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Abstract
Pinnatoxins are members of the cyclic imine group of marine
phycotoxins that are highly toxic in in vivo rodent bioassays,
causing rapid death due to respiratory depression. Recent
studies have shown that pinnatoxins E, F and G, found in New
Zealand and Australian shellfish, act as antagonists at muscle-
type nicotinic acetylcholine receptors (nAChRs) at the neuro-
muscular junction. In the present study, binding affinities and
modes of these pinnatoxin isomers at neuronal and muscle
nAChRs were assessed using radioligand binding, electro-
physiological and molecular modelling techniques. Radioli-
gand-binding studies revealed that all three pinnatoxins bound
with high affinity to muscle-type nAChRs, as well as to the a7
and a4b2 neuronal receptors, with an order of affinity of

muscle type > a7 > a4b2. The rank order of potency at all
receptors was pinnatoxin F > G > E. Pinnatoxins F and G
also antagonized ACh-evoked responses in a7 and a4b2
neuronal receptors expressed in Xenopus oocytes. Molecular
modelling revealed that pinnatoxins E, F and G make multiple
hydrogen bond interactions with the binding site of muscle-
type and a7 receptors, with few interactions at the a4b2
binding site, reflecting the binding affinity and functional data.
This study shows for the first time that pinnatoxins E, F and G
bind to, and functionally antagonize neuronal nAChRs, with
interactions potentially playing a role in pinnatoxin toxicity.
Keywords: neuromuscular, neurotoxins, nicotinic receptors,
pinnatoxin, structure-activity.
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Nicotinic acetylcholine receptors (nAChRs) are pentameric
ligand-gated ion channels belonging to the Cys-loop family of
receptors. These receptors mediate signal transduction at the
neuromuscular junction, and serve modulatory roles in the
central nervous system (Albuquerque et al. 2009). To date, 17
different nAChR subunits have been identified and cloned:
a1–10, b1–4, c, d and e. These subunits are assembled in
various combinations to form functional receptors, with both
homomeric neuronal (a7–9 subunits) and heteromeric neu-
ronal (a2–6 and b2–4 subunits), as well as muscle-type
(a1b1dc/e) combinations possible. Binding of acetylcholine
(ACh) at receptor sites induces an allosteric conformational
change in the structure of the receptor, widening the pore and
triggering ion flux and subsequent action potentials. These
sites can also be bound by a wide range of competitive
antagonists, many of which are natural products (Daly 2005).

Radioligand-binding studies have previously been carried
out to determine nAChR binding of cyclic imine toxins,
including pinnatoxins. Most of these studies have examined
interactions of the prototypical cyclic imine toxins gymno-
dimine and the spirolides, most commonly 13-desmethyl-
spirolide C, with Torpedo nAChRs (to study muscle-type
receptors), a7 receptors and heteromeric receptors containing
a3/a4 subunits (Bourne et al. 2010; Hauser et al. 2012;
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Kharrat et al. 2008). Gymnodimine and 13-desmethyl-
spirolide C bind with high affinity to muscle-type, recom-
binant a7 and a3b2/a4b2 heteromeric receptors, displaying a
rank affinity order of a7 > muscle-type � a3b2 > a4b2.
Newer binding techniques such as solid phase microplate
assays and fluorescence polarization assays, which utilize a-
bungarotoxin coupled to either biotin or a fluorophore, have
also confirmed the high affinity of a number of cyclic imine
toxins for Torpedo nAChRs (Fonfr�ıa et al. 2010; Rodr�ıguez
et al. 2011, 2013; Vilarino et al. 2009).
Pinnatoxins E, F and G (Fig. 1) are the most recently

discovered of the pinnatoxin isomers andwere initially isolated
from New Zealand and Australian shellfish (Selwood et al.
2010). Like other cyclic imine toxins, they are thought to

interact with nicotinic receptors (Hellyer et al. 2014). Pinna-
toxins A and G have been shown to inhibit the binding of
biotinylated a-bungarotoxin to Torpedo receptors in micro-
plate-binding assays (Ar�aoz et al. 2012; Hess et al. 2013).
Pinnatoxin G proved to be at least four times more potent than
pinnatoxin A in these assays. To date there have been only two
studies on the interaction of pinnatoxins with multiple nAChR
subtypes (Ar�aoz et al. 2011; Bourne et al. 2015). Pinnatoxins
A and G bound to and antagonized ACh-evoked responses in
TorpedonAChRs and recombinanta7,a3b2 anda4b2nAChR
expression systems, with affinities in the low and subnanomo-
lar range.Molecularmodelling studies revealed that the affinity
of pinnatoxin A for the different types of nAChRs was
predicted by a number of interactions present between the toxin
and the ACh-binding site, with more interactions at the a7 and
muscle-type receptors than the a4b2 subtype (Ar�aoz et al.
2011). Recently determined crystal structures of pinnatoxinsA
and G in complex with ACh-binding proteins (AChBPs) in
conjunction with functional analysis have revealed that these
toxins adopt conformations that facilitate high-affinity binding
and slow dissociation (Bourne et al. 2015).
Previously, we have determined that pinnatoxins E, F and

G are potent blockers of neuromuscular transmission in vitro,
with intracellular electrophysiology revealing that these
isomers act as nicotinic receptor antagonists, a mechanism
of action confirmed by direct visualization of a fluorescent
pinnatoxin F derivative binding to muscle-type nAChRs
(Hellyer et al. 2013, 2014). The aim of the current study was
to determine the affinity of pinnatoxins E, F and G for both
muscle-type and neuronal nicotinic receptors and determine
the rank order of potency of these three isomers using
radioligand binding and electrophysiological techniques.
Molecular modelling was also carried out to determine the
basis for receptor selectivity of pinnatoxins E, F and G.

Materials and methods

Materials

[125I] a-bungarotoxin (specific activity: 133.6 Ci/mmol) and [3H]
epibatidine (specific activity: 62.2 Ci/mmol) were purchased from
American Radiolabelled Chemicals Inc (St Louis, MO, USA).
Unlabelled a-bungarotoxin was purchased from Tocris Bioscience
(Bristol, UK). Nicotine was purchased from BDH (Poole, UK). All
other compounds were of reagent grade and were purchased from
Sigma Aldrich (St Louis, MO, USA). Pinnatoxins E, F and G were
purified according to the methods of Selwood et al. (2010) at the
Cawthron Institute, Nelson, New Zealand. Pinnatoxins E and G
stock solutions were made up in deionized water prior to dilution.
Pinnatoxin F stock solutions were made up in 0.1% acetic acid to
prevent hydrolysis of the lactone ring and subsequent conversion to
pinnatoxin E.

Rat cerebral/skeletal muscle membrane preparations

All animal procedureswere conductedwith approval of theUniversity
of Otago Animal Ethics Committee, in accordance with guidelines.Fig. 1 Chemical structures of pinnatoxins E, F and G.
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All of the followingmembrane preparation stepswere carried out at 0–
4°C.Male Sprague–Dawley rats (~ 1 year old, from theHercus Taieri
Resource Unit) were killed by CO2 asphyxiation and rapid decapi-
tation, and whole cerebrum membrane preparations (with brainstem
and cerebellum removed) were obtained. Cortices were dissected and
homogenized in 0.32 M sucrose using 15 strokes of a hand-held glass/
Teflon homogenizer on ice. The homogenate was centrifuged
(Beckman Optima Preparative Ultracentrifuge, Fullerton, CA, USA)
for 10 min at 1000 g. The resulting supernatant was centrifuged at
20 000 g for 20 min, and the pellet resuspended in ice-cold deionized
water and centrifuged for 20 min at 8000 g. After centrifugation, both
the supernatant fraction and buffy coat were removed and centrifuged
for 10 min at 48 000 g. The pelletwas resuspended inTris-HCl buffer
(50 mM, pH 7.4), and then centrifuged for 10 min at 48 000 g. The
pellet was immediately frozen and stored at�80°C until used (within
3–4 weeks of preparation).

The method used to obtain muscle microsomal preparations was
adapted from previous methods (De Meis and Hasselbach 1971).
Hemidiaphragms were obtained from the same rats used for cerebral
preparations. Muscles were cleaned of extraneous tissue and frozen
at �80°C until used. Upon thawing, endplate regions of muscles
were isolated and dissected out into 0.32 M sucrose, and then
homogenized using a Polytron PT10-35 tissue homogenizer
(Kinematica, Luzern, Switzerland). The ground tissue was further
homogenized using 15 strokes of a glass/Teflon handheld homog-
enizer. The homogenate was centrifuged for 15 min at 6500 g. The
supernatant was then centrifuged for 15 min at 10 000 g. The
resulting supernatant was centrifuged at 44 000 g for 1 h. The pellet
was then suspended in ice-cold deionized water and the resuspended
membranes centrifuged at 80 000 g for 90 min. The resulting pellet
was resuspended/dispersed as before into Tris-HCl buffer (50 mM,
pH 7.4) and frozen at �80°C until use (within 3–4 weeks of
preparation). The protein content of the cortical synaptosomal and
muscle microsomal membrane preparations was determined using a
Lowry protein assay.

Radioligand binding assays

[3H]-epibatidine binding assays
Saturation binding was determined using [3H]-epibatidine (7.5 pM–
16 nM), incubated at 21 degrees Celsius with 80 lg of cortical
membrane protein for 4 h, in a final volume of 300 lL. For [3H]-
epibatidine competition assays, membranes were incubated with
0.5 nM [3H]-epibatidine in the presence of various concentrations of
unlabelled pinnatoxins E, F and G or nicotine. For studies of
differential cytisine binding, 100 nM of cytisine was added to each
well. Following incubation, the binding reaction was terminated by
vacuum filtration onto Unifilter GF/B glass fibre filter plates (Perkin
Elmer, Waltham, MA, USA) presoaked with Tris-HCl binding
buffer using a Packard Filtermate-196 cell harvester (Packard
Instruments Inc., Meriden, CT, USA). Membranes were then
washed five times (total wash volume of 1.5 mL) with ice-cold
50 mM Tris-HCl buffer to remove unbound radiolabel. Plates were
dried at 21 degrees Celsius overnight, and then 40 lL of scintil-
lation fluid (Microscint 20; Perkin Elmer) was added to each well.
The plates were then sealed (TopSealTM-A; Perkin Elmer) and read
using a Wallac 1450 MicroBeta scintillation counter (Perkin Elmer).
Nicotine (300 lM) was used to determine nonspecific binding.

Corrections were made for ligand depletion to ensure correct
concentrations were used in Kd calculations.

[125I] a-bungarotoxin binding assays
All [125I]-a bungarotoxin experiments contained 0.3% bovine serum
albumin (BSA) in the incubation and wash buffer to reduce non-
specific binding. Saturation binding was determined using [125I]-a-
bungarotoxin (2.5 pM–10 nM), incubated at 21 degrees Celsius
with 80 lg of cortical membrane protein or 50 lg of muscle
membrane protein for 2 h, in a final volume of 300 lL. For [125I]-a-
bungarotoxin competition assays, membranes were incubated with
1 nM (muscle) or 2 nM (cortex) [125I]-a-bungarotoxin in the
presence of various concentrations of unlabelled pinnatoxins E, F
and G or cold a-bungarotoxin. Following incubation, the binding
reaction was terminated by vacuum filtration onto Unifilter GF/C
glass fibre filter plates as described above. Filter plates were pre-
soaked with BSA buffer for 1–2 h at 4°C prior to harvesting.
Membranes were then washed 10 times (total wash volume of
3 mL) in ice-cold BSA buffer. Plates were then dried and counted
on a scintillation counter as described for epibatidine studies. Cold
bungarotoxin (1 lM) was used to determine non-specific binding.

Functional studies

Expression of recombinant a4b2 and a 7 nAChRs in Xenopus
oocytes
Human a7, a4 and b2 cDNAs subcloned in pN3 vector were
linearized using the Not-1 enzyme. mRNAs were transcribed in vitro
using T7 mMessage mMachineTM transcription kit (Ambion Inc.,
Austin, TX, USA). RNA was treated with DNase prior to purification
and RNA concentrations were measured by spectrophotometry using
the Nanodrop (Thermo Fisher Scientific, Waltham, MA, USA). A
total of 50.6 nL of mRNA was microinjected into Xenopus oocytes
(Stage V–VI). The mRNA was then diluted in ratios of a4 : b2,
10 : 1 and 1 : 10 to obtain (a4)3(b2)2 and (a4)3(b2)2 receptor
stoichiometries, respectively. After injection, the oocytes were
maintained at 18°C in the presence of ND96 (96 mM NaCl, 2 mM
KCl, 1 mM MgCl2, 1.8 mM CaCl2, 5 mM HEPES (hemisodium
salt), supplemented with 2.5 mM sodium pyruvate and 0.5 mM
theophylline) solution augmented with 50 lg/mL kanamycin.

Electrophysiological recording of recombinant receptors
Three to 7 days post-injection, oocytes held at �60 mV were used
for recording. While recording, oocytes were superfused with
calcium-free buffer until a stable base current was reached. Action
of pinnatoxins was evaluated in the presence of EC80 concentrations
of ACh, and the amplitude of evoked current was measured using
two-electrode electrophysiology. All data points were acquired by
pre-incubating 1 mL of the corresponding concentration of pinna-
toxin before co-application of ACh. Calcium-free external solution
was used in recording (115 mM NaCl, 2.5 mM KCl, 1.8 m M
BaCl2, 10 mM HEPES and 0.2 mM CaCl2, adjusted to pH 7.4).

Molecular modelling

Model building
Homology models of rat a7 and a4b2 pentamers and ae and ad
dimers were built using Modeller 9 (version 10; University of
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California San Francisco). The crystal structure of the acetylcholine-
binding protein from Aplysia californica in complex with 13-
desmethylspirolide C (PDB code: 2WZY) was chosen as a template.
Sequence alignments from Bourne et al. (2010) were used as a
reference in order to align the template and target amino acid
sequences. The standard Modeller ‘AUTOMODEL’ function was
used to build the a7 and a4b2 homology models. For each receptor,
100 models were built and the model with the best molpdf score was
used for docking studies. For the ae and ad dimers, models were
built in the presence of bound ligands, with the hetero-atoms
corresponding to the bound 13-desmethylspirolide C in the template
included in the model-building procedure. The inclusion of a bound
ligand in the template was to prevent loop F from occluding the
main binding site. One hundred models were built using this
procedure, with the best initial model chosen and 50 loop models
constructed using the Modeller LOOP MODEL method in ‘very
slow’ mode.

Conformer generation
Initial chemical structures of pinnatoxins E, F and G were generated
using MacroModel software (version 10.4; Schr€odinger Inc, LLC.,
New York, NY, USA). To reduce problems associated with the
generation of conformers from flexible macrocyclic ligands, a recent
method employed by Ar�aoz et al. (2012) was adopted. Dihedral
restraints were placed on the backbone atoms of the pinnatoxins that
matched the common structural patterns of other cyclic imines, in
order to reduce the number of conformers generated and to best
reflect the binding modes of cyclic imines that had been determined
crystallographically. With these dihedral angle restraints in place,
conformers were generated using MacroModel, with all conforma-
tional search parameters set at default values.

Ligand docking
Docking of the pinnatoxin conformers into the primary ACh-binding
sites of the homology models of nAChRs was achieved using GOLD
software (version 5.2.2; Cambridge Crystallographic Data Centre,
Cambridge, UK). Themid-point between the backbone oxygen atoms
of protein residues Cys 190 and Trp 147 was used as the centroid of
the binding site, with the binding site defined as a 15 �A sphere centred
on this point. Due to the observation that upon binding, most nicotinic
ligands, including cyclic imines, establish a hydrogen bond between a
charged nitrogen atom present on the ligand and the carbonyl oxygen
of the receptor residue Trp 147, a hydrogen bond constraint was set
between the nitrogen of the pinnatoxin cyclic imine group and Trp
147. All rotatable ligand bonds were fixed during docking. Side chain
flexibility was added to some amino acid side chains in the binding
site (Arg 186 and Gln57 for a7; Asp157 and Arg 186 for a4; Lys 143
and Asp 198 for a1; Lys 33 for e and Asp 57 for d). In general, most of
the key-conserved residues were kept rigid. The CHEMPLP scoring
function was used to determine the best docked poses for each of the
toxins in each of the receptor-binding sites. Pymol molecular graphics
software (version 1.5.0.4; Schr€odinger Inc, LLC)was used to generate
all images of ligand conformers, receptor models and ligand–receptor
interactions.

Data analysis
All binding experiments were conducted in triplicate with n = 3–6
individual assays. Binding curves were analysed using nonlinear

regression in Prism (GraphPad Software Inc., San Diego, CA,
USA). Kd, IC50 and Hillslope values were obtained by fitting the
data to one-site and two-site saturation and competition-binding
models, with one or two-site binding compared using an extra-sum-
of-squares F-test. Ki values were determined using the Cheng-
Prusoff equation (Cheng and Prusoff 1973).

For functional studies, the amplitude of each current response to
ACh (I) was normalized to the amplitude of the maximum current
response to ACh (Imax). Normalized dose–response curves were
constructed and analysed using Prism according to the equation:
I = Imax ([A]

nH/([A]nH + EC50
nH)), where [A] is the ligand concen-

tration and nH is the Hill slope. The mean parameters of each curve
were derived from at least three oocytes and t-tests were used to
compare pinnatoxin F and G logIC50 values for each receptor
subtype. All data are expressed as mean � SEM.

Results

Saturation-binding curves

Analysis of [3H]-epibatidine saturation binding in cortical
membranes by nonlinear regression resolved two binding
sites (one-site vs. two-site; F(2,105) = 13.01; p < 0.0001). Kd

values for the high-affinity and low-affinity sites were
6.69 � 8.95 pM and 0.79 � 0.4 nM, respectively. The
high-affinity site accounted for 28.1% of binding sites.
Analysis of the [125I]-a-bungarotoxin saturation-binding

data for both cortical and muscle homogenate saturation
binding curves by nonlinear regression resolved one binding
site. Kd values for the neuronal and muscle-type nAChRs
were 0.82 � 1.4 nM and 0.50 � 0.73 nM, respectively.
The binding data were quite variable, with large variance
seen in both the binding curves and the calculated Kd values.

Competition-binding experiments

Heteromeric neuronal nAChRs
Under standard assay conditions, pinnatoxins E, F and G
produced concentration-dependent inhibition of [3H]-epiba-
tidine binding to nAChRs in the rat cortical synaptosomal
membrane preparation (Fig. 2). A competition-binding curve
was also generated for nicotine as a positive control
(Fig. 2a). Nicotine displayed one-site binding (one-site vs.
two-site: F(2,58) = 1.32, p = 0.2756) with an IC50 value of
120 nM. This corresponded to a Ki value of 2.35 nM.
Pinnatoxin E competition-binding curves conformed to a

two-site binding model (one-site vs. two-site: F(3,69) = 5.27,
p = 0.0025) with IC50 values of 1.01 nM and 533 nM for
the high- and low-affinity sites, respectively. However, the
high-affinity site only accounted for 3.5% of total pinnatoxin
E binding sites. Pinnatoxin F binding curves also conformed
to a two-site binding model (one-site vs. two-site:
F(3,81) = 27.0, p < 0.0001) with IC50 values of 45.6 pM
and 157 nM for the high- and low-affinity sites, respectively.
Pinnatoxin F binding to the high-affinity site accounted for
14.5% of total binding. Pinnatoxin G binding curves
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conformed to a two-site binding model (one-site vs. two-site:
F(2,70) = 16.8, p < 0.0001) and showed affinity similar to
pinnatoxin F for the high-affinity site, with an IC50 value of
42.8 pM. Pinnatoxin G affinity for the lower affinity site was
similar to that of pinnatoxin E, with an IC50 value of
411 nM. The high-affinity binding site accounted for 21.6%
of pinnatoxin G binding.
[3H]-epibatidine competition-binding assays were repeated

in the presence of the high-affinity a4b2 agonist cytisine
(100 nM) and various concentrations of pinnatoxins F and G,
to determine if either of the pinnatoxin-binding sites
corresponded to a4b2. Inclusion of unlabelled cytisine at a
high concentration in the competition assays was employed

to essentially ‘mask’ a4b2 binding sites by preoccupying
them with cytisine, resulting in changes to one of the sites
represented in the pinnatoxin competition-binding curves.
Inclusion of 100 nM cytisine resulted in a reduction in the
overall specific binding to around one-third of that in the
absence of cytisine. This suggests that, in these assays, a
large proportion of [3H]-epibatidine binding is at the a4b2
receptors. Normalization of the competition-binding data in
the presence of cytisine allowed for the comparison of the
binding curves with those obtained in the absence of cytisine
(Fig. 2c and d). For pinnatoxin F, the two-sitemodel was only
slightly favoured over a one-site model, with a p value
approaching significance (one-site vs. two-site: F(3,43) = 2.87,

(a) (b)

(c) (d)

Fig. 2 Competitive inhibition of [3H]-epibatidine binding by (a)
nicotine and (b) pinnatoxin E, pinnatoxin F and pinnatoxin G to

nicotinic receptors in a rat cortical synaptosomal membrane prepa-
ration. Bottom panels show competitive inhibition of [3H]-epibatidine
binding by (c) pinnatoxin F and (d) pinnatoxin G, to nicotinic receptors

in a rat cortical synaptosomal membrane preparation in the presence
and absence of 100 nM cytisine. Data are expressed as percent of

specific [3H]-epibatidine binding and all points represent
mean � SEM of four to six individual experiments, each performed
in triplicate.
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p < 0.047). The IC50 value for the high-affinity site was
32.7 pM,which is similar to the 45.6 pMvalue obtained in the
absence of cytisine. However, the IC50 for the low-affinity site
was increased almost 10-fold, from 157 nM in the absence of
cytisine to 1.40 lM with cytisine present. Pinnatoxin- G-
binding curves were similarly affected. The IC50 for the high-
affinity site was 33.5 pM, remaining similar to that in the
absence of cytisine (42.8 pM). The IC50 for the low-affinity
site more than doubled, from 411 nM in the absence of
cytisine to 1.01 lM with cytisine present. This evidence
suggested that the low affinity–pinnatoxin-binding site corre-
sponded to a4b2 receptors andKi values for this site were then
calculated accordingly (Table 1).

a7 homomeric neuronal nAChRs
Pinnatoxins E, F and G produced concentration-dependent
inhibition of [125I]-a-bungarotoxin binding to a7 neuronal
nAChRs in a rat cortical synaptosomal membrane prepara-
tion (Fig. 3). A competition-binding curve was also gener-
ated for unlabelled a-bungarotoxin, as a positive control
(Fig. 3a). a-bungarotoxin displayed two-site binding (one-
site vs. two-site: F(2,70) = 25.98, p < 0.0001), with IC50

values of 39.3 pM and 743 nM for the high- and low-affinity
sites, respectively. The high-affinity site accounted for 29.2%
of a-bungarotoxin binding.
Pinnatoxin E competition–binding curves conformed to a

one-site binding model with an IC50 value of 224 pM
(Fig. 3b). Pinnatoxins F- and G-binding curves also con-
formed to a one-site binding model (F(2,55) = 0.87, p = 0.42
and F(2,58) = 0.60, p = 0.55, respectively), with IC50 values
of 86.2 pM and 126 pM, respectively. Pinnatoxins E, F and
G were only able to displace ~30–50% of [125I] a-bungaro-
toxin binding, even at the highest concentrations tested. Ki

values were determined for pinnatoxins E, F and G and are
presented in Table 1.

Muscle-type nAChRs
Pinnatoxins E, F and G produced concentration-dependent
inhibition of [125I]-a-bungarotoxin binding to muscle-type
nAChRs in a rat muscle microsomal membrane preparation
(Fig. 3). A competition-binding curve was also created for
unlabelled a-bungarotoxin as a positive control (Fig. 3c). a-

bungarotoxin displayed two-site binding (one-site vs.
two-site: F(2,67) = 14.65, p < 0.0001), with IC50 values of
14.9 pM and 1.09 lM for the high- and low-affinity sites,
respectively. The high-affinity site accounted for 36.5% of
a-bungarotoxin binding.
Pinnatoxin E competition-binding curves conformed to a

two-site binding model (F(2,74) = 85.6, p < 0.0001), with
IC50 values of 51.8 pM and 26 lM for the high- and low-
affinity sites, respectively (Fig. 3d). Pinnatoxins F- and G-
binding curves also conformed to a two-site binding model
(F(2,60) = 101.6, p < 0.0001 and F(2,67) = 47.04, p < 0.0001
respectively), with IC50 values of 44.1 pM and 3.8 lM for
pinnatoxin F and 48.3 pM and 4.6 lM for pinnatoxin G
binding to the high- and low-affinity sites, respectively. As
with a7 binding, pinnatoxins E, F and G were not able to
completely displace [125I] a-bungarotoxin binding, with only
~60–70% displacement even at the highest concentrations
tested. Ki values were determined for high-affinity pinnatoxin
E, F and G binding and are presented in Table 1.

Inhibition of ACh induced currents

With radioligand-binding studies providing evidence of
pinnatoxins E, F and G affinity for nicotinic receptors,
pharmacological investigations were carried out to determine
the effect of pinnatoxins on ACh-evoked nicotinic currents
expressed in Xenopus oocytes. Functional antagonism of
muscle-type nicotinic receptors has been demonstrated in
previous studies (Hellyer et al. 2013); here the effects of the
potent pinnatoxin F and G isomers were tested on ACh-
evoked currents in neuronal a7 and a4b2 nicotinic receptors.
We first evaluated whether the pinnatoxins exerted an agonist
effect at a7 and a4b2 nAChRs. While there was no change in
baseline current when 1 lM of the toxin was applied, ACh
(100 lM) induced currents were inhibited when the same
concentration of pinnatoxin was co-applied, suggesting an
inhibitory action on these receptors (data not shown). We
then proceeded to construct an inhibitory concentration–
response curve of ACh (300 lM, EC80) against increasing
concentrations of toxins.
On a7 nAChRs, nanomolar concentrations of pinnatoxins

F and G reduced the peak amplitude of ACh-evoked currents,
without affecting desensitization kinetics. Pinnatoxins F and
G inhibited ACh-evoked response with IC50 values of
6.8 � 1.1 nM and 10 � 2.4 nM, respectively (Fig. 4,
Table 2). There was no significant difference between
logIC50 values derived from individual concentration–re-
sponse curves for pinnatoxins F and G (p > 0.05). For a4b2
receptors, functional experiments were performed using two
stoichiometric forms of this receptor subtype (a4)3(b2)2 and
(a4)2(b2)3, which are reported to have different pharmaco-
logical profile to various agonists and antagonists. Pinnatoxin
F inhibited ACh-evoked responses with similar potencies on
both (a4)2(b2)3 and (a4)3(b2)2 receptor stoichiometries, with
IC50 values of 24 � 2.8 nM and 16 � 0.4 nM, respectively

Table 1 Binding inhibition constants for pinnatoxins E, F and G at
nicotinic receptors

Ki (� SEM)

a4b2(nM) a7 (pM) a12b1de (pM)

Pinnatoxin E 10.5 � 3.7 65.1 � 22.1 17.3 � 9.1
Pinnatoxin F 3.08 � 1.62 25.1 � 11.7 14.7 � 6.2
Pinnatoxin G 8.06 � 1.83 36.6 � 14.2 16.1 � 5.8

Ki values were calculated using Kd values of 6.7 pM, 0.8 nM and
0.5 nM for a4b2, a7 and a1b1de respectively.
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(Fig. 4, Table 2). Likewise, pinnatoxin G inhibited ACh-
evoked responses with similar IC50 values of 105 � 8.7 nM
and 230 � 15 nM on (a4)2(b2)3 and (a4)3(b2)2 receptor
stoichiometries, respectively (Fig. 4, Table 2). Comparison
of logIC50 values showed that pinnatoxin F is more potent
than pinnatoxin G at both a4b2 stoichiometries (p < 0.005).
All a4b2 inhibition curves fit a monophasic Hill equation.

Pinnatoxin-nAChR interactions

Conformer generation resulted in 180 conformers for pinna-
toxin E, 54 conformers for pinnatoxin F and 50 conformers
for pinnatoxin G. Docking of these conformers into the ACh-
binding site of the modelled receptors revealed that the best
docked poses for all three isomers were of a similar

conformation in each of the receptor-binding sites. The
conformation that the toxin molecules adopt presents a
hydrophobic face to the complementary face of the receptor-
binding site. This results in extensive van der Waals
interactions with the complementary face, with only a
limited number of hydrogen bonds present. The main
differences between the different docked poses resulted from
different primary and complementary face H-bond interac-
tions, which are summarized in Table 3.

a7 receptors
Pinnatoxins E, F and G all showed multiple hydrogen bond
interactions with the binding site of the a7 neuronal receptor
(Fig. 5, Table 3). Pinnatoxins E and F interacted only with

(a) (b)

(c) (d)

Fig. 3 Competitive inhibition of [125I]-a-bungarotoxin binding to (a) and
(b) a7 homomeric nicotinic receptors in rat cortical synaptosomal
preparations or (c) and (d) muscle-type nicotinic receptors in skeletal

muscle microsomal membrane preparations by a-bungarotoxin and

pinnatoxin E, pinnatoxin F and pinnatoxin G. Data are expressed as
percent of specific [125I]-a-bungarotoxin binding and all points repre-
sent mean � SEM of six individual experiments, each performed in

duplicate or triplicate.
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the primary face of the receptor-binding site, mostly through
charged carboxylate and lactone side chains, respectively
(Fig. 5a and b). Pinnatoxin G interacted with both the
primary and complementary face of the binding site
(Fig. 5c). This interaction with the complementary face
was in the form of an H-bond between Gln 57 and the
hydroxyl group at C28, a group which is not present in
pinnatoxins E and F.

a4b2 receptors
Docking of pinnatoxins E, F and G into the a/b-binding
interface of a4b2 receptors resulted in docked conformations

with very few hydrogen bond interactions between the
ligands and receptors (Fig. 6, Table 3). All pinnatoxins
formed an H-bond between the imine moiety and Trp 147,
but in pinnatoxin F and G complexes this was the only H-
bond present. Pinnatoxin E was the only isomer to show any
other H-bond interactions with the a/b-binding interface of
a4b2 receptors, interacting with Ser 37 and Ser 167 from the
complementary face through the carboxylate side chain.

a/d and a/e interfaces of muscle-type receptors
Docking of pinnatoxins to the a/d binding interface of the
muscle-type receptor displayed a similar pattern of H-bond

(a)

(b)

(c)

i ii iii

i ii

iii

iii

Fig. 4 Inhibition of ACh-evoked currents from neuronal nicotinic

receptors expressed in Xenopus oocytes by pinnatoxins F (a) and G.
(b) Typical inward nicotinic currents evoked by perfusion of 300 lM
ACh in (i) a4(2)b2(3), (ii) a4(3)b2(2) and (iii) a7 receptors in control

oocytes (black trace) and those exposed to pinnatoxins F or G (red

trace). (c) Concentration–response relationships for (i) pinnatoxin F

and (ii) pinnatoxin G at a7, a4(2)b2(3) and a4(3)b2(2) nicotinic receptors.
Data are expressed as the ratio of current in the presence of
pinnatoxins to control currents and all points represent mean � SEM

of two-three individual experiments.
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interactions to a7 receptors (Fig. 7a–c, Table 3). Pinnatoxins
E and F formed multiple H-bonds with the primary face of
the binding site, again through the toxin carboxylate and
lactone side chains, as well as the trispiroketal ring system

(Fig. 7a and b). Pinnatoxin G again interacted through
H-bonds with both the primary and complementary subunits
of the binding interface, with an H-bond between the C28
hydroxyl group and Asp 57 of the complementary subunit
(Fig. 7c).
Similarly, pinnatoxins E and F displayed interactions with

only the primary subunit of the a/e interface, with the
carboxylate cyclohexenyl side chain forming H-bonds with
Tyr 188 and Lys 143 (Fig. 7d and e). Similar to binding at
the a7 and a/d interfaces, pinnatoxin G interacted with both
the primary and complementary subunits of the a/e interface
(Fig. 7f). The pinnatoxin G molecule was anchored in a
position that allowed an H-bond between Lys 33 of the
complementary epsilon subunit and the C28 hydroxyl group.

Discussion

Administration of pinnatoxins causes a rapid onset of toxic
symptoms in rodents, eventually resulting in death from
respiratory depression (Munday et al. 2012; Selwood et al.
2010). Recently, antagonism of nicotinic receptors at the
neuromuscular junction by pinnatoxins E, F and G has been
demonstrated in vitro (Hellyer et al. 2013). The current study
confirmed high-affinity pinnatoxin E, F and G binding to
mammalian muscle-type nicotinic receptors, with Ki values
of ~ 15 pM. This matches the subnanomolar affinities of
pinnatoxin G for Torpedo receptors reported in a recent
binding study (Bourne et al. 2015). Although the direct cause
of death from pinnatoxin intoxication appears to be impaired
neuromuscular transmission, there are also neurological
symptoms that manifest in animals exposed to pinnatoxins
(Munday et al. 2012; Selwood et al. 2010). This indicates a
direct effect of the pinnatoxins on the central nervous system.
Pinnatoxins E, F and G all displayed high-affinity binding to
a7 homomeric with less potent binding at a4b2 heteromeric
receptors. These two receptor subtypes are the most common

Table 2 Inhibition constants for pinnatoxins F and G on acetylcholine

(ACh)-evoked nicotinic currents in Xenopus oocytes expressing a7
and a4b2 nicotinic acetylcholine receptors (nAChRs)

IC50 (� SEM) (nM)

(a4)3(b2)2 (a4)2(b2)3 a7

Pinnatoxin F 16 � 0.44 24 � 2.8 6.8 � 1.09
Pinnatoxin G 230 � 15 105 � 8.7 10 � 2.4

Table 3 Summary of H-bond interactions between pinnatoxins E, F
and G and orthosteric acetylcholine (ACh)-binding sites in molecular
models of nicotinic receptors

Ligand Fragment

Receptor

a7 a4b2 a1d a1e

PnTx E Cyclic imine Trp 147 Trp 147 Trp 147 Trp 147

Carboxylate Tyr 188,

Arg 186

Ser 37(-),

Ser 167(-)

Asp 168 Tyr 188,

Lys 143

PnTx F Cyclic imine Trp 147 Trp 147 Trp 147 Trp 147

Trispiroketal

core

Glu 192 – Tyr 194 –

Butyrolactone

ring

Arg 186 – Lys 143 Lys 143,

Asp 198

PnTx G Cyclic imine Trp 147 Trp 147 Trp 147 Trp 147

C28 hydroxyl Gln 57 (-) – Asp 57(-) Lys 33(-)

Trispiroketal

core

Glu 192,

Tyr 194

– Tyr 194 –

(-) denotes a side chain from the complementary binding site subunit.

(a) (b) (c)

Fig. 5 Docking results of pinnatoxins E (a, orange), F (b, green) and G
(c, magenta) with the a/a binding interface of the a7 nicotinic receptor.
All amino acid side chains within 4 �A of the bound ligand are shown in

cyan, magenta and green for the pinnatoxin E, F and G complexes

respectively. Cys 190 and Cys 191 of the primary subunit are omitted
for clarity. Hydrogen bonds between the ligand and receptor are shown
as black dotted lines, with the side chains involved in these interactions

labelled.
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(a) (b) (c)

Fig. 6 Docking results of pinnatoxins E (a, orange), F (b, green) and G
(c, magenta) with the a/b binding interface of the a4b2 nicotinic
receptor. All amino acid side chains within 4 �A of the bound ligand are

shown in cyan, magenta and green for the pinnatoxin E, F and G

complexes, respectively. Cys 190 and Cys 191 of the primary subunit
are omitted for clarity. Hydrogen bonds between the ligand and
receptor are shown as black dotted lines, with the side chains involved

in these interactions labelled.

(a) (b) (c)

(d) (e) (f)

Fig. 7 Docking results of pinnatoxins E (a and d, orange), F (b and e,
green) and G (c and f, magenta) with the a/d (a–c) and a/e (d–f) binding
interfaces of the muscle-type nicotinic receptor. All amino acid side

chains within 4 �A of the bound ligand are shown in cyan, magenta and

green for the pinnatoxin E, F and G complexes, respectively. Cys 190
and Cys 191 of the primary subunit are omitted for clarity. Hydrogen
bonds between the ligand and receptor are shown as black dotted

lines, with the side chains involved in these interactions labelled.
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neuronal nAChRs and modulate the release of neurotrans-
mitters such as GABA and glutamate, which could account
for the hyperactivity after pinnatoxin administration (Dani
and Bertrand 2007; Lindstrom 2003). The order of potency at
neuronal receptors matches well with in vivo LD50 values,
which show a rank order of potency of F > G > E, again
suggesting that binding to neuronal nAChRs plays a role in
pinnatoxin toxicity (Munday et al. 2012; Selwood et al.
2010). Each of the pinnatoxins displayed a receptor affinity
profile of muscle-type ≥ a7 > a4b2, identical to recent
pinnatoxin G–binding studies (Bourne et al. 2015). In
contrast, pinnatoxin A has an eightfold higher affinity for
a7 receptors than muscle-type receptors and the lowest
affinity for a4b2 receptors, a profile shared with other cyclic
imine toxins (Ar�aoz et al. 2011; Bourne et al. 2010, 2015;
Hauser et al. 2012; Kharrat et al. 2008).
Pinnatoxins did not displace all [125I] a-bungarotoxin from

muscle and cortical homogenates, even at micromolar
concentrations, with only ~ 60% displacement from mus-
cle-type and ~30% displacement from a7 receptors. Cold
bungarotoxin, on the other hand, fully displaced [125I] a-
bungarotoxin, with a two-site binding curve. The high-
affinity bungarotoxin site corresponds well with the high-
affinity pinnatoxin binding site, and almost certainly repre-
sents the high-affinity nicotinic receptors present in each
preparation. The second, low-affinity bungarotoxin site is
more difficult to explain. It is possible that this site represents
a ‘semi-specific’ binding site; i.e. a non-specific binding site
more readily displaced by excess cold a-bungarotoxin, but
not by the pinnatoxins. Multiple binding sites for [125I] a-
bungarotoxin have been observed previously in both brain
and muscle (Almon and Appel 1976; Lukas 1984; Meeker
et al. 1986). However, there was no evidence that these sites
were cholinergic in nature and may be an artefact of the
binding procedure. These sites are also clearly not required to
mediate pinnatoxin toxicity, as high concentrations of
pinnatoxins that caused only a 40–50% reduction in [125I]
a-bungarotoxin binding resulted in a complete antagonism of
muscle-type receptor function as evidenced by an abolition
of muscle twitch in vitro (Hellyer et al. 2013).
Evidence for full antagonism of nicotinic receptors, despite

incomplete binding curves, also comes from the results of
electrophysiological studies on nicotinic receptors expressed
in Xenopus oocytes. Pinnatoxins F and G completely
abolished ACh-evoked currents in both the a7 and a4b2
neuronal nicotinic receptor subtypes at nanomolar concentra-
tions. Pinnatoxin G has recently been shown to antagonize
ACh-evoked currents in expressed a7 receptors with an IC50

of 5 nM, similar to the 12 nM value calculated from the
present study (Ar�aoz et al. 2011; Bourne et al. 2015).
Concentration-inhibition curves revealed that pinnatoxin F
was more potent than pinnatoxin G at both receptor subtypes,
analogous to results from competition-binding studies. Elec-
trophysiological and binding results were also comparable in

that both isomers were more potent at a7 receptors compared
to a4b2, a selectivity profile also seen with pinnatoxin A
(Ar�aoz et al. 2011). Interestingly, this is in contrast to recent
data showing that pinnatoxins G has similar functional IC50

values at both a7 and a4b2 receptors, despite a large disparity
in binding affinities (Bourne et al. 2015). Monophasic
concentration–response curves at the a4(3)b2(2) variant of
the a4b2 receptor suggest that pinnatoxins F and G do not
significantly differentiate between the two agonist-binding
interfaces (a4-b2& a4-a4) that were recently characterized on
(a4)3(b2)2 nAChR (Harpsøe et al. 2011; Mazzaferro et al.
2011). Other cyclic imine toxins have been shown to be
slightly selective for this low sensitivity a4(3)b2(2) form of the
a4b2 receptor, perhaps as a consequence of an additional a-a
interface (Hauser et al. 2012). This was not the case in the
current study, with pinnatoxins F and G displaying similar
IC50 values at both stoichiometric receptor variations.
All of the pinnatoxin isomers displayed multiple hydrogen

bond interactions with the primary face of the a7-, a/d- and a/
e-binding sites. Both pinnatoxin F and G were stabilized by
interactions with their trispiroketal rings, which are absent in
the pinnatoxin E complex. Pinnatoxins E and F were also
positioned in poses that allowed stabilizing H-bond interac-
tions through their lactone and carboxylic acid side chains,
respectively. The interactions of the pinnatoxin F lactone ring
with Lys 143 of the muscle-type binding sites and Arg 186 of
a7-binding site are identical to interactions in X-ray structures
of 13-desmethylspirolide C and gymnodimine binding to
AChBP and molecular models of pinnatoxin A-nAChR
binding (Ar�aoz et al. 2011; Bourne et al. 2010). Pinnatoxin
G lacks a charged side chain for similar stabilizing interactions
to those seen in pinnatoxin E/F models, but compensates by
interacting with the complementary face of the muscle type
and a7 binding sites through its C28 hydroxyl group, a group
absent from the structures of pinnatoxins E and F. These
interactions were also present in pinnatoxin A molecular
model complexes with these receptor subtypes and recently
published crystal structures of pinnatoxins A and G in
complex with AChBPs (Ar�aoz et al. 2011; Bourne et al.
2015). In addition, the expected binding conformations of all
three compounds are anchored by the forced hydrogen bond
between the cyclic imine group and Trp 147, a feature seen in
crystal structures of many nAChR ligands including gymno-
dimine, 13-desmethylspirolide C and pinnatoxins A and G
(Bourne et al. 2010, 2015). This presents a hydrophobic
surface to the complementary face and facilitates high-affinity
binding of the pinnatoxins in the orthosteric ACh-binding site.
The only hydrogen bond present in all three pinnatoxin-

a4b2 complexes was the constrained bond between Trp 147
and the imine nitrogen. This lack of H-bond interactions
relative to the other nAChRs modelled in the current study is
consistent with the biological properties of the pinnatoxins,
which show lower binding affinity and functional potency at
a4b2 receptors than at a7 receptors. Pinnatoxin A is also 5–50
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times less potent ata4b2 receptors compared toa7 andmuscle-
type receptors, and this lower potency is consistent with fewer
interactions in molecular docking data (Ar�aoz et al. 2011).
However, in that study, unspecified protein side chains were
madeflexible in order to optimize the binding procedure. In the
current study, conserved residues were maintained in their
rigid conformations. If flexibility is added to the side chains of
conserved residues in the a4b2 binding site, then many of the
interactions seen with the pinnatoxin A complexes can be
replicated for pinnatoxin E, F and G complexes (data not
shown). It may be that a high level of side chain flexibility is
essential for pinnatoxin interactions at a4b2 receptors, but not
other nAChR subtypes. While no solid conclusions can be
drawn frommolecularmodels due to the inherent limitations in
model generation and ligand-docking procedures, it is encour-
aging that the docked poses generated in the current study
exhibited almost identical molecular interactions to recently
published crystal structures of pinnatoxinsA andG in complex
with AChBPs, which contain many of the same conserved
binding site residues present in nAChRs (Bourne et al. 2015).
In conclusion, the current study used radioligand binding

and electrophysiological techniques to determine the affini-
ties and relative potencies of pinnatoxins E, F and G at
muscle-type and neuronal nAChRs and employed molecular
modelling docking studies with pinnatoxin E, F and G
conformers to determine the potential binding modes of
these toxins at the nicotinic receptors. All three pinnatoxin
isomers displayed high-affinity binding to muscle-type
nAChRs, and displaced a-bungarotoxin and epibatidine
binding in rat brain synaptosomal preparations, which
indicates binding to a7 homomeric nAChRs and heteromeric
nAChRs in the central nervous system. The three isomers
had similar affinities at muscle-type receptors, but a rank
order of potency at the neuronal receptors of F > G > E,
similar to in vivo toxicity studies. Pinnatoxins F and G also
functionally antagonized neuronal receptors expressed in
Xenopus oocytes and, as with binding studies, were more
potent at a7 receptors when compared to a4b2. The receptor
selectivity profile of muscle type > a7 > a4b2 was sup-
ported by molecular modelling data in which pinnatoxins
display more interactions at the muscle type and a7 receptors
than a4b2 receptors. Taken together, the current study
suggests that, while antagonism of muscle-type receptors is
an important factor in pinnatoxin toxicity and contributes to
eventual death via respiratory depression, binding to neu-
ronal nAChR subtypes is also an important determinant of
pinnatoxin potency.
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