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Abstract Spider dragline silk possesses impressive me-
chanical and biochemical properties. It is synthesized by a
couple of major ampullate glands in spiders and comprises
of two major structural proteins—spidroins 1 and 2. The
relationship between structure and mechanical properties of
spider silk is not well understood. Here, we modeled the
complete process of the spider silk assembly using two new
recombinant analogs of spidroins 1 and 2. The artificial
genes sequence of the hydrophobic core regions of spidroin
1 and 2 have been designed using computer analysis of
existing databases and mathematical modeling. Both pro-
teins were expressed in Pichia pastoris and purified using a
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cation exchange chromatography. Despite the absence of
hydrophilic N- and C-termini, both purified proteins
spontaneously formed the nanofibrils and round micelles
of about 1 pum in aqueous solutions. The electron
microscopy study has revealed the helical structure of a
nanofibril with a repeating motif of 40 nm. Using the
electrospinning, the thin films with an antiparallel (3-sheet
structure were produced. In summary, we were able to
obtain artificial structures with characteristics that are
perspective for further biomedical applications, such as
producing three-dimensional matrices for tissue engineering
and drug delivery.

0. S. Sokolova

Institute of Biochemistry, RAS,
33 Leninsky ave, Bld 2,
119071 Moscow, Russia

D. V. Klinov * T. V. Neretina

Institute of Bioorganic Chemistry, RAS,
16/10 Miklukho-Maklaya St,

117997 Moscow, Russia

N. G. Esipova - V. G. Tumanyan

Engelhardt Institute of Molecular Biology, RAS,
32 Vavilova St,

Moscow 119991, Russia

@ Springer



Keywords spidroin 1 and 2 - nanofibrils - electrospinning -
antiparallel (3-sheet structure - atomic force microscopy -
scanning electron microscopy

Abbreviations
PPII  poly-L-proline
FTIR Fourier transform infrared spectroscopy

Introduction

Spider dragline silk features impressive mechanical prop-
erties. Its tensile strength is approaching that of steel
(Cunniff et al. 1994), while the extensibility is similar to
rubber (Vehoff et al. 2007). Due to these unique properties
and availability of genetic tools for sequence manipulation,
interest to the spider dragline silk rose significantly during
the past decade.

A special interest has emerged recently for the use of
spider silk in various biomedical applications due to its
biocompatibility and ability to biodegrade. The synthetic
porous three-dimensional matrices are produced by electro-
spinning (Ayutsede et al. 2005) or chemically (Tamada
2005) form the analogs of the extracellular matrix. Such
matrices can be used for tissue engineering to produce the
artificial bones, skin, or ligaments (Jayaraman et al. 2004;
Kim et al. 2005; Min et al. 2004; Hoffman et al. 2007).
Spider silk may also be used as nanocomposite, in complex
with nanoparticles (biosilicone) of Si dioxide (Po Foo et al.
2006), Ti dioxide (Feng et al. 2007), and hydroxyapatite
(Furuzono et al. 2004). Recently, a successful utilization of
the nanocomposites as the nanocontainers for controlled
drug and gene delivery and release was demonstrated (Fang
et al. 2006; Katti et al. 2004; Hoffman et al. 2007).

The unique mechanical and biochemical properties of
spider silk are caused by its molecular structure. Spider
dragline silk contains crystalline regions embedded in a less
organized ‘“amorphous” matrix. It is synthesized by a
couple of major ampullate glands of spider and consists
of two major structural proteins—spidroins 1 and 2 (Xu and
Lewis 1990; Hinman and Lewis 1992). The spidroins as
well as the structural proteins of Bombix mori—fibroins—
belong to the self-assembling fibrous proteins. Under native
conditions (e.g., inside the spider’s spinning gland), they
form complex structures—the silk fibrils. Under the in vitro
conditions, they assemble to the less complex structures,
the nanofibrils (Oroudjev et al. 2002; Slotta et al. 2007).

Natural spidroins 1 and 2 of a Nephila’s dragline are
large proteins with the molecular weight of 275 and
320 kDa, respectively. They exhibit a periodic pattern in
the core part of the molecule and possess unique non-
periodic hydrophilic domains on the N- and C-termini.
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Each initial repeat contains a hydrophobic poly-Ala (poly-A)
segment which is four to nine amino acid residues long and a
hydrophilic Gly-enriched segment. The most abundant Gly-
rich motif in spidroin 1 is Gly-Gly-X, where “X” denotes
Tyr, Leu, Ala, or Gln (Xu and Lewis 1990). The Gly-rich
repeats in spidroin 2 include Gly-Pro-Gly-Gly-X and Gly-
Pro-Gly-GIn-Gln (Hinmann and Lewis 1992).

This alternating pattern of hydrophilic and hydrophobic
segments is important for spidroin solubility. The binding
of the water molecules prevents premature crystallization.
In addition, it regulates the lateral molecule aggregation
that initiates the fibril formation (Oroudjev et al. 2002).

Nuclear magnetic resonance and X-ray diffraction
studies revealed a high content of crystalline domains
consisting of poly-A antiparallel (3-sheets, packed into an
orthorhombic unit cell with dimensions of at least 2x5x
7 nm (Warwicker 1960; Glisovic and Salditt 2007). These
domains provide the tensile strength of silk fiber, while the
Gly-rich matrix is responsible for the elasticity (Simmons
et al. 1994; Parkhe et al. 1997; van Beek et al. 2002).

The assembly of natural spider silk fibrils starts in a
spider’s gland from the very concentrated (45-50%)
spinning dope solution. There are two basic models that
explain how the hydrophobic molecules avoid premature
crystallization. The “micelle” hypothesis (Jin and Kaplan
2003) suggests that fibroin molecules stay in the highly
concentrated dope by forming the micelles with hydrophobic
domains on the inside and the hydrophilic termini facing the
surrounding aqueous media. Dehydration and subsequent
increase in protein concentration force the micelles to
aggregate into globules of several micrometers in diameter.
Further physical shear leads to the formation of the fibrils.

Another hypothesis (Knight and Vollrath 2002) suggests
that the dope solution may have the characteristics of the
liquid crystal elastomer. The folded rod-shaped spidroin
molecule may be assembled into nematic units in the highly
concentrated dope solution. The dehydration and increase
in potassium and hydrogen ions concentration will lead to
the partially unfolding of the molecules by disrupting their
water shell (Chen et al. 2002; Vollrath and Knight 2001).
The partially unfolded molecules extend until they are close
together and form aligned segments.

The draw down taper—the last step in the silking
process—causes major structural rearrangements in the
proteins, resulting in rapid conversion of the aqueous dope
solution into an insoluble protein filament (Vollrath and
Knight 2001; Thiel et al. 1997; Knight et al. 2000). During
this process, the Gly-rich parts undergo a transition from a
“random coil”/B-turn/x-helical structure (Hijirida et al.
1996) to a partly [3-sheet conformation and an apparently
helical structure with an approximate threefold symmetry
(Kimmerlen et al. 1996; van Beek et al. 2002). Despite
many advanced experimental studies, the relationship



between structure and mechanical properties of silk fiber is
still not well understood, in particular since the structural
organization of the fibers is still somewhat controversial.

The aim of this study was to model the complete process
of spider silk assembly. Special attention was given to the
differences between the two recombinant analogs of
spidroins 1 and 2—proteins with a primary structure that
resolve to great detail the structure of the native spidroins.
Using electrospinning, we were able to produce films with
characteristics that are perspective for further biomedical
application in fields of controlled drug release, new
biomaterials, or tissue engineering.

Materials and methods
Protein expression and purification

Two artificial genes, 1f9 and 2el2, were subcloned into a
methylotrophic yeast Pichia pastoris by integration into
chromosome under the control of promoter alcohol oxidase.
Proteins 1F9 and 2E12 (spidroins 1 and 2, respectively)
have been purified using the cation exchange column, as
described in Bogush et al (2006) with some modifications.
The purified proteins were dialyzed against deionized
water, lyophilized, and stored at +4°C until use.

The preparation of stock solutions of recombinant spidroins

All materials used in this study were purchased from
Sigma-Aldrich. The lyophilized protein was dissolved
overnight in a binary mixture (60% NaNCS water solution
mixed with 20% acetate solution at the 8:2 ratio) or in 10%
solution of LiCl in 90% formic acid to the concentrations of
20-30%. The protein solution was then centrifuged for
30 min to remove the insoluble debris.

Electrospinning

The existing electrospray system was used with some
modifications. The capillary, made of stainless steel, has a
diameter of 0.15 mm. The distance between the capillary
and the supporting surface was about 20 mm. The time of
the electrospray was 10 min. The voltage range was 4—
7 kV. The high-oriented pyrolytic graphite and polycrystal-
line silicone was used as support.

Fiber formation

One to 2 pl of stock protein solutions were forced with low
pressure generated by the peristaltic pump directly into the
container with 96% ethanol through the specially made
conical microspinneret (3—4 cm long, the output hole

diameter lesser than 50 ). The feeding speed did not
exceed 0.5-1.0 upl/min. The “as spoon” filament was
formed immediately, when the solution was extruded into
96% ethanol, and was allowed to fall freely and coil at the
bottom of the container. Newly prepared fibers were hand-
drawn twice on 25% from their initial length in an ethanol—
water coagulation bath (92% and 75% ethanol) and were
annealed for 20 min at 100°C without fixing the ends. The last
stages include plasticization in the deionized water with hand
draw on 25% from the initial length and drying on the air.

Preparation of the thin films from the stock solutions
using different methods

About 1 pl of the stock solution of protein was applied to
the degreased cover glass. In shift method, the edge of the
second cover glass was used to shift this drop to produce
the protein film. In application method, the second glass
was quickly applied onto the drop and removed carefully.
In casting method, a drop of the diluted protein solution
(1 mg/ml) was applied to the fresh split mica and dried
slowly (40—-60 min)

All films were dried on the air for 1 min before they
were submerging for 2 min into either 96% ethanol at room
temperature or into a hot sodium sulfate solution (250 g/1,
45-50°C). The finished films were carefully removed from
the glass and quickly rinsed in deionized water.

Atomic force microscopy analysis

Atomic force microscopy (AFM) measurements were done
on a SolverBio P47 microscope (NT-MDT, Russia). AFM
images were obtained in tapping mode using NSG 10
cantilevers (NT-MDT, Russia) and the high-resolution
cantilevers (Nanotuning, Russia). The rate of scanning
was 0.5-1.0 Hz, and the angle of scanning was 0-90°. All
images were obtained in air with uncontrolled humidity of
surrounding air. A drop (10 pl) of the diluted water solution
of protein (1 mg/ml) was deposited on the freshly cleaved
mica surface. After 10 min adsorption, the surface was
washed with drops of water and dried with a stream of argon.

Infrared spectra

Infrared (IR) spectra were obtained in 4,000-1,300 cm '
range by Magna-750 (Nicolet, USA) IR-Fourier-spectrometer.
The following bands were included in the measurements:

amide I, amide II, amide A, and amide B.
Circular dichroism spectra

Circular dichroism (CD) spectra were recorded on Jasco
J-715 (Jasco, Japan) spectropolarimeter equipped with
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Peltier-type temperature control system PTC-423S/L
(Jasco, Japan).

Scanning electron microscopy analysis

The morphology of films was observed using a scanning
electron microscope (SEM) Camscan S2 (Cambridge
Instruments, UK). The untreated dry samples, attached to
double-sided adhesive conductive tape (SPI, USA) were
sputter-coated with gold using the ion coater IB-3 (Eico,
Yapan) and observed in the microscope at two magnifica-
tions: x1,160 and x2,430 to obtain the general and detailed
pictures of the sample. The images were captured using the
software MicroCapture (SMA, Russia).

Transmission electron microscopy analysis

The 0.1 mg/ml water solution of lyophilized protein was
applied to a glow-discharged carbon-coated copper grid and
subjected to a 2% uranyl acetate solution for 30 s. Grids were
examined in a FEI Tecnai G12 electron microscope (FEI,
Hillsboro, OR, USA) at 120 kV under low-dose conditions.
Images were taken at a magnification of x52,000 and 1.5—
1.8 um underfocus. The negatives were digitized on a Nikon
COOLSCAN 9000 scanner (Nikon, USA).

Molecular dynamics simulations

Molecular dynamics (MD) simulations for signal peptides
and stacks of peptides in viscous medium were carried out.
GROMAX software with OPLS-AA force field (Cornell
et al. 1995) was used for MD simulations (Berendsen et al.
1995). Total systems were minimized and equilibrated for
100 ps, then equilibrium MD simulation was made using
the following MD protocol: time step—1 fs; total trajectory
length—10 ns; temperature coupling—berendsen, stochastic
dynamics; system temperature—300 K; time constant for
coupling—~0.5 ps; coulomb cutoff—2 nm; and van der Waals
cutoff—2 nm. The steered MD experiments additionally
included the external force of 1, 2, 3,4, 5, and 10 kcal/(mol A).

Results

Designing the primary structure of analogs of spidroins 1
and 2

The periodical patterns of the fibrous proteins define their
physical-chemical characteristics, the secondary structure,
and the fibril packing (Parkhe et al. 1997). In an engineered
protein, we decided to reproduce the periodic patterns
observed in natural spider silk, especially their unique
amino acid structure.
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Analog of spidroin 1

The structure of the artificial spider gene was designed on
the basis of the known nucleotide sequence of
corresponding cDNA from Nephila clavipes (Xu and Lewis
1990). Four fragments encoding repeated units were chosen
from the sequence of the native protein. They are the most
typical repeated units for this type of spider protein. These
segments differ by the set of deletions in the amino acid
sequence. The designed DNA fragment includes approxi-
mately 400 base pairs and encodes the polypeptides
corresponding to 134 amino acid residues. The ‘“rare”
codons in the sequence of the artificial gene were
substituted by the most frequent codons, characteristic for
the codon usage of P. pastoris. The designed amino acid
sequence is presented in Fig. la.

The monomer was synthesized by chemical-enzymatic
gene synthesis and the multimeric form of the artificial
gene was obtained using a step-by-step duplication of the
monomer in the recombinant plasmid in Escherichia coli at
the restriction sites BamHI and BglII (Bogush et al. 2001).
The resulting multimeric gene contains nine copies of
monomers. This gene encodes the spidroin 1 analog, named
1F9, with the molecular mass of 94 kDa.

Analog of spidroin 2

The National Center for Biotechnology Information (NCBI)
protein database (SwissProt + TrEmbl) contains a long
fragment (about 2,000 residues) of Nephila madagascariensis
spidroin-2 sequence. We used this sequence to find
specific periodical patterns, determined by characteristic
combinations of symbols. All sequences of spidroins,
longer than 200 residues, and presented in the NCBI
protein database were examined. We used symbolic Four-
ier transform algorithm implemented in the SymFour
(Makeev and Tumanyan 1996) and Catseq (Ragulina
et al. 2004) programs. Basing on the sequence analysis

a
AGQGGYGGLGSQG
AGRGGLGGQGAGAAAAAAAGGAGQ- - -GGLGGQG
AGQGAGASAAAA-GGAGQGGYGGLGSQG
AGRGGLGGQGAGAVAAAAAGGAGQGGYGGLGSQG
AGR- - -GGQGAGAAAAAA -GGAGQRGYGGLGNQG

b

Fig. 1 Aligned amino acid sequences of “monomers” of 1F9 (a) and
2E12 (b) used for design of the artificial gene structure



of natural spidroin 2 of N. madagascariensis, the sequences
of blocks (each block consist of three to five initial repeats)
and corresponding formula for the whole artificial protein
were developed: ABACA[DBCDA,][DBCDE,]D,BF. Com-
parison of the Fourier spectra of the designed sequence with
that of the native sequence indicates that the basic periodic
patterns mainly retained in the designed sequence (for both
the whole sequence and each of its domains).

As a result, one of the variants of the native gene
consensus sequence, a poly-E gene (the E-block), was
synthesized (Fig. 1b) that is identical to one of the basic
areas of native spidroin 2. To overcome the problem of
gene instability caused by direct repeats, an improved
method for synthesis was developed. The gene was
obtained by annealing and simultaneous ligation of seven
variants of the mono-E gene (each variant was synthesized
using different oligonucleotides by degeneracy of the
genetic code). Finally, the artificial gene 2e12, the analog
of gene that codes the spidroin 2, was obtained, containing
12 repeated E-blocks with a total length of 4.2 kb and
encoding the 2E12 protein with the molecular weight of
113 kDa.

Molecular modeling

Molecular modeling was used to determine the preferable
secondary structures of known repeats, from different fibrous
proteins: the poly-Ala peptide (four, eight, and 12 repeats), the
intermediate peptide from N. clavipes spidroin-1 (GGAGG
GYGGLGSQGAGRGGQG), and poly-AG peptide from B.
mori. The [3-sheet was chosen as the initial conformation of
the peptide. Experiments on single peptides demonstrated
that all three types of peptides do not retain the original
conformation, yet prefer a helical conformation. However,
the stacks consisting of five peptides remained stable and
partially preserved the original {3-sheet conformation. The
peptide elongation correlates with the increase in (3-sheet
content. We concluded that the full-size spidroin molecules
are ready to self-organize into fibrils.

To measure the flexibility of stacks, built from different
peptides, we used the steered molecular dynamics. The N-
termini of peptides were experimentally fixed and the
various external forces applied. We demonstrated that the
intermediate peptide of spidroin 1 exhibits the maximal
relative elongation, while the poly-Ala peptides exhibited the
minimal elongation. We concluded that the intermediate
peptides might be responsible for the flexibility of the fibrils.

Circular dichroism
To assess the characteristic features of conformational

transitions in spidroins 1 and 2, the CD spectra of diluted
solutions of recombinant proteins 1F9 and 2E12 were

studied. After adding the 50% ethanol or vortexing for
1.5 min, the CD spectra of the 2E12 protein solution
(Fig. 2e) develop the minimum at 190 nm and the
maximum at 220 nm. The secondary structure of PPII type
was predominant in 0.1 mg/ml solutions, whereas the
mixture of (-structure and PPII was characteristic for
0.5 mg/ml solutions. Most of the molecules in 1 mg/ml
solutions adopt a [3-structural conformation. Notably, the
isobestic point was present in all cases and retains its
position, which indicates that the transition involves only
two states, the PPII and the [-structure.

Nanofibrils formation

The self-assembly of spidroins leads to the formation of
nanofibrils (Knight and Vollrath 2002; Oroudjev et al.
2002). In our experiments, both purified recombinant
analogs of spidroins spontaneously form nanofibrils in
aqueous solutions (Fig. 2a,b). The nanofibrils observed by
AFM were from 2.5 to 5 nm in height (Fig. 3b) with the
variable length that differs from 200 nm to 1 pm. We
demonstrated a different ability to form nanofibrils in
solution for 1F9 and 2E12 proteins. The 1F9 self-assembles
to longer nanofibrils (up to 1 um in total length) with the
persistent length of 330+£30 nm (Fig. 2a), at the concentra-
tion as low as 0.1 mg/ml. The 2E12 possesses a tendency to
produce shorter and less flexible nanofibrils (200-700 nm
in total length with the persistent length 560+80 nm;
Fig. 2b). Interestingly, following the storage at room
temperature for a week, the nanofibrils became shorter
and a number of round globules with a diameter of about
1 um appeared. Although we observed the globules,
associated with nanofibrils more often, the somewhat larger
aggregates were also present, especially in solutions,
containing 10-50% of ethanol.

Following the lyophilization and dissolving in deionized
water, a binary mix or guanidine HCI, nanofibrils were still
present. They disappeared only after dissolving of the
proteins in the LiCl solution (see “Materials and methods”,
data not shown), apparently because of the complete
unfolding of the protein under these conditions. This fact
suggests that the nanofibril resembles a native quaternary
structure of a protein rather than it is an artifact caused by
the interactions between protein and the substrate.

The high-resolution AFM revealed the periodic sub-
structure of nanofibrils (Fig. 3a) with the 40 nm repeating
motif in the high profile (Fig. 3b). A similar periodic
substructure was observed before by the AFM methods and
was shown to be characteristic for the nanofibrils (Oroudjev
et al. 2002). To obtain a more detailed picture of a
nanofibril and to understand the nature of its periodicity,
we employed the transmission electron microscopy (TEM)
and negative staining. This method was successfully used
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Fig. 2 Polymorphism in nano-
fibril morphology. An AFM im-
age of nanofibrils in aqueous
solutions of a 1F9 (C=0.1 mg/ml)
and b 2E12 (C=1.4 mg/ml),
mount on mica. The AFM
images of electrospun nanofibrils
of ¢ 8% solution of protein 1F9
and d 6% solution of protein
2E12 in fluoro-2-propanol; e CD
spectra of 2E12 in the aqueous
solution (C=0.1 mg/ml). Solid
line 24 h storage; dotted line after
addition of 50% ethanol; dashed
line after vortex shaking for

1.5 min. The bar size is 1 um
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before to observe the nanofibrils in the diluted solution of
spider dope (Chen et al. 2002) and amyloid fibrils from
insulin (Jimenez et al. 1999), SH3-domain (Jimenez et al.
2002), and Alzheimer peptide (Sachse et al. 2006). In our
experiments, the nanofibrils formed by 1F9 protein
revealed the linear structure with varying thickness of
about 13 nm in thicker parts and about 5 nm in crossovers
(Fig. 3c). We think that these crossovers reflect a periodic
helical twist of the overall fibril structure with the
periodicity of about 40 nm, which is consistent with our
AFM data.
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Electrospinning

In the past decade, the method of electrospinning emerged
as an attractive method of producing the nanofibrils from
both natural (Kim et al. 2005; Matthews et al. 2002) and
synthetic polymers (Li et al. 2002; Zong et al. 2002). In the
present study, we employed this method to obtain nano-
fibrils from proteins, analogs of spidroins 1 and 2. We have
been able to obtain thin nanofibrils with diameters of 10 to
400 nm from the protein 1F9 dissolved in fluoro-2-
propanol (concentration used was 4% to 8%). The typical



Fig. 3 The amyloid-like properties of the nanofibrils. a The high-
resolution AFM image of nanofibril formed by 1F9 protein. b The
height profile of the nanofibril in a. Arrows are pointing to the
repeating motif along the nanofibril. ¢ EM image of the negatively
stained nanofibril formed by 1F9. Arrows are marking the periodic
twists of the overall fibril structure

structure of the electrospun nanofibrils of the protein 1F9,
forming the dense mesh on the surface, is depicted on the
Fig. 2c. Most of the nanofibrils look like thin bands with
lengths that exceed 1 mm. The characteristic twist of the
band in the Fig. 2c¢ is marked with an arrow. This twist
resembles one of the periodical twists of the nanofibril in
solution (Fig. 3c), although the electrospun fibril is much
larger (200 nm wide and about 20 nm thick). As a result of
the electrospinning of the 6% 2E12 solution in fluoro-2-
propanol, the shorter nanofibrils (thickness was more than
600 nm) with a somewhat intricate structure were obtained
(Fig. 2d).

Thin films

Both recombinant analogs of spidroins 1 and 2 possess the
ability to form thin films. We prepared thin films that were
attached to glass or graphite using different methods:
application, casting, and shift (see “Materials and methods”
section).

The morphology of thin films, prepared using applica-
tion and shift methods, is somewhat similar: they possess a
rough surface with a large number of pores. All films have
the thickness of 1-3 um. The average pore size in films
prepared using application (Fig. 4a) and shift (Fig. 4b)
method was as little as 1 and 3 um, respectively. The larger
pore size correlates to some extent with the higher protein
concentration. Films, prepared by the casting method
(Fig. 4c) have smoother surface with the pores of much
smaller diameter: from 100 to 250 nm for protein 1F9 and
from 40 to 80 nm for 2E12.

IR spectra

The thin films prepared by methods of electrospinning and
casting were studied using the Fourier transform infrared
(FTIR) analysis. We compared the structure of films
obtained from protein 2E12 with the films and obtained
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- " " E --.
‘F;_. 4 ﬁ-’-* -_ " - .-
; - --... "_. '. - “
- - —
. R e .

B _—

: ‘.-‘*g
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Fig. 4 The morphology of thin films prepared using different
methods. SEM images of films cast from a 25% solution of 1F9 in
sodium rhodanate, using the application (a), shift (b), and casting (c)
methods and subsequent treatment with 96% ethanol. The bar size is
3 pum
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from the mixture of the two proteins 2E12 and 1F9 at 1:1
and 1:2 ratios. In all cases, the spectra were similar to the
spectrum of pure 2E12 proteins. The components frequencies
observed in variety of samples coincided to the mixture of
parallel and antiparallel (3-sheet structures. The antiparallel
[3-sheet structure was prominent in the spectra of the films
obtained by electrospinning. In contrast, the absence of a
band above 1,680 cm ' suggests the parallel disposition of
[3-strands (Hiramatsu et al. 2005) in the films prepared by
the casting method.

Synthetic silk spinning

The last part of our work was dedicated to the study of
properties of recombinant spidroins 1 and 2 spin solutions.
Our aim was to evaluate their spinning potential and
optimal conditions for fiber formation.

We have developed an improved scheme for synthetic
fiber formation: (a) spinning into bath with ethanol, (b)
stretching (including two stages), (c) annealing, (d) plasti-
cization, and (e) drying. After processing, the synthetic
fibers kept elasticity of 5% to 15%, comparable to the
typical values known for the native fibers. They exhibited a
relative tensile strength: 0.1-0.15 GPa. This value is
comparable to the previous results, obtained for the
recombinant spidroin 1 (0.14 GPa; Fahnestock 1994) and
is two times less than the value for the regenerated N.
clavipes silk (0.32 GPa; Seidel et al. 2000).

Discussion

In vivo, the spinning solution undergoes a maturation stage
with a subsequent transformation of the pre-oriented liquid
crystalline solution into a rigid dragline thread that occurs
during the very fast draw down. This process includes
several coordinated acts, such as the formation of liquid
crystalline from protein solution, molecular orientation and
alignment, dehydration, the removal of sodium and chloride
ions and the introduction of potassium ions, acidification of
the dope to pH 6.3, transition of coil and «-spiral structures
into (3-sheet structures, and formations of 3-sheets. Most of
these processes take place in the distal part of the third limb
of the duct (Knight and Vollrath 2001). Since the subjects
of our investigation are recombinant analogs of spidroins,
we intend to model and study these processes separately.
As it was demonstrated earlier, the high mechanical
performance of spider dragline silk is probably due to the
[3-sheet conformation of poly-Ala domains, embedded as
small crystallites within the fiber (Yang et al. 1997; van
Beek et al. 2002). Our molecular dynamics experiments
demonstrated that the poly-A peptides were the most
durable parts of spidroins, comparing to the intermediate
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peptide (the sequence that connects the poly-A domains and
may be variable along the protein) and poly AG. Moreover,
the poly-A peptides possess a tendency to form a hyper-
helical structure, while the intermediate peptide was mainly
unstructured. According to our present and previous
(Simmons et al. 1994; Parkhe et al. 1997; van Beek et al.
2002) studies, the inner Gly-rich peptide is responsible for
the elasticity of the fibers. Thus, by altering the poly-A
peptides (durable but not flexible) and intermediate pep-
tides (flexible, but not durable), we can design the analogs
of spidroins with adjusted mechanical properties.

The artificial gene sequences of spidroin 1 and 2 have
been designed using computer analysis of existing data-
bases and mathematical modeling (see “Results”). Two
artificial genes, coding the analogs of the core regions of
natural spidroins 1 and 2, have been generated by
amplification of the synthesized monomers (see ‘“Materials
and methods”). Both constructs do not include the
hydrophilic N- and C-termini. The synthesis of the whole
artificial gene appears to be a very complex problem, which
will be solved during further experiments. Some authors
(Jin and Kaplan 2003; Ittah et al. 2006) suggested that
hydrophilic N- and C-termini are necessary for nanofibril’s
and micelle’s formation. Nevertheless, the proteins obtained
from expression of the artificial genes that contain only the
hydrophobic core regions possess all characteristic proper-
ties of the full-length spidroins. In solution, they produce
the nanofibrils (Fig. 2a,b) and after spinning into alcohol
form strong fibers.

The formation of nanofibrils is one of the most apparent
indications that the proteins are capable for self-assembly.
Nanofibrils with similar dimensions have been observed in
the solutions of recombinant spidroin analogs (Oroudjev et
al. 2002; Chen et al. 2002; Slotta et al. 2007) and amiloids
(Slotta et al. 2007). Nanofibrils have also been observed in
the diluted dope solution from the distal part of a spider
gland (Kenney et al. 2002; Du et al. 2006). The most
extensively used method to observe the nanofibril forma-
tion by spidroins was, until recently, the AFM (Chen et al.
2002; Oroudjev et al. 2002; Slotta et al. 2007). However,
the resolution of the conventional AFM method is limited
by the cantilever tip size (usually 5-10 nm). In the present
study, we employed the high-resolution AFM (using the
high-resolution cantilevers with the tip size of about 1 nm)
and TEM together with negative staining to discover for the
first time a helical structure of nanofibrils with a repeating
motif every 40-50 nm (Fig. 3). In the previous studies
(Oroudjev et al. 2002), the segmented structure of the
nanofibrils was also reported. Our findings suggest that the
previously observed segments were actually helix cross-
overs, similar to those found in the amyloid fibrils (Jimenez
et al. 1999, 2002; Sachse et al. 2006). The further
experiments, including the precise measurement of the



morphological and kinetic parameters, as well as the
comparative studying of different recombinant spidroin
analogs are required to decipher the exact mechanism of
nanofibril formation.

The electrospinning—a recently discovered method—is
capable of producing nanofibrils of a larger size: with the
diameter of 2 to 1,000 nm. The potential applications of this
method include mimicking the natural extracellular matrix
(Xu et al. 2004), tissue engineering scaffolds, nanocompo-
site reinforced fibers (Jayaraman et al. 2004), and filtration
of nanoparticles in vivo. In the present study, we were able
to produce electrospun nanofibrils that form thin films with
the antiparallel (3-structure on the surface of modified
graphite (Fig. 2c,d) as was shown by the FTIR analysis.
The FTIR is decisive in respect to the type of [3-sheet
structure; in particular, the amid I band is especially
informative in determination whether parallel or antiparallel
structure is realized in the sample (Hiramatsu et al. 2005).

To study the secondary structure formation within these
films, we used a variety of sample preparation techniques,
solvents (sodium rhodanate-acetic acid or LiCl-formic acid)
and ways to dehydrate the sample. An alteration of water
structure in recombinant spidroin solutions by ethanol
results in a structural transition from the PPII structure to
the (-sheet structure. The concentration dependence of
these transitions in recombinant spidroin can indicate the

Fig. 5 The spidroin model Molecular
system and its biomedical dynamics
applications simulation

intermolecular interactions. Vortex shaking also causes a
drastic change in the conformation (Fig. 2e, dashed line) and
can thus be regarded as an analog of the hydrodynamic shift.

In summary, we developed a novel model system that
includes two recombinant analogs of spidroins 1 and 2
(Fig. 5). This model system resembles all basic processes
that occur during the web spinning by spiders in vivo. To
obtain the spinning solution, the recombinant proteins were
dissolved in concentration of more than 25%, similar to the
natural spider dope. The use of ethanol for precipitation is
comparable to the process of water removal from dope
solution by the reversed osmosis in the spider gland
(Kenney et al. 2002). The structural transitions in recom-
binant spidroins and their supramolecular structures
(threads, films, nanofibrils) that can be induced in vitro
were also similar to those found in natural spidroins.

We also presented new evidence of the structural
similarities between nanofibrils and amyloids. Taking into
account the fact that the spider fibril formation, similar to
amyloid, requires a nucleation step (Li et al. 2001), our
model system could be employed for the study of amyloid
formation.

Finally, by altering the primary structure of the proteins
and/or the processing conditions, one could design materials
and matrices with determined quaternary structure and
targeted mechanical properties that could be used for various
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biomedical applications, such as tissue engineering and drug
delivery.
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