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Minireview

Towards the Recombinant Production of Mussel
Byssal Collagens

Anja Hagenau and Thomas Scheibel
Lehrstuhl für Biomaterialien, Universität Bayreuth,
Bayreuth, Germany

Purity and biocompatibility are prerequisites for collagen-based products in
medical, pharmaceutical, and cosmetic applications. Investigation of new collagen
sources and development of recombinant technologies for high-yield collagen
production allow the development of novel biomaterials. Here, we highlight a
fascinating natural collagenous material from marine mussels as a potential
new source for biomaterial research. Further, we focus on recombinant collagen
production and evaluate the feasibility to adapt these technologies for the biotech-
nological production of mussel byssal collagens.

Keywords: Human collagen; P4H; PreCollagens; Yeast

INTRODUCTION

Collagen is often utilized in medicinal, pharmaceutical, and cosmetic
applications. The broad variety of materials morphologies (fibrils,
non-woven, sponges) and its good biocompatibility enables collagen-
based additives to improve the performance of medical devices like
wound dressings, soft tissue implants, stents, and vascular craft coat-
ings [1–3]. Collagen in tissue engineering can act as a tissue scaffold
and has been demonstrated to enhance cell attachment, while in
cosmetic applications collagen is used for dermal augmentation [4,5].
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Today, most commercially available collagens are derived from
vertebrates (mostly from cattle and pigs), and although they cause
little immune response, there are certain concerns about its biocom-
patibility and homogeneity. Therefore, the recombinant production
of collagens reflects an emerging field as it reflects a reproducible,
safe, and animal-component free collagen source with high production
yields at fairly low cost.

For improved performance, especially in medical applications, non-
vertebrate collagen sources are also under investigation. One of these
collagenous materials is the byssus of marine mussels which consists
of collagen-like fibers embedded in a proteinaceous matrix.

Our current research focuses on investigating collagen-like proteins
of mussel byssal threads and on establishing biotechnological pro-
duction tools necessary for biomaterial applications. Here, we briefly
review the properties of mussel byssal collagens and subsequently
focus on methods of recombinant production of collagen, also feasible
for mussel byssal collagen production.

Why Search for New Collagen Sources?

Collagen is themost abundant fibrous protein of the extracellularmatrix
of vertebrates as well as invertebrates and is the basic building block of
skin, bone, and cartilage. Besides stabilizing the morphology of cells and
tissue, it has a great impact on cell adhesion, growth, migration, and dif-
ferentiation [6]. Due to its importance in nature, collagen from different
sources has been utilized as a biomaterial for orthopedic (bone regener-
ation, spinal fusion), plastic (wound healing, burns), and aesthetic sur-
gery (dermal augmentation) as well as for drug delivery, wound
dressings, implant coatings, and as an additive in pharmaceuticals [1–
3]. Additionally, due to its hydrating and filler abilities, collagens have
been employed as an ingredient in a wide range of cosmetic products [7].

Currently, collagen is derived from bovine and porcine skin as well
as from chicken waste material. However, consumers and manufac-
tures are increasingly concerned about biological safety issues such
as purity of collagen extracts. Bovine-based proteins in particular
can contain biological impurities such as infectous prion proteins
derived from animals with BSE (Mad Cow Disease) that encourage
strict quality controls [8].

Mussel Byssi as a New Source of Collagens

Collagenous proteins from marine mussel byssal threads provide a
new class of collagen material with great potential for biomaterial
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research, which has been intensely studied by the group of Prof.
Herbert Waite [9–11]. Mussel byssi are a unique anchorage system
employed by marine mussels such as Mytilus (Lamarck) enabling
them to settle among sea bed stones, pickets, or harbor walls. In
2005, within the European Union 361,000 tonnes of Blue Mussel were
produced in aquaculture for the food industry [12], and mussel byssi
are a waste product which could be recycled for collagen extraction.

The byssus consists of short, entirely extracellular proteinaceous
threads which are attached to the substratum by an adhesive plaque
at their distal end and connected to the mussel tissue by a stem at
the proximal end (Fig. 1). Similar to tendon, 81% of the dry weight
of a byssal thread are fibrilar collagenous proteins known as preColla-
gens (preCols) [9] and the remaining 19% can be assigned to non-
collagenous matrix proteins including proximal matrix protein 1
(PTMP1) [13] and distal matrix protein 1 (DTMP1) [14] and the cuticle
protein mussel foot protein-1 (mfp-1) [15]. PreCol proteins are pro-
duced in specialized collagen glands of the mussel foot and stored in
secretory vesicles as short preformed fibrils arranged in smectic
arrays like liquid crystals [16]. These vesicles are secreted together
with the matrix and cuticle proteins into the ventral groove of the foot,

FIGURE 1 Mechanical properties of the mussel byssal thread, and the
distribution of collagen-like proteins (preCols) along the thread. The basic
component in the distal part is preCol D (D), while preCol P (P) is mainly found
in the proximal portion, and preCol NG (NG) is homogenously distributed.
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and the thread is formed by a process akin to molding. So far the exact
mechanism is unclear, but the presence of post-translationally
modified amino acids (Fig. 2 and see below) and the purification of
the enzyme prolyl-4hydroxylase from foot tissue [17] indicates that
collagen processing enzymes are involved in the fibril forming process.

Each individual byssal thread exhibits distinct mechanical proper-
ties at either end, and the transition of these properties occurs seam-
lessly along the thread. While the proximal part has a high elasticity
(200%), the distal part is very stiff (Young’s modulus¼ 500MPa [9];
Fig. 1). It is supposed that the preCols are the major mediators of
the distinct mechanical properties [10,18]. Protein extractions from
byssal threads and analyses of cDNAs derived from mRNAs extracted
from mussel feet revealed three different major preCols and some
minor variants thereof (Fig. 1). The basic component of the distal
part is preCol D, while preCol P is mainly found in the proximal

FIGURE 2 Solid state NMR spectra of entire, hydrated byssal threads.
Proton-decoupled 188MHz 13C cross polarization (CP) magnetic angle spinning
(MAS) NMRwas measured at a MAS frequency of 7 kHz at 20�C. The signals of
the major amino acids are labeled and the Hyp-signals are highlighted in bold
(ssb designates spinning side bands arising on MAS). Adapted from [18]. Copy-
right Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission.
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portion. These two proteins are arranged in a seamless, opposed
gradient along the thread reflecting the transition of mechanical
properties depicted above [19–21]. In contrast, preCol NG is homoge-
nously distributed and seems to act as a load compensating mediator
between the other preCols, supporting the threads self-healing ability
after stretching under tension [22,23].

Comparison of the Molecular Structure of Human
and Mussel Byssal Collagen

Similar to human procollagen type I (Fig. 3a), each preCol has a
modular composition. While in human procollagen type I terminal
pro- and telopeptides flank the collagenous domain, mussel preCols
consist of a collagen core domain, variable flanking regions, and
Histidine (His)=3,4-di-hydroxyphenylalanine (DOPA)-rich regions
(Fig. 3b) at each terminus [10]. Like the propeptides of procollagen
type I, the His=DOPA-rich regions are responsible for the linear and
lateral cross-linking of the preCols after triple helix formation by
diDOPA-bonds and His-metal chelation [10,24].

It has been shown that the proteins of the distal part of the thread
exhibit mostly b-structures [10,18]—a protein conformation playing

FIGURE 3 Comparison of structural composition of (a) human type I procol-
lagen and (b) mussel byssal preCollagens. Dotted arrows indicate proteinase
cleavage sides.
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a major role in protein rigidity. This structure is likely based on
the amino acid sequence of the flanking regions of preCol D resem-
bling that of silk fibroin and spider dragline silk [21,25,26]. In preCol
NG, also found in the distal portion of the byssal thread, plant cell
wall-like motifs are present in the flanks [23] containing poly-alanine
runs that are able to fold into crystalline b-sheets. In contrast, the pre-
Col P flanks harbor motifs similar to those found in elastin and spider
flagelliform silk [19,25,26] being able to form helical structures, and
they are thought to be responsible for the high elasticity of the proxi-
mal thread portion.

The collagenous domain in both human procollagen type I and the
preCols consists of several amino acid repeats based on the collagen
typical repetitive sequence [Gly-Xaa-Yaa]n (Gly denotes glycine).
While in human procollagen type I the amino acid at the Xaa-position
is mostly proline (Pro), in preCols both Pro and Gly residues are found
[10,20,27]. Three individual polypeptide chains fold into a helical poly-
proline II-like conformation resulting in a trimer with triple helical
structure. Human procollagen type I consists of two a1(I)-chains and
one a2(I)-chain, whereas mussel preCols are homotrimers comparable
with the fibrillar human collagen type III [28]. Several Gly-deletions
and distinct substitutions in the collagen motif of preCols interfere
with the triple helical structure causing kinks in the molecules [10],
which are not found in other fibril-forming collagens. In addition,
the length of the triple helical collagen domain of preCols (130–
150nm) is only half of that of human procollagen type I (300nm) while
the diameter is 1.5 nm for both.

One important feature of collagens is the presence of post-
translationally modified amino acids at the Yaa-position of the tripeptide
motif. One modification is the hydroxylation of Pro to hydroxyproline
(Hyp) by prolyl-hydroxylases or of lysines to hydroxylysines (Hyl) by
lysyl-hydroxylases. Hydroxylysines can be additionally O-glycosylated
with galactose and glycogalactose residues via the enzyme galactosyl-
transferase. A final processing step of collagens is the cleavage of
propeptides after secretion to the intercellular space [27,29].

Although all of these processes are well studied in mammalian
collagens, post-translational modifications of mussel preCols are largely
unknown. The likely occurrence of post-translational hydroxylation by
prolyl-hydroxylases was found by amino acid analysis [20,30] and solid
state NMR studies of byssal threads (Fig. 2) [18]. Further, a protein
with prolyl-hydroxylation activity has been identified (see also above)
[17] and cDNAs were found in a gene library from the Mediterranean
mussel Mytilus galloprovincialis with similarities to genes encoding
the alpha and beta subunit of human prolyl4-hydroxylase (P4H) [31].

Recombinant Production of Mussel Byssal Collagens 15
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Natural Production of Collagen

Upon translation, collagen is translocated to the lumen of the endo-
plasmatic reticulum (ER) where it is post-translationally modified
and folds into a preliminary triple helix under oxidizing conditions.
Subsequently, the triple helix is transported along the secretory path-
way to the extracellular space undergoing further modifications before
several triple helices assemble into fibrils [28,29]. The most important
modification necessary for folding into a thermally stable triple helix is
hydroxylation of prolines in the Yaa-position of the collagen triplet
motif by P4H within the ER. Collagen molecules without a respective
proline hydroxylation mostly fold incorrectly and remain non-
functional [32]. P4H comprises an a2b2 tetrameric structure in verte-
brates, while in C. elegans it consists of a ab-dimer. The a-subunit of
P4H contains both the substrate and co-substrate (Fe2þ, 2-ketogluta-
rate, O2, ascorbate) binding sites as well as the catalytic site. The
b-subunit is identical to the multifunctional protein disulfide isomer-
ase (PDI) and functions as a solubilizer of the a-subunit in addition
to a catalytic activity for protein folding [33,34].

Recombinant Production of Collagen

Recombinant protein production offers the possibility to generate
homogeneous collagens in large quantities, avoiding animal-derived
impurities obtained during extraction from cattle, pigs, or even mussel
byssal threads. For decades many researchers have been working on a
cost-effective and scalable technique for manufacturing recombinant
human collagen with consistent quality. One major concern is the
choice of a host system which produces correctly folded, stable -
collagens at high yields.

Expression hosts such as bacteria and yeasts, commonly used in
recombinant protein production, are per se not suitable for recombi-
nant collagen, since they do not intrinsically synthesize collagen and
have no P4H activity, although PDIs can be found in both systems.
Other recombinant production systems employing insect cells, mam-
mary glands, or tobacco plants also provide insufficient intrinsic
hydroxylation levels.

Bacteria Hosts for Collagen Production
Prokaryotic expression hosts like E. coli have no ER and no hydrox-

ylation activity. Recently, an E. coli strain with enhanced prolyl
aminoacyl-tRNA synthase activity has been developed. Upon cultur-
ing in a hyperosmotic medium supplemented with hydroxyproline
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for an increased Hyp supply, truncated human a1(I) procollagen could
be produced, yielding an over-hydroxylated triple helical collagen [35].
Further, human P4H has been successfully produced in E. coli strains
with an oxidizing cytosol [36–38]. Both studies indicate that the
production of hydroxylated collagen upon co-production of active
P4H might be feasible in E. coli.

However, bacterial production systems like E. coli show several lim-
itations. Human collagen and even the preCols are large molecules
often exceeding the capability of bacterial host systems. Additionally,
these proteins comprise repetitive sequences which might undergo
recombination events through the bacterial transcription-translation
machinery resulting in truncated gene products. Based on results with
repetitive spider silk proteins [26,39,40], genetically designed collagen
fragments adapted to the bacterial codon usage could be produced in
E. coli strains with a knock out of the recA gene preventing homolo-
gous recombination (Fig. 4).

FIGURE 4 Strategies of engineering of bacterial and yeast production
systems for recombinant mussel byssal collagens.
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Yeast Hosts for Collagen Production
Yeasts are among the best-characterized model organisms in

microbiology, and have been established as hosts for biotechnological
production of a variety of heterologous proteins [41–43].

Previously, the baker’s yeast, Saccharomyces cerevisiae, has been
employed for recombinant collagen production. Human a1(I) and
a2(I) procollagen can be co-produced with the a- and b-subunits of
P4H derived from various different species. The highest yield of
natively folded collagen fibrils has been obtained by co-expressing
plasmids encoding a1(I)=a2(I) procollagen and chicken P4H [44]. The
amount of produced recombinant collagen could be further increased
by integrating the P4H genes into the genome of the host (Table 1).
In other studies, production of truncated recombinant human a1(I)
procollagen consisting of the core domain and terminal telopeptides,
achieved highest expression levels by fermentation, and the produced
type I heterotrimers were able to form collagen fibrils [45].

However, the practical use of the S. cerevisiae expression system is
limited, especially since recombinant proteins produced therein are
typically hyperglycosylated: N-linked carbohydrates terminated by
mannose are connected to the peptide chain, which may be allergenic.
Additionally, instabilities of recombinant strains render the pro-
duction process less reliable due to the use of episomal vectors [42].

Alternatively, the methylotrophic yeast Pichia pastoris has been
established for industrial high level production of collagen, since it
can be cultured at extremely high cell densities (500 OD600 U mL�1).
P. pastoris is further able to O- and N-glycosylate-appropriate
hydroxyl groups [41]. Analysis of P. pastoris producing P4H a- and
b-subunits and procollagen type III revealed that synthesis of stable
and active tetrameric P4H requires co-production of collagen, and
thermally stable, well-assembled collagen needs co-production of
a- and b-subunits of P4H [46,47]. Additionally, employing the
pre-prosequence of a-mating factor (aMF) of S. cerevisiae instead of
the original human signal sequence in the b-subunit of P4H improved
its translocation into the ER, followed by increased enzyme activity
and yield of collagen production [46] with correctly folded collagen
trimers and Hyp-contents identical to nature (Table 1) [48–50].

During collagen production in P. pastoris, single chains of truncated
(45 kDa) human a1(I) collagen have been efficiently secreted into the
medium, whilst 90 kDa fragments and properly folded triple helical
molecules were retained in the ER lumen [51,52]. In human fibro-
blasts, triple helical collagen is transported from the ER to the Golgi
compartment by special tubular-saccular structures with a size larger
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than 300nm. By contrast, COP II-coated cis-Golgi vesicles in
P. pastoris are too small (60–90nm) to encapsulate properly folded
recombinant collagens.

Eukaryotic Cells for Collagen Production
Eukaryotic cell lines allowing high yields of recombinant protein

production are, for example, baculovirus infected insect cells from
the fall armyworm Spodoptera frugiperda (Sf9, Sf21) or Trichoplusia
ni (HighFive). This expression system has been used to produce
natively folded, disulfide-bonded, and correctly modified collagens
(Table 1) [53,54]. Although insect cells reveal an intrinsic P4H
activity, additional transfection with viruses encoding P4H was neces-
sary to increase both the yield and stability of the collagen triple helix.
The baculovirus system provides the production of sufficient amounts
of native collagens and preCols for basic protein characterization, but
due to apparently low productivity and high costs it is not ideal for
commercial production.

Transgenic Organisms for Collagen Production
Mammary glands of transgenic animals provide a suitable

expression system for collagens. Several human proteins have been
produced in a biologically active form in the milk of sheep, mice, rab-
bits, and pigs. A truncated a2(I) collagen was co-produced with human
P4H in mammary glands of mice (Mus musculus) (Table 1) [55]. A
relatively high amount (1–8mg=mL) of incompletely hydroxylated full
length human a1(I) procollagen, able to form homotrimers, was
obtained in mouse milk [56]. Recombinant production of human
a1(III) procollagen in silkworm Bombyx mori silk glands resulted in
incorporation of collagens into the silk cocoons, but the collagens
had low levels of hydroxyproline [57]. In transgenic tobacco plants
unhydroxylated type I homotrimer has been produced [58], and the
Hyp-content could be increased by co-production of the a-subunit of
P4H from C. elegans together with the mouse P4H b-subunit [59].
Due to long generation times and inadequate Hyp-content, transgenic
organisms have so far not been used for large scale recombinant pro-
duction of collagens.

Outlook: Recombinant Byssal Collagens
as New Biomaterials

Among biopolymers, preCols from mussel byssal threads provide a
new functional class. They comprise collagenous characteristics as
well as sophisticated mechanical properties. PreCols might offer the
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possibility to create novel biomaterials for a wide range of medical and
other applications.

The individual proteins preCol D and NG and processed materials
thereof could increase the rigidity of engineered bone scaffolds, while
preCol P might provide elasticity for ligament implants. Additionally,
preCol-derived surface coatings of implants might increase their
mechanical stability and cell compatibility. Similar to human collagen,
preCols could be recombinantly produced with a consistent quality in
large quantities and high purity.

Due to long generation times and high costs, transgenic animals are
not attractive for large scale production of recombinant mussel byssal
collagens. Based on our experiences on recombinant production of
highly repetitive structural proteins such as spider silks, we suppose
that the most promising host systems for the production of proteins
for basic investigations are insect cells, whereas P. pastoris and E.coli
might be suitable for large scale production. Strategies for engineering
highly productive host systems are summarized in Fig. 4.

Despite the similarities to human collagen, preCols additionally
contain protein domains (elastin-, silk-like flanks, as well as His=
DOPA regions) which strongly influence the protein properties such
as solubility and aggregation behaviour. We assume these additional
domains might cause unexpected problems during production, purifi-
cation, and subsequent processing into functional biomaterials. In
our opinion, the production of mussel byssal collagens remains a
biotechnological challenge and we believe that, once this has been
tackled, recombinant collagens derived from mussel byssal preCols
might advance to a biopolymer for interesting applications.
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