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Abstract

Silkworms have been developed over thousands years to optimize folding and crystallization of fibroin under highly controlled conditions
which have resulted in their efficient fiber formation. In this paper, we reconstructed the three-dimensional architecture of the spinneret of a wild
silkworm Samia cynthia ricini from approximately 1000 optical micrographs of the semi-thin cross sections. The chitin plates and muscles were
observed in the silk press part together with large change in the diameter of the spinneret lumen at the press part by large shear stress. This is
similar to the case of the spinneret of Bombyx mori silkworm, indicating that the structural change in the silk fibroin of S.c. ricini silkworm
occurs exclusively at the silk press part due to large shear stresses. Molecular dynamics (MD) calculations were then performed to study the
structural change that occurs in the crystalline region of S.c. ricini silk fibroin under shear stress. Namely, using the peptidle AGGAGG(A),,-
GGAGAG as a model of the crystalline part of the silk fibroin under different shear stresses in the presence of water molecules and followed
by molecular mechanics (MM) calculation after removal of water molecules. The simulation indicates that the Ala residues in the model peptides

adopt a predominantly B-sheet structure under shear stresses of above 1.0 GPa.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Silk proteins are of practical interest because of their
excellent intrinsic properties which can be utilized in the bio-
technological and biomedical fields as well as the importance
of silkworm silks in the manufacture of high-quality textiles
[1—3]. On the other hand, moderate quantities of silks and
silk-mimic biopolymers have been produced due to the
advances in molecular biotechnology and protein engineering
[4—6]. However, production of useful materials, such as fibers,
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from these potential supplies of unprocessed biopolymers re-
quires a detailed understanding of the processing technology
necessary to induce the hierarchical structure responsible for
the outstanding mechanical properties exhibited by native
fibers. So the final hurdle on the way to the production of man-
made silks now lies in the development of an appropriate
spinning technology capable of converting these raw materials
into high-performance fibers.

Samia cynthia ricini (S.c. ricini) is a wild silkworm. The
primary structure of S.c. ricini silk fibroin consists of repeated
sequences, a polyalanine (PLA) region and a Gly-rich region
[7]. This is similar to the primary structure of dragline silk
from spider although the length of PLA is shorter than that of
the dragline silk, i.e., (Ala)s_¢ in spider dragline silk, while it
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is (Ala);»_13 in S.c. ricini silk fibroin [8—10]. From solution
13C and "N NMR studies of S.c. ricini silk fibroin in aqueous
solution, it has been reported that approximately 70% of Ala
residues are in a-helix form, while other Ala residues are in
random coil state [11—13]. The fast-exchange in the NMR
time scale between helix and coil forms of the PLA region
has been observed during helix to coil transition with change
in temperature [11]. However, most of the glycine residues
keep a random coil conformation during the helix—coil transi-
tion of the PLA region [7]. On the other hand, in the S.c. ricini
silk fibroin fiber, Ala residues were proposed to form predomi-
nantly anti-parallel B-sheet structure with significant amounts
of other structure [14—16].

Similar to the Bombyx mori silk, the S.c. ricini silk filament
emerging from the silkworm consists of two fibroin protein
monofilaments enveloped in a proteinaceous sericin coat
[17,18]. Both fibroin and sericin are produced by very large,
flattened cells lining a pair of long tubular silk glands. The
silk gland consists of three distinct successive parts; the thin
and flexuous posterior part, the wider middle and anterior
parts. The silk fibroins are synthesized in the posterior part
of the silk gland, and then transported down the lumen into
the middle part of the silk gland in which it is stored in a con-
centrated state as a weak gel before spinning. It has been
pointed out that the silk press part is important in the process
of fiber formation from the liquid silk fibroin [18,19].

Recently, the '>C CP/MAS NMR spectroscopy has been
used to clarify the detailed structure of S.c. ricini silk fibroin
[15,16]. The broad and asymmetric Ala CP signal in the NMR
spectrum suggested a heterogeneous structure in the S.c. ricini
silk fibroin fibers. With a deconvolution process by assuming
Gaussian lineshape, the Ala CBp '>C NMR signal yielded
four isotropic peaks at 15.7, 17.5, 20.8 and 22.8 ppm, assigned
to a-helix, random coil and two kinds of B-sheet structure, re-
spectively. Moreover, resulting structural transition was moni-
tored by '3C NMR stretching the S.c. ricini silk fibroin film
prepared with aqueous silk solution extracted from the silk
glands. The data indicated that the silk film underwent a struc-
tural transition from a-helix to B-sheet by increasing the
stretching ratio. Remarkably the structural transition occurred
when the stretching ratio was between x4 and x6. A broad and
asymmetric Ala Cp signal was observed in the NMR spectrum
at a stretching ratio of more than x6, suggesting the genera-
tion of heterogeneous structure in the PLA region [15]. More-
over, this structural change could be simulated by the MD
calculations of the peptide AGGAGG(A);,GGAGAG under
tensile conditions. This indicates that MD calculations are very
effective for clarifying the mechanism of the conformational
change of S.c. ricini silk fibroin [15].

In this paper, in order to elucidate the mechanism of the
silk fiber formation in S.c. ricini silkworms, we reconstructed
the three-dimensional architecture of silkworm spinneret from
approximately 1000 optical micrographs of the semi-thin
cross sections. We show that the silk press part is also impor-
tant in the process of fiber formation. Finally, the molecular
dynamics (MD) calculations were performed to study the
details of the structural change which occur in the crystalline

region of S.c. ricini silk fibroin under strong shear stress in
detail.

2. Experimental part
2.1. Sample preparation

S.c. ricini silkworms were reared on an artificial diet in our
laboratory. For serial sectioning, the silk press of a 7-day-old
fifth instar larva that had just started to spin was fixed in situ
with a solution containing a final concentration of 5(w/w)%
glutaraldehyde. The silk press was dissected out in this solu-
tion and left for 7 days at 4 °C before post-fixation in
1(w/v)% aqueous osmium tetroxide for 1 day after washing
in 0.1 M phosphate buffer. After embedding in Epon, 1 pm
serial sections were cut (about 1000 sections) on an ultra-
microtome with a diamond knife and stained with aqueous
1(w/v)% toluidine blue in borax before examination and
photomicrography with a light microscope (x 10 objective).

2.2. Three-dimensional reconstruction

The three-dimensional architecture was reconstructed using
a software, TRI/3D-VOL (RATOC System Engineering Co.
Ltd, Tokyo) from approximately 1000 optical micrographs of
semi-thin cross sections. The reconstruction was prepared by
tracing the outlines of the lumen, chitinous plates, and nascent
(incompletely formed) fibroin brins on the computer after
bringing the images into registration.

2.3. Molecular dynamics calculation

The structural change of S.c. ricini silk fibroin was exam-
ined with molecular dynamics (MD) calculation. Details of
the MD simulations are described previously [15]. Four AG-
GAGG(A),GGAGAG chains in a-helix conformation were
placed in a periodic boundary cell homogeneously by using
the “‘crystal cell” module. The chains were embedded in
351 water molecules for the initial arrangement of an aqueous
solution system, which corresponds to the concentration of
silk fibroin in the middle silk gland (about 30(w/v)%). Fig. 1
shows the initial structures of these model peptides used for
MD simulation, where water molecules are also included.
The Parrinello and Rahman method [20] was used for the
MD calculation, where stress was applied by setting g,, (ten-
sile stress) or g4 and oy, (shear stress) as non-zero value(s).
The temperature of the system was controlled by the Andersen
method at 298 K [21]. Both tensile and shear stresses were
applied to the system. However, in order to emphasize the ef-
fect of the shear stress on the structural change of silk fibroin,
the shear stress was changed from 0.1, 0.5, 1.0, 1.5 to 2.0 GPa
under a tensile stress of 0.1 GPa. The steps of MD calculations
are as follows. Initial calculations were performed without any
external forces until the system reaches an equilibrium state
(equilibrium stage; 5000 steps). From here the calculations
continued under a tensile stress of 0.1 GPa (simulation stage;
200000 steps, that is, 200 ps). A set of 100 structures were
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Fig. 1. Initial structures of the model peptide, AGGAGG(A);,GGAGAG chains (pink) in an o-helix conformation for MD simulation. The water molecules (blue)
are included. The directions of the shear stress (a) and tensile stress (b) applied to the system are shown as red arrows. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article)

sampled every 1000 steps during the latter stages of the simu-
lation from 101 to 200 ps under various shear stresses and
a tensile stress of 0.1 GPa in the presence of water. Finally,
molecular mechanics (MM) calculations were performed after
removal of water molecules. All the MD and MM simulations
were carried out by using Discover 3 module in Insight II
(4.0.0 P+, Accelrys Inc.) on OCTANE workstation (Silicon
Graphics Inc.).

2.4. Conformational probability distribution

The conformational probability distributions of the Ala resi-
dues in the AGGAGG(A);,GGAGAG chains were calculated
at the equilibrium stage and after the MD calculations under
external forces. Backbone torsion angles of the Ala residue,
Ala (¢, ¥), were extracted from the trajectory of each simula-
tion and used for the calculation of conformations N(¢ 4+ 10°,
Y £ 10°). Here, N(¢ £10°, ¥ £ 10°) means the number of
conformers with torsion angles: (¢ 4+ 10°, ¢ £ 10°). The
conformational probability P(¢, ) of the Ala residues was
calculated according to the following equation [22]:

N(¢+10", y+10")

Pig.y) ==

where, Ny, means total number of conformations of the Ala
residues in the trajectory. The conformational probabilities
P(¢, ¥) were plotted against the torsion angles, ¢ and .

3. Results and discussion

3.1. Structure of the spinning apparatus in a wild
silkworm S.c. ricini

Fig. 2a shows the optical micrographs of selected cross sec-
tions of the spinning apparatus of S.c. ricini silkworm and
Fig. 2b shows the three-dimensional reconstruction obtained
from approximately 1000 cross sections. The distal ends of

the two silk gland ducts join to give a common tube 40 pm
long with a wide lumen which, in turn, opens into the lumen
of the silk press part. The nascent silk brins have evidently
already drawn down before reaching the common tube accord-
ing to the micrograph of cross section at 670 pm (the red
arrow as shown in Fig. 2a). The cuticle lining of the silk press
is thickened and is lip-shaped in the transverse section. Its lu-
men is flattened dorso-ventrally and bow-shaped. The shape of
the lumen appears to be partly defined by one chitin plate in the
cuticle lining close to the edge of the lumen (the white arrow
at the micrograph of 450 pum in Fig. 2a), while there are two
chitinous in the spinning apparatus of B. mori silkworm: one
large ventral plate and a much narrower but much longer dor-
sal plate [23]. The start of chitin plate and the finish of plate
define the length (230 um) of the silk press proper. The plate
did not cut well and is, therefore, probably quite hard. More-
over, from the finish of the spinning tube at around 330—
400 pm, two left and right dorsal muscles have been observed
on the cuticle of the silk press (yellow arrows in Fig. 2a) and
run dorsally to insert on the cuticle of the head capsule. The
muscles are thought to regulate the diameter and volume of
the lumen of the silk press through their cooperated movement
with the chitin plate to apply different tensile and shear
stresses on the silk fibroin. The flexible cuticle at the corners
of the lip-shaped cuticle may act as spring-loaded hinges
allowing the press to return to the substantially closed position
when the muscles relax so that the lumen of the silk press part
appears to mold the fibroin filaments into a cross-sectional
shape similar to those of the fully formed brins.

Fig. 3 shows the change in the cross sections of spinning
apparatus tube-wall and lumen with the distance from its start
at the spigot. In the spinning tube, the cross section of tube-
wall is around 2000—4000 pm?, which is increased gradually
at the end of this part due to the appearance of muscles. The
cross section showed a rapid increase in the silk press part
and then fell slowly in the common tube (Fig. 3a). On the
other hand, no significant cross section change was observed
on the lumen till the end of silk press part, where the cross
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Fig. 2. (a) Optical micrographs of the cross sections of a spinneret. The nascent silk brin (red arrow), chitin plate (white arrow) and muscles (yellow arrows) are
shown. (b) The three-dimensional reconstructed structure of the spinneret obtained from approximately 1000 optical micrographs of the cross sections of a spinneret
using the software, TRI/3D-VOL. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article)

section was constant at about 500 pm>. A slow increase and
then a rapid initial increase appeared at the end of silk press
part to the common tube (Fig. 3b). The progressive narrowing
of the silkworm’s lumen may help to prevent premature silk II
formation as the fibroin flows through the duct during spinning
by maintaining a low and fairly constant extensional flow.
Thus the initial, rapidly converging part of the duct would,
as in the spider, provide a slow linear movement of the fibroin

(a)
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Fig. 3. Changes in the cross section(s) volumes (um?) of (a) the tube-wall and
(b) lumen of the spinnerets of S.c. ricini silkworm vs. the distance from its start
of spigot.

solution along the duct and hence a long retention time for
treating the fibroin with ions in this part of the duct [24].

3.2. MD calculation of structural change in the PLA
region of S.c. ricini

The structural change of S.c. ricini silk fibroin film induced
by stretching could be well interpreted from the MD calcula-
tion of the peptidle AGGAGG(A);,GGAGAG by including
tensile stresses. This indicates that MD calculations can simu-
late the conformational change for the study of the structural
transition of S.c. ricini silk fibroin [15]. Furthermore, previous
studies prove that MD calculations were very effective in clar-
ifying the mechanism of the conformational change as shown
in B. mori silk fibroin previously [25,26]. In this work, we ap-
plied the MD calculation to study the structural transition of
S.c. ricini silk fibroin based on the model peptide AGGAG-
G(A);,GGAGAG under strong shear stress. Four AGGAG-
G(A);,GGAGAG chains were placed in a periodic boundary
cell homogeneously and the chains embedded in 351 water
molecules for the initial arrangement of an aqueous solution
system (Fig. 1). The conformation at Ala residues did not
change under the tensile stress of 0.1 GPa and the a-helix,
ie. (¢, ¥)=(—60°, —60°) was the dominant conformation.
So, the MD calculations in this work were performed by
changing the shear stress while the tensile stress was fixed at
0.1 GPa because of the presence of a strong shear stress
applied to the silk fibroin at the press part of the spinneret
as described above.
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Fig. 4. Time course of the potential energies under a tensile stress at 0.1 GPa
and shear stresses at 0, 0.5, 1.0, 1.5 and 2.0 GPa, respectively.

Fig. 4 is the time course of the potential energy under a ten-
sile stress of 0.1 GPa and shear stresses of 0, 0.1, 0.5, 1.0, 1.5
and 2.0 GPa, respectively. Initially, each case showed unstable
characteristics, which became stable and reached an equilib-
rium state after 5 ps from application of the shear stress.
Fig. 5 shows the Ramachandran maps of conformational prob-
ability distributions of Ala residues from 80 to 100 ps under
the tensile stress of 0.1 GPa and the shear stresses of 0, 0.1,
0.5, 1.0, 1.5 and 2.0 GPa, respectively, while still embedded
in the water molecule environment. The conformation of the
Ala residues was mainly a-helix, ag (¢, ¥)=(—60°, —60°)
under the tensile stress of 0.1 GPa without any shear stress
(Fig. 5a). With increase in shear stress, several conformations,
e.g., Py (¢, ¥)=(—60°, 130°), ag-like (¢, ¢)=(—150°,
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Fig. 6. Relationship between the molecular length and the shear stress from 80
to 100 ps under a tensile stress of 0.1 GPa. The molecular length is defined by
the distance between Ala'—N and Ala''—N.

—60°), C7** (¢, ¥)=(60°, —70°) and Cs (¢, ¥)=(—150°,
150°) appeared and the Cs became the dominant conformation
when the shear stress was 1.0 GPa or more (Fig. 5b—f). This
result suggested that the B-sheet formation could be induced
and promoted after applying shear stress. Fig. 6 shows the
average distance between Ala'—N and Ala''—N from 80 to
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Fig. 5. Conformational probability maps of the Ala residues in the model peptide, AGGAGG(A);,GGAGAG in the presence of water molecules from 80 to 100 ps
under a tensile stress of 0.1 GPa and shear stresses of (a) 0 GPa, (b) 0.1 GPa, (¢) 0.5 GPa, (d) 1.0 GPa, (e¢) 1.5 GPa and (f) 2.0 GPa.
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Fig. 7. Change in the conformational probability distributions of Ala residues in the model peptide, AGGAGG(A);,GGAGAG in the presence of water molecules
for every 2 ps from 0 to 20 ps, where 1.0 GPa of shear stress and 0.1 GPa of tensile stress were applied. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article)

100 ps under the tensile stress of 0.1 GPa and different shear
stresses. At a shear stress of 1.0 GPa, the distance was around
35 A, which is in agreement with PLA in a B-sheet structure.

Next, the time dependence of structural transition in PLA
region was examined. Fig. 7 shows the change of conforma-
tional probability distribution every 2 ps for Ala residues in
the aqueous solution system, where 1.0 GPa of shear stress
and 0.1 GPa of tensile stress were applied, respectively. There
are two different structural transition routes from a-helix to -
sheet structure: Type I is the agr — Py-like — Cs route (blue
arrows in Fig. 7) and type II ag — ag-like — Cs (red arrows
in Fig. 7). Since the Cs conformation becomes the dominant
conformation at a shear stress of 1.0 GPa and above in the
presence of water molecules as shown in Fig. 5d—f, the water
molecules were then removed and MM -calculations were
performed by taking into account the fact that the water

molecules are rapidly evaporated just after the spinning by
the S.c. ricini silkworm. After the removal of water molecules
the change in the Ramachandran map of Ala residues is
remarkable as shown in Fig. 8a—c, where the Py-like (—100°,
130°) conformation appeared. This structural change is specu-
lated to be due to new hydrogen bond formation between
peptide chains after the breaking of hydrogen bonds between
the peptide chains and water molecules.

4. Conclusions

From the reconstruction of three-dimensional architecture
of silkworm spinneret from approximately 1000 optical micro-
graphs of the semi-thin cross sections, our observations may
contribute to a further understanding of the natural spinning
process in S.c. ricini silkworm. The MD simulation was then

(a) 180 @{, 5 7 ® 180@@)

120 I3 &7 120 ST
(=]

—~ 60 - ‘ 604

3 3

g g

> -60-% & > 04,
-120 - 0 -120-

-180 -@]\u’“ T

-180 -120 -60

180 4 —am A

-180 -120 -60 O 60 120 180
O (degree)

@ (degree)

F1 OO

120
4

—~ 60 4
o
g 01
Z

0 }-60-% o o
1204 ® o

0
T T T -180'&T/\| T T T

0 60 120 180 -180 -120 60 O 60 120 180

@ (degree)

Fig. 8. Conformational probability maps of Ala residues in the model peptide, AGGAGG(A);,GGAGAG from 80 to 100 ps under a tensile stress of 0.1 GPa and
share stresses of (a) 1.0 GPa, (b) 1.5 GPa and (c) 2.0 GPa, after the water molecules were removed.
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performed to study the structural change which occur in the
crystalline region of silk fibroin under strong shear stresses by
mimicking the silk press part in the silkworm spinneret in the
presence of water molecules and then MM calculation after
removal of water molecules.
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