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Background: Informationwas not available about prototoxin LYNX1 amino acid residues involved in binding tomuscle and
neuronal nicotinic receptors.
Results:A series of water-soluble LYNX1 (ws-LYNX1)mutants was obtained and their interaction with nicotinic receptors was
analyzed.
Conclusion: There are both common and selective ws-LYNX1 residues recognizing distinct receptor types.
Significance: For the first time, several functionally important residues in ws-LYNX1 are identified.

Human LYNX1, belonging to the Ly6/neurotoxin family of
three-finger proteins, is membrane-tethered with a glycosyl-
phosphatidylinositol anchor and modulates the activity of
nicotinic acetylcholine receptors (nAChR). Recent preparation
of LYNX1 as an individual protein in the form of water-
soluble domain lacking glycosylphosphatidylinositol anchor
(ws-LYNX1; Lyukmanova, E. N., Shenkarev, Z. O., Shulepko,
M. A., Mineev, K. S., D’Hoedt, D., Kasheverov, I. E., Filkin, S. Y.,
Krivolapova, A. P., Janickova, H., Dolezal, V., Dolgikh, D.
A., Arseniev, A. S., Bertrand, D., Tsetlin, V. I., andKirpichnikov,
M. P. (2011) NMR structure and action on nicotinic acetylcho-
line receptors ofwater-soluble domain of humanLYNX1. J. Biol.
Chem. 286, 10618–10627) revealed the attachment at the ago-
nist-binding site in the acetylcholine-binding protein (AChBP)
and muscle nAChR but outside it, in the neuronal nAChRs.
Here, we obtained a series of ws-LYNX1 mutants (T35A, P36A,
T37A, R38A, K40A, Y54A, Y57A, K59A) and examined by
radioligand analysis or patch clamp technique their interaction
with the AChBP, Torpedo californica nAChR and chimeric
receptor composed of the �7 nAChR extracellular ligand-bind-
ingdomain and the transmembranedomainof�1 glycine recep-
tor (�7-GlyR). Against AChBP, there was either no change in
activity (T35A, T37A), slight decrease (K40A, K59A), and even
enhancement for the rest mutants (most pronounced for P36A
and R38A). With both receptors, many mutants lost inhibitory
activity, but the increased inhibition was observed for P36A

at �7-GlyR. Thus, there are subtype-specific and common ws-
LYNX1 residues recognizing distinct targets. Because ws-
LYNX1was inactive against glycine receptor, its “non-classical”
binding sites on �7 nAChR should be within the extracellular
domain. Micromolar affinities and fast washout rates measured
for ws-LYNX1 and its mutants are in contrast to nanomolar
affinities and irreversibility of binding for �-bungarotoxin and
similar snake �-neurotoxins also targeting �7 nAChR. This dis-
tinction may underlie their different actions, i.e. nAChRs mod-
ulation versus irreversible inhibition, for these two types of
three-finger proteins.

The gene LYNX1 was the first found to encode a protein of
the well known Ly6 family but was but detected in themamma-
lian brain rather than in the immune system (1). Miwa et al. (2)
named the putative protein LYNX1, where “Ly” is borrowed
from Ly6 and “nx” from neurotoxins. Similar to othermembers
of this family, the protein LYNX1 has the same arrangement of
disulfide bridges as three-finger snake venom neurotoxins and
shares with them a similar three-dimensional structure (3). The
principal difference of LYNX1 from snake neurotoxins is the
presence at its C terminus of a glycosylphosphatidylinositol
anchor by which it is attached to the membrane in the vicinity
of neuronal nicotinic acetylcholine receptors (nAChRs),3 thus
modulating their functioning (4). In the past decade, the
involvement of LYNX1, LYNX2, and other relevant Ly6 mem-
bers was demonstrated in regulation of behavior (5, 6), retinal
plasticity (7), and some other processes, including lung cancer
cell growth (8–10).
To elucidate the mechanism of LYNX1 action on nAChRs, it

would be of interest to compare its functional properties with
those of snake venom neurotoxins because for the latter, com-
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prehensive information is compiled from affinity labeling,
mutagenesis, and electrophysiology (see Refs. 11–13). More-
over, there are x-ray structures of snake venom �-neurotoxins
in complexes with the acetylcholine-binding protein (AChBP, a
model for the ligand-binding domains of nAChRs and other
Cys-loop receptors) and with the ligand-binding domain of
human �1 nAChR subunit (14, 15). However, current ideas
about the functions of LYNX1 and its congeners are based only
on co-immunoprecipitation experiments and overexpression
or knock-out of the respective genes, because as an individual
protein LYNX1 was obtained only recently, in the form of its
water-soluble domain lacking the glycosylphosphatidylinositol
anchor (ws-LYNX1) (3). The protein competed with radioac-
tive�-bungarotoxin (125I-�Bgt) for binding toAChBP andTor-
pedo californica nAChR, evidently targeting the classical bind-
ing sites for agonists and competitive antagonists. However,
there was no competition at neuronal �7 nAChR, and the
observed effects on the current amplitudes at heterologously
expressed�7 nAChRwere apparently due to binding outside of
the classical site (3).
In this study, we first map the binding surfaces of ws-LYNX1

essential for recognition of different targets. From the com-
puter model of the ws-LYNX1 complex with AChBP (3), in
loops II and III of ws-LYNX1, several mutations were chosen
(see Fig. 1) that were expected to affect binding to AChBP
and/or to muscle-type nAChRs. We also planned to check
whether the mutated residues might be important for binding
to �7 nAChR. Because this receptor subtype exhibits very rapid
desensitization, patch clamp analysis of the ws-LYNX1 mutants
was performed on the nondesensitizing chimera �7-
GlyR, which consists of the �7 extracellular ligand-binding
domain and the transmembrane domain of �1 glycine receptor
(16).

EXPERIMENTAL PROCEDURES

Cloning, Bacterial Expression, and Structural Analysis of ws-
LYNX1 Mutants—The ws-LYNX1 mutant genes were engi-
neered using site-directed mutagenesis. Plasmid pET-22b(�)/ws-
LYNX1 obtained previously (17) was used as a template
for PCR reactions. Oligonucleotides used for site-directed
mutagenesis are given in Fig. 1. The ws-LYNX1 mutant genes
were cloned into the expression vector pET-22b(�) (Novagen)
at theNdeI andBamHI restriction sites.Escherichia coli expres-
sion, purification, and refolding of ws-LYNX1 mutants were
done as described in Ref. 17 with minor changes. Briefly, ws-
LYNX1 mutants were extracted from inclusion bodies after
incubation with 50 mM NaPi, 8 M urea, 1 mM Tris-(2-
carboxyethyl)phosphine, 5 mM DTT, pH 7.4. Then, reduced
ws-LYNX1mutants were purified on a SP-Sepharose resin (GE
Healthcare) equilibrated in 50 mM NaPi, 8 M urea, 5 mM DTT,
pH 5.0. The proteins were eluted by a gradient of NaCl. Frac-
tions containing reduced ws-LYNX1 mutants were concen-
trated using membranes with 1-kDa cut-off (Millipore). Refold-
ing of ws-LYNX1 mutants was induced by dissolving of reduced
proteins in a 60-fold excess of a renaturation buffer (50 mM Tris/
HCl, 1.5Murea, 0.5ML-Arg, 0.3mMGSH,and3mMGSSG,pH9.5)
to the final protein concentration 0.1 mg/ml. Renaturation was
performedduring3days at 4 °C.The refoldedws-LYNX1mutants

were analyzed and purified on a reverse-phase C4 HPLC column
(4.6 � 250mm, A300, Jupiter, Phenomenex).

The homogeneity of the refolded ws-LYNX1 mutants was
confirmed by SDS-PAGE, analytical HPLC, and mass spec-
trometry. The measured molecular masses of the mutants (see
Fig. 1) within experimental error coincide with the calculated
masses of the water-soluble domain of human LYNX1 (amino
acid residues 1–73), with an additional Met residue at the N
terminus, five closed disulfide bridges, and the introduced
mutations. Formation of disulfide bonds for the refolded ws-
LYNX1 mutants was additionally confirmed using Ellman’s
reagent. CD spectroscopy (data not shown) of the refolded ws-
LYNX1 mutants revealed a secondary structure within experi-
mental error coinciding with the secondary structure of ws-
LYNX1 (�-helix, 6%;�-sheet, 39%;�-turn, 22%; irregular, 33%).
The one-dimensional 1H NMR spectra (data not shown) also
confirmed proper folding for the all ws-LYNX1 mutants.
Binding of ws-LYNX1 and Its Mutants to nAChR and

AChBPs—The binding of ws-LYNX1 and its mutants to
nAChR-enriched T. californica membranes, �7-GlyR chimera
transfected in HEK cells and Lymnaea stagnalis AChBP (Ls-
AChBP) (see Fig. 2) was carried out in competitive experiments
with 125I-�Bgt as described previously for ws-LYNX1 itself (3).
Shortly, the compounds (in concentrations up to 30 �M) were
preincubated 3 h with the nAChR-enriched Torpedo mem-
branes (final concentration of toxin-binding sites, 1.25 nM),
�7-GlyR transfected HEK cells (final concentration of toxin-
binding sites, 12.7 pM) or the Ls-AChBP (final concentration of
toxin-binding sites, 2.4 nM). BindingswithTorpedomembranes
were carried out in 50 �l of 20 mM Tris/HCl buffer, containing
1 mg/ml of BSA, pH 8.0 (for HEK cells, this buffer contained
additionally protease inhibitor mixture), and with the Ls-
AChBP, in 50 �l of binding buffer (PBS, containing 0.7 mg/ml
of BSA and 0.05% Tween 20, pH 7.5) at 25 °C. After that, 125I-
�Bgt (�2000 Ci/mmol) was added to final concentration of
0.15–0.58 nM for 5 min followed by filtration of reaction mix-
ture on GF/C filters (Whatman, Maidstone, UK) presoaked in
0.25% polyethylenimine (in the case of membranes or HEK
cells) or on double DE-81 filters (Whatman) presoaked in bind-
ing buffer (for Ls-AChBP).Unbound radioactivitywas removed
from the filters by washes (3 � 3 ml) with the respective incu-
bation buffers.Nonspecific bindingwas determined in the pres-
ence of 10 �M �-cobratoxin (3 h of preincubation). Competition
data analyses were fit using ORIGIN (version 7.5; OriginLab
Corp.) to a one-site dose-response curve by Equation 1,

% Response � 100/{1 � �[toxin]/IC50�nH} (Eq. 1)

where IC50 is the concentration at which 50% of the sites are
inhibited and nH is the Hill coefficient.

Saturation binding with �7-GlyR chimera-transfected HEK
cells was determined using 125I-�Bgt concentrations in the
range from 0.05 to 0.6 nM. Nonspecific 125I-�Bgt binding was
determined in this case in the presence of 10 �M �Bgt. Equilib-
rium binding data were fit using ORIGIN (version 7.5) to a
one-site model according to Equation 2,

B� x� � Bmax/�1 � KD/x� (Eq. 2)
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where B(x) is the radioligand specifically bound at a free con-
centration x (determined by subtraction of the amount of
bound and adsorbed radioligand from the total amount added
to incubation mixture), Bmax is the maximal specific bound
radioligand, and KD is the dissociation constant.
Cell Culture Preparation and Electrophysiological Record-

ing—Chinese hamster ovary (CHO-K1) cells were obtained
from the American Type Tissue Culture Collection (ATCC,
Molsheim, France) and maintained as described previously
(18). One day before the transfection, cells were plated on the
coverslips (12–14 mm in diameter), which were placed inside
35-mm cell culture dishes with 2 ml of medium. CHO-K1 cells
were transfected with �3 �g/1 �l cDNA of �7-GlyR chimera
(16), kindly provided by Dr. L. Prado de Carvalho, using the
Lipofectamine 2000 transfection protocol (Life Technology).
To facilitate identification of �7-GlyR-expressing cells, GFP
(0.5 �g/�l) was added to transfection medium. Three hours
after the initial exposure of the cells to the cDNAs, a fresh
cDNA-containing solution replaced the old one. Electrophysi-
ological recordings were performed on fluorescent cells 48–72
h after transfection. Whole-cell recordings were conducted on
CHO-K1 cells at room temperature (20–25 °C) using an EPC-9
amplifier (HEKA Elektronik). Cells were continuously super-
fused with external solution containing the following: 140 mM

NaCl, 2mMCaCl2, 2.8mMKCl, 4mMMgCl2, 20mMHEPES, 10
mM glucose; pH 7.4; 320–330 milliosmoles. The intracellular
patch pipette solution contained the following: 140 mM CsCl, 6
mMCaCl2, 2 mMMgCl2, 2 mMMgATP, 0.4 mMNaGTP, 10mM

HEPES/CsOH, 20mMBAPTA/KOH; pH 7.3; 290milliosmoles.
Pipetteswere pulled fromborosilicate glass capillaries (Harvard
Apparatus, Ltd.) and had resistances of 5–8 megaohms.
Two independent application systems were used in this

study. First, for rapid replacement of solutions, a system of two
parallel rectangular tubes, 100 �m in diameter, located at a
distance of 40–50�mfrom the tested cell, was used. Themove-
ment of tubes was controlled by a computer-driven fast
exchange system (SF 77A Perfusion Fast-Step, Warner). Sec-
ond, for efficient delivery of small amount of mutants, we used
a pressure application system. ws-LYNX1 and its mutants were
applied under pressure to the surface of studied cells via a glass
pipette (tip diameter, �3–5 �m) using a picospritzer (Toohey-
Spritzer, Toohey Company, Fairfield, NJ). The application
pipette filled with ws-LYNX1 or mutant samples dissolved in
external solution at final concentration 10 �M, was positioned
at a distance of 20–50�mfrom the recording cell. The duration
of application varied from 90 to 240 s. Cells with a low input
resistance (�150megaohms) and a rapid run down (�30%with
repetitive application) were excluded from analysis. The results
obtained are presented in Figs. 3–5.
Human embryonic kidney cells (HEK 293) were cultured in

DMEM (Paneko) supplemented with 10% fetal bovine serum
(HyClone), 5 mM glutamine, gentamicin, and amphotericin B.
The cells were grown in a humidified atmosphere of 5% CO2 at
37 °C. One day before the transfection, cells were plated onto
25-ml culture flasks. Transfection ofHEK293 cells for transient
expression of �7-GlyR chimera was carried out by Lipo-
fectamine 2000 transfection protocol, as described forCHO-K1
cells. To assess �7-GlyR expression levels at 72 h following

transfection, cells were removed from flasks by Versen solution
and used for radioligand binding assays.
Mutagenesis of�7-GlyRChimera—TheY168Amutationwas

obtained by PCR amplification of �7-GlyR chimera in pMT3
vector with the following primers: 5�-caaatgcaagaagcagatatatc-
cggcgctatttcaaatg-3� and 5�-gccggatatatctgcttcttgcatttg-3� by
using Phusion� High-Fidelity DNA polymerase. Amplification
product was analyzed after 20 cycles of the following thermal
steps: 10 s of initial denaturation at 98 °C, 10 s of denaturation at
98 °C, 30 s of annealing at 60 °C, and 4min of extension at 72 °C.
The product obtained was restricted with DpnI and then
transformed intoXL-Lada supercompetent cells. Themutation
was confirmed by DNA sequencing.
Two-electrode Voltage Clamp Analysis of Y168A Mutant of

�7-GlyR Chimera Expressed in Xenopus Oocytes—Oocytes
were obtained from benzocaine-anesthetized Xenopus by dis-
secting abdomen and removing necessary amount of ovarium.
Then, part of ovariumwas treated by collagenase during 2–3 h.
Afterward, single oocytes were transferred to ND96 electro-
physiology buffer (5 mM HEPES, 95 mM NaCl, 2 mM KCl, 1.8
mM CaCl2, 2 mM MgCl2, pH 7.5). To achieve nAChR expres-
sion, each oocyte was injected with 2 ng of plasmid DNA con-
taining wild-type or Y168A substituted �7-GlyR chimera
cDNA insert. After 36–48 h of incubation at 18 °C in ND96
solution, current recordings were performed.
All recordings were made using Turbo TEC-03X amplifier

(npi electronic GmbH, Tamm,Germany) and 3 MKCl-contain-
ing electrodes with resistance �0.1 megaohms. Membrane
potential was clamped at	60mV.During the experiment, each
oocyte was perfused byND96 solution until the leakage current
reached a steady state. Then, acetylcholinewas applied to cell. If
cell responded to acetylcholine application and amplitude of
evoked current did not change after 5 min, the oocyte was con-
sidered suitable for further experiments. Applications of ago-
nist with or without tested compound (�-cobratoxin, �Bgt, or
ws-LYNX1) were performed for 5 min each. Before application
of the mixture of acetylcholine and tested compound, the pre-
liminary 5-min application of the tested compound alone was
carried out. The current recorded in response to application of
agonist in the presence of tested compoundwas comparedwith
previous acetylcholine-induced current.
All gathered data were plotted using Origin (version 7.5) and

QtiPlot software by Equation 3,

% Response � 100/{1 � �[acetylcholine]/EC50�nH}

(Eq. 3)

where EC50 is a half-maximal effective concentration and nH is
the Hill coefficient.
Computer Modeling—For the computer modeling of ws-

LYNX1 and�Bgt complexeswith theAChBP,Torpedo nAChR,
and�7 nAChR, we used the docking programZDOCK (version
3.0.2) (19). The AChBP structure was taken from PDB code
1YI5 (14), and the structure of the Torpedo nAChR ligand-
binding domain was taken from PDB code 2BG9 (20). The
structure of AChBP from Aplysia californica mutated to
human �7 nAChR ligand binding domain (PDB code 3T4M)
(21) and the MODELLER program (version 9.10) (22) were
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used to create a model for the �7 nAChR extracellular domain.
The finalmodel of a homopentamerwas obtained by sequential
fitting of the �7 subunit extracellular domain structure to the
coordinates of the template AChBP subunit structure (PDB
code 3T4M)with the PyMOL program (version 1.4.1) (23). The
structure of ws-LYNX1 was taken from the PDB code 2L03 (3)
and that of �-bungarotoxin was taken from PDB code 2QC1
(15).

RESULTS

Structural Characterization of ws-LYNX1 Mutants—Muta-
tions (Fig. 1) were chosen based on the computer model of
ws-LYNX1 complex with L. stagnalis AChBP, which indicated
a possible role for the fragment 35–40 of thews-LYNX1 central
loop II and for the C-terminal loop III region 54–59. For
expression and purification of mutants, we used generally the
same procedures as those applied for ws-LYNX1 itself (3, 17).
The correctness of the primary structures of the mutants was
confirmed by DNA sequencing of the plasmids containing
mutant genes and by MALDI mass spectrometry of recombi-
nant proteins showing a close match of the calculated and
determined molecular masses (Fig. 1). None of the mutations
considerably disturbed a three-dimensional structure of ws-
LYNX1 as was evidenced by CD and NMR spectroscopy (data
not shown).
Binding of ws-LYNX1 and Its Mutants to AChBP and Tor-

pedo nAChR—With Ls-AChBP (Fig. 2A), twomutations (T35A
and T37A) did not have any effect on the binding capacity,
whereas removal of the positive charges (K40A and K59A)
somewhat decreased the affinity. On the contrary, several
mutations (P36A, R38A, Y54A, and Y57A) enhanced the affin-
ity as is clearly seen both in Fig. 2A and from the respective
displacement curves (Fig. 2B). However, in neither case, there

was a loss of activity suggesting that none of the mutated resi-
dues in the loops II or III was strictly essential for binding to
Ls-AChBP.
The ws-LYNX1 mutants were also tested in competition

with the 125I-�Bgt for binding to membrane preparations of
T. californica nAChR (Fig. 2C). The affinity was preserved and
even slightly increased in the case of T35Amutation, it dropped
slightly for P36A andT37A, whereas for othermutations, it was
totally or almost totally (Y57A) lost. Thus, according to radio-
ligand analysis, the Torpedo nAChR binding site has more
strict requirements to ws-LYNX1 as compared with those of
Ls-AChBP.
Patch Clamp Analysis of the Interaction of ws-LYNX1 and Its

Mutants with the a7-GlyR—Weused the�7-GlyR chimera (16)
as a model of �7 nAChR. It consists of two distinct parts: extra-
cellular domain of chick �7 nAChR and the rest (transmem-
brane and cytoplasmic domains) of �1 human GlyR. This
�7-GlyR chimera was selected for twomain reasons: (i) at tran-
sient transfection in cell lines, it effectively forms recombinant
pentameric channels producing whole-cell inward currents up
to 2 nA on application of acetylcholine or nicotine; (ii) in con-
trast to native �7 nAChR (24, 25) and the chimera composed of
the �7 nAChR and subtype 3 of 5-hydroxytryptamine receptor
(26, 27), the�7-GlyR does not show desensitization (16).More-
over, activation kinetics of this chimeric receptor is very slow,
which allows recording of responses reliably and independently
of small variations in the speed of perfusion. Previously, it was
shown that acetylcholine competed with 125I-�Bgt for binding
to �7-GlyR (16). Here, we provided additional evidence show-
ing that the�7-GlyR chimera is indeed an adequatemimic of�7
nAChR to analyze the action of ws-LYNX1 and itsmutants. Fig.
2D shows the saturation curve characterizing the affinity of

FIGURE 1. Mutants of ws-LYNX1. Disposition of the chosen mutations as side chains of the mutated residues is shown on the polypeptide backbone of
ws-LYNX1 taken from PDB code 2L03 (3). I, II, and III mark the N-terminal, central, and C-terminal loops of the ws-LYNX1 in the three-finger spatial structure. In
the right table, the sequences of oligonucleotide primers used for mutagenesis of ws-LYNX1 are presented with bold underlined positions of mutations. The
measured by MALDI mass spectrometry molecular masses of the recombinant proteins which correspond within experimental error to the calculated masses
of ws-LYNX1 mutants (amino acid residues 1–73) with an additional Met residue at the N terminus and five closed disulfide bridges are collected in the table
on the left.
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125I-�Bgt to the �7-GlyR chimera-transfected HEK cells. The
measured KD of 0.39 
 0.02 nM is very close to that character-
izing the toxin binding to�7 nAChR in theGH4C1 cell line (28).
Previously, it was shown (3) that ws-LYNX1 did not displace
125I-�Bgt from the �7 nAChR, which is also true for the
�7-GlyR chimera (Fig. 2D, top inset). This chimeric receptor
also bound with equal potency both �-cobratoxin and �-bun-
garotoxin (Fig. 2D, bottom inset). In patch clamp studies, appli-
cation of 20 nM of�-cobratoxin for 90 s to the�7-GlyR chimera
caused inhibition of nicotine-induced currents (Fig. 3A), simi-
larly to what takes place upon the action of �-bungarotoxin or
�-cobratoxin on the wild-type �7 nAChR or chimera com-
posed of the �7 nAChR and subtype 3 of 5-hydroxytryptamine
receptor (11, 26, 29).
The effect of ws-LYNX1 was tested on 22 CHO-K1 cells. Its

application did not change the input resistance of cells esti-
mated from leakage currents (29
 8 pA and 26
 7 pA, respec-
tively, before and after 90–240-s applications of 10 �M

ws-LYNX1). On 16 cells, application of ws-LYNX1 during 90 s
caused a partially reversible decrease in the amplitude of the
whole-cell currents induced by application of 30 �M nicotine.
Mean amplitudes before addition of ws-LYNX1 (control) and
after 90 or 180 s of treatment with 10 �M ws-LYNX1 were
674 
 149 pA and 478 
 102 pA (p � 0.05), respectively, i.e.
mean inhibition (n � 16) was 23.9 
 3.2% (Fig. 3B) with varia-
tions of inhibition from 10 to 50%. In three cells, the effect of

ws-LYNX1 was not observed, whereas in the other four cells,
responses to nicotine were non-reversibly increased from 5 to
22% (Fig. 3C). This effect might probably result from detach-
ment of recorded cells from the surface of cover glass and
increasing the surface area available for nicotine. Prolongation
of 10 �Mws-LYNX1 application resulted in stronger inhibition
of nicotine-induced currents (Fig. 3D). In general, the major
effect of treatment with 10�Mws-LYNX1 is the reversible inhi-
bition of �7-GlyR, which is consistent with the earlier reported
inhibition of human �7 nAChR by 10 �M ws-LYNX1 (3).
Before testing thews-LYNX1mutants on�7-GlyR,we exam-

ined the interaction of ws-LYNX1 with the “wild-type”
�1-GlyR. ws-LYNX1 had no effect on the currents induced in
this receptor (Fig. 3, E and F), indicating that in the �7-GlyR
chimera, thews-LYNX1 binding site is confinedwithin the lim-
its of the attached�7 extracellular domain. Therefore, although
the ws-LYNX1 binding site in �7 nAChR does not coincide
with the classical binding site for agonists and competitive
antagonists (3), it should also be within the ligand-binding
domain.
The results obtained forws-LYNX1mutants are presented in

Figs. 4 and 5. Most mutations resulted in a strong decrease of
inhibitory effect on nicotine-induced currents. For instance,
the T35Amutation completely abolished the inhibitory activity
(Fig. 4A, panel a) as clearly seen for all seven analyzed cells (Fig.
4A, panel b). Mutations of the neighbor residues T37A and
R38A in the loop II also abrogated the inhibition (Fig. 4, C and
D). Although a slight increase of the current amplitudes was
detected for the R40A mutant, it was irreversible with further
potentiation at washout (Fig. 4E). This effect might result from
an irreversible increase of responses, as shown for some cells in
the Fig. 3C (see also Fig. 3F). We suggest that the R40A muta-
tion abolished the inhibitory activity of the ws-LYNX1. On the
contrary, the P36A mutant had even higher inhibitory activity
than ws-LYNX1 with mean inhibition of 32% at application for
90 s (Fig. 4B). A tendency to potentiate the nicotine-induced
current was brought about by Y57A mutation (Fig. 4G) in loop
III and a tendency to a weak inhibition was preserved by muta-
tions of Tyr-54 and Lys-59 residues (Fig. 4, F andH). The sum-
mary of electrophysiology data is schematically presented in
Fig. 5.
Comparison of the Experimental Results on Interactions of

ws-LYNX1 Mutants with Ls-AChBP, Torpedo nAChR, and
�7-GlyR—We first compared the effects ofmutations in loop II
(Fig. 1). TheT35Amutant is close in its activity tows-LYNX1 at
Ls-AChBP and has a slightly higher inhibitory activity against
Torpedo nAChR (Fig. 2, A and C). On the contrary, the T35A
mutation completely abolished the inhibitory activity against
�7-GlyR chimera (Fig. 4A). Thus, the Thr-35 residue is not
strictly important for attaching to the classical binding sites at
Ls-AChBP and Torpedo nAChR, but it is required to decrease
the current amplitude in the �7-GlyR chimera.

The P36Amutation increased the affinity for Ls-AChBP (Fig.
2, A and B) but slightly decreased it toward Torpedo nAChR
(Fig. 2C). Interestingly, this mutant diminished the current
amplitude in the �7-GlyR chimera more strongly than
ws-LYNX1 (Figs. 4B and 5). This finding reflects certain differ-
ences between the classical binding sites in Torpedo nAChR

FIGURE 2. Binding of ws-LYNX1 and its mutants to different targets in
radioligand assays with 125I-�Bgt. The compounds were tested in their
binding potency on AChBP from L. stagnalis (A and B), nAChR-enriched mem-
branes from T. californica (C), and �7-GlyR chimera transfected HEK cells (D).
Inhibition effects in A and C were evaluated at the concentrations of 20 and 30
�M, respectively. Each column and point is mean 
 S.E. of three independent
experiments. In B, the Hill equation (y � 100/(1 � ([toxin]/IC50)nH)) was fitted
to normalized data (% of control binding). The calculated parameters IC50 and
nH were 17 
 2 �M and 1.4 
 0.2 for ws-LYNX1 (stars, solid line), 8.2 
 0.6 �M

and 1.1 
 0.1 for P36A mutant (filled circles, solid line), 6.0 
 0.2 �M and 1.2 

0.1 for R38A mutant (crosses, dotted line), and 8.2 
 0.3 �M and 0.8 
 0.1 for
Y57A mutant (circles, dashed line). Saturation binding of 125I-�Bgt to �7-GlyR
chimera-transfected HEK cells (D) gave KD 0.39 
 0.02 nM from the equation,
	y � Bmax/(1 � KD/x). No inhibition of 125I-�Bgt binding to chimera with
ws-LYNX1 in the concentration range from 1 to 30 �M was detected (D, top
inset). Equipotency of �-cobratoxin (�Cbt) and �Bgt at concentration of 10 �M

(used both in radioligand and electrophysiological experiments to com-
pletely bind/block AChBPs, Torpedo, and �7 nAChRs) is demonstrated in com-
petition with 125I-�Bgt for binding to �7-GlyR chimera as compared with total
binding (100%) in the absence of �-cobratoxin/�Bgt (D, bottom inset).
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and Ls-AChBP and also shows that Pro-36 of ws-LYNX1 is
involved in the interactions, both with the classical binding site
(as most clearly seen for Ls-AChBP) and with a binding region
in the�7-GlyR chimera. TheT37Amutation does not affect the
ws-LYNX1 affinity for Ls-AChBP, slightly decreases the bind-
ing activity to Torpedo nAChR (Fig. 2), and abolishes the ws-
LYNX1 inhibitory activity against the�7-Gly chimera (Fig. 4C).
The removal of the positive charge in the tip of the central

loop II (R38A mutation) increased the affinity for Ls-AChBP
(Fig. 2, A and B), almost abolished the affinity toward Torpedo
nAChR (Fig. 2C), and completely destroyed the activity against
the�7-GlyR chimera (Fig. 4D). The deletion of another positive
charge (K40A mutation) retained some activity against
Ls-AChBP (Fig. 2A) but completely abolished both the binding
to Torpedo nAChR (Fig. 2C) and inhibition of the current
amplitude in the �7-GlyR chimera (Fig. 4E).

Mutations in loop III did not strongly change ws-LYNX1
binding to Ls-AChBP, but destroyed the binding activity
toward Torpedo nAChR, with the exception of Y57A mutant,
which preserved some activity (Fig. 2). The Y54A and K59A
mutants had a veryweak inhibitory activity against the�7-GlyR
chimera (Fig. 4, F andH). Thus, none of the substituted residues
in the loop III appears to be strictly essential for binding to the
classical binding site in Ls-AChBP, but they are required for
recognition both of the binding sites for agonists and competi-
tive antagonists in the Torpedo nAChR, as well as for the still
enigmatic binding center in the �7-GlyR chimera.
Comparison of Putative Binding Sites for Three-finger Pro-

teins, ws-LYNX1, and �-Bungarotoxin, by Computer Modeling—
For ws-LYNX1, together with the structure predicted previ-
ously (3), where the main contribution to binding at the classi-
cal binding site for agonists and competitive antagonists is

FIGURE 3. Patch clamp characterization of the chimeric �7-GlyR (A–D) versus GlyR (E and F) with two representatives of the Ly6/neurotoxin family of
three-finger proteins, �-cobratoxin (A) and ws-LYNX1 (B–F). A, mean amplitudes from nine cells in control (before addition of tested compound) (left), after
90 s of �-cobratoxin (�Cbt) application (middle) and after 5 min of washout (right). An asterisk represents statistically significant difference p � 0.05 (analysis of
variance test). Lines show comparison of each test column with control one. B, mean amplitudes from 16 cells in control (left), after 90 s of ws-LYNX1 (10 �M)
application (middle) and after 5 min of washout (right). Note the irreversible inhibition by �-cobratoxin and partially reversible by ws-LYNX1. An asterisk means
statistically significant difference p � 0.05 (analysis of variance test). C shows detailed presentation of the current amplitude (in %) changes for each of 22 cells
(see B) relatively to the amplitude of the control (when no ws-LYNX1 was added). D, superimposed traces of whole-cell currents induced by rapid application
of nicotine (Nic; 30 �M) in control (black traces), after application of ws-LYNX1, 10 �M (gray traces), and after a 5-min washout (dark gray traces). In a, b, and c are
shown examples of different exposure times to ws-LYNX1: 90 s, 180 s and 240 s, respectively. E, traces of whole-cell currents induced by rapid application of
glycine (Gly, 30 �M) before treatment with ws-LYNX1 (control, left), after application of ws-LYNX1 (10 �M) (middle) and after 5 min of washout of ws-LYNX1
(right) at whole-cell recordings from CHO-K1 cells expressing human �1 glycine receptor subunits. Note absence of ws-LYNX1-induced inhibition.
F, mean amplitudes of glycine-induced currents from 16 cells in control (left), after 90 s of ws-LYNX1 application (middle), and after 5 min of washout
(right).
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mainly from the loop II, we found two other orientations: one
with the similar role of loops II and III and another one with the
predominant input from loop III. In addition, attachment of
ws-LYNXat the upper part of theAChBP inner cavity appeared
possible. However, docking of ws-LYNX1 to Torpedo nAChR
revealed one major form with contributions from loops II and
III. A minor binding mode involved the entrance to the lumen
of the extracellular domain. Thisminor formwas also found for
�-bungarotoxin bound to the Torpedo nAChR. However, the

dominant form of �Bgt binding mode was at the classical bind-
ing site of this receptor revealed in the crystalline complexes.
The results of docking ws-LYNX1 and �-bungarotoxin to �7
nAChR were in general similar to those for Torpedo nAChR
with one exception: computation predicted also a binding
mode where ws-LYNX1 is attached to the outer side of the
extracellular domain, with the C-terminal tail (where the gly-
cosylphosphatidylinositol anchor is attached in LYNX1) point-
ing to the membrane (Fig. 6). Thus, computer modeling indi-

FIGURE 4. Patch clamp analysis of the interactions between the chimeric �7-GlyR and ws-LYNX1 mutants. A, the study of T35A mutant is represented as
mean nicotine-induced current amplitudes from seven cells in control (left; a), after 90 s of mutant (10 �M) application (middle) and after 5 min of washout
(right), and amplitudes of nicotine-induced currents in control (black; b), after application of 10 �M mutant (white), and after 5 min of washout (shaded) for each
of seven recorded cells. Note the absence of inhibition. B, the study of P36A mutant is represented as superimposed traces of whole-cell currents induced by
rapid application of nicotine (Nic; 30 �M (a)) in control, after 90 s of application of mutant (10 �M) and after 5 min of washout and mean nicotine-induced current
amplitudes from five cells in control (left; b), after 90 s of mutant (10 �M) application (middle) and after 5 min of washout (right). An asterisk means statistically
significant difference p � 0.05 (analysis of variance test). Effects of the other ws-LYNX1 mutants on the amplitudes of nicotine-induced currents at whole-cell
recordings from CHO-K1 cells expressing the �7-GlyR chimera are represented in C–H as mean amplitudes from 6 –16 cells before treatment with compounds
(control, left), after 90-s ws-LYNX1 mutant (10 �M) application (middle), and after 5 min of washout (right). Names of mutants are shown below the middle
columns.
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cates a larger variety of binding models for ws-LYNX1 than for
�-bungarotoxin.
Analysis of ws-LYNX1 Interaction with the Y168A Mutant of

�7-GlyR Chimera—Identification of functionally important
residues, which interact with ws-LYNX1, is a different chal-
lenging task, especially when it concerns the still enigmatic area
in the �7 nAChR. However, because for the latter, the compu-
tations gave several candidates, we decided to check one resi-

due - Tyr-168. Themutant Y168A was tested by expressing the
mutated gene in Xenopus laevis oocytes (Fig. 7). The mutation
did not disrupt channel opening in response to acetylcholine
application (Fig. 7A), with the EC50 value for acetylcholine even
lower for the mutated receptor (40 
 7 �M versus 170 
 20 �M

for the wild-type �7-GlyR chimera). Themutated receptor also
retained the sensitivity to the inhibiting action both of�-cobra-
toxin and �-bungarotoxin (Fig. 7B). The IC50 values for �-co-
bratoxinwere 58
 7nM versus 12
 2nM for theY168Amutant
and wild-type chimera, respectively (data not shown), which
corresponds to inhibition constants 8 
 1 nM for mutated and
5 
 1 nM for the wild-type �7-GlyR chimera. However, for the
Y168A mutant, virtually no inhibition of currents induced
either by nicotine or acetylcholine was observed upon addition
of ws-LYNX1 (Fig. 7C). This result indicates an important role
of Tyr-168 and supports the binding mode shown in Fig. 6.

DISCUSSION

In this study, we identified several amino acid residues of
ws-LYNX1 implicated in its interactions with the L. stagnalis
AChBP,T. californica nAChR, or�7 nAChR.With the first two
targets, the activity of mutants was assessed by radioligand
analysis via competition with 125I-�Bgt. For electrophysiology
experiments aimed at �7 nAChR, we have chosen the �7-GlyR
chimera as a model (16). Its suitability follows both from the
literature data and our results, showing the sensitivity to long
chain �-neurotoxins (Figs. 3A and 7B), whereas the advantage
is a lack of desensitization, even at very long applications of
agonist, and a slow rate of activation ensuring reliable monitor-
ing of ionic current amplitudes. ws-LYNX1 at 10 �M dimin-

FIGURE 5. Summary of the effects of ws-LYNX1 and its mutants on the
modulation of nicotine-induced whole-cell currents in CHO-K1 cells
expressing �7-GlyR. The amplitude of the current of the control (no ws-
LYNX1 is added) is taken as zero, its decrease (in %) from the starting ampli-
tude exerted by ws-LYNX1 or its mutants (10 �M) indicated below the hori-
zontal axis (disposition close to this axis or on it means a decrease or complete
lack of the inhibitory activity). On the contrary, a rectangle above this axis
shows that the respective mutant slightly increased the current amplitude.

FIGURE 6. Putative model of the complex between ws-LYNX1 and �7 nAChR obtained from computer modeling. Two adjacent receptor subunits (yellow
and orange) are shown for clarity. Interactions of ws-LYNX1 (green) with the Cys- and C-loops of �7 nAChR are not shown. Legends for �7 nAChR amino acid
residues are given in italic type. The C terminus of ws-LYNX1 is marked with an asterisk. The key residues involved in interactions are shown in a ball-and-stick
model. The interactions geometry is not optimized because the model was obtained as a result of rigid-body docking procedure.
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ished the current amplitude in the �7-GlyR chimera (Fig. 3,
B–D) as efficiently as it did at the human �7 nAChR (3). Thus,
the �7-GlyR chimera is indeed an appropriate model for ana-
lyzing the action of ws-LYNX1 mutants on �7 nAChR.
As shown recently, ws-LYNX1 competed with 125I-�Bgt for

binding to AChBPs and Torpedo nAChR, thus pointing to its
interaction with the classical binding sites for agonists and
competitive antagonists (3). It was found that while attacking
these two targets, some mutants retained ws-LYNX1 compet-
ing capacity, whereas other mutants almost lost competing
capacity. ws-LYNX1 did not compete with 125I-�Bgt at human
�7 nAChR, attaching outside this classical site (3). In the pres-
ent work, we also observed no competition betweenws-LYNX1
and 125I-�Bgt for binding to the �7-GlyR chimera (Fig. 2D).
We demonstrated that ws-LYNX1 inhibited currents in the
�7-GlyR chimera but had no effect on the currents induced in
the wild-type human GlyR (Fig. 3, E and F). This indicates that
the extracellular loop between transmembrane fragments M2
andM3 or the transmembrane domain of the �7-GlyR chimera
is not essential for binding. Thus, a putative ws-LYNX1 binding
site in this chimera should lie within the grafted extracellular
domain of �7 nAChR. This finding may simplify future map-
ping of the ws-LYNX1 binding sites in the �7 nAChR by limit-
ing the area to search for the extracellular domain.
The adequacy of the prepared mutants for probing binding

interfaces in ws-LYNX1 follows from their mass spectrometry,
CD, and 1H-NMRspectra (data not shown).Other data support

the fact that against one target, an individual mutant may show
full activity of the starting ws-LYNX1, whereas against another
target, the activity can be lost completely. Under “Results,” we
compared the effects exerted by the same mutation on such
three targets as Ls-AChBP, Torpedo nAChR and �7-GlyR
chimera.
In our previous publication (3), we presented the arguments

justifying the use of ws-LYNX1 as a model to get first informa-
tion about the LYNX1 mechanism of action. When this manu-
script was accepted,Miwa andWalz (30) demonstrated consid-
erable differences in the effects of LYNX1 and water-soluble
LYNX1 inmousemodels but also emphasized an interest in the
activity of the latter and its possible biomedical application.
Several amino acid residues of ws-LYNX1 important for its

interactionwith the above-mentioned targetswere identified in
the present work. The modes of binding to the muscle-type
Torpedo nAChR and to neuronal �7 nAChR appear to have
considerable differences, as some mutations exert opposite
effects on the interaction with these receptors. However, cer-
tain loci of the ws-LYNX1 molecule can recognize both classi-
cal and non-classical binding sites, as seen for the P36A muta-
tion, increasing the affinity of binding to Ls-AChBP and
inducing even a greater decrease in the current amplitude at
�7-GlyR chimera than measured with ws-LYNX1. In addition
to shedding light on thews-LYNX1binding surfaces,mutations
might find practical applications in future demonstrating that
the inhibitory activity of ws-LYNX1 can be either increased or

FIGURE 7. Analysis of ws-LYNX1 interaction with the Y168A mutant of the �7-GlyR chimera expressed in Xenopus oocytes. Oocytes were injected with
2 ng of wild-type (WT) or Y168A mutant �7-GlyR chimera cDNA. After 36 – 48 h of incubation at 18 °C, two-electrode voltage clamp measurements were
performed. In A, the dose-response curves for acetylcholine (ACh) action on wild-type (circles) and Y168A mutant (squares) �7-GlyR chimera are presented. The
calculated EC50 values were 170 
 20 �M and 40 
 7 �M, respectively. B, superimposed traces of currents induced by rapid application of acetylcholine (500 �M)
in control (before addition of �Bgt or ws-LYNX1), after application of compounds (20 nM �Bgt or 20 �M ws-LYNX1) and after a 5-min washout. The currents
measured in oocytes expressing wild-type �7-GlyR chimera are placed on the left; expressing Y168A mutated receptor are shown on the right. C, column
representation of ws-LYNX1 action on WT and Y168A mutant �7-GlyR chimera (n � 4, p � 0.05). The current amplitudes registered before application of
ws-LYNX1 was taken as 100% of normalized current (control). For wild-type �7-GlyR chimera expressed in Xenopus oocytes, the mean current amplitude in the
presence of ws-LYNX1 was 85 
 8% in contrast to that of for Y168A-mutated form (106 
 3%).
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transformed into current-enhancing effects, as well as giving
rise to analogues with a higher selectivity to a particular nAChR
subtype.
It is of interest to compare our results onws-LYNX1with the

literature data on snake toxins in an attempt to understandwhy
toxins block the activity of nAChRs, whereas LYNX1 and other
endogenous prototoxins such as SLURP-1 (31) with three-di-
mensional structures similar to that of toxins, exert diverse
modulatory effects. Long chain �-neurotoxins such as �-bun-
garotoxin or �-cobratoxin (containing an additional disulfide
in the loop II and a long C-terminal tail) block muscle-type and
�7 nAChRs with nanomolar Ki values; short chain �-neuro-
toxins lack that additional disulfide andblockwith similar affin-
ity only themuscle-type nAChRs (see Refs. 11 and 13). For both
of these groups of toxins, the major role in binding belongs to
the loop II (especially to the positively charged and aromatic
residues at its tip), whereas loop III appears to participate in
binding only in the case of short �-neurotoxins (11, 13–15, 29,
32–34). Thus, the first major distinction in the type of action
between�-neurotoxins andws-LYNX1 is the following: neuro-
toxins bind with nanomolar affinity and almost irreversibly
(could not be washed out completely within an hour), whereas
binding of ws-LYNX1 and its mutants is characterized by
micromolar affinity and reversibility (can bewashed out inmin-
utes). In addition, for ws-LYNX1 interaction with the Torpedo
and �7 nAChRs, both loops II and III are important and, in this
respect, ws-LYNX1 is closer to short chain neurotoxins.
ws-LYNX1 binding to different targets can be also compared

with the interaction of nAChRs with the so-called “non-con-
ventional toxins.” A common structural feature of this group
and ws-LYNX1 (see Fig. 8) is the disposition of the additional
fifth disulfide not in loop II but in the N-terminal loop I (see
Refs. 11 and 33). One such toxin, candoxin from Bungarus can-
didus, blocks both the muscle and �7 nAChRs with nanomolar
affinity (35), whereas another non-conventional toxin, weak
toxin from the cobra Naja kaouthia, acts on these receptors
only with micromolar affinity (36). Thus, ws-LYNX1 in terms
of affinities for nAChRs is close toweak toxin, but this toxin still
shows virtual irreversibility of action (36). Interestingly, a com-
mon feature of ws-LYNX1 and weak toxin is their action on
muscarinic acetylcholine receptors (3, 37).

Possible distinctions in the binding modes between ws-
LYNX1 and snake venom�-neurotoxinswere revealed by com-
puter modeling of the respective complexes (see Fig. 6). We
used docking program ZDOCK (version 3.0.2) (19), which uti-
lizes a rigid body-docking algorithm and shows good results in
the protein-protein complex predictions (38, 39). For �Bgt
complexes with Ls-AChBP, Torpedo, and �7 nAChRs, it pre-
dicted one major binding mode at the classical binding site for
agonists and competitive antagonists, with dominant contribu-
tions coming from �Bgt central loop II, in accordance with
relevant x-ray structures (14, 15). In contrast, for the
ws-LYNX1-AChBP complex, three orientations at the classical
binding site appear possible, with one of them with the domi-
nant role of loop III. In binding to the Torpedo nAChR classical
site, both loops II and III of ws-LYNX1 appear to be important.
Surprisingly, computer modeling with the above two targets
and with �7 nAChR also predicts for ws-LYNX1 such modes
where it touches the upper part of the inner cavity in AChBP
and a similar region of the nAChR extracellular domains,
whereas for �Bgt, in all three cases, the probability of such
modes is very low. Themost interesting, that only in the case of
�7 nAChR, the computations generated a structure where ws-
LYNX1 is in contact with the extracellular domain outer sur-
face as well as with both C-loop and Cys-loop (Fig. 6). Such an
interaction mode leaves the classical binding site for agonists
and competitive antagonists of�7 nAChRunoccupied. It seems
that among �7 nAChR, amino acid residues interacting with
ws-LYNX1 are Tyr-168 and Arg-205. The first residue forms
stacking interactions with Tyr-34 from ws-LYNX1, which are
stabilized by ion-paired Asp-175 (�7 nAChR) and Lys-40 (ws-
LYNX1). Thr-35 andThr-37 ofws-LYNX1 formabidentate ion
pair with Arg-205. The ws-LYNX1 C terminus is close to phos-
pholipid bilayer, which would have been present in the whole-
size receptor. From available x-ray structures, it is known that
�-neurotoxins are attached approximately in the middle of
the extracellular domains (14, 15), nevertheless, proposed ws-
LYNX1 disposition does not seem unrealistic. �Bgt was quite
close to a bilayer in the low-resolution structure of its complex
with Torpedo nAChR (40) and the conclusion about �-neuro-
toxin II binding to phospholipid bilayer through its disulfide-
containing core was made in (34, 41).

FIGURE 8. Alignment of the amino acid sequences of ws-LYNX1, long chain �-neurotoxins (�-bungarotoxin and �-cobratoxin), short chain �-neuro-
toxin (neurotoxin II), and non-conventional neurotoxins (candoxin and weak toxin). The rectangles show the disposition of the disulfide bridges, and the
Cys residues are colored in yellow; I–III designate the respective disulfide loops in the three-finger structure of these proteins. The residues mutated in
ws-LYNX1 are highlighted in red; the artificially introduced Met1 residue is colored in gray. Green marks the residues of the proteins that participate in
interaction with nAChRs according to literature data.
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The goal of the presented work was to pinpoint the amino
acid residues in ws-LYNX1 important for its recognition of dif-
ferent targets. Identification of the active centers in the recep-
tors themselves, especially of the non-classical site in the �7
nAChR, is another important task. Fig. 7 shows that the Y168A
mutation, although it does not decrease channel activity, abol-
ishes the ws-LYNX1 capacity to diminish the current ampli-
tude. At present, there are not enough experimental data to give
preference to anymode of ws-LYNX1 binding, but this result at
least gives support to the model presented in Fig. 6.
In summary, we prepared a series of ws-LYNX1 mutants

bearing substitutions in the loops II and III and analyzed their
interaction with Ls-AChBP and Torpedo nAChR, where bind-
ing occurs at the classical binding sites for agonists/competitive
antagonists, as well as with �7-GlyR chimera where ws-LYNX1
is attaching outside of this site. Someof themutatedws-LYNX1
residues were found to be important to interact with all above-
mentioned targets. The other residues are needed for binding
the distinct targets. Several mutations completely suppressed
the activity, whereas other mutations either increased the
inhibitory activity or slightly enhanced the current amplitudes.
A comparison with snake toxins indicates that one of the main
reasons for different types of activity observedwith LYNX1 and
�-neurotoxins may be a much tighter binding of the latter
resulting in potent inhibitory action. However, our findings
demonstrated for ws-LYNX1 much less tight association and
more diverse binding modes with different targets. Similar
properties of LYNX1 and its congeners may underlie a wider
spectrum of their effects, from inhibition of various nAChRs to
potentiating their diverse activities.
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