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Background: Cobra’s “three-finger” nonconventional toxin WTX allosterically modulates muscarinic receptors (mAChRs).
Results: Activity of several WTX mutants was analyzed; toxin spatial structure and dynamics were determined; and complexes
of toxin with M1 and M3 mAChRs were modeled.
Conclusion: Flexible loop II is the major determinant for toxin binding to different mAChRs.
Significance: Structural framework for rationalization of target-specific positive/negative allosteric regulation of mAChRs is
provided.

Weak toxin from Naja kaouthia (WTX) belongs to the group of
nonconventional “three-finger” snake neurotoxins. It irreversibly
inhibits nicotinic acetylcholine receptors and allosterically inter-
acts with muscarinic acetylcholine receptors (mAChRs). Using
site-directed mutagenesis, NMR spectroscopy, and computer
modeling, we investigated the recombinant mutant WTX analogue
(rWTX) which, compared with the native toxin, has an additional
N-terminal methionine residue. In comparison with the wild-type
toxin, rWTX demonstrated an altered pharmacological profile,
decreased binding of orthosteric antagonist N-methylscopolamine
to human M1- and M2-mAChRs, and increased antagonist binding
to M3-mAChR. Positively charged arginine residues located in the
flexible loop II were found to be crucial for rWTX interactions with
all types of mAChR. Computer modeling suggested that the rWTX
loop II protrudes to the M1-mAChR allosteric ligand-binding site
blocking the entrance to the orthosteric site. In contrast, toxin
interacts with M3-mAChR by loop II without penetration into the
allosteric site. Data obtained provide new structural insight into
the target-specific allosteric regulation of mAChRs by “three-fin-
ger” snake neurotoxins.

Snake venom “three-finger” toxins are small �-structural
proteins (60 –75 amino acids) that consist of three loops (“fin-
gers”) protruding from the compact globular core (“head”) sta-
bilized by four invariant disulfide bonds (1). Separate groups of
three-finger toxins act on numerous targets (2), including two
classes of acetylcholine receptors as follows: nicotinic acetyl-
choline receptors (nAChRs)2 belonging to ligand-gated ion
channels (3) and muscarinic acetylcholine receptors (mAChRs)
of the G protein-coupled receptor (GPCR) family (4). Both
types of acetylcholine receptors are responsible for cholinergic
signaling in central and peripheral nervous systems and could
be considered as promising targets for treatment of a number of
disorders, including Alzheimer disease, schizophrenia, and
Parkinson disease and chronic obstructive pulmonary disease
(3, 5, 6).

Curare mimetic toxins or �-neurotoxins (�-NTs, Fig. 1)
inhibiting nAChRs are generally subdivided into two subclass-
es: short-chain type (four disulfide bonds) and long-chain type
(additional fifth disulfide bond is in the central loop II) (1, 2). At
present, the central loop II is considered as the major site
responsible for interaction of short- and long-chain �-NTs with
the different subtypes of nAChRs (7–9).

There is also a large group of nonconventional toxins with
fifth disulfide bond in the N-terminal loop I that usually block
nAChRs less efficiently as compared with �-NTs. Function and
molecular targets of nonconventional toxins are not compre-
hensively studied (2). Most of these toxins are characterized by
a low level of toxicity (LD50, 5– 80 mg/kg), which is significantly
less than that of short- and long-chain �-NTs (LD50, 0.04 – 0.3
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mg/kg) (10). The phylogenetic analysis revealed that the family
of nonconventional toxins is not homogeneous (11). Some of
them, mostly from Bungarus spp., resemble long chain �-NTs,
but others, mostly from Naja spp., are similar to three-finger
mamba muscarinic toxins (MTs) (11).

MTs (four disulfide bonds) interact with different subtypes
of mAChRs and could act as allosteric agonists, antagonists, or
modulators (12). The muscarinic toxins MT3 and MT7 from
Dendroaspis angusticeps have high specificity for M4 and M1
mAChRs, respectively, although others MTs are less selective
(12). Recent mutagenesis data and computer modeling revealed
that the positively charged Arg-34 residue located in the central
loop II of MT7 represents a major determinant associated with
the toxin’s high affinity against human M1 mAChR (13).

Nonconventional “weak” toxin from Naja kaouthia (WTX)
is nonlethal to mice at concentrations up to 20 mg/kg and
shares some biological properties with �-NTs and MTs. WTX
irreversibly binds to muscle and �7 nAChRs with IC50 values in
the micromolar range (14) and could allosterically interact
with different subtypes of mAChRs modulating binding of
orthosteric ligands, like acetylcholine and N-methylscopol-
amine (NMS) (15). Computer modeling study proposed that
WTX interacts with nAChRs via the mechanism generally
resembling the �-NTs binding with the formation of numerous
contacts between the positively charged central loop II and the
acetylcholine binding pocket of the receptor (16). However, the
molecular mechanism of WTX interaction with mAChRs was
not previously described.

Based on the similarity with MT7 (sequence identity �59%,
Fig. 1), we supposed that the loop II could also be involved in the
interaction of WTX with mAChRs. To verify this hypothesis
and to define the role of distinct WTX structural features in its
activity, the recombinant WTX analogue (rWTX), having addi-
tional N-terminal Met residue, and seven of its mutant variants

were used. The experiments on competitive binding with
[3H]NMS revealed that rWTX demonstrates target-specific
activity decreasing NMS binding to M1 and M2 mAChRs and
increasing NMS binding to M3 receptors. Mutagenesis data
confirmed that arginine residues from the toxin’s loop II play an
essential role in the rWTX interaction with the M1-, M2-, and
M3-mAChRs. The established NMR structure made possible
computer docking of the toxin to M1 and M3 receptors. The
complexes obtained provide insight into the mechanisms of
positive and negative allosteric rWTX activity. A significant
conformational plasticity of the loop II observed by NMR and
molecular dynamics (MD) simulations could explain the WTX
activity toward structurally unrelated targets, nAChRs and
mAChRs.

Experimental Procedures

Cloning and Bacterial Expression of WTX Mutants—The
mutations were inserted into the WTX gene by site-directed
mutagenesis using the expression vector pET22b(�)/wtx (17)
as a template. The cultivation of Escherichia coli BL21(DE3)
cells transformed with appropriate vectors, gene expression,
purification, and refolding of rWTX and its mutants were as
described previously (17), with the exception that renaturation
buffer contained additionally 0.5 M L-Arg. For production of the
15N-labeled rWTX and P33A mutant, transformed cells were
grown on TB medium until A600 0.6. The cells were harvested
(2000 � g, 20 min) and resuspended in an equal volume of
minimal medium M9 containing (15N)H4Cl as a nitrogen
source, and after that gene expression was induced.

Binding of rWTX and Its Mutants to Muscarinic Acetylcho-
line Receptors—Interaction of wild-type WTX purified from N.
kaouthia venom as described in Ref. 14, rWTX, and its mutants
with human mAChRs was analyzed using membranes from
CHO cells expressing individual subtypes of receptor (kindly

FIGURE 1. Alignment of amino acid sequences of rWTX, nonconventional toxins from Naja species, �-neurotoxins, muscarinic toxins, and water-
soluble domain of human Lynx1 (ws-Lynx1). Cysteines are shown over a dark gray background. Position of the rWTX loops is shown by the light gray
background. Additional N-terminal methionine residue in the rWTX sequence appearing due to translation of the starting atg codon (underlined) is shown.
Sequence similarity between rWTX and other proteins was calculated by EMBOSS Stretcher (EMBL-EBI). Amino acid residue numbering is given for wild-type
WTX.
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supplied by Prof. T. I. Bonner) essentially as described earlier
(18). Cells were grown in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum in 10-cm Petri
dishes supplemented with 5 mM butyrate for the last 24 h of
cultivation to increase receptor expression. Medium was
removed, and cells were mechanically detached and washed
twice in phosphate-buffered saline and 3 min of centrifugation
at 250 � g. Washed cells were diluted in ice-cold homogeniza-
tion medium (100 mM NaCl, 20 mM NaHEPES, 10 mM EDTA,
pH 7.4) and homogenized on ice by two 30-s strokes using a
Polytron homogenizer (Ultra-Turrax; Janke & Kunkel GmbH &
Co. KG, IKA-Labortechnik, Staufen, Germany) set to maxi-
mum with a 30-s pause between strokes. Unbroken cell debris
and nuclei were removed by low speed centrifugation at 1000 �
g for 5 min at 4 °C. Aliquots of cell homogenates were centri-
fuged for 30 min at 30,000 � g at 4 °C. Supernatants were dis-
carded, and pellets were resuspended in incubation medium
(100 mM NaCl, 10 mM MgCl2, 20 mM NaHEPES, pH 7.4), and
centrifuged again under the same conditions. Resulting pellets
were kept at �20 °C until assayed for 10 weeks at maximum.

All radioligand binding experiments were carried out in
96-well plates at 30 °C in the incubation medium described
above at a final volume of 200 �l. Nonspecific binding was
determined in the presence of 10 �M atropine and was always
smaller that 10% of total binding. In equilibrium binding exper-
iments, membranes (5–20 �g of membrane proteins) were
incubated for 60 min at 30 °C in the presence of 150 pM

[3H]NMS (PerkinElmer Life Sciences) without (control) or with
a single 10 �M concentration of WTX, rWTX, or its mutants.
Incubation was terminated by fast filtration through GF/B fil-
ters (Whatman). Filters were dried, and then solid scintillator
Meltilex A was applied using heating plate at 105 °C for 75 s.
After filters cooled, the radioactivity was measured in Micro-
beta scintillation counter (Wallac, Finland).

To determine the effects of rWTX on [3H]NMS dissociation,
membranes expressing the M1–M3 receptor subtypes (5–9 �g
of proteins) were first incubated at 30 °C for 1 h with 4 nM

[3H]NMS and then for another hour without or with 10 �M

rWTX in a final volume of 150 �l. Dissociation was induced by
adding 50 �l of 40 �M atropine (final concentration 10 �M) at 5,
10, 20, 30, 40, or 60 min (M1 and M3 receptors) or at 1, 2, 5, 10,
20, or 30 min (M2 receptor) before fast filtration. Filters were
processed as described above. Nonspecific binding was mea-
sured in samples with 10 �M atropine added before [3H]NMS.
One phase decay equation constrained to 100 and zero was
fitted (GraphPad software) to data expressed as percentage of
specific binding of [3H]NMS without the addition of atropine to
induce dissociation.

NMR Study of Recombinant Neurotoxins—NMR investiga-
tion was done using 0.5 mM samples of 15N-labeled rWTX (pH
3.0 and 5.2) or P33A mutant (pH 3.0) in 5% D2O or 100% D2O at
40 °C. NMR spectra were acquired on a Bruker Avance 700
spectrometer equipped with a cryoprobe. 1H and 15N reso-
nance assignment was obtained by a standard procedure using
a combination of two- and three-dimensional TOCSY and
NOESY spectra (19). Spatial structure calculation of
rWTX(P33A) was performed in the CYANA program (Table 1)
(20). Upper interproton distance constraints were derived from

NOESY (�m 100 ms) cross-peaks via a “1/r6” calibration. Tor-
sion angle restraints were obtained from 3JH

N
H

�, 3JNH
�, 3JH

�
H

�,
and 3JH

�
H

� coupling constants. Amide protons demonstrating
deuterium half-exchange time of �24 h (40 °C) and/or temper-
ature coefficients less than 4.5 ppb/K were supposed to partic-
ipate in hydrogen bonding. In the final rounds of structure cal-
culation, lower distance constraints (3.0 Å) based on the
expected cross-peaks but not presented in the NOESY spectra
were introduced. The relaxation parameters of 15N nuclei were
analyzed using TENSOR software (21). Hydrodynamic calcula-
tions were performed using the program HYDRONMR (22).

Computer Modeling of rWTX(P33A) Complexes with M1 and
M3 mAChRs—The complexes were built using customized
protein-protein docking procedure subdivided into eight steps
as follows.

(i) The human M3-mAChR structure was taken from PDB
(code 4DAJ). The homology model of human M1-mAChR was
generated with MODELLER 8.2 (23) using the M3 receptor
structure as a template. A disulfide bridge was imposed
between residues 98 and 178. Following the structure of the
template, an intracellular loop III between TM helices 5 and 6 is
absent from the model.

(ii) A fragment of neuronal membrane-mimicking bilayer
(palmitoyloleoylphosphatidylcholine/palmitoyloleoylethanol-
amine/cholesterol, 144:72:72 molecules, respectively) was
assembled, solvated inside the rectangular box with dimensions
8 � 8 � 13 nm3, and equilibrated during 50 ns of MD simula-
tion. All simulations were performed with the GROMACS 4.5.2
(24) using the Gromos96 43a2x parameters set. The Ryckaet-
Bellemans torsion potential was used for the lipid hydrocarbon
chains (25). Nonbonded interactions were described by the
parameters from Ref. 26; SPC water model was used. Simula-
tions were carried out with a time step of 2 fs, imposing three-
dimensional periodic boundary conditions, in the isothermal-
isobaric (NPT) ensemble with semi-isotropic pressure of 1 bar

TABLE 1
Statistics for the best CYANA structures of WTX(P33A)

Distance and angle restraints
Total NOE contacts 535

Intraresidual 180
Inter-residual 355

Sequential (�i � j� � 1) 170
Medium range (1��i � j��4) 31
Long range (�i � j��4) 154

Hydrogen bonds restraints (20 bonds, upper/lower) 40/40
S--S bond restraints (5 bonds, upper/lower) 15/15
Lower distance restraints 6
Torsion angle restraints 97

Angle � 54
Angle 	 4
Angle 
1 39

Total restraints/residue 748/12
Statistics for calculated structures

Structures calculated/selected 400/20
CYANA target function (Å2) 1.78 	 0.32
Violations of restraints

Distance (�0.2 Å) 3
Dihedral angles (�1°) 2

Root mean square deviation (Å)
Overall

Backbone 1.26 	 0.36
Heavy atoms 2.42 	 0.49

Overall except loop II (1–28, 38–65)
Backbone 0.41 	 0.11
Heavy atoms 1.21 	 0.15
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and a constant temperature of 37 °C. All components of the
system (water, phospholipids, and protein) were coupled sepa-
rately in a temperature bath using Nose-Hoover thermostat.
The van der Waals interactions were truncated using 1.6 nm
spherical cutoff function. Electrostatic interactions were
treated with the Particle Mesh Ewald (PME) algorithm (0.12 nm
Fourier spacing).

(iii) M1 or M3 receptors were placed inside the equilibrated
bilayer; some phospholipid and cholesterol molecules were
removed for this purpose. The system was re-solvated using
water molecules and required number of Cl� ions to maintain
electroneutrality, equilibrated in several stages, and subjected
to another 50 ns of MD.

(iv) rWTX(P33A) mutant was subjected to 100 ns of MD
simulation in 5 � 5 � 6 nm3 water box.

(v) The conformational clustering was performed on
M1-mAChR, M3-mAchR, and P33A mutant MD trajectories.
Gromacs utility g_cluster was used with clustering method Gro-
mos and distance cutoff of 0.2 nm that yielded five, six, and five
structural clusters in these three trajectories, respectively.

(vi) 5 � 5 � 25 or 6 � 5 � 30 protein-protein docking runs
were performed with either ZDOCK (27) or pyRosetta (28)
software for rWTX(P33A)�M1-mAChR and rWTX(P33A)�
M3-mAChR complexes, respectively. The necessity to use dif-
ferent docking protocols resulted from abnormal work of
ZDOCK that trended to generate unrealistic rWTX(P33A)�
M3-mAChR complexes. During generation of the rWTX-
(P33A)�M1-mAChR complex, to avoid unrealistic docking
solutions, the receptor residues inaccessible from the outer side
of the bilayer were “blocked.” For each run, ZDOCK systemat-
ically generated 2000 structures of the complex; 100 top-scor-
ing structures were used for further analysis (in total, 2500).
During generation of the rWTX(P33A)�M3-mAChR complex,
a D100_Docking.py script from pyRosetta tutorial was adapted
to perform docking. Analogously to ZDOCK, 2000 docking
solutions were generated in each of 30 docking runs (totally,
60,000 solutions); in distinction from ZDOCK, no blocking of
residues was imposed because pyRosetta does not explicitly
provide such an option.

(vii) The docking solutions were “filtered” using in-house
re-scoring protocol that requires a simultaneous formation of
two ionic or �-aromatic stacking interactions between the
toxin and the receptor, and also the building up of favorable
specific and nonspecific hydrophobic/hydrophilic contacts
in the complex (see “Results”). The analysis of hydrophobic/
hydrophilic contacts in the complexes was done with the
PLATINUM software (29).

(viii) The “final” solution of the each complex was chosen by
a visual inspection, placed in the solvated lipid bilayer, and sub-
jected to a 200-ns MD run.

Results

Design, Refolding, and Characterization of rWTX Mutants—
The previously observed conformational heterogeneity of wild-
type WTX in solution was attributed to the cis-trans-isomer-
ization of the peptide bond Arg-32–Pro-33, but the additional
isomerization of Cys-6 –Pro-7 bond was not completely ruled
out (30). Moreover, it is well documented that the presence of

the sterically restricted Pro residues could force specific con-
formations of the protein backbone (31). To check the role of
these factors in the rWTX biological activity, two mutants (P7A
and P33A) were designed. We also suggested four mutant
forms of the toxin (R31A, R32A, R31A/R32A, and R37A) to
probe the importance of the charged residues of the loop II in
the interaction with mAChRs. The unique feature of WTX
among other nonconventional neurotoxins isolated from Naja
spp. is the tryptophan residue in loop II (32). To study the bio-
logical role of this residue, the W36A mutant was produced as
well.

It has been shown on the examples of rWTX, water-soluble
domain of human Lynx1 protein, and secreted Ly-6/uPAR
related human proteins SLURP-1 and SLURP-2 that the
expression in the form of E. coli inclusion bodies with subse-
quent refolding represents the optimal strategy for production
of three-finger proteins containing an additional fifth disulfide
bond in the loop I (17, 33–35). Therefore, to produce rWTX
mutants we used a previously developed protocol (17), but to
increase the refolding yield, the renaturation buffer was addi-
tionally supplemented with 0.5 M L-Arg. The final yield of the
refolded toxins was �1–5 mg (for different mutants) per 1 liter
of bacterial culture.

The purity (no less than 95%) of the refolded rWTX and its
mutants was confirmed by SDS-PAGE, analytical HPLC, and
mass spectrometry. The measured molecular masses of the
proteins within experimental error coincided with the calcu-
lated masses of rWTX mutants having five disulfide bridges and
an additional N-terminal Met residue appearing due to trans-
lation of starting atg codon. CD and one-dimensional 1H NMR
spectroscopy confirmed the proper folding of rWTX mutants.

Muscarinic Acetylcholine Receptor Binding Studies—The
ability of rWTX and its mutants to interact specifically with the
different subtypes of human mAChR was assessed in competi-
tion experiments with [3H]NMS at a single toxin concentration
(10 �M). It has been reported that wild-type WTX at this con-
centration increases the [3H]NMS binding to M1- and
M3-mAChRs demonstrating positive cooperativity, but it does
not influence the [3H]NMS binding to M2, M4, and M5 recep-
tors (15). Similarly to that, rWTX increases the [3H]NMS bind-
ing to M3 receptors and does not affect the [3H]NMS binding to
M4 and M5 receptors (Fig. 2A). However, contrary to WTX,
rWTX decreases the [3H]NMS binding to M1 and M2 recep-
tors by �20%, demonstrating negative cooperativity (Fig. 2A).
The presence of common and individual features in the inter-
action of WTX and rWTX with different mAChR subtypes was
confirmed by a direct comparison of their activity on M1 and
M3 receptors (Fig. 2A).

To verify the allosteric nature of the interaction between the
orthosteric antagonist and rWTX, its effect on the rate of
[3H]NMS dissociation was measured at M1, M2, and M3 recep-
tor subtypes (Fig. 3, A–C). The dissociation rate of [3H]NMS in
the presence of 10 �M rWTX was significantly reduced as com-
pared with the control experiments (Fig. 3D). The dissociation
rates (min�1) decreased from 0.118 	 0.005 to 0.076 	 0.003
(n � 3, p � 0.01), from 0.81 	 0.04 to 0.63 	 0.03 (n � 3, p �
0.05), and from 0.074 	 0.002 to 0.065 	 0.002 (n � 3, p � 0.05)
at the M1, M2 and M3 subtypes, respectively (Fig. 3).
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The set of rWTX mutants was tested on the M1, M2, and M3
mAChRs. The data obtained for M1 and M3 receptors (Fig. 2, B
and D) revealed that P7A and P33A mutations have no remark-
able effects on both receptors. Except for the R37A mutation,
single substitutions in the toxin’s loop II did not change the
observed interaction between rWTX and [3H]NMS upon bind-
ing to M1 and M3 mAChRs. At the same time, substitution of
R37A or simultaneous R31A and R32A substitutions resulted in
the disappearance of the toxin effects on the [3H]NMS binding.
In the case of M2-mAChRs, all rWTX mutants, except P33A,
demonstrated diminished influence on [3H]NMS binding to
the receptor (Fig. 2C), pointing to the relevance of the mutated
residues for the toxin/receptor interactions. Thus, only the
P33A mutation did not affect the toxin activity on the all recep-
tors tested.

NMR Analysis of rWTX and rWTX(P33A)—Similarly to wild-
type WTX (30), two sets of signals corresponding to the two
structural states of the toxin were observed in the NMR spectra
of rWTX (Fig. 4A). According to the NMR data, two structural
forms of rWTX have equal population in solution, and the char-
acteristic time of exchange between them significantly
exceeded 100 ms (so-called “slow conformational exchange”).
The largest differences in the chemical shifts between the two
states of the toxin were observed for residues situated in the
vicinity of Pro-7 and Pro-33 (Fig. 4C). Analysis of one-dimen-
sional 1H NMR spectra of rWTX mutants (Fig. 4D) revealed
that the conformational heterogeneity of rWTX is associ-
ated with cis-trans-isomerization of the Arg-32–Pro-33 pep-
tide bond. The rWTX mutant with substitution P33A exhib-
ited only one structural state in solution (Fig. 4, B and D).
This (together with the data on functional activity, see
above) was the crucial factor in selecting the P33A mutant

for further structural studies by NMR and computational
modeling. P7A mutation increased the population of trans-
Arg-32–Pro-33 conformer in solution (Fig. 4D) pointing to
the presence of conformational coupling between loops I
and II of the toxin.

The determined spatial structure of P33A mutant represents
the three-finger fold consisting of two antiparallel �-sheets (Fig.
5). The first of them is formed by two �-strands and involves
residues from the loop I (�1, Leu-1–Leu-4; �2, Phe-14 –Cys-
17). The second one consists of three strands and includes frag-
ments of the loop II (�3, Ile-23–Leu-28; �4, Tyr-38 –Ala-43)
and loop III (�5, Glu-56 –Cys-58). These results are in agree-
ment with the earlier data on the secondary structure of wild-
type WTX (30). Apart from the backbone-backbone hydrogen
bonds associated with canonical elements of the secondary
structure, the head and the loops of the toxin are stabilized by
additional H-bonds. For instance, hydrogen bonds HN Lys-
62-CO Thr-2, HN Leu-4-O�1 Asn-64, and HN Arg-40-CO
Asn-64 control the spatial arrangement of the C-terminal
region relative to �1 and �4 strands.

Almost the entire rWTX(P33A) structure is well defined,
except the central part of the loop II (His-29 –Arg-37) (Fig. 5B).
Residues from this region exhibit fast exchange of HN protons
with water and show averaged 3JH

N
H

� coupling constants with
magnitudes of 6 – 8 Hz (Figs. 5A and 6C). Moreover, intensities
of 1H,15N-HSQC cross-peaks for these residues were signifi-
cantly lower in comparison with signals from other parts of the
toxin molecule (Fig. 6A). Together with 15N relaxation data
(Fig. 5C), this points to the enhanced intramolecular mobil-
ity of this region in the microsecond to millisecond time
scale (fast to intermediate conformational exchange). Exten-
sive dynamics on this time scale was observed for Lys-27–

FIGURE 2. Influence of rWTX and its mutants on [3H]NMS binding to mAChRs. Results are given as means 	 S.E. of 3–7 values expressed in percent of control
binding without toxin obtained in the same experiment. Dashed lines indicate 95% confidence interval of control binding that was in pmol/mg protein: M1,
1.81 	 0.06, n � 12; M2, 0.28 	 0.01, n � 9; M3, 1.46 	 0.05, n � 9; M4, 0.49 	 0.01, n � 9; M5, 0.32 	 0.01, n � 9. A single concentration (10 �M) of the toxins
was tested. A, comparison of effects of wild-type WTX and rWTX on [3H]NMS binding at mAChRs. No effects of wild-type WTX on [3H]NMS binding with M2, M4,
and M5 receptors were previously reported (15). Data indicated as follows: #, p � 0.05; ##, p � 0.01, and ###, p � 0.001 are significantly different from each other.
B–D, all mutants were compared with rWTX and control by analysis of variance followed by Dunnett’s multiple comparisons test. Data indicated as * and ° (p �
0.05), ** and °° (p � 0.01), and *** and °°° (p � 0.001) are significantly different from rWTX and control, respectively.
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Ile-39 residues from loop II and in spatially proximal frag-
ments of the loops I (Glu-8) and III (Tyr-52–Glu-56) (Fig.
5C). Probably, these exchange processes and conformational
coupling between loops I and II are responsible for the rela-
tively low structural convergence observed at the tip of the
loop I (Pro-7–Cys-11, Fig. 5B). Analysis of 1H,15N-HSQC
spectra of rWTX also revealed diminished intensities of res-
onances from the tip of the loop II (Fig. 6A). Thus, the latter
one in the rWTX molecule is involved in microsecond to
millisecond motions on the two time scales (slow, associated
with cis-trans-isomerization of the Arg-32–Pro-33 peptide
bond, and fast-to-intermediate one). In addition, large frag-
ments of loops II and III participate in the high amplitude
motions on the picosecond to nanosecond time scale (Fig.
5C). The head of the toxin demonstrates lesser mobility as
compared with the fingers, although extensive dynamics on
both picosecond to nanosecond and microsecond to milli-
second time scales was detected for the Arg-18 –Lys-22 loop
protruding from the head (Fig. 5C).

Analysis of 15N relaxation data also permitted us to charac-
terize rotational diffusion of rWTX(P33A) molecule in solu-

tion. The overall tumbling of the protein was found to be axial
symmetric, with overall �R �4.1 ns and with the ratio of the
main components of prolate diffusion tensor (D�/D�) �1.5.
The data obtained are in relatively good agreement with the
values predicted by hydrodynamic calculations (DZ � 4.68�107

s�1, DY � 3.02�107 s�1, and DX � 3.24�107 s�1, �R � 4.5 ns)
based on the experimentally determined spatial structure of
rWTX(P33A). These data indicate that the protein is in a mono-
meric state in aqueous solution.

As compared with the wild-type toxin, the bacterially
expressed rWTX and its mutants have an additional methio-
nine residue at the N terminus. Comparison of 1HN and 1H�

chemical shifts and 3JH
N

H
� coupling constants for WTX (30),

the rWTX and P33A mutant (Fig. 6, B and C) revealed a similar
overall conformation of the toxin molecules. The minor
changes of the backbone conformation apparently caused by
the introduction of N-terminal Met were observed in the three
regions of rWTX and rWTX(P33A) as follows: Lys-13–Glu-21,
Cys-42–Cys-46, and Cys-63–Arg-65. These fragments belong
to the toxin’s head and C-terminal tail and are spatially close to
the �1 strand (Fig. 5D).

FIGURE 3. Influence of rWTX on rate of orthosteric antagonist [3H]NMS dissociation at M1, M2, and M3 mAChRs. A–C, time course of dissociation of
[3H]NMS in the presence and absence of 10 �M rWTX was determined as described under “Experimental Procedures.” Specific binding of [3H]NMS was
calculated as a difference between total and nonspecific binding measured in the same experiment and is expressed in percent of initial binding (ordinate).
Results are given as means 	 S.E. (n � 3). D, 10 �M rWTX decreased [3H]NMS dissociation rate constants (Koff, min�1) from 0.118 	 0.005 to 0.076 	 0.003, from
0.81 	 0.04 to 0.63 	 0.03, and from 0.074 	 0.002 to 0.065 	 0.002 at the M1, M2, and M3 subtypes, respectively. Data designated as *, p � 0.05, and **, p �
0.01, are significantly different from control by two-tailed t test.
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Computer Modeling of rWTX(P33A) Interaction with M1 and
M3 mAChRs—In an attempt to understand the mechanisms of
target-specific positive and negative allosteric rWTX activity,
we modeled the complexes of the rWTX(P33A) mutant with
M1- and M3-mAChRs. The established NMR structure of
P33A mutant made it possible to dock the toxin into the avail-
able x-ray structure of M3-mAChR (36) and to a homology
model of M1-mAChR.

To estimate the flexibility of the free receptors and toxin
molecules, MD simulations were conducted. Analysis of
obtained MD trajectories revealed that the most flexible parts
of the molecules are the extracellular loop 2 (ECL2) situated
between TM helices 4 and 5 of the receptors and the tip of the
toxin’s loop II (Fig. 7, black and magenta curves).

Clustering of the conformations extracted from MD trajec-
tories resulted in five representatives for M1-mAChR, six for

FIGURE 4. Conformational heterogeneity in rWTX molecule associated with the cis-trans-isomerization of the Arg-32–Pro-33 peptide bond. A and B,
two-dimensional 1H,15N-HSQC spectra of 0.5 mM rWTX and rWTX(P33A) (pH 3.0, 40 °C). Signals of rWTX conformers with trans- and cis-configuration of
Arg-32–Pro-33 peptide bond are marked by red and blue lettering, respectively. The signals of the cis form are also marked by asterisks. C, normalized difference
of 1HN, 1H�, and 15NH chemical shifts (
(��1HN)2 � (��1H�)2 � (��15NH/5)2) between “trans” and “cis” forms of rWTX. The data for proline residues and for
Arg-37 and Tyr-38 (crosses) were not calculated. Signals of Arg-37 and Tyr-38 residues from the trans form of rWTX were not assigned. D, analysis of confor-
mational heterogeneity in rWTX mutants. The fragments of one-dimensional 1H NMR spectra containing HN1 signals of the Trp-36 side chain are shown. The
relative content (%) of the trans form is shown above each spectrum.

Interaction of Recombinant Weak Toxin with mAChRs

23622 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 39 • SEPTEMBER 25, 2015



M3-mAChR, and five for rWTX(P33A). These structures were
used in a series of protein-protein docking runs permitting us to
take into account the flexibility of toxin and receptors upon
binding. The resulting ensembles were filtered (re-scored)
using three criteria as follows. (i) Taking into account the
obtained mutagenesis data, it was required that the toxin forms
at least two ionic bridges or �-cation interactions with the
receptor via the positively charged residues Arg-37 and Arg-31
and/or Arg-32. (ii) The match of “hydrophobic/hydrophilic”
properties between the toxin and receptor in the complex,
which has been proven to be important in molecular recogni-
tion (37, 38), was required to exceed a certain threshold

(�0.65). (iii) The total number of favorable intermolecular con-
tacts in the complex was required to be above 12. Application of
these criteria reduced the initial ensembles of 2500 and 60,000
structures to 24 and 42 models for rWTX(P33A)�M1-mAChR
and rWTX(P33A)�M3-mAChR complexes, respectively.

For the P33A mutant complex with the M3 receptor, three
clusters of docking solutions containing 23, 8, and 11 structures
were obtained. In these clusters, the toxin molecule was located
as follows: cluster 1, at the cytoplasmic interface of the receptor
(omitted as unrealistic); cluster 2, in the vicinity of the ligand-
binding vestibule located between the TM helices at the outer
half of the M3-mAChR (so-called allosteric ligand-binding site

FIGURE 5. Spatial structure and backbone dynamics of rWTX(P33A) in aqueous solution. A, overview of NMR data collected for rWTX(P33A). The positive
and negative values of H� chemical shift indices (CSIs) denote �-strand and �-helical propensity, respectively. The large (�8.5 Hz), small (�5 Hz), and medium
(others) 3JH

N
H

� coupling constants are designated by the filled triangles, open squares, and stars, respectively. The filled squares denote amide protons with
temperature gradients (��HN/�T) less than 4.5 ppb/K. The filled, half-open, and open circles denote HN protons with slow (half-exchange time �24 h),
slow-intermediate (half-exchange time �1 h), and intermediate (half-exchange time �15 min) H-D exchange rates (H/DEX), respectively. Amide protons that
demonstrate fast exchange with water protons (H2OEX) are shown by open triangles. The corresponding peaks were observed in a 20-ms CLEANEX-PM
spectrum. The NOE connectivities are denoted as usual. The widths of the bars correspond to the relative intensity of the cross-peak in the 100-ms NOESY
spectrum. Elements of secondary structure are shown on a separate line; the �-strands are designated by arrows and tight �/�-turns by wavy lines. B, set of the
best 20 rWTX(P33A) structures, superimposed over the backbone atoms in regions with well defined structure. The three loops and head of the toxin are
labeled. C, ribbon representation of rWTX(P33A) spatial structure. The disulfide bonds are in orange. The side chains of mutated residues are shown. The ribbon
of rWTX(P33A) is colored according to obtained dynamical NMR data (see supplemental Table). The residues affected by dynamic processes on the picosecond-
nanosecond time scale (one with heteronuclear NOE �0.7 or S2 �0.8) or microsecond-millisecond time scale (having REX �2 Hz) are shown in magenta and
yellow, respectively. The residues demonstrating mobility on both time scales are in cyan. D, qualitative data describing changes in the WTX conformation upon
introduction of N-terminal Met residue (see Fig. 6, B and C) are mapped on the spatial structure of rWTX(P33A). The residues demonstrating large changes in
backbone (1HN, 1H�) chemical shifts or 3JH

N
H

� coupling constants are shown in blue and red, respectively. The residues demonstrating both types of effects are
in cyan. The side chains of Met-0 and Ala-33 are shown in red.

Interaction of Recombinant Weak Toxin with mAChRs

SEPTEMBER 25, 2015 • VOLUME 290 • NUMBER 39 JOURNAL OF BIOLOGICAL CHEMISTRY 23623



(36)) (Fig. 8A); and cluster 3, at the receptor/membrane inter-
face (Fig. 8B). The solutions from cluster 2 were analyzed. In
these models, the toxin was unable to insert its loops into the
allosteric ligand-binding site forming the loose complex with
the receptor (Fig. 8A). As a result, the toxin’s loop II does not
contact with the entrance into orthosteric site situated just
below the allosteric site as one may judge by the location of
tiotropium molecule in the x-ray structure with M3-mAChR
(36). The rWTX(P33A)�M3-mAChR complex is stabilized
mainly by ionic interactions between the positively charged
loop II residues (Arg-37 and Arg-31 and/or Arg-32) and the
negatively charged moieties from ECL2 (Glu-220) and ECL3
(Asp-518) of the receptor (Table 2). The complex was unstable
in the course of 200-ns MD simulation in the lipid bilayer that

confirms its loose organization. In the cluster 3 of the
rWTX(P33A)�M3-mAChR complexes, the toxin also interacts
by its positively charged loop II with the negatively charged
residues of ECL2 and ECL3 (Glu-228 and Asp-518, respec-
tively), but from the receptor/membrane interface and not
from the top of the receptor (Fig. 8B).

For the rWTX(P33A) complex with M1-mAChR, all filtered
docking solutions were very similar to each other and were
significantly different from the solutions described above for
the M3 receptor. First of all, the toxin molecule is rotated by
�180° around the central axis of �-strands (Fig. 8C). Second,
contrary to the case of M3-mAChR, the toxin inserts the most
protruding loop II into the allosteric ligand-binding vestibule of
the M1 receptor just above the orthosteric ligand-binding site.

FIGURE 6. Qualitative comparison of backbone conformation and dynamics for wild-type WTX, rWTX, and rWTX(P33A). A, relative intensity of 15N-HSQC
signals for trans and cis forms of rWTX and rWTX(P33A) mutant. For clarity, the intensities for two forms of rWTX are shown in joint columns. Residues with
unassigned HN resonances and prolines are marked by crosses. B, difference of 1HN and 1H� chemical shifts between wild-type WTX and rWTX (trans and cis
forms) at pH �3.0 and 40 °C. The arbitrarily chosen threshold values (0.05 and 0.03 ppm for 1HN and 1H�, respectively) are shown. C, comparison of 3JH

N
H

�

couplings measured for the trans form of native WTX and rWTX(P33A). The values with difference exceeding 2 Hz are connected by vertical lines. Uncertainties
in the measured 3JH

N
H

� values do not exceed 1 Hz. Chemical shifts and J-coupling constants for trans and cis forms of wild-type WTX were taken from Ref. 30.
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Two positively charged residues (Arg-32 and Arg-37) located in
the toxin’s loop II form ionic bridges with three negatively
charged residues (Asp-393, Glu-397, and Glu-401), located in
the ECL3 and the outer part of TM7 of the receptor (Fig. 8C and
Table 2). Additionally, two C-terminal positively charged resi-
dues of the toxin (Lys-62 and Arg-65) form ionic bridges with
Glu-170 from the ECL2 of the receptor. Gly-12 from the toxin
loop I forms hydrogen bond with Val-168 from the ECL2 of
M1-mAChR (Table 2). Unrestrained MD simulation (200 ns)
revealed that the mobility of ECL2 of the receptor and toxin
loops I and II dramatically decreased upon the binding (Fig. 7,
green curves), pointing to the key role of these regions in the
toxin/receptor interaction.

Discussion

The structure-function studies of ligand-receptor interac-
tions require large amounts of the proteins and their mutant
variants. In most of the cases, the production of the appropriate
protein or peptide samples could be done only via heterologous
expression (39). Frequently, the recombinant proteins differ
from the native ones, e.g. contain cloning artifacts, stabilizing
mutations, purification tags, or non-native glycosylation pat-
terns. Despite that, the recombinant protein production forms
the basis for the state-of-the-art structural studies and finally
provides most of our current knowledge in the field of mem-
brane receptors and ligand-receptor interactions (40).

Here, we investigated structural and pharmacological prop-
erties of rWTX, a recombinant analogue of nonconventional
toxin from N. kaouthia, which allosterically modulates the
functioning of mAChRs (15). The recombinant toxin was pro-
duced by bacterial expression and, as compared with the wild-
type toxin, has an additional N-terminal methionine residue.
Therefore, rWTX could be considered as a mutant form of
wild-type WTX. It turned out that this minor N-terminal mod-
ification significantly changes the toxin pharmacological pro-
file. Similar to the native toxin, which was shown to increase the
binding of orthosteric ligand NMS to M1- and M3-mAChRs
(15), rWTX enhanced the NMS binding, but only to the M3
receptor. At the M1 receptor, the mode of toxin/NMS interac-
tion was switched from “positive” to “negative” and resulted in
decreasing of the NMS binding in the presence of rWTX.

Moreover, the negative rWTX interaction with NMS was
observed at M2-mAChRs, where the wild-type toxin demon-
strates a very weak effect (15). The reduction in the rates of
[3H]NMS dissociation from M1, M2, and M3 receptors
observed in the presence of rWTX (Fig. 3D) confirmed the
allosteric mode of the rWTX/mAChRs interaction.

Taking into account the complex nature of the allosteric
interactions (6), the rWTX effects described above could not be
totally unexpected. First, the negative binding cooperativity
between WTX and another orthosteric ligand, acetylcholine,
was previously observed at M1, M2, M4, and M5 mAChRs (15).
Second, it is well documented that minor changes in the struc-
ture of allosteric modulators may lead to a completely different
sort of cooperativity (6). For example, the changes in mode of
interaction with acetylcholine or NMS binding at different sub-
types of mAChR were described for a series of strychnine and
brucine analogues (41).

Site-directed mutagenesis indicated that positively charged
residues in the rWTX loop II are essential for interaction with
M1, M2, and M3 mAChRs. This permits an assumption that the
toxin loop II represents a major site of WTX interaction with
mAChRs. Our results are in good agreement with studies on
other three-finger snake toxins, where a positively charged tip
of the loop II was identified as a key determinant of interaction
with different targets (7–9, 13, 47), including nAChRs and
mAChRs. High conformational mobility of the loop II revealed
here (Figs. 5, B and C, and 7A) is not a unique feature of WTX.
Recently, large plasticity of loop III was observed for the water-
soluble three-finger domain of the human prototoxin Lynx1,
which, similarly to WTX, binds with low affinity (of micromo-
lar range) to both nAChRs and mAChRs (42). Thus, we propose
that large plasticity of the loops might confer the three-finger
proteins, like WTX and Lynx1, the capacity to interact with
both types of acetylcholine receptors, while providing rather
low affinity for these targets.

To illustrate the structural properties that underlie positive/
negative allosteric interaction of rWTX with M1- and
M3-mAChRs, we utilized a computer modeling approach
based on molecular docking and MD simulations. There are
several caveats associated with application of this technique to

FIGURE 7. Root-mean-square fluctuation (RMSF) of rWTX(P33A) (A) and mAChRs (B). Free and bound rWTX(P33A) and M1-mAChR are shown with black
and green lines, respectively. Free M3-mAChR is shown with purple line. For rWTX(P33A) and mAChRs, location of loops I–III and TM �-helices, respectively, is
shown. Intracellular loop 3 of the receptor located between TM helices 5 and 6 is absent from the model. Amino acid residue numbering is provided for
rWTX(P33A) and M1 receptor.
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the membrane receptors and their ligands. (i) Conventional
molecular docking protocols do not take into account the
dynamics of interacting molecules. This could preclude the
finding of correct solution of the complex. (ii) The molecular

docking could provide too many different solutions, and choos-
ing of the correct one became a nontrivial task. (iii) The mem-
brane environment of the receptor could influence the ligand
binding and should be taken into account. To overcome these
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obstacles, we used a special customized protein-protein dock-
ing procedure (see under “Results”). (i) To increase structural
sampling and partially take into account the flexibility of the
interacting molecules, we started docking runs not from the
single receptor/toxin structures but from the structural ensem-
bles obtained via MD simulations. (ii) In an attempt to filter out
“incorrect” or unrealistic docking solutions, we used available
mutagenesis data and additional score-function restricting
complementarity of the “hydrophobic/hydrophilic” properties
of the toxin/receptor molecules in the complex (37, 38). (iii)
The resulting complexes were subjected to unrestrained MD
runs in the hydrated lipid bilayer to estimate the influence of the
environment on their stability.

Wild-type WTX and rWTX molecules demonstrate confor-
mational heterogeneity in solution associated with cis-trans-
isomerization of the Arg-32–Pro-33 peptide bond. Therefore,
we focused our structural studies on a P33A mutant that has
one structural form in solution and demonstrates functional
properties similar to rWTX (Fig. 2, B–D). Computer modeling
revealed the substantially different modes of the rWTX(P33A)
binding to M1- and M3-mAChRs. In the case of M3-mAChR
(Fig. 8A), the toxin interacts with all three ECLs of the receptor
by residues from loops II and III (Table 2) without penetrating
into the allosteric ligand-binding site. In the rWTX(P33A)�M1-
mAChR complex (Fig. 8C), the toxin interacts with the receptor
by residues from the loops I and II and the C terminus (Table 2)
and occupies the outer part of the receptor’s allosteric site. Less
tight organization of the toxin�M3-mAChR complex and the
inability to insert the toxin’s loops into the receptor’s allosteric
site could be explained by the structural properties of this site.
Indeed, the analysis of ECL sequences of mAChRs (Fig. 8E)
revealed that the extracellular part of the M1 receptor is nega-

tively charged (total charge of three ECLs is �3), although the
corresponding region of M3 receptor is uncharged. This can
explain (at least partly) the preferential binding of the cationic
toxin molecule (overall charge �6) to the M1 receptor as com-
pared with M3. The positions of Glu-170 and Glu-397 in the
ECL2- and ECL3-TM7 of M1-mAChR, with which the toxin
forms ionic bonds by the positively charged residues from loop
II and the C terminus, corresponds to Lys-213 and Lys-523 in
ECL2- and ECL3-TM7 of M3-mAChR (Fig. 8E). Thus, the
favorable toxin/receptor interactions that stabilize the complex
with M1-mAChR appear to be destroyed in the case of
M3-mAChR. The negative influence of the Lys-523 residue on
the lower affinity of cationic allosteric ligands toward the M3
receptors was discussed recently (43). The electrostatic proper-
ties of other mAChR subtypes (Fig. 8E) correlate with the
observed activity of rWTX. The M2 receptor, similarly to M1,
has the anionic vestibule (overall charge of ECLs is �2), and
negative mode of rWTX interaction with NMS binding was
observed at both M1 and M2 receptors. At the same time, the
M4 and M5 receptors, where no interference with NMS bind-
ing was observed, have almost neutral allosteric sites (overall
charges are 0 and �1, respectively).

The differences between the modeled complexes provide the
necessary structural framework for rationalization of target-
specific positive/negative allosteric regulation. We could spec-
ulate that inhibition of the NMS binding to M1-mAChR and
M2-mAChR observed in the presence of rWTX is governed by
the direct blockage of the entrance into the orthosteric recep-
tor-binding site by the toxin molecule. In contrast, the rWTX
molecule does not block the ligand-binding vestibule of the M3
receptor but could fix the ECLs in the conformation that facil-
itates a ligand access into the orthosteric site. This hypothesis

FIGURE 8. Modeled complexes of rWTX(P33A) with M1- and M3-mAChRs. A, close-up view of rWTX(P33A) in complex with M3-mAchR (the structure from
cluster 2 of solutions). Toxin molecule is shown in pale green, and the receptor is shown in purple. The M3-mAChR residues from ECL2 and ECL3 are shown. B,
close-up view of rWTX(P33A) in complex with M3-mAChR (the structure from cluster 3 of solutions). Toxin molecule is shown in wheat, and the receptor is
shown in purple. For comparison, the position of the toxin in cluster 2 of the solutions is shown by a shadow. C, close-up view of rWTX(P33A) (pale green)
penetrating by the loop II into M1-mAChR (brown) TM helical bundle; ECL2 of the receptor (dark gray) leaves enough space for this interaction. The M1-mAChR
residues that are critical for binding are shown. Negatively or positively charged, polar, and aromatic residues are in red, blue, green and yellow, respectively;
toxin’s residues are shown over a black background. Disulfide bonds are shown in orange. D, view of rWTX(P33A)�M1-mAChR complex in the POPC/POPE/
cholesterol (2:1:1) bilayer after MD relaxation. Hydrophobic atoms of lipids and cholesterol are shown by yellow and orange, respectively. Oxygen and nitrogen
atoms of phospholipids are shown by red and blue, respectively. The proximal parts of the membrane, water, and ions are removed for clarity. E, sequence
comparison of ECLs in M1-M5 receptors.

TABLE 2
Contacts between rWTX(P33A) and M1- and M3-mAChR in the modeled complexes

M1-mAChR residues rWTX(P33A) residuesa M3-mAChR residues rWTX(P33A) residuesa

ECL1
His-90, Trp-91 Arg-31(H) Asn-132 Arg-32(H)
His-90 Arg-31(T)

ECL2
Val-168 Gly-12(H) Lys-213 Glu-53(I)
Glu-170 Lys-62, Arg-65(I) Thr-215 His-29(H)
Glu-170 Arg-65(H) Glu-220 Gln-30(H)
Gln-177 Arg-32(H) Glu-220 Arg-32, Arg-37(I)
Gln-181 Arg-32, Ser-35(H) Gln-224 Tyr-52(H)

Ser-227 Tyr-52(H)
ECL3 and top of TM7

Asp-393 Arg-37(I) Asp-518 Arg-31(I)
Glu-397 Arg-32, Arg-37(I)
Glu-397 Arg-37(H)
Trp-400 Arg-32(T)
Glu-401 Arg-32(I)
Tyr-404 Ala-33(H)

a Types of interactions are as follows: H indicates hydrogen bond; T indicates T-shaped stacking; I indicates ionic.
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provides an explanation to the observed positive cooperativity
between rWTX and NMS binding at M3-mAChR.

Position of the toxin in other predicted models of its complex
with the M3 receptor (cluster 3, Fig. 8B) partially coincides with
one of the dimerization interfaces of the receptor (TM4/TM5)
(44) pointing to a possible participation of the homodimeric
M3-mAChR in the interaction with rWTX. Nowadays, the role
of the homodimerization in functioning of mAChRs and other
GPCRs is a matter of broad discussion (45); nevertheless, we
cannot exclude it in the case of WTX. For example, the proba-
ble role of mAChRs homodimerization was discussed recently
in the mutagenesis/modeling study of the interaction between
muscarinic toxin MT7 and M1-mAChR (13). Notably, the
rWTX(P33A) molecule in the models from cluster 3 (similarly
to the situation with the cluster 2) does not immerse into the
allosteric binding site but could “fasten” together the receptor’s
ECLs, thus being in agreement with the proposed “fixing”
model of the positive allosteric regulation.

According to recent MD and mutagenesis data, a “cage” of
aromatic residues in M2-mAChR forms the main site of bind-
ing for di-cationic allosteric modulators (43). The homologous
cluster of aromatic residues (Trp-91 at ECL1, Trp-164 at TM4,
Tyr-179 at ECL2, and Trp-400 and Tyr-404 at TM7) is situated
just “below” the rWTX(P33A) position in the complex with
M1-mAChR. Although the �-cation interactions between the
arginine residues located in the toxin’s loop II and the aromatic
moieties of the receptor were not observed in the modeled
complex, they still may occur upon binding. Moreover, the
mode observed for rWTX(P33A) binding to M1-mAChR
resembles the interaction between the low molecular weight
allosteric modulator LY2119620 and M2-mAChR (46). Simi-
larly to rWTX and P33A mutant, this compound demonstrates
mild negative cooperativity with the NMS at the M2 receptor.
Like the toxin’s loop II, the aromatic moiety of compound
LY2119620 occupies the cavity inside the receptor’s TM �-hel-
ical bundle and contacts Trp-422 and Tyr-426 residues from
the TM7 (Trp-400 and Tyr-404 in the case of M1-mAChR).
Moreover, similarly to the toxin’s C-terminal residues, the
LY2119620 piperidine moiety participates in the electrostatic
interaction with Glu-172 from the ECL2 (Glu-170 for
M1-mAChR). Thus, rWTX(P33A)-binding site on the M1
receptor coincides with the binding site of low molecular
weight allosteric ligands.

The similar activity of WTX and rWTX observed at
M3-mAChRs (Fig. 2A) suggests that the native and recombi-
nant toxins have the same mode of interaction with this type of
receptor (Fig. 8, A and B). At the same time, the mode of wild-
type WTX interaction with M1 receptor could be substantially
different from the model obtained here for rWTX(P33A)�M1-
mAChR (Fig. 8C). Positive cooperativity between native WTX
and NMS binding at M1- and M3-mAChRs suggests that the
mode of toxin/receptor interaction should be very similar in
both cases. Insertion of N-terminal Met into the toxin molecule
provokes the conformational changes in the head and C termi-
nus of rWTX revealed by NMR analysis (Fig. 5D). These
changes might promote additional contacts of the toxin’s loop I
and C terminus with the ECL2 of the M1 receptor (Table 2 and
Fig. 8C). This in turn could result in changing of the mutual

orientation of the toxin and ECLs and stabilize the toxin in the
position immersed into the ligand-binding vestibule switching
the pharmacological properties of rWTX.

In summary, we studied the activity of a series of mutant
variants of rWTX on M1-, M2-, and M3-mAChRs. To the best
of our knowledge, this is the first work on the site-directed
mutagenesis of nonconventional toxins. We determined the
spatial structure for one of the rWTX mutants having the same
activity as rWTX and revealed a high mobility of the toxin loop
II. Based on the structure and mutagenesis data, models of the
rWTX complexes with M1- and M3-mAChRs were built.
These models confirmed the key role of the toxin’s loop II in the
binding to mAChRs and provided a structural framework for
rationalization of target-specific positive/negative allosteric
regulation.
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