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Abstract Spider fibres are primarily composed of proteins
that are secreted by specialised glands found in different
groups of arthropods. Because of their unique mechanical
characteristics, it is of great interest to understand how the
influence of repetitive modules within the fibres affects the
final protein structure. Because each fibre is composed of a
diverse set of repeated modular sequences, the differences
between fibres allow for their structural comparison and,
thereby, their functional comparison. Herein, we present
molecular dynamics simulations of partial sequences from
minor ampullate Spidroin (MiSp) silk of the Brazilian
species Parawixia bistriata. Our data show that the
formation of (3-sheet structures is directly related to the
N-termini alignment of the modules. The N-terminal
alignment gives rise to a high number of hydrogen bonds
whose formation is driven by repeated alanine (Ala)
sequences, which, in turn, lead to increased fibre strength.
This increased fibre strength contributes significantly to the
final tertiary structure of the silk.

Keywords Biopolymer- Minor ampullate gland -
Parawixia bistriata - Spider silk
Introduction

In recent years, much research has been focused on the
study of spider silk fibres [1]. These fibres have a unique
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combination of toughness and elasticity compared to man-
made aramid chemical polymers, such as Kevlar and
Nomex [2]. Spiders have the capacity to produce silk and
to utilise different silks for specialised purposes including
prey capture, sustenance and reproduction [3]. Spiders have
up to seven different glands that produce unique silks.
However, some species can combine each gland to create
different silk fibres to carry out their task of making traps
and cocoons [4]. The fibre amino acid sequences are mainly
composed of the repeated motif GPGXX (X is most often
glutamine), Ala-rich sequences (An or (GA)n) and the
GGX motif in which X is Ala, tyrosine (Tyr), leucine (Leu)
or glutamine (Gln) [5-7]. The most well-studied spider silk
is the dragline of the Major ampullate Spidroins (MaSpl
and MaSp2) from Nephila clavipes [8]. MaSpl and MaSp2
are found in a highly concentrated state in these spiders’
glands (approximately 30-50 wt %) [9, 10] and are
extremely sensitive to sheer stress, drying and hydration
[9]. The Parawixia bistriata species is typically found in
the Brazilian Cerrado region. Unlike other spiders, P.
bistriata live in groups without cannibalism or territorialism
surrounded by huge, strong communal webs in which each
spider produces its own orbweb. However, there is limited
information on the tertiary structure of the silk produced by
this species (Paulo C. Motta, Zoology Department, University
of Brasilia, personal communication). Many experimental
studies have recently been undertaken to explain the mechan-
ical properties of spider fibres based on their macromolecular
and supramolecular structural organisation. Recent nuclear
magnetic resonance (NMR) studies of proteins directly
extracted from spiders’ glandular sacs were compared with
extruded fibres. It was found that inside the glands, proteins
adopt several secondary structures [8]. Solid state NMR data
of lyophilised gland dope showed no evidence of (3-sheet
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structures [11]. Solution state NMR, infrared Fourier
transform and circular dicroism (CD) data suggested that
the spidroins in the gland are in a highly metastable state of
dynamically averaged helical conformations [9]. A NMR
spectroscopic examination of native silk dope suggested a
dynamically disordered structure, although other secondary
structures with similar chemical shifts could not be excluded
as possible alternative structures [12]. CD analysis of
proteins freshly extracted from the tail, proximal and middle
section of a silk gland indicated the presence of a structure
that was poor in o-helices and 3-sheets, whereas proteins
extracted from the distal part of the gland contained an
abundance of P-sheet structures [13, 14]. These results
indicate that the silk structure is polymorphic and flexible.
Based on data from the P bistriata functional spider silk
genome, we conducted molecular dynamics simulations on
the dragline MiSp amino acid sequence in water and vacuum
environments.

Material and methods
Amino acid sequence of Parawixia bistiatra MiSp

The amino acid sequence of MiSp was retrieved from
GenBank accession number GQ275358. Only the partial
translated gene sequence was used, which was given by
GAGAGGGYGGGYGAGGGAGAGAGAGAGAGAGA
GAGRGGAGGYGAGAGAGAGAAAAAAA.

Molecular model building

For molecular dynamics simulations, a single primary
sequence of MiSp was modelled onto a {3-strand structure
using the DeepView program v4.0 [15] by adjusting the phi
and psi angles (Fig. 1a). This type of secondary structure
was chosen based on results previously described by
Hayashi et al. [16] in which MiSp from Nephila clavipes
adopted a crystalline (3-sheet conformation. Additionally,
sequence modifications were made to increase the amount
of Ala in the minor sequence (Figs. 5 and 6). The positions
and numbers of sequences simulated are shown in Figs. 1, 5
and 6.

Molecular dynamics (MD) simulations

The molecular dynamics simulations were performed using
the GROMACS v3.3 package software [17] with a Solaris
v10.0 operating system run on two Sun Fire X2200 M2s
with two Opteron 2.6-Ghz dual core processors (Sun
Microsystems, CA, USA), which were connected to a
1-GB switch (a total of four processors with two cores
each). All water box simulations were performed using the
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Fig. 1 Initial and final structures of the MiSp module sequences. a
Initial conformation followed by simulation, b six MiSp modules from
previous simulations and c) final structure after 30 ns. Arrows indicate
the simulation step. Each colour corresponds to chains with identical

sequences

following procedures. The minor modelled structure was first
placed at a distance of 1 nm from the cubic box sides, and
the protein was solvated with simple point charge (SPC)
water molecules. Classical Ewald electrostatics was used
with a cut-off distance for the short-range neighbour list of
1.0 nm and a Coulomb cut-off of 1.0 nm. No counter ions
were included. Energy minimisation was performed using
the steepest descent algorithm until the potential energy after
minimisation was lower than —1.0x10°> kJ.mol”!. Then, a
short MD run with position restraints on the protein was
conducted until the potential energy converged and stabi-
lised. Berendsen temperature coupling was turned on with
the temperature set to 310 K. No pressure coupling was
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used, and MD was performed for approximately 100 ps.
Finally, a full MD simulation without restraints was
performed for 30 ns. Berendsen temperature and isotropic
pressure coupling were used with a temperature of 310 K
and a pressure of 1.0 atm. Periodic bound conditions were
set to the XYZ coordinates, and Langevin dynamics were
employed. Vacuum simulations were executed for 10 ns
using Berendsen temperature and isotropic pressure coupling
at 310 K and 1.0 atm. Again, periodic bound conditions were
set to the XYZ coordinates to ensure that the atoms stayed
inside the simulation box. Langevin dynamics were again
employed.

Trajectory analysis

The simulations were analysed using tools from the
GROMACS package and were viewed and edited using
Pymol software [18]. All trajectories were re-sampled,
skipping 50 frames. The root mean square deviations
(RMSDs) were calculated using g rms. Cluster analysis
was performed with g cluster by setting the parameter
rmsmin to 0.5 and rmsd cutoff to 0.5. Hydrogen bonds were
calculated using g_hbond. The radius of gyration (Rg) of
the protein was calculated using g gyrate. All graphics
were generated using xmgrace plotting software (http://
plasma-gate.weizmann.ac.il/Grace/).
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Fig. 2 Radius of gyration (Rg). The black line indicates the Rg value
for the MiSp module during the simulation
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Fig. 3 Root mean square deviation (RMSD) of the simulations. Each
coloured line indicates a RMSD value for one chain during the
simulation

Results
MiSp modular sequence under water conditions
Simulations of the structural behaviour of the MiSp module

under a water solvation environment were conducted. Results
of these simulations in which a single pre-modelled MiSp
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Fig. 4 Radius of gyration (Rg). Each coloured line indicates a Rg
value for one chain during the simulation
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sequence was initially set to a 3-strand secondary structure are
shown in Fig. 1. After 30 ns of simulation in a cubic water
box, the final structure of the MiSp module is shown in
Fig. la. Upon initial visual analysis, this structure was
composed entirely of coiled component and had a highly
hydrophobic core. Changes in the structure over time are
reported in the RMSD graph (data not shown) and show
MiSp module changes that rapidly appear at the beginning of
the simulations and stabilise around 0.15 nm over the 30 ns
of simulation. The number of hydrogen bonds between the
module and the solvent was also calculated (data not shown).
The radius of gyration indicates that the minor module
rapidly compacts its structure and remains compact with a
value of 0.78 nm and low oscillation during the simulation
(Fig. 2). These results indicate that the minor module has the
same hydrophobic characteristics as the MiSp dragline from
other spiders [5]. Specifically, the protein has an increased
number of hydrogen bonds and a reduced number of
contacts with the water molecules. Additionally, the struc-
tural behaviours of six MiSp module structures were
simulated (Fig. 1b). The mean final calculated structure is
represented in Fig. Ic, and the corresponding RMSD values
for each chain are shown in Fig. 3. These results demonstrate
that each module has flexibility and can refold in different
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three-dimensional structures, adapting its shape to accom-
modate other MiSp modules. Thus, each module is able to
form a highly hydrophobic quaternary structure as seen from
the graph of the radius of gyration (Fig. 4). The number of
hydrogen bonds on all chains remained constant (data not
shown), and the structure remained coiled. These conforma-
tions are not fibre-like structures and are, thus, unique
structures that are adopted in the interior of the gland sac [8].

Six MiSp modular sequences under water and vacuum
conditions

Given that the simulation of a single module did not shed
light on fibre formation, we simulated six modules’ N-
termini aligned under water and under vacuum environ-
ments with and without modifications to the number of Ala
residues in their sequences, as shown in Fig. 5. After
simulation, we found that the presence of more Ala residues
assisted fibre formation only in the vacuum environment.
The water box simulation demonstrated that modules
agglomerate in the Ala-rich region and, thus, no crystalline
[3-sheet is able to be seen (Fig. 5). However, in the vacuum
simulation, the formed structure was similar to the structure
of spider silk (Fig. 5), indicating that dehydration is

AAAAAAAAAAAAAAAAAAAAA
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P - e AAAAAAAAAAAAAAAAAAAAA

AAAAAAAAAAAAAAAAAAAAA
AAAAAAAAAAAAAAAAAAAAA

Fig. 5 Initial states and final structures for the six MiSp module sequences simulated in water and in the vacuum box. Arrows indicate the
simulation step. Each colour corresponds to chains with identical sequences
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necessary for fibre formation because the water-mediated
hydrogen bonds are more accessible to modules with
extended structures. This phenomenon occurs in the spider
spinning duct, which effectively removes water from the
fibre through fine channels and, thus, assists in the fibre’s
formation [19]. The formation of (-sheets in this case
occurs in a (GA)x region rather than at the poly-Ala
residues.

Four MiSp modular sequence modules with initial
structural modifications under vacuum conditions

The vacuum environment simulation demonstrated that
fibre formation occurred more readily in vacuum. We
wished to verify whether or not the presence of Ala
residues was the only factor that contributed to the
formation of the (-sheets. Therefore, two conditions were
tested: first, four sequences with two modules containing
21 Ala residues inserted at three positions in the N-terminus
was tested (Fig. 6b), and second, the same structure as
described before but with intercalating N-terminal sequen-
ces within the C-terminal sequences was explored (Fig. 6a).
These simulations indicated that not only were the Ala
residues important for module alignment and fibre forma-
tion, but also the orientation of the sequences was essential
(Fig. 6). A highly condensed [-sheet was observed only
when N-terminal sequences were simulated (Fig. 6b). In

these regions, we found that the (GA)n repeated motif
aligned and resolved the secondary structure mainly
because of the presence of the poly-Ala sequences. The
RMSD values for each simulation were also calculated and
show that the inserted N-terminal sequences tended to
stabilise the fibre (Fig. 7b), unlike the intercalated sequen-
ces, which adopted no significant tertiary structure
(Fig. 7a). In this case, the molecules possible reorganise
to achieve a more energetic favourable structure may
explain the RMSD oscillation (Fig. 7a). Another notable
quality of our simulated structures is that the number of
hydrogen bonds found in the inserted N-terminal sequences
numbered 250 compared with the 60 hydrogen bonds in the
intercalated sequences.

Discussion

In recent years, various efforts have been made to elucidate
the molecular mechanisms behind the unique properties
spider silk. Vehoff et al. [20] carried out mechanical
measurements and clarified the underlying causes for some
spider dragline silk properties from Nephila clavipes and
Nephila senegalensis. For example, they explored the
effects of humidity, hysteresis and relaxation in spider silks
and showed that water can easily permeate the fibres and be
incorporated into the amorphous matrix. Vehoff et al.
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Fig. 6 Initial states and final structures of the four MiSp module sequences simulated in the vacuum box. a Initial and final structures of the
intercalated aligned modules and b initial and final structures of the N-terminal inserted modules. Arrows indicate the simulation step
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Fig. 7 RMSDs of the simulation. a RMSD values for the intercalated
aligned modules and b RMSD values for the N-terminal inserted
modules

assumed that the hydration interfered with the hydrogen
bonding between the amorphous chains, leading to a loss of
rigidity. Based upon our simulations, water does indeed
permeate the MiSp modules and causes separation of the
chains. In contrast, in vacuum simulations, the chains
remain bonded. Holland et al. [11] investigated major and
MiSp molecule properties in native and hydrated states of
N. clavipes by solid state NMR. Their results indicated that
water plasticises MaSP and MiSP silks, thus increasing the
chain dynamics observed in regions containing Gly, Glu,
Ser, Tyr and Leu when the silk was hydrated. They also
observed that in poly(Ala) and poly(Gly Ala) motifs, the
silks have predominately rigid [3-sheet structures, indicating
that water did not penetrate these domains. Our molecular
dynamics experiments showed a high movement in Gly
regions. The modules demonstrated high environmental
adaptation capabilities both in water and in vacuum.
However, when tandem repeat sequences were utilised,
fibres were observed only the when sequences were N-
terminally inserted in the vacuum environment. The
insertion of Ala residues, in both cases, led to the formation
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of more hydrogen bonds in the poly(Gly, Ala) region,
raising the number of (3-sheets in the three-dimensional
structure and, therefore, increasing the fibres’ strength.
These results were in agreement with most biophysical data
in the literature [8, 9, 11]. Furthermore, Hronska et al. [12]
stated that dynamic disordered structures can be found in
silk dope. This statement was confirmed in our water
experiments. Most of the previously recorded data were
obtained from major ampullate silk, due to its unique
combination of elasticity and high tensile strength [1, 9]. X-
ray diffraction, circular dichroism and NMR data revealed
that (3-sheets are the main secondary structural conforma-
tion present in spider silk, and that they are oriented
approximately in parallel with the fibre axis [21-25].
Furthermore, some molecular dynamics simulations have
been performed with peptides similar to those found in
spider silks. Ma and Nussinov [26] modelled a Syrian
hamster prion peptide, an amyloidogenic precursor of certain
diseases including Alzheimer’s, and simulated its structure
and stability in several situations. The simulated peptides had
the sequences AGAAAAGA and AAAAAAAA (Ag) and
corresponded to the tails of our models. Our results indicate
that these peptides form a highly hydrophobic (3-sheet
structure when they are inserted into the N-termini of several
MiSp ampullates. This phenomenon has also been described
by Kenney et al. [13]. When [32-microglobulin peptides were
simulated, we observed that they also had chaotic structures
during the simulation. However, when Kenney et al.
simulated more peptides, the structures converged to form
highly organized 3-sheet structures with increased numbers
of hydrogen bonds in a similar fashion to the structures
found in our study [27]. Becker et al. [28] simulated the
flagelliform protein sequences from Araneos gemmoides and
Nephila clavipes with 18 amino acid residues using steered
molecular dynamics. The 4. gemmoides sequence was
shown to be less regular than the N. clavipes sequence, but
both sequences had more flexibility than the dragline. The
same properties occurred in our simulations of sequences
with seven Ala residues, which were responsible for the
formation of highly tensile fibres, as previously reported by
Hayashi et al. [16] and Lewis [1]. Another interesting
hypothesis regarding fibre formation suggests that the
strength of the (3-sheet fibre structures relies not only on
the hydrophobic forces driven by the repeated Ala sequences
but also on the arrangement of the hydrogen bond clusters
[29]. We were able to visualise the increase in hydrogen bond
number between modules and in the N-termini molecules with
inserted sequences. No significant differences were found in
either simulation. However, there exists the possibility that
other structural elements may be responsible for the silk
strength, as proposed by Vehoff et al. [20]. Another possibility
is that a mixture of monomers and aligned sequences may
influence the final fibre strength and flexibility. The data



J Mol Model (2011) 17:1183-1189

1189

reported here may contribute to the understanding of the
molecular engineering involved in spider silk modules and
may be useful for the in vitro production of synthetic fibres.

Summary

We modelled and simulated several MiSp sequence modules
(GenBank accession number GQ275358) in water and
vacuum box environments. Using a constant temperature
and a constant pressure of 310 K and 1.0 atm, respectively, our
results indicated that no fibres formed in the water conditions.
MiSp modules simulated under vacuum conditions formed
highly organized {3-sheet secondary structures, which were
modified to be similar to spider silk structures in two ways.
First, one block of 21 Ala residues at the C-terminus of the
modules was added and simulated. Second, a modified
structure containing three blocks of 21 Ala residues that were
inserted between two modules and aligned with the N-
terminus was examined. The formation of the [3-sheet
secondary structures of these modified structures indicates
that Ala residues are not the main factor in fibre formation, but
that the alignment of the modules and the absence of water
molecules are also important factors.
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