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ABSTRACT
Two muscarinic toxins, MT1 and MT7, were obtained by one-
step solid-phase synthesis using the 9-fluorenylmethoxycar-
bonyl-based method. The synthetic and natural toxins, isolated
from the snake venom or recombinantly expressed, display
identical physicochemical properties and pharmacological pro-
files. High protein recovery allowed us to specify the selectivity
of these toxins for various muscarinic receptor subtypes. Thus,
sMT7 has a selectivity for the M1 receptor that is at least 20,000
times that for the other subtypes. The stability of the toxin-
receptor complexes indicates that sMT1 interacts reversibly
with the M1 receptor, unlike sMT7, which binds it quasi-irre-
versibly. The effect of the synthetic toxins on the atropine-
induced [3H]N-methylscopolamine (NMS) dissociation confirms

that sMT7 targets the allosteric site on the M1 receptor,
whereas sMT1 seems interact on the orthosteric one. The great
decreases in the binding potencies observed after the R34A
modification in sMT1 and sMT7 toxins highlight the functional
role of this conserved residue in their interactions with the M1
receptor. Interestingly, after the R34A modification, the sMT7
toxin binds reversibly on the M1 receptor. Furthermore, the
potency of sMT7-R34A for the NMS-occupied receptor is lower
compared with unmodified toxin, supporting the role of this
residue in the allosteric interaction of sMT7. All these results
and the different charge distributions observed at the two toxin
surfaces of their structure models support the hypothesis that
the two toxins recognize the M1 receptor differently.

Several neurotoxins have been purified from the venom of
African mambas (Dendroaspis angusticeps and Dendroaspis
polylepis) and characterized for their specific interaction with
various muscarinic receptors (for review, see Bradley, 2000;
Jerusalinsky et al., 2000; Karlsson et al., 2000; Potter, 2001).
These muscarinic toxins are peptides of 63 to 66 residues
with four disulfide bonds and a common three-finger fold
structure (Segalas et al., 1995). Despite a high sequence
homology (Fig. 1), they possess notable specificity in their
interactions with various muscarinic receptor subtypes and
exhibit clear differences in their functional activities. For
example, MT1 binds with relatively high affinity to M1 and
M4 receptors and seems to act as a selective agonist (Jerusa-
linsky and Harvey, 1994; Adem and Karlsson, 1997),
whereas MT7 interacts with the M1 receptor with a 1000-fold
higher affinity than with the other subtypes and binds quasi-
irreversibly to an allosteric site (Max et al., 1993; Carsi and
Potter, 2000; Olianas et al., 2000).

Until now, the lack of selectivity of conventional ligands for
the various muscarinic receptor subtypes has explained why
the physiological role of each receptor subtype in different

tissues has remained unclear and has been associated with
the numerous side effects of these ligands, which compromise
their therapeutic potential (Eglen et al., 1999). In this con-
text, the selectivity with which muscarinic toxins recognize
some muscarinic receptors may be very useful in the identi-
fication of the type of receptor expressed in various tissues
and could enable their use as potential therapeutic agents in
diseases involving muscarinic receptors (Eglen et al., 1999;
Bradley, 2000). However, the amount of toxin available from
snake venom is often too low to allow their extensive func-
tional characterization. Much effort has been invested in
their production, and recently these toxins have been ob-
tained either by the long and labor-intensive fragment-by-
fragment chemical method (Nishiuchi et al., 2000) or by
using different expression systems, such as the baculovirus
vector-Sf9 insect cell expression system (Nasman et al., 2000)
and yeast expression in Pichia pastoris (Krajewski et al.,
2001). However, the expression yields in these different sys-
tems are relatively low and many steps are required to obtain
enough toxin for complete functional characterization.

In this article, we describe the high recovery of muscarinic

ABBREVIATIONS: sMT1, synthetic muscarinic toxin 1; vMT1, venom purified muscarinic toxin 1; sMT7, synthetic muscarinic toxin 7; rMT7,
recombinant muscarinic toxin 7; NMS, N-methylscopolamine; HOAT1-hydroxy-7-azabenzotriazole; Fmoc, 9-fluorenylmethoxycarbonyl; HPLC,
high-performance liquid chromatography; TFA, trifluoroacetic acid; CD, circular dichroism; CHO, Chinese hamster ovary; PBS, phosphate-
buffered saline; BSA, bovine serum albumin; 3D, three-dimensional.

0026-895X/03/6301-26–35$7.00
MOLECULAR PHARMACOLOGY Vol. 63, No. 1
Copyright © 2003 The American Society for Pharmacology and Experimental Therapeutics 1725/1033882
Mol Pharmacol 63:26–35, 2003 Printed in U.S.A.

26

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


toxins sMT1 and sMT7 by using one-step solid-phase chem-
ical synthesis, plus their purification and refolding proce-
dures, and compare their physicochemical properties with
those of natural toxins. To determine the pharmacological
profiles of these synthetic toxins, we investigated their activ-
ity on cloned human receptors (M1–M4) expressed in CHO
cells and examined the nature of their interactions with the
M1 subtype by analyzing their effects on [3H]N-methyl-sco-
polamine (NMS) binding. We examined the stability of the
toxin-receptor complexes by analyzing the rate of appearance
of [3H]NMS binding sites after a preincubation of the recep-
tor with the toxins. We also synthesized modified toxins to
delineate the site by which muscarinic toxins interact with
their receptor targets. The functional role of the Arg-34 at the
tip of the central toxin loop was highlighted in both toxins
and the allosteric effect of natural and modified toxins on the
dissociation of [3H]NMS was studied. Finally, structural
models of the two toxins were calculated and a hypothesis is
proposed to explain their differential mode of interaction
with muscarinic receptors.

Materials and Methods
Materials. [3H]NMS (78 Ci/mmol) was from Amersham Bio-

sciences (Orsay, France). Protected amino acid derivatives, resins,
and dicyclohexylcarbodiimide were from Novabiochem (Meudon,
France). 1-Hydroxy-7-azabenzotriazole (HOAT) was from Applied
Biosystems (Courtaboeuf, France). Piperidine, N-methyl pyrroli-
done, dichloromethane, methanol, and trifluoroacetic acid tert-butyl
methyl oxide were from SDS (Peypin, France). Acetic anhydride,
2,4,6-collidine, tri-isopropylsilane, and oxidized and reduced gluta-
thione were from Sigma-Aldrich (Saint-Quentin-Fallavier, France).
Automated chain assembly was performed on a standard Applied
Biosystems 433 peptide synthesizer (Applied Biosystems, Foster
City, CA). Recombinant MT7 was kindly provided by Dr. E. Karlsson
(Department of Clinical Neuroscience, Karolinska Institute, Hud-
dinge, Sweden). Natural MT1 from the venom of D. angusticeps was
from Sigma-Aldrich.

Peptide Synthesis. Assembly of the different toxins and mutants
was carried out using the stepwise solid-phase method with dicyclo-
hexylcarbodiimide/HOAT as coupling reagents and N-methyl pyrro-
lidone as solvent. Fmoc-protected amino acids were used with the
following side chain protections: t-butyl ester (Glu, Asp), t-butyl
ether (Ser, Thr, Tyr), trityl (Cys, His, Asn, Gln), 2,2,5,7,8-pentam-
ethyl-chromane-6-sulfonyl (Arg), and t-butyloxycarbonyl (Trp). The
sMT1 and sMT7 toxins and their mutants were assembled on an
Fmoc-Glu(OtBu)-Wang resin (loading, 0.5 mmol/g) and Fmoc-Lys-
(Boc)-Wang resin (loading, 0.55 mmol/g), respectively. The different
syntheses were run on a modified version of the Applied Biosystems
standard 0.1-mmol small-scale program using 0.05 mmol of each
resin. This program achieves UV monitoring of the deprotection step.
When the deprotection is too slow after two and/or three successive

deprotections of 3 min, it automatically extends the deprotection
time by 20 min and the coupling time (normal coupling, 30 min) by
an extra 30 min. After each coupling, the resin was acetylated by a
mixture of 5% acetic anhydride and 6% 2,4,6-collidine in dimethyl-
formamide. At the end of the synthesis, the peptide-resins were
treated with trifluoroacetic acid (9 ml), tri-isopropylsilane (0.5 ml),
and 0.5 ml of distilled water. The peptides were then cleaved from
the resin and the protecting groups were removed from amino acid
side chains. After 2 h of incubation, the mixture was filtered in cold
tert-butyl methyloxide and centrifuged three times. The precipitates
were dissolved in a solution of 10% acetic acid and lyophilized. The
toxins were purified by reversed phase HPLC using a Vydac C18
column (250 � 10 mm) with a gradient of 40 to 60% of solvent B in
40, 50, 60, and/or 90 min, (A, 0.1% TFA in H2O; B, 60% acetonitrile
and 0.1% TFA in H2O) The flow rate was 5 ml/min and the detection
was followed at 280 and 214 nm.

Disulfide Bond Formation, Protein Purification, and Phys-
icochemical Characterization. The reduced natural and modified
synthetic toxins were subjected to an oxidative reaction in 0.1 M
ammonium acetate, pH 7.8, containing 1 M guanidine hydrochloride
in the presence of reduced and oxidized glutathione in a molar ratio
of 1/10/100 in peptide/reduced glutathione/oxidized glutathione at a
peptide concentration of 0.05 mg/ml. To minimize the adsorption of
protein on the vessel, the refolding was allowed to proceed in 10-ml
minisorp tubes (Polylabo-Merckeurolab, Strasbourg, France). After 3
to 5 days at room temperature in the dark under argon, the pH was
lowered to 3 by addition of 30% TFA and the mixture was loaded on
a Vydac semipreparative column (250 � 10 mm) equilibrated with
0.1% TFA in water. The column was then submitted to the gradient
previously used to purify the reduced toxin forms. The chemical
properties of the synthetic (sMT7, sMT1) and natural (vMT1, rMT7)
toxins were studied by chromatographic analyses. Toxins alone or in
pairs (vMT1�sMT1 or rMT7�sMT7) were injected (0.5–1 �g/10 �l)
on analytical reversed-phase HPLC (C18, 5 �m, 150 � 4.5 mm;
Phenomenex, Torrance, CA) by means of a 40-min linear gradient of
acetonitrile in 0.1% (v/v) trifluoroacetic acid from 25 to 35% at a flow
rate of 1 ml/min, detection at 214 nm. The hydrolysates obtained
after acid hydrolysis in a sealed vial heated at 120°C in the presence
of 6N HCl for 16 h were analyzed using an Applied Biosystems model
130A automatic analyzer equipped with an online 420A derivatizer
for the conversion of the free amino acid into phenyl thiocarbamoyl
derivatives. Mass determinations were performed on a micromass
platform II (Micromass, Altrincham, UK). The concentrations of the
different toxins were evaluated spectrometrically (� at 278 nm is
equal to 15,470 for the reduced form and 15,970 for the oxidized
form).

Circular Dichroism Analysis. CD spectra were recorded on a
Jobin Yvon CD6 spectropolarimeter (Jobin Yvon, Longjumeau,
France). Measurements were routinely performed at 20°C in 0.1-cm
pathlength quartz cells (Hellma, Paris, France) with a peptide con-
centration of 5.10�6 M in 5 mM sodium phosphate buffer, pH 7.4.
Spectra were recorded in the 186- to 260-nm wavelength range. Each
spectrum represents the average of four spectra.

Fig. 1. Sequence alignment of muscarinic toxins isolated from the D. angusticeps and D. polylepis venom. The invariant residues are indicated by a
star and the highly conserved positively charged residue (arginine or lysine) at position 34, studied in this article, is shown in bold type.
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CHO Cells and Membrane Preparation. Profs. P. O. Couraud
and A. D. Strosberg (ICGM, Paris, France) kindly provided CHO
cells stably expressing the cloned human muscarinic receptors. The
cells were grown in plastic Petri dishes (Falcon, Cowley, UK) that
were incubated at 37°C in an atmosphere of 5% CO2 and 95°O2

humidified air in Ham’s F12 medium precomplemented with L-glu-
tamine and bicarbonate (Sigma) supplemented with 10% fetal calf
serum and 1% penicillin/streptomycin (Sigma). At 100% confluence,
the medium was removed and the cells were harvested using Versen
buffer. They were washed with ice-cold phosphate buffer and centri-
fuged at 1700 g for 10 min (4°C). The pellet was suspended in ice-cold
buffer (1 mM EDTA, 25 mM sodium phosphate, 5 mM MgCl2, pH 7.4)
and homogenized using an Potter-Elvehjem homogenizer (Fisher
Scientific, Elancourt, France). The homogenate was centrifuged at
1,700g for 15 min (4°C). The sediment was washed, resuspended and
centrifuged at 1,700g for 15 min (4°C). The combined supernatants
were centrifuged at 35,000g for 30 min (4°C) and the pellet was
suspended in the same buffer (0.1 ml/dish). Protein concentrations
were determined according to the Lowry method using bovine serum
albumin as standard. The membrane preparations were aliquoted
and stored at �80°C.

Radioligand Binding Assays. The IC50 values of vMT1, rMT7
and synthetic sMT1 and sMT7 toxins for hM1, hM2, hM3, and hM4

receptors were determined in competition experiments with
[3H]NMS as tracer. The purified toxins were spectrophotometrically
quantified and serially diluted in PBS-BSA (10 mM sodium phos-
phate, pH 7.2, 135 mM NaCl, 2.5 mM KCl, 0.1% BSA). Membrane
fractions (3–4 �g of protein; 8 pmol/mg of protein) were incubated in
PBS-BSA at 25°C for 1 h, with varying concentrations of toxin and
[3H]NMS, in a final assay volume of 300 �l. Competition experiments
with sMT1 and sMT1-R34A used 1.5 nM of [3H]NMS as tracer so
that not more than 10% of added radioligand was bound. Thus,
binding constants were determined with the Cheng-Prusoff equation
(Cheng and Prusoff, 1973) using 0.1 nM as experimentally calculated
affinity constant of [3H]NMS on hM1 receptor. sMT7 and sMT7-
R34A toxin potencies were tested for the receptor with 0.5 nM
[3H]NMS. Nonspecific binding was determined in the presence of 10
�M atropine. The reaction was stopped by addition of 5 ml of ice-cold
buffer (PBS) immediately followed by filtration through Whatman
GF/C glass-fiber filters presoaked in 0.5% polyethylenimine. The
filters were washed once again with 5 ml of ice-cold buffer (PBS),
dried, and the bound radioactivity was counted by liquid scintillation
counting. Each experiment was done at least three times.

Stability of the Toxin-Receptor Complexes. hM1 membranes
were incubated for 30 min with a saturating concentration of toxins,
sMT7 (10 nM), sMT7-R34A (1 �M), and sMT1 (5 �M) in 100 �l of
PBS-BSA. In the control experiments, no toxin was added. [3H]NMS
(1 nM) was added to a final volume of 6 ml, allowing monitoring of its
rate of association for 5 h. The rate of appearance of binding sites for
[3H]NMS was taken as the rate of dissociation of the different toxins.
All these experiments were repeated three times.

Allosteric Binding of Toxins. Allosteric binding of toxins for the
hM1 receptor was determined by dissociation experiments with
[3H]NMS as described previously (Ellis and Seidenberg, 2000).
Briefly, cell membranes (amount for 10 samples) were preincubated
with 1 nM [3H]NMS for 45 min until equilibrium was reached.
Dissociation of the radioligand was initiated by the addition of 3 �M
atropine, with or without a saturating concentration of each toxin,
determined from competition experiments. At different times, sam-
ples were filtered and washed, and the radioactivity retained on
filters was counted.

Single time point experiments were performed to measure the
inhibition of the [3H]NMS dissociation by wild-type and modified
toxins. These off-rate assays were previously used to estimate the
affinity of allosteric agents for the [3H]NMS-occupied receptor (Laza-
reno et al., 2000). A high concentration of hM1 membranes (around 2
mg/ml) was incubated for 15 min with a high concentration of
[3H]NMS (5 nM). Then, 10-�l aliquots were added to tubes that were

empty or contained 1 ml of 10 �M atropine alone and with varying
concentrations of toxins. Nonspecific binding was measured by incu-
bating 10 �l aliquots with 10 �M atropine and [3H]NMS (5 nM).
After 45 min of incubation (about 2.5 dissociation half-lives), the
samples were filtered and rinsed two times. The data were trans-
formed to rate constants using the formula koff � ln(Bo/Bt)/t, where
Bo and Bt representing the [3H]NMS bound initially and after t min
of dissociation, respectively. The apparent rate constants for the
dissociation of [3H]NMS were determined in the presence of each
concentration of toxins (kobs) and divided by the true rate constant ko

determined in the presence of atropine only (Gnagey et al., 1999).
The resulting number, less than 1, indicates a slower dissociation of
[3H]NMS in presence of the toxins compared with the control rate.
The values from three experiments were fitted using a nonlinear
regression analysis. Thus, the concentration inducing a half-maxi-
mal effect on [3H]NMS dissociation (EC50,diss) indicates the equilib-
rium dissociation constant of the toxin with the [3H]NMS-occupied
receptor and serves as a measure of affinity of the toxin for the
allosteric site of the receptor.

Homology Modeling. The sequences of MT1 and MT7 of D.
angusticeps were taken from the SWISS Prot databases (ID codes
P81030 and P80970, respectively). Structure prediction of MT1 and
MT7 was based on the 3D structure of the homologous MTX2
(TrEMBL accession number Q9PRY3) (Segalas et al., 1995). The
search for sequence identity within databases was performed with
the Blast program (Altschul et al., 1997). Different MTX sequences
were aligned by ClustalW (Thompson et al., 1994). The 3D structure
was determined by means of the Swiss-PDBViewer (ver. 3.7b2;
http://www.expasy.org/spdbv) and the models were minimized with
the Swiss Model (Peitsch, 1995, 1996; Guex and Peitsch, 1997). The
electrostatic potentials were calculated using the computation
method of Coulomb with dielectric constants of 80 and 4 for solvent
and protein, respectively.

Results
Synthesis of the Wild-Type and Mutated Muscarinic

Toxins. The one-step solid phase chemical synthesis of the
muscarinic toxins was performed on a modified version of the
Fmoc/small scale (0.1 mmol) program developed by Applied
Biosystems (see Materials and Methods) and used success-
fully in the synthesis of toxin � from Naja nigricollis, a
curaremimetic neurotoxin (Mourier et al., 2000). Here, the
efficient coupling reagent HOAT (Carpino et al., 1994) was
used instead of N-hydroxybenzotriazole to optimize the low
coupling caused by steric hindrance and the increasing pep-
tide length. The synthesis proceeded smoothly with no
(sMT7, sMT7-R34A) or few minor (sMT1, sMT1-R34A) fail-
ures in the deprotection monitoring. These are located in the
central part (V32-Y35) and N-terminal end (L1–S8) of the
sMT1 and sMT1-R34A toxin sequences. As shown in Fig. 2,
for each wild-type and modified toxin, the final TFA cleavage
yielded a crude mixture in which the main component, cor-
responding to the reduced form of each protein, constituted
40 (sMT7), 27 (sMT1), 42 (sMT7-R34A), and 29% (sMT1-
R34A) of the total reaction mixture. Optimal conditions for
disulfide formation required the addition of 1 M guanidine
hydrochloride to the medium to avoid formation of the pre-
cipitates and aggregates seen in abundance in the absence of
this reagent (data not shown). The presence of reduced and
oxidized glutathione is crucial in improving the formation of
the correct species and in increasing the final oxidation yield.
As shown in Fig. 2, sMT7, sMT7-R34A, sMT1, and sMT1-
R34A folded in a well defined component, which eluted in the
RP-HPLC profile before the reduced form. They represent,
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respectively 23% (sMT7), 18% (sMT7-R34A), 20% (sMT1),
and 27% (sMT1-R34A) of the folded species present in the
RP-HPLC oxidation profile. Amino acid composition and elec-
trospray mass analysis confirmed the purity and identity of
the different toxins. The masses found were 7472.0 for sMT7
(theoretical 7472.5), 7386.9 for the mutant sMT7-R34A (the-
oretical 7387.5), 7509.4 for sMT1 (theoretical 7508.8), and
7424.1 for the mutant sMT1-R34A (theoretical 7424.2). Fi-
nally, the purified synthetic (sMT7 and sMT1) and natural
(rMT7 and vMT1) toxins, injected alone or in combination,
were characterized by a single peak with identical retention
time on analytical C18 reversed-phase HPLC (Fig. 3).

Secondary Structure Analyses of Wild-Type and Mu-
tated sMT1 and sMT7. MTX2, a muscarinic toxin that
belongs to the same toxin family, displays a typical three-
finger fold that mostly consists of �-sheet secondary struc-
ture elements (Segalas et al., 1995). We expected that this
kind of ellipticity would dominate the CD spectrum of sMT1
and sMT7 toxins. As shown in Fig. 4, our results are consis-
tent with this assumption. sMT7 exhibits a typical �-sheet
signature with pronounced maxima and minima at 196 and
214 nm, respectively. The CD spectrum of sMT1 toxin differs
slightly from that of sMT7. The two bands corresponding to
�-sheet secondary structure elements are still present, but
the slight blue shift of the minima (i.e., 210 nm compared
with the expected 212 to 216 nm) and the band at 230 nm are
unclear but may reflect some local differences in the antipa-
rallel strands between the two toxins. As shown in Fig. 4, the
CD spectra of the sMT7-R34A and sMT1-R34A mutants are
similar to those of the native synthetic toxins. Clearly, the
mutation of the arginine in position 34 has not altered the
three-dimensional structure of the two toxins.

Binding of vMT1, rMT7, sMT1, and sMT7 to Various
Muscarinic Receptor Subtypes. Binding experiments using

[3H]NMS as tracer were performed on the one hand with
vMT1, sMT1, rMT7, and sMT7 and human muscarinic recep-
tor M1 and on the other hand with the synthetic toxins and
the other receptor subtypes (M2–M4) (see Materials and
Methods). The competition binding curves are shown in Fig.
5 and the corresponding IC50 and apparent dissociation con-
stants are presented in Table 1. The two synthetic toxins,
sMT1 and sMT7, exhibited pharmacological properties with
the M1 receptor similar to those observed, respectively, with
vMT1 and rMT7. The IC50 values obtained for the interaction
of vMT1 and sMT1 with hM1 were 560 and 315 nM (Fig. 5A),
whereas the values for rMT7 and sMT7 were 0.60 and 0.43
nM (Fig. 5B). Competition experiments with sMT7 and M1

receptor at two different receptor concentrations (90 and 30
pM) conduce to identical IC50 values (data not shown). A
dose-dependent inhibition was also observed for the binding
of sMT1 to the M4 receptor with an IC50 of 5.5 �M. Up to a
concentration of 10 �M of the two synthetic toxins, no dis-
placement of [3H]NMS was observed with the other receptor
subtypes (Fig. 5). Furthermore, in competition binding exper-
iments with three different concentrations of [3H]NMS (0.05,
0.5, and 5 nM), the sMT7 caused a similar dose-dependent
reduction in [3H]NMS binding, associated with IC50 values of
0.41, 0.43, and 0.56 nM, respectively (Fig. 6). Slope factors of
1.3 � 0.1 characterized the competition binding curves
shown in Fig. 6. In the equilibrium competition experiments
with sMT7, the preincubation with the toxin before the ad-
dition of the [3H]NMS did not modify the inhibition potency
of the toxin (data not shown).

Fig. 2. Analytical HPLC profiles. Top, crude sMT7 (A), sMT7-R34A (B),
sMT1 (C), and sMT1-R34A (D) after TFA deprotection. Each arrow indi-
cates the peak corresponding to the reduced toxin. Bottom, the glutathi-
one-mediated oxidation of the synthetic sMT7 (A�), sMT7-R34A (B�),
sMT1 (C�), and sMT1-R34A (D�); each arrow indicates the peak corre-
sponding to the refolded toxin. RP-HPLC conditions: C18 column (0.45 �
15 cm), gradient of 40 to 60% B in 40 min (A, A�, B, C�), in 50 min (D�), in
60 min (D), in 90 min (B�, C). Solvent A, 0.1% TFA in water; solvent B,
60% CH3CN and 0.1% TFA in water at 1 ml/min. Protein detection was
followed at 214 nm.

Fig. 3. Comparison of the HPLC profiles between the synthetic toxins
sMT7 and sMT1 and the recombinant rMT7 and the natural vMT1. A,
synthetic sMT7; B, recombinant rMT7; C, coinjection of the synthetic and
recombinant MT7 (1/1); D, synthetic sMT1; E, natural vMT1; F, coinjec-
tion of the synthetic and natural MT1 (1/1). HPLC, column Phenomenex
C18/300/5 (150 � 0.46 mm), eluent 25 to 35% CH3CN in 0.1% TFA;
running conditions, 40 min gradient, flow rate 1 ml/min; detection, 214
nm; injection, 0.5 to 1 �g/10 �l. (Baseline deviation is due to the high
sensitivity needed for the detection.)

Chemical Synthesis of MT1 and MT7 Muscarinic Toxins 29

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


Role of Arg-34 in the Interaction of sMT1 and sMT7
with the hM1 Receptor. As presented previously, two mod-
ified toxins were synthesized by introducing in the sequence
of MT1 and MT7 an alanine in place of the arginine at
position 34 at the tip of their central loop. The effect of this
modification on the potency of the two toxins for the M1

receptor was characterized in competition experiments. Fig-
ure 7 indicates that sMT7-R34A interacts with the M1 recep-
tor with an IC50 value of 45 nM, corresponding to a 105-fold
affinity decrease compared with the wild-type toxin (Table 1).
Slope factors of 1.3 and 1.15 are associated with the binding
curves obtained with sMT7 and sMT7-R34A, respectively.
Because of the drastic effect on the toxin’s affinity and the
use of high toxin concentration, a complete binding curve
could not be obtained for the modified sMT1. Nevertheless,
the sMT1-R34A apparent affinity constant could be approx-
imated to 53 �M, a value 170 times higher than that of the
wild-type toxin (Table 1). Thus, the arginine at position 34
plays important functional roles in the interaction of sMT7
and sMT1 toxins with the M1 receptor.

Stability of the Toxin-hM1 Receptor Complexes. This
property was examined by analyzing the ability of [3H]NMS
to bind to a receptor previously incubated with a saturating
concentration of the different toxins. The rate of appearance
of binding sites for [3H]NMS was taken as the rate of disso-
ciation of the different toxins. Figure 8 shows that sMT1 had
no effect on the appearance of [3H]NMS binding sites, indi-
cating its reversible interaction. In contrast, preincubation of
the receptor with sMT7 completely abolished the [3H]NMS
binding for at least 5 h, revealing that sMT7 bound quasi-
irreversibly to the hM1 receptor. When the receptor was
preincubated with sMT7-R34A, the [3H]NMS binding in-
creased with time, and quasi-complete binding was reached
in approximately 2 h. Thus, the irreversibility of the binding
of sMT7 is affected by the R34A modification.

Orthosteric or Allosteric Binding of sMT1 and sMT7
Toxins to the M1 Receptor. The ability of wild-type or
modified synthetic toxins to modify the kinetics of binding of
[3H]NMS to the M1 receptor was studied. In dissociation
experiments, sMT7 (20 nM) decreased the rate of the atro-

pine-induced dissociation of [3H]NMS from the receptor by
7-fold. Thus, the dissociation rate constants (koff) were equal
to 0.037 and 0.0053 min�1 in the absence and presence of
toxin, respectively (Fig. 9A). In contrast, sMT1 (40 �M) had
no significant effect on the [3H]NMS dissociation rate, as
revealed by the koff value of 0.033 min�1. Furthermore, to
determine the effect of the R34A modification on the sMT7
affinity for the NMS-occupied receptor, we calculated the
concentration dependence of the effect of sMT7 and sMT7-
R34A on the [3H]NMS dissociation. Single time point exper-
iments performed, as described previously (Lazareno et al.,
2000), indicated IC50 values for the inhibition of the
[3H]NMS dissociation equal to 2.5 and 24 nM for sMT7 and
sMT7-R34A, respectively (Fig. 9B). Slope factors of 1 charac-
terized the competition binding curves shown in Fig. 9B. The
IC50 values of wild-type and modified toxins for the
[3H]NMS-liganded receptor were calculated, confirming a
significant effect of the R34A modification on the interaction
of sMT7 at the allosteric binding site of the M1 receptor.

Discussion
The muscarinic toxins of African mambas are 64- to 66-
residue peptides with four disulfide bonds that are conserved
throughout the family of “three-fingered” snake toxins, in-
cluding muscular and neuronal neurotoxins, cardiotoxins,
fasciculin, mambin, and calsiceptin (Ménez, 1998). Despite
their relatively large size and high disulfide density, most of
these three-fingered toxins are now accessible to chemical
synthesis. We recently reported the high-yield one-step solid-
phase peptide synthesis of short- and long-chain neurotoxins
(Mourier et al., 2000). In the present work, we demonstrate
that the two muscarinic toxins sMT7 and sMT1 can be ob-
tained by a similar approach. The synthesis of both toxins
proceeded satisfactorily, but the overall yield of sMT1 was
reduced after deprotection by approximately 30% compared
with sMT7.

As for short neurotoxin, the four disulfides were formed
using a redox buffer and a mixture of reduced and oxidized
glutathione. Significant differences between the folding pro-

Fig. 4. Far-ultraviolet CD spectra of the different
toxins and mutants. The spectra were monitored in
5 mM sodium phosphate buffer, pH 7.4, at 20°C at
a peptide concentration of 5.10�6 M.
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cesses of the muscarinic toxins and those of short and long
nicotinic neurotoxins were found. Thus, in the absence of a
nondenaturing concentration of guanidine (0.5 or 1 M), sMT1
and sMT7 precipitate in solution and no or few folded species
were detected (data not shown). Using optimized refolding

conditions, a few milligrams of wild-type or modified sMT1
and sMT7 toxins were obtained in a short period of time,
allowing their complete structural and functional character-
ization. The synthetic approach should be appropriate to
introduce non-natural amino acids at predetermined posi-
tions with a view to modifying either their selectivity or other
pharmacological properties. This strategy was previously
successfully applied to the engineering of modified toxins
acting on voltage-dependent K� channels (Kalman et al.,
1998; Alessandri-Haber et al., 1999).

Synthetic toxins sMT1 and sMT7 display physicochemical
characteristics identical to those of the toxins purified from
the mamba venom (vMT1) or recombinantly expressed
(rMT7). As described previously, this rMT7 possesses biolog-
ical activity identical to that of the venom’s toxin (Nasman et
al., 2000). The two toxin pairs, sMT1/vMT1 on the one hand
and sMT7/rMT7 on the other, coeluted in reversed phase
HPLC and have similar masses, confirming their identity.
The CD spectra of synthetic toxins mostly consist of �-sheet
secondary structure elements, suggesting that both toxins
display a three-finger fold structure similar to that of MTX2
(Segalas et al., 1995). However, slight differences in their CD
spectra may be the result, in the case of the sMT1, of a
different distribution of the aromatic residues along the toxin
sequence (see Fig. 1) (Drake et al., 1980). Therefore, we
cannot exclude the possible occurrence of local weak struc-
tural deviations.

To ensure definitively that the synthetic muscarinic toxins
display all the features of the venom’s purified or recombi-
nant toxins, we showed that their respective pharmacological
properties were indistinguishable. First, the two synthetic
toxins were tested on different muscarinic receptor subtypes
by using CHO cells expressing the human M1–M4 receptors.
sMT1 and vMT1 are characterized by similar apparent affin-
ity constants of 20 and 35 nM for the M1 receptor, whereas
sMT1 interacts with the M4 subtype with a 10-fold lower
affinity (Kd � 340 nM). A 10 �M concentration of this toxin
was unable to displace [3H]NMS from M2 and M3 subtypes.
The chemically synthesized (sMT7) or recombinant (rMT7)
toxins [also called m1-toxin1 (Carsi and Potter, 2000)] were
characterized, respectively, by IC50 values equal to 0.43 and
0.60 nM for the M1 receptor. This toxin interacts with selec-
tivity at least 20,000 times higher for the M1 receptor com-
pared with the other subtypes. All the values reported in
Table 1 are in good agreement with previous affinities de-
scribed in the literature (for review, see Bradley, 2000; Karls-
son et al., 2000), confirming that the chemically synthesized
toxins have pharmacological affinities and specificities

Fig. 5. Inhibition of [3H]NMS binding to various muscarinic receptor
subtypes by sMT1 and vMT1 (A) and sMT7 and rMT7 (B). Binding
experiments were performed by incubating membrane fractions of each
receptor subtype with [3H]NMS and varying concentrations of toxin at
25°C for 1 h. The results are expressed as the ratio of the specific
[3H]NMS binding measured with (B) or without toxin (Bo) (n � 3 for each
toxin).

TABLE 1
Apparent affinity constants of wild-type and modified synthetic toxins sMT1 and sMT7 with various muscarinic receptor subtypes.
IC50 values were deduced from competition binding experiments and apparent affinity constants for the competitive sMT1 and sMT7-R34A interactions were calculated using
the Cheng-Prusoff equation. Values are presented as mean � S.E.M. (n � 3).

hM1 hM2 hM3 hM4

IC50 Ki IC50 Ki IC50 Ki IC50 Ki

nM nM nM nM

sMT7 0.43 � 0.04 �10,000 �10,000 �10,000
rMT7 0.60 � 0.11
sMT1 315 � 60 20 � 4 �10,000 �10,000 5,500 � 725 340 � 45
vMT1 560 � 140 35 � 8
sMT7-R34A 45 � 8 7.5 � 1.3
sMT1-R34A 53,500 � 14,000 3,315 � 875
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nearly identical to those of the natural toxins. The quasi-
irreversible binding of sMT7 toxin to the M1 receptor (Max et
al., 1993; Carsi and Potter, 2000; Olianas et al., 2000) ren-
ders the calculation of its true affinity constant difficult, and
the use of IC50 values is preferable. In addition, the large
quantity of toxin available by chemical synthesis allowed
testing for the first time of the effect of 10 �M sMT7 on the
M2–M4 receptors, indicating that this toxin interacts prefer-
entially (at least 10,000 times greater affinity) with the M1

subtype.
Comparison of the functional properties and amino acid

sequences of various muscarinic toxins allows us to propose
the roles of different residues in their specific pharmacolog-
ical profiles. For example, the 19 residues that differ in the
sequences of sMT1 and sMT7 might explain their distinct
modes of interaction with the M1 receptor or their different
selectivity profiles with various receptor subtypes. Highly
conserved residues might be involved in the common process

by which these toxins interact with the muscarinic receptor.
The presence of conserved and variable residues at the site at
which toxins from the same family interact with their targets
was previously confirmed for the interactions of curaremi-
metic toxins with nicotinic receptors (Antil et al., 1999) and of
sea anemone toxins with Kv1 channels (Alessandri-Haber et
al., 1999; Racape et al., 2002; review in Ménez et al., 2002).
To study whether the invariant positively charged residue at
the tip of the central loop of all the muscarinic toxins might
be part of a common binding site through which they interact
with muscarinic receptors, we mutated the Arg-34 into an
alanine in both toxin sequences. These mutations do not alter
the overall structure of the toxins but induce in classic com-
petition experiments 100- and 170-fold decreases in IC50

values in sMT7 and sMT1, respectively. Thus, as suggested
previously, the protruding positive side chain at the tip of the
central loop was involved in the binding of muscarinic toxins

Fig. 6. Inhibition of specific [3H]NMS binding to M1 receptor by sMT7.
Three different concentrations of [3H]NMS were used (0.05, 0.5, and 5
nM) in the binding experiments. The results are expressed as the ratio of
the specific [3H]NMS binding measured with or without toxin (n � 3 at
each [3H]NMS concentration). The same experimental data were used for
the competition at 0.5 nM of [3H]NMS as in Fig. 5B.

Fig. 7. Inhibition of the [3H]NMS binding to human cloned M1 muscarinic
receptor by wild-type and R34A modified sMT1 and sMT7 toxins. Com-
petition experiments were performed as described in Fig. 5. The same
experimental data were used for the competition of sMT1 and sMT7 as in
Fig. 5.

Fig. 8. Stability of the inhibition of [3H]NMS binding
to the M1 receptor by sMT1, sMT7, and sMT7-R34A.
hM1 membranes were incubated first with a saturat-
ing concentration of toxins, sMT7 (10 nM), sMT7-
R34A (1 �M), and sMT1 (5 �M) and then with
[3H]NMS (1 nM). In the control experiments, no toxin
was added. The rate of appearance of binding sites for
[3H]NMS was taken as the rate of dissociation of the
different toxins. Data are the results of one experi-
ment that was repeated three times.
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to their receptors (Segalas et al., 1995). It may be noticed
that, among the other three-finger toxins, the curaremimetic
toxins also present a conserved Arg residue in a similar
position. Interestingly, this residue has been shown to belong
to the toxic site of these toxins when interacting with mus-
cular (Trémeau et al., 1995; Antil et al., 1999; Rosenthal et
al., 1999) or neuronal (Fiordalisi et al., 1994; Antil-Delbeke et
al., 2000) nicotinic acetylcholine receptors. Recently, a struc-
tural model of the latter interaction confirmed the impor-
tance of this cationic group (Fruchart-Gaillard et al., 2002).
To characterize further the type of interaction of these two
toxins, their effect on the stability of the [3H]NMS binding to
M1 receptor was studied. In agreement with previous results,

sMT1 was found to bind reversibly to the M1 receptor (Wael-
broeck et al., 1996). In contrast, sMT7 blocks [3H]NMS bind-
ing for at least 5 h, confirming its quasi-irreversible binding
(Max et al., 1993; Olianas et al., 2000; Krajewski et al., 2001).
In addition, we demonstrate that the R34A modification sig-
nificantly affects the irreversibility of the sMT7-M1 receptor
interaction. Thus, because of the reversible interaction of
sMT7-R34A on the M1 receptor, a Cheng-Prusoff correction
could be applied to the inhibition data shown in Fig. 7,
conducing to an apparent affinity constant equal to 7.5 nM
(Table 1). Nevertheless, the critical role of this residue in the
MT7 binding is still confirmed, especially if we assume that
the IC50 for sMT7 binding is a gross overestimate of its
intrinsic potency given that its binding is pseudo-irrevers-
ible.

Furthermore, the effect of sMT1 and sMT7 on the atropine-
induced [3H]NMS dissociation from the M1 receptor was in-
vestigated. It was found that, even at high concentration (40
�M), sMT1 had no significant effect on the [3H]NMS disso-
ciation rate, suggesting that this toxin interacts not with the
allosteric site but more probably with the orthosteric site.
This result agrees well with previous reports on the pharma-
cological and functional properties of MT1 (Jerusalinsky and
Harvey, 1994; Waelbroeck et al., 1996; Jerusalinsky et al.,
2000), even if conflicting data on the MT1 binding site are
reported (Jerusalinsky et al., 1995). Nevertheless, we cannot
conclude definitively on the binding of MT1 to the orthosteric
site, because a high degree of negative cooperativity is indis-
tinguishable from a competition interaction. sMT7 decreases
the [3H]NMS dissociation 7-fold, in agreement with other
results confirming the ability of this toxin to interact at the
allosteric site of the M1 receptor (Olianas et al., 2000; Kra-
jewski et al., 2001). This property is confirmed by competition
experiments with sMT7 and increasing concentrations of
[3H]NMS leading to quasi-identical IC50 values associated
with slope factors greater than 1. Finally, the apparent af-
finity constants of wild-type and modified sMT7 for the
[3H]NMS-liganded receptor were determined. The R34A
modification induces a 10-fold decrease in the toxin IC50

value, confirming the role of Arg-34 residue in the interaction
of sMT7 at the receptor allosteric binding site. The differ-
ences observed in the potencies of sMT7 and sMT7-R34A,
determined, respectively, in equilibrium binding (0.43 and
7.5 nM) and dissociation experiments (2.5 and 24 nM), might
be explained in terms of allosteric interaction, by a negative
cooperativity between the wild-type or modified toxins and
the prebound NMS.

The putative competitive binding of sMT1 to the M1 recep-
tor and the critical role of its Arg-34 may suggest that the tip
of the central toxin loop plugs into the transmembrane do-
mains of the receptor, to reach the agonist-binding pocket.
On the other hand, the possible interaction of sMT7 with a
receptor-antagonist complex suggests that this toxin might
act by modulating accessibility to the orthosteric site by
interacting with the extracellular face of the receptor. Nev-
ertheless, even in this case, the Arg-34 seems important in
this interacting process. Because the positively charged
Arg-34 seems critical in the binding of sMT1 and sMT7 toxins
to muscarinic receptors, we would like to examine whether
their remaining charged residues participate in their various
modes of interaction with the M1 receptor. Supporting this
hypothesis, a close inspection of toxin sequences (Fig. 1)

Fig. 9. Variation of the atropine-induced [3H]NMS dissociation from the
M1 receptor in the presence of wild-type or modified toxins. A, M1 receptor
cell membranes were incubated with 1 nM [3H]NMS for 45 min and
dissociation of the radioligand was initiated by the addition of 3 �M
atropine, with or without sMT7 (20 nM) or sMT1 (40 �M). [3H]NMS
dissociation was expressed on a semilogarithmic scale, where B and Bo
represent the specific binding at time t or t0, respectively. B, inhibition of
the [3H]NMS dissociation by various concentrations of sMT7 and sMT7-
R34A using the single time point determination as described under
Materials and Methods. The apparent rate constants for the dissociation
of [3H]NMS were determined in the presence of each concentration of
toxins (kobs) and divided by the true rate constant ko determined in the
presence of atropine only. Data are the results of one experiment that was
repeated three times.
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indicates that seven charged residues are differently located.
We therefore modeled the 3D structure of both toxins start-
ing from the NMR structure of MTX2 (Segalas et al., 1995)
and compared their respective calculated electrostatic poten-
tials. The four views of the molecular surface of MT1 and
MT7 (Fig. 10) highlight the difference in charge distribution
in the two toxins. Thus, whereas some conserved charged
residues are identically positioned in MT1 and MT7 (Asp-19,
Arg-34, Arg-53), the global charge distribution is quite dif-
ferent. MT7 toxin seems predominantly positively charged on
its two faces, whereas MT1 possesses large electronegative
patches on its convex and concave faces, mainly supported by
C-terminal residues (Fig. 10). The variation in the distribu-
tion of surface charge between the two toxins might explain,

at least partially, the different ways in which they bind to the
same M1 receptor. Mutant-cycle experiments, using toxin
and receptor mutants, should be a good way to test this
hypothesis and to propose, as with the interaction of a three-
finger fold toxin with the nicotinic receptor (Fruchart-Gail-
lard et al., 2002), a structural model of toxin-muscarinic
receptor interactions.
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Trémeau O, Lemaire C, Drevet P, Pinkasfeld S, Ducancel F, Boulain JC, and Ménez
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