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Abstract

Short-chainx-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, th
accurate structure of the complex is not yet known. Here, we present a model for a-steantotoxin, neurotoxin Il fronVaja oxiana (NTII),
bound toTorpedo californica nAChR. It was built by comparative modeling, docking and molecular dynamics UdifNMR structure of NTII,
cross-linking and mutagenesis data, cryoelectron microscopy structlwepefio marmorata nAChR [Unwin, N., 2005. Refined structure of the
nicotinic acetylcholine receptor atidresolution. J. Mol. Biol. 346, 967-989] and X-ray structures of acetylcholine-binding protein (AChBP) with
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 binding
to nicotinic acetylcholine receptors as studied in AChBP crystal structures. Neuron 41 (6), 907—914] and antagustistgoxin, a long-chain
a-neurotoxin [Bourne, Y., Talley, T.T., Hansen, S.B., Taylor, P., Marchot, P., 2005. Crystal structure of Cbtx—~AChBP complex reveals essential
interactions between snake alpha-neurotoxins and nicotinic receptors. EMBO J. 24 (8), 1512-1522bantbxin [Celie, P.H., Kasheverov,

I.E., Mordvintsev, D.Y., Hogg, R.C., van Nierop, P., van EIk, R., van Rossum-Fikkert, S.E., Zhmak, M.N., Bertrand, D., Tsetlin, V., Sixma, T.K.,
Smit, A.B., 2005. Crystal structure of nicotinic acetylcholine receptor homolog AChBP in complex with an alpha-conotoxin PnlA variant. Nat.
Struct. Mol. Biol. 12 (7), 582-588]. In complex with the receptor, NTII was located at abolif@fn the membrane surface, the tip of its loop

Il plunges into the ligand-binding pocket between ¢t or a/d NAChR subunits, while the loops | and 11l contact nAChR by their tips only in a
‘surface-touch’ manner. The toxin structure undergoes some changes during the final complex formation (for 1.45rmsd in 15-25 ps according t
AMBER’99 molecular dynamics simulation), which correlates with NMR data. The data on the mobility and accessibility of spin- and fluorescence
labels in free and bound NTII were used in MD simulations. The binding process is dependent on spontaneous outward movement of the C-loo
earlier found in the AChBP complexes withcobratoxin andv-conotoxin. Among common features in binding of short- and leatgurotoxins

is the rearrangement of aromatic residues in the binding pocket not observeddontoxin binding. Being in general very similar, the binding
modes of short- and long-neurotoxins differ in the ways of loop Il entry into nAChR.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction (see reviewdNirthanan and Gwee, 2004; Tsetlin, 1999; Tsetlin
and Hucho, 2004 Shorta-neurotoxins consist of 60—62 amino
Short- and long-chaia-neurotoxins from snake venoms are acid residues and include four disulfide bridges, whereas long
potent blockers of nicotinic acetylcholine receptors (nAChR)a-neurotoxins have 66—75 residues and five disulfides. The
spatial structure of these toxins is built by three loops I-llI
_— (“fingers”, Fig. 1d) confined by four disulfide bridges, whereas
Abbreviations:  nAChR, nicotinic - acetylcholine receptors; AChBP, the fifth disulfide bond of long-neurotoxins is situated close
ﬁcetylchohne-blndmg protein; MD, molecular dynamics; NTdkneurotoxin to the tip of the central |00p Il. This spatial structure known
* Corresponding author. Tel.: +7 095 330 7374; fax: +7 095 335 5733. as a “three-finger fold” is characteristic for different proteins
E-mail address: chlorine@yandex.ru (D.Yu. Mordvintsev). (a-neurotoxins, cytotoxins, muscarinic toxins, acetylcholine
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ol Bl p2

Ls-AChBP 1 LDRADILYN---IRQTSRPDVIPTQ-RDRPVAVSVSLKFINILEVNEITNEVDVVFWQQT
Ac-AChBP 1 QANLMRLKSD - - LF-NRSPMY - PGPTKDDPLTVTLGFTLQDIVKADSSTNEVDLVYYEQQ
al-Torca 1 SEHETRLVAN- - LLENYNKVIRPVEHHTHFVDITVGLQLIQLISVDEVNQIVETNVRLRQ
al-1orma 1 SEHETRLVAN- - LLENYNKYV IRPVEHHIHFVD 11 VGLQLIQLINVDEVNGLVET NVRLRQ
bl-Torca 1 SVMEDTLLS - -VLFETYNPKVRPAQTVGDKVTVRVGLTLTNLLILNEKTEEMTTNVFLNL
bl-Torma 1 SVMEDTLLS - -VLFENYNPKVRPSQTVGDKVTVRVGLTLTSLLILNEKNEEMTTSVFLNL
g-Torca 1 ENEEGRLIE--KLLGDYDKRIIPAKTLDHIIDVTLKLTLTNLISLNEKEEALTTNVWIEL
g-Torma 1 -NEEGRLIE--KLLGDYDKRIKPAKTLDHVIDVTLKLTLTNLISLNEKEEALTTNVWIEI
d-Torca 1 VNEEERLINDLLIVNKYNKHVRPVKHNNEVVNIALSLTLSNLISLKETDETLTSNVWMDH
d-Torma 1 VNEEERLINDLLIVNKYNKHVRPVKHNNEVVNIALSLTLSNLISLKETDETLTTNVWMDH
B3 B4 B5 ps’
Ls-AChBP 57 TWSDRTLAWNSSHSPD--QVSVPISSLWVPDLAAYNAISKP-EVLT PQLARVVSDGEVLY
Ac-AChBP 57 RWKLNSLMWDPNEYGNITDFRTSAADIWTPDITAYSSTR-PVQVLSPQIAVVTHDGS VMF
al-Torca 59 QWIDVRLRWNPADYGGIKKIRLPSDDVWLPDLYLYNNADGDFATVHMTKLLLDYTGKIMW
al-Torma 59 QWIDVRLRWNPADYGGIKKIRLPSDDVWLPDLYLYNNADGDFATVHMTKLLLDYTGKIMW
bl-Torca 59 AWTDYRLQWDPAAYEGIKDLRIPSSDVWQPDIVLMNNNDGSFEITLHVNVLVQHTGAVSW
bl-Torma 59 AWTDYRLQWDPAAYEGIKDLSIPSDDVWQPDIVLMNNNDGSFEITLHVNVLVQHTGAVSW
g-Torca 59 QWNDYRLSWNTSEYEGIDLVRIPSELLWLPDVVLENNVDGQFEVAYYANVLVYNDGSMYW
g-Torma 58 QWNDYRLSWNTSEYEGIDLVRIPSELLWLPDVVLENNVDGQFEVAYYANVLVYNDGSMYW
d-Torca 61 AWYDHRLTWNASEYSDISILRLPPELVWIPDIVLQONNNDGQYHVAYFCNVLVRPNGYVTW
d-Torma 61 AWYDHRLTWNASEYSDISILRLRPELIWIPDIVLQNNNDGQYNVAYFCNVLVRPNGYVTW
B6 B7 it
Ls-AChBP 114 MPSIRQRFSCDVSGVDTE-SGATCRIKIGSWIHHSREISVDPTTENSD - - - -« ---- D
Ac-AChBP 116 IPAQRLSFMCDPTGVDSE-EGATCAVKFGSWVYSGFEIDLKTDTDQVDL - ---- - - - - - -
al-Torca 119 TPPAIFKSYCEIIVTHFPFDQQNCTMKLGIWTYDGTKVSISPESDRPDL-----------
al-Torma 119 TPPAIFKSYCEIIVTHFPFDQQNCTMKLGIWTYDGTKVSISPESDRPDL - ----------
bl-Torca 119 QPSAIYRSSCTIKVMYFPFDWQNCTMVFKSYTYDTSEVTLQHALDAKG- - EREVKEIVIN
bl-Torma 119 HPSAIYRSSCTIKVMYFPFDWQNCTMVFKSYTYDTSEVILQHALDAKG- - EREVKEIMIN
g-Torca 119 LPPAIYRSTCPIAVTYFPFDWQNCSLVFRSQTYNAHEVNLQLSAEEGEA- - - -VEWIHID
g-Torma 118 LPPAIYRSTCPIAVTYFPFDWQNCSLVFRSQTYNAHEVNLQLSAEEGEV - ---VEWIHID
d-Torca 121 LPPAIFRSSCPINVLYFPFDWQNCSLKFTALNYDANEITMDLMTDTIDGKDYPIEWIIID
d-Torma 121 LPPAIFRSSCPINVLYFPFDWQNCSLKFTALNYNANEISMDLMTDTIDGKDYPIEWIIID
B9 loop C 10

Ls-AChBP 162 SEYFSQYSRFEILDVTQKKNSVTYSCCPEA-YEDVEVSLNF - - -RK-KGRSEIL - -
Ac-AChBP 164 -SSYYASSKYEILSATQTRQVQHYSCCPEP-YIDVNLVVKFRERRAGNGFFRNLFD
al-Torca 168 -STFMESGEWVMKDYRGWKHWVYYTCCPDTPYLDITYHFIM--QRI----------
al-Torma 168 -STFMESGEWVMKDYRGWKHWVYYTCCPDTPYLDITYHFIM- -QRI----------
bl-Torca 177 KDAFTENGQWS IEHKPSRKNWRS - - - -DDPSYEDVTFYLIT- -QRK- - - - - =« - - -
bl-Torma 177 QDAFTENGQWS IEHKPSRKNWRS - - - -DDPSYEDVTFYLII- -QRK- - - - - - - - - -
g-Torca 175 PEDFTENGEWT IRHRPAKKNYNWQLTKDDTDFQEIIFFLII--QRK----------
g-Torma 174 PEDFTENGEWT IRHRPAKKNYNWQLTKDDIDFQEILFFLII--QRK----------
d-Torca 181 PEAFTENGEWEIIHKPAKKNIYPDKFPNGTNYQDVTFYLII--RRK----------

(2) d-Torma 181 PEAFTENGEWEITHKPAKKNIYGDKFPNGTNYQDVTFYLII--RRK----------

loop | loop I loop I

NTII 1 LECHNQQSSQPPTTKTCS -GETNCYKKWWSDHRGT ITERGCGC PKVKPGVNLNECRTDRCNN 62
Erabu 1 RICFNHQSSQPQTTKTCSPGESSCYNKQWSDFRGT ITERGCGCPTVKPGIKLSCCESEVCNN 62
(b) NmmI 1 LECHNQQSSEPPTTTRCSGGETNCYKKRWRDHRGYRT ERGCGCPTVKKGIELNCCTTDRENN 62

Fig. 1. (a) Alignment of NAChRs subunits frofarpedo californica (Torca), Torpedo marmorata (Torma), AChBPs fromAplysia californica (Ac) and Lymnaea

stagnalis (Ls) according to the LGIC database, B-, y-, 3-Subunits of NAChR are marked as al, 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-skearbtoxins—neurotoxin Il fronVaja oxiana (NTII), erabutoxin a

from Laticauda semifasciata (Erabu) and neurotoxin | froNaja mossambica mossambica (Nmml). 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 bptweed34 usually designated as A is not marked), and

for the short-chaim-neurotoxins (d). One protomer bfmnaea stagnalis AChBP (1UX6) from side view and NMR structure of NTIl (LNOR) from “concave side”

are presented. All figures were done with PyMOL 0.@¥{v.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 vends&l(n,

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 anidea of general form and dimensions of the protein, to the
4A 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 Tof-
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
a-neurotoxins (see reviewdirthanan and Gwee, 2004; Tsetlin,
1999; Tsetlin and Hucho, 2004nd the respective structures
in PDB). However, no structure of the-neurotoxin—-nAChR
complex is available although the cocrystals of fluorescence-
labeledx-bungarotoxin, an@orpedo nAChR have been recently
described Paas et al., 20Q03Therefore, 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 #hepedo extracel-
lular domain (where-neurotoxins, as well as other cholinergic
ligands are known to bind){nwin, 2009, all those biochem-
istry and molecular biology data could lead to only very rough
models.

The situation changed dramatically when a high-resolution
X-ray structure of the acetylcholine-binding protein (AChBP)
from molluskLymnaea stagnalis was solvedBrejc et al., 2001;
Celie et al.,, 200 This water-soluble protein is an excel-
lent model for the extracellular domains of diverse nAChRs.
Since it has a high affinity for long-neurotoxins, the mod-
els were first proposed for AChBP or nAChR complexes with
a-cobratoxin or-bungarotoxin Eruchart-Gaillard et al., 2002;
Harel et al., 2001; Samson et al., 200Recently, the crystal
structure has been solved for AChBP complex witobratoxin
(Bourne et al., 2006 However, there were no “Ang$tm-
resolution” models for complexes of short-chaimeurotoxins,
which bind only to muscle antbrpedo NAChR, contrary to the
long a-neurotoxins able to bind with neuronal NnAChR as
well.

Here, we report the model of therpedo californica nAChR
extracellular domain complexed to a short-chaineurotoxin
II (NTII) from the Naja oxiana cobra venom. The basis of this
model is a set ofH NMR structures for NTIl Golovanov et
al., 1993 1INOR, accession number by Protein Data Bank) and
a wealth of labeling and mutagenesis data available for this
and other homologous shartneurotoxins. When building the
model of T. californica NAChR extracellular domain, not only
the cryoelectron microscopy data for tliemarmorata recep-

1999. a-Neurotoxins are currently used in pharmacologicaltor (free of any ligands, 2BG9)lnwin, 2005 were taken into
studies of diverse nAChRs. An accurate knowledge of theaccount, but also the data for AChBP complexes with agonists
mode ofa-neurotoxin—nAChR interaction is not only of great (1UX6 and 1UW6) andx-conotoxin (2BR8) &-conotoxins,
fundamental importance for understanding protein—proteimeurotoxic peptides, are potent and selective antagonists of
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nAChR). A comparison of the results obtained with the recenthjthe C-loop), but the position of the C-loop was different from
published 4 X-ray structure of the AChBP complex wil-  thatin AChBP complexes. This C-loop position was changed in
cobratoxin Bourne et al., 2006revealed common features in the variant V4 of thex-subunit model, which was similar to V3
binding of the short- and long-neurotoxins, but also shed light but with C-loop and39—10 hairpin constructed on the base of

on some differences in their binding modes. 2BR8 structure.
The subunits were assembled into pentamers using rotational
2. Experimental angles from 2BG9 fop, vy ands-subunits. For-subunit posi-
tion, the angle was also from 2BG9 in one case and from
2.1. Model building AChBP-conotoxin structure in another. After construction all

models were minimized using GROMOS’96 instruments as was

All models of the extracellular domains of thE cali-  alsodone after single subunitmodeling. Thus, 16 different struc-
fornica NAChR subunits were constructed using the prograntures of the pentameric form of the extracellular domain of the
MODELLER 7v7 (ttp://www.salilab.org/modell@¢rwith the T californica nAChR were created.
sequence alignment from LGIC databased://www.ebi.ac.uk/
compneur-srv/LGICdb/LGICdb.phseeFig. 1). The experi-  2.2. Docking simulations and solutions selection
mental structures were from Protein Data Bahkp://www.
rcsh.org/pdl Multiple requests to the Swiss-Model server The NMR structure of NTII fromN. oxiana (INOR, 19
(http://swissmodel.expasy.Qrgvere used as control in sev- solutions) was used for docking studies. 3D modeling of
eral cases. The structure verification was carried out withthe spin- and photoactivatable labels attached to NTII and
WHAT _.CHECK program fittp://swift.cmbi.nl/gv/iwhatcheck/  assessment of their mobility was performed with Chem3D
after which the structures were relaxed (300 steps of steef?ro 9.0 software (CambridgeSoft) and TINKER program
est descent with cut-off 1/3)) with GROMOS’'96 instruments  (http://dasher.wustl.edu/tinkgr/both using MM2 force field
included into the SPDBViewer 3.7 spHht{p://swissmodel. (Burkert and Allinger, 198p
expasy.org/spdby/ Preliminary approximate docking simulations were per-

Every subunit was constructed separately and independentfgrmed under HEX 4.2bhttp://www.csd.abdn.ac.uk/héxor
from others.3-Subunit was created with onfy-subunit ofT. all models built. All 19 NMR structures were docked to 16
marmorata NAChR (B-chain of 2BG9, 11 amino acid substitu- models of nAChR extracellular domain. Thus, this flexible lig-
tions) as template because no structural changes were expectattl was docked to the rigid receptor wherein only the C-loop
to be evoked by the toxin binding. Fer (additional N-terminal  and binding pocket residues were flexible. Final refined solu-
residue and four amino acid substitutions as comparefl to tions were obtained with HADDOCK 1.3h{tp://www.nmr.
marmorata) andd- (six amino acid substitutions) subunits, the chem.uu.nl/haddock/ As HADDOCK allows managing the
templates of thex1-helix, B4, B5 andB7 sheets, loops A, C simulation by some biochemical information, the data on pho-
and D (sed-ig. 1c for nomenclature) were from 2BG9 chains E toaffinity labeling with azidobenzoyl derivatives of NTII with
and C, respectively. Thel, B2, B3, B5, B6, B8, 9 andB1l0  photogroups at Lys26, Lys44 and Lys46 were us@eienkamp
sheets, loops E and F were modeled on the basis of the struet al., 1992; Tsetlin et al., 1982Subsequent visual analysis in
tures ofL. stagnalis AChBP complexes with nicotine (1UW6) the SPDBViewer allowed us to reject false positive solutions:
and carbamylcholine (LUV6), as well as the X-ray structurethose positions of the toxin in the binding pocket proposed by
of the complex ofAplysia californica AChBP with conotoxin the program were discarded which were not at least in rough
[A10L,D14K]PnlA (2BR8). The results dourne et al. (2005) accordance with the available data on chemical modification
which became available after our model was built, were usednd mutagenesis of homologous short neurotoxins. Molecular
during the analysis of the model and its refinemenSubunit  dynamics procedures were run over the solutions considered
(one amino acid substitution) was constructed in four variantsyalid after this selection.
designated as V1-V4. For variant V1, the A- and D-chains of
2BG9 structure were used as unique templates to construct tBe3. Molecular dynamics (MD)
extracellular domain of th& californica nAChR, with virtually
closed entrance to the channel free of ligand. Model V2 was con- Further refinement of the constructed model was done on the
structed as V1, but the C-loop was displaced outward from théasis of MD simulations. The runs were done for the system
body of the receptor with the same shift angle of the C-loop agomprisinga and~y-subunits and the toxin disposed according
was observed in 2BR8. The general structure of the loop was nod the docking simulations.
changed, and the relative position of the Cys192—Cys193 disul- For the purpose of comparison, two independent meth-
fide was conserved. The third variant (V3) was analogous teds were applied: Langevin dynamics GROMACS 3.2.4 pack-
V2, but thep4, B5 andB7 sheets, the beginning of tB2, loops  age bttp://www.gromacs.ory/with GROMOS’87 force field
A, B and D were modeled using the 2BR8, 1UW6 and 1UV6(Gunsteren and Mark, 1992nd molecular dynamics PUMA
structures. Thus, the binding pocket was rebuilt in the same wagackage l(emak and Balabaev, 199&ith AMBER’99 force
as found for AChBP complexes with carbamylcholine, nicotinefield (Wang et al., 2000 Rather short (100 ps) trajectories were
or a-conotoxin (virtually the same rearrangement as in case ofalculated at the temperature 300 K, dielectric permittivityl.
bound low molecular weight ligands, except for the position ofTime step of integration procedures was taken as small as 1fs.


http://www.salilab.org/modeller
http://www.ebi.ac.uk/compneur-srv/lgicdb/lgicdb.php
http://www.ebi.ac.uk/compneur-srv/lgicdb/lgicdb.php
http://www.rcsb.org/pdb
http://www.rcsb.org/pdb
http://swissmodel.expasy.org/
http://swift.cmbi.nl/gv/whatcheck/
http://swissmodel.expasy.org/spdbv/
http://swissmodel.expasy.org/spdbv/
http://dasher.wustl.edu/tinker/
http://www.csd.abdn.ac.uk/hex/
http://www.nmr.chem.uu.nl/haddock/
http://www.nmr.chem.uu.nl/haddock/
http://www.gromacs.org/
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Radius of truncation for Coulomb interactions wasf&2No  general fold of the toxin over a wide range of pH and temper-
periodic boundaries were applied. ature, the most marked change being observed when the Lys25
For the first force field the fo”owing parameters were setwas |abe|ed4\rseniev et al., 1981, Khechinashvili and Tsetlin,
Friction coefficient was of 1000 amu/ps, Lennard-Jones interl984; Tsetlin et al., 1979bAccording to our calculations, the
actions were cut off at 28 without shift or switch functions. Lys25-modified toxin exhibited already at room temperature a
Within the second force field Lennard—Jones interactions wernobility of polypeptide chain of loops I and II similar to that of
calculated only up to 18 (at that, from 15 to 18 a poly-  the wild-type toxin at 80-85C. Thus, we came to conclusion
nomial switch function was applied). We applied collisional that grafting of azidobenzoyl labels should not critically affect
thermostat [(emak and Ba|abae\/, 1gpa_jn||ke Berendsen or both the toxin structure and its blndlng mode to the receptor.
Nose—Hoover thermostats, it does not lead to physically incor-This conclusion is also supported by the relatively high activity
rect dynamic behavior of the syste®dlo and Shaitan, 2002; Of different acylated derivatives of short neurotoxiBéirfov et

Golo et al., 200% al., 1982; Chicheportiche et al., 1972; Hori and Tamiya, 1976;
Yang, 1974. Interestingly, the drop in the activity was bigger if
3. Results and discussion alarger label was introduced. Therefore, we considered justified
to use these NMR and CD data for preliminary quantification of
3.1. Conformational properties of NTII and its labeled the flexibility of unbound toxin and to apply information from
derivatives cross-linking experiments on NTII azidobenzoyl derivatives as

managing standards in HADDOCK simulations.
NTII from N. oxiana cobra venomKig. 1b and d) was chosen
for building a model of th&orpedo NAChR complexwithashort  3.2. Building a model for the T. californica nAChR
neurotoxin because numerous studies on this particular toxiextracellular domain and preliminary docking of NTII
have been earlier performed (see references in revitwedo
et al., 1996; Tsetlin, 1999; Tsetlin and Hucho, 2D0Ahese We decided to construct the extracellular domairT.afali-
included its NMR, and optical spectroscopy studies, preparatiofornica NAChR taking into account a large body of experimen-
of spin-labeled, fluorescent and photoactivatable derivatives dal data on NTII binding to this receptor. All its subunits are
well as analysis of their interaction with tlferpedo receptor.  highly homologous to the corresponding subunits offthear-
The literature also contains abundant information on similarlynorata NAChR (Fig. 1a), whose A resolution cryo-electron
modified homologous short neurotoxins and their mutant formsnicroscopy structure was recently solvédhgvin, 2005, and
(seereviewservent and Menez, 20T hus, at our disposal was were satisfactorily modeled. The only exception isgksubunit
quite impressive amount of data, which might be used to contral68—177 fragment not resolved in tliemarmorata structure
the model creation at every step. and structurally too different from the respective fragment of
The photolabeling data were used as managing criterion of th&ChBP for precise comparative modeling. For this reason, dock-
docking. The flexibility of the whole molecule and of the lysine ing simulations were carried out on the+y interface and then
side chains with or without grafted labels was assessed for motee results were fitted @9 interface with structural alignment
accurate solution filtration. As a final step, positive solutionsof thed-subunit CA-atoms (&atoms of amino acid residues in
were submitted for MD simulations and analyzed using the dat& DB nomenclature) on thg-chain. This is acceptable approxi-
on labeling and mutagenesis of homologous toxins. mation because NTII (a short-typeneurotoxin) was shown not
The mobility of photoactivatable labels (in most cases azito distinguish these two binding sitebsetlin et al., 1979a0n
dobenzoyl ones) introduced at the N-terminus or lysine residuethe contrary, several low-molecular weight ligands and nany
of the NTIl was estimated by computational methods and comeonotoxins have different affinities to these binding sitésaqho
pared with the experimentally measured mobility of spin andet al., 1996; Neubig and Cohen, 1979; Utkin et al., 1994
fluorescent labels at the same positiohaifov et al.,, 1980; To complete the pentameric extracellular domarsubunit
Timofeev and Tsetlin, 1983; Tsetlin etal., 1979a addition,to  possessing only a structural role in the muscle-type nAChR
characterize the mobility of the lysine side chains the NMR datdChangeux and Edelstein, 1998; Stroud et al., 19 built.
for NTlland homologous toxin from Naja nigricollis and erab- The model of the pentameric domain (bothTotalifornica
utoxin b fromLaticauda semifasciata were also usedXrseniev  andT. marmorata) built using 2BG9 structure (model V1, see
et al., 1981; Guenneugues et al., 197 a good accordance Sectior?) asatemplate could not generate any stable solution for
with these experimental results our modeling showed that ththe complex with the toxin. Neither V2 nor V3 variants could
labels on Lys44 and Lys46 were the most flexible, on Leul an@ddopt any position of the NTII correlating with photoaffinity
Lys15, somewhat less. Those on Lys26 and especially on Lys28beling, and the respective solutions have been totally rejected
were limited in their fluctuation by the adjacent side chains. Thes false. As a result only the V4 model was successfully used
labels on Lys15, Lys44 and Lys46 were found to be noticeablyor docking simulations both in HEX and HADDOCK. Interest-
exposed, in contrast to those on Lys25 and Lys26, which agreésgly, a proper solution could not be obtained if the rotational
with the measured accessibility of the respectively positione@ngle of the 2BG9 structure was used. In this case the rela-
spin labels to paramagnetic prob@sétlin et al., 198p tive subunit position was determined by fitting on two adjacent
The structure of NTIl was previously shown to be very stableprotomers of 2BR8. The orientation and packing inconvenience
and the incorporation of labels had practically no effect on thevere later eliminated by molecular dynamics. The overall struc-
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Fig. 3. Overall view of the model refined with MD simulation from side (a) and

) ) ) ) ) . top (b) fora—y subunit interface in complex with NTII. The rotational angle of
Fig. 2. Fit of nAChRa~y interface with no ligand bound (by 2BG8;subunit g ynits is equal to that in pentameric nAChR. Distance to the virtual membrane
in slate,y-subunit in blue) and with NTIl boundxsubunit in red;y-subunit in outer surface as well as the angles between the toxin plane (t.p.) and median axis
orange, toxin in hot pink) represented from side view (a) and top (b). Relative(m.a.) is shown. Designation by coler:subunit in yellow;y-subunit in green,

position of subunits in pentamer is retained. (For interpretation of the referencegT) in red. (For interpretation of the references to color in this figure legend,
to color in this figure legend, the reader is referred to the web version of thgna reader is referred to the web version of the article.)

article.)

ture of final complex was found to be similar to 2BG9, but thejs plunged into the ligand-binding pocket, located at the interface
observed for the intact receptdﬂrﬁwin, 2005. We concluded  the receptor residues by their tips onid. 3, Tables 1 and R
that there Sh0U|d be a 5¢fotation Of th&)L-Subunlt eXtI’aCB||U|aI' The “concave Slde” Of the |Oops 1] and |00p 11 |s Very Close to the

domain to allow the toxin to reach the binding pockeit( 2.  protruding C-loop of the--subunit of the receptor, while the loop

This value is smaller than the 10<1%irm of thea-subunit pos- | N-terminus and “convex side” of the loop Il are accessible

tulated as necessary for agonist bindikngin, 2005; Unwin 5 the solvent. The loop Il is also contacting the F-loop of the

etal., 2002 adjacent subunit. In general, disposition of NTII in the model is
in good agreement with a study of a homologattexin fromanN.

3.3. Refinement of the model and comparison with nigricollis (Teixeira-Clerc et al., 2002 These authors showed

experimental data for short a-neurotoxins that the loop Il of the receptor-bound toxin is hidden and not

accessible for streptavidin, while the loop | and “convex side”
According to our model, NTII in complex with the nAChR of the loop Ill are exposed to the solvent. The penetration of the
is situated at about 38 from the membrane surfac€&if. 3. loop Il into the binding pocket easily explains this fact. It has
Its molecular axis, defined by the direction of {&-sheet (see also been predicted that the toxin should lie-@0° angle to the
Fig. 3), lies at an~80° angle relative to the median axis and at amembrane surface, the loop Il being the closest to it. The same
small angle to the cylinder wall, practically perpendicular to thedisposition is clearly observed in our model, built on the basis
membrane surfac&{g. 3b). About one third of the toxin loop Il of different data.
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Amino acid residues, participating in interactions of NTII with receptes(
interface) determined by docking simulation

NTII nAChR subunit interface
Principal side Complementary side
Loop |
Ser9 Aspl13, Ser115, Tyr111
Gin 10 Aspl13, Serll5
Loop Il
Trp 28 Cys193
Ser 29 Glu57
Asp 30 Cys192-Cys193 Tyrl17(0O-OH)
His 31 Tyr198, Tyr190
Arg 32 Trpl149 Leul09, Asn107, Tyr117
Trp149(NH1/2, NE2-Q
Thr74(NE2-OG)
Gly33 Tyrl17, GIn59
Thr34 Glu 57,GIn59(0OG-NE2)
Loop Il
Lys 46 Thr191
Pro 47 Glul66
Gly 48 llel71
Asn 50 Serl61, (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 receptes(

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

NTII nAChR subunit interface
Principal side Complementary side
Loop |
His4 Asp26
GIn7 (Asn112), (Tyr111)
Ser8 Asn61(0OG-ND)Asp113, Serl15
Ser9 Lys23(OG-NZ)Asn61, Asp113
GIn10 Asn60, Asp61
Loop Il
Lys25 Asp30, Asn157, GIn159(NZ-OE1)
Trp27 Serl61
Trp28 Cys192—Cys193
Ser29 Lys34(OG-NZz)
Asp30  Tyr198(OD1/2-OH) Lys34(0O-NZ) Arg79, Tyr117(0-OH)
Tyr190
His31 Tyro3 Trp55
Arg32  Trpl49 Asn107(NE1-O)
Gly33 Tyrl17, Glu57
Thr34 GIn59
Arg38 Asp30
Loop Il
Lys44 Alal67(NZ-0O)
Lys46 Thr191(NZ-OG,0) (Trp170)
Pro47 Alal67
Asn50 Glul64(ND2-OE1)
Asn52 Glul163(ND2-0)
Asn61 Asn157(0OD1-ND2)

The types of interactions are shown with different fonts: simple, van-der-Waals;

Fig. 4. NMR structure of NTII (green) in solution (INOR) 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 | and Il are
curved to the “convex side” with CA shift of 3&for Ser8, 3.53
for Ser9, 5.9 for His31 and 4.1 for Arg32 (Fig. 4), with the
overall structure CA rmsd value of 1.45. Interestingly, the tip of
the loop Il was found byH NMR to be the most flexible in free
homologousa-toxin (Guenneugues et al., 1997n addition,
the flexibility of loop 1l was manifested as a change of chemical
shifts for lle35 observed upon NTII binding to Torpedo nNAChRs
membranesKrabben 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 they-subunit (it took 15-25ps), 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
of NTIl (His4 and GIn7 in loop |, Lys25, Trp27, Arg38 in loop

underlined, H-bond (toxin residue atom-receptor residue atom); bold, ionic paittl, Lys44, Asn50, Asn52 and Asn61 in loop llI, sdable 2
bold italic, pi-cation; in brackets, doubtful or very weak.

which could be characterized as important, but not critical
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for interaction with the receptor. Similar conclusions wereindispensable for agonist bindinGélzi et al., 1991; Sullivan et

drawn from mutagenesis studiescetoxins fromN. nigricollis
(Pillet et al., 1993; Tremeau et al., 19¥ndNaja mossambica

al., 2002.
However, several contacts deduced from pair-wise mutations

mossambica (Ackermann and Taylor, 1996; Ackermann et al., are absent in the model. For example, there is no interaction
1998; Osaka et al., 200t is worth to mention that Arg36 of with aPro197. Apparently, this residue is playing an important
neurotoxin | fromN. mossambica mossambica (homologous role in the maintenance of the C-loop structure, and its mutation
to Arg38 of NTII) failed to form an identified contact with thus should affect the toxin binding. Our results support the
the complementary side of the—y interface in pair-wise significance of the method of pair-wise mutations, but also
experiments, probably because of only a small number of testeshow the need of cautious interpretation of experimental
mutant receptorsckermann et al., 1998In the frames of our data.
model, Arg38 forms an ionic pair with thesubunit Asp30 that Qualitative information about the nAChR binding sites from
correlates with the energy profit found for the contact of Arg36earlier spectroscopic and photolabeling studies on the fluores-
from neurotoxin | with nAChR. In addition, experimentally cence, spin-labeled and photoactivatable derivatives of NTIl can
measured distanceblichalet et al., 200Pbetween the tips of be rationalized in the frames of our model.
loops | and Il of thex-toxin N. nigricollis bound toa—y site of Because the side chains of the neighboring Lys25 and Lys26
the T. marmorata NAChR, and Cys192—-Cys193 bridge of the are oppositely directed relative to plane of loopHRid. 4) and
a-subunit are close to those obtained by our modeling (51.5 different labels (photoactivalable, spin, fluorescence) grafted on
and 15.58 versus 10.% and 15.0—18.§\). them made cross-links or “felt” the receptor surface, it was postu-
Docking simulation revealed five contacts of particular inter-lated that the toxin loop Il should penetrate into nACHRétlin
est between residues of the receptor and NTII, which seem tet al., 1982; Hucho et al., 1996
determine mainly their specific interactiofaple 1. The kinet- It was previously shown that fluorescence spectra of NTII
ics of changing of distances characterizing these contacts saving dansyl (DNS) labels at Lys46, Lys25 and Lys26 undergo
presented irFig. 5. Two of these toxin residues, Arg32 and blue shift when respective derivatives are bound to the receptor
Lys46, were found to be the most critical for activity of a short (Tsetlin et al., 198R The proximity of a tryptophan residue
neurotoxin Ackermann and Taylor, 1996; Kreienkamp et al., of the Torpedo nAChR to Lys46 position was suggested, as
1992; Tremeau et al., 1995; Tsetlin et al., 1p82n the other Lys46-DNS derivate demonstrated enhanced fluorescence at
hand, several receptor residueg{p149,yTrp55,vyGIn57 and  Aexcit 298 nm in the receptor complex. In our model, there is
vTyrll7), shown by mutagenesis to be essential for binding/Trp170 at thex—y interface just near the Lys4@dble 2. A
of neurotoxin | fromN. mossambica mossambica (Ackermann  hydrophobic surrounding is found for Lys26 and Lys25. Since
and Taylor, 1996; Osaka et al., 2Q0fdrm strong contacts with Leul and Lys15 were not found to interact with the receptor
NTII in our model (Tables 1 and 2 In addition, in our model in our model, the absence of large differences between fluores-
we also see the toxin interaction with several nAChR residuesence of free and bound Leul and Lys15 NTIlI DNS derivatives
(aTyr93, aTrpl49,aTyr190,aTyrl98 andyTrp55), which are  is not surprising.

9r

— tArg32-uTrp149
tArg32-yTyr117
— t{Thr34-yGIn59
— tSer9-yAsp113
tLys46-0:Thr191
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Fig. 5. Kinetics of the distances between functional groups of contacting residues (3 ps of preliminary relaxation are not shown) in AMBER'98. fibiseséen
that according to AMBER’99 the contacts mentioned in the legend are roughly within a radids of 5
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For spin-labeled NTII derivatives it was found that the labelssee 2BG9 structure). The C-loop of thesubunit did not vir-
on Lys25, Lys26 and His31 became less flexible when the toxitually change its shifted position in complex even after 100 ps
was bound to the receptofgetlin et al., 198p This correlates MD simulations, just the winding of the loop (residues 194—-198)
with the contacts identified by the model: His31 is entering theedistributed along the primary structure. This fragment has no
binding pocket, Lys25 interacts with the complementary sidedirect contacts with NTII, and preserves relative flexibility lim-
and Lys26 is hindered by side chains of loops | and 1l as well agted by aCys192,aCys193 andxTyr198 involvement in the
by the tip of the receptor C-loofgébles 1 and Z-ig. 4). Interest-  toxin-receptor interaction. Similar fluctuations were previously
ingly, the accessibility of the labels to the paramagnetic probesuggested for AChBP—agonist complexes on the basis of fluores-
diminishes for Lys26 and Lys46 and dramatically decreases farence studies and MD simulatior3go et al., 200b Moreover,
His31 when the toxin is bound to the receptdsétlin et al., a non-restricted mobility of the-subunit C-loop in the resting
1982. The model is also in accord with these data, since bystate of the receptor was suggestBdirne et al., 2006 Our
docking and MD the His31 was found to be deeply inserted intanodel provides an additional support to this hypothesis because
the binding pocket and Lys46 to interact with the F-loop of theformation of even unstable complex of the toxin with receptor
complementary side and the C-loop of the principal. For label otnaving a closed C-loop was not possible by docking simulations.
Lys26, the proximity to a negatively charged or sulfur-containing In contrast, docking of the NMR structures of NTIl was suc-
group of the receptor was suggestdddtlin et al., 198p and  cessful if the C-loop was drawn aside from the receptor’s body.
the closeness to theCys192-«Cys193 disulfide was shown by Subsequent MD simulations resulted in some local conforma-
the model. tional changes in the toxin. However, for initial entry into the

The results of numerous photolabeling experiments can findeceptor-binding pocket the toxin should “seize the moment”
explanation in the frames of our model. For example, it is obvi-when the C-loop is going out. When the C-loop protrudes from
ous why the twax-subunits are the predominant cross-linking the receptor surface, the toxin insertsiits loop Il, with Arg32 emu-
sites for thep-azidobenzoyl group at the Lys46, while for the lating the positive charge of the agonist into the ligand-binding
same label at Lys26 the major cross-links are withdhand  pocket. Then the toxin loops | and Il interact by their tips with
v-subunits Kreienkamp et al., 1992The cross-linking to the the receptor residues. This should be a very fast process that is
d-subunit with nitrodiazirine labels at positions 25 and 44 is alsovhy the toxins maintain a very rigid structure ideally adapted
in good accordance with the modeltkin et al., 1995%. for pocket entering. Interestingly, the kinetics of the binding of

The distance from the toxin center to the outer membrane sushort neurotoxins to the receptor was experimentally found to be
face (~25,&) estimated from thé-subunit cross-link with the very fast Chicheportiche et al., 1975; Endo et al., 138khus,
Lys25 azidosalicylamidoethyl-1,3-dithiopropyl (ASED) deriva- diverse perturbations of the toxin structure, such as an introduc-
tive of NTIl (Machold et al., 1995ais in accord with that tion of a bulky label at Lys25, which might alter the angle of
proposed by our model. However, the contact as such witentry, or mutation of Lys26 whose salt bridge with Glu37 main-
dAla268 is not easy to realize in the frames of the model. Theains the stability of the loop, may influence the kinetics and
same concerns labeling of tBesubunit by Lys15 derivatives of  affinity of the toxin for the receptor.
NTII bearing ASED or benzoylbenzoyl photolabeldachold The turn of thex-subunit of the receptor, similar to that pos-
et al., 1995b; Kasheverov et al., 199%he reason might be in tulated for agonist bindingJnwin et al., 2002; Unwin, 2005
changing of the correct positioning of NTII carrying bulky label was required to accommodate a shereurotoxin in our model
as compared with binding of unmodified toxin. On the other(Fig. 2). A slight rigid-body rotation of protomers was also
hand, cross-linking to the neighboring receptor molecules irdetected for AChBP in complex with-conotoxin Celie et
tightly packed membranel iwin, 2005 cannot be excluded for al., 2005. The conformational changes detected by MD sim-
the toxins derivatives with photolabels attached via long spacailations are virtually equal to those required for the formation
arms. Indeed, it was shown that perturbation of the membranef the final stable complex. The number of contacts consid-
structure with temperature or non-ionic detergents might affecerably increases (compal@bles 1 and Rand the interaction
toxin binding at equilibrium and the photoinduced cross-linkssurface becomes larger, especially on the complementary side

(Saez-Briones et al., 1999 (Fig. 6). Just 15-25 ps is enough for the rearrangement of the
toxin—receptor complex. This position of the toxin is stable, at

3.4. A comparison of the nAChR and AChBP complexes least for 100 ps, as was found by MD dynamics.

with short a-neurotoxin, long a-neurotoxin and «-conotoxin The interaction ofa-cobratoxin fromN. kaouthia with

AChBP was shown to evoke a downstream shift of the F-loop on

The proposed model shows that the C-loop outward shifthe complementary side of the pockBb{irne et al., 20056 This
is critical for shorta-neurotoxin NTII binding to the nAChR. toxin introduces the tip of its loop Il into the pocket from the so-
The same was found by X-ray analysis for the complexes o€alled “small cavity” and from bottom of the C-loofif. 7c).
AChBPs witha-cobratoxin fromNaja kaouthia (Bourne et al.,  According to our model, a shast-neurotoxin interacts with the
2005 or with a-conotoxin PnlA analogCelie et al., 200p  receptor in a different mode entering the pocket from the top-
The spatial disposition of the C-loop disulfide Cys192—-Cys193ight (looking from the outside of the subunit pore) of the C-loop
in complexes with antagonistB¢urne et al., 2005; Celie et al., from the “big cavity” (Fig. 7). This way of forming the com-
2005 and agonistsgelie et al., 20041UW6, 1UV6) is changed plex is more similar to that of the AChBP—-conotoxkid. 7a).
as compared to its position in the intact nACHBRh(vin, 2005  Therefore, there are clear differences in certain details of bind-
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Fig. 6. Surface image of binding pocket on the nAGhR 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. Reaohtigebieting site

can be seen. (c) Surface image of NTIl in the binding pocket from toxin “concave side” (left) and toxin “convex side” (right). Some residues fonndltedén
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 kegeadetls
referred to the web version of the article.)

ing between short and lorgneurotoxins, belonging to the same charges at the tip of loop Il (Arg33 and Arg32, respectively) that
family of the three-finger snake venom proteins. partially mimic the charge of the agonist nitrogen. However,
On the other hand, a general similarity of their binding modeseither long, nor shork-neurotoxins permits the assembly of
is also evident. As follows from the biochemical, molecular biol- the box, breaking it with aromatic moieties of Phe29 and His31,
ogy and electrophysiology data supported by X-@gl{e etal., respectively Fig. 8).
2004, MD and fluorescence spectroscofBe et al., 200p as Paradoxicallyx-conotoxin sterically emulates nicotine by its
well as by cryo-electron microscopy datdarniwin, 2005, ago-  double proline sequence Pro6Pro7. The aromatic residues of the
nist binding evokes the formation of the “aromatic box” built nAChR are oriented roughly in the same way as in the com-
of aTrpl49,aTyr93, aTyrl90, aTyrl98 andyTrp55 residues plex with an agonistQelie et al., 2004, 2005Moreover, while
(T californica a—y interface numeration) around the positive a-conotoxin [A10L]PnIA is an antagonist of the neuronal
charge of a ligand. Both-cobratoxin and NTII have positive nAChR, with the same receptor bearing a Leu247Thr mutation
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Fig. 7. Comparison of the positions @fconotoxin PnlA analog (a), shostneurotoxin NTII (b), longx-neurotoxina-bungarotoxin fromBungarus multicinctus

(c) in the ligand-binding site represented @ny interface ofTorpedo californica nNAChR. The position of conotoxin was taken from 2BR8. The position of NTII
was obtained by fitting of described model structure. The position afthengarotoxin 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 éocobratoxin Bourne et al., 2006 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 thisonotoxin at relatively rangement of the receptor molecule resulting in the channel
high concentrations plays the role of an agoni$ddg et al., opening. The snake toxins are blocking this rearrangement, not
2003. allowing a correct assembly of the binding pocket and occupying
Some local conformational changes in the binding pockethe place of agonist. Aa-conotoxin, also placed in the agonist-
induced by agonist binding should lead to a more global rearbinding pocket, still permits the proper rearrangement of the
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4. Conclusion

o Tyr 190

A first model for the interaction of shost-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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