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Abstract−Silks have been used widely for human beings due to their several extraordinary properties. Until now,
the studies on silk proteins have mainly focused on spiders and silkworms. Because silk properties are organism-de-
pendent, novel silk protein types can be found and developed through investigation of new silk-bearing organisms.
We noticed that marine mussel has silk-like domains containing many repeats with abundance of glycine and alanine. In
the present work, we redesigned mussel-derived silk-like gene sequence which contains alternating repeated and non-
repeated regions with optimized codons for Escherichia coli. For successful expression of recombinant mussel silk-
like protein in E. coli cells, we employed several experimental strategies, including use of strong promoter, cold shock
expression, and genetic fusions. We observed significant repression on cell growths by even low expression levels of
soluble mussel silk-like proteins in cold shock- and glutathione s-transferase (GST) fusion-based systems. Thus, we
finally used baculoviral polyhedrin protein as a fusion partner and successfully expressed insoluble mussel silk-like
protein with relatively high expression level and without cell growth repression in E. coli.
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INTRODUCTION

Silk, an outstanding nature-given material, has been used widely
for its fine texture because it rarely causes inflammation and allergic
responses. In addition, it has been important for biomaterials due to its
biocompatibility and biodegradability as well as its stiffness, strength,
extensibility, and toughness [1-3]. The properties of silk proteins
are determined by the organisms producing them [4]; each silk-bear-
ing organism, such as spiders, silkworms, and bees, has its unique
silk protein property [5,6]. Therefore, it is necessary to find new
silk-bearing organisms with characteristic properties of silk pro-
teins. However, efforts to explore new silk-bearing organisms have
not yet produced sufficient outcomes.

Byssus, a silky filament of marine mussel has higher resiliency
(3-5 times) and density than tendon [7] and is stiffer and stronger
than elastin (a typical elastic mammalian protein) and resilin (one
of elastic insect proteins) [7,8]. This superiority of mussel byssus
might be due to combinational structures. Mussel byssus is com-
posed of three types of proteins: pre-collagen D (distal), pre-col-
lagen P (proximal), and pre-collagen NG (non-gradients) [9-11].
From proximal to distal regions, each collagenous protein makes
block copolymer gradually. We noticed that pre-collagen D has a silk-
like domain containing rich-glycine and rich-alanine repeats which
also exist in silk proteins from spiders and silkworms [11-13].

In the present work, we, for the first time, selected marine mussel
as a target organism to develop a new silk protein. We designed a
new type of mussel silk-like protein from the original domain and
utilized several experimental strategies for successful expression of
recombinant mussel silk-like protein in Escherichia coli.

MATERIALS AND METHODS

1. Gene Synthesis and Plasmid Construction
Designed msp gene (1,353 bp) encoding mussel silk-like protein

was chemically synthesized (Genscript) to include NheI and XhoI
restriction endonuclease sites at each terminus. The msp gene was
cloned into pET23b+ vector (Novagen) and pCOLD DNA (Takara
Bio) to construct the recombinant plasmids pET23-MSP and pCOLD-
MSP, respectively (Fig. 1). To construct a fusion system, polh gene
encoding baculoviral polyhedrin was amplified by polymerase chain
reaction (PCR) and cloned into the pET23-MSP to make the recom-
binant plasmid pET23-Polh-MSP (Fig. 1). We also constructed GST
fusion plasmid pGEX-MSP by simple insertion of msp gene into
pGEX-4T-1 (GE Healthcare) (Fig. 1).
2. Culture Condition

Each recombinant plasmid carrying mussel silk-like gene was
transformed into E. coli BL21 (DE3) (Novagen). The recombinant
cells harboring pET23-MSP or pET23-Polh-MSP were grown at
37 oC or 25 oC in 400 mL LB medium containing 50µg/mL ampi-
cillin. The recombinant cells harboring pCOLD-MSP and pGEX-
MSP were grown at 15 oC and 28 oC, respectively, after induction
for optimal expression. When each culture was grown to the cell
density of 0.8 (at 600 nm, OD600), 0.1 mM isopropyl-β-D-thiogalac-
topyranoside (IPTG; Sigma) was added for induction of recombi-
nant protein expression. Induction under the pCOLD DNA-based
system is practicable with facile low-temperature transition, but IPTG
was also used for more tight regulation.
3. Analytical Assays

Cell density (OD600) was measured at 600 nm on a UV/VIS spec-
trophotometer (Shimadzu). After culturing upon IPTG induction,
cells were harvested and disrupted by sonication at 4 oC. Three types
of samples (whole cells, soluble supernatant, and insoluble cell lysate)
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were resuspended in 100µL of protein sample buffer (0.5 M Tris-
HCl, pH 6.8, 10% glycerol, 5% sodium dodecyl sulfate [SDS], 5%
β-mercaptoethanol, and 0.25% bromophenol blue) and heated at
95 oC for 5 min. 12% SDS-polyacrylamide discontinuous gel was
used for electrophoresis. The gels were visualized by Coomassie
blue staining (Bio-Rad). For Western blot analysis, proteins were
transferred onto a nitrocellulose membrane (Amersham Interna-
tional) using a semi-dry blotting system (Amersham Pharmacia) and
Bjerrum and Schafer-Nielsen transfer buffer (48 mM Tris, 39 mM
glycine, 20% methanol) for 1 h at 50 mA and 50 V. Recombinant
mussel silk-like protein containing hexahistidine (His6) tag was de-
tected using monoclonal anti-His6 antibody (1 : 1,000 v/v) (R&D
Systems) and alkaline phosphatase-conjugated anti-mouse IgG (1 :
1,000 v/v) (Sigma) diluted in antibody buffer (0.5% [v/v] Tween
20, pH 7.4, Tris-buffered saline with 1% [w/v] nonfat dry milk).
The membrane was then washed and developed colorimetrically
with FAST Red TR/Naphtol AS-MX (Sigma). The membrane was
scanned and its image was analyzed using Gel-Pro analyzer soft-
ware (Media Cybernetics).

RESULTS AND DISCUSSION

1. Design of Mussel Silk-like Protein for Expression in E. coli
Mussel as a candidate for silk-bearing organism contains three

types of collagenous proteins, and one type has silk-like domains
containing rich-glycine and rich-alanine repeats, which also exist
in spider and silkworm silks [11,12]. Thus, it is predictable that the
property of mussel byssus might be similar to that of silk protein.
In fact, mussel byssus is stiffer and tougher than the other elastic
proteins [8]. The redesigned silk-like protein used in the present
work originates from mussel Mytilus californianus pre-collagen D
protein (86 kDa), which has several types of domains including col-
lagen, histidine-rich domains ([AH]8), acidic part, and silk-like do-
mains. The silk-like domains have sequences of rich-alanine, (AAA)n,
and rich-glycine, (GGX)n (where X is glutamine, serine, leucine,
valine, proline, tyrosine, or arginine) [9-11,14].

To use two silk-like domains mainly and to combine cross-linking
(histidine-rich) and hydrophobic (silk-like domains and acidic part)
regions in turn as other silk proteins [15], we eliminated lengthy
collagen domain. By deleting the collagen part, a histidine-rich region
is located at each terminus, and silk-like domain and acidic part are
able to be placed in the middle (Fig. 2). The mussel silk-like protein
(447 amino acids and 1,353 base pairs with high GC contents) has
about 37 kDa of molecular weight and 10.8 of isoelectric point (pI)
(Table 1). From the observation of sequential similarity between
two silk-like domains and other silk proteins through FASTA local
alignment, we found that the mussel silk-like domain has the high-
est similarity with one silk type of spider Nephila clavipes: the first
and second silk-like domains have 78.3% and 71.3% of similarities
with minor ampullate, respectively. Through comparison of amino
acid compositions, we found that more than 60% of total amino
acids are glycine and alanine in the mussel silk-like protein (Table 2),
while silkworm (Bombyx mori) fibroin and spider (N. clavipes) major
ampullate have ~73% and ~58% of glycine and alanine contents,
respectively [13,16]. Collectively, we knew that the sequence arrange-
ment and composition of mussel silk-like protein are analogous to
silks from spider and silkworm in nature.

The gene encoding mussel silk-like protein has highly repeated
sequences which might be easily deleted and disturbed in E. coli
cells, and codon usage of mussel is totally different with E. coli. Thus,
we designed gene sequences to have optimized E. coli codons, min-
imize same codon usages, and considered mRNA secondary struc-

Fig. 1. Gene maps of recombinant plasmid constructs harboring mussel silk-like protein. Abbreviations: msp, mussel silk-like protein
gene; polh, polyhedrin gene; gst, GST gene; (His)6, hexahistidine tag; T7, T7 promoter; cspA, cspA promoter; tac, tac promoter;
lacI, lacI repressor.

Fig. 2. Schematic diagram for redesign of mussel silk-like protein.
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ture [17]. Finally, the chemically synthesized redesigned mussel
silk-like protein gene was cloned into three types of expression vector
systems to be expressed (Fig. 1).
2. Expression of Recombinant Mussel Silk-like Protein

First, we used pET23b+ vector system having strong T7 pro-
moter to express recombinant mussel silk-like protein. Through cul-
tures at 37 oC, we found that the growth of recombinant E. coli har-
boring the pET23-MSP plasmid (triangle) was rather higher than
that of the cells harboring the parent pET23b+ vector (circle) (Fig.
3(a)). But, unfortunately, recombinant mussel silk-like protein was
not shown on both SDS-PAGE and Western blot analyses (data not
shown). It is well known that genetic expressions of silk proteins
are generally tricky works [18,19]. Therefore, other experimental
strategies were needed for successful expression of recombinant
mussel silk-like protein.

When we reduced culture temperature of recombinant E. coli
harboring the pET23-MSP plasmid to 25 oC, we found mussel silk-
like protein band (~37 kDa) on Western blot membrane even though
its band intensity was dim (Fig. 4(a)). However, due to very low ex-
pression level, the protein band was not shown in SDS-PAGE analy-
sis (data not shown).

When E. coli cells are induced under low temperature environ-
ment (15-25 oC), there are numerous physiological changes in cells,

such as decrease of membrane fluidity, decrease in the rates of trans-
portation and secretion, and alternations on mRNA structure, repli-
cation, transcription, and translation [20-22]. Low culture tempera-
ture can also help target proteins to be expressed as soluble forms
[20,23,24]. Thus, to trigger cold shock expression of mussel silk-
like protein in E. coli, we next used pCOLD DNA vector system.
It was reported that expression of heterologous protein that failed
in other vector systems became possible with increased expression
level and soluble fraction of the protein using pCOLD DNA vector
system [20,24]. From the culture of E. coli having the recombinant
pCOLD-MSP plasmid at 15 oC, we found that mussel silk-like pro-
tein (~37 kDa) was expressed as a soluble form in Western blot an-
alysis (Fig. 4(b)). But, due to low expression, band detection was
also impossible on SDS-PAGE gel (data not shown). We also ob-
served significant repression on cell growth (triangle) compared to
the cells having the parent vector (circle) (Fig. 3(b)). We suspect
that soluble expression of mussel silk-like protein might be a burden
to the cells, because insoluble expression using the pET23-MSP
plasmid did not repress cell growth (recall Fig. 3(a)).

Fusion protein strategy has solved many protein expression prob-
lems through possible changes in structures and functions of target
heterologous proteins by forming fusion proteins. For successful
application of fusion protein strategy, selection of appropriate fusion

Table 1. Redesigned mussel silk-like protein with its genetic information

Histidine-
rich part

Silk-like
domain 1

Acidic
part Silk-like domain 2 Histidine-

rich part
Whole
protein

Base pair 204 285 63 726 63 1,353
MW (kDa) 6.77 7.66 2.23 18.58 2.08 37.32
pI 10.36 12.48 3.83 12.48 6.86 10.8
Amino acid DYGRKYG

KPSYGEYG
GKRGGGR
VSGAVAHA
HAHAHASS
GADGRSR
AHARAVAH
SHSGGGAA
HGHPGFP

AGSASAAARAA
ARAGAVGGFGG
GGFGSASAAAA
ARAAAAGGGL
GGGFGSASAAA
RAAAAAGGFGG
GGFGSASANAA
ANAAAGGFGGF
GGGFGPGF

TLVIED
LRTAG
VESPV
EAFDA

GAGPGGAGPFGGAGPFGGAGAGAGAG
GAGPFGAGPFGAGPFGGVGGAGVGGAG
PGGAAGPGGAAGPGGAAGAGGLGGLG
AGGLGGLGAGGLGGLGAGGLGGQGAG
GLGGLGAGGLGGLGAGLGGGLGGGAG
AAAAAQAAAAANGGLGGGSAAAAARA
AAAANAGLGGGAVAAAQAAASAAANS
GLGAGAARAAASAAARATVAGAGRGTA
AAAASAAAQAHAATKAQGGSHAHAAA
AAQAAA

SSVIHG
GGHGG
HGGDY
HKPGY

Table 2. Comparison on amino acid distributions of silk proteins from silkworm, spider, and mussel

Amino acid Silkworm (Bombyx mori)
fibroin

Spider (Nephila clavipes)
major ampullate

Mussel (Mytilus californianus)
silk-like protein

Gly 44.1 37.1 33.3
Ala 29.7 21.2 32.0
Ser 12.4 04.5 05.4
Tyr, Phe 07.5 10.2 04.9
Leu, Ile, Val, Asx, Glx 03.6 11.7 10.7
Thr 01.2 01.7 01.1
Arg 01.5 07.6 03.4
Trp 00.5 - -
Pro - 04.5 03.4
His, Cys, Lys - 01.0 05.1
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partner is generally important [23,25]. We used glutathione s-trans-
ferase (GST) fusion system (pGEX-4T-1) because GST protein has
the ability to form soluble proteins in the bacterial cytoplasm with
correct folding characteristics that affect high level of expression
and solubility of target protein [26,27]. However, when we cultured
the recombinant E. coli cells having the pGEX-MSP, we again ob-
served severe repression on cell growth (Fig. 3(c)). Thus, we con-
firmed that soluble expression system hampers cell growth signifi-
cantly. We also failed to detect the band of GST-fused mussel silk-
like protein in both SDS-PAGE and Western blot analyses (data
not shown).

Baculoviral polyhedrin is an alkali-soluble component of poly-
hedra which comes from Autographa californica nuclear polyhe-
drosis virus [28,29]. Fusion with polyhedrin protein induces improved

Fig. 3. Time profiles of cell growth under expression of mussel silk-
like protein using (a) pET23b+ or/and polyhedrin fusion-,
(b) cold shock-, and (c) GST fusion-based systems. Arrow
indicates induction point.

Fig. 5. (a) SDS-PAGE and (b) Western blot analyses for expres-
sion of polyhedrin-fused mussel silk-like protein. Abbrevi-
ations: MW, molecular weight marker; NC, negative con-
trol (parent vector); Polh-MSP, polyhedrin-mussel silk-like
protein fusion; S, soluble fraction; IS, insoluble fraction.

Fig. 4. Western blot analyses for expression of mussel silk-like pro-
tein using (a) pET23-MSP and (b) pCOLD-MSP plasmids.
Abbreviations: MW, molecular weight marker; MSP, mus-
sel silk-like protein; S, soluble fraction; IS, insoluble frac-
tion.
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target protein expression and insoluble inclusion body formation
with peculiar alkali-soluble characteristics of polyhedrin in E. coli
[30-32]. To avoid cell growth repression problem of soluble expres-
sion system and increase protein expression level of pET23b+ vec-
tor-based system, we finally used polyhedrin fusion strategy: poly-
hedrin (~29 kDa) was fused at the N-terminus of mussel silk-like
protein (Fig.1). Such growth inhibition as shown in the case of pET23-
MSP system was not observed during growth of the cells harboring
the pET23-Polh-MSP plasmid (Fig. 3(a)). Previously, we showed
that polyhedrin-fusion could solve the cell growth retardation prob-
lem [30,33]. Actually, the cells grew well with high cell density in
both pET23b+ vector-based systems regardless of polyhedrin fusion
(Fig. 39a)). But, there was a definite difference in protein expression
between the two. When using pET23-MSP system, the expression
level of mussel silk-like protein at the 37 oC culture was too low
for detection on Coomassie blue stained gel (data not shown), but
the detection was only possible by sensitive Western blot analysis
with very low band intensity (Fig. 4(a)). However, importantly, mus-
sel silk-like protein fused with polyhedrin (~66 kDa) was success-
fully expressed in inclusion bodies and, more importantly, was de-
tected on even SDS-PAGE gel (Fig. 5(a)) as well as Western blot-
ted membrane in the culture of E. coli cells harboring pET23-Polh-
MSP plasmid at 37 oC (Fig. 5(b)). Even though insoluble inclusion
body formation requires extra steps for protein function, it also has
several advantages such as generally greater levels of foreign pro-
tein expression, facile protein isolation in high purity, effective pro-
tection of target protein from proteolysis, and efficient production
of harmful or toxic proteins [31,32]. Purification of polyhedrin-fused
protein in recombinant E. coli cells and recovery of sole mussel silk-
like protein are currently underway.

CONCLUSIONS

We selected marine mussel as a new silk-bearing organism be-
cause we found silk-like domains containing rich-glycine and rich-
alanine repeats from mussel pre-collagen D protein. By deleting
lengthy collagen domain and having optimized E. coli codons, we
redesigned mussel silk-like protein sequence for genetic expression in
E. coli. When we used pET23b+ vector having strong T7 promoter,
we could detect expression of mussel silk-like protein at low culture
temperature (25 oC) but could not at 37 oC. We next used cold shock
(15 oC)-based pCOLD DNA and GST fusion-based pGEX4T-1 vec-
tors to aim for increased soluble expressions. However, there were
severe retardations on cell growths and possible detections with only
sensitive Western blot analysis due to very limited expressions of
soluble mussel silk-like proteins. Therefore, we decided to use bacu-
loviral polyhedrin as an insoluble inclusion body formation-induc-
ing fusion partner along with pET23b+ vector system. Finally, mussel
silk-like protein was successfully expressed as an insoluble inclusion
body without cell growth inhibition and detected via just SDS-PAGE
analysis.
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