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Silk proteins consist of two major proteins, fibroin and
sericin. There is currently an enormous reawakening
of interest in these silk proteins as a biomaterial due to
their mechanical and biological properties based on
the detailed findings. Novel method for determination
of the crystalline structure of silk proteins in an atomic
level using nuclear magnetic resonance (NMR) was
reviewed. Recent application of silks to biomaterials
and prospects for future were discussed.
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Introduction

The silk fibers are widely being used as an excellent tex-
tile since old times and sericultural and related industries
are currently developing in east Asia. It is remarkable that
silkworms can produce strong and stiff cocoon fibers at
room temperature and from aqueous solution, whereas
synthetic polymers with comparable properties must be
processed at higher temperature and/or from less benign
solvents. Thus, it is important to study details of the fiber
structure and alignment at the molecular level in order to
clarify the origin of the impressive mechanical properties.
On the other hand, the silk proteins consist of two major
proteins, fibroin and sericin. There is currently an enor-
mous reawakening of interest in these silk proteins as a
biomaterial due to their mechanical and biological prop-
erties. One of the most favorable properties is the struc-
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tural transition from solution to insoluble form, namely
the crystallization as a protein. Thus, it is possible to make
non-fabric materials from the silk proteins such as a film,
gel, powder and solution. Another is a molecular recog-
nition for the specific primary structure of the silk proteins
including the wild type. In this review, usefulness of the
crystallization as a biomaterial, the molecular structure
from new insights, recent application of silks and pros-
pects for future will be discussed.

Useful Crystallization of Silk

We have already studied application of silk fibroin and
sericin to biomaterials such as an enzyme-immobilization
support (Fig. 1). This new biomaterial was designed based
on the property of structural transition. In general, entrap-
ping method for an enzyme-immobilization needs a sol-
uble support and chemical reagents for covalent cross-
linking to complete insoluble supports. Contrary, the silk
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Fig. 1. Application of silk fibroin membrane to biosensor. Glu-
cose oxidase was immobilized in the B. mori silk fibroin mem-
brane (7). The enzyme reaction in the fibroin membrane was
monitored by oxygen electrode (2). Linear response of the sen-
sor as a function of glucose was obtained. Because of no leak-
age of enzyme from the membrane and no inactivation, the
output amplitude was stabilized for long period (more than 6
months).
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protein as a support can entrap enzymes with only self-
structural transition which makes weak hydrogen-bond
networks, i.e., antiparallel B-sheet structure, resulting for-
mation of non-covalent cross-linkings in the silk proteins.
Thus, enzyme activity in the silk is not affected by the
chemical modification. Various types of silk supports such
as films, powder, gel and coating of silk and sericin on
non-woven fabrics have been developed. (Demura et al.,
1989a, 1989b, 1991, 1992; Demura and Asakura, 1989,
1991; Asakura er al., 1991, 1993). Figure 1 shows the
simple biosensor system which was applied silk fibroin
film immobilized glucose oxidase. The linearity of the
enzyme reaction indicates a good efficiency of silk fibroin
as a biosensor.

Molecular Structure of the Crystalline Studied by
NMR

Silk fibroin has a high content of small side chain amino
acid and 60 - 80 % crystallinity based on the repetition of
the sequence Gly-Ala-Gly-Ala-Gly-Ser. Antiparallel -
sheet structure of Bombyx mori silk fibroin (silk II)
assuming simple amino acid repetition of Gly-Ala in the
crystalline domain, has been first characterized by X-ray
fiber diffraction in 1955 with the limited numbers and
quality of diffraction data (Marsh et al., 1955). However,
there is a little information of the conformational space for
Ser, Tyr and Val residues that have more bulky side chain
than Gly and Ala and the non-crystalline domain because
it was difficult to clear this structural information using
only X-ray fiber diffraction.

Structural refinement of the silk fibroin at the atomic
level has been studied using nuclear magnetic resonance
(NMR) spectroscopy (Asakura et al., 1993; Demura et al.,
1998; van Beek er al., 2000). Stable isotope-labeling of B.
mori silk fibroin was achieved biosynthetically at ['*C,]
Gly, ['*C|] Ala, [°N] Gly and ['*N] Ala. Orientation
dependent "N and "°C solid state NMR spectra of these
isotope labeled silk fibroin fibers were observed when the
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Fig. 2. Conformational space (¢, ¥) of Ala residue of the silk
fibroin determined from the angular constraints, 8s, measured
by the angular dependent solid state NMR. The silk fibroin
samples labeled with N and *C labeled amino acids were
used.

Table 1. Developing applications and basic researches of silk proteins in the many fields

Fields

Applications

Non-textile

Protein engineering
Enzyme immobilization

Medical materials

Silk production from non-insect cell*, Gene targeting*

Biosensor*, Bioreactor*, Biocatalyst-immobilized materials*

Suture, Gauze, Mask, Controlled-release drugs*, Sanitary napkin*, Bandage*, Anti-blood
coagulant*, catheter*, Artificial tendon*, Contact lenses*, Artificial skin*, Osteoadhesive*,
Artificial blood vessel*, Soft gel*

Foods Confectionery, Food additives, Health foods*, Health drink*, Controlled-release sweetener*™
Hair liquids Setting liquid*, Hair treatment, Shampoo, Rinse, Hair cream*, Wave liquid*
. Pack, Skin cream, Facial cleansing, Rouge, Powder cake, Foundation, Conditioner, Puff,
Cosmetics ;
Bathing powder
Textile

Industrial product

Clothes
Interior

Industrial art object

Textile treatment®, Sieve, Polisher, Sewing machine thread, Speaker vibrator*, Freshness
preservation*, Paint, Fish line*, River purifier*

Textile, Knit, Accessories, Felt*, Non-woven fabrics, Bedclothes, Quilt, Inner cotton, Sheet
Thick curtain, Carpet, Sofa clothes, Shoji paper, Table clothes, Lamp shade, Wallpaper
String, Wrapper, Doll, Name card, Ornaments, Artificial tortoiseshell*, Impression*, Pictorial
art, Musical instrument string

There are two categories, textile and non-textile. The applications putted to practical uses and basic researches (asterisk) are listed.
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field direction in order to determine the specific orienta-
tions of N-H, N-C;, C;=0, and C,-N bonds for Ala and
Gly residues (Fig. 2). The best-fit torsion angles (¢, W)
within the reduced conformational space of Ala and Gly
residues were determined as (-140°, 142°) and (-139°,
135°), respectively, within experimental error (+5°). These
results were in good agreement with the data from X-ray
fiber diffraction. Using a similar NMR method, the tor-
sion angles of other minor amino acids, Ser, Tyr and Val
within the Gly-X sequence were first determined with the
13C- and "N-oriented samples. It is also possible to obtain
the orientational distribution of non-crystalline domain,
which may contribute to an intermolecular interaction of
various substrates.

Recent Application of Silk and Prospects for Future
Many industrial fields for use of the silks are considered
(Table 1). There are two categories, textile and non-textile.
Especially the non-textile materials have been already
used in cosmetics and foods. Since various materials such
as film, gel and powder can be made from the silk, a med-
ical application of silks is in progress (Yeo et al., 1999;
Kang et al., 2000; Madyarov et al., 2001). For example,
the attachment and growth of fibroblast cells on matrices
of silk fibroins from B. mori and Antheraea pernyi wild
silkworm have been studied by a cell culture method
(Minoura et al., 1995). The difference of cell-attachment
between these fibroins was discussed from a specific
interaction site containing the RGD sequence in the non-
crystalline domain. Other cell culture matrices with a thin
film (Higuchi et al., 1999), an artificial skin (Yeo er al.,
2000, 2001) and a soft oral dosage form for elderly
patients with the silk gels (Hanawa et al., 1995) have been
reported. The hydrolyzed fibroin peptides, their deriva-
tives and sericin peptides expressed in a bacteria (Tsujim-
oto et al., 2001) are also interesting application.
Recently it was found that the B. mori fibroin forms
molecular complex consisting of heavy (H)-chain, light
(L)-chain and P25 (Inoue ef al., 2000). In 2000, the com-
plete primary structure of B. mori fibroin H-chain (5,263
residues) has been finally reported (Zhou ez al., 2000). In
addition, it has been proposed that the silk I structure
attributed to pre-crystalline state before fiber formation
forms a repeated B-turn structure (Asakura et al., 2001).
Based on these structural findings for B. mori silk fibroin,
new application, molecular design of the silk fibroin and
continuous production of silk proteins using a genetic
technology will be opened in future together with use of
silkworm as a host cell in the insect biotechnology (Wu et
al., 2001; Demura et al., 2002, Arcidiacono et al., 2002).
In order to expand use of the silk proteins to various fields,
it is important to characterize the molecular structure from

the new insights, to improve, and to find new functions of
the silk proteins.
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