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ARTICLE INFO ABSTRACT
Keywords: All five muscarinic receptors have important physiological roles. The endothelial M2 and M3 subtypes regulate
Snake venom arterial tone through direct coupling to Gq or Gi/o proteins. Yet, we lack selective pharmacological drugs to

M2 muscarinic receptor
Bioactive peptide mass spectrometry
Peptide sequencing, Drug screening Peptide

assess the respective contribution of muscarinic receptors to a given function. We used mamba snake venoms to
identify a selective M2R ligand to investigate its contribution to arterial contractions. Using a bio-guided
synthesis screening binding assay, we isolated MT9 from the black mamba venom, a three-finger toxin active on the
Peptide folding M2R subtype. After sequencing and chemical synthesis of MT9, we characterized its structure by X-ray diffraction
Arterial pressure and determined its pharmacological characteristics by binding assays, functional tests, and ex vivo experiments
on rat and human arteries. Although MT9 belongs to the three-finger fold toxins family, it is phylogenetically
apart from the previously discovered muscarinic toxins, suggesting that two groups of peptides evolved inde-
pendently and in a convergent way to target muscarinic receptors. The affinity of MT9 for the M2R is 100 times
stronger than that for the four other muscarinic receptors. It also antagonizes the M2R/G; pathways in cell-based
assays. MT9 acts as a non-competitive antagonist against acetylcholine or arecaine, with low nM potency, for the
activation of isolated rat mesenteric arteries. These results were confirmed on human internal mammary arteries.
In conclusion, MT9 is the first fully characterized M2R-specific natural toxin. It should provide a tool for further
understanding of the effect of M2R in various arteries and may position itself as a new drug candidate in cardio-
vascular diseases

Abbreviations: ACh, Acetylcholine; Dp, Dendroaspis polylepsis; GPCR, G protein-coupled receptor; mAChRs, Muscarinic acetylcholine receptors; IMA, human in-
ternal mammary arteries; M2R, Muscarinic type 2 receptor; NCL, Native Chemical Ligation; [*H]-NMS, [°H] -N-methylscopolaline; PE, Phenylephrine; PTH, Phe-
nylthiohydantoin; r.m.s.d., Root-mean-square deviation; TCEP, Tris (2-carboxyethyl) phosphine hydrochloride.
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1. Introduction

Muscarinic acetylcholine receptors (mAChRs) are members of the G-
protein-coupled receptors (GPCRs) superfamily. They contribute to
multiple functions of the central and peripheral nervous systems [1], but
also in vegetative processes, such as secretion of exocrine and endocrine
glands, motility of the gastrointestinal tract or regulation of heart rate
and cardiac output [2,3]. Distinct patterns of distributions of the five
subtypes of mAChRs underlie their contributions to these important
physiological functions. M1, M4 and M5 receptors are predominantly
expressed in neurons and glial cells of the central nervous system,
whereas the M2 and M3 receptor subtypes are also distributed in the
peripheral tissues where they control the parasympathetic system. In
terms of G-protein coupling, M1, M3 and M5 receptors interact favor-
ably with Gq4/11 class of a-subunit, while M2 and M4 receptors couple
preferentially with Gj/, G-proteins. In the last few years, new insights
into muscarinic receptor pharmacology and structure have been
described, including the resolution of M1-M4 receptors structures in
both active and inactive conformations, as well as in complexes with
allosteric modulators [4-7]. Thus, the molecular basis of orthosteric
ligand interaction and of allosteric modulation of these receptors are
now largely understood.

In the heart, acetylcholine (ACh) plays a crucial role in the control of
cardiac excitability via the vagal nerve. This occurs because ACh in-
teracts with the M2 receptor, activating its coupling to Gj/, protein and
resulting in the activation of the acetylcholine-gated inward rectifying
K* channel [8]. Activation of this pathway is involved in reducing heart
rate and slowing of impulse conduction through the atrioventricular
node [9]. In coronary circulation, earlier studies using pharmacological
and genetic approaches indicate that activation of both M2 and M3 re-
ceptors may mediate the ACh relaxation-mediated response [10,11].
Impairment of ACh-induced endothelial vasodilatation has been
observed in several cases of cardiovascular diseases (congestive heart
failure, hypertension) and may be associated with risk factors for cor-
onary artery disease [12]. Muscarinic receptors have also been impli-
cated in the function of mesenteric arteries, which distribute blood from
the aorta to the gastrointestinal tract. Although significant levels of
various muscarinic receptor mRNAs can be found in rat mesenteric ar-
teries, the receptor subtypes being expressed remain uncertain. Hen-
dricks et al. reported on the predominant role of the M3 receptor subtype
in relaxing pre-contracted mesenteric arteries, based on their observa-
tion of high potency of M3-selective antagonists versus the low potencies
of M1- and M2-selective antagonists [13]. Tangsucharit et al. deter-
mined that both M1 and M3 receptor subtypes, but not M2 receptor,
control vasodilatation [14]. However, at the mRNA expression level,
M2, M3 and M5 are all expressed in rat mesenteric arteries, while M1
and M4 receptors are undetectable [15], further complicating the pic-
ture of which muscarinic receptors are really at play in controlling
mesenteric artery tone.

Due to the high homology of the orthosteric binding site among the
five muscarinic receptors, the isolation or modeling of selective agonist
or competitive antagonists of one specific subtype remains particularly
challenging. For M2 receptors (M2R), the few molecules showing high
affinity are displaying a poor selectivity factor of no more than ten-fold
[16-18], thus excluding further therapeutic exploitation. Identifying
more selective M2R ligands should help us in the understanding of the
specific role played by this receptor subtype in several pathophysio-
logical settings, such as cardiovascular pathologies.

Snake venoms, and mamba venoms in particular, contain a proven
diversity of toxins interacting with M1 and M4 mAChRs [19,20]. These
toxins of 65-66 residues belong to the three-finger fold (3FTx) structural
family and display various selectivity profiles and different modes of
action (antagonist or allosteric interaction) on mAChRs [21]. Some of
these interactions have been investigated, for instance to unravel the
molecular basis at the origin of the remarkable selectivity and allosteric
property of the MT?7 toxin for the M1 receptor [22,23]. Alongside, the
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crystallographic structure of the MT7-M1 complex was recently solved,
revealing the mechanism by which this toxin regulates the receptor
function [4]. Interestingly, so far only one toxin purified from the Den-
droaspis angusticeps venom has been described as interacting with M2
receptor [24]. This M2-toxin possesses relatively low sequence identity
with all other muscarinic toxins characterized so far. Unfortunately,
since this peptide has been incompletely sequenced, confirmation that it
interacts with high specificity with the M2 receptor, using its synthetic
analog counterpart, is still lacking. However, the mere existence of such
a specific toxin suggests that it should be feasible to identify a
M2R-selective toxin within a snake venom.

In this manuscript, we set to identify such a M2R-selective peptide.
Hence, we describe (i) the identification of a novel M2R-selective toxin
using a bio-guided venom-fractionation approach, (ii) its chemical
synthesis and structural crystallographic resolution, (iii) its pharmaco-
logical characterization using binding and functional experiments, and
(iv) its ex-vivo characterization on rat and human arteries.

2. Methods
2.1. Materials

One gram of lyophilized venom of Dendroaspis polylepis snake (black
mamba) was purchased from the African Reptiles and Venom farm
(Diepsloot, South Africa). ZipTipC;g pipette tips were from Millipore
(Merck, Molsheim, France). Trypsin, chymotrypsin, phenylephrine (PE),
atropine, ACh and the mass spectrometry matrix o-cyano-4-hydrox-
ycinnamic acid were purchased from Sigma-Aldrich (Saint-Quentin
Fallavier, France). V8 protease was from Promega (Charbonnieres-les-
Bains, France). [3H]-N-methylscopolaline ([H]-NMS) (78 Ci/mmol)
was from Perkin-Elmer (Villebon sur Yvette, France).

2.2. Dendroaspis polylepis venom fractionation

The fractionation of the black mamba venom was performed as
described [25]. Briefly, one weighted gram of venom was fractionated
into 32 fractions on a cationic exchange liquid chromatography (50 *
400 mm column, GE Healthcare Life Sciences Europe GmbH, Buc,
France). The fractions were tested at 2 pL by binding assay performed in
100 pL final. We neglected the salts contained in the venom fractions.
Fraction N (31-weighted mg) was further sub-fractionated on a Cig
Sunfire 30 * 250 mm reversed-phase column (Waters, Guyancourt,
France) to generate 10 novel sub-fractions.

2.3. Determination of the primary structure of MT9

Peptide digestion and purification — 10 ug of MT9 was resuspended in
100 mM ammonium bicarbonate (pH 8), reduced 1 h at 55 °C with 17
mM Tris (2-carboxyethyl) phosphine hydrochloride (TCEP) and alky-
lated 1 hr with 24 mM iodoacetamide at room temperature in dark prior
to enzyme digestion. The reduced/alkylated MT9 was digested by using
one of the following enzymes: trypsin or chymotrypsin (for LC-ESI-QTOF
MS/MS) or V8 protease (for Edman sequencing). The enzymes were
added at a 1:20 ratio (enzyme/peptide, w/w) and incubated overnight at
37°C. Peptide fragments resulting from V8 protease digestion were pu-
rified using analytical RP-HPLC before Edman degradation.

Edman sequencing - The amino acid sequence determination of MT9
based on Edman degradation was performed using an Applied Bio-
systems gas-phase sequencer model 492. Phenylthiohydantoin (PTH)
amino acid derivatives generated at each sequence cycle were identified
and quantitated on-line with an Applied Biosystems Model 140C HPLC
system using the data analysis system for protein sequencing from
Applied Biosystems (software Procise PC v2.1). The PTH-amino acid
standard kit (Perkin-Elmer, Villebon-sur-Yvette, France) was used and
reconstituted according to the manufacturer’s instructions. Chroma-
tography was used to identify and quantify the derivatized amino acid
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removed at each sequence cycle. Retention times and integration values
of peaks were compared to the chromatographic profile obtained for a
standard mixture of derivatized amino acids.

De novo MS/MS peptide sequencing - A Waters Q-TOF Xevo G2S mass
spectrometer (Guyancourt, France) equipped with an Acquity UHPLC
system and Lockspray source was used for the acquisition of the LC-ESI-
MS and LC-ESI-MS/MS data. 10 uL of each digested peptide sample was
injected into an Acquity UPLC BEH300 C;g column (1.7 um, 2.1 mm ID
x 150 mm L, Waters, Guyancourt, France). Peptide elution was per-
formed at a flow rate of 0.4 mL/min with a 10-70% gradient of buffers
B/A over 10 min (solvent A composition: dH,O/formic acid, 99.9/0.1
(v/v) and solvent B composition: ACN/formic acid, 99.9/0.1 (v/v)). The
eluted solution was directly injected into the coupled MS system.
Acquisition and analyses of the peptide samples were carried out in the
positive mode, within a mass range of m/z 100-2000 using the Agilent
MassLynx software version 4.1 (Waters, Guyancourt, France). The mass
spectrometer settings for the MS analyses were as follows: capillary
voltage, 0.5 kV; cone voltage, 40 V; source temperature, 150 °C; des-
olvation temperature, 600°C; gas flow, 80 L/h; and gas desolvation,
1000 L/h. MS data were acquired using a data-dependent acquisition
method for which MS/MS data were acquired using CID activation mode
based on mass and charge state of the candidate ions. For calibration, an
external lock mass was used with a separate reference spray (LockSpray)
using a solution of leucine enkephalin eluted at a flow rate of 5 uL/min.
The calibration was based on the MS detection of m/z 278.1141 and
556.2771 ions at collision energy of 23 eV. The resulting MS/MS spectra
data were analyzed by De Novo sequencing using PEAKS® studio
version 5.2 software (Bioinformatics Solutions Inc., Waterloo, ON,
Canada) with the following settings: trypsin or chymotrypsin; carba-
midomethyl (C) as a fixed modification; mass accuracy for MS/MS data
at 0.05 Da; and mass accuracy for the precursor mass at 10 ppm. Amino
acid sequence scores between 50 and 100 were recorded.

2.4. Determination of the disulfide bridge pattern of MT9

To define the disulfide bridge pattern of MT9, the native peptide was
partially reduced with TCEP in acid conditions, alkylated a first time
with a first alkylating agent, N-propylmaleimide, then each partially
reduced/alkylated intermediate compounds isolated by HPLC were fully
reduced and alkylated with a second alkylating agent, N-ethyl-
maleimide. Next, the peptide was cleaved with a variety of proteases in
phosphate buffer pH 7.5 and the connectivity inferred by mass differ-
ences produced by the two alkylating agents according to LC-ESI-QTOF
MS recordings.

2.5. Chemical synthesis of MT9

MT9 was synthesized by the chemical assembly of two peptide
fragments (P1 and P2 from the N-terminus to the C-terminus) using
hydrazide strategy for Native Chemical Ligation (NCL) [26]. The amino
acid sequences of these fragments were as follows: P1 = TICHI-
QISKTHGILKTCEENS-NH-NH; and P2 = CYKMSVRGWIIGRGCGC-
PSAVRPRQVQCCTSDKCNY-OH. The two peptides were assembled
stepwise using solid-phase fmoc chemistry on a Symphony Synthesizer
(Protein technologies Inc.). The P1 and P2 peptides were assembled
using a 2-chlorotrityl chloride resin (substitution rate of 0.4 mmol/g)
functionalized with hydrazine for P1. The coupling reaction of each
amino acid is taking 15 min and the reaction is repeated three times to
increase the amino acid coupling yield. To further increase the yield of
peptide assembly, a pseudo-proline building block was introduced in P1
at amino acid positions 7-8. After resin cleavage and deprotection with
85% (vol) trifluoroacetic acid, 5% H30 and scavengers (1,3-dimethox-
ybenzene (3.75%), triisopropylsilane (2.5%) and 3,6-dioxa-1,8-octane-
dithiol (3.75%)), all peptides were purified to homogeneity by C;g
RP-HPLC on a Jupiter Proteo column (4 um, 21.2 mm ID x 250 mm L,
Phenomenex, Torrance, CA, USA) using a 1260 Infinity preparative
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HPLC (Agilent Technologies, Les Ulis, France). After activation of P1
with NaNOs, the NCL reaction was used to couple P1 and P2 in a 200
mM phosphate buffer with 6 M guanidine at pH 6.5 and the
full-synthesized P1P2 peptide was purified using RP-HPLC. Molecular
masses were determined by LC-ESI-QTOF MS following the syntheses of
P1, P2 and P1P2 peptides. Finally, MT9 was folded/oxidized in 20%
glycerol, 100 mM Tris-HCl, 1 mM reduced glutathion and 1 mM gluta-
thione disulfide, pH 8.3 during 48 hrs. The resulting oxidized MT9 with
its four disulfide bridges was purified to homogeneity using RP-HPLC.
The folding states of natural and synthetic MT9 were checked by
far-UV CD. The CD spectra were recorded on a Jasco 810 dichrograph
using 1-mm-thick quartz cells in 300 pL of water. CD measurements
were performed at 298 K, using a wavelength ranging from 260 to 190
nm. Peptide concentrations were 0.1 mM for these measurements.

2.6. Crystallization and structure determination of MT9

Crystallization experiments were carried out with lyophilized toxin
dissolved at 10 mg/mL in 0.05 M sodium acetate, pH 5.5. The crystal-
lization trials were carried out using CrystChemTM sitting drop vapor
diffusion plates with 1 uL drops of protein and 1 uL drops of precipitant,
stored in a constant temperature incubator at 20 °C. Limited screening
for crystals was carried out following the protocol used for AncTx1-
W28R/138S [27]. Crystals of MT9 were obtained from 1.05 M ammo-
nium sulfate, 0.06 M sodium citrate, pH 5.5 with 35 mM NaSCN as an
additive. Twelve crystals were flash frozen in a cryo-loop with a cryo-
protectant consisting of 80% saturated lithium sulfate, a general purpose
cryo-salt for crystals obtained at high ionic strength [28]. Five of these
gave usable X-ray diffraction data at the synchrotron Soleil (St. Aubin,
France) on beamline Proxima-2A [29]. The XDS6 [30] was used for data
reduction by xdsme script [31]. The crystals belonging to the ortho-
rhombic space-group C222 with cell parameters a = 69.5, b = 93.6, ¢ =
62.2 A diffracted between 2.3 and 1.9 A resolution. The structure was
solved by molecular replacement starting from the crystal structure of
atratoxin-b, a short-chain a-neurotoxin from Naja atra venom (PDB ID:
10NJ) [32] with Phaser [33]. Refinement was carried out with REFMAC
[34], Phenix [35] and BUSTER and the electron density fitted with
COOT [36]. Data collection and refinement statistics for the MT9
structure are reported in Table 1. The RMSD analysis was carried out

Table 1
Statistics for MT9 crystallographic structure: data collection, processing
and refinement.

PDB code

6R5M

Data Collection
Synchrotron source

Soleil Proxima-2A

Wavelength (A) 0.980097
Space group C222

Cell parameters (;\) 69.5 93.6 62.2
Molecules/asymmetric unit 3

Resolution (A) 47-1.9 (2.01-1.9)
Rmeas (%) 19.9 (140)
Rfact (%) 17.3 (105.7)
Mean I/c (I) 6.6 (1.4)
CC1/2 (%) 99 (67.1)
Completeness (%) 99.7 (98.6)
Multiplicity 6.0 (6.0)
Refinement

Resolution (A)
Number of reflections

47-1.9 (2.01-1.9)
16,290 (1164)

Rwork™(%) 22.0 (30.0)
Rfree” (%) 25.1 (35.6)
r.m.s.d. deviation®

Bond lengths (A) 0.010
Bond angles (°) 1.23
Ramachandran

Favored (%) 97.58
Outliners (%) 0

@ Data were from BUSTER output.
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using LSQKAB and SUPERPOSE. The figures have been made with
PyMOL [37] and CHIMERA. The electrostatic potential map was
calculated using PDB2PQR web server [38].

2.7. Phylogenetic analyses

The sequence dataset from Blanchet et al. [39] containing all the
known 3FTx from the four mamba species was used (Dendroaspis inter-
medius was not yet distinguished from Dendroaspis angusticeps at the time
of the different toxin description). Sequences were named according to
their SwissProt accession number and the species name. MT9 was
incorporated into the dataset and the sequences were realigned using
MUSCLE implemented in MEGA6 [40]. A mild gap opening value (—4)
was used to prevent the alignment to be too scattered or compacted. The
alignment was then used to estimate the best model of evolution (in
complete depletion mode). The best estimated model of evolution (WAG
model using a discrete gamma distribution (+G) and with invariance on
certain sites (+I-)) was set accordingly in the option parameters of the
Maximum Likelihood (mL) method.

2.8. Pharmacological characterization

All binding experiments were performed as described [41] and
adapted to the 96-well plate format. Plates were filtered on a harvester
and counted on a TopCount machine (Perkin-Elmer, Villebon sur Yvette,
France). The human M2 receptors were stably expressed in the Chinese
Hamster Ovary (CHO) cell line as described previously [41]. Briefly,
0.8-3 nM of [3H]-NMS was incubated between 2 and 3 hrs with a mix of
M2R membranes and variable concentrations of competitors at 22 °C in
a PBS-BSA buffer (10 mM sodium phosphate, pH 7.2, 135 mM NacCl,
2.5 mM KCl, 0.1% BSA). Analyses were performed with KaleidaGraph
software (Synergy Software, Reading, PA, USA) using a non-linear Hill
equation. K; values were calculated by the Cheng and Prusoff equation
(Ki =ICs¢/ 1 + [L*/Kq4l, where L* is the concentration of the hot ligand
and Ky is its dissociation constant [42].

All cAMP quantifications were performed with the homogeneous
time-resolved fluorescence-based cAMP Dynamic II assay kit (Cisbio,
Codolet, France) according to the manufacturer’s instructions. M2R-
expressing CHO cells were detached and suspended in HAM/F12 me-
dium at a cell density of 500 cells/uL and 5 L of this suspension were
used for each assay point in 384 small volume well plates (Greiner Bio-
One, Les Ulis, France). Five uL of ligand solutions (twofold concen-
trated), prepared in 50 mM HEPES pH 7.5 and 50 uM forskolin, were
then added to each well and the plates were incubated for 30 min at
37 °C. cAMP detection reagents, supplemented with 1 mM 3-isobutyl-1-
methylxanthine to avoid cAMP degradation, were added and the plates
incubated for 1 h at room temperature before fluorescence measurement
in a ClarioStar plate reader (BMG Labtech, Champigny-sur-Marne,
France). Results were expressed as ratios of fluorescence intensities
measured at 665 and 620 nm (after excitation at 320 nm) x 10,000.

2.9. Vascular reactivity of isolated arteries

Rats were housed under standard conditions of temperature
(21-24 °C), humidity (40-60%) and 12 h light/dark cycle. All animal
experimental protocols were approved by the Pays de la Loire Ethical
Committee and were performed in accordance with the French law on
animal welfare, EU Directive 2010/63/EU for animal experiments, the
National Institutes of Health Guide for the Care and Use of Laboratory
Animals (National Institutes of Health Pub. No. 85-23, revised 2011).
Second-order rat mesenteric arterial rings were mounted on a multi-
channel isometric myograph (Model 610M, Danish Myo Technology,
Denmark) at 37 °C in a physiological salt solution (Krebs-Henseleit)
with the following composition (in mM): 119 NaCl, 4.7 KCl, 25 NaHCOs,
1.17 MgS04/7 H50, 2.5 CaCly, 1.18 KHyPO4 and 11 glucose, continu-
ously bubbled with 95% O and 5% CO;. Two tungsten wires (25 um in
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diameter) were inserted into the lumen of the arteries and respectively
fixed to a force transducer and a micrometer. Mesenteric arterial rings
were stretched at wall tension corresponding to a pressure of 90 mm Hg.
After an equilibration period (at least 20 min) under this optimal passive
tension, arteries viability and maximal contractile capacity of the vessels
were tested by two successive contractions in response to 80 mM KCl
depolarization and 10 pM PE. Endothelial function was assessed by the
ability of ACh to induce relaxation (80-100% of pre-contracted vessels).
After a 20-min washout period mesenteric arterial rings with functional
endothelium were pre-contracted with 10 uM PE and then exposed to
increasing incremental concentrations of ACh (0.1 nM to 100 uM) to
study endothelium-dependent relaxation. Schild regression built with
cumulative concentration-responses to ACh or arecaine were performed
in the presence of synthetic MT9 or atropine after 30 min incubation.
Each data point represents the average of between n = 2—4 arterial rings
per preparation and 5 preparations were used before averaging the
results.

A similar investigation was carried out on human internal mammary
arteries (IMA) from patients undergoing coronary artery bypass surgery.
The research was carried out in accordance with the Declaration of
Helsinki of the World Medical Association. The biocollection was
approved by an independent ethics committee in France (Comité de
Protection des Personnes OUEST IV). Informed consent was obtained
from every individual participant included in the biocollection. The
artery segment collected during the operation was directly placed in a
Tyrode solution (in mM: NaCl 130, KCl 5.6, MgCl, 1, CaCl; 2, Glucose
11, HEPES 8, pH = 7.4) and the sample directly transferred to the lab-
oratory within 4 hrs. As described for rat mesenteric arteries, the vessels
were dissected and mounted on stainless steel wires in a 3 mL organ bath
containing Krebs solution maintained at 37 °C and oxygenated with a
95% O3, 5% COy gas mixture. Isometric tension was recorded by a
transducer (IT2, EMKA Technologies, Paris, France) and data were
recorded and analyzed using IOX software (EMKA Technologies, Paris,
France). After 30 min of equilibration IMA were stretched at wall ten-
sion of 2.5 g, the viability of IMA was challenged twice with 90 mM KCl
and the integrity of endothelial function was checked by the induction of
50% relaxation with ACh after pre-contraction with 1 uM PE. For this
study IMA rings were contracted with 1 uM PE and a cumulative
concentration-response curve to arecaidine (1 nM to 100 uM) was per-
formed in presence of MT9 at 1 uM.

2.10. Statistical analyses

All values are expressed as mean + SEM for n experiments (n rep-
resenting the number of animals). Relaxations to the different drugs
were expressed as percentage relative to the PE-induced precontraction.
Comparison of vascular reactivity parameters was performed using
general linear mixed model with Gaussian distribution and assessed
graphically. Statistical analysis was performed using a two-way analysis
of variance test followed by Bonferroni’s post-hoc test as appropriate
using GraphPad Prism software (version 5.04; GraphPad Software Inc.,
CA, USA). p < 0.05 was considered to be statistically significant.

3. Results
3.1. Identification of MT9 from dendroaspis polylepis venom

Binding of [*H]-NMS was performed on CHO cell membranes stably
expressing the M2R. The venom of Dendroaspis polylepsis (Dp) was
fractionated by cation exchange chromatography (Fig. 1A). The fraction
N, that significantly inhibited [3H] -NMS binding, is shown on the
chromatogram (Fig. 1A). Sub-fractionation of fraction N provided ten
daughter fractions (Fig. 1B), among which fraction E was detected as
active and which is shown on the chromatogram (Fig. 1B). LC-ESI QTOF
MS analysis revealed the presence of a single product of [M+H*]* =
1588.99, corresponding to a calculated monoisotopic mass of 6351.9
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Fig. 1. Discovery, identification and synthesis of the MT9 peptide. (A) Fractionation of 1 g of Dendroaspis polylepis venom on a cationic exchange liquid chroma-
tography. (B) Fractionation of the fraction N (31 mg) on a reversed phase liquid chromatography. The red arrow indicates the active pics, inducing at least 50% of
[*H]-NMS binding inhibition. (C) Mass measurement of MT9 by LC-ESI QTOF showing a [M+H*1** of 1588.99. (D) MT9 peptide sequences determined by Edman
sequencing of the two fragments resulting from V8 protease digestion of reduced/alkylated MT9 (Fragl and Frag2). c: iodoacetamide-modified Cys residue. The total
sequence of MT9 is shown as a result. (E) Disulfide pairing of MT9 as determined experimentally.

(Fig. 1C). We named this new toxin MT9, the 9th-discovered muscarinic
toxin, because the latest published muscarinic toxin is MT7 [43] while
MTS8 is still under investigation. The reduced/alkylated E sub-fraction
has a molecular weight of 6816.8 Da indicating the presence of 8
cysteine residues in MT9 (Fig. S1). Proteolytic digestion of this reduc-
ed/alkylated MT9 with the V8 protease provides two peptide fragments
of 4567.1 and 2267.1 Da (Fig. S1). The molecular weights of these two
fragments (minus 18 Da for the peptide link) added up to the full-length
reduced/alkylated peptide. Both peptide fragments were next charac-
terized by Edman sequencing (Fig. 1D). The presence of a Glu residue at
the C-terminus of the smallest molecular weight peptide is coherent with
the cleavage site by protease V8 and indicates that it represents the
N-terminal fragment of MT9. The advantage of Edman sequencing is
that it allows for the identification of Leu versus Ile residues, hard to
distinguish by MS/MS techniques. To confirm these data, the reduc-
ed/alkylated MT9 was also digested by trypsin or chymotrypsin, and the
resulting peptide fragments directly analyzed by LC-ESI-QTOF MS/MS.
Trypsin and chymotrypsin digestions lead to 12 and 6 fragments,
respectively, covering 100% of the peptide (Fig. S1). De novo
sequencing was performed for all detected m/z ions and the retrieved
sequences perfectly matched the ones detected by Edman sequencing.
This is exemplified in two representative examples of MS/MS spectra
that illustrate de novo sequencing of MT9, one after trypsin digestion of
reduced/alkylated MT9 and the other after chymotrypsin digestion
(Fig. S1). All peptides were identified with error inferior to 6.4 parts per
million. The full sequence of the peptide present in the E sub-fraction
was construed from all these data (Fig. 1D).

Because MT9 contains four disulfide bridges, which creates an
impressive number of disulfide bridging combinations, we set to deter-
mine the disulfide bridge organization of the native MT9 peptide. To
that end, we used a partial MT9 reduction procedure along alkylation of
the free cysteine residues with a first alkylating agent, N-propylmalei-
mide, and a complete reduction, alkylation with a second alkylating
agent, N-ethylmaleimide. Using this procedure, combined to protease
digestion, we managed to infer the disulfide bridging pattern of MT9 by
LC-ESI-QTOF MS. From these recordings, the disulfide bridge arrange-
ment was shown to be C1-C3, C2-C4, C5-C6 and C7-C8 (Fig. 1E). All
subsequent experiments were performed with the synthetic form of the
MTo.

3.2. Chemical synthesis and structural characterization of MT9

MT9 was chemically synthesized using solid-phase Fmoc chemistry
and NCL. Two peptide fragments, P1 and P2 (TICHIQISKTHGILKT
CEENS-NH-NH,, 2368.20 Da and CYKMSVRGWIIGRGCGCPSAVRPRQ
VQCCTSDKCNY-OH, 4023.84 Da), were chemically synthesized and
purified to homogeneity (Fig. 2A,B). P1 and P2 were ligated to each
other to produce reduced MT9 (theoretical molecular weight of
6360.00 Da) with a yield of 39%. Next, the MT9 peptide was folded/
oxidized in conditions that yielded 45% of correctly folded peptide
(Fig. 2C). Oxidized/folded MT9 is more hydrophobic than reduced MT9
since it elutes with later in the elution conditions on RP-HPLC. The
synthetic peptide coeluted perfectly with the natural MT9, indicating
that the folding of the peptide occurred properly (Fig. 2D).

Crystals of MT9 were obtained using the previously described
AncTx1-W28R/I38S protocol for a three-finger fold toxin [27]. The
crystallographic structure of MT9 was solved by molecular replacement
using a short-chain a-neurotoxin from Naja atra venom (PDB ID: 10NJ)
[32]. The crystals were grown into orthorhombic space group C222 with
cell parameters a = 69.67, b = 93.84 and ¢ = 62.3 A diffracted at 1.9 A
resolution (Table 1). With one molecule of MT9 in the asymmetric unit,
the superposition of molecule A with its symmetric B and C showed a
slight shift of side-chain orientation of Trp>° and Arg?® at the tip of loop
I and the Arg*® in loop II (Fig. 3A). Nevertheless, the range of
root-mean-square deviation (r.m.s.d.) on Ca of all MT9 residues between
0.22 and 0.60 A suggested good superposition of the three monomers.
We found that MT9 is a three-finger fold peptide with a very short loop
2. Interestingly, the superposition of MT9 (PDB ID: 6RM5) with
fasciculin-2 (PDB ID: 1FCS), an anti-cholinesterase toxin, shows a good
overlap in loops II and III of these toxins, even if the fingers II and III of
fasciculin-2 are longer by 3 and 1 residues. Major structural differences
are visible at the tip of loop I (Fig. 3B). The r.m.s.d. on Ca between the
two crystallographic structures is 6.58 A. The comparison of MT9 with
the curare-mimetic erabutoxin b (PDB ID: 6EBX) shows a perfect su-
perposition of loop III, while the overlap in loop II is only partial, due to
important difference in length (Fig. 3C). In addition, slight differences at
the extremity of loop I between the two toxins were observed. The r.m.s.
d. Ca value between MT9 and erabutoxin b is 9.37 A. Strikingly, com-
parison between the two MT9 and MT7 (PDB ID: 2VLW) muscarinic
toxins highlights that relevant structural differences exist in their three
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Fig. 2. Chemical synthesis of MT9. (A) Chemical synthesis of P1 fragment of MT9. LC-ESI QTOF MS in inset. (B) Chemical synthesis of P2 fragment of MT9. Inset: LC-
ESI QTOF MS. (C) Elution profiles of the reduced MT9 peptide after NCL of P1 and P2, and of the folded/oxidized MT9. Insets: LC-ESI QTOF MS profiles of both
peptides indicating proper folding and oxidation. (D) Coelution of natural and synthetic MT9 showing perfect identity of the peptides.

loops in agreement with the larger r.m.s.d. value on Ca: 9.72 A. Indeed,
important variations in the length of loop II and in the orientation of the
tip of loops I and III are observed (Fig. 3D).

The electrostatic surface potential representations of MT9,
fasciculin-2, erabutoxin b and MT7 were calculated using PDB2PQR web
server [38]. They highlight differences in charge distribution between
these separate 3FTx (Fig. 4). MT9 and fasciculin-2 displayed similar
distributions of charged residues, in agreement with their respective pI
values of 9 and 8.7. The main difference was observed at the apex of the
concave face of their loops III, where positive and negative residues
appeared in MT9 and fasciculin-2, respectively. As compared to MT9,
the pI of erabutoxin b (8.2) and MT7 (7.7) were significantly less basic,
in agreement with larger electronegative surfaces located on the two
toxin’s faces and more particularly at the top of their structures and in
their loops II and III (Fig. 4).

3.3. Phylogenetic analysis of MT9

A blast analysis reveals that closest sequences to MT9 also come from
mamba venoms. Yet, they possess different pharmacological properties
(Fig. 5A). C13S1C1 with 53% of identity displays a cytotoxic activity
against non-small cell lung adenocarcinoma A549 cells [44,45]. Calci-
septin (49% identity) blocks the L-type calcium channel [46], while
Fasciculin-2 (51% identity) is an acetylcholinesterase blocker [47].
Finally, 42% of sequence identity was observed with erabutoxin b, a
short-chain nicotinic toxin (Fig. 5A). Among all known muscarinic
toxins, MT9 shared the highest sequence identity (44%) with the
partially characterized M2-toxin [24]. This percentage decreased to
28-31% with toxins known to interact selectively with M3 and/or M1
subtypes of mAChRs (Fig. 5A). The relationship between MT9 and the
other mamba 3FTxs was also evaluated by molecular phylogeny as
shown in Fig. 5B. In this tree of mamba 3FTx, all the previously
described functional or orphan groups (as in [48] and [39]) were present

with excellent statistical supports. MT9 appeared to be a sister sequence
of the M2-toxin, yet with a low statistical support and relatively long
branches. Both the MT9 and the M2-toxin belong to a subgroup that
contains the fasciculins, the calciseptin- and mambin-type toxins, as well
as the type I alpha-neurotoxins and the orphan groups X and XI. This
MT9-subgroup differs from all other functional toxin groups (aminergic
toxins, mambalgins and type II alpha-neurotoxins) with significant sta-
tistical evidence.

3.4. Pharmacological characterization of synthetic MT9

The ability of synthetic MT9 to inhibit [*H]-NMS binding on each of
the five muscarinic receptor subtypes was first evaluated. MT9 specif-
ically binds the M2R subtype since it inhibits [3H] -NMS binding with an
ICs0 value of 0.79 pM (calculated K; of 120 nM), while the peptide had
no effect on the four other muscarinic receptor subtypes at concentra-
tions up to 100 uM (Fig. 6A). Conversely, however, NMS itself inhibits
[*H]-NMS binding with an ICsq of 3.6 nM. As illustrated, the average
MT9 inhibition curve shows some flatness compared to that of NMS with
its Hill slope of 0.98. In reality, Hill slopes for MT9 inhibition were found
to fluctuate between 0.65 and 1.0 (average of individual values: 0.88
+ 0.2, n = 6), while the Hill slopes for [*H]-NMS binding were between
0.8 and 1.1 (average of 0.98 + 0.15, n = 8). These slopes were inde-
pendent of the incubation time (2-4 h tested) or the [®H]-NMS con-
centration used (between 0.8 and 3 nM). Therefore, we infer that this
shallow slope should arise from the averaging process and the differ-
ences between NMS and MT9 kinetic properties. It was thus not further
investigated.

M2R is preferentially coupled to the G; protein and its activation
leads to adenylyl cyclase inhibition and hence to a decrease in intra-
cellular cAMP concentration. The pharmacological effect of MT9 was
determined on CHO cells stably expressing the M2R. Forskolin dose-
dependently induces up to 60nM of cAMP production in M2R-
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Fig. 3. Structural characterization of MT9. (A) Superposition of the three MT9 molecules in the asymmetric unit (cyan monomer A, sea green monomer B, sky blue
monomer). (B) Superposition of MT9 (cyan) with fasciculin-2 (deep pink). (C) Superposition of MT9 (cyan) with the short neurotoxin erabutoxin b (goldenrod
monomer A and gold monomer B). (D) Superposition of MT9 with the MT7 muscarinic toxin (monomer A light green and monomer B deep green).

expressing CHO cells with an ECsg of 21 uM (data not shown). In the
presence of 25 uM forskolin, CHO cells produced 50 nM of cAMP. Under
that condition, up to 100 uM of MT9 never reduces cAMP production
demonstrating that this peptide lacks agonist activity on M2R (Fig. 6B).
In contrast, under identical experimental conditions, carbachol, an M2R
agonist, inhibits cAMP production in a dose-dependent manner with an
ICsp value of 3.5 nM. In the presence of 25 uM forskolin, supplemented
with a maximally effective concentration of carbachol (100 nM), both
NMS and MT9 restore cAMP production with ECs, values of 0.7 nM and
9.5 uM, respectively (Fig. 6C). This confirms the potent antagonist ac-
tivity of NMS on carbachol effects. It also demonstrates for the first time
the antagonist property of MT9 on carbachol effects on M2R in the
presence of forskolin. Assuming a competitive behavior of MT9 in this

system, we calculated the approximate MT9 Kp using the formula Kp
= [MT9]/(shift — 1) with [MT9] = 11 uM and shift = 100/3.5. Under
our conditions, MT9 Kp = 399 nM, a value coherent with the K; obtained
by binding studies (120 nM).

3.5. Ex vivo functional evaluation of MT9

The vascular resistance of mesenteric arteries is highly adaptable and
these arteries therefore represent a good model to study contractibility.
Also, since the identity of muscarinic receptors controlling the tone of
arteries is disputed, this study represents a good opportunity to assess
the effects of MT9 (Fig. 7). Rat mesenteric arterial rings were mounted
on a multichannel isometric myograph and connected to a force
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Fig. 4. Comparisons of electrostatic potential maps of MT9 with other 3FTx. Electrostatic potential maps calculated using PDB2PQR web server [38] of MT9 (PDB ID:
6R5M, upper left), fasciculin-2 (PDB ID: 1FCS, upper right), Erabutoxin- b (PDB ID: 2VLW, lower left) and muscarinic toxin MT7 (PDB ID: 6EBX, lower right). Red and

blue design acidic and basic residues, respectively.

transducer and a micrometer. After stretching mesenteric arterial rings
at 90 mm-Hg wall tension and exerting additional pre-contraction with
10 uM phenylephrine (PE), the endothelial function was assessed by
incremental increases of ACh concentration to induce relaxation (be-
tween 80% and 100% of pre-contracted vessels). ACh induced artery
relaxation with an ICsg of 29.1 nM (LogICsp: —7.536 + 0.085, Fig. 7 A).
In the presence of increasing concentrations of atropine, a high affinity
non-selective muscarinic antagonist, preincubated 30 min before ACh
application, the concentration-response curve to ACh shifted to the right
with ever increasing ICso values (i.e., 128 nM at 1 nM atropine and
10.1 uM at 1 pM atropine) (Fig. 7A, Table 2). Since rat mesenteric ar-
teries have a high receptor reserve and that ACh-induced relaxation can
occur with a low level of receptor occupancy, it is logic that low con-
centrations of atropine, a competitive antagonist, induces a parallel
rightward shift in the ACh concentration-curve. Interestingly, at the
highest concentrations of atropine, that will logically impact the high
receptor reserve of the preparation, we witness a depression of the
maximal response of relaxation of ACh. These effects are attributed
mainly to the lack of equilibration due to the slow dissociation of atro-
pine from the receptor.

We also established dose-response curves for arecaidine on inducing
artery relaxation since this compound as a M1R and M2R agonist [49].
In the absence of any other compound, arecaidine produces full artery
relaxation with an ICsp of 89.7 nM (LogICsp: —7.047 + 0.1218)
(Fig. 7B). Similarly to ACh, the concentration-response curve to are-
caidine also shifted to the right in the presence of atropine (i.e., ICs of
127.3 nM at 1 nM atropine up to 2.57 uM at 1 uM atropine) (Fig. 7B,
Table 2). Here also, a depression of the maximal response of relaxation
in response of arecaidine is observed at the highest concentrations of
atropine that impacts the high receptor reserve of the preparation.

Next, we studied the effect of MT9 on ACh-induced relaxation since
MT9 acts as a carbachol antagonist. Increasing concentrations of MT9

was also found to steadily shift the concentration-response curve to ACh
to the right (Fig. 7C). Surprisingly, and contrary to expectations based
on [>H]-NMS binding and cAMP production data (Fig. 6), MTO started to
be effective at nanomolar concentration on ACh-induced relaxation.
Indeed, the ICs( for ACh-induced relaxation shifted to 73.7 nM (LogICso:
—7.132 + 0.1437) in the presence of 0.8 nM of the toxin (Table 2). At
higher MT9 concentrations, the observed ICsg values for ACh-induced
artery relaxation shifted further to the right (i.e., 129 nM at 8 nM MT9
and 1.55 pM at 8 uyM MT9) (Fig. 7C, Table 2). As for ACh, increasing
concentrations of MT9 also shifted the concentration-response curve to
arecaine to the right (i.e., ICsy values for arecaine-induced artery
relaxation from 184.5nM at 0.8 nM MT9 to 1.27 uM at 8 uM MT9)
(Fig. 7D, Table 2). The antagonistic effect of 80 nM of MT9 seemed much
more powerful when the arteries were relaxed by arecaine than by ACh.
Indeed, 80 nM of MT9 only shifted the ACh ICsy value by 10.7-fold,
while it shifted the arecaine one by 26.5-fold.

We also used Schild representations to illustrate these findings. When
using ACh as a relaxant, the atropine Schild slope of 0.793 + 0.034
appeared to be significantly higher than the MT9 one, of 0.42 + 0.05.
The pA, extracted was equal to 9.56 + 0.41 for atropine and to 8.95
+ 0.25 for MT9 (Fig. 7E). Also, if arecaidine is used as a relaxant, rather
than ACh, a Schild representation illustrates again a lower slope (0.364
+ 0.082) for MT9 compared to 0.672 + 0.063 for atropine. The Schild
pPA, extracted was 9.43 and the Schild pA; for atropine was 8.67
(Fig. 7 F). For both, Fig. 7E,F, with Schild plot slopes significantly
different from 1, the pA, value does not represent an estimate of the Kq
value of MT9.

We noticed that there is a clear interruption in the progressive shift of
the ACh concentration response curve at MT9 concentrations of 80 and
800 nM (Fig. 7 C). This can also be seen if arecaidine is used instead of
ACh (Fig. 7D). It is also partially visible on the Schild plot if a smooth
curve through the data had to be plotted. Besides this observation, the
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Fig. 5. Phylogeny analysis of MT9. (A) MT9 sequence compared to sequences of 3FTX representative of the anti-cholinesterase (Fasciculin-2 (Fas2)), nicotinic
(erabutoxin b (Eb)) and muscarinic toxins (MT9). Cysteines are highlighted in gray. Bold residues are those that differ from MT9 sequence. The number at the end of
each peptide sequence represents the percentage of identity with MT9. (B) Maximum likelihood tree of MT9 and the 3FTx identified in mamba venoms. The tree was
manually edited in MEGA6 with the toxin groups name based on Fry’s nomenclature [48]. Bootstrap values based on 1000 replicates with values below 35% were
omitted. Blue lines show active toxins on aminergic GPCRs.
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Fig. 6. Pharmacological characterization of MT9. (A) Inhibition of [*H]-NMS binding on the five human muscarinic receptor subtypes by NMS (open blue symbol on
M2R only) or MT9 (full colored symbols on all muscarinic receptors). [®H]-NMS Hill slope on average data (0.99, n = 8); MT9 Hill slope on average data (0.48,
n = 6). (B) Inhibitory effect of carbachol (red symbol) and absence of effect of MT9 (full blue symbol) on the production of cAMP induced by forskolin on CHO cells
expressing M2R. (C) Antagonistic activities of NMS (open blue symbol) and MT9 (full blue symbol) on the inhibitory effect of 100 nM carbachol on forskolin-induced
cAMP production. Replicate between 3 and 8. Data are mean values + SEM (n = 5-8).

inhibition of function seems also more potent than inhibition of binding.
The interpretation of this effect is not easy but several possibilities can
be mentioned. A combination of high potency allosteric inhibition and a
lower potency direct competitive inhibition cannot be excluded and may
be supported by the expected large interaction surface such a peptide
may have with M2R. Alternatively, the mechanism of inhibition of rat
mesenteric relaxation by some MT9 concentrations used herein may
involve a process different than inhibition of muscarinic receptor. These
data hint to the fact that it will be interesting to assess the binding of
MT9 on a set of GPCRs larger than the muscarinic ones.

We also tested the antagonistic effect of MT9 on human internal
mammary arteries rings. In an earlier study investigating the competi-
tive antagonism of selective M1R, M1/M3R and M2R antagonists, the
authors concluded about the predominant expression of M1R, without
excluding a contribution of M2R and M3R [50]. On this human prepa-
ration, the arecaidine response was biphasic. Arecaidine relaxed arteries
with an ECsg of 3.8 nM (LogECso: —8.413 + 1.441) for the high affinity
component and with an ECsg of 11.7 uM (LogECsp: —4.931 + 0.5439)
for the second phase. In the presence of 1 uM of MT9, the high affinity
arecaidine ECsg shifted to 29.24 nM (LogECso: —7.534 + 0.1085), while
the low affinity one hardly changed with an ECsg of 15.2 uM (LogECs(:
—4.819 £ 0.1473). MT9 specifically antagonized the high-affinity are-
caidine binding sites on the mammary arterial rings (shift of the ECsg of
more than 7 times) but had no effect on the low-affinity arecaidine
binding site, confirming the presence of at least two types of muscarinic
receptors in this preparation.

4. Discussion

Three-finger fold toxins represents one of the most common struc-
tural fold in Elapidae snake venoms. The functional plasticity of this fold
supports pleiotropic functions by interacting with a large diversity of
molecular targets including ion channels (ASIC, Ca,, KcsA), receptors
(nAChRs, mAChRs, GABA-R), enzymes (PLA2, AChE) or cell mem-
branes [51]. Nevertheless, by blocking the activity of the nicotinic and
muscarinic acetylcholine receptors or by inhibiting the acetylcholines-
terase, three-finger fold toxins interfere more particularly with the
cholinergic function [52] and this property was discovered and
described more than 50 years ago [53,54]. More recently, several
three-finger fold toxins were isolated from Dendroaspis snake venoms
and characterized for their property to interact with GPCRs (muscarinic,
adrenergic, dopaminergic) [55]. Interestingly, even if these toxins often
interact with their respective targets with high affinity and selectivity,
they are not associated with a toxic effect and their presence in the
mamba venoms is still not fully understood.

MT9 identified in this manuscript is a new example of such phar-
macological property with more than a hundred-fold in selectivity for
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the M2R compared to the four other muscarinic receptors. The phylo-
genetic reconstruction surprisingly showed that this novel toxin is not
part of the historical aminergic toxin group toxins formally described
[39], which include all the 3FTx known to interact with mAChRs and
those associated with synergistic property. It is therefore obvious that an
aminergic function evolved independently (also termed convergence) in
the mamba venoms with MT9, and for a second time on the 3FTx scaf-
fold. In our analysis, MT9 was associated with the M2-toxin, previously
characterized with a weak inhibition on M2 subtype. The presence of
MT9 in our alignment disrupted M2-toxin from grouping with the
neurotoxins and introduced the possibility of a second radiation of
aminergic/muscarinic 3FTx from the mamba venoms. However, the low
statistical evidence, due to a well-known difficulty in properly aligning
highly divergent short sequences with numerous gaps and the fact that
the pharmacological activity of the M2-toxin has never been confirmed,
prevented us to confirm such hypothesis. Further in silico analysis using
only the super group (regrouping the fasciculins, the calciseptin- and
mambin-type toxins, the type I alpha-neurotoxins and the orphan groups
X and XI) did not help at precisely retracing the relationship of MT9 and
M2-toxin (data not shown). In the case that MT9 and M2-toxin are un-
related, and the activity of m2-toxin confirmed, it may imply that an
aminergic function has evolved not only 2, but 3 times on a 3FTx scaf-
fold by convergence in the mamba venoms, and a M2 function twice.
This is unique, especially when considering the yet to be tested func-
tional effect of aminergic toxin in mamba’s preys or predators. Our
discovery also brings one more evolutionary wonder. None of the clas-
sical muscarinic toxins was ever shown to interact with the M2 subtype,
yet we now have found that precise function in a distantly related 3FTx,
MT9. The absence of M2 activity in the aminergic toxin radiation is
baffling. Hypothetically, if MT9 evolution predates the apparition of the
aminergic toxin radiation, it may have constrained a later evolution of
M2 activity. We do hope that future discovery of intermediary sequences
will improve our understanding of the molecular evolution of the
mamba 3FTx and the functional convergence of the venom aminergic
function.

In agreement with the “atypical” location of MT9 on the evolutionary
tree, MT9 also possesses unique structural characteristics in this func-
tional aminergic family, mainly located in its central loop II. Indeed,
MT9 loop’s II is the shortest in size (only 13 residues instead of 17), lacks
highly conserved residues of muscarinic toxins (Pro>>-Arg®*) and dis-
plays a unique exposed Trp>C at the top of this loop. These unique
characteristics, associated with the highly critical role of the 3FTx loop’s
II in the receptor recognition, may suggest an original mode of inter-
action of this toxin of M2R. The presence of a specific positively charged
cluster in the MT9 loop III, associated with the presence of two unusual
Arg residues in 3FTx (Arg*® and Arg*) that could specifically interact
with the negatively charged EDGE sequence, located in the extracellular
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molecular interaction, probably associated with a new binding strategy
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that should be analyzed.
MT9 displays a high selectivity for M2R and induces an antagonist
effect on the M2R/G; pathway. On rat mesenteric arteries, MT9 can be
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Fig. 7. Effects of MT9 on isolated rat and human arterial rings. (A) Concentration-response curves to ACh on isolated rat mesenteric arteries in the absence or
presence of atropine at different concentrations. Atropine was incubated with arterial rings 30 min before challenging with ACh. Results are expressed as mean
+ SEM (n = 5 artery preparations / condition and n = 2-4 arterial rings per data point for each preparation). *, p < 0.05, control vs all concentrations tested. (B)
Concentration-response curves to arecaine on isolated rat mesenteric arteries in the absence or presence of atropine at different concentrations. Atropine was
incubated with arterial rings 30 min before challenging with ACh. Results are expressed as mean + SEM (n = as in A). *, p < 0.05, control vs all concentrations
tested. (C) Concentration-response curves to ACh on isolated rat mesenteric arteries in the presence of MT9 at different concentrations or in the presence of 1 uM of
atropine for comparison. MT9 was incubated with arterial rings 30 min before challenging with ACh. Results are expressed as mean + SEM (n = asin A). *, p < 0.05,
control vs all concentrations tested. (D) Concentration-response curves to arecaine on isolated rat mesenteric arteries in the presence of MT9 at different concen-
trations and 1 pM of atropine. Both atropine or MT9 were incubated with arterial rings 30 min before challenging with ACh. Results are expressed as mean + SEM
(n = 5/group). *, p < 0.05, control vs all concentrations tested. (E) Schild representation of MT9 and atropine effect with ACh. (F) Schild representation of MT9 and
atropine effect with arecaine. (G) Concentration-response curves to arecaine on human internal mammary arteries rings in the absence or presence of 1 uM of MT9.
Eesults are expressed as mean + SEM (n = 2 human arterial preparations and n = 2-4/preparation).

this receptor subtype. Further studies are therefore required to under-
stand the origin of the M2R selectivity of these toxins at the molecular
level. Therefore, MT9 appears as a M2R-selective tool to decipher
functions in arteries and investigating potential therapeutic opportu-

Table 2
ICsp values of ACh- and arecaidine-induced rat mesenteric artery relaxation in
the presence of variable atropine or MT9 concentrations.

ACh Arecaidine nities in cardio-vascular diseases.
ICso LogICso ICso LogICso
Control ~ 29.1 nM 7.536 +£0.085  89.7 nM -7.047 +0.122 Funding
Atropine 1 nM 128 nM -6.893 + 0.146 127.3 nM -6.895 + 0.116

Atropine 3 nM 220.3 nM -6.657 £ 0.095 173.7 nM -6.760 + 0.216

This work was supported by the French Agence Nationale de la
Atropine 10 nM 695.5 nM -6.158 + 0.191 309.0 nM -6.510 + 0.155

Recherche grants for “venompicoscreen” and “Laboratory of Excellence

Atropine 33nM  7627nM  -6.118 £ 0.206  1.19 uM -5.924 + 0.139
Atropine 100 nM 1.36 uM -5.867 + 0.128 1.449 uM -5.839 + 0.108 Ion Channels, Science and Therapeutics” (ANR-11-LABX-0015). We also
Atropine 333nM  1.41 uM -5.851+0.213  2.42uM -5.617 £ 0.112 thank the Région Pays de la Loire (nouvelle équipe, 2016-11092/
Atropine 1yM  10.1 uM -4.993£0.163 257 uM -5.591 £ 0.099 11093) and the European FEDER (2017/FEDER/PL0014592) for their
MT9 0.8nM  73.71nM  -7.132+0.144  184.5nM  -6.734 + 0.102 support.
MT9 8nM  128.9nM  -6.890 £0.081  471.8nM  -6.326 + 0.112
MT9 80nM  424.0nM  -6.373+0.090 9745nM  -6.011 +0.111
MT9800nM  478.4nM  -6.320 £0.048  1.02 M -5.990 +0.118 CRediT authorship contribution statement

MT9 8 uM 1.55 yM -5.810 £ 0.071 1.27 yM -5.896 + 0.110

JC, JD, BL, CG, ES, PR, GB, MDW, NG: Conceptualization. JC, CZ,
MB, CG, DB, LC, LT, MT, MF: data collection. MDW, NG, DS, RB: Su-
pervision. JD, MT, BL, GM, CGE: Methodology. PL, RB, IF: Resources.
JC, GM, BS, BL, CG, DS, NG, MDW: Data analyses and interpretation.
GB, PR, CGE, RB, DS, NG, MDW: Writing — Original draft. MDW:
Critical revision of the manuscript.

envisioned as a full non-competitive antagonist whatever the agonist
used, as their Schild representations have slopes much lower than the
ones obtained with atropine. The fact that MT9 fully reverses acetyl-
choline and arecaidine relaxation suggests that the predominant role in
relaxing pre-contracted mesenteric arteries is only mediated by the
M2R. We also validated the MT9 antagonistic property on human in-

ternal mammary arteries. Interestingly, arecaidine interacts with high Competing interest

(low nM) and low affinity (low uM) on this preparation and MT9

selectively affects the high affinity sites. In this model, we suppose that CZ and RB are employees of Smartox Biotechnologies, while MDW is
the high affinity component is due to the activation of the M2R antag- a founder and consultant of the company.

onized by MT9 and that the low affinity sites derives from other

muscarinic subtypes, such as M1R already described in this arterial Declaration of Competing Interest

preparation [50]. These findings suggest a clear component of the M2R

in human mammary artery and that MT9 is selective to this subtype. The authors declare the following financial interests/personal re-
This is presumably not a major contribution according to the level of lationships which may be considered as potential competing interests:
relaxation induced by arecaidine at low concentrations, which agrees Michel De Waard reports equipment, drugs, or supplies was provided by
with the study of Pesic [50]. In coherence with the physiological role of Smartox Biotechnology. Michel De Waard reports a relationship with
M2R, we would expect that MT9 induces an elevation in blood pressure Smartox Biotechnology that includes: consulting or advisory.

and of the heart rate in vivo. Also, increases in the contractile force of the
atrial cardiac muscle and of the conduction velocity of the atrioven-
tricular node should occur, but all these effects need confirmation by
adequate in vivo experiments.

Two other 3FTx have been described as M2R selective toxins, the
natural M2-tox [24] and the artificial Tx24 generated by molecular
engineering from the MT7 [4]. Interestingly, the 3D structure of the

Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.biopha.2022.113094.
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