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Abstract

Short-chain�-neurotoxins from snakes are highly selective antagonists of the muscle-type nicotinic acetylcholine receptors (nAChR). Although
their spatial structures are known and abundant information on topology of binding to nAChR is obtained by labeling and mutagenesis studies, the
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accurate structure of the complex is not yet known. Here, we present a model for a short�-neurotoxin, neurotoxin II fromNaja oxiana (NTII),
bound toTorpedo californica nAChR. It was built by comparative modeling, docking and molecular dynamics using1H NMR structure of NTII,
cross-linking and mutagenesis data, cryoelectron microscopy structure ofTorpedo marmorata nAChR [Unwin, N., 2005. Refined structure of t
nicotinic acetylcholine receptor at 4̊A resolution. J. Mol. Biol. 346, 967–989] and X-ray structures of acetylcholine-binding protein (AChBP
agonists [Celie, P.H., van Rossum-Fikkert, S.E., van Dijk, W.J., Brejc, K., Smit, A.B., Sixma, T.K., 2004. Nicotine and carbamylcholine
to nicotinic acetylcholine receptors as studied in AChBP crystal structures. Neuron 41 (6), 907–914] and antagonists:�-cobratoxin, a long-chai
�-neurotoxin [Bourne, Y., Talley, T.T., Hansen, S.B., Taylor, P., Marchot, P., 2005. Crystal structure of Cbtx–AChBP complex reveals
interactions between snake alpha-neurotoxins and nicotinic receptors. EMBO J. 24 (8), 1512–1522] and�-conotoxin [Celie, P.H., Kashevero
I.E., Mordvintsev, D.Y., Hogg, R.C., van Nierop, P., van Elk, R., van Rossum-Fikkert, S.E., Zhmak, M.N., Bertrand, D., Tsetlin, V., Sixm
Smit, A.B., 2005. Crystal structure of nicotinic acetylcholine receptor homolog AChBP in complex with an alpha-conotoxin PnIA vari
Struct. Mol. Biol. 12 (7), 582–588]. In complex with the receptor, NTII was located at about 30Å from the membrane surface, the tip of its lo
II plunges into the ligand-binding pocket between the�/� or �/� nAChR subunits, while the loops I and III contact nAChR by their tips only
‘surface-touch’ manner. The toxin structure undergoes some changes during the final complex formation (for 1.45 rmsd in 15–25 ps a
AMBER’99 molecular dynamics simulation), which correlates with NMR data. The data on the mobility and accessibility of spin- and fluo
labels in free and bound NTII were used in MD simulations. The binding process is dependent on spontaneous outward movement o
earlier found in the AChBP complexes with�-cobratoxin and�-conotoxin. Among common features in binding of short- and long�-neurotoxins
is the rearrangement of aromatic residues in the binding pocket not observed for�-conotoxin binding. Being in general very similar, the bind
modes of short- and long�-neurotoxins differ in the ways of loop II entry into nAChR.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Short- and long-chain�-neurotoxins from snake venoms are
potent blockers of nicotinic acetylcholine receptors (nAChR)

Abbreviations: nAChR, nicotinic acetylcholine receptors; AChBP,
acetylcholine-binding protein; MD, molecular dynamics; NTII,�-neurotoxin
II
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(see reviewsNirthanan and Gwee, 2004; Tsetlin, 1999; Tse
and Hucho, 2004). Short�-neurotoxins consist of 60–62 ami
acid residues and include four disulfide bridges, whereas
�-neurotoxins have 66–75 residues and five disulfides.
spatial structure of these toxins is built by three loops I
(“fingers”, Fig. 1d) confined by four disulfide bridges, where
the fifth disulfide bond of long�-neurotoxins is situated clo
to the tip of the central loop II. This spatial structure kno
as a “three-finger fold” is characteristic for different prote
(�-neurotoxins, cytotoxins, muscarinic toxins, acetylcho

1476-9271/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
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Fig. 1. (a) Alignment of nAChRs subunits fromTorpedo californica (Torca),Torpedo marmorata (Torma), AChBPs fromAplysia californica (Ac) andLymnaea
stagnalis (Ls) according to the LGIC database.�-, �-, �-, �-Subunits of nAChR are marked as a1, b1, g and d, respectively. Substitutions in nAChR subunit sequences
of Torpedo californica andTorpedo marmorata are shown in pink. Aromatic residues and vicinal cysteines of the C-loop critical for acetylcholine binding are shown
in lime. Secondary structure elements are marked with the bars. (b) Alignment of snake short�-neurotoxins–neurotoxin II fromNaja oxiana (NTII), erabutoxin a
from Laticauda semifasciata (Erabu) and neurotoxin I fromNaja mossambica mossambica (NmmI). Cysteines are shown in lime and loops are marked with the bars.
The structural nomenclature often used for AChBP or the extracellular domain of nAChR (c), loop between�3 and�4 usually designated as A is not marked), and
for the short-chain�-neurotoxins (d). One protomer ofLymnaea stagnalis AChBP (1UX6) from side view and NMR structure of NTII (1NOR) from “concave side”
are presented. All figures were done with PyMOL 0.97 (www.pymol.org). (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of the article.)

http://www.pymol.org/
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Fig. 1. (Continued ).

esterase inhibitors and some other) from snake venoms (Tsetlin,
1999). �-Neurotoxins are currently used in pharmacological
studies of diverse nAChRs. An accurate knowledge of the
mode of�-neurotoxin–nAChR interaction is not only of great
fundamental importance for understanding protein–protein

recognition, but also as a way for rational design of new nAChR
agonists and antagonists for medical purposes.

A possibility to visualize the detailed spatial models of the
toxin–nAChR complexes has appeared only recently. It took
almost 25 years to come from the first electron microscopy struc-
ture Torpedo marmorata nAChR (Stroud et al., 1990), which
gave an idea of general form and dimensions of the protein, to the
4Å resolution cryo-electron microscopy structure of this recep-
tor (Unwin, 2005). The structural studies have been focused
for many years on the nAChR from the electric ray ofTor-
pedo species, since this was the only nAChR, which could be
obtained in preparative amounts. During this period, X-ray and
NMR-structures have been solved for numerous short and long
�-neurotoxins (see reviewsNirthanan and Gwee, 2004; Tsetlin,
1999; Tsetlin and Hucho, 2004and the respective structures
in PDB). However, no structure of the�-neurotoxin–nAChR
complex is available although the cocrystals of fluorescence-
labeled�-bungarotoxin, andTorpedo nAChR have been recently
described (Paas et al., 2003). Therefore, ideas on the topogra-
phy of the toxin–nAChR complexes were based until recently
on less direct methods including analysis of nAChR interactions
with selectively labeled�-neurotoxins (bearing spectroscopic,
photoaffinity or other labels) and mutations in toxins, nAChR
or in both of them (pair-wise mutation analysis). Until high-
resolution structure became available for theTorpedo extracel-
lular domain (where�-neurotoxins, as well as other cholinergic
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igands are known to bind) (Unwin, 2005), all those biochem
stry and molecular biology data could lead to only very ro

odels.
The situation changed dramatically when a high-resolu

-ray structure of the acetylcholine-binding protein (AChB
rom molluskLymnaea stagnalis was solved (Brejc et al., 2001
elie et al., 2004). This water-soluble protein is an exc

ent model for the extracellular domains of diverse nACh
ince it has a high affinity for long�-neurotoxins, the mod
ls were first proposed for AChBP or nAChR complexes
-cobratoxin or�-bungarotoxin (Fruchart-Gaillard et al., 200
arel et al., 2001; Samson et al., 2002). Recently, the crysta
tructure has been solved for AChBP complex with�-cobratoxin
Bourne et al., 2005). However, there were no “Angström-
esolution” models for complexes of short-chain�-neurotoxins
hich bind only to muscle andTorpedo nAChR, contrary to th

ong �-neurotoxins able to bind with neuronal�7 nAChR as
ell.
Here, we report the model of theTorpedo californica nAChR

xtracellular domain complexed to a short-chain�-neurotoxin
I (NTII) from the Naja oxiana cobra venom. The basis of th
odel is a set of1H NMR structures for NTII (Golovanov e
l., 1993, 1NOR, accession number by Protein Data Bank)
wealth of labeling and mutagenesis data available for

nd other homologous short�-neurotoxins. When building th
odel ofT. californica nAChR extracellular domain, not on

he cryoelectron microscopy data for theT. marmorata recep-
or (free of any ligands, 2BG9) (Unwin, 2005) were taken into
ccount, but also the data for AChBP complexes with ago
1UX6 and 1UW6) and�-conotoxin (2BR8) (�-conotoxins
eurotoxic peptides, are potent and selective antagonis
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nAChR). A comparison of the results obtained with the recently
published 4̊A X-ray structure of the AChBP complex with�-
cobratoxin (Bourne et al., 2005) revealed common features in
binding of the short- and long�-neurotoxins, but also shed light
on some differences in their binding modes.

2. Experimental

2.1. Model building

All models of the extracellular domains of theT. cali-
fornica nAChR subunits were constructed using the program
MODELLER 7v7 (http://www.salilab.org/modeller) with the
sequence alignment from LGIC database (http://www.ebi.ac.uk/
compneur-srv/LGICdb/LGICdb.php, seeFig. 1). The experi-
mental structures were from Protein Data Bank (http://www.
rcsb.org/pdb). Multiple requests to the Swiss-Model server
(http://swissmodel.expasy.org) were used as control in sev-
eral cases. The structure verification was carried out with
WHAT CHECK program (http://swift.cmbi.nl/gv/whatcheck/),
after which the structures were relaxed (300 steps of steep-
est descent with cut-off 10̊A) with GROMOS’96 instruments
included into the SPDBViewer 3.7 sp5 (http://swissmodel.
expasy.org/spdbv/).

Every subunit was constructed separately and independently
from others.�-Subunit was created with only�-subunit ofT.
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the C-loop), but the position of the C-loop was different from
that in AChBP complexes. This C-loop position was changed in
the variant V4 of the�-subunit model, which was similar to V3
but with C-loop and�9–�10 hairpin constructed on the base of
2BR8 structure.

The subunits were assembled into pentamers using rotational
angles from 2BG9 for�, � and�-subunits. For�-subunit posi-
tion, the angle was also from 2BG9 in one case and from
AChBP–conotoxin structure in another. After construction all
models were minimized using GROMOS’96 instruments as was
also done after single subunit modeling. Thus, 16 different struc-
tures of the pentameric form of the extracellular domain of the
T. californica nAChR were created.

2.2. Docking simulations and solutions selection

The NMR structure of NTII fromN. oxiana (1NOR, 19
solutions) was used for docking studies. 3D modeling of
the spin- and photoactivatable labels attached to NTII and
assessment of their mobility was performed with Chem3D
Pro 9.0 software (CambridgeSoft) and TINKER program
(http://dasher.wustl.edu/tinker/), both using MM2 force field
(Burkert and Allinger, 1982).

Preliminary approximate docking simulations were per-
formed under HEX 4.2b (http://www.csd.abdn.ac.uk/hex/) for
all models built. All 19 NMR structures were docked to 16
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o be evoked by the toxin binding. For�- (additional N-termina
esidue and four amino acid substitutions as comparedT.
armorata) and�- (six amino acid substitutions) subunits,

emplates of the�1-helix, �4, �5 and�7 sheets, loops A,
nd D (seeFig. 1c for nomenclature) were from 2BG9 chain
nd C, respectively. The�1, �2, �3, �5′, �6, �8, �9 and�10
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ures ofL. stagnalis AChBP complexes with nicotine (1UW
nd carbamylcholine (1UV6), as well as the X-ray struc
f the complex ofAplysia californica AChBP with conotoxin
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uring the analysis of the model and its refinement.�-Subunit
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BG9 structure were used as unique templates to constru
xtracellular domain of theT. californica nAChR, with virtually
losed entrance to the channel free of ligand. Model V2 was
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ions were obtained with HADDOCK 1.3 (http://www.nmr.
hem.uu.nl/haddock/). As HADDOCK allows managing th
imulation by some biochemical information, the data on
oaffinity labeling with azidobenzoyl derivatives of NTII wi
hotogroups at Lys26, Lys44 and Lys46 were used (Kreienkamp
t al., 1992; Tsetlin et al., 1982). Subsequent visual analysis

he SPDBViewer allowed us to reject false positive soluti
hose positions of the toxin in the binding pocket propose
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.3. Molecular dynamics (MD)

Further refinement of the constructed model was done o
asis of MD simulations. The runs were done for the sys
omprising� and�-subunits and the toxin disposed accord
o the docking simulations.

For the purpose of comparison, two independent m
ds were applied: Langevin dynamics GROMACS 3.2.4 p
ge (http://www.gromacs.org/) with GROMOS’87 force field
Gunsteren and Mark, 1992) and molecular dynamics PUM
ackage (Lemak and Balabaev, 1996) with AMBER’99 force
eld (Wang et al., 2000). Rather short (100 ps) trajectories w
alculated at the temperature 300 K, dielectric permittivityε = 1.
ime step of integration procedures was taken as small a
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Radius of truncation for Coulomb interactions was 20Å. No
periodic boundaries were applied.

For the first force field the following parameters were set.
Friction coefficient was of 1000 amu/ps, Lennard–Jones inter-
actions were cut off at 20̊A without shift or switch functions.
Within the second force field Lennard–Jones interactions were
calculated only up to 16̊A (at that, from 15 to 16̊A a poly-
nomial switch function was applied). We applied collisional
thermostat (Lemak and Balabaev, 1995). Unlike Berendsen or
Nośe–Hoover thermostats, it does not lead to physically incor-
rect dynamic behavior of the system (Golo and Shaitan, 2002;
Golo et al., 2004).

3. Results and discussion

3.1. Conformational properties of NTII and its labeled
derivatives

NTII from N. oxiana cobra venom (Fig. 1b and d) was chosen
for building a model of theTorpedo nAChR complex with a short
neurotoxin because numerous studies on this particular toxin
have been earlier performed (see references in reviewsHucho
et al., 1996; Tsetlin, 1999; Tsetlin and Hucho, 2004). These
included its NMR, and optical spectroscopy studies, preparation
of spin-labeled, fluorescent and photoactivatable derivatives as
well as analysis of their interaction with theTorpedo receptor.
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Fig. 2. Fit of nAChR�–� interface with no ligand bound (by 2BG9,�-subunit
in slate,�-subunit in blue) and with NTII bound (�-subunit in red,�-subunit in
orange, toxin in hot pink) represented from side view (a) and top (b). Relative
position of subunits in pentamer is retained. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of the
article.)

ture of final complex was found to be similar to 2BG9, but the
rotational angle of the�-subunit still was different from that
observed for the intact receptor (Unwin, 2005). We concluded
that there should be a 5–6◦ rotation of the�-subunit extracellular
domain to allow the toxin to reach the binding pocket (Fig. 2).
This value is smaller than the 10–15◦ turn of the�-subunit pos-
tulated as necessary for agonist binding (Unwin, 2005; Unwin
et al., 2002).

3.3. Refinement of the model and comparison with
experimental data for short α-neurotoxins

According to our model, NTII in complex with the nAChR
is situated at about 30̊A from the membrane surface (Fig. 3).
Its molecular axis, defined by the direction of the�3-sheet (see
Fig. 3), lies at an∼80◦ angle relative to the median axis and at a
small angle to the cylinder wall, practically perpendicular to the
membrane surface (Fig. 3b). About one third of the toxin loop II

Fig. 3. Overall view of the model refined with MD simulation from side (a) and
top (b) for�–� subunit interface in complex with NTII. The rotational angle of
subunits is equal to that in pentameric nAChR. Distance to the virtual membrane
outer surface as well as the angles between the toxin plane (t.p.) and median axis
(m.a.) is shown. Designation by color:�-subunit in yellow,�-subunit in green,
NTII in red. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of the article.)

is plunged into the ligand-binding pocket, located at the interface
between two nAChR subunits, while the loops I and III contact
the receptor residues by their tips only (Fig. 3, Tables 1 and 2).
The “concave side” of the loops II and loop III is very close to the
protruding C-loop of the�-subunit of the receptor, while the loop
I, N-terminus and “convex side” of the loop III are accessible
to the solvent. The loop III is also contacting the F-loop of the
adjacent subunit. In general, disposition of NTII in the model is
in good agreement with a study of a homologous�-toxin fromN.
nigricollis (Teixeira-Clerc et al., 2002). These authors showed
that the loop II of the receptor-bound toxin is hidden and not
accessible for streptavidin, while the loop I and “convex side”
of the loop III are exposed to the solvent. The penetration of the
loop II into the binding pocket easily explains this fact. It has
also been predicted that the toxin should lie at∼90◦ angle to the
membrane surface, the loop III being the closest to it. The same
disposition is clearly observed in our model, built on the basis
of different data.
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Table 1
Amino acid residues, participating in interactions of NTII with receptor (�–�

interface) determined by docking simulation

NTII nAChR subunit interface

Principal side Complementary side

Loop I
Ser 9 Asp113, Ser115, Tyr111
Gln 10 Asp113, Ser115

Loop II
Trp 28 Cys193
Ser 29 Glu57
Asp 30 Cys192–Cys193 Tyr117(O-OH)
His 31 Tyr198, Tyr190

Arg 32 Trp149 Leu109, Asn107, Tyr117
Trp149(NH1/2, NE2-O)
Thr74(NE2-OG)

Gly33 Tyr117, Gln59
Thr34 Glu 57,Gln59(OG-NE2)

Loop III
Lys 46 Thr191
Pro 47 Glu166
Gly 48 Ile171
Asn 50 Ser161, (Lys34)

The types of interactions are shown with different fonts: simple, van-der-Waals;
underlined, H-bond (toxin residue atom-receptor residue atom); bold italic, pi-
cation; in brackets, doubtful or very weak.

Table 2
Amino acid residues, participating in interactions of NTII with receptor (�–�

interface) after 100 ps molecular dynamics simulation (AMBER’99 force field)

NTII nAChR subunit interface

Principal side Complementary side

Loop I
His4 Asp26
Gln7 (Asn112), (Tyr111)
Ser8 Asn61(OG-ND), Asp113, Ser115
Ser9 Lys23(OG-NZ), Asn61, Asp113
Gln10 Asn60, Asp61

Loop II
Lys25 Asp30, Asn157, Gln159(NZ-OE1)
Trp27 Ser161
Trp28 Cys192–Cys193
Ser29 Lys34(OG-NZ)
Asp30 Tyr198(OD1/2-OH),

Tyr190
Lys34(O-NZ), Arg79, Tyr117(O-OH)

His31 Tyr93 Trp55
Arg32 Trp149 Asn107(NE1-O)
Gly33 Tyr117, Glu57
Thr34 Gln59
Arg38 Asp30

Loop III
Lys44 Ala167(NZ-O)
Lys46 Thr191(NZ-OG,O) (Trp170)
Pro47 Ala167
Asn50 Glu164(ND2-OE1)
Asn52 Glu163(ND2-O)
Asn61 Asn157(OD1-ND2)

The types of interactions are shown with different fonts: simple, van-der-Waals
underlined, H-bond (toxin residue atom-receptor residue atom); bold, ionic pair
bold italic, pi-cation; in brackets, doubtful or very weak.

Fig. 4. NMR structure of NTII (green) in solution (1NOR) and its structure
in binding pocket of nAChR (yellow) generated by MD fitting. Side chains of
lysines, His31 and Arg32 are marked in red for NMR, in magenta for MD. All
lysine residues and loops are shown. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of the article.)

Our calculations revealed that the tips of the loops I and II are
curved to the “convex side” with CA shift of 3.0̊A for Ser8, 3.5Å
for Ser9, 5.9̊A for His31 and 4.1̊A for Arg32 (Fig. 4), with the
overall structure CA rmsd value of 1.45. Interestingly, the tip of
the loop II was found by1H NMR to be the most flexible in free
homologous�-toxin (Guenneugues et al., 1997). In addition,
the flexibility of loop II was manifested as a change of chemical
shifts for Ile35 observed upon NTII binding to Torpedo nAChRs
membranes (Krabben et al., 2004).

Application of AMBER’99 and GROMOS’87 MD calcula-
tions proved the validity of the model for the chosen docking
solution. During the MD calculation, all elements of secondary
structure were well preserved and most of the contacts between
the NTII and nAChR residues found by docking simulation
were generally retained during MD operations (compare
Tables 1 and 2). In the case of AMBER’99 (to a less extent
for GROMOS’87 force field) simulation, the toxin molecule
squeezed even a bit further between the subunits. The highly
conserved and structurally stable cystine-rich core of the toxin,
which was initially more distant from the receptor’s subunits,
approached the�-subunit (it took 15–25 ps), resulting in a
decrease by∼10◦ of the angle between the principal molecular
axes of the toxin and receptor. GROMOS’87 study did not
reveal any changes in angles but showed that the distant parts of
the toxin had shrunk in the direction of the pocket. In both cases
MD calculations generated the additional contacts of those parts
o p
I
w tical
;
;

f NTII (His4 and Gln7 in loop I, Lys25, Trp27, Arg38 in loo
I, Lys44, Asn50, Asn52 and Asn61 in loop III, seeTable 2)
hich could be characterized as important, but not cri
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for interaction with the receptor. Similar conclusions were
drawn from mutagenesis studies of�-toxins fromN. nigricollis
(Pillet et al., 1993; Tremeau et al., 1995) andNaja mossambica
mossambica (Ackermann and Taylor, 1996; Ackermann et al.,
1998; Osaka et al., 2000). It is worth to mention that Arg36 of
neurotoxin I fromN. mossambica mossambica (homologous
to Arg38 of NTII) failed to form an identified contact with
the complementary side of the�–� interface in pair-wise
experiments, probably because of only a small number of tested
mutant receptors (Ackermann et al., 1998). In the frames of our
model, Arg38 forms an ionic pair with the�-subunit Asp30 that
correlates with the energy profit found for the contact of Arg36
from neurotoxin I with nAChR. In addition, experimentally
measured distances (Michalet et al., 2000) between the tips of
loops I and II of the�-toxin N. nigricollis bound to�–� site of
the T. marmorata nAChR, and Cys192–Cys193 bridge of the
�-subunit are close to those obtained by our modeling (11.5Å
and 15.5Å versus 10.5̊A and 15.0–18.9̊A).

Docking simulation revealed five contacts of particular inter-
est between residues of the receptor and NTII, which seem to
determine mainly their specific interaction (Table 1). The kinet-
ics of changing of distances characterizing these contacts is
presented inFig. 5. Two of these toxin residues, Arg32 and
Lys46, were found to be the most critical for activity of a short
neurotoxin (Ackermann and Taylor, 1996; Kreienkamp et al.,
1992; Tremeau et al., 1995; Tsetlin et al., 1982). On the other
h
� ding
o
a h
N l
w dues
(

indispensable for agonist binding (Galzi et al., 1991; Sullivan et
al., 2002).

However, several contacts deduced from pair-wise mutations
are absent in the model. For example, there is no interaction
with �Pro197. Apparently, this residue is playing an important
role in the maintenance of the C-loop structure, and its mutation
thus should affect the toxin binding. Our results support the
significance of the method of pair-wise mutations, but also
show the need of cautious interpretation of experimental
data.

Qualitative information about the nAChR binding sites from
earlier spectroscopic and photolabeling studies on the fluores-
cence, spin-labeled and photoactivatable derivatives of NTII can
be rationalized in the frames of our model.

Because the side chains of the neighboring Lys25 and Lys26
are oppositely directed relative to plane of loop II (Fig. 4) and
different labels (photoactivalable, spin, fluorescence) grafted on
them made cross-links or “felt” the receptor surface, it was postu-
lated that the toxin loop II should penetrate into nAChR (Tsetlin
et al., 1982; Hucho et al., 1996).

It was previously shown that fluorescence spectra of NTII
having dansyl (DNS) labels at Lys46, Lys25 and Lys26 undergo
blue shift when respective derivatives are bound to the receptor
(Tsetlin et al., 1982). The proximity of a tryptophan residue
of the Torpedo nAChR to Lys46 position was suggested, as
Lys46-DNS derivate demonstrated enhanced fluorescence at
λ e is
�
h ince
L ptor
i ores-
c ives
i

F resid
t ughly
and, several receptor residues (�Trp149,�Trp55,�Gln57 and
Tyr117), shown by mutagenesis to be essential for bin
f neurotoxin I fromN. mossambica mossambica (Ackermann
nd Taylor, 1996; Osaka et al., 2000), form strong contacts wit
TII in our model (Tables 1 and 2). In addition, in our mode
e also see the toxin interaction with several nAChR resi

�Tyr93, �Trp149,�Tyr190,�Tyr198 and�Trp55), which are

ig. 5. Kinetics of the distances between functional groups of contacting
hat according to AMBER’99 the contacts mentioned in the legend are ro
excit 298 nm in the receptor complex. In our model, ther
Trp170 at the�–� interface just near the Lys46 (Table 2). A
ydrophobic surrounding is found for Lys26 and Lys25. S
eu1 and Lys15 were not found to interact with the rece

n our model, the absence of large differences between flu
ence of free and bound Leu1 and Lys15 NTII DNS derivat
s not surprising.

ues (3 ps of preliminary relaxation are not shown) in AMBER’99 force field. It is seen
within a radius of 5Å.
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For spin-labeled NTII derivatives it was found that the labels
on Lys25, Lys26 and His31 became less flexible when the toxin
was bound to the receptor (Tsetlin et al., 1982). This correlates
with the contacts identified by the model: His31 is entering the
binding pocket, Lys25 interacts with the complementary side,
and Lys26 is hindered by side chains of loops I and III as well as
by the tip of the receptor C-loop (Tables 1 and 2; Fig. 4). Interest-
ingly, the accessibility of the labels to the paramagnetic probes
diminishes for Lys26 and Lys46 and dramatically decreases for
His31 when the toxin is bound to the receptor (Tsetlin et al.,
1982). The model is also in accord with these data, since by
docking and MD the His31 was found to be deeply inserted into
the binding pocket and Lys46 to interact with the F-loop of the
complementary side and the C-loop of the principal. For label on
Lys26, the proximity to a negatively charged or sulfur-containing
group of the receptor was suggested (Tsetlin et al., 1982), and
the closeness to the�Cys192–�Cys193 disulfide was shown by
the model.

The results of numerous photolabeling experiments can find
explanation in the frames of our model. For example, it is obvi-
ous why the two�-subunits are the predominant cross-linking
sites for thep-azidobenzoyl group at the Lys46, while for the
same label at Lys26 the major cross-links are with the�- and
�-subunits (Kreienkamp et al., 1992). The cross-linking to the
�-subunit with nitrodiazirine labels at positions 25 and 44 is also
in good accordance with the model (Utkin et al., 1995).
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see 2BG9 structure). The C-loop of the�-subunit did not vir-
tually change its shifted position in complex even after 100 ps
MD simulations, just the winding of the loop (residues 194–198)
redistributed along the primary structure. This fragment has no
direct contacts with NTII, and preserves relative flexibility lim-
ited by �Cys192,�Cys193 and�Tyr198 involvement in the
toxin-receptor interaction. Similar fluctuations were previously
suggested for AChBP–agonist complexes on the basis of fluores-
cence studies and MD simulations (Gao et al., 2005). Moreover,
a non-restricted mobility of the�-subunit C-loop in the resting
state of the receptor was suggested (Bourne et al., 2005). Our
model provides an additional support to this hypothesis because
formation of even unstable complex of the toxin with receptor
having a closed C-loop was not possible by docking simulations.

In contrast, docking of the NMR structures of NTII was suc-
cessful if the C-loop was drawn aside from the receptor’s body.
Subsequent MD simulations resulted in some local conforma-
tional changes in the toxin. However, for initial entry into the
receptor-binding pocket the toxin should “seize the moment”
when the C-loop is going out. When the C-loop protrudes from
the receptor surface, the toxin inserts its loop II, with Arg32 emu-
lating the positive charge of the agonist into the ligand-binding
pocket. Then the toxin loops I and III interact by their tips with
the receptor residues. This should be a very fast process that is
why the toxins maintain a very rigid structure ideally adapted
for pocket entering. Interestingly, the kinetics of the binding of
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The distance from the toxin center to the outer membrane
ace (∼25Å) estimated from the�-subunit cross-link with th
ys25 azidosalicylamidoethyl-1,3-dithiopropyl (ASED) deri
ive of NTII (Machold et al., 1995a) is in accord with tha
roposed by our model. However, the contact as such
Ala268 is not easy to realize in the frames of the model.
ame concerns labeling of the�-subunit by Lys15 derivatives
TII bearing ASED or benzoylbenzoyl photolabels (Machold
t al., 1995b; Kasheverov et al., 1999). The reason might be
hanging of the correct positioning of NTII carrying bulky la
s compared with binding of unmodified toxin. On the o
and, cross-linking to the neighboring receptor molecule

ightly packed membranes (Unwin, 2005) cannot be excluded fo
he toxins derivatives with photolabels attached via long sp
rms. Indeed, it was shown that perturbation of the memb
tructure with temperature or non-ionic detergents might a
oxin binding at equilibrium and the photoinduced cross-l
Saez-Briones et al., 1999).

.4. A comparison of the nAChR and AChBP complexes
ith short α-neurotoxin, long α-neurotoxin and α-conotoxin

The proposed model shows that the C-loop outward
s critical for short�-neurotoxin NTII binding to the nAChR
he same was found by X-ray analysis for the complexe
ChBPs with�-cobratoxin fromNaja kaouthia (Bourne et al.
005) or with �-conotoxin PnIA analog (Celie et al., 2005).
he spatial disposition of the C-loop disulfide Cys192–Cys

n complexes with antagonists (Bourne et al., 2005; Celie et a
005) and agonists (Celie et al., 2004, 1UW6, 1UV6) is change
s compared to its position in the intact nAChR (Unwin, 2005,
-

r
e
t

f

hort neurotoxins to the receptor was experimentally found
ery fast (Chicheportiche et al., 1975; Endo et al., 1986). Thus,
iverse perturbations of the toxin structure, such as an intro

ion of a bulky label at Lys25, which might alter the angle
ntry, or mutation of Lys26 whose salt bridge with Glu37 m

ains the stability of the loop, may influence the kinetics
ffinity of the toxin for the receptor.

The turn of the�-subunit of the receptor, similar to that p
ulated for agonist binding (Unwin et al., 2002; Unwin, 2005),
as required to accommodate a short�-neurotoxin in our mode

Fig. 2). A slight rigid-body rotation of protomers was a
etected for AChBP in complex with�-conotoxin (Celie et
l., 2005). The conformational changes detected by MD s
lations are virtually equal to those required for the forma
f the final stable complex. The number of contacts con
rably increases (compareTables 1 and 2) and the interactio
urface becomes larger, especially on the complementar
Fig. 6). Just 15–25 ps is enough for the rearrangement o
oxin–receptor complex. This position of the toxin is stable
east for 100 ps, as was found by MD dynamics.

The interaction of�-cobratoxin from N. kaouthia with
ChBP was shown to evoke a downstream shift of the F-loo

he complementary side of the pocket (Bourne et al., 2005). This
oxin introduces the tip of its loop II into the pocket from the
alled “small cavity” and from bottom of the C-loop (Fig. 7c).
ccording to our model, a short�-neurotoxin interacts with th

eceptor in a different mode entering the pocket from the
ight (looking from the outside of the subunit pore) of the C-l
rom the “big cavity” (Fig. 7b). This way of forming the com
lex is more similar to that of the AChBP–conotoxin (Fig. 7a).
herefore, there are clear differences in certain details of
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Fig. 6. Surface image of binding pocket on the nAChR�–� interface according to docking simulations (a) and after MD calculations (b). Designation by color: blue,
principal side; red, residues interacting with the toxin; marine, complementary side; magenta, residues interacting with the toxin. Rearrangement of the binding site
can be seen. (c) Surface image of NTII in the binding pocket from toxin “concave side” (left) and toxin “convex side” (right). Some residues found to be involved in
interaction both by the docking simulation and MD are in red, only by MD, in blue. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of the article.)

ing between short and long�-neurotoxins, belonging to the same
family of the three-finger snake venom proteins.

On the other hand, a general similarity of their binding modes
is also evident. As follows from the biochemical, molecular biol-
ogy and electrophysiology data supported by X-ray (Celie et al.,
2004), MD and fluorescence spectroscopy (Gao et al., 2005), as
well as by cryo-electron microscopy data (Unwin, 2005), ago-
nist binding evokes the formation of the “aromatic box” built
of �Trp149,�Tyr93, �Tyr190, �Tyr198 and�Trp55 residues
(T. californica �–� interface numeration) around the positive
charge of a ligand. Both�-cobratoxin and NTII have positive

charges at the tip of loop II (Arg33 and Arg32, respectively) that
partially mimic the charge of the agonist nitrogen. However,
neither long, nor short�-neurotoxins permits the assembly of
the box, breaking it with aromatic moieties of Phe29 and His31,
respectively (Fig. 8).

Paradoxically,�-conotoxin sterically emulates nicotine by its
double proline sequence Pro6Pro7. The aromatic residues of the
nAChR are oriented roughly in the same way as in the com-
plex with an agonist (Celie et al., 2004, 2005). Moreover, while
�-conotoxin [A10L]PnIA is an antagonist of the neuronal�7
nAChR, with the same receptor bearing a Leu247Thr mutation
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Fig. 7. Comparison of the positions of�-conotoxin PnIA analog (a), short�-neurotoxin NTII (b), long�-neurotoxin�-bungarotoxin fromBungarus multicinctus
(c) in the ligand-binding site represented on�–� interface ofTorpedo californica nAChR. The position of conotoxin was taken from 2BR8. The position of NTII
was obtained by fitting of described model structure. The position of the�-bungarotoxin was determined by 1L4W structure fitting to 2BR8 and fast MD simulations
(10 ps) in AMBER’99 force field and was similar to that found for�-cobratoxin (Bourne et al., 2005). Protomers colored in white and wheat; ligands in red, blue
and green, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

in the transmembrane segment this�-conotoxin at relatively
high concentrations plays the role of an agonist (Hogg et al.,
2003).

Some local conformational changes in the binding pocket
induced by agonist binding should lead to a more global rear-

rangement of the receptor molecule resulting in the channel
opening. The snake toxins are blocking this rearrangement, not
allowing a correct assembly of the binding pocket and occupying
the place of agonist. An�-conotoxin, also placed in the agonist-
binding pocket, still permits the proper rearrangement of the
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Fig. 8. Fit of the AChBP–nicotine complex X-ray structure (1UW6) and
NTII–nAChR �–� interface complex model. View from the “big cavity” (a)
and principal side B-loop (b). Differences in position of aromatic residues of
the receptor-binding pocket are visible. Designation by color: agonist binding
pocket if nicotine bound to AChBP in blue, the same pocket of�–� interface
of nAChR if toxin bound in slate, nicotine in red, loop II tip in orange. Some
residues of nAChR and Arg32 of NTII are shown. (For interpretation of the
references to color in this figure legend, the reader is referred to the web versio
of the article.)

pocket, but the channel remains closed. Thus, formation of the
“aromatic” box is an essential but not the sole conformational
change that leads to the opening of the receptor channel. In an
case, short and long�-neurotoxins have many common features
in their receptor binding modes, which differ considerably from
that of�-conotoxins.

4. Conclusion

A first model for the interaction of short�-neurotoxin with
the T. californica nAChR has been built taking into account
the relevant three-dimensional structures. It is shown to be in
accord with numerous experimental data proving the validity
both of this model and of the employed methodology. Thus, the
computational approach may be used to rationalize the existing
experimental data and to design new antagonists and agonists of
diverse nAChRs for pharmacological purposes.
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