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Abstract Inhibitor cystine knots (ICKs) are a family of struc-
tural peptides with a large number of cysteine residues that
form intramolecular disulfide bonds, resulting in a knot. These
peptides are involved in a variety of biological functions in-
cluding predation and defense, and are found in various spe-
cies, such as spiders, scorpions, sea anemones, and plants. The
Loxosceles intermedia venom gland transcriptome identified
five groups of ICK peptides that represent more than 50 % of
toxin-coding transcripts. Here, we describe the molecular
cloning of U2-Sicaritoxin-Lit2 (U2-SCRTX-Lit2), bioinfor-
matic characterization, structure prediction, and molecular dy-
namic analysis. The sequence of U2-SCRTX-Lit2 obtained
from the transcriptome is similar to that of μ-Hexatoxin-
Mg2, a peptide that inhibits the insect Nav channel.
Bioinformatic analysis of sequences classified as ICK family
members also showed a conservation of cysteine residues
among ICKs from different spiders, with the three dimension-
al molecular model of U2-SCRTX-Lit2 similar in structure to

the hexatoxin from μ-hexatoxin-Mg2a. Molecular docking
experiments showed the interaction of U2-SCRTX-Lit2 to
its predictable target—the Spodoptera litura voltage-gated so-
dium channel (SlNaVSC). After 200 ns of molecular dynamic
simulation, the final structure of the complex showed stability
in agreement with the experimental data. The above analysis
corroborates the existence of a peptide toxin with insecticidal
activity from a novel ICK family in L. intermedia venom and
demonstrates that this peptide targets Nav channels.
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Introduction

Spider venom consists of a complex mixture of toxins used for
predation and defense. The heterogeneity of these toxins is
directly responsible for ensuring the evolutionary success of
spiders, making them the most abundant terrestrial venomous
group [1]. Spider venoms are usually colorless liquids
enriched with a variety of proteins and chemical compounds,
such as enzymes, polypeptides, polyamines, nucleic acids,
free amino acids, monoamines, and inorganic salts [2, 3].
Neurotoxins exist among several toxins present in spider ven-
om and act on ion channels in insects and/or mammals, caus-
ing paralysis and death. These insecticidal toxins are found
not only in spider venoms but also in other venomous species
including, scorpions, cone snails, plants, and sea anemones.
Most insecticidal toxins are cysteine-rich peptides with a mo-
lecular mass between 2 and 12 kDa [4], and these peptides
frequently assume a structural scaffold known as an inhibitor
cystine knot (ICK). This scaffold is characterized by the

Highlights
• The importance of cysteine residue conservation among knottin peptide.
• Bioinformatic characterization of an ICK peptide from L. intermedia
venom.

• Toxin and channel structure predictions and dynamic interactions.

* Olga Meiri Chaim
olgachaim@ufpr.br

1 Department of Cell Biology, Federal University of Paraná, Jardim
das Américas, 81531-990 Curitiba, Paraná, Brazil

2 Laboratory of Computational Biology and Bioinformatics, Federal
University of ABC, Santo André, São Paulo, Brazil

3 Laboratory of Molecular Immunopathology, Department of Clinical
Pathology, Clinical Hospital of Federal University of Paraná,
Curitiba, Paraná, Brazil

J Mol Model (2016) 22: 196
DOI 10.1007/s00894-016-3067-0

http://crossmark.crossref.org/dialog/?doi=10.1007/s00894-016-3067-0&domain=pdf


presence of two or three antiparallel β-sheets maintained by
two disulfide bonds. A third disulfide bond crosses this scaf-
fold resulting in a pseudo-knot arrangement [5, 6]. Due to this
knot, these peptides are also known as knottins.

Cystine-knotted peptides are subdivided into three
groups—inhibitor cystine knot (ICK), cyclic cystine knot
(CCK) and growth factor cystine knot (GFCK), according to
their knot structure and amino acid backbone [5]. Cystine-
knotted peptides are very stable, as the disulfide bonds in the
knot structure make the peptides resistant to protease activity,
extreme pH levels, and high temperatures [7, 8]. ICK peptides
are structurally similar to CCK peptides; both types of knots
are formed by β-sheets that are stabilized by disulfide bonds.
Spider venoms are the most abundant source for cystine-
knotted peptides from the ICK family, with 775 peptides al-
ready deposited in the Knottin Database [9, 10]. It has been
suggested that ICK peptides may act upon many different
targets, such ion channels, NMDA receptors, and acid-
sensing ion channels (ASICs). ICK spider toxins have been
widely studied and well described. For example, the biologi-
cal activity and tertiary structure of atracotoxin (delta-
atracotoxin-Ar1), the first NaV channel binding toxin identi-
fied, have been extensively studied and identified [11].

Additionally, CCKs are the most stable peptides in the
cystine-knotted peptide family and are present in Archaea,
Bacteria, and Eukaryotes. CCK peptides, also called
cyclotides, have a cyclic backbone in which the N- and C-
termini are joined through a conventional amide bond.
These peptides are essential in plant defenses against insect
predation. Cybase is a database for cyclic peptides containing
818 sequences from 105 species throughout all kingdoms of
life [12, 13], with cyclotides representing a large variety
of antiretroviral, antimicrobial, hemolytic, and uterotonic
properties [14].

Loxosceles intermedia is a brown spider of the Sicariidae
family commonly found in Brazil. Loxosceles spiders have a
violin-shaped pattern on the dorsal surface of their cephalo-
thorax. Their body length varies from 1 to 5 cm, including the
legs, and they have six eyes arranged in non-touching pairs in
a U-shaped pattern. Their venom is a complex mixture of
proteins and peptides, with phospholipases-D being the most
well characterized enzyme [15]. For Loxosceles intermedia
venom, three peptides with lepidopteran larvae insecticidal
activity have been previously purified and tested. The De
Castro laboratory identified and named the peptides as LiTx
1–3 in 2004 [16] (following suggested nomenclature King
2008 [17], U1-sicaritoxin-Li1a, U1-sicaritoxin-Li1b, U2-
sicaritoxin-Li1a, respectively). Both LiTx1 and LiTx2 exhibit
high amino acid sequence similarity with NaVor CaV channel-
targeting toxins. The possible target of LiTx3 is the NaV chan-
nel due to its sequence similarity with δ-paluT3 (δ-
Amaurobitoxin-Pl1c). δ-paluT3, purified from Pireneitega
luctuosa (old Paracoelotes luctuosus) has been demonstrated

to have activity against insect Nav channels, but not mamma-
lian Nav channels [18].

All three toxins from L. intermedia are peptides rich in
cysteine residues and are putative ICKs. Matsubara and co-
workers [19] cloned and expressed a new ICK peptide isoform
(U2-SCRTX-Li1b) from L. intermedia. This new recombinant
peptide was used as an antigen to produce hyperimmune sera.
The recombinant U2-SCRTX-Li1b was also recognized by
antisera against L. intermedia, L. laeta, and L. gaucho, sug-
gesting the existence of similar peptides in different
Loxosceles species. Transcriptome analysis of the
L. intermedia venom gland by Gremski and coworkers [20]
revealed additional LiTx toxins with predicted insecticidal
activities. They also made note of another toxin group with
2.4 % of toxin-encoding transcripts related to Magi 3 (μ-
hexatoxin-Mg2a) from the Macrothele gigas spider, another
insect Nav channel inhibitor. μ-hexatoxin-Mg2a binds specif-
ically at site 3 of the NaV channel, causing reversible paralysis
in Spodoptera litura [4]. We further characterize these toxins
below.

Interest in characterizing knottin peptides stems from their
varied activities against different targets and the fact that they
have three important characteristics for drug design: excellent
stability, high target selectivity, and high specificity [21].
Here, we describe the bioinformatic characterization of a nov-
el ICK peptide from L. intermedia venom, the relationship
between U2-SCRTX-Lit2 and other ICK spider toxins, and
the predicted peptide and channel structures to infer the mo-
lecular target and mode of action for this ICK toxin.

Material and methods

Reagents

DNA molecular mass standards, Taq DNA polymerase, Pfu
DNA polymerase, T4 DNA ligase, restriction enzymes, and
dNTPs from Fermentas (Burlington, Canada). Crude
L. intermedia venom was extracted from wild-caught spiders
in accordance with the Brazilian Federal System for
Authorization and Information on Biodiversity (SISBIO-
ICMBIO, N° 29801–1) [22].

U2-SCRTX-Lit2 cDNA cloning

cDNA encoding the putative mature knottin peptide U2-
SCRTX-Lit2 was amplified by PCR from the venom library
made byGremski et al. [20]. The forward primer that was used
was 5′-GAAGTAGAAGATACACCA-3′, and the reverse
primer was 5′-AATCTCGAGTCAGTTGGTGATTCC-3′.
The amplified sequence was then subcloned into the pET
SUMO vector (Invitrogen, USA). The correct construct was
confirmed by sequencing.
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Bioinformatics analysis of amino acid sequences

The LIC 327DNA sequence, which was obtained from
Gremski et al. 2010 [20], was analyzed using online
tools and showed similarity with μ-Hexatoxin-Mg2
(AS000380). The sequence was translated using the
EXPASY tool [23], and signal peptide prediction was
performed using the SignalP tool [24]. The ProtParam
tool was used to calculate different physical chemical
peptide parameters [25]. The classification of the
cloned sequence, U2-SCRTX-Lit2, in the cystine knot
family was determined using the Knotter 1D tool [9,
10]. Others knottin sequences were obtained from the
Arachnoserver database, and the hydrophobic signal
peptides and propeptides were defined by the SpiderP
tool [25]. All analyses were performed using the de-
fault parameters. Multiple sequence alignments were
generated using ClustalW2 with modified parameters
(Gap open penalty = 8; Blosum table cysteine value
was set for 100) [26]. The accession numbers of the
aligned sequences obtained from the Arachnoserver da-
t a b a s e a r e a s f o l l ows : U11 - c t e n i t o x i n - Pn1 a
(AS000266), U11-ctenitoxin-Pn1b (AS000161), U12-
ctenitoxin-Pn1a (AS000267), U18-ctenitoxin-Pn1a
(AS000254), U19-ctenitoxin-Pn1a (AS000213), U1-
ctenitoxin-Pn1a (AS000282), U1-ctenitoxin-Pr1a
(AS000216), U2-ctenitoxin-Pk1a (AS000230), U2-
ctenitoxin-Pn1a (AS000234), U2-ctenitoxin-Pn1b
(AS000232), U7-ctenitoxin-Pk1a (AS000268), U8-
ctenitoxin-Pk1a (AS000238), U8-ctenitoxin-Pr1a
(AS000263), U9-ctenitoxin-Pr1a (AS000214), Γ-
ctenitoxin-Pn1a (AS000279), δ-ctenitoxin-Asp2e
(AS000016), δ -cteni toxin-Pn1a (AS000280), δ-
cteni toxin-Pn1b (AS000278), δ -cteni toxin-Pn2a
(AS000243), δ-c tenitoxin-Pn2b (AS000242), δ-
c teni toxin-Pn2c (AS000241) , δ -c teni toxin-Pr2d
(AS000259), ω-ctenitoxin-Pn4a (AS000269), ω-
ctenitoxin-Pr2a (AS000239), U1-hexatoxin-Hi1a
(AS000646), U1-hexatoxin-Hv1a (AS000209), U1-
hexatoxin-Iw1a (AS000601), U1-hexatoxin-Iw1b
(AS000643), U1-hexatoxin-Iw1c (AS000564), U1-
hexatoxin-Iw1d (AS000544), U1-hexatoxin-Iw1e
(AS000691), μ-hexatoxin-Mg2a (AS000380), ω-
oxo tox in -Ol1a (AS000207) , ω -oxo tox in -Ol1b
(AS000208), ω-oxotoxin-Ot1a (AS000779), U1-
plectoxin-Pt1a (AS000405) , U1-plec toxin-Pt1b
(AS000409), U1-plectoxin-Pt1c (AS000392), U1-
plec toxin-Pt1d (AS000393) , U1-plec toxin-Pt1f
(AS000395), U3-plectoxin-Pt1a (AS000391), ω-
plectoxin-Pt1a (AS000412), U1-sicari toxin-Li1a
(AS000225), U1-sicaritoxin-Li1b (AS000251), U1-
sicaritoxin-Li1c (AS000283) and U2-sicaritoxin-Li1a
(AS000273).

Molecular modeling and structure equilibration

Molecular modeling of Spodoptera litura voltage-gated sodi-
um channel (SlNaVSC – UniProt reference Q3Y5H0) was
performed by MODELLER 9.15 [27], using a pore-only so-
dium channel derived from Alkalilimnicola ehrlichei (PBD
4LTO) as a template [28]. Human agouti related protein
(PBD 1HYK) [29] was used as a template for U2-SCRTX-
Lit2 modeling. Both templates were chosen after multiple
amino acid sequence alignments performed in HHpred
webserver [29]. 4LTO structure showed the possibility of
99.96 % for homologous relationship and 1.5 × 10−29 E-value,
while for 1HYK it was 97.36 % and 3.6 × 10−4, respectively.
Disulfide bonds were explicit in input parameters.
PROCHECK webserver [30] was used to evaluate the stereo-
chemical quality of the models. Over 93 % and 70 % of the
residues of the modeled SlNaVSC and U2-SCRTX-Lit2, re-
spectively, were assigned on the best allowed regions of the
Ramachandran plot, and the remaining residues were located
in the marginal regions of the plot; except for Cys25 of U2-
SCRTX-Lit2 which occurred in the disallowed region (data
not shown).

We performed molecular dynamics to optimize the
SlNaVSC structure in a DLPA bilayer and water using
Gromacs simulation package, version 5.1 [31]. The system
was built with CHARMM-GUI webserver [32–34] with
TIP3P water molecules [35] modified for the CHARMM
force field. To ensure the successful equilibration of the sys-
tem, relaxing the structure before productionMD, we opted to
perform six steps of equilibration dynamics, as described in
Jo, Kim, and Im (2007) [33]. Equilibration consisted of apply-
ing restraints to the protein, water, ions, and lipid molecules as
follows: i) harmonic restraints to ions and heavy atoms of the
protein; ii) repulsive planar restraints to prevent water from
entering into the membrane hydrophobic region; and iii) pla-
nar restraints to hold the position of head groups of mem-
branes along the Z-axis. The restraint forces were gradually
decreased step by step and completely removed during the
production MD of 200 ns. The reference structure for the
normal modes and docking studies in this work was obtained
at the lowest energy state during production MD, which was
achieved in an RMSD plateau, in other words, when the sys-
tem was in equilibrium.

Normal modes analysis

Normal modes analysis was used to investigate possible open-
ing motions of the channel, which is important for toxin
docking. We calculated the first 87 internal lowest frequency
modes of the minimized channel structure. These first modes
describe the most representative global conformational chang-
es for the molecule. The opening motions were observed in
modes 11 and 23 (Fig. 4). The simulations were performed
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using CHARMM software [36] and CHARMM36 force field,
excluding CMAP [37].

Modes 11 and 23 were used as directional constraints to
generate low-energy structures along the normal mode vectors
using the VMOD algorithm in CHARMM [38–40]. The
VMOD routine restricts only the normal mode coordinate
whereas others degrees of freedom remain unaltered [41]. The
structures were displaced from −3.0 Å to +3.0 Å using steps of
0.1 Å, resulting in 61 intermediate low-energy structures along
each mode. During minimization, the cutoff for non-bonded
interactions was set to 10 Å, with a switching function applied
between 8 Å and 10 Å [42]. This procedure allowed us 122
different receptor structures to docking calculation.

Molecular docking and evaluation of the complex stability
by molecular dynamic simulation

Docking simulations were performed with Hex 8.0.0 [43]. Hex
treats proteins as rigid bodies and makes a blind search evalu-
ating the interaction correlation between structures using the fast
Fourier transformation algorithm. Each molecule is modeled
using an orthogonal three-dimensional expansion to encode its
shape, electrostatic charge, and distribution of potential. The
effects of solvation and desolvation were treated as surface phe-
nomena, since the algorithm assumes an exclusion model vol-
ume and complementarity of form [44]. For each receptor struc-
ture 1000 solutions were determined. The best 50 solutions of
each round were then clustered into eight final clusters. Further
analyses were made using BINANA 1.2.0 [45] to evaluate the
specific molecular interactions between channel and toxin. The
best solution was used as reference structure to new molecular
dynamics analysis to evaluate the behavior of the docked com-
plex over time. Molecular dynamics were performed by
inserting the complex in a DLPA bilayer and TIP3P water, as
described in the previous section.

Results

Analysis and obtainment of nucleotide and amino acid
sequences

The transcriptome analysis of L. intermedia venom, described
by Gremski and coworkers, identified a group of toxins that

were similar to μ-hexatoxin-Mg2a (Magi 3) [20]. This novel,
putative toxin-encoding sequence was registered by 19
expressed sequence tags (ESTs), which were grouped in nine
clusters, and coded for two distinct amino acid sequences,
both 82 residues in length. These two amino acid sequences
have only seven different residues; three residues are in the
mature form of the peptide sequence, and one is a conservative
substitution. In the present study, we focused on one of these
two main sequences (LIC 327), and investigated the peptide,
U2-SCRTX-Lit2, using bioinformatics tools available online.
The predicted amino acid sequence was obtained using the
EXPASY translate tool and showed the presence of 10 cyste-
ine residues. The SignalP tool predicated that U2-SCRTX-
Lit2 contains a signal peptide of 19 amino acid residues.
Further analysis with the ArachnoServer using the SpiderP
tool showed a propeptide of 15 amino acid residues, resulting
in a mature toxin of 48 residues. The analysis of the disulfide
bond patterns performed using the Knotter 1D tool in the
Knottin Database suggested that six cysteine residues formed
a C1-C4/C2-C6/C3-C9 structural motif. The acquired disulfide
bond pattern agrees with the predicted pattern for the μ-
hexatoxin-Mg2a neurotoxin (Fig. 1). Due to the sequence
similarity between U2-SCRTX-Lit2 and μ-hexatoxin-Mg2a
(52 %) and the presence of 10 cysteine residues, the predicted
U2-SCRTX-Lit2 amino acid sequence was submitted to the
Knottin Database for further analysis. The U2-SCRTX-Lit2
predicted sequence was defined as a putative ICK family
member by the Knotter 1D tool.

Amino acid alignment of ICK sequences

To compare the U2-SCRTX-Lit2 sequence with structurally
related peptides, we performed a search in the ArachnoServer
database for sequences that were predicted to form five disul-
fide bonds, equal to the number of predicted disulfide bonds in
the U2-SCRTX-Lit2 peptide. The search returned 42 potential
sequences containing 10 to 12 cysteine residues. These se-
quences and four predicted ICK peptides from L. intermedia
venom, which also contained 10 cysteine residues, were used
to generate multiple sequence alignments. The 47 chosen se-
quences were from eight genera and 12 species of spiders,
with these toxins acting on many distinct molecular targets.
Multiple sequence alignments were performed using
ClustalW2 with modified parameters: the gap open penalty

Fig. 1 Alignment between the mature form of U2-SCRTX-Lit2 (LIC
327) and μ-hexatoxin-Mg2a (AS000380). The 10 cysteine residues
(gray) are conserved between the sequences and are numbered from 1

to 10. The three disulfide bonds that form the knotmotif are represented at
the top of the figure
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was 8 and the Blosum table cysteine value was set to 100.
Only mature sequences were used for alignment. The
ClustalW2 alignment showed that nine cysteine residue posi-
tions were highly conserved among all sequences.
Additionally, four other cysteine residues (positions 31, 36,
45, and 106) were conserved among some sequences, al-
though the positions were not the same in all sequences

(Fig. 2). BLAST analysis showed that U2-SCRTX-Lit2 had
more similarity with toxins from the Hexathelidae,
Plectreuridae, and Sicariidae spider families. Toxins from
these families are able to inhibit sodium and calcium channels,
causing paralysis and death in insects. This result in addition
with the above bioinformatic findings suggest a putative bio-
logical function for U2-SCRTX-Lit2.

Fig. 2 Alignment among ICK toxin sequences. The alignment shows
nine cysteine residues aligned among all sequences, and four other
residues found in some groups of toxins. U2-SCRTX-Lit2 has the same
cysteine profile as the plectoxins andμ-hexatoxin-Mg2a, the most similar
one by BLASTp analysis. The difference in length and composition of

amino acids in the loops and the regions between cysteine residues which
are related with broad spectrum of activities from ICK toxins are also
highlighted. Alignment performed using ClostalW2 with modified
parameters gap open penalty = 8 and Blosum table cysteine value set to
100

Fig. 3 Ribbon diagrams of the
modeled SlNaVSC. The five α-
helices building the 3D-folding of
the channel are differently colored
and numbered H1–H5 (a). View
by side (b) and top (c). Surface
hydrophobicity of SlNaVSC (d
and e). Orange and blue represent
maximum hydrophobicity and
hydrophilicity, respectively. N
and C correspond to the N- and C-
terminus of the polypeptide
chains, respectively
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Three-dimensional modeling of Spodoptera litura NaVSC
and U2-SCRTX-Lit2

The modeled SlNaVSC is built from five α-helices. Helices
H1 and H4 span the transmembrane, H2 and H3 are respon-
sible for the control of channel penetrability, and H5 is intra-
cellular (Fig. 3b and c). The tetramer contains a predominantly
hydrophilic cavity; the external helices show a highly hydro-
phobic pattern, as expected for the transmembrane regions

(Fig. 3d and e). Each chain interacts with the others by inter-
weaving hydrophilic and hydrophobic interactions with its
neighbor. SlNaVSC helices H2 and H3 are more flexible than
others regions, consistent with their role in controlling the
opening and closing of the channel cavity. Other regions of
the channel are quite rigid.

Based on molecular modeling, the U2-SCRTX-Lit2 pre-
dicted structure exhibits an N-terminal antiparallel β-hairpin
that is stabilized by a complex cysteine knot, formed by five

Fig. 4 Ribbon diagrams of the
modeled U2-SCRTX-Lit2. The
five salt bridges are specified in
ball and stick representation (a).
N and C correspond to the N- and
C-terminus of the polypeptide
chains, respectively. Surface
hydrophobicity of U2-SCRTX-
Lit2 (b). Orange and blue
represent maximum
hydrophobicity and
hydrophilicity, respectively.
Qualitative surface electrostatic
potential of U2-SCRTX-Lit2 (c).
Blue represent positive regions,
white neutral and red negative
regions

Fig. 5 Motion representation of
normal modes 11 and 23. Normal
mode 11 side (a) and top (b) view
of SlNaVSC; when chains A and
C are open, B and D are closed.
Normal mode 23 side (c) and top
(d) view of SlNaVSC; all chains
open and close together. Vectors
are placed into Cα atoms of each
residue
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putative disulfide bonds between Cys02-Cys17, Cys09-
Cys23, Cys16-Cys35, Cys20-Cys33, and Cys-25-Cys42 in-
cluding the ICK domain (Fig. 4a). This knottin fold is impor-
tant in all spider toxins targeting vertebrate or insect voltage-
gated sodium channels. However, this does not rule out the
possibility of other targets, such as calcium, potassium, proton
or mechanosensitive channels [46–48], or hemagglutination
in erythrocytes [49, 50]. According to King and collaborators,
the ICK biological activities are often present or similar in
molecules containing a structural scaffold defined by disulfide
bond patterns [51]. The alignment of U2-SCRTX-Lit2 with
the structural models of the μ-hexatoxin-Mg2a (Magi-3) and
δ-hexatoxin-Mg1a (Magi-4) toxins, which were used to ex-
perimentally test for Nav channel binding [4, 49], showed that
U2-SCRTX-Lit2 shares characteristics with these neuro-
toxins. The charge distribution is an important feature that
can be observed in the U2-SCRTX-Lit2 model. The presence
and arrangement of positively charged residues (Lys19 and
Arg39) followed by non-polar residues (Leu40, Leu41,
Trp5, and Val21) and negatively charged residues (Asp7 and
Asp36) strongly suggest an affinity for SlNaVSC channel site
3 [52, 53] (Fig. 4c). Due to the complex cysteine-knot and
highly packed structure, U2-SCRTX-Lit2 shows much more
rigidity in comparison with SlNaVSC. The surface of U2-
SCRTX-Lit2 is mainly hydrophilic (Fig. 4b).

Normal modes analysis

We observed that modes 11 and 23 showed different opening
motions: mode 11 had alternating opening of two monomers,
while mode 23 showed the opening of the four monomers

simultaneously (Fig. 5). These motions can be verified by
the increase of the solvent accessible surface of the main cav-
ity in the open structures (Table 1). We obtained 61 new struc-
tures related to the structure displacement along each mode by
using VMOD on CHARMM. The VMOD protocol uses the
normal mode as a constraint to successive molecular dynam-
ics and energy minimization, aiming to generate relaxed struc-
tures at a displacement range of −3.0 Å to +3.0 Å [40–42].
Using these relaxed structures as receptor models, we per-
formed the docking calculations.

Molecular docking

Docking calculations were performed using 122 channel
structures obtained from normal mode analysis. In every
docking round, 1000 different solutions were calculated. We
picked the best 50 solutions of each complex structure and
performed cluster analysis. The results showed eight clusters,
from which cluster 1 had the best results. The normal modes
approach to generate different conformations of the SlNaVSC
channel was effective, since from the top 100 solutions in
cluster 1, 73 % were displaced ≥ 1.0 Å. The best solution
was found by docking the toxin into the SlNaVSC structure
mode 23, at a displacement of −2.2 Å. After BINANA reval-
uation, the summed electrostatic energy in complex interface
contacts was −974.23 kJ mol−1 (Fig. 6a). The interface ob-
served is composed of four pockets of hydrophobic contacts
(Fig. 6b), five salt bridges (Fig. 6c), and three H-bonds
(Fig. 6d). Details about these interactions can be found in
Table 2. Geometric complementarity was not optimized be-
cause the docking was performed with two rigid proteins.

Molecular dynamics

To better understand the relationship between channel and
toxin, we performed molecular dynamics with SlNaVSC
buried in a DLPA bilayer and water as well for the docked

Table 1 Surface accessible solvent area

nothing Open Close Difference (Å²)

Mode 11 10,624.75 10,470.09 154.67

Mode 23 11,528.71 10,254.81 1273.89

Fig. 6 Molecular interactions
observed in docked SlNaVSC and
U2-SCRTX-Lit2 (a).
Hydrophobic contacts form four
pockets represented by orange
mesh (b). In navy blue mesh, five
salt bridges form three pockets
(c). Three hydrogen bonds were
observed and are highlighted in
black circles, with the distance
between donor and acceptor (d)
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complex. The secondary structure during the molecular
dynamics was evaluated by using DSSP method. No sig-
nificant changes were observed for both molecules (data
not shown). System total energy was sensibly decreased in
the complex, from a mean of −6.5 × 105 kJ mol−1 for
SlNaVSC alone to −8.5 × 105 kJ mol−1 for the complex.
U2-SCRTX-Lit2 interaction plays a key role in SlNaVSC
stabilization, decreasing the channel mobility during dy-
namics. Figure 7 shows this decrease of the stable plateau
of RMSD for SlNaVSC (between 125 and 200 ns).
However, the flexibility remained almost unaltered ex-
cepting residues 240–246 that showed a decrease in
docked complex (Fig. 8). The decrease of mobility but
not the flexibility indicates that the toxin acts as a steric

blocker, hiding the gate access. As expected, U2-SCRTX-
Lit2 shows a very stable motility pattern due to its disul-
fide bonds spread along the structure, exhibiting a stable
plateau between 100 and 200 ns (Fig. 7). The geometric
complementarity were modified during MD. Although the
toxin was shown less buried at the surface of the channel
during MD, the conformation assumed was quite stable,
and it also promoted a rearrangement of hydrophobic con-
tacts, salt bridges, and hydrogen bonds (Fig. 9 and
Table 3). The BINANA evaluation of the final confirma-
tion of the complex showed a significant increase
summed electrostatic energy in the interface contacts,
resulting in a total of −2371.15 kJ mol−1.

Discussion

L. intermedia venom is a complexmixture of many proteins and
peptides, with the most characterized proteins belonging to the
phospholipase-D family [15, 54, 55]. Nevertheless, tran-
scriptome analyses of L. intermedia venom glands showed that
more than half of the toxin transcripts encode for peptides with
insecticidal potential. Due to their abundance, interesting bio-
logical activity and promising biotechnological applications, we
characterized a novel toxin peptide from L. intermedia venom,
named U2-SCRTX-Lit2. Analysis of the U2-SCRTX-Lit2 se-
quence using the Knotter 1D tool confirmed that this peptide is a
novel member of the ICK peptide family. The ICK family con-
tains a structural motif in which peptides have three to seven
disulfide bonds [5, 56, 57]. ICK family members have many
molecular targets and are derived from various organisms, in-
cluding animals, plants, and fungi. The cysteine connectivity
framework is extremely diverse, with the best-described pattern
being C1-C4, C2-C5, and C3-C6 [9, 10]. The connectivity frame-
work may vary in ICK sequences that contain more than six
cysteine residues; cysteine residues involved in the formation of
the knot motif do not follow the conventional connective frame-
work of C1-C4, C2-C5, C3-C6. Our peptide of interest, U2-
SCRTX-Lit2, is composed of ten cysteine residues. Sequence
similarity to μ-hexatoxin-Mg2a, data from Knotter 1D and
modeling predict a connectivity pattern of C1-C4, C2-C6, C3-
C9, C5-C8, C7-C10. This difference in the connectivity pattern
of U2-SCRTX-Lit2 and disposition of cysteine residues is in
agreement with Vassilevski and coworkers (2009) [2].
Different patterns of connectivity associated with the amino acid
composition of loops between cysteine residues are responsible
for the broad activity spectrum of cystine-knotted peptides,
while the amino acids between the cysteines are involved in
loop organization. The most well studied loops are found in
the classical ICK peptides and contain six cysteine residues.
Cysteine residues III and IV are adjacent, a characteristic fre-
quently found in spider ICKs, including U2-SCRTX-Lit2.

Table 2 Molecular interactions in the best docking solution between
SlNaVSC and U2-Sicaritoxin-Lit2

Interaction Quantity Atoms-residues-chains involved

SlNaVSC Sicaritoxin Distance (in
angstroms)

nothing
H-bonds 3 O-GLU66-A 1HH2-ARG39 2.3

OD2-ASP316-C HN-CYS2 2.7
NH1-ARG-D HH1-ARG10 2.3

Salt bridges 5 GLU66-A LYS34
ASP70-A ARG39
ASP280-C LYS11
ASP284-C ARG10
ASP-439-D ARG10

Hydrophobic
contacts

31 CB-ASP70-A CZ-ARG39
CG-ASP70-A CZ-ARG39
CA-CYS71-A CD1-LEU40
CB-VAL74-A CD1-LEU40
CG2-VAL74-A CB-LEU40
CG2-VAL74-A CD1-LEU40
C-GLU189-B CG-TRP5
C-GLU189-B CD2-TRP5
CB-GLU189-B CB-TRP5
CA-SER190-B CE2-TRP5
CA-SER190-B CZ2-TRP5
CB-SER190-B CD1-TRP5
CB-SER190-B CD2-TRP5
CB-SER190-B CE2-TRP5
CB-SER190-B CZ2-TRP5
CG1-VAL279-C CB-ALA1
CB-ASP280-C CG2-THR14
CG-ASP280-C CB-ARG10
CG-ASP280-C C-ARG10
CG-ASP280-C CE-LYS11
CD-ARG281-C C-CYS9
CD-ARG281-C CB-ARG10
CZ-ARG281-C CB-ARG10
CZ-ARG281-C CD-ARG10
CZ-ARG281-C CG-ARG10
CG-GLU309-C CG-ASP7
C-GLU312-C CB-ALA4
CA-GLU312-C CB-ALA4
CB-GLU312-C CB-ALA4
CD-GLU312-C CB-ALA4
CG-GLU312-C CB-ALA4
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The SignalP and SpiderP bioinformatic analysis of the pre-
dicted amino acid sequence of U2-SCRTX-Lit2 revealed that
it is composed of a signal peptide containing 19 amino acid
residues, which is also present in other ICK peptides [58–60].
The SpiderP tool analysis also identified a 15 amino acid
propeptide in U2-SCRTX-Lit2, resulting in a mature toxin
of 48 residues. Propeptides are often found in spider toxins
and are usually cleaved after an arginine residue by specific
peptidases as found in U2-SCRTX-Lit2 [61]. The U2-
SCRTX-Lit2 molecular structure containing the signal
peptide, propeptide, and mature toxin is in agreement
with the structural organization described for several
spider toxins [62, 63].

To highlight the importance of the cysteine positions, we
performed multiple alignment of peptides with five disulfide
bonds, which included peptides in L. intermedia venom. The
alignment showed nine cysteine residues at the same amino
acid position in all sequences analyzed. The other cysteine

residues were found in four patterns and were associated with
different biological activities. U2-SCRTX-Lit2 has vicinal
cysteines III and IV, common for spider toxins [2, 9, 10].
The fifth cysteine residue was only found in U2-SCRTX-
Lit2, μ-hexatoxin-Mg2a and plectoxins, but not in other
ICK toxins from the Loxosceles family (sicaritoxins)
(Fig. 2). In sicaritoxins the additional cysteine is found at
position IX, the same position that is described in two other
groups of ICKs: the hexatoxins that lack biological activity
and ctenitoxin, which has 12 cysteine residues and confirmed
biological activity. These results strengthened the idea that
amino acid composition and disulfide bond patterns are im-
portant for ICK activities.

U2-SCRTX-Lit2 shows similarity by BLASTp, with toxins
with activity on Nav and Cav channels and are able to cause
paralysis and death in insects. The most similar toxin to U2-
SCRTX-Lit2 is μ-hexatoxin-Mg2a, (52 % identity) which has
a paralytic effect on Spodoptera litura, due to its binding at

Fig. 7 Root mean square
deviation in molecular dynamics
of SlNaVSC (red) and the docked
complex (black). U2-SCRTX-
Lit2 promotes a decrease in
channel mobility. RMSD was
computed using backbone atoms
as reference

Fig. 8 Root mean square
fluctuation in molecular dynamics
of SlNaVSC (red) and the docked
complex (black). U2-SCRTX-
Lit2 promotes a decrease in
channel flexibility in general, but
mainly in 115–123 of chain A.
RMSF was computed using Cα
atoms as reference
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site 3 of Nav channels, but does not exhibit activity inmice [4].
Beyond this cited toxin, it also has similarity with previous
reported L. intermedia toxins that exhibit insecticidal activity.
U2-SCTX-Li1a most likely interacts with Na+ channels, caus-
ing flaccid paralysis in lepidopteran larvae [16]. Other
sicaritoxins are toxic to insects, but their molecular targets
are not defined. For plectoxins, only ω-plectoxin-Pt1a had
confirmed activity, and is related to the inhibition of presyn-
aptic Cav channels in Drosophila nerve terminals [64]. The
alignment suggested that U2-SCRTX-Lit2 was more closely
related to plectoxins than sicaritoxins. This was expected be-
cause the cysteine framework of plectoxins and U2-SCRTX-
Lit2 are the same, and these peptides share some additional
amino acid conservation, which is not observed with
sicaritoxins. Another difference is that sicaritoxins contain a
C-terminal peptide, the biological function of which is not
well understood [16]. This C-terminal peptide was found in
U1-SCTX-Li1a, U1-SCTX-Li1b, and U1-SCTX-Li1c, but
not in U2-SCTX-Li1a and U2-SCRTX-Lit2. This C-terminal
peptide is probably cleaved as a prost-translational modifica-
tion as described for other ICK peptides. These peptides fre-
quently show post-translational modifications, including
amidation at the C-terminus, which often increases toxin ac-
tivity and potency [65, 66]. De Castro and collaborators 2004
[16] showned that the lysine at U1-SCRTX-Lit1a, and argi-
nine residues at U1-SCRTX-Lit1b and U1-SCRTX-Lit1c are
amidated after the last cysteine, corroborating the idea of C-
terminal propeptide processing.

Next, we used the structural model for μ-hexatoxin-Mg2a
available in the Knottin Database to compare the predicted
structure of U2-SCRTX-Lit2. U2-SCRTX-Lit2 apparently
contains the inhibitory cystine-knot structural motif and
shows sequence homology with neurotoxin peptides. Indeed,
the predicted disulfide bond arrangement of U2-SCRTX-Lit2
resembles spider neurotoxin peptides [46–48]. The obtained
ICK motif consists of double-antiparallel β-sheets connected
by three disulfide bonds, which form a small stable globular
domain, often observed in a variety of scorpion, spider, cone

snail, and snake toxins [53, 67, 68]. Because U2-SCRTX-Lit2
is structurally similar to the fold found in spider toxins that is
capable of modulating NaV channels and contains the key
residues for binding to the NaV channel target, it is expected
that this peptide also has the same structure-function relation-
ship. The molecular model and the structural alignment
showed residues that are conserved in spider toxins targeting
Nav channel site-3 [49, 50, 69]. Sequence and structural ho-
mology suggest that a number of residues in these spider
toxins are oriented in a similar manner. U2-SCRTX-Lit2 con-
tains a cluster of positively charged (Lys18 and Arg38) and
aromatic (Trp5 and Phe28) residues that appear in similar
positions on the surface of almost all spider active neurotoxins
[4, 52, 53, 70, 71]. Although not yet confirmed, these con-
served regions are most likely responsible for the affinity for
Nav channels. Interestingly, structure prediction analysis re-
vealed a structural similarity between U2-SCRTX-Lit2 and
human ASIP, a peptide with an ICK scaffold. Human ASIP
and AgRP are described as unique peptides with an ICK fold
that modulate the activity of G protein-coupled receptors [72].
The biological activity of ASIP is associated with antagonism
of melanocortin receptors, which could be due to the way the
peptide interacts with its target. Similar to what occurs with
insecticidal ICK peptides, this weaponization of hormones has
already been described for centipedes and spiders [73].

Our models showed very good results in quality analy-
sis, indicating the power of threading modeling to perform
in silico calculations from structures that do not have any
experimental resolution available. Both channel and toxin
show hydrophobic patterns consistent with their putative
characteristics: SlNaVSC shows high hydrophobic regions
in the transmembrane region while the gate region is
mainly hydrophilic as is most of the U2-SCRTX-Lit2 sur-
face (Figs. 3 and 4) [74]. Futhermore, surface charge com-
plementarity was observed in these regions. Protein-
protein docking studies can predict the interaction pose
and energy between two proteins by using their geometric
and charge complementarity [43, 75]. To predict the

Fig. 9 Molecular interactions
observed in docked SlNaVSC and
U2-SCRTX-Lit2 after 200 ns of
production molecular dynamics
(a). Hydrophobic contacts form
four pockets represented by
orange mesh (b). In navy blue
mesh, four salt bridges form three
pockets (c). Twelve hydrogen
bonds were observed and are
highlighted in black circles, with
the distance between donor and
acceptor (d)
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inhibitory action of U2-SCRTX-Lit2 on SlNaVSC with
reasonable confidence, the channel is required to be in
an open-state conformation. In this way, NMA calcula-
tions were performed to investigate these opening and
closing motions, since they are essential to Na+ ion intake.
We verified that normal modes 11 and 23 presented two
different kinds of open/close motions: alternating AC/BD
opening/closing and simultaneous opening/closing.

Docking and MD analysis indicate that the toxin acts by
not only blocking the channel, but also preventing its opening
motion. Interactions occur in three chains at least, preventing
the movement of helices H2 and H3 of each chain. Our hy-
pothesis is that water molecules guide the interface formation,

bridging hydrogen bond donors and acceptors, aided by hy-
drophobic contacts and salt bridges holding the channel and
toxin together. Notwithstanding the weaker forces of salt brid-
ges and hydrogen bonds in protein-protein interfaces, water
competition in protein-protein binding can stabilize protein
association [76]. Polar and charged residues at the protein
surface may contribute to these interactions. Xu and co-
workers (1997) [76] found an average of 10.7 hydrogen bonds
and 2.0 salt bridges per interface in a study with 319 non-
redundant protein–protein interfaces, previously assembled
from protein X-ray structures.

In summary, the results suggest the existence of a novel
class of peptides from the ICK family in Loxosceles
intermedia venom. Bioinformatic analysis reveals U2-
SCRTX-Lit2 contains characteristics that are similar to other
ICK peptides. Multiple sequence alignments grouped U2-
SCRTX-Lit2 with peptides that act on Nav or Cav channels.
Molecular docking and protein modeling suggest that the tox-
in is able to bind and modulate insect Nav channels.
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