N
N

N

HAL

open science

Backbone Cyclization Turns a Venom Peptide into a
Stable and Equipotent Ligand at Both Muscle and
Neuronal Nicotinic Receptors

Julien Giribaldi, Yves Haufe, Edward Evans, Muriel Amar, Anna Durner,
Casey Schmidt, Adele Faucherre, Hamid Moha Ou Maati, Christine Enjalbal,
Jordi Molgé, et al.

» To cite this version:

Julien Giribaldi, Yves Haufe, Edward Evans, Muriel Amar, Anna Durner, et al..
Cyclization Turns a Venom Peptide into a Stable and Equipotent Ligand at Both Muscle and
Neuronal Nicotinic Receptors. Journal of Medicinal Chemistry, 2020, 63 (21), pp.12682-12692.

10.1021/acs.jmedchem.0c00957 . hal-02995265

HAL Id: hal-02995265
https://hal.science/hal-02995265
Submitted on 30 Sep 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Backbone


https://hal.science/hal-02995265
https://hal.archives-ouvertes.fr

Backbone cyclization turns a venom peptide into a stable and equipo-
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ABSTRACT: Venom peptides are promising drug leads, but their therapeutic use is often limited by stability and bioavailabil-
ity issues. In this study, we designed cyclic analogues of a-conotoxin CIA, a potent muscle nicotinic acetylcholine receptor
(nAChR) blocker with significantly lower affinity at the neuronal a332 subtype. Remarkably, all analogues retained the low
nanomolar activity of native CIA towards muscle-type nAChRs but showed greatly improved resistance to degradation in
human serum and, surprisingly, displayed up to 52-fold higher potency for the a332 neuronal nAChR subtype (ICso 1.3 nM).
Comparison of NMR-derived structures revealed some differences that might explain the gain of potency at a332 nAChRs. All
peptides were highly paralytic when injected into adult zebrafish and bath-applied to zebrafish larvae, suggesting barrier-
crossing capabilities and efficient uptake. Finally, these cyclic CIA analogues were shown to be unique pharmacological tools

to investigate the contribution of the presynaptic a32 nAChR subtype to the train of four (TOF) fade.

Introduction

Natural extracts from animals, plants and bacteria pro-
vide one of the richest sources of bioactive peptides, some
of which have entered clinical development for the treat-
ment of human diseases such as diabetes, HIV, hepatitis and
cancer. Animal venom peptides are of particular interest, as
they have been finely tuned by millions of years of prey-
predator coevolution to potently and selectively target re-
ceptors involved in key physiological functions and, conse-
quently, they are widely employed as potent pharmacologi-
cal probes L. Cone snails are predatory marine mollusks that
have evolved and radiated into more than 800 different spe-
cies and nowhere is peptide diversity more apparent than
within their venom 2. They have developed extremely po-
tent and fast acting neurotoxic venoms mainly composed of
small peptides (10-40 residues) called conotoxins. These
conotoxins are generally highly constrained by disulfide
bridges (2-4 bridges), and target a wide range of receptors
with key physiological functions for rapid prey immobiliza-
tion and defense 3#. Disulfide bridges provide conotoxins
with rigid conformations, enabling a tight and specific inter-
action with their molecular targets, which are mainly ion
channels, but also transporters and G protein-coupled re-
ceptors 56.

Members of the a-conotoxin subfamily specifically block
the nicotinic acetylcholine receptors (nAChRs) 67. nAChRs
are ligand-gated ion channels of primary importance in the
peripheral and central nervous systems, where they inter-
vene in a wide range of physiological and pathophysiologi-
cal processes, including muscle contraction, pain sensation,
nicotine addiction, and neurological disorders such as Park-
inson's and Alzheimer’s diseases ¢. These receptors exist as
homopentamers or heteropentamers composed of a large
variety of homologous subunits. Subunits a2-a10 and ($2-$4
assemble into the diverse group of neuronal nicotinic recep-
tors, while the muscle-type nicotinic receptor exists only as
adult (a1)2p1e6 and fetal (a1)2$1yd subunit combinations
8. a-Conotoxins are classified according to the number of
residues within the loops formed by two conserved disul-
fide bridges. Interestingly, in most cases, the size of the
loops seems to determine their specificity for different nA-
ChR subtypes. Thus, 3/4 a-conotoxins target homomeric
neuronal nAChRs, 3/5 a-conotoxins target muscle-type nA-
ChRs and 4/4, 4/6 and 4/7 ao-conotoxins target different
heteromeric and/or homomeric neuronal nAChRs ¢.

Despite great advances in peptide synthesis and drug de-

velopment, the direct utilization of conotoxins as therapeu-
tics is limited because of their poor bioavailability, mostly



due to amide bond breakdown by digestive enzymes, as
well as their high polarity and molecular weight, which re-
strict their intestinal absorption. Thus, alternative routes of
application, such as intrathecal administration, have been
developed °. However, head-to-tail cyclization, N-acetyla-
tion and C-amidation are widely employed strategies to im-
prove peptide stability through prevention of degradation
by aminopeptidases and carboxypeptidases 1°. Although N-
acetylation and C-amidation are relatively easy to imple-
ment via chemical techniques, the more challenging head-
to-tail cyclization is often preferred because it results in an
increased permeability through biological barriers 1112,

Whereas cyclization was previously shown to improve
the stability of several a-conotoxins with specificity for neu-
ronal nAChRs 13-17, backbone cyclization of a paralytic, mus-
cle-type 3/5 a-conotoxin has not been reported before.
Here we describe the synthesis, pharmacological character-
ization, and structure determination of three cyclic ana-
logues of the muscle-type a-conotoxin a-CIA and demon-
strate their increased stability and altered subtypes selec-
tivity. In addition, we show how their unique selectivity
profile can be used to study the weakening of the muscle
during repetitive nerve stimulation (fading of muscle
twitches during the “train of four” repetitive stimulation
pattern).

Results

The previously described a-conotoxin CIA 18 from the pre-
dation-evoked venom of Conus catus is a highly potent
blocker of muscle-type nicotinic receptors. It has a typical
3/5 a-conotoxin disulfide framework (Cys1-Cys3; Cys2-
Cys4) and displays high sequence homology with other
known muscle-type conotoxins. However, contrary to other
3/5 a-conotoxins, it also shows activity at the a3p32 neu-
ronal subtype. Interestingly, the NMR structure of a-CIA re-
vealed a relatively short inter-termini distance of about 10
A that favors head-to-tail cyclization (Figure 1A). Therefore,
we investigated the effect of backbone cyclization of this
peptide with amino acid linkers of different lengths (Figure
1B). The objective of this modification was to produce the
first proteolysis-resistant and highly potent blocker of both
neuronal and muscle-type nicotinic receptors, representing
a unique pharmacological tool.

Chemical synthesis of cyclic a-conotoxin CIA analogues

After anchoring of the C-terminal residue on a chloro-(2’-
chloro) trityl resin, elongation of the peptide chain was per-
formed manually using Fmoc-based SPPS (Solid Phase Pep-
tide Synthesis) 1920, Mild cleavage conditions were used to
allow the separation of the peptide from the resin without
affecting the side-chain protecting groups. The crude pro-
tected peptide was cyclized under coupling conditions 21.
Side-chain deprotection and subsequent purification pro-
duced the cyclic peptide. Next, a regioselective folding strat-
egy using acetamidomethyl (Acm) protecting groups (Cys I-
Cys III) was employed to produce the disulfide bond con-
nectivity of the native peptide 18. After final purification, the
homogeneity of folded cCIA peptides was assessed by ana-
lytical RP-HPLC-UV coupled to ESI-MS (Figure 1C and Sup-
plementary Figure 1).
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Figure 1. Sequences and chemical synthesis strategy for a-conotoxin CIA cyclic analogues (cCIAs). (A) NMR structure
(backbone representation) of CIA. CIA exhibits a classical a-conotoxin fold with Cys I-Cys Il and Cys II- Cys IV disulfide con-
nectivity (represented in yellow). (B) Based on the inter-termini spacing, amino acid linkers with a length between 10 and 19
A were designed. Symbol # indicates an amidated C-terminal residue. (C) Strategy for the synthesis of three cyclic a-CIA pep-
tides and the respective RP-HPLC/ESI-MS analysis to confirm purity > 95%. The orange round circle represents a PS-chloro-
(2’-chloro) trityl resin and P represents common side chains protecting groups used in Fmoc-SPPS. RP-HPLC-UV (ACN gradi-
ent from 0 to 30% in 30 min) coupled to ESI-MS analyses revealed the presence of dominant peaks of the expected masses.

Electrophysiology and binding assays

The inhibitory potencies of the cCIA peptides were inves-
tigated using the two-electrode voltage-clamp method on
rat a3f32 neuronal nAChRs subtypes and fetal rat muscle-
type nAChR ((a1)2By6) expressed in Xenopus laevis oocytes.
All three cyclic analogues retained the low nanomolar (ICso
4-9 nM) potency of the native toxin (ICso 6.6 nM) at the fetal
muscle-type nAChR (Figure 2A). Surprisingly, cyclization
significantly improved the potency of CIA (ICso 68.2 nM) ¥ at
the a332 subtype with up to 52-fold increase in potency for
the most active analogue cCIA-3 (ICso 1.3 nM, Figure 2B).
Thus, a-cCIA-3 is the first highly potent blocker that dis-
plays low nanomolar ICso values for both the neuronal a332
subtype and the muscle-type nAChRs.

As the potency increase at the a332 receptor was accompa-
nied by a slower recovery of the receptor from the block, we
next measured the dissociation of the toxin from both mus-
cle-type and o332 nAChR subtypes. Despite the similar po-
tency of CIA and cCIA analogues on the muscle-type nAChR,
the cyclic analogues displayed significantly slower off-rates
with cCIA-3 having the smallest dissociation constant (Koff)
and a wash-out time of 30 min to reach 80% recovery of
ACh-induced current responses (Figure 2C and Supplemen-
tary Figure 2) at the muscle-type nAChRs. In contrast, com-
plete dissociation from neuronal a332 subtypes occurred
within seconds and could not be determined with the estab-
lished protocol. Therefore, the real-time receptor

reactivation during a 10 s agonist application (Supplemen-
tary Figure 3-4) was analyzed and compared to provide an
estimate of the dissociation of the cCIA analogues from this
receptor. Again, this revealed that cCIA-3 has the slowest
dissociation rate. As many a3f2-selective a-conotoxins
show a rather high affinity at the 332 binding site and al-
ternative a-conotoxin binding sites have been suggested,
we wondered whether cCIA-3 may bind to an allosteric
binding site at the 332 receptor. However, functional com-
petition binding experiments with a-conotoxin MII, a po-
tent competitive antagonist at the a3p2 subtype, showed
that preincubation with 100 nM cCIA-3 inhibited binding of
MII, a result consistent with a competitive binding of cCIA-
3 to the orthosteric a332 binding site (Supplementary Fig-
ure 5). The potency of a-cCIA-3 was further evaluated on
several nAChR subtypes. Responses in the presence of 10
1M of cCIA-3 were 80% or higher for rat a22, o234, a3(34,
0432, a4p4 and human a9al0 neuronal nAChRs, demon-
strating no significant inhibitory activity (Supplementary
Table 1). Only weak activity was detected at the human a7
subtype at 10 uM (65% of response). Remarkably, however,
cCIA-3 readily blocked the a6/a3B233 subtype and the
adult muscle nAChR with ICsos of 8.64 nM and 184 pM, re-
spectively (Supplementary Figure 6A-B). The recovery of
block from cCIA appears more than twice as slow for the hu-
man adult nAChR (Ko#: 0.013 min-! vs 0.03 min!) compared
to the fetal nAChR (Supplementary Figure 7).
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Figure 2. CIA cyclic analogues retain potency at the muscle-type nAChR and show increased affinity at a332 nAChRs.
Dose-response curves of CIA and the three cyclic analogues (cCIA-2, cCIA-3, and cCIA-4) on (A) rat muscle-type and (B) neu-
ronal a332 nAChRs. Xenopus laevis oocytes expressing the indicated receptors were analyzed by two-electrode voltage-clamp
at -70 mV holding potential. Responses to 2 s pulses of 100 uM ACh were recorded after 3 min preincubation with the respec-
tive toxin. (C) Recovery of muscle-type nAChRs from toxin block measured in 4 min intervals. Each point represents the mean
of measurements from at least three different oocytes. Error bars represent S.D. (D) Summary of inhibition and dissociation
constants of the toxins. Numbers in brackets are 95% confidence intervals. N.D. = not determined.

NMR spectroscopy

High-resolution NMR spectroscopy allowed the determi-
nation of three-dimensional structures of the CIA cyclic an-
alogues (Figure 3A). Two-dimensional TOCSY, NOESY, COSY
and HSQC spectra were collected for all three CIA cyclic an-
alogues and the assignments made using standard ap-
proaches 22 (Supplementary Table 2). Structures were de-
termined based on the NOE data, and angle restraints pre-
dicted from TALOS 23. Additional peaks are present in the
cCIA-2 and cCIA-4 spectra, most likely representing alterna-
tive conformations, whereas cCIA-3 has primarily one set of
peaks corresponding to a single conformation. Therefore,

the linker length appears to impact on the structural stabil-
ity. The dominant conformations were assigned for the pep-
tides and a superposition of the structures with native a-CIA
is shown in Figure 3B, highlighting the similarity between
the cyclic analogues and the native peptide. The most strik-
ing structural deviation is within residues 10-14 of CIA,
where the root mean square deviation (RMSD) values of the
backbone atoms with their corresponding atoms in the cy-
clic analogues equate to 1.67 A, 4.28 A and 4.10 A for cCIA-
2, cCIA-3 and cCIA-4 respectively.
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Figure 3. NMR-derived structures of the cyclic CIA analogues. (A) The 15 lowest energy structures are superimposed over
the backbone atoms for residues 6-17 (cCIA-2; orange, left), 4-18 (cCIA-3, blue, middle) and 5-19 (cCIA-4, mauve, right), and
the disulfide bonds are shown in yellow ball and stick representation. (B) cCIA-2 (left), cCIA-3 (middle) and cCIA-4 (right)
superimposed over a-CIA backbone atoms (black) for residues 3-17 (cCIA-2), 4-18 (cCIA-3) and 5-19 (cCIA-4).

Serum stability assay

The stability of CIA and its cyclic analogues towards en-
zymatic degradation was determined by incubation with
human serum AB. Peptides were incubated for 8 h at 37°C
and the amount of intact peptide remaining was determined
by liquid chromatography/MS analysis of aliquots taken at
0, 1, 2, 4, 8 h post-incubation. As shown in Figure 44, the
degradation kinetics of the cyclic analogues were much
slower than that of CIA, especially during the first 3 h. cCIA-
4 showed the highest resistance to serum degradation, with
up to 70% intact peptide remaining after 8 h of incubation.
In comparison, cCIA-2 and cCIA-3 have half-life values of
440 min and 320 min, respectively. Finally, degradation of
native a-CIA was the fastest, with a half-life of 80 min. Thus,
CIA cyclization greatly improved (> 4-6-fold) the resistance
against enzymatic degradation, consistent with previously
published data on conotoxin cyclization 13-17,

Zebrafish in vivo assays

Prior to investigating a potential oral/transcutaneous up-
take of CIA and its three cyclic analogues, we first per-
formed in vivo intramuscular injections into adult zebrafish
(Danio rerio) to evaluate the potency in this species. Intra-
muscular injection of a-conotoxin CIA and its three cyclic
analogues produced a rapid flaccid paralysis of skeletal
muscle, as evidenced by a loss of an upright posture of the
fish, and ultimately complete immobilization. Paralysis in-
duced by CIA and cCIA analogues exhibited a dose-depend-
ent effect, with ICso values for CIA, cCIA-2, cCIA-3 and cCIA-
4 0of 6.88 uM, 12.1 uM, 57.87 uM, and 76.22 pM, respectively
(Figure 4B). This evaluation of paralysis caused by muscle
nAChR blockade led to investigation of the oral/transcuta-
neous toxin uptake by tracking the movement of zebrafish
larvae in 100 uM toxin for 1 h using the ZebraBox tracking
system (Figure 4C). Consistent with the intramuscular in-
jection data, native CIA and cCIA-2 induced a strong paraly-
sis, suggesting efficient uptake of these toxins, whereas
cCIA-3 and cCIA-4 were less potent (Figure 4D).
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Figure 4. Serum stability of CIA and cCIA analogues and paralytic effect of the cCIA analogues on zebrafish (Danio
rerio). (A) Stability of CIA and cCIA analogues in human serum. Positive control: linear peptide, negative control: incubation
in water. Points represent the mean of one measurement performed in triplicate. Error bars represent the S.D. (B) Dose-
response analysis of paralysis induced by intramuscular injection of conotoxins CIA and cCIA analogues in adult zebrafish.
Experiment was performed in triplicate with a negative control (water injection). Points represent the mean of the triplicate.
Error bars represent the S.D. (C) Large movement count over 1 h of Danio rerio larvae movement tracking after addition of
the toxins into the water at a concentration of 100 pM. Each point represents the mean of measurements from six different
larvae. Error bars represent the S.D. (D) Summary of results, 95% confidence intervals are in brackets. Symbol # indicates the
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Mouse muscle contraction assays

a-CIA and analogues block nerve-evoked muscle contrac-
tion

When applied at nanomolar concentrations to isolated
phrenic-nerve hemidiaphragm muscle preparation, CIA and
cCIA analogues produced a concentration- and time-de-
pendent reduction of the isometric twitch force evoked by
nerve stimulation at 0.1 Hz (Figure 5A-B).

For the most active peptide (cCIA-3), the time required to
block 50% of nerve evoked muscle contraction was 19.0 +
6.2 min (n = 4), and a 40% recovery was obtained in 32.6 +
1.8 min (n =3) (data not shown), in agreement with muscle-
type nAChR blockade. The effect of all peptides was reversi-
ble upon washing the preparations with an extracellular
medium free of a-conotoxins. These results indicate that
CIA and analogues are effective neuromuscular blockers,
and are 2-3 fold more potent than the previously studied
aC-PrXA, a highly specific and potent inhibitor of muscle-
type nAChR 24,

In order to confirm that cCIA-3 acts as a competitive an-
tagonist at the muscle-type nAChR, we determined if an in-
crease of evoked ACh release from nerve terminals could
displace cCIA-3 from its nAChR binding site. Therefore, we
used 3,4-diaminopyridine (3,4-DAP), which greatly in-
creases quantal ACh release by reversibly blocking voltage-

gated K+ channels in motor nerve terminals 25-27, which is
used to treat certain forms of muscle weakness.

As shown in Figure 5C, cCIA-3 (16 nM) blocked the peak
amplitude of nerve-evoked contraction by approximately
85 %, and this effect was 80% reversed upon addition of
3,4-DAP (10 uM) to the medium (Figure 5C-D). Interest-
ingly, when computing twitch tension-time integrals in-
stead of peak amplitudes, the reversal was in the range of
96-98 %. This difference in values is explained by the fact
that nerve-evoked contractions exhibit a prolonged time
course in the presence of 3,4-DAP (shown in a comparison
of the control and 3,4-DAP traces in Figure 5C). In conclu-
sion, these data can be explained by a mechanism in which
3,4-DAP increases acetylcholine release from nerve termi-
nals and the increased ACh displaces the cCIA-3 analogue
from the muscle endplate nAChR, and thus strongly support
our assumption that the peptide acts in a competitive man-
ner on the muscle-type nAChR, in agreement with the de-
scribed mode of action of a-conotoxins.

Train-of-four (TOF) fade in the presence of conotoxins with
muscle and dual muscle/a32 selectivity

Train-of-four (TOF) stimulation is commonly used to
monitor neuromuscular transmission when muscle relax-
ants are applied. A fade in muscle twitches (reduction of the
twitch amplitude after repetitive nerve stimulation) is ob-
served with non-depolarizing but not with depolarizing



muscle relaxants 28-30, Curare-like agents (competitive in-
hibitors of the muscle-type nAChR) that produce a non-de-
polarizing neuromuscular block at the neuromuscular junc-
tion are known to display a typical TOF fade, both in vitro
and in vivo 31-33, The TOF fade corresponds to the T4 / T1
ratio, where T4 and T1 are the fourth and first twitch ten-
sions in the same train of four stimulations. The inhibition
of the presynaptic facilitatory a332 nAChR autoreceptor at
motor nerve terminals and the resulting inhibition of auto-
facilitatory ACh release has been suggested as an explana-
tion for the train-of-four fade seen during a non-depolariz-
ing neuromuscular block 282°. However, this hypothesis was
recently challenged by using ligands with different selectiv-
ities for pre- and post-synaptic receptors 3+ Therefore, due
to their original dual muscular/a3p2 nAChRs antagonist
property, it was of interest to determine whether oa-CIA and
the cCIA analogues were able to produce TOF fade.

A

Under control conditions (in the absence of peptides), no
TOF fade is observed as shown by the typical recordings
(Figure 5E). Remarkably, when nerve-evoked contraction
was inhibited about 76 % by cCIA-3, no significant TOF fade
was observed either. In contrast, a marked TOF fade was ob-
served with the highly muscle-selective aC-PrXA peptide
(no inhibitory activity at a3p2), already at approximately
45 % neuromuscular block (Figure 5E). As shown in Figure
5F, TOF fadings were determined at different conotoxins
concentrations. If a 50% decrease of TOF fade was meas-
ured with aC-PrXA (23nM), no significant effect was ob-
served at any concentrations of the a-CIA and cCIA ana-
logues studied. Therefore, these data strongly argue against
the common explanation of TOF fade, i.e. the blockade of
a3p2 autoreceptors at the neuromuscular junction.
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Fig. 5. In vivo mouse hemidiaphragm muscle recordings and TOF fade ratio of CIA and the cyclic analogues. (A) Typical
twitch responses upon nerve stimulation (0.1 Hz) under control conditions and during the action of cCIA-3 (16 nM). (B) Con-
centration-response curves for CIA (IC50=8.98 nM), cCIA-2 (ICs0=13.48 nM), cCIA-3 (IC50=8.70 nM), cCIA-4 (IC50=16.47 nM).
Data points represent the mean + S.D. of twitch responses from 1-9 nerve-muscle preparations, after 20-25 min toxin expo-
sure, relative to the respective controls. (C) Isometric twitch tension recordings evoked by nerve stimulation (0.1 Hz) on the
same phrenic-nerve hemidiaphragm preparation under control conditions, following 30 min incubation with 16 nM cCIA-3,
and after 27 min of 10 uM 3,4-DAP action. Note the different time course of twitch recordings between the control and after
3,4-DAP-treatment. (D) Data obtained in the same preparation and expressed as means * S.D. (n=14) (E) Isometric tension
developed during TOF nerve stimulation (2 Hz) under control conditions, and in the presence of cCIA-3 and aC-PrXA. Note



the TOF fade in the presence of aC-PrXA. Signal amplitude is relative to the maximum response of each compounds (F) TOF
fade ratio (T4/T1) in the presence of a-CIA, cCIA analogues, and aC-PrXA. T4/T1 ratio in the presence of a-CIA, cCIA ana-
logues, and aC-PrXA. Note that a significant fade is only seen for PrXA. Control experiments are represented in white.

Discussion

Backbone cyclization has previously been reported to en-
hance stability and in some cases to improve the permeabil-
ity of the cyclic analogue through biological membranes 13-
17, Considering the unusual dual activity of the 3/5 a-cono-
toxin CIA on muscle and neuronal nAChR a332 subtypes, we
investigated the effect of backbone cyclization on its phar-
macology and stability. During the cyclization process, a
linker minimizing perturbations of the three-dimensional
structure of a bioactive native toxin is highly desirable. In-
deed, Clark et al. showed that an inappropriate linker can
distort the structure by introducing strain to the peptide
leading to a loss of bioactivity 1314, Therefore, based on the
inter-termini spacing (9.8 A), amino acid linkers with a
length between 10 and 19 A were chosen.

Overall conservation of the structure between CIA and its
cyclic analogues was confirmed by NMR spectroscopy. Nev-
ertheless, the linker length appeared to have a significant
impact locally, particularly for residues 10-14 of CIA (Sup-
plementary Table S1). cCIA-3 displays the lowest RMSD
value and therefore has the most well-defined structure,
and shows only one predominant conformation in the NMR
spectra in contrast to the other two cyclic analogues.

Consistent with the NMR data, structural conservation of
the cCIA analogues compared to the native CIA led to the
conservation of the bioactivity towards muscle-type nA-
ChRsatlow nanomolar concentrations. However, the signif-
icant decrease in Kot values suggests stronger interaction of
the cyclic analogues within one, or both, of the two or-
thosteric muscle nAChR binding sites. Considering the high
sequence homology of a-CIA with a-MI and a-GI, a-CIA is
most likely binding at the a-8 interface 3536. It has been
demonstrated that the ACh binding pocket is mostly com-
posed of hydrophobic residues that interact with residues
of the two conotoxin loops formed by the disulfide bridges.
Although, the linker is outside of these cysteine loops, the
lower Kot values of cCIA-3 and cCIA-4 might be due to
stronger hydrophobic interactions arising from the addi-
tional alanine residues in the linker compared to cCIA-2. In-
terestingly, and in contrast to our observations at the mus-
cle nAChRs, dissociation rates from the neuronal a3(32 sub-
type were so fast that dissociation constants could not be
determined with established protocols despite a strong po-
tency increase at these subtypes. This raised the question of
how exactly the native a-CIA and the cyclic analogues bind
to the a3B2 subtype. Indeed, allosteric modulators usually
display very fast dissociation rates, however, functional
competition binding experiments suggested a competitive
binding of cCIA-3 to the orthosteric a3p2 binding site and
we can reasonably extend this hypothesis to cCIA-2, -4 and
native a-CIA toxin. Surprisingly, all of the cyclic analogues
also displayed a significantly increased potency at the a332
subtypes, with cCIA-3 being the most potent with a 52-fold
decreased ICso value compared to native a-CIA. The high
RMSD value (4.28 A) in the region of residues 13-17 of cCIA-
3 (compared to the equivalent residues in CIA) might allow
favorable structural changes further enhanced by the well-
defined structures of cCIA-3 (0.29 A over backbone atoms)

compared to native a-CIA (0.95 A over backbone atoms)
possibly facilitating toxin binding to the receptor and ex-
plaining the higher potency of cCIA-3 at the a332 nAChR
subtype.

Cyclization of a-CIA lead to an improved stability towards
enzymatic degradation, in agreement with previous pub-
lished data on a-conotoxin cyclization 13-17. cCIA-4 was the
most resistant to degradation in serum, exhibiting a serum
half-life of more than eight hours (70% remaining peptide),
followed by cCIA-2, cCIA-3 and native CIA, which is de-
graded at least four times faster. Nevertheless, CIA and the
cCIA analogues appear to be more readily degraded in se-
rum than cVc1.1 and cMI], as shown in the study by Clark et
al. 1314, Unlike Vc1.1 and MII conotoxins, CIA contains one
arginine residue before the first cysteine residue, and one
lysine residue in the second loop that can be cleaved by en-
dopeptidases.

A visible paralyzing effect, resulting from the block of
muscle-type nAChR, was observed when CIA or the cCIA an-
alogues were injected intramuscularly into zebrafish. Paral-
ysis activity of the conotoxins could also be monitored by
movement tracking of zebrafish (Danio rerio) larvae, after
incubation with the toxins in the tank water. Based on the
inhibition values obtained by intramuscular injection, we
performed the assay at a concentration of 100 uM (higher
doses would require large amounts of peptides). CIA and
cCIAs showed a paralyzing effect when added into the
swimming water of Danio rerio larvae in comparison to the
control, with CIA and cCIA-2 being the most potent. cCIA-3
and cCIA-4 exhibited a weaker activity, which is consistent
with the intramuscular injection data. Zebrafish (Danio re-
rio) might not have the required metabolic means to com-
pletely digest the native CIA and make it completely inac-
tive.

Considering the unique capacity of a-CIA and cCIAs to
block both muscle-type and neuronal a332 subtype nA-
ChRs, they represent a novel pharmacological tool to study
the contribution of the a32 subtype neuromuscular trans-
mission in the presence of neuromuscular blockers. Con-
sistent with the electrophysiology data, CIA and its cyclic
analogues block the phrenic nerve-evoked isometric twitch
force in mouse hemidiaphragm muscles in the nanomolar
range. The cCIA-3-induced block was reversed when in-
creasing the quantal ACh release by 3,4-DAP, thus confirm-
ing the competitive binding evidenced by electrophysiolog-
ical binding experiments.

A role of the pre-synaptic a3B2 nicotinic receptor in the
TOF fade phenomenon has been proposed previously 34
One of the persevering theories is that presynaptic a332
nicotinic receptors would increase the release of acetylcho-
line via a positive feedback mechanism to maintain the con-
traction at the same level following repeated nerve stimula-
tion at the neuromuscular junction. Thus, the presynaptic
0.3B2 inhibition could explain the attenuated release of ace-
tylcholine leading to nerve-evoked muscle contraction fade
37, This hypothesis was recently challenged by using ligands
with different selectivities for pre- and post-synaptic recep-
tors 34 it was found that, in in-vivo experiments, the TOF



fade was clearly correlated with the administration of
postsynaptic muscle-type antagonist such as a-bunga-
rotoxin or a-conotoxin GI, while the a3(32 blocker DHBE was
shown to potentiate the TOF fade. Nevertheless, DHfE is a
non-selective neuronal receptors blocker, thus justifying
the re-examination of the precise role of the presynaptic
o332 subtype here. Considering their high potency and dis-
tinct selectivities to both muscle-type and neuronal o332
nAChRs, CIA and its cyclic analogues represent unique phar-
macological tools to address this question. Surprisingly, nei-
ther CIA nor its cyclic analogues induced a visible TOF fade,
in contrast to the muscle-specific aC-PrXA conotoxin.
Hence, in contradiction to the generally accepted hypothe-
sis that TOF fade results from a dual block of presynaptic
a3B2 and postsynaptic muscle nAChRs, our data show that
dual blockade of a332 and muscle-type nAChRs is able to
prevent this phenomenon. Thus, the role of the a332 nAChR
in neuromuscular transmission needs to be studied in more
detail, and the cyclic CIA analogues could provide the nec-
essary pharmacological tools.

Experimental section
Chemical synthesis

DMF, DIEA, ACN, TIS, TFA, piperidine and all others rea-
gents were obtained from Sigma-Aldrich (Saint-Louis, MI,
USA) or Merck (Darmstadt, Germany) and were used as
supplied. Fmoc (L) amino acid derivatives and HATU were
purchased from Iris Biotech (Marktredwitz, Germany). PS-
2-Chlorotrityl chloride resin (100-200 mesh, 1.6 mmol/g)
was purchased from Iris Biotech (Marktredwitz, Germany).
The following side-chain protecting groups were used:
Asn(Trt), Cys(Trt), His(Trt), Arg(Pbf), Cys(Acm), Lys(Boc),
Ser(tBu). Peptides were manually synthesized using the
Fmoc-based solid-phase peptide synthesis technique on a
VWR (Radnor, PA, USA) microplate shaker. All Fmoc amino
acids and HATU were dissolved in DMF to reach 0.5 M. The
first amino acid was coupled onto the resin for 6 hina 1/1
(v/v) mix of DMF and DCM, with a 2.5-fold excess of amino
acid and 5-fold excess of DIPEA followed by addition of
methanol and further mixing for 15 min to cap any remain-
ing reactive functionalities on the resin. The resin was
washed with DMF, DCM, MeOH, and DMF. Fmoc deprotec-
tion was carried out with piperidine in DMF (1/2 v/v) twice
for 3 min. Subsequent amino acids were coupled onto 0.1
mmol of prepared resin (determined loading value 0.73
mmol/g) twice for 10 min wusing an amino
acid/HATU/DIPEA ratio of 5:5:10 relative to resin loading.
DMF was used for resin washing between deprotection and
coupling steps. After chain assembly was complete, the ter-
minal Fmoc group was removed and the resin washed with
DMF and DCM. Cleavage of the peptide from the resin with-
out affecting the side-chain protecting group was carried
out in a reaction vessel and treated ten times with 10 mL of
1% TFA in DCM (v/v) for 5 min. Eluates were collected and
combined into a round-bottomed flask then DCM and TFA
were removed under vacuum and cold diethyl ether added
to precipitate the peptide. The crude side-chain protected
peptide was dissolved in DMF at a concentration of 2 mM in
a round-bottom flask. HATU was added to the solution to
give a final concentration of 5 mM and mixed for 30 s. DIPEA
was added to a final concentration of 10 mM, and the solu-
tion was stirred for 4 h at room temperature. DMF was

removed under vacuum and residues were uptake in
ACN/H:0 (1/1 v/v) and freeze dried overnight. Side-chain
(except acm) deprotection was carried out by adding 6.25
mL of TFA/TIS/H20 (95/2.5/2.5v/v/v) per 100 mg of crude
peptide and stirring the mixture for 2.5 h at room tempera-
ture. Crude peptides were purified by preparative RP-HPLC
and pure fractions were combined and freeze-dried. A two-
step oxidation procedure was then carried out. The first di-
sulfide bridge is formed between the free cysteine residues
CyslI-CyslV by dissolving the peptide at 0.2 mM in 50 mM
Tris-HCl buffer adjusted to pH 8 and adding 7 equivalents of
DTP at 10 mM in MeOH dropwise. When the reaction was
complete the reaction mixture was acidified to pH 3 and
loaded onto preparative RP-HPLC and pure fractions were
combined. The second disulfide bridge CysI-Cyslll was
formed by deprotection/oxidation of the Acm protecting
group directly on the combined pure fractions of the mono
bridged intermediates by treatment with 20 equivalents of
10 mM iodine in H20/TFA/ACN (78/2/20 v/v/v). When the
reaction was complete, the reaction mixture was quenched
with 20 mM ascorbic acid until total discoloration of the so-
lution, acidified and purified by preparative RP-HPLC. The
combined pure fractions were freeze-dried and their purity
were confirmed by LC/ESI-MS. cCIA-2,-3,-4 peptides have
been obtained with 6.3%, 7.5% and 5.4% yields respec-
tively (purity > 95%). The peptide content was estimated at
60% from dry weight.

Mass spectrometry

Solvents used for LC/MS were of HPLC grade. The LC/MS
system consisted of a Waters (Milford, OH, USA) Alliance
2695 HPLC, coupled to a Waters Micromass ZQ spectrome-
ter (electrospray ionization mode, ESI+). All the analyses
were carried out using a Chromolith (Fontenay sous Bois,
France) HighResolution RP-18e (4.6 x 25 mm, 15 nm-1.15
um particle size, flow rate 3.0 mL/min) column. A flow rate
of 3 mL/min and a gradient of 0-100% B over 2.5 min for
routine analyses and 0-30% B over 30 min for quality con-
trol of pure products were used. Solvent A: water/0.1%
HCO:H; solvent B: ACN/0.1% HCOzH. UV detection was per-
formed at 214 nm. Electrospray mass spectra were acquired
at a solvent flow rate of 200 pL/min. Nitrogen was used for
both the nebulizing and drying gas. The data were obtained
in a scan mode ranging from 100 to 1000 m/z or 250 to
1500 m/z to in 0.7 s intervals.

Folded peptides were characterized using a Synapt G2-S
high resolution MS system (Waters Corp., Milford, MA)
equipped with an ESI source. Chromatographic separation
was carried out at a flow rate of 0.4 mL/min on an Acquity
H-Class ultrahigh performance liquid chromatography
(UPLC) system (Waters Corp., Milford, MA), equipped with
a Kinetex C18 100 A column (100 x 2.1 mm, 2.6 um particle
size) from Phenomenex (France). The mobile phase con-
sisted of water (solvent A) and ACN (solvent B) with both
phases acidified by 0.1% (v/v) formic acid. Mass spectra
were acquired in the positive ionization mode.

Preparative RP-HPLC

Preparative RP-HPLC was run on a Gilson PLC 2250 Puri-
fication system (Villiers le Bel, France) instrument using a
preparative column (Waters DeltaPak C18 Radial-Pak Car-
tridge, 100 A, 40 x 100 mm, 15 um particle size, flow rate
50.0 mL/min). Solvent A was 0.1% TFA in water, and



solvent B was 0.1% TFA in ACN. A gradient of 0-50% B over
50 min was used.

Electrophysiological Recordings

cDNAs encoding rat a2, a3, a4, a6, 2 and 4 nAChRs
were provided by Jim Patrick (Baylor College of Medicine,
Houston, TX, USA) and subcloned into the oocyte expression
vector pNKS2. The rat a6/a3 Chimera 383° was generated
by Gibson assembly in the pNKS2 vector. Fetal rat muscle-
type (al, 1, vy, 8) subunit cDNAs in pSPOoD were provided
by Veit Witzemann (MPI for Medical Research, Heidelberg,
Germany). Plasmids for expression of a7, a9, a10 and adult
muscle-type (a1, 81, g, §) nAChRs were a gift from David Ad-
ams (Illawara Health and Medical Research Institute, Wol-
longong University, Australia). Synthesized human muscle
subunit cDNAs (Integrated DNA Technologies (IDT) (Coral-
ville, 1A, USA) and human o9 and 10 pCMV6-XL5 con-
structs (OriGene (Rockville, MD, USA)) were cloned in
pT7TS. Human a7 in pMXT was provided from Prof. Jon
Lindstrom (Uni. Pennsylvania, PA, USA). cRNA was synthe-
sized from linearized plasmids with SP6 RNA polymerase
using the mMessageMachine kit (Invitrogen, Thermo Fisher
Scientific, USA). Xenopus laevis oocytes were kindly pro-
vided by Prof. Luis Pardo (MPI of Experimental Medicine,
Gottingen), injected with 50-nL aliquots of cRNA (0.5
pg/uL), and kept at 16°C in filtered ND96 (96 mM NaCl,
2mM KCl, 1 mM CaClz, 1 mM MgClz, 5 mM HEPES, pH 7.4)
containing gentamicin (5 ug/mL).

Two-electrode voltage clamp recordings were performed
1-5 days after cRNA injection at a holding potential of -70
mV. Pipettes were pulled from borosilicate glass and filled
with 3 M KCl. Resistances were below 1 MQ. Membrane cur-
rents were recorded using a Turbo Tec 05X Amplifier (npi
electronic, Tamm, Germany) filtered at 200 Hz and digitized
at 400 Hz. CellWorks software was used for recording. The
perfusion medium was automatically switched between
ND96 with or without agonist (100 uM ACh) using a cus-
tom-made magnetic valve system. A fast and reproducible
solution exchange (<300 ms) for agonist application was
achieved using a 50-pL funnel-shaped oocyte chamber com-
bined with a fast solution flow (150 puL/s) fed through a cus-
tom-made manifold mounted immediately above the oo-
cyte. ACh pulses were applied for 2 s at 4 min intervals. After
each application, the cell was superfused for 54 s with ago-
nist-free solution, and the flow was then stopped for 3 min.
Immediately at the beginning of this interval, peptide (pre-
pared in filtered ND96 containing 0.1% BSA m/V) was
mixed from a 10-fold stock into the static bath when re-
sponses of three consecutive agonist applications differed
by less than 10%. The use of BSA showed no change in toxin
potency but produced more stable measurements at low
toxin concentrations. ACh-evoked current peaks following
peptide incubation were normalized to the ACh current
peak before peptide exposure.

The analysis of the electrophysiological data was per-
formed using GraphPad Prism version 8.0. Dose-response
curves were fit to the data using the Hill equation: % re-
sponse = Bottom + (Top-Bottom)/(1+10”((LogICso-
X)*HillSlope)) and constraints of 100% and 0% for Top and
Bottom, respectively. Dissociation curves were fit to the
data with the equation % response = (response (time 0) -
plateau)*exp(-K * time) + plateau.

The functional analysis of competitive binding was per-
formed as previously described #0. Briefly, 2s ACh pulses
were applied in 1 min intervals until stable responses were
obtained. The perfusion was then stopped for 7 min for ap-
plication of cCIA-3 (after 1 min) and/or MII (after 4 min) in
the static bath. As a control, ND96 was applied instead of a
peptide. All peak currents were normalized to the mean of
the four stable ACh evoked peak currents before the peptide
incubation.

All experiments were performed with oocytes from at
least two different frogs.
NMR spectroscopy

Lyophilized synthetic peptides (~1.5-2 mg) were resus-
pended in 90%H:0:10%D20. 2D *H-'H TOCSY, !'H-'H
NOESY, 'H-'H DQF-COSY, H-15N HSQC, and !H-13C HSQC
spectra were acquired at 290 K using a 600 MHz AVANCE
[l NMR spectrometer (Bruker, Karlsruhe, Germany)
equipped with a cryogenically cooled probe. All spectra
were recorded with an interscan delay of 1 s. NOESY spectra
were acquired with mixing times of 200-250 ms, and TOCSY
spectra were acquired with isotropic mixing periods of 80
ms. Two-dimensional spectra were collected over 4096
data points in the f2 dimension and 512 increments in the
f1 dimension over a spectral width of 12 ppm. Standard
Bruker pulse sequences were used with an excitation
sculpting scheme for solvent suppression. The two-dimen-
sional NOESY spectra of the cCIA analogues were automati-
cally assigned and an ensemble of structures calculated us-
ing the program CYANA 4. Torsion-angle restraints from
TALOS+ were used in the structure calculations. The final
structures were visualized using Pymol (The PyMOL Molec-
ular Graphics System, Version 2.0 Schrédinger, LLC.),
MOLMOL 42 and UCSF Chimera 43.

Monitoring of the paralysis effect after Injection into adult
zebrafish(Danio rerio)

Sixty three adult male and female (2-5 months) zebrafish
wild-type AB were maintained under standardized condi-
tions and experiments were conducted in accordance with
the European Communities council directive 2010/63, pro-
cedures were approved by Ethical Committee for Animal
Experiment of Languedoc Roussillon n ° 36 (reference num-
ber: 2018040911129080 #14665 v4). The AB wild-type
zebrafish line has been obtained from ZIRC (Zebrafish Inter-
national Resource Center, Oregon, USA; ID ZL1) and bred in-
house. Toxins were diluted in milli-Q water and 5 pL of in-
cremental doses were injected intramuscularly into adult
zebrafish with a 10 pL Neuros Syringe from Hamilton (Bo-
naduz, Switzerland). Each dose was repeated three times on
three different fishes to determine error bars. The onset of
paralysis was measured over a maximum observation time
of 10 min. Paralysis was considered total when the fish went
on its back. Negative control experiments were performed
according to the same protocol by injecting water instead of
toxins.

Monitoring of the paralysis effect after Incubation into
zebrafish (Danio rerio) larvae swimming water

Experiments were conducted on 5-day-old larvae of
zebrafish wild-type AB. Six larvae per toxin were placed in
a 96-well plate and a controlled volume of swimming water
was added. Small volumes of toxin were added to reach the



final desired concentration of 100 uM. Immediately after in-
cubation, the plate was placed in the movement tracking
chamber. The movement of larvae was video captured and
quantified using the Zebrabox infrared camera setup and
tracking extension of the ZebraLab software system (View-
point Life Sciences, Canada). The integration period for
movement data was set to 30 min. Each time the animal
speed goes above the small/large movement threshold, the
large movement counter in incremented. Negative control
experiments were performed according to the same proto-
col by adding water instead of toxins.

In vitro assays on isolated mouse nerve-muscle preparations
Animals

Twenty eight adult (14 male and 14 female) Swiss mice
(Mus musculus, 2-5 months of age and 23-28 g of body
weight), were purchased from Janvier Elevage (Le Genest-
Saint-Isle, France). Mice were acclimatized at the CEA ani-
mal facility for at least 48 h before experiments. Live ani-
mals were treated according to the European Community
guidelines for laboratory animal handling and the guide-
lines established by the French Council on animal care
“Guide for the Care and Use of Laboratory Animals”
(EEC86/609 Council Directive - Decree 2001-131). Mice
were housed four- to six-wise in cages with environmental
enrichment, in a room with constant temperature and a
standard light cycle of 12-h light/12-h darkness and had
free access to water and food. All experimental procedures
on mice were approved by the Animal Ethics Committee of
the CEA and by the French General Directorate for Research
and Innovation (project APAFIS#2671-
2015110915123958v4 authorized to E. Benoit). Male and
female mice were anesthetized by isoflurane (Aerrane®,
Baxter S.A,, Lessines, Belgium) inhalation before being eu-
thanized by dislocation of the cervical vertebrae.

Recordings on isolated nerve-muscle preparations

In vitro assays were performed on left phrenic-nerve
hemidiaphragm muscle preparations quickly removed and
mounted in a silicone-lined organ bath (4 mL capacity).
Preparations were bathed in a Krebs-Ringer solution of the
following composition: 150mM NaCl, 5mM KCl, 2 mM
CaClz, 1mM MgClz, 11 mM glucose, and 5 mM HEPES (pH
7.4), continuously superfused with pure Oz throughout the
experiment at a constant temperature of 22 °C, unless oth-
erwise indicated. For nerve-evoked isometric twitch ten-
sion measurements, the phrenic nerve was usually stimu-
lated with a suction microelectrode (adapted to the diame-
ter of the nerve) with supramaximal current pulses of 0.25
ms duration, at a frequency of 0.1 Hz delivered by the isola-
tion unit of a stimulator (S-44 Grass Instruments, West War-
wick, RI, USA). The hemidiaphragm tendons (at the rib side)
were tightly anchored onto the silicone-coated bath with
stainless pins, and the other tendon (central medial tendon)
was attached via an adjustable stainless-steel hook to a
FTO03 isometric force transducer (Grass Instruments). The
resting tension was monitored for each preparation tested
and adjusted with a mobile micrometer stage allowing var-
iations of muscle length in order to obtain maximal contrac-
tion amplitude in response to motor nerve stimulation.
Once maximal contraction was obtained, the resting tension
was fixed, and monitored during the whole duration of the
experiment. Signals from the isometric transducer were

amplified, collected, and digitized with the aid of a computer
equipped with an Axon™ Digidata-1550B A/D (interface
board low noise acquisition systemplus hum silencer™), us-
ing the PClamp/Axoscope 10.7 version software (Axon In-
struments, Molecular Devices Inc., Sunnyvale, CA, USA).

In some experiments a Train-Of-Four (TOF) stimuli was
delivered to the phrenic nerve trunk at a frequency of 2 Hz
for 2 s,atatrainrate of 0.033 Hz. The ratio of muscle tension
developed in the mouse hemidiaphragm by the fourth to the
first stimulus was evaluated [T(4) /T(1)] at different pep-
tide concentrations.

Statistical analysis

Data are presented as means * standard deviations (S.D.)
of n different experiments. Differences between values
were tested using the parametric two-tailed Student’s t-test
(either paired samples for comparison within a single pop-
ulation or unpaired samples for comparison between two
independent populations) or the Kolmogorov-Smirnov two-
sample test. Differences were considered significant when
P < 0.05.

Serum stability assay

Human AB serum (VWR, Fontenay-sous-Bois, France)
was centrifuged at 12000 g for 10 min for the removal of the
lipid component. Supernatant was taken out and incubated
for 15 min at 37 °C before the assay. All peptides were tested
atafinal concentration of 30 uM after dilution in serum (wa-
ter for negative control). The incubation time points were 1,
2,4 and 8 h at 37 °C. Controls and test peptides were incu-
bated in parallel at each time point. Serum proteins were
denatured by quenching with 40 uL of 6 M urea (10 min, 4
°C), followed by the precipitation of proteins with an addi-
tion of 40 pL of 20% trichloroacetic acid (10 min, 4 °C).
These solutions were then centrifuged at 12000 g for 10
min. 100 pL of supernatant was taken out at each time point.
Chromatographic separation was carried out at a flow rate
of 0.4 mL/min on an Acquity H-Class ultrahigh performance
liquid chromatography (UPLC) system (Waters, Corp., Mil-
ford, MA, United States), equipped with a Kinetex C18 100A
column (100 mm x 2.1 mm, 2.6 mm particle size) from Phe-
nomenex (France). The mobile phase consisted of water
(solvent A) and ACN (solvent B) with both phases acidified
by 0.1% (v/v) formic acid and gradient was 0-80% B in 10
min. Mass spectra were acquired in the positive ionization
mode. The elution time for each peptide was determined by
the zero-time point. The stability at each time point was cal-
culated as the area of the serum treated peptide peak on RP-
HPLC at 214 nm as percentage of the area of the 0 h serum
treated peptides. Controls were an eight-residue linear pep-
tide incubated in serum for the positive control and incu-
bated in water for the negative control. Each experiment
was performed in triplicate.
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Notes

¥Please note that different ICso values of native CIA were found
in a previous study 18. We determined that the use of BSA in the
conotoxin dilutions likely reduced the non-specific binding and
resulted in higher potencies.
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Acm, acetamidomethyl; ACN, acetonitrile; Boc, tert-butoxycar-
bonyle; DCM, Dichloromethane; DIPEA, diisopropylethyla-
mine; DMF, N,N-dimethylformamide; DTP, 2,2’-Dithiopyridine;
ESI-MS, electrospray ionization mass spectrometry; Fmoc, flu-
orenylmethoxycarbonyl; HATU, 1[Bis(dimethylamino)meth-
ylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluoro-
phosphate; LC/MS, liquid chromatography/mass spectrome-
try; MeOH, methanol; nAChR, nicotinic acetylcholine receptor;
NMR, nuclear magnetic resonance; Pbf, pentamethyl-dihydro-
benzofuran-5-sulfonyl; RP-HPLC, reversed-phase high perfor-
mance liquid chromatography; SPPS, solid-phase peptide syn-
thesis; t-Bu, tert-butyl;TFA, trifluoroacetic acid; TIS, triiso-
propylsilane; Tris, 2-Amino-2-(hydroxymethyl)propane-1,3-
dioL;Trt, trityl; UV, ultra-violet.
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