacological tool that can help investigate the distinct, yet intertwining, disease
progression between these two pathologies.

Despite the different mechanisms of neuropathology caused by distinct anti-cancer drug classes,
the blockade of α9α10 nAChRs appears to be a potential convergent target for the prevention and/or
treatment of neuropathic pain across several models. Separate from the α9α10 nAChR subtype, the
closely-related homomeric α7 nAChR and the α74β2 nAChR subtypes have been implicated in the
modulation of pain. Selective activation of α7 nAChRs with (R)-(-)-3-methoxy-1-oxa-2,7-diaza-7,10-
ethanospiro[4.5]dec-2-ene sesquifumarate ((R)-ICH3) or PNU-282987, positive allosteric modulation
with GAT107 or PNU-120596, and silent agonism with (R)-N-(4-Methoxyphenyl)-2-((pyridin-
3-yloxy)methyl)pi-perazine-1-carboxamide Dihydrochloride (R-47) have shown efficacy in models
of inflammatory and neuropathic pain [75–78]. Separately, the α4β2 nAChR agonist (R)-5-(2-
azetidinylmethoxy)-2-chloropyridine (ABT-594), an analog inspired by the alkaloid epibatidine isolated
from poison arrow frog, Epipedobates tricolor, has been shown to result in robust anti-pain effects [79,80].
ABT-594 moved forward into clinical trials but was halted due to adverse side effects.

While chemotherapies are diverse in their mechanisms of action, several drugs across different
families have produced similar neuropathies. The use of natural products as a source of therapeutics has
proven to be effective but with caveats. Harnessing the evolutionary refinement of these compounds
has provided a rich collection of highly specific pharmacological tools. The discovery of paclitaxel was a
fortuitous hit from a concerted screening of natural products coordinated by the United States National
Cancer Institute looking specifically for compounds that would be efficacious against cancers [3].
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Although one of the most widely used chemotherapeutics, the disruptive side effects of paclitaxel
are evident. The use of a cone-snail-derived compound as an effective adjuvant treatment highlights
the versatility of natural compounds and the importance of continuing the concerted screening and
characterization of these molecules for therapeutic applications. The observed efficacy of α9α10
nAChR antagonists in preventing CIPN pain from taxane, platinum-containing, and vinca-alkaloid
families of chemotherapeutics suggests a common juncture in the mechanisms of CIPN development
across several structural classes of compounds. RgIA4 may be a promising tool in both the treatment
of CIPN pain through this mechanism and further characterization of this non-opioid pathway of pain
treatment as a molecular probe.

4. Materials and Methods

4.1. Animals

Male Sprague Dawley rats (Envigo) weighing 200–300 g were used in all rat experiments. Rats
were housed in groups of two rats per cage with food and water available ad libitum. Animals
were maintained in a temperature- and humidity-controlled animal colony maintained on a 12-h
light/dark cycle (lights on at 07:00). Male C57BL/6J mice (Jackson Laboratories) were used in all mouse
experiments. Mice were housed in groups of four or five per cage with food and water available
ad libitum and on the same light cycle. All rat studies were conducted under the approval of the
Institutional Animal Care and Use Committee (IACUC) of the University of New England, protocol
number 042617-001. All mice experiments were conducted under the approval of the University of
Utah IACUC, protocol number 17-08002. The Animal Care and Use Programs and Facilities of the
University of Utah are accredited by the Association for Assessment and Accreditation of Laboratory
Animal Care (AAALAC) International.

4.2. Drug Solutions and Injections

A clinical formulation of paclitaxel was employed. Paclitaxel USP, extracted from Taxus X media
‘Hicksii’ (Hospira, IL, USA), came in solution at a concentration of 6 mg/mL. The vehicle used for
dilution consisted of 1 part 1:1 Cremophore:EtOH mixture and 2 parts 0.9% saline, and 2 mg/mL
sodium citrate. Rats were given a dose of 2 mg/kg (IP) every two days for a total of 4 doses, at a volume
of 1 mL/kg body weight. RgIA4 was dissolved in 0.9% saline and injected (SC) once per day, 5 days a
week for a total of 15 doses at 1 mL/kg body weight for rats and 4 mL/kg body weight for mice [25].
Upon completion of animal injections, material underwent HPLC analysis to verify its composition
and integrity.

4.3. Von Frey Assay

Tactile allodynia was quantified by measuring the hindpaw withdrawal threshold to Von Frey
filament stimulation, using the up-down method previously reported [81,82]. Throughout the study,
experimenters were blinded to the identity of the injected compound. Rats were divided into treatment
groups of n = 8 unless otherwise specified. Animals were placed in a clear Plexiglass chamber and
allowed to habituate for 15–60 min. Touch-Test filaments (North Coast Medical, Morgan Hill, CA, USA)
were used for all testing. For rats, the 2.0 g (4.31) filament was used to start. Clear paw withdrawal,
shaking or licking was considered a positive or painful response. This up-down method was stopped
four measures after the first positive response. The withdrawal threshold was calculated using the
up-down Excel program generously provided by Dr. Michael Ossipov (University of Arizona, Tucson,
AZ, USA). The filament range for rats was 3.61, 3.84, 4.08, 4.31, 4.56, 4.74, 4.93, 5.18.

4.4. Plantar Test

Thermal allodynia was quantified by measuring the hindpaw withdrawal latency to noxious
radiant heat application in unrestrained animals using the plantar test apparatus (rats: Ugo Basile),
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as previously reported [83]. Throughout the study, experimenters were blinded to the identity of the
injected compound. Rats were divided into treatment groups of n = 8 unless otherwise specified.
Briefly, animals were placed in a clear Plexiglass chamber and allowed to habituate for 15–60 min.
A radiant heat source was then focused on the plantar surface of the hindpaw with the paw withdrawal
time automatically determined. The intensity of the heat source was adjusted so that baseline latency
was approximately 15 s. A test cutoff time of 30 s was observed to avoid tissue damage.

4.5. Cold Plate

Rats underwent cold plate testing to determine if any sensitivity to cold developed following
paclitaxel injection. Throughout the study, experimenters were blinded to the identity of the injected
compound. Rats were divided into treatment groups of n = 8 unless otherwise specified. A hot/cold
plate (Ugo Basile) was used and cooled to 5 ◦C. To help achieve reliable results a layer of distilled water
coated the cold plate. Each rat was placed on the plate, one at a time. The time it took the rat to lick or
flick a hind paw or jump to escape the plate was recorded to the nearest 0.1 s. A 5 min cutoff time was
used to remove the rat from the plate if they had not yet shown a response to avoid tissue damage.

4.6. Statistical Analysis

In the rat assays, dose- and time-response curves were constructed for each pain model. Mean
and standard errors of the mean were calculated. To determine statistical significance either an
unpaired t-test or two-way ANOVA was performed followed by a Bonferroni posttest using GraphPad
Prism software version 6.07 for Windows, GraphPad Software, La Jolla, CA, USA. Significance was
established at the p < 0.05 level.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/18/1/12/s1,
Figure S1: Paclitaxel did not induce mechanical allodynia in C57BL/6J mice, Figure S2: Tail synaptic nerve action
potential (SNAP) conduction velocity was not affected by paclitaxel.
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The following abbreviations are used in this manuscript:

ANOVA Analysis of variance
CCI Chronic constriction injury
CIPN Chemotherapy-induced peripheral neuropathy
CNS Central nervous system
GWAS Genome-wide association study
IP Intraperitoneal
nAChR Nicotinic acetylcholine receptor
NCI National Cancer Institute
NCV Nerve conduction velocity
PTX Paclitaxel
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SD Sprague Dawley
SEM Standard error of the mean
SNAP Sensory nerve action potential
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Abstract: The piscivorous cone snail Conus tulipa has evolved a net-hunting strategy, akin to the
deadly Conus geographus, and is considered the second most dangerous cone snail to humans.
Here, we present the first venomics study of C. tulipa venom using integrated transcriptomic
and proteomic approaches. Parallel transcriptomic analysis of two C. tulipa specimens revealed
striking differences in conopeptide expression levels (2.5-fold) between individuals, identifying
522 and 328 conotoxin precursors from 18 known gene superfamilies. Despite broad overlap at
the superfamily level, only 86 precursors (11%) were common to both specimens. Conantokins
(NMDA antagonists) from the superfamily B1 dominated the transcriptome and proteome of C. tulipa
venom, along with superfamilies B2, A, O1, O3, con-ikot-ikot and conopressins, plus novel putative
conotoxins precursors T1.3, T6.2, T6.3, T6.4 and T8.1. Thus, C. tulipa venom comprised both paralytic
(putative ion channel modulating α-, ω-, μ-, δ-) and non-paralytic (conantokins, con-ikot-ikots,
conopressins) conotoxins. This venomic study confirms the potential for non-paralytic conotoxins to
contribute to the net-hunting strategy of C. tulipa.

Keywords: conotoxin; Conus tulipa; intraspecific variation; venomics; transcriptomics; proteomics;
conantokins; net hunting strategy; nirvana cabal; ion channel modulators

1. Introduction

Venomous animals have long been regarded as a valuable source of bioactive peptides that
can have therapeutic potential, with several currently used clinically [1–4]. Marine cone snails
produce relatively short cysteine-rich bioactive peptides called conotoxins that target various ion
channels and receptors [5]. Amongst animal venoms, conotoxins arguably display the broadest suite
of posttranslational modifications (PTM), which contribute to the broad spectrum of bioactivity in
these exceptionally potent venoms [6]. To date, more than 800 species of snails in the genus Conus have
been documented [7] with most species producing in excess of 1000 conotoxins [8]. As these molluscs
are sluggish and small, it is clear that their complex venom arsenal has contributed to their success as
predators [9,10]. To accelerate conotoxin discovery, there has been a shift from traditional assay-guided
fractionation and Sanger sequencing to an increased use of next-generation sequencing (NGS) and
proteomics as part of an integrated “venomics” approach [11]. Venomics has contributed to recent
breakthrough in our understanding of the ecology and evolution of cone snails, including the role of
defence in diet diversification [12] and biological messiness [13–16] in the accelerated diversification
of conopeptides.
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Cone snail venom composition appears to be affected by geography, diet and season [17], however,
significant differences between individuals of the same species [8,18–21] make comparisons difficult
and many earlier studies using pooled venom samples ignored the importance of venom variability [22].
Most well-studied Conus venoms have been isolated from fish hunting species that have evolved to
target vertebrates [5,23]. The piscivorous cone snail Conus tulipa is classified phylogenetically in the
Gastridium clade along with the closely related and potentially lethal Conus geographus [24]. Whereas
this study follows the phylogeny published by Puillandre et al. [7], where the Gastridium species
represents a subgenus within the single genus Conus, other authors have suggested that Gastridium
should be recognized as a separate genus [25]. C. tulipa (50–80 mm) is smaller than C. geographus
(80–120mm) but both possess a thin fragile shell and are generally considered the deadliest cone snails
to humans [24]. Nevertheless, no systematic characterization of C. tulipa venom has been reported,
with only ρ-TIA [26–28], μ-TIIIA [29], conantokin-T [30], conotoxin TVIIA [31] and conopressin-T [32]
characterized to date. C. tulipa utilises a net-feeding strategy, exclusive to this clade, which involves
enlargement of the snail’s rostrum and secretion of conotoxin(s) presumably through the proboscis
to suppress the escape response of fish facilitating prey capture by mouth. Olivera et al. coined
the ‘nirvana cabal’ [22] to describe the chemistry that facilitates net feeding, although the bioactive
components of the nirvana cabal remain to be fully characterized.

Using 454 pyrosequencing combined with top-down and bottom-up mass spectrometry and
dedicated bioinformatic tools, we characterized the complex mixture of venom peptides that comprise
the venom of C. tulipa. Insights into intraspecific venom peptides were obtained by comparing
the transcriptomes of two specimens of C. tulipa collected from the same geographical location.
This systematic characterization broadens our understanding of the venom peptides contributing to
the predatory and defensive behaviour of C. tulipa.

2. Results

2.1. Transcriptomic Intraspecific Variation

Using 454 sequencing, ConoSorter and manual editing, we generated venom gland transcriptome
databases for two C. tulipa specimens, S1 and S2. The S1 intact venom duct yielded 522 conotoxin
precursors that clustered into 16 known gene superfamilies (Table S1), while stripped venom duct
of S2 yielded fewer (328) conotoxin precursors that clustered into 18 known gene superfamilies
(Table 1 and Table S1). Overall, 16 gene superfamilies were common to both specimens (Table 1,
Figure 1), with superfamily B1 encoding conantokins dominating the venom gland transcriptome of
both specimens. In addition, gene superfamilies B2, O1, O3, con-ikot-ikot, conopressins and conoporins
had high expression levels in both specimens (Figure 1). No novel gene superfamily was identified.

Table 1. Transcriptomic variation between two C. tulipa specimens.

Transcriptome Features Specimen 1 (S1) Specimen 2 (S2)

454 raw reads generated 100,564 33,516
Number of final conotoxin precursors 522 328

Number of gene superfamilies 16 18
Total read frequency (level of transcription) 16,333 6426
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Figure 1. Transcriptomic expression of gene superfamilies for S1 and S2. (a) The conopeptide precursor
read frequency and (b) the number of unique conotoxin sequences expressed by each specimen across
the 16 common gene superfamilies. These data highlight the variable read frequency, with S1 expressing
significantly more unique sequences across all superfamilies except the newgeo-3 and M superfamilies.

Eighty-six conotoxin precursors (Tu001–Tu086) were common to both specimens, comprising
~ 10% of the total identified conotoxin precursors. Of these, 29 belonged to B1, 2 to B2, 11 to O1,
6 to O3, 8 to A, 8 to con-ikot-ikot, 4 to conopressin-conophysin and 6 to the recently described
newgeo-1 superfamily from C. geographus (Table S2). Interestingly, most precursors had widely varying
read frequencies between the specimens. For example, precursor Tu029 was the highest expressing
superfamily B1 precursor in S1 (162 reads) but one of the lowest expressing (2 reads) in S2. In contrast,
precursor Tu020 was highly expressed in S2 (495 reads) but had only 12 reads in S1 (Figure 2). Overall,
41 of 86 common conotoxin precursors had read levels that were within 3-fold difference (Table S2).
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Figure 2. Expression of common precursors in S1 and S2. (a) A Venn diagram representing the total
number of precursors found in S1 and S2. Both specimens commonly expressed 86 conopeptide
precursors. (b) Expression level of the common precursors in S1 and S2. For superfamilies that shared
>10 precursors (eg, B1, O1, O3), data is shown for the highest expressing precursor for each specimen
in that superfamily. For known venom peptides, their name follows the transcript nomenclature.

2.2. Proteome Analysis

LC-MS analysis was performed on the proximal (P), proximal central (PC), distal central (DC)
and distal (D) sections of the S2 venom duct (Figure 3). The P and PC sections had similar profiles,
with twelve common masses shared between the two sections. In contrast, the DC and D sections were
each quite distinct, with the DC section producing only a few easily detectable masses, while the D
section was more complex. Through a combined top-down and bottom-up proteomics approaches,
we confirmed the presence of 7 of 9 reported C. tulipa venom peptides (Table S3). These include ρ-TIA
(2389.22 Da), conopressin-T (1107.567 Da) and T1.1 (1904.249 Da) in the P and PC sections (Figure 3),
though low levels of the former were also identified in the DC section (Figure 4). In the D section,
the dominant mass was conantokin-T (2682.351 Da) and the moderately expressing T1.2 (1953.246 Da)
(Figure 4). Tandem MS/MS analysis of the duct sections detected and confirmed the presence of 18
conotoxins (Table 2).
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Figure 3. Mass profiles of the four venom duct segments of C. tulipa. LC-MS profiles of (a) proximal,
(b) proximal central, (c) distal central and (d) distal sections of the venom duct are shown, with
prominent masses indicated. The mass profiles for the proximal and proximal central sections were
similar and included three known conotoxins ρ-TIA (relative intensity 10.2%), T1.1 (relative intensity
0.17%) and conopressin-T (relative intensity 57.5%). In contrast, the mass profiles for the distal and
distal central sections are quite different, with the latter displaying a much simpler peptide profile
dominated by the peptide mass 5413.783 Da, while the distal section was dominated by Con-T (2682.351
Da) along with peptide masses 2722.33 Da, 2744.32 Da and T1.2. Additionally, relatively low expression
of conopressin-T (4.45%) and ρ-TIA (0.1%) peptides was observed within the DC section.
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Figure 4. Relative intensity of prominent venom peptides expressed in different sections of the C. tulipa
venom duct. (a) Relative intensity of the ten dominant peptides from the proximal (P), proximal central
(PC), distal central (DC), and distal (D) venom duct sections. Conopressin-T (red bar), ρ-TIA (blue bar)
and conantokin-T (green bar) were amongst the major expressing peptides analysed in the proteome
(b) Relative intensity of known C. tulipa peptide masses across the venom duct sections. Conantokin-T
(2682. 3514 Da) dominated the D section, while conopressin-T (1107. 5675 Da) and ρ-TIA (2389.2206
Da) had relatively high expression levels in the PC sections. T1.2 (1953.2469 Da) also had relatively
high expression in the D section, while T1.1 (1904.2497 Da) showed relatively low expression across the
venom duct.
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2.3. Transcriptomic Variance Within Gene Superfamilies

2.3.1. Superfamily B1 [33]

Superfamily B1 dominated expression in both the specimens, with a total of 377 precursors
recovered, including 157 unique precursors in S1 and 191 unique precursors in S2, together with
29 common precursors (Tu001–Tu029). Conantokin-T has been well-characterized [33] but its gene
precursor sequence has remained incomplete. From our transcriptome analysis, we established the
full precursor sequence of conantokin-T (Tu020), with most other B1 superfamily transcripts being
variants of conantokin-T (Table S1). MS/MS analysis matched peptide fragments belonging to Tu020
(495 reads) from S2 found in the distal venom duct, confirming venom expression of conantokin-T
(2682.35 Da) (Table 2).

2.3.2. Superfamily B2 [14]

In C. tulipa, twenty-four B2 precursors were identified in the transcriptome of S1 at moderate
transcription levels. Of the thirteen precursors identified in S2, MS/MS analysis only detected
fragments belonging to a single conotoxin precursor (Tu030, 25 reads) found in the PC and P sections
of the venom duct (Table 2). B2 peptides are cysteine poor, similar to the superfamily B1 conantokins
(Table S4). Only two B2 conotoxin precursors (Tu030 and Tu031) were common to both specimens
(Table S2).

2.3.3. Superfamily O1 [34]

S1 and S2 expressed 83 and 11 unique superfamily O1 precursors, respectively, with eleven
precursors (Tu032–Tu042) common to both specimens (Table S2). The O1 precursors expressed in S1
and S2 could be classified into four major subtypes based on their propeptide sequences, including
precursors for TVIA, TVIIA, putative T6.1 and a putative new peptide sequence named T6.2 (Table
S4). Despite 23 precursors encoding for TVIA in S1 and 7 in S2, only two precursors (Tu034 and
Tu035) were common to both (Table S2). For TVIIA, we found two precursors common to both S1 and
S2. The MS/MS analysis detected fragments matching to two precursors encoding for TVIA (Tu035,
153 reads and Tu274, 376 reads) and a fragment matching precursor encoding for a putative T6.1 toxin
(Tu032, 3 reads) in the PC section (Table 2).

2.3.4. Superfamily O3 [35]

Fifty-eight unique superfamily O3 precursors from S1 and 12 from S2 were identified,
while six precursors (Tu043–Tu048) were common to both specimens. All precursors had
the same signal sequence MSGLGIMVLTLLLLVLMTTSH, and depending on their mature
peptide sequence differences, superfamily O3 precursors were classified into two groups; T6.3
(SAKGTVSWRKKHCCCIRSNGPKCSRICIFKFWC) that displayed 92% similarity to G20 [35], and T6.4
(CEMQCEQKKKHCCRVREERIQCAPKCWGIEW) that was 90% similar to G6.6 (Table S4) [32].
MS/MS fragments matching two T6.4 precursors (Tu297, 51 reads and Tu298, 76 reads) were detected
in the PC venom duct sections of S2 (Table 2).

2.3.5. Superfamily A [36]

S1 expressed thirty-three unique superfamily A precursors and S2 eleven unique precursors,
with eight precursors (Tu049-Tu056) common to both (Table S2). Superfamily A conopeptides included
ρ-conotoxin TIA and putative α-conotoxins T1.1 and T1.2 (Table S4). Broadly, the analysed precursors
could be classified into four subgroups depending on their mature sequence, (Table S4). The new
peptide T1.3 (Tu056, 391 reads) displayed high similarity to peptide G1.9 from C. geographus [37],
with MS/MS detecting a fragment matching T1.3 in the DC venom duct section (Table 2). 15 ρ-TIA
precursors from S1 and two from S2 were detected, with S1 additionally expressing 11 C-terminal
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sequence variants of ρ-TIA (Table S5). A single ρ-TIA transcript (Tu053) was common to both the
specimens, with 2 reads in S1 and 81 reads in S2 (Table S2). A mass corresponding to ρ-TIA (2389.22
Da) was detected by LC/MS at modest levels in the P, PC and DC venom duct sections of S2 (Figure 3;
Figure 4), although no MS/MS fragments of ρ-TIA could be detected. In addition to ρ-TIA, a mass
corresponding to T1.1 (1904.249 Da) was detected by LC/MS in the P and PC sections, while T1.2
(1953.246 Da) was detected with relatively high intensity in the distal venom duct section that was
confirmed by an MS/MS match to Tu051 (Table 2) providing the first proteomic evidence for T1.1 and
T1.2 (Table S4).

2.3.6. Conopressins-Conophysin [22]

Conopressin-conophysin precursors were analysed from the venom duct transcriptomes of both
specimens. Mature conopressin-T was associated with 20 unique conopressin precursors in S1 and 6
unique precursors in S2, with four common (Tu057–Tu060) to both (Table S2). Of these, three precursors
(Tu057–Tu059) displayed a mature conophysin sequence that was 93% similar to conophysin-G [38].
From the proteome, we identified a mass corresponding to conopressin-T (1107.567 Da) expressed in
the P, PC and DC sections of the venom duct of S2 (Figure 3), with a relatively high expression (57%)
in the PC sections (Figure 4). Venom expression of conopressin-T was confirmed by MS/MS.

2.3.7. Con-ikot-ikots [37]

S1 expressed 20 and S2 expressed 11 con-ikot-ikot precursors, with eight precursors (Tu061–Tu068)
common to both specimens (Table S2). This class of conotoxins is associated with different signal
peptide regions and remain to be assigned to a specific superfamily. In this study, most of the
expressed precursors displayed the signal sequence MAMNMSMTLSTFVMVVVAAT, similar to the
signal sequence of con-ikot-ikots from C. striatus, despite their mature peptide region being similar to
con-ikot-ikots isolated from C. geographus [39] (Table S3). MS/MS analysis confirmed the presence of
two con-ikot-ikot peptide fragments (Tu065, 11 reads;Tu068, 28 reads) in the D and DC venom duct
sections of S2 (Table 2).

2.3.8. Conoporins [40]

Three conoporin precursors (Tu069–Tu071) were common between both specimens, while S1
expressed fourteen and S2 expressed five unique precursors. MS/MS detected fragments that matched
to two precursors (Tu314 with 3 reads and Tu0316 with 2 reads) across the venom duct sections of S2
(Table 2).

2.3.9. Superfamily M [41]

μ-TIIIA from C. tulipa is a potent inhibitor of mammalian neuronal sodium channels [41].
Surprisingly, superfamily M expression levels were low in the S1 and S2 transcriptomes (1 and 3
precursors, respectively), with all precursors being identical to TIIIA (Table S1) although the μ-TIIIA
mass was not detected in the proteome. One precursor (Tu072) was common to both specimens
(Table S2).

2.3.10. Conoinsulin [42]

S1 had 8 conoinsulin precursors and S2 expressed 4 precursors, with only a single
precursor (Tu073) common to both (Table S2). All precursors had the signal sequence
MTTLFYFLLMALGLLLYVCQSSFGNQ and comprised both the A and B chains (Table S1). No mass
corresponding to conoinsulins could be identified from the proteomic analysis.
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2.3.11. Conkunitzins [43]

Nineteen and 3 unique conkunitzin precursors were analysed in S1 and S2, respectively, with
two precursors common to both (Tu074 and Tu075). Despite low transcriptomic expression, MS/MS
analysis detected fragments that matched to two conkunitzin precursors (Tu320, 2 reads and Tu075,
12 reads) in the DC and PC venom duct sections respectively (Table 2).

2.3.12. Superfamily S [44]

A single common superfamily S precursor (Tu077) that was 91% similar to G8.3 from
C. geographus [44] was identified in S1 and S2 (5 and 7 reads, respectively). The novel precursor
had the signal sequence MMSKMGAMFVLLLLFTLASSQ and a disulfide connectivity belonging to
framework VIII (10 cysteine residues, -C-C-C-C-C-C-C-C-C-C-). We have named it as putative T8.1
(Table S4) since no mass corresponding to superfamily S precursors could be detected in the proteome.

2.3.13. NewGeo-1 [12]

For both specimens, five precursors were identified (Tu081–Tu086) that displayed the signal
sequence MSRLFLILLVIAVITLKADAS and were devoid of cysteine residues in the mature region.
S1 also had 24 additional precursors and S2 had two additional related precursors. No masses
associated with this superfamily were detected in the proteome.

2.4. Intra-Clade Transcriptomic Comparison

To analyse the extent of clade-specific conotoxin expression, the transcriptomes of S1 and S2 were
compared to their closest relative, C. geographus [12]. The transcriptomes of both species have been
generated using 454 pyrosequencing platform. Remarkably, thirteen gene superfamilies, including B1,
B2, A, O1, con-ikot-ikot and conopressin-conophysin, were jointly expressed within the Gastridium
clade (Figure 5). Despite this broad overlap, no common conotoxin precursor was analysed between
C. geographus and C. tulipa, with each species displaying a unique venom duct transcriptome (Figure 5b).
S2 shared two superfamilies, O2 and T, with C. geographus, while no superfamily was exclusively
common to S1 and C. geographus. Additionally, C. geographus expressed six superfamilies exclusively,
including I3, J, contryphans and contulakins (Table S6). Three superfamilies, H, conoinsulins and
conoporins, were found exclusively to C. tulipa. While no transcriptomic evidence for conoinsulins
and conoporins was reported in the transcriptomic study for C. geographus [12], these conotoxins have
previously been detected in the venom gland of C. geographus [42,45]. The numbers of conotoxin
precursors, across the common superfamilies, were analysed to be 10-fold higher in the C. tulipa venom
duct transcriptome.
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Figure 5. Intra-clade transcriptomic comparison for the Gastridium clade. Three-way Venn diagrams
depicting the extent of the (a) gene superfamily and (b) venom duct conotoxin precursor overlap
observed between C. geographus and C. tulipa (S1 and S2). Thirteen gene superfamilies were common
to both the species, while six and three superfamilies were exclusive to C. geographus and C. tulipa
respectively. Despite this broad overlap, both species produce a cohort of conotoxin precursors that are
distinctly exclusive. (c) The number of conotoxin sequences expressed by both species across the 13
common gene superfamilies.

3. Discussion

Venomic studies are increasingly being used to develop comprehensive understandings of animal
venoms. In this study, we describe the first venomic analysis of the piscivorous net hunter C. tulipa
using a combination of 454 pyrosequencing, advanced mass spectrometry and dedicated bioinformatic
tools. In addition, we evaluated the intra-specific mRNA variation across two C. tulipa specimens to
better understand venom variation in Conidae. Transcriptomics uncovered 764 conotoxin precursors
that were classified into 16 known superfamilies across the two specimens, with two additional
superfamilies identified as unique to one specimen. Despite this superfamily overlap, 10% of the
identified conotoxin precursors were found in both specimens, representing the venom ‘fingerprint’ for
C. tulipa, and establishing that much of the dramatic proteomic variation previously reported [12] arises
at the mRNA level [8,19,21,46–48]. Overall, the venom of C. tulipa is characterized by the expression of
non-paralytic peptides previously hypothesized to contribute to the nirvana cabal of net hunting Conus
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species [22]. Amongst these, superfamily B1 (conantokins) was most abundant in the distal venom
duct proteome, whereas conopressin-T was most abundant in the proximal venom duct, suggesting
non-paralytic conotoxins may play distinct and separate roles in prey capture and/or defence in
C. tulipa.

While geography and diet are believed to contribute to the observed venom variation between
cone snail species and individuals [13,14,16], our transcriptomic comparison revealed quite distinct
venom peptide repertoires despite both the specimens being collected from the same geographical
region. Despite this remarkable variability, the top five gene superfamilies expressed in both C. tulipa
specimens were B1, B2, O, A and con-ikot-ikot. Specimen S1 expressed ~ 2.5 times more conotoxin
precursors than S2, with most being variants of the parent precursor. These variants were observed
to be arising due to insertion/deletion of precursor sequences, an elongated post-cleavage sequence,
and changes in 1-2 amino acids (in either propeptide or mature peptide); synonymous to the mRNA
messiness that has been previously described [13]. For example, while the venom duct transcriptome
of S2 expressed only a single variant of ρ-TIA, in S1 we analysed eleven variants of the ρ-TIA peptide
(Table S5). Another contributing factor to this observed peptide variation is variable peptide processing
previously identified as expanding observed conopeptide diversity [14]. These peptide variants create a
diverse sequence library allowing enhanced forms to be selected in response to changing evolutionary
pressures. Differences in sample preparation could also contribute to the observed intraspecific
difference, with the whole venom duct retaining the epithelial cell lining [49,50] that might contribute
to the increased number of peptide precursors identified in S1. Injected venom has also shown
prominent intraspecific differences [19], however, we were unable to obtain injected venom from our
live specimens to investigate milked venom variation in C. tulipa.

This study revealed that non-paralytic conotoxins dominated the transcriptome of C. tulipa,
including conantokins, conopressins, conkunitzins, con-ikot-ikot and conoinsulins previously
proposed to contribute to the nirvana cabal [51]. Conantokins dominated the distal venom duct,
suggesting a role in predation [12] and potentially reflecting deployment during net hunting by
C. tulipa. However, despite a suggested predatory role, conopressin-T dominated the proximal and
proximal central venom duct sections previously shown to contribute to the defensive venom in the
closely related C. geographus [45]. Therefore, conopressin-T may play a role in defense [12], perhaps
reflecting its shift to an antagonist of the vasopressin receptor [32]. Conoinsulins have been recently
implicated in the nirvana cabal of C. geographus [42], however, their transcriptomic expression was
low and could not be detected in the proteome, suggesting these modified hormones likely play
no more than a limited role in C. tulipa venom. ρ-TIA and the conkunitzins were also detected at
moderate levels in distal venom duct sections and thus potentially contribute to the predatory strategy
of C. tulipa. Whereas ρ-TIA injected into fish was non-lethal [27], its contribution to the nirvana cabal
remains to be evaluated. Conkunitzins have been characterized to block human KV1.7 [43], associated
with the functioning of the β-cells of Langerhans and thus may cause hypoglycaemia and potentially
synergise with conoinsulins as part of the nirvana cabal [52] but effects on fish and any synergy
remains to be determined. In contrast, α-conotoxins (T1.1) and ω-conotoxins (TVIA, T6.1, T6.4) were
identified in the proximal venom duct, suggesting these conotoxins contribute to a defensive strategy,
while α-conotoxin T1.2 was detected in the distal venom duct, suggesting an involvement in C. tulipa
predatory venom [12]. In addition, superfamilies O3, H and A were typically found in the distal central
section. Given net feeders can also deploy a hook and line strategy to catch fish [12], it is plausible
that their venom ducts have specialized sections for both predatory modes in addition to a specialized
section for defence.

Comparing the transcriptomes of C. tulipa and C. geographus revealed these species had thirteen
common gene superfamilies (Figure 5 and Table S6) [12], including high levels of the non-paralytic
conantokins in the distal venom duct proteome. These findings support the view that cone snails
belonging to the same evolutionary clade display similar venom profiles and functions that have arisen
due to their overlapping predatory strategies [53]. However, both species have developed a unique
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venom peptide arsenal indicative of divergent evolution. This study showed that C. tulipa produced
approximately 10-fold more conotoxin precursors than C. geographus reflecting the peptide expression
at the time of mRNA preparation and are likely to vary across C. tulipa specimens. Both C. tulipa
and especially C. geographus are considered dangerous to humans, with C. geographus implicated in
numerous fatal stings [18]. C. geographus has a complex proximal venom duct profile dominated
by ion channel modulating paralytic venom peptides [12,18]. Like C. geographus, we identified
transcripts for superfamily A, M, O1 and O3 precursors that translate to putative paralytic α-, μ-
and ω-conotoxins targeting the nicotinic acetylcholine receptors, voltage-gated sodium and calcium
channels, respectively.

4. Materials and Methods

4.1. Transcriptome Analysis

4.1.1. Venom Collection, mRNA Extraction, cDNA Library, 454 Pyrosequencing and Assembly

Due to their low abundance at the collection site, we were limited to a small sample size for this
study. Two adult C. tulipa specimens (measuring 60 mm) were collected from Lady Musgrave Island,
Queensland, Australia under GBRMPA permit number G13/36201.1 and dissected on ice. The intact
venom duct of Specimen 1 (S1) and stripped venom duct of Specimen 2 (S2) were treated with 1 mL
TRIzol® reagent (Thermo Fisher, Scoresby, VIC, Australia), and the total RNA extracted following the
manufacturer’s instructions (Invitrogen, Carlsbad, CA, USA). Total RNA was further treated with an
Oligotex Direct mRNA mini kit (Qiagen, Valencia, CA, USA) to extract mRNA. The extracted mRNA
was sent for 454 pyrosequencing using a Roche GS FLX Titanium (Roche Diagnostics, Indianapolis,
IN, USA) sequencer platform (one/eighth of a plate per sample) at the Australian Genomic Research
Centre (University of Queensland, Brisbane, Australia). The corresponding contig assembly was
obtained using Newbler 2.3 (Life Science, Frederick, CO, USA).

4.1.2. Conopeptide Sequence Analysis

Raw cDNA reads and the assembled contigs obtained from S1 and S2 were searched, filtered and
clustered into different gene superfamilies by our in-house programme ConoSorter [54]. The precursor
list was trimmed to remove sequences < 50 amino acids (most conotoxin precursors are 70–100 a.a.
long), single reads, sequence containing ambiguous amino acids (“X”), redundant sequences, and those
with signal peptide sequences displaying < 40% hydrophobicity. Unsorted precursors were checked
with SignalP 4.0 [55] and precursors with a valid signal sequence clustered into different gene
superfamilies. Propeptide regions, mature peptide cleavage sites, cysteine frameworks and likely
posttranslational modifications (PTMs) were identified using the ConoPrec tool in ConoServer
database [56]. Precursors that could not be classified using ConoPrec were considered as candidate
novel gene superfamilies. Finally, all selected conopeptide precursors were submitted to a BLASTP
search with default parameters and assessed for their similarity to known conopeptide precursors in
the UniProt/BLAST database [57] and all housekeeping-related genes were removed. The minimum
number of reads constituting a valid precursor sequence was set at 2.

4.1.3. Conotoxin Nomenclature

Two separate transcriptomes have been described in this study and thus we have serially
numbered the common precursors first, and then continued the numbering for the unique precursors
identified in each specimen. The identified common conotoxin precursors have been numbered
as Tu001–Tu086. The identified unique precursors from each specimen have been numbered as
Tu087–Tu522 for S1, and Tu087–Tu328 for S2. Nomenclature of putative new conotoxins precursors
has followed the conventional nomenclature [58], wherein the identifying species is indicated with a
capital letter, followed by numerical representation of the disulfide framework.
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4.2. Proteome Analysis

4.2.1. Liquid Chromatography-Mass Spectrometry (LC-MS)

Prior to mRNA extraction, the crude venom from the venom duct sections of S2 was collected
for proteomic analyses, as previously described [14]. Briefly, S2 was placed on ice before the venom
duct was removed by dissection. Venom duct from S2 was dissected into four segments: proximal
(P), proximal central (PC), distal central (DC) and distal (D) relative to the venom bulb. The dissected
venom was collected by gently squeezing and stripping the duct segments with forceps. The collected
venom samples were lyophilized and dry weight determined. 1 μg/μL of each soluble crude venom
extract was subjected to top-down LC-MS on a SCIEX 5600 Triple TOF MS/MS mass spectrometer
(Framingham, MA, USA) and a list of detected masses was generated, as previously described [14].

4.2.2. Enzyme Digestion

Fifty μL (1 μg/μL) protein samples were subjected to reduction and alkylation using 2% v/v
iodoethanol and 0.5% v/v triethylphosphine respectively, as per Hale et al. [59]. The denatured proteins
were subjected to enzymatic digestion with sequencing grade porcine trypsin (Promega, Auburn,
VIC, Australia). Trypsin was activated in 40 mM NH4HCO3 buffer, pH 8.0 and a ratio of 1:100 (w/w)
of enzyme to protein was used. Samples were incubated overnight at 37

◦
C and each digest was

completed by heating the sample for 4 min on the lowest microwave power setting.

4.2.3. Liquid Chromatography-Electrospray Ionization Mass Spectrometry/Mass Spectrometry
(LC-ESI-MS/MS)

The reduced, alkylated and enzyme-digested peptides were subjected to bottom-up tandem mass
spectrometry on the SCIEX 5600 Triple TOF mass spectrometer, coupled to a Shimadzu 30 series HPLC.
Information Dependent Acquisition (IDA) was performed on the samples as previously described [14].
The detected peptide fragments, including those with known PTMs were matched to the precursor
sequences on the generated C. tulipa transcriptome database using the ProteinPilot v4.0.0 software
(SCIEX, Framingham, MA, USA). The mass tolerance for precursor ions was set at 0.05 Da and 0.1 Da
for the fragment ions. Peptide fragments with > 99% confidence intervals were selected as matching to
the transcriptomic sequence.

4.3. Data Visualisation

The presented multi-omics data was visualised using Prism software, v7.0.0 (GraphPad, La Jolla,
CA, USA). Venn diagrams were generated using Venny v2.1.0 software (Spanish National Centre for
Biotechnology, Madrid, Spain). [60]

5. Conclusions

Through a combination of next generation sequencing and advanced proteomics, we have
identified 764 conotoxin precursors across two specimens of C. tulipa. Amongst these, the dominant
expression of non-paralytic peptide classes, including conantokins, conopressins and con-ikot-ikots,
reaffirm their putative involvement in the net hunting predation strategy. Additionally, the possible
involvement of ρ-TIA and conkunitzins in the predation-evoked venom requires further investigation
in suitable prey systems to help establish their role in prey capture. Finally, through this study we
have expanded our understanding of the venom profile of the Gastridium clade that includes two of
the most lethal cone snails known to man.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/17/1/71/s1,
Table S1: Unique transcriptomic precursors from S1 and S2, Table S2: Common transcriptomic precursor sequences,
Table S3: C. tulipa peptides reported in literature and their evidence from the proteome investigation, Table S4: List
of the major gene superfamilies expressed in the venom duct of S1 and S2, Table S5: List of the ρ-TIA precursor
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variants analysed from the S1 transcriptome, Table S6: Venom duct transcriptome expression of gene superfamilies
in C. tulipa and C. geographus.
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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
controls pore opening via the S4–S5 intracellular loop that is connected to the pore domain (PD).
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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].

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].

62



Mar. Drugs 2020, 18, 173

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].
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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].

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
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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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Figure 3. Structures of representative cone snail venom-derived peptide toxins κ-PVIIA (PDB:
1AV3, [75]), κM-RIIIK [51], pl14a (PDB: 2FQC, [76]), I-RXIA (PDB: 2JTU, http://www.rcsb.org/structure/
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 Kv1.2 α-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.
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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.

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

73



Mar. Drugs 2020, 18, 173

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].

Figure 5. Structure of Gambierol toxin showing the eight polyether rings [129]: Me indicates a
methyl group.

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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Figure 6. Structure of representative Aplysiatoxin derivatives from References [152,153]: Me indicates
a methyl group.

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
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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.
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Abstract: Voltage-gated sodium channels (NaVs) are membrane proteins that are involved in the
generation and propagation of action potentials in neurons. Recently, the structure of a complex made
of a tetrodotoxin-sensitive (TTX-s) NaV subtype with saxitoxin (STX), a shellfish toxin, was determined.
STX potently inhibits TTX-s NaV, and is used as a biological tool to investigate the function of NaVs.
More than 50 analogs of STX have been isolated from nature. Among them, zetekitoxin AB (ZTX) has a
distinctive chemical structure, and is the most potent inhibitor of NaVs, including tetrodotoxin-resistant
(TTX-r) NaV. Despite intensive synthetic studies, total synthesis of ZTX has not yet been achieved.
Here, we review recent efforts directed toward the total synthesis of ZTX, including syntheses of
11-saxitoxinethanoic acid (SEA), which is considered a useful synthetic model for ZTX, since it
contains a key carbon–carbon bond at the C11 position.

Keywords: saxitoxin; zetekitoxin AB; voltage-gated sodium channel; guanidine alkaloid

1. Introduction

1.1. Voltage-Gated Sodium Channel Isoforms

Voltage-gated sodium channels (NaVs) are membrane proteins involved in neuronal excitation
and transmission [1]. Ten subtypes, NaV1.1–1.9 and NaVX, have been identified based on sequence
determination (Table 1) [2]. These subtypes can be grouped into two types depending upon their
sensitivity to the pufferfish toxin, tetrodotoxin (TTX) [3–7]: tetrodotoxin-sensitive NaVs (TTX-s NaVs
1.1–1.4, 1.6, and 1.7) are significantly inhibited by TTX, while tetrodotoxin-resistant NaVs (TTX-r NaVs
1.5, 1.8, 1.9) are not [8–23]. Subtype-selective modulators of NaVs are required for studies to establish
the biological functions of these subtypes. Some of the subtypes are also considered to be potential
drug targets; for example, NaV1.7 and 1.8 are potential targets for pain treatment [24–29]. Therefore,
there is great interest in the development of drugs targeting specific subtypes [30,31].
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Table 1. Isoforms of a voltage-gated sodium channel (NaV) and their classifications.

NaV Isoform Primary Locations Related Diseases TTX IC50 (nM)

TTX-sensitive
NaV1.1 CNS, PNS, heart Epilepsy 5.9
NaV1.2 CNS Epilepsy 7.8
NaV1.3 Embryonic CNS, injured DRG Nerve injury 2.0
NaV1.4 Skeletal muscle Myotonia 4.5
NaV1.6 CNS, PNS, SMCs, DRG CNS disorders 3.8
NaV1.7 PNS, DRG Pain sensation 5.5

TTX-resistant
NaV1.5 Heart, embryonic CNS Cardiac arrhythmias 1970
NaV1.8 PNS, DRG Pain sensation 1330
NaV1.9 PNS, DRG Pain sensation 59,600

TTX: tetrodotoxin; CNS: central nervous system; PNS: peripheral nervous system; DRG: dorsal root ganglion; SMCs:
smooth muscle cells.

1.2. Saxitoxin As A NaV Modulator

Saxitoxin (STX, 1) is a guanidine alkaloid with potent and specific inhibitory activity towards
NaVs (Figure 1) [32,33]. It has long been known as a shellfish toxin. In 1937, Sommer and co-workers
found that toxin-free bivalves, including the dinoflagellate Gonyaulax catenella, became poisoned in
seawater, and they revealed that the real producer of STX (1) is algae [34,35]. Then, STX (1) was first
isolated from Alaska butter clams by Schantz’s group in 1957 [36,37]. Rapport’s group subsequently
isolated the same toxin from the same shellfish, and named it saxitoxin [38]. Structural elucidation
was troublesome. Initially, tri- or tetracyclic structures were proposed based upon the molecular
formula and the presence of two guanidines as functional groups. Finally, the structure of STX (1)
was independently determined by the two groups by means of X-ray analysis in 1975 [39,40]. STX
(1) consists of ten carbons, seven nitrogens, and four oxygens, and all the carbons except for C11 are
connected with heteroatoms. STX (1) contains five- and six-membered cyclic guanidines, which have
different pKa values of 8.7 and 12.4, respectively; the five-membered one is less basic, presumably due
to its less planar structure [41].

Figure 1. Structure of saxitoxin (STX, 1).

STX (1) binds to the pore-forming region of the alpha-loop of NaV and blocks the influx of
sodium cation in a similar manner to tetrodotoxin (TTX) [42,43]. Recently, Yan’s group determined
the X-ray structure of the complexes of STX (1) with NaVPas derived from American cockroach and
human-derived NaV1.7 by using cryoEM (Figure 2) [44,45]. They found that the carbamoyl group at
C13 in STX (1) interacts with Gly1407 and Thr1409 in domain III, the two guanidines interact with
Glu364 in domain I and Glu930 in domain II, and the geminal diol interacts with Asp1701 in domain
IV. Interestingly, residues 1409 and 1410, located in the P2 loop of domain III in NaV1.7, were mutated
to Thr and Ile from Met and Asp, respectively, which may explain why STX (1) has a weaker affinity
for NaV1.7 compared with other subtypes (Met1409 and Asp1410 are conserved in the other subtypes
of TTX-s) [46,47].
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Figure 2. (A) Top view of the structure of the STX–NaV1.7 complex. (B) Specific interactions in the
STX–NaV1.7 complex [45].

1.3. Natural Analogs of Saxitoxin, Including Zetekitoxin AB (ZTX)

To date, more than 50 kinds of natural analogs of saxitoxin have been reported, of which most are
modified at N1 (R1), C11 (i.e., R2 and R3), or C13 (R4) in the common structure shown in Figure 3A [48].
For example, neosaxitoxin (neoSTX, 2) is hydroxylated at N1, decarbamoylsaxitoxin (dcSTX, 3) has a
hydroxyl group at C13, and gonyautoxins I–III (GTX I–III, 5–7, respectively) have a sulfate ester at C11;
all of these analogs show similar NaV-inhibitory activity to STX (1).

Figure 3. (A) Representative STX derivatives. (B) Structure and NaV-inhibitory activities of zetekitoxin
AB (8) [49].

Among the STX (1) derivatives, zetekitoxin AB (ZTX, 8) has an unusual structure [49]. ZTX (8)
was isolated from skin of the Panamanian dart-poison frog Atelopus zeteki in 1969 by Mosher and
co-workers [50,51]. It has extremely potent NaV-inhibitory activity (more than 600-fold greater than
that of STX (1)), with IC50 values of 6.1 pM, 65 pM, and 280 pM for NaV1.2, NaV1.4, and TTX-r subtype
NaV1.5, respectively [49]. Thus, there is great interest in the mode of action of ZTX (8), but studies are
hampered by the fact that Atelopus zeteki is designated as an endangered species. Therefore, a chemical
synthesis of ZTX (8) is needed. However, ZTX (8) contains a macrocyclic lactam structure in which
isoxazolidine is bridged from C6 to C11, and an N-hydroxycarbamate is linked via a methylene group
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at N7 [49]. These structural features make ZTX (8) synthetically challenging. So far, several synthetic
approaches have been reported, but a total synthesis of 8 has not yet been achieved.

1.4. Scope of This Review

Synthetic studies of STX (1) and its analogs have been extensive, and several total syntheses
have been achieved [52–61], as recently reviewed by Du Bois [62]. Approaches for developing
of subtype-selective modulators based on the STX structure have also been explored [25,47,63–65].
However, in this review, we focus on recent synthetic work related to ZTX (8). As described above,
ZTX (8) has a characteristic macrolactam structure though C6 to C11 with an isoxazolidine ring system,
and is structurally quite distinct from other STX analogs. To achieve total synthesis of ZTX (8), two key
issues must be addressed: (i) carbon–carbon bond formation at the C11 position in the STX skeleton,
and (ii) macrolactam formation of the carboxylic acid at C6 with isoxazolidine nitrogen (Figure 4).
Regarding the first issue, the STX derivative 11-saxitoxinethanoic acid (SEA, 9) has been used as a
synthetic model for 8, since it also has a carbon–carbon bond at the C11 position. As for the second
issue, stereoselective synthesis of disubstituted isoxazolidine and oxidation to carboxylic acid at C13,
followed by amide formation with the isoxazolidine, have been examined. First, we will consider
recent progress in the total synthesis of SEA (9).

Figure 4. Key issues in the synthesis of ZTX (8) and 11-saxitoxinethanoic acid (SEA, 9).

2. Development of Carbon–Carbon Linkage at C11 of STX, And Application to The Synthesis of
11-Saxitoxinethanoic Acid (SEA, 9)

The STX analog 11-saxitoxinethanoic acid (SEA, 9) was isolated from Atergatis floridus, an Indo-Pacific
crab from the family Xanthidae, by Onoue and co-workers (Figure 5) [66]. SEA (9) has an acetic acid
moiety linked to C11 through a carbon–carbon bond, as seen in ZTX (8), and is regarded as a promising
synthetic model compound for 8 in terms of construction of the carbon–carbon connection at C11.
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Figure 5. Structure of 11-saxitoxinethanoic acid (SEA, 9) and illustration of the source crab species.

Recently, three total synthesis of SEA (9) were independently reported, including one by our
group [67–69]. When 9 was first isolated, its toxicity to mice was reported to be 830 μmol/MU, which
is similar to that of gonyautoxin II (GTX II, 6) and one-third of that of STX (1), but no information
about the NaV-inhibitory activity was provided. After the synthesis of 9, Du Bois and our group
independently evaluated the NaV-inhibitory activity of 9. Nagasawa, Yotsu-Yamashita, and co-workers
evaluated the NaV-inhibitory activity of SEA (9) by utilizing neuroblastoma Neuro 2A cells, which is
known to express NaV1.2, 1.3, 1.4, and 1.7 [70], and found moderate inhibitory activity with an IC50

value of 47.0 ± 1.2 nM (Figure 6B) [67]. Du Bois and co-workers evaluated the inhibitory activity of 9

against NaV1.4, and found that SEA (9) showed similar inhibitory activity to gonyautoxin III (GTX III,
7) (9: IC50 = 17 ± 1.9 nM; GTX III (7): IC50 = 14.9 ± 2.1 nM), even though it was a diastereomeric mixture
of α:β = 3:1 at C11 (Figure 6A) [68]. They suggested that the β-form of 9 binds to NaV preferentially,
and then the α-form of 9 isomerizes to the β-form, which shows a similar level of inhibitory activity to
GTX III (7) (Figure 6C).

Figure 6. (A) Isomerization of α-SEA to β-SEA. (B) NaV-inhibitory activity of SEA (9) [69,70]. (C)
Structure of GTX III (7) and IC50 (NaV1.4).

2.1. Carbon–Carbon Bond Formation at C11 by Mukaiyama Aldol Condensation Reaction, as Applied for The
Synthesis of (+)-SEA by Nagasawa’s Group

For the construction of a carbon–carbon bond at C11, Nagasawa and co-workers utilized ketone
10, which was previously developed by their group [67], to install an acetic acid equivalent at C11.
They firstly investigated the alkylation reaction of the enolate of ketone 10a with alpha-halo-ethyl
acetate. With various bases and halogens, the alkylation did not take place at all, and the starting
ketone 10a was recovered. Next, they investigated the Mukaiyama aldol reaction [71–73]. Thus, silyl
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enol ethers 11a and 11b were synthesized from the ketone by reaction with tert-butyldimethylsilyl
chloride in the presence of NaHMDS as a base. Then, the Mukaiyama aldol reaction was examined
with ethyl glyoxylate under various conditions. Lewis acids, such as TiCl4 or BF3 Et2O [74,75], removed
the tert-butoxycarbonyl (Boc) protecting group of guanidine, and no coupling products with ethyl
glyoxylate were obtained. In the case of the fluoride anion agent Bu4NF [76], the reaction did not
proceed at all. On the other hand, with anhydrous tetrabutyl bisfluorotriphenylphosphine stannate,
developed by Raimundo and co-workers [77], the coupling reaction with ethyl glyoxylate proceeded
very well to afford the aldol-condensation product 12a a 96% yield (Table 2). Aromatic aldehydes were
tolerated, as well as aliphatic aldehydes, and the corresponding aldol condensation products 12a–i

were obtained with 42%–80% yield. This reaction afforded mixtures of regioisomers in ratios of 5:1
to >10:1.

Table 2. Substrate scope of the Mukaiyama aldol condensation reaction of 11a and 11b with aldehydes.

Entry. SM R2 12 (E:Z) a Yield (%)

1 11a CO2Et 12a (5:1) 96
2 11b CO2Et 12b (5:1) 85
3 11a 4-MeC6H4 12c (> 1:1) 45
4 11a 3-FC6H4 12d (> 10:1) 63
5 11a 4-ClC6H4 12e (> 10:1) 65
6 11a 4-NO2C6H4 12f (6:1) 80
7 11a 2-Furyl 12g (> 10:1) 80
8 11a C6H5 12h (> 10:1) 60
9 11b C6H5 12i (E:Z) a 42

a Ration at C11 were determined by 1H NMR spectroscopy.

With the aldol condensation product 12b in hand, Nagasawa and co-workers went on to achieve a
total synthesis of (+)-SEA (9) for the first time (Scheme 1). Thus, selective reduction of the enone moiety
in 12b was carried out with L-selectride, and the protecting group of tert-butyldimethylsilyl (TBS)
ether was removed with triethylamine trihydrofluoride (3HF-TEA). The resulting alcohol was reacted
with trichloroisocyanate, followed by hydrolysis of the trichloroacetyl group with triethylamine in
methanol to give carbamoyl 15. After hydrolysis of ethyl ester in 15 with lithium hydroxide, the Boc
group was removed with TFA to give (+)-SEA (9).
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Scheme 1. Total synthesis of SEA (9) by Nagasawa’s group.

2.2. Carbon–Carbon Bond Formation At C11 by Stille Coupling Reaction, As Applied for The Synthesis of
(+)-SEA by Du Bois’ Group

Another approach for the construction of the carbon–carbon bond at C11 in STX was explored by
Du Bois and co-workers, who employed Stille coupling reaction conditions [68]. They firstly examined
the coupling reaction of zinc enolate of ethyl acetate or the stannane enolate of ethyl acetate-type
agents with vinyl halide 17, which was prepared from 20, developed by their group (Scheme 2), in the
presence of palladium catalyst (Table 3, entries 1 and 2) [78–83]. Under the conditions examined,
decomposition of the starting substrate was observed in the case of zinc agent, and no reaction occurred
with the stannane agent. Then they examined the Stille coupling reaction, using vinyl stannane for the
construction of the carbon–carbon bond at C11 [84]. A Stille coupling reaction of vinyl iodide 17 with
tributyl(vinyl)tin was examined in the presence of a catalytic amount of Pd(PPh3)4, with CuI as an
additive (a standard condition). Unfortunately, only a trace amount of the corresponding coupling
product of 18c was obtained (entry 3). Then, they changed vinyl stannane to cis-tributyl (2-ethoxyvinyl)
tin, and included LiCl as an additional additive. Under these conditions, the corresponding coupling
product 18d was obtained with 67% yield (entry 4) [85,86]. Interestingly, poor reproducibility or low
yield of the coupling reaction was observed when they used a highly oxidized vinyl stannane agent,
tributyl(2,2-diethoxyvinyl)stannane (entry 5). This issue was successfully overcome by switching from
CuI to copper(I) thiophene-2-carboxylate (CuTC), and 19 was obtained with 60% yield and with good
reproducibility (entry 6) [87].

Based upon the Stille coupling strategy, Du Bois and co-workers achieved a total synthesis of
SEA (9), as shown in Scheme 2, including the synthesis of vinyl halide 17 as a substrate for the
Stille coupling reaction. Firstly, vinyl halide 17 was synthesized from 20 via Mislow–Evans [2,3]
rearrangement: bisguanidine 20 was converted to N,S-acetal 21 by reaction with benzenethiol in the
presence of BF3·Et2O with 84% yield. Upon treatment of 21 with urea–hydrogen peroxide (UHP),
the Mislow–Evans [2,3] rearrangement reaction [88,89] took place under heating in the presence of
sodium benzenthiolate, and allylic alcohol 23 was obtained with 81% yield in two steps. After oxidation
of the alcohol with Dess–Martin periodinate, the resulting enone 24 was reacted with iodine in the
presence of pyridine to give vinyl iodide 17 [90,91], which was further elaborated to 19 by Stille
coupling reaction with 25 with 60% yield. Then, the double bond in enone 19 was hydrogenated under
high pressure in the presence of Crabtree catalyst 26. Deprotection of the tert-butyldiphenylchlorosilane
(TBDPS) ether in 27 with tetrabutylammonium (TBAF) was followed by installation of a carbamoyl
group on the resulting hydroxyl group. Finally, deprotection of Tces and Troc and hydrolysis of the
ester group were carried out to give (+)-SEA (9).
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Scheme 2. Introduction of substituent at C11 by Stille coupling, leading to total synthesis of (+)-SEA
(9) by Du Bois’ group.

Table 3. Stille-based cross-coupling conditions with iodoenaminone 17.

Entry Conditions R Result

1 CH2C(OZnBr)OtBu, Pd2(dba)3/dppf, THF CH2CO2tBu 18a (decomp.)
2 CH2C(OSnnBu3)OEt, PdCl2(P(o-tol)3)2, CuF2 CH2CO2Et 18b (N.R.)
3 nBu3SnCH=CH2, Pd(PPh3)4, CuI CH=CH2 18c (< 5%)
4 nBu3SnCH=CH(OEt), Pd(PPh3)4, CuCl, LiCl, THF CH=CH(OEt) 18d (67%)
5 nBu3SnCH=C(OEt)2, Pd(PPh3)4, CuCl, LiCl, THF CH=C(OEt)2 19 (0–40%)
6 nBu3SnCH=C(OEt)2, Pd(PPh3)4, CuTC, THF CH=C(OEt)2 19 (60%)

CuTC = Copper (I) thiophene-2-carboxylate.

2.3. Carbon–Carbon Bond Formation at C11 by C-Alkylation, As Applied for The Synthesis of (+)-SEA by
Looper’s Group

In 2019, Looper and co-workers successfully constructed a carbon–carbon bond at C11 in STX,
and reported a total synthesis of SEA (9) [69]. They initially examined C-alkylation with ketone
28 and electrophiles in the presence of variety of bases, such as lithium bis(trimethylsilyi)amide
(LHMDS), lithium diisopropyl amide (LDA), potassium bis(trimethylsilyi)amide (KHMDS) and sodium
bis(trimethylsilyi)amide (NaHMDS). In addition, they examined various electrophiles (haloacetates,
allylic halides, and propargylic halides), but no reaction took place, as Nagasawa and co-workers had
found (Scheme 3) [67].
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Scheme 3. Examination of carbon–carbon bond construction at C11 by alkylation with ketone 28 in the
presence of bases.

On the other hand, they found that C-alkylation took place upon reaction of ketone 28 and
tert-butyl bromoacetate via the generation of zinc enolate by reaction with LiHMDS in the presence of
Et2Zn, affording a mixture of 29a and its Boc-deprotected derivative 29b with 60% yield (based on the
starting material) (Scheme 4). By means of this alkylation strategy, they succeeded in synthesizing
ZTX (9) as follows. Deprotection of TBDPS ether in 29 with TBAF followed by carbamoylation of the
resulting alcohol resulted in 30. Finally, total synthesis of SEA (9) was achieved by reaction with TFA
to hydrolyze the ester and deprotect the Boc and DPM groups.

Scheme 4. Carbon–carbon bond formation at C11 by C-alkylation, and total synthesis of (+)-SEA (9) by
Looper’s group.

2.4. NaV-Inhibitory Activity of Synthesized, C11-Substituted Saxitoxin Analogs

Based on the method described above for constructing a carbon–carbon bond at C11 in STX,
Nagasawa and co-workers synthesized a series of STX analogs bearing substituents at C11, and
evaluated the NaV-inhibitory activity of these analogs at the cellular level [67].

Beside SEA (9), they synthesized dicarbamoyl SEA (dcSEA, 31), 11-saxitoxin ethyl ethanoate (SEE,
32), and 11-benzylidene STX (33a), and evaluated their NaV-inhibitory activity in mouse neuroblastoma
Neuro 2A cells, which is known to express NaV1.2, 1.3, 1.4, and 1.7 [70]. SEA (9) showed potent
inhibitory activity with an IC50 value of 47 ± 12 nM, which is twice as potent as decarbamoyl saxitoxin
(dcSTX (3), IC50 = 89 ± 36 M) (Figure 7, Table 4). The dcSEA (31) and SEE (32) showed IC50 values
of 5700 ± 3.1 and 185 ± 74 nM, respectively. Interestingly, 11-benzylidene STX (33a) was a potent
inhibitor, with an IC50 value of 16.0 ± 6.9 nM. Although the inhibition mode of 33a has not been
clarified yet, the non-hydrated keto group at C12 in 33 might bind efficiently with NaV, resulting in
potent inhibitory activity.

97



Mar. Drugs 2020, 18, 24

Figure 7. Structures of 9, 31, 32, and 33a.

Table 4. NaV-inhibitory activity of 9, 31, 32, and 33a in a cell-based assay with Neuro 2A cells.

Compound IC50 (mean ± SD) (nM) n

dcSTX (3) 89 ± 36 3
SEA (9) 47 ± 12 3

dcSEA (31) 5700 ± 3.1 3
SEE (32) 185 ± 74 4

11-benzylidene STX (33a) 16 ± 6.9 5

Next, they further synthesized 11-substituted STX analogs 33b–f, and elucidated their subtype
selectivity towards NaV1.2, 1.5, and 1.7, using the whole-cell patch-clamp recording method (Figure 8,
Table 5) [92]. They found that 11-fluorobenzylidene STX (33c) showed selective and potent inhibitory
activity against NaV1.2 (IC50 = 7.7 ± 1.6 nM), compared to the other subtypes tested. 11-Benzylidene
STX (33a) and 11- nitrobenzylidene STX (33d) showed potent inhibitory activity against NaV1.5, with
IC50 values of 94.1 ± 12.0 nM and 50.9 ± 7.8 nM, respectively. These compounds are the most potent
TTX-r modulators among STX derivatives so far reported, except for ZTX (8) [49].

Figure 8. Structures of 33a–f.
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Table 5. NaV-inhibitory activities of 33a–f, using whole-cell, patch-clamp recording.

Compound hNaV1.2 hNaV1.5 hNaV1.7

11-benzylidene STX (33a) 5.2 ± 6.0 94.1 ± 12.0 124.1 ± 20.6
11-methylbenzylidene STX (33b) 22.9 ± 8.6 >300 >300
11-fluorobenzylidene STX (33c) 7.7 ± 1.6 >300 >300
11-nitrobenzylidene STX (33d) 8.79 ± 0.96 50.9 ± 7.8 >300

11-furfuryl STX (33e) 542.7 ± 65.7 >300 >300
11-metoxybenzylidene STX (33f) 45.0 ±2.72 >300 >300

IC50 (mean ± SD) (nM).

3. Stereoselective Synthesis of The Isoxazolidine Moiety of ZTX (8), And Its Introduction at C13
in A Model Compound

As described in the introduction, ZTX (8) has a characteristic macrolactam structure from C6
to C11, involving an isoxazolidine ring system. Thus, stereoselective synthesis of the di-substituted
isoxazolidine unit in ZTX (8) has been examined. In the paper reporting the isolation of 8 in 2004,
the amide carbonyl group in ZTX (8) at C13 appeared at 156.5 ppm in the 13C nuclear magnetic
resonance (NMR) spectrum, which is a higher chemical shift compared to other amide carbonyls [49].
This interesting observation might be attributed to the unusual macrolactam structure in ZTX (8), and
synthetic studies of model compounds have been carried out to understand the origin of this unusual
chemical shift. In the following section, we discuss the stereoselective isoxazolidine syntheses reported
by Nishikawa’s [93] and Lopper’s groups [94].

3.1. Synthesis of The Isoxazolidine Part of Zetekitoxin (8) from D-ribose by Nishikawa And Co-workers

In 2009, Nishikawa and co-workers reported the stereoselective synthesis of isoxazolidine 42 from
D-ribose (34) (Scheme 5) [93]. They firstly synthesized nitroolefin 36 from aldehyde 35, which was
derived from D-ribose (34) by means of a Henry reaction followed by dehydration with mesylation.
After reduction of the double bond in 36 with NaBH4, the resulting nitroalkane 37 was treated with
Boc2O to produce dihydrooxazole 39a and 39b with 86% yield, as a diastereomeric mixture at C16
in a ratio of 3:1. In this reaction, nitrile oxide 38 was generated first, and a 1,3-dipolar cyclization
reaction occurred simultaneously. The major transition state model is shown in Scheme 5. The major
diastereomer 39a was reduced stereoselectively with NaBH3CN to isoxazolidine 40. After acetylation
of the amine in 40, isoxazolidine 42, which has the same stereochemistry as ZTX at C15 and C16,
was obtained in three steps: (1) deprotection of acetonide with TFA, (2) oxidative cleavage of diol with
NaIO4, and (3) reduction of the resulting aldehyde with NaBH4.

Scheme 5. Synthesis of the isoxazolidine 42 by Nishikawa’s group.
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3.2. Stereoselective Synthesis of The Isoxazolidine Part from Methyl α-d-glucopyranoside by Lopper and
Co-Workers

In 2015, Lopper and co-workers reported a synthesis of isoxazolidine 59 (Scheme 6) [94]. Aldehyde
45 was synthesized from commercially available methyl α-d-glucopyranoside (43) by the iodination
of 44 with iodine and PPh3, acetylation of the hydroxyl group, and reductive cleavage of the pyran
ring with zinc in acetic acid [95]. Then, intramolecular 1,3-dipolar reaction of the terminal olefin
with nitrone, which was generated from aldehyde 45 by reaction with hydroxylamine 46, took place
stereoselectively to afford 48 via 47 with 52% yield. After deprotection of acetate in 48 with sodium
methoxide [96,97], the resulting triol 49 was treated with NaOI4 followed by LiAlH4 to give diol 51

with 70% yield in two steps [98,99]. The isoxazolidine synthon 59 in ZTX (8) was synthesized from diol
51 in seven steps by selective functionalization of the two hydroxyl groups, followed by N-acylation.

Scheme 6. Synthesis of N-acyl isoxazolidine 59 by Looper’s group.

3.3. Comparison of the Chemical Shift at C13 in Zetekitoxin (8) with Those in Some Synthetic Models

As discussed above, the 13C NMR chemical shift of the carbonyl group at C13 in ZTX (8) has
been observed at 156.5 ppm [49], which is a higher value compared with usual amide carbonyl groups
(170–175 ppm). To address the issue, Nishikawa’s and Looper’s groups independently examined
the 13C chemical shifts of the carbonyl group at C13 in some model compounds (Figure 9) [93,94].
Simple N-acyl isoxazolidine models 60, 42, and 59 showed chemical shifts of 171.0, 172.7, 171.0 ppm,
respectively, which are quite similar to those of regular cyclic N-acyl amides. However, model
compounds 61–63 bearing alpha-guanidinoacetyl amide groups showed chemical shifts of 166.0, 168.3,
and 167.0 ppm, respectively, being shifted ca. 5 ppm upfield compared to the other simple models.
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Figure 9. 13C-NMR chemical shifts of ZTX (8) and model compounds.

Nagasawa and co-workers examined the chemical shift at C13 of 70, which has an STX skeleton;
its synthesis is depicted in Scheme 7 [100]. They firstly aimed to obtain carboxylic acid 66 from alcohol
64 by oxidation. They examined various oxidants and conditions, but it appeared that the hydroxyl
group in 64 was unreactive due to its axial orientation, and no reaction occurred, or unexpected
side reactions proceeded. Finally, they found that 2-azaadamantane N-oxyl (AZADO)–NaClO
and NaClO2 [101,102] were effective, resulting in carboxylic acid 66, which was obtained with
79% yield after TMSCHN2 treatment of the crude carboxylic acid 66 to hydrolyze the methyl
ester 67. Condensation of carboxylic acid 66 with isoxazolidine 40 [93] in the presence of 4-(4,
6- dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMT-MM,68) [103], followed by
deprotection of the Boc group and acetal with TFA, gave amide 70 in 98% yield. Unfortunately, the
chemical shift of the carbonyl group in 70 was observed at 166.1 ppm, slightly higher than that of 62

or 63, but still lower than that of ZTX (8). The chemical shift in ZTX (8) may reflect the characteristic
spatial structure associated with the presence of the macrolactam moiety.

Scheme 7. Oxidation at C13 and introduction of the isoxazolidine motif.

4. Synthesis of The Characteristic Macrocyclic Structure of ZTX (8) by Looper’s Group

Looper and co-workers have reported macrocyclic compound 72 as a model for ZTX (8)
(Scheme 8) [71]. After deprotection of the TBDPS ether group at C13 with TBAF, the resulting alcohol
was reacted with iodoacetic acid in the presence of 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
(EDC) and N,N-dimethyl-4-aminopyridine (DMAP) to give iodoester 71 with 58% yield. When
iodoester 71 was treated with a strong base, tert-butylimino-tri(pyrrolidino)phosphorane (BTPP),
intramolecular alkylation proceeded at C11, and the corresponding macrolactone 72 was obtained
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in 48% yield. It should be possible to construct the macrolactam structure of 8 via a similar strategy,
and this should also resolve the chemical shift issue in ZTX (8).

Scheme 8. Synthesis of macrolactone 72 via intramolecular alkylation by Looper’s group.

5. Conclusions

Here, we have reviewed recent progress towards the total synthesis of zetekitoxin AB (8, ZTX).
Although this goal still remains elusive, there have been some significant synthetic advances in the
construction of characteristic structures of ZTX, such as (i) the carbon–carbon bond at C11 in the STX
structure, (ii) stereoselective construction of the substituted isoxazolidine moiety at C15 and C16,
and (iii) the macrocyclic structure from C6 to C11. Since ZTX has potent inhibitory activity, even
towards tetrodotoxin-resistant (TTX-r) NaVs, a total synthesis of ZTX and its analogs is expected
to provide useful tools for chemical biological studies of NaVs, overcoming the severely restricted
availability of natural ZTX.
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Abstract: Pyrazinamide (PZA) is the only drug for the elimination of latent Mycobacterium tuberculosis
(MTB) isolates. However, due to the increased number of PZA-resistance, the chances of the success
of global TB elimination seems to be more prolonged. Recently, marine natural products (MNPs)
as an anti-TB agent have received much attention, where some compounds extracted from marine
sponge, Haliclona sp. exhibited strong activity under aerobic and hypoxic conditions. In this study,
we screened articles from 1994 to 2019 related to marine natural products (MNPs) active against
latent MTB isolates. The literature was also mined for the major regulators to map them in the
form of a pathway under the dormant stage. Five compounds were found to be more suitable that
may be applied as an alternative to PZA for the better management of resistance under latent stage.
However, the mechanism of actions behind these compounds is largely unknown. Here, we also
applied synthetic biology to analyze the major regulatory pathway under latent TB that might be
used for the screening of selective inhibitors among marine natural products (MNPs). We identified
key regulators of MTB under latent TB through extensive literature mining and mapped them in
the form of regulatory pathway, where SigH is negatively regulated by RshA. PknB, RshA, SigH,
and RNA polymerase (RNA-pol) are the major regulators involved in MTB survival under latent
stage. Further studies are needed to screen MNPs active against the main regulators of dormant MTB
isolates. To reduce the PZA resistance burden, understanding the regulatory pathways may help in
selective targets of MNPs from marine natural sources.

Keywords: marine anti-TB compounds; PZA; MTB; latent TB; sponges

1. Introduction

The latent state of tuberculosis (TB) is asymptomatic, but poses a risk in developing the active state
of TB during the lifetime. According to the latest World Health Organization (WHO) report in 2018,
TB is the leading public health problem among infectious diseases resulting from a single infectious
agent, ahead of HIV/AIDS, and is the ninth leading cause of death worldwide. Approximately 1.3
million TB deaths occurred in 2017 excluding 374,000 deaths (10%) among HIV-positive individuals
among 10.4 million total TB incidents (90% adults). About 1.7 billion people (23% of the world’s
population) are estimated to have a latent TB infection, indicating a risk of developing active TB during
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their lifetime. India, Indonesia, China, Philippines, and Pakistan are the top five countries comprising
56% of the world’s estimated TB cases [1]. Among the infected individuals, 5–10% develop active
TB. Such individuals suffer from latent TB, where the Mycobacterium tuberculosis (MTB) resides in
alveolar macrophages in a non-replicative form (latent TB) [2–4]. The risk of developing active TB
from non-replicative forms has been accounted in 10% of cases in latently infected populations [2,3,5],
but may increase in cases of TB-HIV co-infections, immunosuppressive therapy, and old age [6–11].
Recently, a large number of studies reported drug resistances in TB [12–14] effecting the global TB
control program.

1.1. PZA against Latent TB

Among the available anti-tuberculosis agents, pyrazinamide (PZA) is the only drug that is active
against non-replicative MTB [15–18]. The host generates different types of stresses to eliminate the
MTB isolates effectively. However, the organism switches a sensory system that generates a complex
signaling network, assisting in entry into the latent state [19,19–22]. Before conversion into the latent
stage, MTB faces a number of oxidoreductive stress in alveolar macrophages of the host including
oxidative, acidic, and nitrative stress. These stresses are vital in the transition from active (replicative)
TB into latent (non-replicative) state [23,24].

1.2. Signaling in Latent TB

The genome of MTB strains have diverse stress responders, switching on the genetic program
for transition into latency [25,26]. Among these sensors under the latent stage are sigma (s) factors,
which are the primary regulators of gene expression. MTB genomes encoded 13 factors of the sigma 70
family [27], which are categorized into four groups known as S1, 2, and 3 including SigA, SigB, and
SigC, respectively, while the remaining one belongs to group 4, mainly involved in extra-cytoplasmic
sensing and signaling [28–30]. These regulators have been called “S” factors due to their role in
growth and stress conditions [28]. MTB senses redox through SigH, SigE, SigF, and SigL encoded
regulators, playing a critical role in survival under extreme conditions [23,30,31]. Fernandes et al.
first demonstrated that the role of SigH in oxidative stress [29] was also involved in the expression of
thioredoxins (trxB1 and TrxC) and thioredoxin reductase, while the stress-responsive “S” factor and
SigE helped mitigate oxidative stress. The “S” factor, along with SigB expression, is also regulated
by SigE and SigH. [32,33]. Song et al. demonstrated that Rv3221a, an anti-sigma factor known as
RshA in the same operon, [30] interacts with SigH at a 1:1 ratio [30], leading to SigH inhibition in vitro.
Under oxidative stress, phosphorylation of RshA by PknB causes disruption of the RshA and SigH
interactions, thereby regulating the induction of the oxidative stress response in mycobacteria [23].

1.3. Drugs Effective under Latent Stage

Pyrazinamide (PZA) is the only drug that kills MTB in a latent state, which has successfully
reduced the time span of TB therapy from nine to six months [34–36]. PZA is a prodrug that depends on
MTB encoded pyrazinamidase (PZase) (Figure 1A), whose activity is essential for the activation of PZA
into the active form, pyrazinoic acid (POA). The POA targets ribosomal protein S1 (RpsA), aspartate
decarboxylase (panD) (Figure 1D). The earlier protein helps in trans-translation while the latter is
involved in ATP synthesis [37,38]. POA binds with RpsA, disrupting the complex of RpsA–tmRNA
(Figure 1B). Recently, a large number of PZA-resistance cases have been reported, affecting the latent
TB treatment. In our recent study, we evaluated the mechanism behind PZA-resistance in RpsA and
PncA, showing a significant effect of mutation in PncA on protein activity [39–45]. Due to the large
number of PZA-resistance cases, the latent stage of TB may function as a reservoir for transmission,
affecting the global TB end control program.
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Figure 1. Crystal structures of PZA and POA targets. (A) PZase; (B) RpsA; (C) Domain organization of
RpsA and its C-terminal domain (MtRpsACTD); (D) PanD. PZase converts PZA into POA inhibiting
the activity of PanD and RpsA. POA interactions with RpsA (E) and PZA with PZase (F). The prodrug
PZA is converted into active form, POA, inhibiting the trans-translational proteins (RpsA).

1.4. Marine Natural Products against Latent TB

With increased resistance to PZA, alternative novel bactericidal against non-replicating MTB will
be important to reduce the transmission in the population and also for short period treatment. The
screening for alternatives to PZA under latent TB from natural products is a validated approach. Here,
nine out of 12 groups of available drugs are naturally derived [46]. Screening of more diverse natural
product libraries has incentivized efforts in recent years [47]. The chemical diversity screening may
be extended for marine natural products as more diverse and active products have been reported
in marine environments [48]. Secondary metabolites that are produced by marine organisms have
been found to be effective against many disease causing microorganisms [49]. Recently, some active
compounds have been sourced from marine organisms against latent MTB isolates [47,50].

In a study by Felix et al. [51], a library of MNPs was screened where four among five compounds
(Figure 2) were active against latent MTB isolates, containing 2 puupehenone group metabolites
(Table 1). Propane,1,2-diol was not effective against dormant MTB isolates. These dormancy-active
hits could reveal novel druggable targets under latent stage, and therefore may lead to an alternative
of PZA.
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Figure 2. Compounds active against latent TB (dormant state). Compound 1, fistularin-3/11-
epi-fistularin-3; compound 2, 15-methyl-9(Z)-hexadecenoic acid; compound 3, (hexadecyloxy)
propane,1,2-diol; compound 4, 15- alpha methoxypuupehenol; and compound 5, puupehedione.
Compound 3 exhibited mild activity against replicating MTB (active TB).

Table 1. Biological profile of marine pure compounds against dormant MTB isolates adopted from
Felix et al; 2017 with permission from 2017 American Society for Microbiology [51].

Compound Formula
Molecular

Mass
(kDa)

MICR

(g/mL) a
MICD

(g/mL) b MICR/MICD
IC50

(g/mL)
SIR c SID d Source

1 C31H30Br6N4O11 1,114.02 8.5 Inactive NA 200 23.5 NA HBOI.047.F07
2 C19H40O3 316.53 60.8 22.5 2.7 200 3.3 8.5 HBOI.047.F07
3 C16H30O2 254.41 28.5 7.9 3.6 200 7.0 31.1 HBOI.031.C02
4 C22H32O4 360.49 11.3 0.5 21.8 8 0.7 15.5 HBOI.050.F04
5 C21H26O3 326.44 87.6 15.4 5.6 50.4 0.6 6.2 HBOI.050.F04

a MICR, MIC against replicating Mtb-Lux. b MICD, MIC against dormant Mtb-Lux. c SIR, SI for replicating Mtb-Lux.
d SID, SI for dormant Mtb-Lux.

The core drug regimen has not been modified despite continuous efforts after a prolonged time [52].
Alternatively, research on MTB during in vivo has explored subpopulations of distinct metabolic states
within a single host [53]. This knowledge may be useful to uncover the essential activities required for
the survival of nonreplicating inhibition [54]. Whole cell screening under the dormancy–activating
signaling pathway may provide a direct path to discovering novel bactericidals against latent MTB
isolates. Here, the main goal of our study was to highlight the importance of marine drugs [55–57] that
could effectively kill dormant bacteria as well as the analysis of some signaling pathways for more
potent drug target identification.

2. Results

A total of 42 articles were retrieved from 1994 to 2018 containing data about the regulations and
interactions of genes and proteins under latent MTB isolates where 14 manually searched papers also
contained relevant information.

2.1. SigH Regulatory Network

We confirmed the interaction among the SigH regulons where a network file of “string” database
in tsv format exposed different paths through Pathlinker of Cytoscape (Figures S2–S4). The stress
responder, SigH, has a major role in controlling the response of pathogens to go into latent state and
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also in the survival of the pathogen. The regulatory pathway is shown in Figure 3A. The external stress
signals are sensed by the membrane receptor protein PknB, initiating the signal transduction pathway
by phosphorylating the SigH-RshA complex. This phosphorylation causes the disintegration of the
SigH-RshA complex, allowing SigH to form a complex with RNA polymerase (RNA-pol), activating
a series of stress responders. Upon activation, SigH and RshA are also synthesized, but RshA is
continuously inactivated as long as the stress is sensed by PknB. The pathway is negatively regulated
by RshA, while positively regulated by phosphorylated RshA (RshA-P), depending on the presence or
absence of a stress signal (Figure 3A).

Figure 3. SigH signaling pathway under stress conditions. (A) The SigH signaling mechanism.
(B) Boolean network simulation with the SigH-RshA complex negatively regulated the pathway,
deactivating the regulatory pathway. (C) Boolean network simulation without the SigH-RshA
complex, where the “SigH-PO4” activates the mechanism. RshA-P: phosphorylated RshA; SigH-PO4:
phosphorylated SigH.
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2.2. Paths Identification in the Network

All of the stress responders were used as input proteins and the interaction network was searched
in a string database. The file (Figure S3) was imported into Cytoscape, where a total of 12 paths were
identified using the Pathlinker plugin. The plugins computed multiple paths from the sources to
targets where the longest path shown (Figure S1) was found to be most similar to the literature mapped
SigH pathway (Figure 3A). The longest path linked all of the essential proteins regulated under the
latent stage of MTB.

2.3. SigH Regulation and Marine Drugs

The interacting entities were subjected to six and nine different state stochastic simulations for
100 seconds in the active and inactive states to evaluate the dynamic behavior under latent state of
MTB (Figure 3B,C). Stochastic simulations validate the desired functioning of the proposed biological
regulatory systems (redox response) as shown in Figure 3. The SigH regulatory pathway may play a
crucial role in the survival of the pathogen under extreme stress environment.

3. Discussion

Currently, PZA is the only drug regularly prescribed along with other first-line drugs for the
effective control of dormant MTB and is recommended in sensitive as well as multi and extensive
drug resistance. However, due to an increased number of PZA-resistance, alternative sources of
natural products that are active against the dormant isolate in acidic pH are continuously being
sought. Sponges in the marine environment are rich sources of such compounds. Quinones with high
selectivity against dormant MTB are from a sponge from the Petrosia (Strongylophora) genus. Terpene
quinones including puupehenone metabolites have been extensively studied for their antimicrobial
and cytotoxic properties [58–60]. The puupehenone derivatives showed anti-TB activity as reported
earlier [50]. The MIC of 15-methoxypuupehenol was 20-fold lower and effective against dormant, but
not replicating. Puupehedione and Puupehenone had been previously extracted from the sponge
Hyrtios sp. [58]. Puupehedione had minor activity against replicating MTB [50], however, a 6-fold
selectivity of puupehedione against dormant MTB was still observed.

Puupehenone metabolites inhibit NADH oxidase activity in submitochondrial particles [61,62].
Weinstein et al. observed a bactericidal effect for M. tuberculosis’s type II NADH oxidase (NDH-2)
inhibitors in a murine model [63,64]. Inhibitors of NDH-2 proteins such as thioridazine, exhibited
bactericidal activity against dormant MTB when compared to replicating isolates [65]. The synthesis of
puupehenone enables a path for these molecules [66]. Characterization of the molecular targets for
these antimycobacterial marine natural products with selective activity against dormant MTB will be
helpful for exploring the insight mechanisms of the survival of dormant MTB under the latent stage
of infections.

The halicyclamine alkaloids (HA) with piperidine rings, haliclonacyclamines A and B (Figure 2)
C-1 and C-2 [67], 22-hydroxyhaliclonacyclamine B (C-3) [68], and halicyclamine A (C-4) (Figure 4) [69]
have been discovered from the marine sponge Haliclona sp. [70]. Haliclona sp. is one among the
dominant sponges at Heron Island, occurring at depths of about 15 m in reef slope [71]. The anti-TB
bactericidal and bacteriostatic activity of C-3 and C-4 were evaluated under aerobic and hypoxic
conditions. The colony forming unit (CFUs) of M. bovis BCG was not detected after eight days and
10 days of incubation under aerobic and hypoxic environment, respectively, indicating bactericidal
activity of C-2. Compound C-4 exhibited a strong cidal effect against mycobacterium sp. including
M. tuberculosis H37Ra (MICs of 2.16–10.82 μM) under dormant state. Compounds C-1 and C-2 also
exhibited cidal activities against replicating and non-replicating (latent state) of MTB. C-3 exhibited
weak activity that might be due to the 22-hydroxy group. Compound C-4, which is involved in
catalytic conversion of inosine monophosphate to xanthosine monophosphate in the de novo synthesis
of guanine nucleotides, was isolated as an inhibitor of inosine 5′-monophosphate dehydrogenase
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(IMPDH) [69]. IMPDH was cloned into M. smegmatis to study the anti-TB mechanism. However,
both the wild-type M. smegmatis and IMPDH over-expressing strains exhibited similar MIC values,
indicating that IMPDH was not the target of compound C-4 [70]. Another HA, neopetrosiamine A
(C-5) (Figure 2), isolated from sponge Neopetrosia proxima growing near Puerto Rico in a marine
environment [72], showed good cidal activity against MTB H37Rv (MIC:17.05 μM).

Figure 4. Anti-TB compounds, C-1 to C-5 active against latent TB. The blue colored lines were the same
in all compounds. Haliclonacyclamines A and B (C-1 and C-2). 22-hydroxyhaliclonacyclamine B (C-3),
Halicyclamine A (C-4), and neopetrosiamine A (C-5).

The stress response under the latent state of MTB is mediated by many regulatory genes and the
role of SigH in the oxidative stress was first established by Fernandes et al. [29] through experiments
using M. smegmatis SigH mutants. SigH is a major MTB regulator that provides protection from reactive
oxygen species generated by the human host [31,73]. The SigH-encoded protein protects MTB against
oxidative stress by regulating the expression of the stress-responsive factors SigE and thioredoxins
trxB1 and trxC. The stress-responsive “S” factor and SigB were also regulated by the SigE and SigH
regulators. However, the mechanism of SigH regulation was not clearly explored, and neither were
there any synthetic biology approaches applied for better understanding. Marine compounds shown
in Figure 2 may be applied against dormant isolates to find their effect. Furthermore, the mechanism
may also be through a knockout system.

Prokaryotic RNA-pol may be a potent target as it plays a role in the initiation of the complex
network. RNA-pol is directed by sigma factors toward specific promotors through the formation of a
sigma/RNA-pol holoenzyme, which may be a closed stable complex that is ineffectual for transcription
initiation (sigma 54), or may proceed directly to an open complex that is capable of transcription (sigma
70). RNA-pol is an ideal drug target for a number of antibiotics because it is an integral part of a crucial
cellular process [74,75].

4. Methods

4.1. Literature Search

To map a signaling pathway under the latent stage of MTB, the RISmed package of R was used to
retrieve relevant literature from the Entrez Utilities to the PubMed database at National Center For
Biotechnology Information (NCBI) [76–78]. The RISmed package is fast and time efficient, extracting
the exact information. The key words, latent stage TB, dormant state MTB, MTB survival under stress,
role of sigma factors, SigH of MTB, regulation of MTB pathway under stress condition, RshA role, role
of TrxC, PknB, and stress regulation were used to mine the relevant information from the literature
databases. Subsequently, all the relevant papers were manually searched for the genes and proteins
expressed under the latent stage.
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4.2. Pathway Construction Using Systems Biology Approach

All the major regulators involved in signaling and interactions were extracted from the literature
and mapped in the form of a regulatory network in UPPAAL, an integrated tool for modeling [79], in
the form of a pathway.

4.3. Validation of SigH Regulatory Pathway

The SigH regulatory pathway mapped from the literature was further confirmed for their
interactions in a “STRING” database [80]. All the SigH regulons were entered as input in the string
database to observe the interacting network. The protein network was further increased by the addition
of more nodes (proteins) until all of the extracted entities were found to be interconnected in a single
network. The network file was downloaded in the Tab Separated Values (TSV) format (Table S1) and
imported into Cytoscape v 3.5.1 [81] where different paths were generated inside the network using
the Pathlinker [82] plugin in Cytoscape. The sources and targets were selected based on the mined
literature data, and the longest path was searched using a background protein interaction network.
Pathlinker requires three inputs: a (directed) network G, a set S of “sources”, and a set T of “targets”.
Each element of S and T must be a node in G. Pathlinker efficiently computes several short paths from
the receptors to transcriptional regulators (TRs) in a network and can accurately rebuild an inclusive
set of signaling pathways from the NetPath and KEGG databases. Pathlinker has a higher precision
and recall when compared to several state-of-the-art algorithms. The longest path was analyzed based
on the score of Pathlinker using the ANIMO plugin [83] for visualization purposes.

4.4. Synthetic Biology and SigH Activation

The pathway was simulated for 100 s using the Java Script [84] to analyze the effect on the active
and inactive state of SigH regulation.

5. Conclusions

The marine environment, a highly valuable source for new lead structures, is a rich source of
anti-TB bioactive compounds that have the potential to be used as an alternative to PZA. The biological
activity of these leads gives hope for effective anti-TB agents that will show low-toxicity under the
latent stage. Here in this review, we highlighted some marine natural products that are effective against
latent TB. Furthermore, we mapped a novel SigH regulatory pathway whose regulons may be patent
targets to verify the mechanism of action. Although studies have been carried out to discover these
agents, the mechanism of action is still uncertain and will require future research. These compounds
may be tested against the potent targets of the SigH signaling pathway, which is required for the
survival of MTB under different kinds of stress including oxidative and acidic stress. This study
provides useful information about the screening of marine natural products active against latent TB
that may be tested against the signaling pathway under the latent stage of MTB.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/17/10/549/s1,
Figure S1: Longest path generated through the Cytoscape plugin, Pathlinker; Figure S2: Pathlinker identified
paths in a string network file; Figure S3: PknB and SigH network generated in string; Figure S4: PknB, SigH, and
RshA containing network in the string database. Table S1: PknB and SigH network.
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