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Abstract
Collagen molecules consist of three polypeptide chains that are coiled around each other to form a
triple-helical structure. The formation of stable collagen triple helices requires the hydroxylation of
proline residues catalyzed by collagen prolyl 4-hydroxylases (C-P4H). Vertebrate C-P4H is an ER-
resident enzyme that consists of two catalytically active α subunits and two β subunits. Production of
recombinant human collagen and gelatin could have numerous medical and industrial applications,
but most recombinant systems lack the C-P4H activity. The yeast Pichia pastoris has been
successfully engineered to produce stable human collagens and gelatins by co-expression of the
collagen polypeptide chains with the two C-P4H subunits. 

This study examined the effect of deletion of the C-propeptide, or its replacement by a trimerizing
foldon domain, on the assembly of type I and III collagen triple helices in P. pastoris. It was observed
that the absence of the C-propeptide leads to inefficient collagen chain assembly whereas the
replacement of C-propeptide with a foldon domain increased the assembly up to 3-fold. Moreover,
the co-expression of α1(I) and α2(I) chains fused with foldon yielded heterotrimeric type I collagen
molecules with a typical chain ratio of 2:1. As the foldon domain contains no information for collagen
chain recognition, the present data indicate that the chain assembly is defined not only by the C-
propeptides but also by other determinants present in the α chains.

Another aspect studied here was the expression and secretion of gelatin fragments of varying size
and conformation in P. pastoris. It was discovered that gelatin fragment size affects its secretion as
the 90 kDa fragment was less efficiently secreted than the 45 kDa fragment. Secretion was also
dependent on the fragment conformation as induction of the triple helix formation by either C-
propeptide or foldon led to the accumulation of the fragments inside the yeast cells despite the
presence of an efficient secretory signal.

C-P4H was long assumed to exist as one type only but the cloning of several C-P4H α subunits
raised questions concerning the specific roles of the C-P4H isoenzymes. The generation of mice
lacking the type I C-P4H, which is regarded as the major C-P4H isoenzyme, indicated that this
isoenzyme is essential for the embryonic development of the mouse. The embryos lacking type I C-
P4H died at an early stage of their development due to the disruption of basement membranes. It was
found that the basement membranes of the homozygous null embryos lacked type IV collagen
whereas the fibrillar collagens were synthesized, although with altered morphology. The data
reported here also demonstrate that the other C-P4H isoenzymes cannot compensate for the lack of
type I isoenzyme.

Keywords: collagen, collagen prolyl 4-hydroxylase, gelatin, knock-out mice, recombinant
proteins
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α-MF   yeast α mating factor pre-pro sequence 
AOX   alcohol oxidase 
BM   basement membrane 
C-P4H   collagen prolyl 4-hydroxylase 
ECM   extracellular matrix 
ER   endoplasmic reticulum 
HIF   hypoxia inducible factor 
kDa   kilodalton(s) 
mRNA   messenger RNA 
NMR   nuclear magnetic resonance 
PAGE   polyacrylamide gel electrophoresis 
PDI   protein disulfide isomerase 
PHY   C. elegans collagen prolyl 4-hydroxylase α subunit 
PCR   polymerase chain reaction 
SDS   sodium dodecyl sulphate  
Tm   midpoint of thermal transition 
X (in Gly-X-Y)  any amino acid 
Y (in Gly-X-Y)  any amino acid 
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1 Introduction 

Extracellular matrix (ECM) is a complex entity that surrounds cells in multicellular 
organisms and provides cells support and anchorage. The main constituents of ECM are 
collagens that form a protein superfamily consisting of almost 30 different collagen types. 
Collagens are synthesized by a complex process involving several intracellular and 
extracellular events that are catalyzed by a number of enzymes. One of these enzymes, 
collagen prolyl 4-hydroxylase (C-P4H), plays a critical role as it catalyzes the formation 
of 4-hydroxyprolines that are essential for the thermal stability of the collagen triple-
helix.  

Collagens and gelatins are used in numerous medical and pharmaceutical applications 
and in the food industry. Large amounts of collagens are needed for these applications 
and a recombinant system would be of great benefit to their production. However, the 
complex nature of the biosynthesis of collagens makes them very difficult proteins to 
produce in traditional recombinant systems that lack the essential enzymes needed for 
producing thermally stable collagen molecules. The yeast Pichia pastoris has been 
successfully engineered for collagen production by coexpressing collagen polypeptides 
with active C-P4H, thus ensuring a complete hydroxylation of proline residues and 
therefore the formation of stable collagen triple helices.  

This study focuses on the collagen assembly and triple helix formation in P. pastoris. 
As the C-propeptides are thought to be essential for correct collagen chain recognition 
and assembly prior to triple helix formation, the deletion of C propeptide and its 
replacement with a smaller trimerizing domain was examined. Another aspect studied 
was the secretion of short collagen fragments, gelatins, in P. pastoris, the special focus 
being on the effect of gelatin fragment length and conformation on the secretion.  

C-P4H was long assumed to exist as a single type only, with no isoenzymes. The 
discovery of two other C-P4H isoforms raised questions about the specific roles of these 
isoenzymes. An excellent way of studying the function of the isoenzymes in vivo is a 
generation of knock-out mice with the gene of interest being inactivated. In this study, a 
knock-out mouse was generated lacking the major C-P4H isoenzyme, namely type I, and 
the consequences of the lack of its activity were examined.  



2 Review of the literature 

2.1  Collagens  

Collagens are the most abundant proteins in the human body. Their main function is to 
provide tissues with structural and mechanical support but they are also involved in a 
number of other biological functions including cell attachment, migration and 
differentiation. Collagens are found in all tissues in the human body and they are 
particularly abundant in bone, skin, cartilage, tendons and ligaments. (For reviews, see 
Prockop & Kivirikko 1995, Kielty & Grant 2002, Gelse et al. 2003, Myllyharju & 
Kivirikko 2001, 2004, Ricard-Blum et al. 2005.)  

Collagen molecules consist of three polypeptide chains (α chains) that are coiled into a 
left-hand helix and wrapped around each other to form a right-handed triple-helical 
structure. In homotrimeric collagens all three α chains are identical whereas 
heterotrimeric molecules consist of two or three different α chains. A typical feature of 
collagen polypeptide chains is the repeating -Gly-X-Y- amino acid sequence in which the 
X position is frequently occupied by proline and the Y position by 4-hydroxyproline. The 
presence of glycine as every third residue is essential for triple helix formation as it is the 
smallest and thus the only amino acid that would fit into the restricted space at the center 
of the triple helix. The proline and 4-hydroxyproline residues are also important for the 
correct conformation and stability of the triple helix. The steric restrictions imposed by 
the imino rings of the proline and 4-hydroxyproline favor the formation of the triple helix 
as the ring structure prevents the rotation around the N-C peptide bond. (Engel & 
Bächinger 2005.). The 4-hydroxyproline residues provide the collagen triple helices with 
additional thermal stability. Non-hydroxylated type I collagen is denatured at 24 °C while 
the hydroxylated molecules are stable in temperatures up to 39 °C (Berg & Prockop 
1973, Jimenez et al. 1973). This enhancement in triple helix stability is probably not due 
to the previously suggested stabilizing effect of water bridges between the OH-group and 
the backbone groups (Bella et al. 1994, 1995) because the phenomenon is also observed 
in anhydrous environments (Engel & Bächinger 2005). Incorporation of 4(R)-
fluoroproline into the Y position of (Pro-Y-Gly)10 polytripeptide markedly increased 
triple helix stability and this effect was suggested to arise from the inductive effect of the 
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most electronegative atom, fluorine (Holmgren et al. 1998). The 4-hydroxyproline 
residues probably act in a similar manner as the fluoroproline residues, stabilizing the 
pyrrolidine ring pucker and preorganizing all three main-chain torsion angles (Jenkins & 
Raines 2002). 

Besides collagens there are more than 20 additional proteins that contain collagen-like 
sequences but are not classified as collagens. They include, for example, the C1q 
subcomponent of complement, a C1q-like factor, adiponectin, ficolins, the tail structure 
of acetylcholinesterase, ectodysplasin, surfactant proteins A and D, macrophage 
receptors, emilins, a src-homologous-and-collagen protein and colmedins (see Kielty & 
Grant 2002, Loria et al. 2004, Myllyharju & Kivirikko 2004, Eshed et al. 2005, Franzke 
et al. 2005).  

2.1.1  Collagen types in vertebrates 

The collagen superfamily in vertebrates consists of at least 28 proteins encoded by 43 
specific genes. Different collagen types are designated with roman numerals in the order 
of their discovery while the α chains of a specific collagen type are numbered with arabic 
numerals. The collagen types in vertebrates can be divided into fibrillar and non-fibrillar 
collagens based on their polymeric structures. The non-fibrillar collagens can be further 
divided into several subgroups based on their supramolecular organization and other 
characteristics. (Kielty & Grant 2002, Myllyharju & Kivirikko 2004, Ricard-Blum et al. 
2005, Veit et al. 2006.) 

2.1.1.1  Fibril-forming collagens 

The fibril-forming or fibrillar collagens were the first members of the collagen 
superfamily to be discovered and they represent the most abundant proteins synthesized 
by connective tissue cells. These collagens tend to aggregate into fibrils that provide 
tensile strength to tissues and define the shape of the tissue in which they are present. The 
group of fibrillar collagens consists of the quantitatively major collagen types I, II and III 
and the minor collagen types V, XI, XXIV and XXVII (Ricard-Blum et al. 2005).  

Fibrillar collagens share the common structure of a large uninterrupted triple helix 
(collagenous domain) that is approximately 300 nm in length. They are synthesized and 
secreted into the extracellular matrix as large soluble precursor molecules, termed 
procollagens, that contain globular non-collagenous N and C-terminal extensions 
flanking the collagenous domain. These extensions are called propeptides and they are 
connected to the collagenous domain by short non-collagenous sequences called 
telopeptides (Fig. 1). The C propeptides of different fibrillar collagen types are highly 
homologous and contain eight conserved cysteine residues, four of which form 
intramolecular disulfide bridges and four contribute to intermolecular cross-linking 
(Koivu 1987, Lees & Bulleid 1994). Proteolytic removal of the propeptides by specific 
procollagen N and C proteinases is a prerequisite for fibril formation (Kadler et al. 1996, 
Hulmes 2002).  



 18

Type I collagen is the major collagen type being most abundant in skin, bone, tendons 
and ligaments. It generally consists of two α1(I) chains and one α2(I) chain, but some 
tissues also contain small amounts of homotrimeric α1(I)3 collagen (Kielty & Grant 
2002). Type I collagen fibrils are often present in tissues as heterofibrils containing small 
amounts of, for example, type III collagen in skin, type V collagen in bone and tendon 
and type XII collagen in tendons, ligaments, perichondrium and periosteum (Gelse et al. 
2003, Myllyharju & Kivirikko 2004).  

Type II collagen is composed of three identical α1(II) chains that form a homotrimer 
similar in size to that of type I. Type II collagen is the major collagenous component of 
hyaline cartilage but is also present in the vitreous body of the eye, the corneal 
epithelium, nucleus pulposus of the intervertebral disc and the inner ear. It can also be 
found in many non-cartilagenous tissues during development. Type II collagen fibrils are 
also heterogeneous, containing type IX and XI collagens. (Gelse et al. 2003, Myllyharju 
& Kivirikko 2004, Ricard-Blum et al. 2005.)  

Type III collagen consists of three identical α1(III) chains and is typically found in 
tissues that contain type I, with the exception of bone and tendon, and is especially 
prevalent in elastic tissues, such as skin, vessels and the lungs (Gelse et al. 2003).  

Collagen types V and XI are relatively minor components of the extracellular matrix 
that share similar structural and functional characteristics with those of major fibrillar 
collagens. Type V is found in all non-cartilagenous tissues which contain type I collagen 
fibrils whereas type XI codistributes with type II collagen in cartilage. The type V and 
type XI collagens are thought to regulate heterofibril diameter because their N propeptide 
is not processed. This region cannot be embedded in fibrils but covers the fibril surface 
thereby preventing further growth in fibril diameter (Birk et al. 1990, Blaschke et al. 
2000). During embryonic development, some non-cartilagenous tissues also contain 
heterofibrils composed of both type V and XI collagens (Fichard et al. 1995).  

The most recently identified fibrillar collagens, namely types XXIV (Koch et al. 2003) 
and XXVII (Boot-Handford et al. 2003, Pace et al. 2003) are similar to types V and XI 
but possess some features that are unusual for mammalian collagens. The triple-helical 
domains of collagen types XXIV and XXVII are shorter, have two imperfections and lack 
N telopeptides. Such features have previously been identified only in invertebrate fibrillar 
collagens (Boot-Handford & Tuckwell 2003). Type XXIV collagen expression is 
restricted to the cornea and bone, while type XXVII is expressed primarily in cartilage 
(Boot-Handford et al. 2003, Koch et al. 2003, Pace et al. 2003). 
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Fig. 1.  Schematic picture of a type I procollagen molecule showing the triple helical domain 
and the C and N terminal telopeptides and propeptides. Modified from Kielty & Grant 2002. 

2.1.1.2  Non-fibrillar collagens 

The non-fibrillar collagens can be divided into several subgroups on the basis of their 
supramolecular assemblies and other features.  

FACIT collagens (fibril-associated collagens with interrupted triple helices) consist of 
types IX, XII, XIV, XVI, XIX, XX, XXI and XXII. These collagens are not capable of 
forming fibrils themselves; instead they associate with the surface of collagen fibrils and 
interact with other extracellular matrix components (Fitzgerald & Bateman 2001, Koch et 
al. 2001, Tuckwell 2002, Koch et al. 2004, Myllyharju & Kivirikko 2004, Ricard-Blum 
et al. 2005). Type XXVI collagen also has an interrupted triple-helical structure but it 
does not appear to be a FACIT collagen because it lacks some conserved motifs found in 
the other FACIT collagens (Sato et al. 2002, Ricard-Blum et al. 2005). 

Collagen types VI, VIII and X are grouped as short-chain collagens with continuous 
triple-helical domains. They form either beaded filaments (type VI) or hexagonal 
networks (types VIII and X) (Myllyharju & Kivirikko 2004, Ricard-Blum et al. 2005). 

The group of transmembrane collagens consists of types XIII, XVII, XXIII and XXV 
(Hashimoto et al. 2002, Banyard et al. 2003, Myllyharju & Kivirikko 2004, Ricard-Blum 
et al. 2005). They have a type II orientation in the plasma membrane, i.e. they contain an 
N-terminal intracellular domain, a single transmembrane stretch and a large extracellular 
C terminus (ectodomain) that can be cleaved to become a soluble extracellular molecule. 
In addition, several collagen-like membrane proteins, which have not been classified as 
collagens, are currently known including ectodysplasin A, the MARCO receptor, 

Triple helix

C-telopeptideN-telopeptide

C-propeptideN-propeptide
Collagen

pN-collagen

pC-collagen

Pro 1α

Pro 1α
Proα2



 20

macrophage scavenger receptors and colmedins (Loria et al. 2004, Myllyharju & 
Kivirikko 2004, Eshed et al. 2005, Franzke et al. 2005, Ricard-Blum et al. 2005). 

Collagen types XV and XVIII are members of the Multiplexin subfamily (multiple 
triple helix with interruptions) (Rehn et al. 1994). They both contain functional C-
terminal domains, termed restin and endostatin, respectively. These domains have been 
shown to be capable of inhibiting angiogenesis and tumor growth (O'Reilly et al. 1997, 
Marneros & Olsen 2001, 2005).  

The basement membranes (BMs) are ubiquitously distributed, sheet-like matrices that 
exist in the interface of epithelial and endothelial cells and connective tissue. The most 
important structural component of the BMs is type IV collagen, other main constituents 
being laminins, perlecan, agrin and nidogen (Timpl 1996). The type IV collagen family 
consists of three distinct heterotrimers composed of six genetically different α chains. 
The type IV collagen monomers form dimers and tetramers via their C-terminal and N-
terminal ends, respectively, and the tetramers further associate into a network-like 
organization (Hudson et al. 1993, 2003). Other collagens associated with BMs are types 
VIII, XV and XVIII, and the most recently discovered type XXVIII that is found in the 
BMs around Schwann cells in the peripheral nervous system (Veit et al. 2006). Type VII 
collagen is the major component of the anchoring fibrils that connect BMs to anchoring 
plaques (Christiano et al. 1994). 

2.1.2  Collagen biosynthesis 

The biosynthesis of collagens has been most thoroughly studied in the case of fibril 
forming collagens (mainly type I). This multi-step process is characterized by an 
unusually large number of intracellular and extracellular events and it requires at least 12 
enzymes (Table 1). (For reviews, see Prockop & Kivirikko 1995, Myllyharju & Kivirikko 
2001, Gelse et al. 2003, Koide & Nagata 2005.) 

The fibril-forming collagens are first synthesized as procollagen molecules, the 
synthesis of their chains occurring on ribosomes of the rough endoplasmic reticulum 
(ER). Each proα-chain has a signal sequence that targets the nascent polypeptide into the 
ER lumen. The signal peptide is cleaved by signal peptidase after the polypeptide is 
translocated across the ER membrane. The co and post-translational modifications begin 
during translocation and include hydroxylation of proline residues at Y positions to 4-
hydroxyproline and in X positions to 3-hydroxyproline by collagen prolyl 4-hydroxylases 
(C-P4Hs) and prolyl 3-hydroxylases, respectively. Hydroxylation of lysine residues to 
hydroxylysine is catalyzed by lysyl hydroxylases (LHs). Hydroxylysyl 
galactosyltransferase and galactosylhydroxylysyl glucosyltransferase have not been 
cloned yet, but interestingly, one of the mammalian LH isoenzymes, LH3, and the single 
Caenorhabditis elegans LH have also been shown to catalyze the glycosylation of 
hydroxylysine residues (Heikkinen et al. 2000, Rautavuoma et al. 2002, 2004, Wang et 
al. 2002). Also, certain asparagine residues in the propeptides are glycosylated by an 
oligosaccharyl transferase complex. (Kivirikko et al. 1992, Kagan 2000, Myllyharju & 
Kivirikko 2001, Koide & Nagata 2005.) 
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Once the polypeptide chain is fully translocated into the ER lumen, the C propeptides 
associate into a trimer that is stabilized by interchain disulfide bridges that form between 
the cysteine residues located at the N-terminal half of C propeptides (Koivu 1987, Lees & 
Bulleid 1994). Disulfide bond formation is catalyzed by protein disulfide isomerase (PDI) 
that also acts as a molecular chaperone interacting with procollagen chains and 
preventing their premature assembly or aggregation (Wilson et al. 1998). PDI is a 
multifunctional enzyme that acts independently as a disulfide oxidoreductase and 
isomerase and as a subunit in the C-P4Hs and in microsomal triglyceride transfer protein 
(Kivirikko & Pihlajaniemi 1998, Freedman et al. 2002). Another important ER resident 
chaperone, Hsp47, is also involved in the folding, cellular trafficking and quality control 
of procollagen molecules (Koide & Nagata 2005). 

The nucleation of a correctly aligned triple helix occurs at the C terminus of the Gly-
X-Y repeats and the folding propagates in a C to N direction in a zipper-like manner 
(Engel & Prockop 1991, Bulleid et al. 1997, Engel & Bächinger 2005). The folding is 
associated by the action of several ER resident chaperones, such as Hsp47 and peptidyl 
proline cis-trans isomerase (PPIase) (Lamandé & Bateman 1999, Nagata 2003, Koide & 
Nagata 2005).  

Table 1. Enzymes involved in collagen synthesis 

Enzyme Event catalyzed Substrate requirement 
Signal peptidase Cleavage of the signal 

peptide of pre-proα−chains 
Wide range of newly synthesized 
proteins 

Collagen prolyl 4-hydroxylase (C-P4H) 4-Hydroxylation of proline X-Pro-Gly 
Prolyl 3-hydroxylase 3-Hydroxylation of proline Pro-4Hyp-Gly 
Lysyl hydroxylase (LH) Hydroxylation of lysine X-Lys-Gly 
Hydroxylysyl galactosyltransferase O glycosylation of 

hydroxylysine 
Hydroxylysine in a peptide linkage 

Galactosylhydroxylysyl 
glucosyltransferase 

O glycosylation of galactosyl 
hydroxylysine 

Galactosyl-hydroxylysine in a 
peptide linkage 

Protein disulfide isomerase (PDI) Native disulfide bond 
formation  

Newly synthesized polypeptide 
chains 

Oligosaccharyl transferase complex 
(OTC) 

N glycosylation of asparagine Asn-Xaa-Thr/Ser 

Peptidyl proline cis/trans isomerase 
(PPIase) 

Interconversion of cis and 
trans isomers of the peptide 
backbone around the planar 
imide bond 

Newly synthesized polypeptide 
chains 

Procollagen N proteinase Removal of N propeptides Procollagen molecules 
Procollagen C proteinase Removal of C propeptides Procollagen molecules 
Lysyl oxidase (LO) Cross-link formation D-periodic arrangement of collagen 

molecules in a fibril; telopeptide 
lysine and hydroxylysine residues 

Modified from Kielty & Grant 2002. 
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After the procollagen molecules have been completely modified and have achieved their 
correctly folded conformation, they are transported to the extracellular space across the 
Golgi complex (Bonfanti et al. 1998, Canty & Kadler 2005). The N and C propeptides 
must be removed by specific proteinases prior to collagen fibril formation. The N and C 
proteinases belong to the ADAMTS and tolloid families of metalloproteinases (Canty & 
Kadler 2005). After cleavage of the propeptides the mature collagen molecules 
spontaneously assemble into fibrils (Hulmes 2002). The fibrils are stabilized by 
formation of lysine and hydroxylysine-derived intra and intermolecular cross-links, the 
formation of which is catalyzed by lysyl oxidases (Kagan & Li 2003). 

2.2  Collagen prolyl 4-hydroxylase 

The collagen prolyl 4-hydroxylases (C-P4H, EC 1.14.11.2) reside within the lumen of the 
ER where they catalyze the formation of 4-hydroxyproline by hydroxylating the proline 
residues in X-Pro-Gly sequences in collagens and other proteins containing collagen-like 
domains. The 4-hydroxyproline residues are essential for the collagen molecules to form 
stable triple helices. C-P4Hs, as well as prolyl 3-hydroxylases and lysyl hydroxylases, 
belong to the group of 2-oxoglutarate dependent dioxygenases that require Fe2+, 2-
oxoglutarate, O2 and ascorbate for their catalytic activity. (Kivirikko & Myllyharju 1998, 
Kivirikko & Pihlajaniemi 1998, Myllyharju 2003, 2005.) 

All C-P4Hs studied from vertebrate sources are α2β2 tetramers in which the α subunit 
possesses the catalytic activity (Kivirikko et al. 1992). The β subunit is identical to 
protein disulfide isomerase, PDI (Koivu et al. 1987, Pihlajaniemi et al. 1987). Vertebrate 
C-P4H was long thought to exist as one type only, but this assumption turned out to be 
incorrect when an additional isoform, termed the α(II) subunit, was cloned and 
characterized from mouse and human sources (Fig. 2) (Helaakoski et al. 1995, Annunen 
et al. 1997). The previously known α subunit, cloned from human (Helaakoski et al. 
1989), mouse (Helaakoski et al. 1995), rat (Hopkinson et al. 1994) and chicken (Bassuk 
et al. 1989), was thus named the α(I) subunit. Recently, a third α subunit has been cloned 
and characterized from human (Kukkola et al. 2003, Van Den Diepstraten et al. 2003), 
mouse and rat sources (Kukkola et al. 2003). All α subunit isoforms associate with PDI 
to form [α(I)2]β2, [α(II)2]β2 and [α(III)2]β2 tetramers, named the type I, type II and type 
III C-P4Hs, respectively. Coexpression of α(I) and α(II) subunits with PDI in insect cells 
indicated that no mixed α(I)α(II)β2 tetramers exist in vertebrates (Annunen et al. 1997). 

In addition to vertebrate C-P4Hs, several non-vertebrate C-P4Hs have been 
characterized. The genome of the nematode C. elegans contains 4 genes encoding C-P4H 
α subunits, which are called PHY polypeptides in C. elegans terminology. The C. elegans 
PHY-1 and PHY-2 polypeptides are involved in the hydroxylation of cuticle collagens. 
PHY-1 and PHY-2 form a unique mixed tetramer with C. elegans PDI-2, PHY-1/PHY-
2/(PDI-2)2. Neither PHY-1 nor PHY-2 form a tetramer in the absence of the other 
(Myllyharju et al. 2002) but instead form active dimers with PDI-2 (Veijola et al. 1994, 
1996a, Myllyharju et al. 2002), the mixed tetramer being the preferred enzyme form, 
however (Myllyharju et al. 2002). PHY-3 is expressed in the embryos, late larval stages 
and in the spermatheca, i.e. a region of the gonad where the oocytes are fertilized, of 
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adult nematodes (Riihimaa et al. 2002). Recombinant PHY-3 coexpressed in insect cells 
with C. elegans PDI-1 was found to form an active enzyme with an unknown molecular 
composition (Riihimaa et al. 2002). A fourth C. elegans isoform, PHY-4, is currently 
being characterized (Keskiaho et al., unpublished data). In contrast to C. elegans that has 
about 180 collagen genes, Drosophila melanogaster has only three collagen genes, all 
encoding basement membrane collagens (Myllyharju & Kivirikko 2004) Surprisingly, a 
total of about 20 Drosophila genes have been identified that show a distinct similarity to 
those encoding vertebrate and nematode C-P4H α subunits, one of which has been 
characterized in detail (Annunen et al. 1999). Also, a viral P4H hydroxylating collagen-
like and many other proline-rich peptides has been cloned from a eukaryotic algal virus, 
Paramecium bursaria Chlorella virus-1 (Eriksson et al. 1999). Plants have no collagens, 
but 4-hydroxyproline is found in many plant glycoproteins (Cassab 1998). P4Hs partially 
purified from green algae and higher plants have been shown to be monomeric enzymes 
(Myllyharju 2003). Two plant P4Hs have recently been cloned and characterized from 
Arabidopsis thaliana (Hieta & Myllyharju 2002, Tiainen et al. 2005).  

Recently a novel family of prolyl 4-hydroxylases was identified that hydroxylate the 
hypoxia-inducible factor HIF (Bruick & McKnight 2001, Epstein et al. 2001, Ivan et al. 
2002). These cytoplasmic and nuclear enzymes are distinct from the C-P4Hs in their 
substrate specificity as they hydroxylate prolines in Leu-X-X-Leu-Ala-Pro sequences 
(Epstein et al. 2001, Masson et al. 2001). They require the same cosubstrates as the C-
P4Hs (Bruick & McKnight 2001, Epstein et al. 2001, Ivan et al. 2002) but the Km values 
of the HIF-P4Hs for O2 are markedly higher, indicating that the HIF-P4Hs are efficient 
oxygen sensors (Hirsilä et al. 2003). 

2.2.1  Catalytically active α subunit 

Vertebrate α subunits are very similar in size, the mature human, mouse and rat α(I) 
subunits having 517 amino acids and the chicken α(I) subunit 516 amino acids. The 
human and mouse α(II) subunits consist of 514 and 518 amino acids, respectively, 
whereas the α(III) subunits are somewhat longer consisting of 525 residues in human and 
rat and 520 residues in mouse. All α subunits are synthesized in a form containing a 
signal peptide of an additional 16 to 21 amino acids. (Bassuk et al. 1989, Helaakoski et 
al. 1989, Hopkinson et al. 1994, Helaakoski et al. 1995, Annunen et al. 1997, Kukkola et 
al. 2003, Van Den Diepstraten et al. 2003.) The overall amino acid sequence identity 
between the processed human α(I) and α(II) subunits is 64%, while the sequence 
identities between human α(I) and α(III) subunits and between α(II) and α(III) are 35% 
and 37%, respectively. (Helaakoski et al. 1995, Annunen et al. 1997, Kukkola et al. 
2003) The sequence identity between α subunits is not distributed evenly, but is markedly 
higher within the C-terminal regions that contain several conserved, catalytically critical 
residues. The identity between the C-terminal regions of human α(I) and α(II) is 80% 
whereas the C-terminal region of human α(III) is 56-57% identical to that of α(I) and 
α(II), respectively (Helaakoski et al. 1995, Annunen et al. 1997, Kukkola et al. 2003). 

Site-directed mutagenesis analyses of the human α(I) subunit have identified five 
catalytically critical conserved residues in the C-terminal region of α subunits (Lamberg 
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et al. 1995, Myllyharju & Kivirikko 1997). These include two histidines and one 
aspartate that bind the Fe2+ atom and a lysine that binds the C-5 carboxyl group of 2-
oxoglutarate (Fig.2) (Lamberg et al. 1995, Myllyharju & Kivirikko 1997). An additional 
critical histidine residue is also found in all vertebrate α subunits and is believed to be 
involved in the binding of the C-1 carboxyl group of 2-oxoglutarate and the 
decarboxylation of this cosubstrate (Myllyharju & Kivirikko 1997).  

All three human α subunits contain five conserved cysteine residues, the α(II) and 
α(III) subunits each having one additional cysteine located between the conserved 
cysteines 4 and 5, and 1 and 2, respectively (Fig. 2) (Annunen et al. 1997, Kukkola et al. 
2003). The C-P4H tetramer has no interchain disulfide bonds between the α and β 
subunits but site-directed mutagenesis studies on the α(I) subunit have indicated that 
essential intrachain disulfide bonds form between the second and third conserved 
cysteines and between the fourth and fifth (John & Bulleid 1994, Lamberg et al. 1995). It 
has also been shown that the additional nonconserved cysteine present in the α(III) 
subunit is not involved in intrachain or interchain disulfide bonding (Kukkola et al. 
2003). The human α subunits all have two asparagine residues (Fig. 2) that act as 
attachment sites for oligosaccharides. Except for the N-terminal sites in the α(I) and α(II) 
subunits, the positions of these sites are not conserved between the three polypeptides 
(Kukkola et al. 2003). It has been shown that glycosylation of the α subunit has no role in 
the assembly of the type I enzyme tetramer or in the catalytic activity of the type I or type 
III enzymes (Lamberg et al. 1995, Kukkola et al. 2003).  

The α subunits contain a peptide-substrate-binding domain that is separate from the 
catalytic C-terminal region and is located between residues Gly138 and Ser244 in the 
human α(I) subunit (Fig. 2) (Myllyharju & Kivirikko 1999). NMR and crystallization 
data have shown that this domain consists of five α helices and belongs to the family of 
tetratricopeptide repeat domains that are involved in many protein-protein interactions 
(Hieta et al. 2003, Pekkala et al. 2004). It contains a deep groove on its concave surface 
lined by tyrosine residues and it has been suggested that the proline-rich peptide substrate 
becomes bound to that aromatic groove (Pekkala et al. 2004). 

The human and mouse α(I) and α(II) genes contain 16 exons whereas the human 
α(III) gene contains 13 exons (Helaakoski et al. 1994, Kukkola et al. 2003, Nokelainen et 
al. 2001a). The α(I) and α(II) genes both contain two alternatively spliced exons, the 71-
bp exons 9 and 10 in the α(I) gene and the 60-bp exon 12a and 66-bp 12b in the α(II) 
gene (Helaakoski et al. 1989, Helaakoski et al. 1994, Nokelainen et al. 2001a). Both 
alternatively spliced mRNAs of both α subunit genes are expressed in various tissues 
with no tissue specific differences in their expression patterns (Helaakoski et al. 1989, 
Helaakoski et al. 1994, Nokelainen et al. 2001a). The two splicing variants of the α(I) 
and α(II) subunits also assemble into an active tetramer with PDI (Vuori et al. 1992b, 
Nokelainen et al. 2001a) and therefore the biological significance of the two alternative 
forms of the α(I) and α(II) mRNAs is yet unknown. Currently there is no evidence that 
α(III) subunit mRNA is subject to alternative splicing (Kukkola et al. 2003). 
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Fig. 2. Schematic representation of human C-P4H α(I), α(II) and α(III) subunits. Numbering 
of the amino acids starts from the first residue of the processed α(I) polypeptide. The 
catalytically critical residues are indicated above the polypeptides and the cysteine residues 
and attachment sites for asparagine-linked oligosaccharides below them. The peptide-
substrate-binding domains are shown as grey boxes. Modified from Kivirikko & Myllyharju 
1998. 

2.2.2  C-P4H isoenzymes 

The catalytic properties of type I, II and III C-P4Hs are very similar, as their Km values 
for different cosubstrates and IC50 values for certain inhibitors are essentially identical 
(Table 2) (Helaakoski et al. 1995, Annunen et al. 1997, Kukkola et al. 2003). Distinct 
differences were observed, however, in that the type II C-P4H is inhibited by poly(L-
proline) only at very high concentrations, while type I is inhibited very effectively and 
type III with an intermediate efficiency (Table 2) (Helaakoski et al. 1995, Annunen et al. 
1997, Kukkola et al. 2003). This may explain why the type II and III enzymes had 
remained unidentified, as the standard procedure for C-P4H purification contains an 
affinity chromatography on a poly(L-proline) column and the type II and III enzymes 
may have been discarded at this purification step along with other proteins that do not 
bind to that column (Helaakoski et al. 1995). Similar differences were observed in the Km 
values of the three C-P4Hs for a (Pro-Pro-Gly)10 substrate (Table 2) (Myllyharju & 
Kivirikko 1999, Kukkola et al. 2003) indicating that distinct differences must exist in the 
structures in their peptide-binding domains. 
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Table 2. Km values of human type I, II and III C-P4Hs for cosubstrates and a peptide 
substrate and IC50 values for pyridine-2,4-dicarboxylate and poly(L-proline). Modified 
from Kukkola et al. 2003. 

The tissue distributions of the RNA transcripts of human and mouse α(I), α(II) and α(II) 
polypeptides have been studied by Northern hybridization and PCR analyses (Helaakoski 
et al. 1994, Helaakoski et al. 1995, Annunen et al. 1997, Kukkola et al. 2003). Both 
human α(I) and α(II) polypeptide mRNAs were found to be expressed in a variety of 
tissues, including heart, placenta, lung, liver, skeletal muscle, pancreas and kidney 
(Helaakoski et al. 1994, Annunen et al. 1997). Nevertheless, distinct differences were 
observed in the relative expression levels in skeletal muscle, liver and kidney where α(I) 
mRNA was the predominant form (Annunen et al. 1997). The expression patterns of the 
mouse α(I) and α(II) mRNAs were found to be very similar, the intensities of the 
hybridization signals being highest in the heart, lung and brain (Helaakoski et al. 1995). 
The expression of the human α(III) mRNA was found in many adult and fetal tissues, the 
highest expression levels being seen in placenta, adult liver and fetal skin, kidney, liver 
and lung (Kukkola et al. 2003). However, the expression levels of α(III) mRNA were 
much lower than those of α(I) and α(II). The α(III) mRNA expression was also studied 
by in situ hybridization in atherosclerotic carotid artery samples and was detected in 
smooth muscle cell-like cells within the fibrous caps of lipid-rich lesions (Van Den 
Diepstraten et al. 2003). Annunen et al. (1998) used the difference in poly(L-proline) 
column binding to show that the type I C-P4H is the main form in most human and 
mouse cell types and tissues (Annunen et al. 1998). However, the type II enzyme was 
found to contribute to most of the activity in cultured mouse chondrocytes, to about half 
of the activity in mouse bone and about 80% of the activity in cartilage. 
Immunofluorescence staining of fetal human foot confirmed the type II enzyme 
localization in chondrocytes and also in osteoblasts and capillary endothelial cells 
(Annunen et al. 1998). Further analyses (Nissi et al. 2001) have verified these data and 
indicated the presence of both spatial and temporal differences in the location and 
abundance of the type I and II enzymes. The type I enzyme was found to be expressed by 
cells of mesenchymal origin and it was often present in less differentiated cells than the 
type II enzyme, such as fibroblasts, skeletal myocytes and smooth muscle cells. The 
distribution of the two isoenzymes was further investigated in human osteosarcomas and 
chondrosarcomas (Nissi et al. 2004) and it was found that the type I C-P4H was the main 
form in these bone tumors. In benign tumor types, however, the type II C-P4H was 
slightly more abundantly expressed. No information is yet available on the expression of 
type III C-P4H at the protein level in different cells and tissues during development.  

Km or IC50 (μM) Cosubstrate, substrate or 
inhibitor 

Constant 
C-P4H-I C-P4H-II C-P4H-III 

Fe2+ Km 2 4 0.5 
2-Oxoglutarate Km 22 22 20 
Ascorbate Km 340 330 370 
(Pro-Pro-Gly)10 Km 15 95 24 
Pyridine-2,4-dicarboxylate IC50 8 9 11 
Poly(L-Pro), Mr 5000 IC50 6 300 30 
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2.2.3  β subunit 

The β subunit of C-P4Hs is identical to protein disulfide isomerase (PDI; EC 5.3.4.1) 
(Koivu et al. 1987, Pihlajaniemi et al. 1987). PDI is an abundant protein within the ER 
where it catalyzes the formation of new and isomerization of existing disulfide bonds in 
the biosynthesis of various secretory and cell surface proteins. PDI is a multifunctional 
polypeptide that serves as a β subunit in all currently known vertebrate C-P4Hs and at 
least in most of the nematode C-P4Hs and in the only D. melanogaster C-P4H 
characterized in detail. It also functions as a subunit in microsomal triglyceride transfer 
protein and as a molecular chaperone that binds newly synthesized proteins within the ER 
and assists in their folding. (Freedman et al. 2002, Myllyharju 2003, 2005, Ellgaard & 
Ruddock 2005.) 

PDI has been cloned from several animal species, yeasts, micro-organisms and plants 
(see Kivirikko & Pihlajaniemi 1998). The human PDI polypeptide consists of 491 amino 
acids and a signal peptide of 17 residues (Pihlajaniemi et al. 1987). It is composed of four 
domains, a, b, b' and a', an acidic C-terminal extension c (Figure 3.) (Pihlajaniemi et al. 
1987, Freedman et al. 2002, Ellgaard & Ruddock 2005) and a 19-amino-acid linker 
region between the b’ and a’ domains (Pirneskoski et al. 2004). The thioredoxin-like a 
and a' domains each contain a catalytic -Cys-Gly-His-Cys- motif and have both been 
shown to have PDI activity (Pihlajaniemi et al. 1987, Vuori et al. 1992a, Darby & 
Creighton 1995, Freedman et al. 2002). A recent study suggested that the catalytic 
domains a’ and a have distinct roles in the oxidation and isomerization of disulfide 
substrates, respectively, and that this is mediated by their different redox states (Kulp et 
al. 2006). The homologous b and b’ domains are catalytically inactive but are involved in 
substrate binding (b’) (Klappa et al. 1998) or act as a merely structural domain (b) 
(Freedman et al. 2002, Ellgaard & Ruddock 2005).  

Fig. 3. Schematic picture of the domain organization of human PDI showing the length of the 
mature polypeptide on the right and the domain boundaries below. The catalytic CGHC 
motifs in a and a’ domains are indicated. The black box indicates the linker domain between 
the b’ and a’ domains. Modified from Freedman et al. 2002.  

The first complete PDI structure has recently been described, as Tian et al. (2006) 
crystallized a yeast PDI and showed that the four thioredoxin domains are arranged in the 
shape of a twisted “U” (Tian et al. 2006). The two flexible active sites face each other at 
the inside surface of the long ends of “U” and the b and b’ domains form the more rigid 
base. The inside surface of the “U” molecule is enriched in hydrophobic residues, a 
feature that facilitates PDI interaction with misfolded proteins (Tian et al. 2006). The C-
terminal tail forms an α helix located opposite the active site in the a’ domain and 

a b b’ a’ c
KDEL 491CGHCCGHC

7 117-119 216-218 332-352 462
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stabilizes the a’ domain structure (Tian et al. 2006). However, this functional role of the 
C-terminal extension has not been observed in the mammalian counterpart (Darby et al. 
1998, Koivunen et al. 1999). Despite the several differences between the yeast and 
mammalian PDI, it is likely that they both share the same domain architecture. 

PDI activity is not required for C-P4H tetramer assembly or for C-P4H activity, as 
mutation in either one or both active sites does not affect the ability of PDI to serve as the 
β subunit of C-P4H (Vuori et al. 1992b, 1992c). Instead, the role of PDI in C-P4H 
assembly is most likely related to its chaperone function, i.e. to keep the highly insoluble 
α subunits in a catalytically active non-aggregated conformation (Vuori et al. 1992c, John 
et al. 1993, Veijola et al. 1996b). The minimum domain composition required for the C-
P4H tetramer assembly is b’a’ but the presence of the a and b domains enhances 
assembly (Pirneskoski et al. 2001). Point mutations introduced in the peptide-substrate-
binding domain b’ did not inhibit the tetramer assembly and additional binding sites in 
the a and a’ domains have been identified (Koivunen et al. 2005). The recently reported 
crystal structure of yeast PDI supports this cooperative action of PDI domains (Tian et al. 
2006). The hydrophobic patches located in b and b’ domains, together with those 
surrounding the active sites in both a and a’ domains, form a continuous hydrophobic 
surface that is crucial for the interaction of PDI with its substrates (Tian et al. 2006). The 
C-P4H α subunits lack an ER retention signal and thus the KDEL retention signal of PDI 
is required for the retention of the C-P4H tetramer inside the lumen of the ER (Vuori et 
al. 1992c). 

2.3  Recombinant collagen and gelatin for therapeutic applications 

Collagens and their denatured derivatives, gelatins, are used in numerous medical and 
pharmaceutical applications and gelatins are also used in photography and as a gelling 
agent in food products. The medical and pharmaceutical applications include their use in, 
for example, hemostats, wound dressings, suture materials, vascular graft coatings, 
resuscitation fluids, formulation excipients, capsules and tablets (Friess 1998, Lee et al. 
2001, Olsen et al. 2003, Baez et al. 2005). The collagens and gelatins used in all these 
applications are derived from animal sources, mainly from bovine or porcine skin and 
bone that typically are obtained as slaughter by-products. Gelatin is prepared from raw 
materials by treatment with acid or alkaline and with hot water to disrupt the hydrogen 
and hydrophobic bonds within the collagen molecules and to dissociate the molecules 
into smaller components. (Grobben et al. 2003.)  

The use of animal-derived collagens and gelatins includes several concerns. Even 
though collagens are relatively well-conserved across species, the collagens and gelatins 
of animal origin can elicit allergic reactions in humans (Kelso 1999). The animal-derived 
material may also carry disease-causing contaminants, such as viruses or prions that can 
cause transmissible spongiform encephalopathies, for example the human Creutzfeldt-
Jacob disease (Brown et al. 2001). It is also often impossible to trace the raw materials 
and thus guarantee their safety. The collagens and gelatins produced from slaughter 
material exhibit significant lot-to-lot variability, which causes a significant problem in 
their use in medical applications. For example, the processing of collagen into gelatin 
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results in a mixture of collagen chains of different length, structure and conformation, and 
thus the lots exhibit different physical and gelling properties (Olsen et al. 2003, Baez et 
al. 2005). Moreover, the slaughterhouse raw materials are rich in type I collagen and thus 
collagens and gelatins produced from those sources are almost exclusively of type I only. 
In several applications, however, some other collagen types are likely to perform better, 
for example type II collagen in cartilage repair and type III collagen in hemostats (de 
Wolf 2003, Olsen et al. 2003).  

2.3.1  Recombinant production systems for collagens 

The production of recombinant collagens and gelatins could have numerous advantages 
over the traditional extraction methods from slaughter material with respect of consistent 
quality and purity. The production of recombinant human proteins also overcomes the 
issues of biocompatibility. Furthermore, recombinant production systems offer the means 
to generate engineered collagen and gelatin products for different purposes (de Wolf 
2003, Baez et al. 2005). 

The complexity of collagen biosynthesis makes collagen a very challenging target to 
produce in recombinant systems (Bulleid et al. 2000). Several post-translational 
modifications are needed, the hydroxylation of proline residues catalyzed by C-P4H 
being one of the most important ones since the presence of 4-hydroxyproline is critical 
for the stability of the collagen triple helix. Several production systems for recombinant 
collagens and gelatins have now been established including mammalian cells, insect 
cells, yeast (Pichia pastoris, Saccharomyces cerevisiae and Hansenula polymorpha), 
Escherichia coli and transgenic mice, silkworms and tobacco plants (Olsen et al. 2003, 
Baez et al. 2005). Stable recombinant human type I and type II collagens have been 
successfully produced in mammalian cells that have sufficient endogenous C-P4H 
activity to hydroxylate collagen chains, but the expression levels in these systems are too 
low for commercial manufacturing (Ala-Kokko et al. 1991, Geddis & Prockop 1993, 
Fertala et al. 1994, Fichard et al. 1997). Nonhydroxylated or partially hydroxylated 
recombinant human collagens and gelatins have been produced in the milk of transgenic 
animals (Toman et al. 1999), in the yeast Hansenula polymorpha (de Bruin et al. 2002), 
in the cocoons of the transgenic silkworm Bombyx mori (Tomita et al. 2003) and in 
transgenic tobacco plants (Ruggiero et al. 2000, Perret et al. 2001). The 
underhydroxylated collagens produced in these systems can form correctly folded triple 
helices but the thermal stability of the molecules is decreased when compared to fully 
hydroxylated collagen. Buechter et al. (2003) produced hydroxylated type I collagen in 
an engineered E. coli strain cultured in a hyperosmotic medium supplemented with a high 
4-hydroxyproline concentration (Buechter et al. 2003). However, in the resulting type I 
collagen the hydroxyproline residues were incorporated in both X and Y positions of the -
Gly-X-Y- triplets and thus did not resemble native human collagens.  

All attempts to assemble an active C-P4H α2β2 tetramer from its subunits in vitro have 
been unsuccessful, but an active recombinant enzyme was obtained when insect cells 
were coinfected with two baculoviruses producing both types of subunits (Vuori et al. 
1992b). When recombinant human collagens were co-expressed with recombinant C-P4H 
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α and β subunits, stable collagen molecules were obtained from insect cells (Lamberg et 
al. 1996, Myllyharju et al. 1997, Nokelainen et al. 1998), yeast (Vuorela et al. 1997, 
Vaughn et al. 1998, Myllyharju et al. 2000, Toman et al. 2000, Nokelainen et al. 2001b), 
transgenic tobacco plants (Merle et al. 2002) and mouse mammary gland (John et al. 
1999). Stably transfected mammalian cells produced underhydroxylated type X collagen 
with decreased Tm of 31°C (Frischholz et al. 1998) but co-expression of C-P4H subunits 
in these cells enhanced the level of hydroxylation and therefore increased the Tm to 40 
°C (Wagner et al. 2000). Recently, an active human C-P4H tetramer was successfully 
expressed in an E. coli strain that has a relatively oxidizing cytosol indicating that it may 
also be possible to produce correctly hydroxylated recombinant collagen in bacteria 
(Kersteen et al. 2004, Neubauer et al. 2005). 

2.3.2  Production of recombinant collagens and gelatins in Pichia 
pastoris  

Pichia pastoris is a methylotrophic yeast that can grow on methanol as its sole carbon 
source. P. pastoris has an inducible methanol utilization pathway in which the first step, 
oxidation of methanol to formaldehyde, is catalyzed by the enzyme alcohol oxidase 
(AOX). AOX is encoded by two genes, AOX1 and AOX2, the gene product of the former 
being responsible for the majority of AOX activity. The AOX1 gene is tightly regulated 
and induced to high levels by methanol but repressed by glucose or glycerol. The strong 
AOX1 promoter has been utilized in the production of a wide range of heterologous 
proteins in Pichia pastoris. These recombinant proteins can be either intracellular or 
extracellular, secretion of the latter being often obtained with the Saccharomyces 
cerevisiae α mating factor pre-pro sequence (α-MF). (Romanos et al. 1992, Cereghino & 
Cregg 2000, Cregg et al. 2000.)  

P. pastoris has been successfully engineered to produce stable recombinant collagens 
by simultaneous co-expression of collagen polypeptide chains and the C-P4H α and β 
subunits (Vuorela et al. 1997, Myllyharju et al. 2000, Nokelainen et al. 2001b). Vuorela 
et al. (1997) co-expressed human C-P4H α subunit with human PDI and obtained an 
active tetramer. Correct targeting of the human PDI into P. pastoris ER required the 
replacement of its signal sequence with a S. cerevisiae α-MF pre-pro sequence while that 
of the α subunit was correctly recognized. A highly unexpected discovery was made 
when the enzyme subunits were co-expressed with type III procollagen polypeptide 
chains, as the co-expression resulted in an approximately 10-fold increase in the amount 
of active enzyme tetramer (Vuorela et al. 1997) and this was proven to be due to the 
increased stability, and thus, increased half-life of the enzyme (Vuorela et al. 1999). Type 
I and III procollagen molecules produced in P. pastoris were found to accumulate within 
the ER and did not proceed in the secretory pathway even when the authentic collagen 
signal sequence was replaced with the α-MF sequence (Keizer-Gunnink et al. 2000). This 
differs markedly from animal cells where properly folded triple-helical procollagens are 
rapidly secreted into the extracellular space. As yeasts have no collagen molecules, it is 
possible that the yeast secretory pathway is not capable of secreting such large, rod-like 
molecules as collagens (Keizer-Gunnink et al. 2000). 
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The recombinant type III collagen produced in a P. pastoris strain expressing active C-
P4H was found to be underhydroxylated to some extent, the proline hydroxylation levels 
being about 85% of that found in non-recombinant type III collagen (Vuorela et al. 1997). 
This was probably due to the non-optimal culture conditions in shaker flasks that lack 
sufficient O2, one of the necessary cosubstrates of C-P4H, the O2 concentration in the 
yeast ER being thus rate-limiting for hydroxylation. When recombinant type I 
procollagen was produced in a bioreactor equipped with a controllable O2 supply, a 4-
hydroxyproline content identical to that of non-recombinant collagen was obtained 
(Nokelainen et al. 2001b). Moreover, co-expression of both proα1 and proα2 chains of 
type I procollagen with C-P4H resulted in a heterotrimeric type I procollagen with a 
correct chain ratio of 2:1 (Nokelainen et al. 2001b). The use of a bioreactor also increased 
the cell density, and thus expression levels per culture volume, leading to high-level 
production of hydroxylated recombinant collagen in P. pastoris (Nokelainen et al. 
2001b). The expression level obtained in shaker flasks for recombinant type III collagen 
was about 15 mg/l (Vuorela et al. 1997). With genetic manipulations of the original 
strains (Vuorela et al. 1997, Nokelainen et al. 2001b) and optimization of fermenter 
parameters, this expression level has been improved to 1.1 g/l for type I collagen and as 
high as 1.5 g/l for type III collagen (Olsen et al. 2003). 

The current procedure for gelatin manufacture consists of extraction of collagen from 
animal tissues and converting it to gelatin. This procedure results in a heterogenous 
mixture of gelatin fragments of different characteristics. The production of recombinant 
gelatin provides the means to generate specified fragments of any collagen α chain. The 
P. pastoris system has been found to be highly productive in recombinant gelatin 
production. Werten et al. (1999) have produced secreted nonhydroxylated rat type III and 
mouse type I collagen fragments ranging in size from 21 to 53 kDa at levels as high as 
14.8 g/l using multicopy transformants and the α-MF secretory signal (Werten et al. 
1999). Secreted human type I collagen fragments ranging in size from 56 to 1014 amino 
acids have likewise been produced using the α-MF secretory signal (Olsen et al. 2003). 
By expressing fragments of varying sizes from different sites of the α1(I) chain, gelatins 
with different isoelectric points and thus different chemical properties were obtained. 
Olsen et al. (2005) have also produced an engineered 99-amino-acid fragment of human 
type I collagen with point mutations that eliminated the emergence of charge isoforms 
(Olsen et al. 2005). P. pastoris has also been utilized to produce a fully synthetic, custom-
designed and highly hydrophilic gelatin fragment (Werten et al. 2001). 



3 Outlines of the present study 

Collagens and gelatins are used in numerous industrial and medical applications. The use 
of animal-derived collagens has several concerns such as the issues of biocompatibility 
and a possible presence of disease-causing agents. The use of recombinant human 
collagens would represent an excellent substitute for animal-derived materials. 

An efficient large-scale production system for recombinant human collagens and 
gelatins has been developed in the yeast Pichia pastoris. Co-expression of recombinant 
collagen polypeptides with active recombinant C-P4H yields fully hydroxylated stable 
triple-helical collagens. This recombinant production system also allows production of 
engineered collagen and gelatin molecules with desired properties. 

The specific aims of this study were: 

1. to express type I collagen homotrimers and heterotrimers and type III collagen 
homotrimers in Pichia pastoris and study the effect of deletion of the C propeptide or 
its replacement with a foldon domain on the chain assembly, 

2. to express collagen fragments of various sizes in Pichia pastoris and study the effect 
of the secretory signal, and fragment length and conformation on the secretion. 

C-P4H catalyzes the formation of 4-hydroxyproline residues in collagenous sequences. 
The 4-hydroxyproline residues are essential for the stability of collagen triple helices in 
body temperature. It was long thought that C-P4H exists as one type only but the 
identification of several C-P4H isoenzymes raised the question of the specific roles of 
these isoenzymes in different tissues and at different developmental stages. One aim of 
this study was therefore: 

3. to generate mice with an inactivated gene for the C-P4H α(I) subunit and analyze the 
consequences of the lack of the type I C-P4H activity 



4 Materials and methods 

The materials and methods used in this thesis are summarized in Figs. 4 and 5 and in 
Table 3 below. Detailed descriptions of the experimental procedures including the 
references are presented in the original articles I – III. 

Table 3. Methods used in the original publications 

Method Original publication 
General cloning techniques I, II, III 
P. pastoris culture I, II 
Recombinant protein expression and analysis I, II 
SDS-PAGE and Western blotting I, II, III 
Densitometric analysis  I, III 
ES-cell culture III 
Generation of knock-out mice III 
RNA-isolation and RT-PCR III 
Immunohistochemical staining  III 
Immunofluorescence staining  III 
Transmission and immunoelectron microscopy  III 
Enzyme activity assays III 
Cell culture III 
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Fig. 4.  Schematic representation of the various collagen polypeptides and polypeptide 
fragments expressed in P. pastoris (I,II). The polypeptides expressed in original article I 
included α1 and α2 chains of type I collagen and α1 chain of type III collagen and all chains 
contained the native signal peptide at their N-termini (not shown). 

N-propeptide

pro -chainαα

pC chainα−α

αfoldon-chain

α-chain

45 kD

45 kD

45 kD

45 kD

9 kD

90 kD

αMF-45 kD + C-pro

MF-45 kDα

pro -45 kDα1

αMF-45 kD + foldon

MF-α 90 kD

I

II

αMF-9 kD + foldon



 35

Fig. 5. Schematic picture of the knockout construct of the mouse P4ha1 gene. A targeting 
construct was designed to disrupt the mouse P4ha1 gene by inserting a LacZ-neo cassette into 
exon 2 that contains the translation initiation codon. The locations of PCR primers used for 
genotyping are shown by arrows and the location of the probe used in Southern blotting is 
indicated by a bar. 
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5 Results 

5.1  Assembly of hydroxylated type I collagen homotrimers and 
heterotrimers in Pichia pastoris (I) 

Stable recombinant human type I collagen homotrimers have been produced in Pichia 
pastoris by expressing full-length proα1(I) chains in a Pichia strain that co-expresses the 
human C-P4H α(Ι) and β subunits (Nokelainen et al. 2001b, Vuorela et al. 1999). Stable 
heterotrimeric type I collagens have likewise been obtained by co-expressing proα1(I) 
and proα2(I) chains in the C-P4H expressing strain (Nokelainen et al. 2001b). Deletion 
of the N propeptide was shown to have no effect on chain assembly as the pCα1(I) and 
pCα2(I) chains produced heterotrimeric pCcollagens with the correct chain ratio of 2:1 
(Nokelainen et al. 2001b).  

In order to study the effect of C propeptides on the assembly of type I collagen 
homotrimers in P. pastoris, expression constructs encoding pCα1(I), α1(I) and 
α1(I)foldon chains, i.e. chains in which the 245-amino-acid C propeptide was intact, 
deleted or replaced with a 29-amino acid foldon sequence, respectively, were generated 
(Fig. 3). Foldon is a small trimeric globular domain that is normally located in the C 
terminus of the bacteriophage T4 fibritin and is essential for the correct trimerization and 
folding of the fibritin molecule (Tao et al. 1997, Letarov et al. 1999, Boudko et al. 
2002b). The expression constructs were transformed by electroporation into a P. pastoris 
strain expressing active human C-P4H, and 25-ml shaker flask cultures of P. pastoris 
cells were grown at 30°C in a buffered glycerol complex medium with 1 g/liter yeast 
extract and 2 g/liter peptone added. The expression of recombinant proteins was induced 
in a minimal methanol medium, methanol being added every 12 h to a final concentration 
of 0.5%. The cells were harvested 60 h after methanol induction, washed and broken by 
vortexing with glass beads. Aliquots of the soluble fractions were analyzed by SDS-
PAGE under reducing conditions followed by Western blotting with a polyclonal type I 
collagen antibody. Assembly of the chains into triple-helical molecules was analyzed by 
digesting aliquots of the soluble cell extracts with pepsin. The collagen triple helix is 
resistant to pepsin, whereas non-triple-helical chains and the propeptides are digested 
(Bruckner & Prockop 1981). 
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Bands corresponding to the pCα1(I), α1(I)foldon and α1(I) chains were seen in 
immunoblots of the samples from strains expressing these chains (Fig. 2A in I). All these 
chains assembled into triple-helical molecules as shown by the presence of pepsin-
resistant bands corresponding to the α1(I) chains both in the Coomassie Blue-stained gels 
and in immunoblots (Figs. 2B and 2C in I).  

The replacement of the C propeptide with foldon was found to be very efficient in 
chain assembly as an increase in the amount of pepsin-resistant α1(I) chains was seen in 
the samples from the strains expressing the α1(I)foldon chains (Figs. 2B and 2C in I). 
This increase in the amount of pepsin-resistant type I collagen homotrimers in the 
α1(I)foldon expressing strains was up to 3-fold when compared to the amount in the 
strain expressing pCα1(I) chains at the highest levels, as analyzed by densitometry of the 
bands from several individual strains. 

The α1(I) chains lacking a C-terminal oligomerization domain were found to assemble 
into triple-helical molecules, albeit with distinctly lower efficiency than the pCα1(I) and 
α1(I)foldon chains. The chains lacking any oligomerization domain were also more 
susceptible to degradation as smaller immunoreactive bands, corresponding to 
degradation products, were seen in the immunoblots (Figs. 2B and 2C in I).  

The thermal stability of the type I collagen homotrimers was analyzed by digesting the 
soluble cell extracts with a mixture of trypsin and chymotrypsin at temperatures between 
30°C and 40°C (Bruckner & Prockop 1981). The Tm values of the type I collagen 
homotrimers assembled from the pCα1(I), α1(I)foldon and α1(I) chains were all between 
38°C and 40°C (Fig. 5 in I). These values are identical to the melting temperature of 
recombinant human type III collagen expressed in P. pastoris in shaker flask cultivations 
(Vuorela et al. 1997). 

Unlike the α1(I) chains, the α2(I) chains of type I collagen do not exist as 
homotrimers. To study whether the foldon domain can drive trimerization of the α2(I) 
chains, constructs encoding pCα2(I) and α2(I)foldon chains were generated and 
electroporated in the C-P4H expressing P. pastoris strain. Aliquots of cell lysates from 
these strains were analyzed as above. Bands corresponding to full-length pCα2(I) and 
α2(I)foldon chains were detected in the immunoblots but several degradation products 
were also seen (Fig. 6A in I). Moreover, after pepsin digestion no bands could be seen in 
the immunoblots, not even when the digestion was performed at 4°C instead of 22°C, 
indicating that no triple-helical molecules were formed (Figs 6B and 6C in I).  

The C propeptides are believed to be essential for correct chain recognition and chain 
assembly (Bulleid et al. 1997, Lees et al. 1997, McLaughlin & Bulleid 1998). In order to 
study their roles in the assembly of the type I collagen heterotrimers, the constructs 
encoding pCα2(I) and α2(I)foldon chains were electroporated into the strains expressing 
pCα1(I) and α1(I)foldon chains, respectively. Bands corresponding to the pCα1(I) and 
pCα2(I) chains and α1(I)foldon and α2(I)foldon chains were detected in the 
immunoblots of the two strains (data not shown) and after digestion with pepsin, two 
bands corresponding to α1(I) and α2(I) chains were seen in both strains (Fig. 7 in I). 
Furthermore, densitometric analysis of the pepsin-resistant bands in the samples from the 
strain co-expressing the α1(I)foldon and α2(I)foldon chains showed a correct α1(I) to 
α2(I)chain ratio of 1.91 ± 0.31, indicating that essentially all the chains were present in a 
heterotrimeric molecule. Also, an approximately 2.1-fold increase in the expression level 
of the type I collagen heterotrimers was noticed in the strains co-expressing the 
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α1(I)foldon and α2(I)foldon chains, when compared to the strain co-expressing the 
pCα1(I) and pCα2(I) chains. The thermal stability was analyzed as described above and 
the Tm of the type I collagen heterotrimers assembled either from the pCα1(I) and 
pCα2(I) chains or the α1(I)foldon and α2(I)foldon chains was between 38°C and 40°C.  

5.2   Assembly of stable type III collagen homotrimers in  
Pichia pastoris (I) 

It has previously been shown that stable type III collagen homotrimers can likewise be 
produced in P. pastoris by co-expressing the proα1(III) chains and the two types of 
human C-P4H subunit (Vuorela et al. 1997). In order to study the effect of the deletion of 
the C propeptide or its replacement by foldon on the assembly of type III collagen 
homotrimers, expression constructs encoding proα1(III), pCα1(III), α1(III) and 
α1(III)foldon chains were generated and transformed into the P. pastoris strain 
expressing active C-P4H. The strains were cultured, induced and harvested as described 
in section 5.1 and samples from the soluble cell extracts were analyzed by SDS-PAGE 
under reducing conditions followed by Western blotting with a polyclonal type III 
collagen antibody. Bands corresponding to the proα1(III), pCα1(III), α1(III) and 
α1(III)foldon chains were seen in the immunoblots (Fig. 3A in I). Assembly of the chains 
into stable triple helices was analyzed by treating the samples with pepsin as described 
above. Pepsin-resistant bands corresponding to the α1(III) chains were found in samples 
from all the strains in Coomassie Blue-stained SDS-PAGE gels (Fig. 3B in I). The 
efficiency of the foldon domain in chain assembly was evident by the increase in the 
amount of pepsin-resistant α1(III) chains in the samples from the strains expressing 
α1(III)foldon chains (Fig. 3B in I). Densitometric analysis of bands from several 
individual samples indicated a 2.4-fold increase in the amount of triple-helical type III 
collagen homotrimers in the strains expressing α1(III)foldon chains when compared to 
those expressing proα1(III) chains. Assembly of α1(III) chains lacking any 
oligomerization domain into triple helices was also seen but at much lower levels than in 
the case of the pCα1(III) and α1(III)foldon chains (Fig. 3B in I). 

The α1(III) chains contain two cysteine residues at the very C-terminal end of their 
collagenous domain and these cysteine residues form interchain disulfide bonds (Bulleid 
et al. 1996). To study the disulfide bond formation and the correct alignment of the 
α1(III) chains, pepsin-digested samples from strains expressing pCα1(III) and 
α1(III)foldon chains were analyzed by Coomassie Blue-stained SDS-PAGE under non-
reducing conditions (Fig. 4 in I). The α1(III)foldon chains were found to form disulfide-
bonded trimers, the degree of disulfide bonding being similar to or even higher than that 
of the pCα1(III) chains, indicating that the α1(III)foldon chains were correctly aligned.  
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5.3  Expression and secretion of recombinant collagen fragments of 
varying sizes and conformation in Pichia pastoris 

Recombinant type I and III collagen fragments have been expressed at high levels in P. 
pastoris and have been found to be secreted into the culture medium by the yeast α 
mating factor (α-MF) pre-pro sequence as single-chain polypeptides (Werten et al. 1999, 
Olsen et al. 2003, 2005). On the other hand, the full-length triple-helical type I and III 
procollagens produced in P. pastoris have been shown to accumulate inside the cell, 
namely within the ER (Vuorela et al. 1997, Keizer-Gunnink et al. 2000, Nokelainen et al. 
2001b). 

The effect of the secretory signal on the secretion of a 45 kDa collagen fragment was 
studied here by generating expression constructs encoding a 509-amino-acid fragment of 
the C-terminal half of the α1(I) chain without the C telopeptide fused to either the signal 
sequence of the proα1(I) chain or the yeast α-MF pre-pro sequence (Fig. 3). The 
constructs were transformed by electroporation into the P. pastoris strain expressing 
active C-P4H and the cells were cultured, induced with methanol and harvested as 
described above in section 5.1. Aliquots of the soluble cell fractions and samples of the 
culture medium were analyzed by SDS-PAGE under reducing conditions followed by 
Coomassie Blue staining or Western blotting with a polyclonal type I collagen antibody. 
A band corresponding to the 45 kDa fragment was seen in the soluble fractions from cells 
expressing the fragment with the proα1(I) signal sequence but not in the medium sample 
(Fig. 2A in II). When fused with the α-MF pre-pro sequence, the same fragment was seen 
in the medium sample but not in the cell extract (Fig. 2B in II) indicating that, unlike the 
proα1(I) signal sequence, the α-MF sequence drives efficient secretion of the 45 kDa 
fragment into the culture medium. Digestion with pepsin showed that the intracellular 45 
kDa fragments were pepsin-resistant and thus triple-helical, while the secreted fragments 
were completely digested by pepsin and were therefore in a single-chain conformation 
(Fig 2 in II).  

To study the effect of trimerization on the secretion of the 45 kDa fragment, 
expression constructs encoding the 45 kDa fragment with the α-MF sequence as the 
secretory signal and containing either the authentic C propeptide or foldon as the 
trimerizing domain, were generated (Fig 3). Bands corresponding to the 45 kDa fragment 
containing either of the two trimerizing domains were seen in cell lysates and the 
intracellular fragments were resistant to pepsin digestion indicating that they had 
assembled into triple-helical molecules (Fig. 3 in II). The fragment containing the C 
propeptide was not secreted into the medium (Fig. 3A in II), whereas a fraction of the 
foldon-containing fragments was secreted, but could be digested by pepsin indicating that 
they were non-triple-helical (Fig. 3B in II). 

To study whether a smaller collagen fragment would become secreted in a triple-
helical conformation, an expression construct encoding a 9 kDa collagen fragment fused 
with the α-MF sequence and having foldon as the trimerizing domain was generated (Fig. 
3). Analysis of soluble cell extracts showed a band corresponding to the 9 kDa fragment, 
this fragment being pepsin resistant (Fig. 4 in II). A small fraction of the 9 kDa fragments 
could also be seen in the medium samples but these secreted fragments could be 
completely digested by pepsin (Fig. 4 in II). 
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To study further the effect of fragment size on secretion, an expression construct was 
generated in which the full-length α1(I) chain lacking the N and C telopeptides was fused 
with the α-MF secretory signal (Fig. 3). A band corresponding to this 90 kDa fragment 
was seen both in the cell extract and medium samples, fragments in the former samples 
being pepsin-resistant while those in the latter were completely digested by pepsin (Fig. 5 
in II). 

5.4  Lack of type I C-P4H activity leads to embryonic lethality in mice 
(III) 

5.4.1  Generation of a mouse strain with an inactivated gene encoding 
the C-P4H a(I) subunit  

The P4ha1 gene encoding the mouse C-P4H α(I) subunit was inactivated by inserting the 
LacZneo cassette in-frame into exon 2 (Fig 4). ES cells with the targeted mutation were 
identified, and cells of two clones were injected into mouse blastocysts to generate two 
knock-out mouse lines. Heterozygous mice that were viable and fertile were interbred 
and the offspring were genotyped at two to three weeks of age by PCR and Southern 
blotting (Fig. 1 in III). No live-born P4hα1-/- pups were obtained, indicating an 
embryonic lethal phenotype. Genotyping of time-staged embryos showed normal 
Mendelian ratios until embryonic day E10.5, but after that a decrease in the null embryos 
was detected indicating lethality between E10.5-E11.5 (Table 1 in III).  

At E10.5 the null embryos were smaller and more fragile than their wild-type 
littermates (Fig. 2 in III). The null embryos were also paler when compared to the wild-
type embryos and their development was retarded. The lack of C-P4H α(I) subunit 
mRNA expression was verified by RT-PCR analysis (Fig. 1 in III). No α(I) mRNA was 
detected in the null embryos, whereas it was present in the wild-type and heterozygous 
embryos, the amount being reduced by about half in the latter (Fig. 1 in III). C-P4H 
activity in E10.5 embryo homogenates and fibroblasts cultured form the embryos was 
assayed by a method based on the formation of 4-hydroxy[14C]proline in a [14C]proline-
labeled protocollagen substrate (Kivirikko & Myllylä 1982) (Fig. 3 in III). The total C-
P4H activity levels in both the embryo homogenates and fibroblasts were decreased to 
about 20% in null samples when compared to the activities obtained in wild-type 
samples.  

5.4.2  Histological analysis 

Histological analysis by light microscopy showed a decrease in the amount of 
mesenchymal cells in the null embryos (Fig. 4 in III). Immunofluorescence analysis with 
a laminin antibody demonstrated that staining of the basement membranes was similar in 
both genotypes but the overall appearance of the basement membranes in the null 
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embryos was fragmented (Fig. 6C and 6D in III). Immunofluorescence staining with a 
type IV collagen antibody showed an intense staining of the wild-type basement 
membranes, which was absent in the null embryos (Fig. 6A and 6B in III).  

Electron microscopy analysis confirmed the decrease in the amount of mesenchymal 
cells in the null embryos (Fig. 4C and 4D in III). Also, the capillary walls were found to 
be disrupted (Fig. 5D in III). Normal basement membrane structures were not observed in 
the null embryos, the only structures seen being discontinuous and disrupted patches. 
Immunoelectron microscopy with a type IV collagen antibody showed labeling of the 
wild-type basement membranes, while the basement membranes of the null embryos 
lacked the gold particles almost completely (Fig. 7A and 7B in III). Surprisingly, collagen 
fibrils with the typical cross-striated appearance were present in the null embryos, the 
amount of the fibrils being similar to that seen in the wild-type embryos. However, the 
mean diameter of the fibrils in the null embryos was slightly increased (Fig. 7C, 7D and 9 
in III).  

5.4.3  Analysis of basement-membrane and fibril-forming collagens 

The synthesis of type IV collagen was studied in E10.5 embryos and in cultured 
fibroblasts isolated from them. The embryos were homogenized in 0.5 M acetic acid and 
analyzed by SDS-PAGE followed by Western blotting with a type IV collagen antibody. 
The amount of soluble type IV collagen was distinctly higher in the null embryos when 
compared to the wild-type (Fig. 8A in III). The amount of type IV collagen was also 
increased in the soluble fraction of the cultured null fibroblasts and in their culture 
medium when compared to the wild-type samples (Fig. 8B in III). It thus seems likely 
that the null cells are capable of synthesizing and secreting type IV collagen, although the 
assembly of this collagen into the insoluble BMs is affected.  

The synthesis of fibril-forming collagens in the cultured fibroblasts isolated from wild-
type and null embryos was examined by digesting the Triton X-100-soluble fractions of 
the cells and the ammonium sulphate-precipitated culture medium samples by pepsin, 
followed by SDS-PAGE analysis with Coomassie Blue-staining (Fig. 8C in III). The 
amounts of cellular pepsin-resistant, and thus, triple-helical collagens were slightly 
increased in the null fibroblasts when compared to the wild-type cells whereas the 
amounts of secreted pepsin-resistant collagens present in the medium samples were 
decreased. Similar results were obtained when synthesis of the fibril-forming type I and 
III collagens was analyzed by SDS-PAGE followed by Western blotting with type I and 
III collagen antibodies (Fig. 8D and 8E in III).  

 



6 Discussion 

Collagens and gelatins have numerous medical, pharmaceutical and industrial 
applications. The use of recombinant techniques to produce collagens with human 
sequences eliminates many risks associated with the use of collagens of animal origin, 
such as potential immunogenicity, lot-to-lot variability and the possible presence of 
disease-causing agents. However, the expression of recombinant collagens has been a 
challenging task because of the complex nature of the collagen biosynthesis. The 
hydroxylation of proline residues, that is an absolute requirement for the formation of 
stable collagen triple helices, is catalyzed by C-P4H. Many expression systems such as 
bacteria and yeast have no C-P4H activity, while insect cells and the mammary gland 
have insufficient levels of it. Simultaneous co-expression of collagen polypeptide chains 
with recombinant C-P4H α and β subunits has provided a means to produce fully 
hydroxylated, stable collagens in yeasts (Vuorela et al. 1997, Vaughn et al. 1998, 
Myllyharju et al. 2000, Toman et al. 2000, Nokelainen et al. 2001b), insect cells 
(Lamberg et al. 1996, Myllyharju et al. 1997, Nokelainen et al. 1998), transgenic plants 
(Merle et al. 2002) and mouse mammary gland (John et al. 1999).  

6.1  Assembly of type I and III collagen molecules in P. pastoris (I) 

The fibril-forming collagens are synthesized as precursor molecules containing a central 
triple-helical region consisting of repeating X-Y-Gly motifs flanked by the N and C 
telopeptides and globular N and C propeptides. As a single cell can synthesize several 
different procollagen molecules, and yet they assemble in a correct type-specific manner, 
a system must exist that enables the procollagen chains to discriminate between each 
other and associate selectively. The C propeptides are thought to be essential for correct 
chain recognition and assembly in procollagen molecules (Prockop & Kivirikko 1995, 
McLaughlin & Bulleid 1998) and 15 specific amino acid residues responsible for this 
chain recognition have been identified (Lees et al. 1997). Once the collagen polypeptide 
chain is fully translocated into the lumen of the ER, the C propeptide folds and intra-
chain disulfide bonds form that stabilize the conformation (Doege & Fessler 1986, Koivu 
1987). The proα-chains then associate via their C propeptides and form a trimer which is 
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stabilized by inter-chain disulfide bonds (Koivu 1987, Lees & Bulleid 1994). Once the C 
propeptides have associated, the collagen triple helix formation propagates from the C 
terminus towards the N terminus (Engel & Prockop 1991, Prockop & Kivirikko 1995, 
Engel & Bächinger 2005).  

This study addressed the assembly of stable type I and III collagen molecules in P. 
pastoris cells that also expressed the two types of C-P4H subunits. One objective was to 
investigate the effect of deletion of the C propeptide on triple helix formation. Expression 
of the α chains without any C-terminal trimerization domain led to the assembly of triple-
helical molecules, but the level of this assembly was distinctly lower than of those 
α chains that contained a trimerization domain and these molecules were also more 
readily degraded. These data are in agreement with numerous previously reported studies 
carried out in various biological systems and demonstrate the important role of C 
propeptide in procollagen chain association (Prockop & Kivirikko 1995, Lim et al. 1998, 
McLaughlin & Bulleid 1998). Bulleid et al. (1997) demonstrated that the function of C 
propeptides on chain association can be complemented to some extent with a 
transmembrane domain, but it is possible that the association was dependent upon the 
lateral diffusion of molecules rather than a positive selection (Bulleid et al. 1997). A 
recent study surprisingly reports that partially hydroxylated type I collagen chains, devoid 
of any N and C propeptides, assemble into heterotrimers in the yeast S. cerevisiae, albeit 
with a poor control of chain stoichiometry as the α1(I) to α2(I) chain ratio was found to 
be 5:1 (Olsen et al. 2001).  

Another aspect studied in this work was whether large C propeptides could be 
replaced with the markedly smaller foldon domain. Foldon is a globular domain normally 
found at the C-terminal end of the bacteriophage T4 fibritin where it drives the correct 
alignment and trimerization of the three fibritin chains (Tao et al. 1997, Letarov et al. 
1999, Boudko et al. 2002b). Foldon has been shown to be an efficient trimerizing motif 
that can be successfully fused to many fibrous proteins, such as T4 short fibers 
(Miroshnikov et al. 1998), HIV glycoproteins (Yang et al. 2002) and adenovirus fibers 
(Papanikolopoulou et al. 2004a, Papanikolopoulou et al. 2004b). The fusion of the foldon 
to the C terminus of the non-hydroxylated (Pro-Pro-Gly)10 peptide has been found to 
substantially increase the thermal stability of this collagen-like peptide that normally 
folds into a triple helix with a very slow rate and at a marginal thermal stability (Frank et 
al. 2001, Boudko et al. 2002a). The present data indicate that the 29-amino acid foldon 
domain could effectively replace the C propeptides of human pCα1(I), pCα2(I) and 
pCα1(III) chains. The foldon domain could subsequently be removed by pepsin digestion 
leading to stable triple-helical collagen molecules. The expression of the pCα1(I)foldon 
and pCα1(III)foldon chains led to an even more effective assembly of homotrimeric 
[α1(I)]3 and [α1(III)]3 molecules than the expression of chains with their authentic C 
propeptides, the increase in the amount of pepsin-resistant molecules being up to 3-fold.  

Unlike type III collagen that is an obligate homotrimer, type I collagen can form either 
[α1(I)]2α2(I) heterotrimers or [α1(I)]3 homotrimers of which the former are the 
predominant form (Kielty & Grant 2002). Co-expression of proα1(I) and proα2(I) chains 
essentially led to the formation of heterotrimeric [proα1(I)]2proα2(I) molecules in insect 
cells (Myllyharju et al. 1997) and P. pastoris (Nokelainen et al. 2001b) unless the 
proα1(I) chain was expressed in a relatively large excess (Myllyharju et al. 1997). As the 
C propeptide is thought to be responsible for the type-specific assembly of individual 
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procollagen chains, we wanted to study the effect of replacement of the C propeptide with 
the foldon domain on heterotrimer formation. If the two types of α chains were co-
expressed in a 1:1 ratio, a random chain selection would lead to a mixture of [α1(I)]3, 
[α1(I)]2α2(I), α1(I)[α2(I)]2 and [α2(I)]3 trimers of which the α1(I)[α2(I)]2 and [α2(I)]3 
are thermally unstable and would be degraded. Therefore, the expected result from co-
expression of α1(I)foldon and α2(I)foldon chains would be a mixture of [α1(I)]2α2(I) 
heterotrimers and [α1(I)]3 homotrimers. Surprisingly, a normal chain ratio of 1.9:1 was 
observed indicating that essentially all the expressed chains were present in 
heterotrimeric molecules. As the foldon domain contains no chain recognition 
information, it seems like chain composition is determined not only by the C propeptides 
but also by elements present either in the triple-helical domain or in the telopeptide 
region. Our data differ form those obtained by Olsen et al. (2001) indicating that co-
expression of α1(I) and α2(I) chains lacking any propeptides led to formation of 
heterotrimers with a chain ratio of 5:1.  

As the foldon domain has been shown to stabilize the triple-helix of the collagen-like 
(Pro-Pro-Gly)10 peptides, we wanted to study whether it has a similar stabilizing effect 
when fused to the full-length α2(I) chain. This possibility was supported by a previous 
study showing that truncated α2(I) chains, with most of the triple-helical part deleted, 
formed stable triple helices provided that the proα2(I) C propeptide was replaced by that 
of proα1(III) (Lees et al. 1997). Also, renaturation experiments with α2(I) chains devoid 
of propeptides have shown that α2(I) homotrimers do form, albeit with a markedly lower 
Tm (Tkocz & Kuhn 1969, Leikina et al. 2002). On the other hand, expression of the α2(I) 
chains in insect cells did not lead to formation of stable [α2(I)]3 homotrimers, not even 
when the proα2(I) C propeptide was replaced with that of proα1(I) or proα1(III) 
(Myllyharju et al. 1997). In the present study, no pepsin-resistant [α2(I)]3 homotrimers 
were obtained from the proα2(I)foldon chains which is consistent with the data obtained 
in insect cell expressions (Myllyharju et al. 1997). It therefore seems likely that in 
addition to the control at the C propeptide level, other restrictions may exist at the level 
of C telopeptide or the triple-helical domain that prevent the α2(I) chains of forming 
homotrimers. 

6.2  Secretion of gelatin fragments in P. pastoris (II) 

All traditional methods for producing gelatin use animal tissues as raw material. The 
isolation of gelatin from animal sources yields a heterogeneous mixture of collagen 
fragments of different sizes and also of different collagen types. The use of recombinant 
technology provides the means to produce gelatins that are of human origin and free of 
animal components and pathogens. Moreover, recombinant techniques allow the 
production of gelatins with defined fragment lengths and compositions.  

P. pastoris has been found to secrete recombinant type I and III collagen fragments 
fused with the yeast α-MF pre-pro sequence into the culture medium as single-chain 
monomers (Werten et al. 1999, Olsen et al. 2003, 2005). In contrast, recombinant full-
length triple-helical type I and III procollagen molecules are retained in the cell 
regardless of the secretion signal used (Vuorela et al. 1997, Keizer-Gunnink et al. 2000, 
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Nokelainen et al. 2001b). The present study examined how the different secretion signals 
affect the secretion of 45 kDa type I collagen fragments. Comparison of secretion of the 
45 kDa fragments, fused to either the authentic proα1(I) signal sequence or to the α-MF 
sequence, showed that the former did not drive secretion into the culture medium while 
the latter did it efficiently. In contrast, the data obtained in studies with the yeast H. 
polymorpha show that a 14 kDa type I collagen fragment with the authentic signal 
sequence was secreted indicating that differences exist between yeast species in their 
recognition of mammalian signal sequences (de Bruin et al. 2000). The proα1(I) signal 
sequence has been shown to be capable of transporting collagen chains through the first 
stage of the P. pastoris secretory pathway as full-length collagen chains have been seen in 
the ER lumen by electron microscopy (Keizer-Gunnink et al. 2000). Also, as the 
recombinant collagen chains are efficiently hydroxylated in P. pastoris by the ER-
resident recombinant C-P4H, they must exist in the same cellular compartment. Some 
mammalian signal sequences are not recognized by P. pastoris, though, for example the 
signal sequence of human PDI targets this polypeptide only very inefficiently into the ER 
lumen in P. pastoris. Therefore, in order to achieve a fully active human C-P4H in P. 
pastoris, the signal sequence of PDI had to be replaced by the α-MF sequence (Vuorela et 
al. 1997).  

One aspect studied here was the effect of trimerization induced by a C-terminal 
oligomerization domain on the secretion of the 45 kDa collagen fragment containing the 
α-MF signal. None of the fragments fused with the C propeptide were secreted, but 
assembled into triple-helical molecules inside the cell. A substantial amount of the 
foldon-containing 45 kDa fragments also remained inside the cell in a triple-helical 
conformation, however a small amount of these fragments was secreted into the medium 
and, in spite of the very efficient trimerizing effect of the foldon domain, the secreted 
fragments were in a single-chain conformation. A 9 kDa fragment containing the foldon 
domain was similarly retained inside the cell as a triple-helical mini-molecule with only a 
minor fraction being secreted and this secreted portion being in a single-chain 
conformation. This situation may be due to a competition between the efficient secretion 
of the chains by the α-MF sequence and the trimerizing effect of foldon. It is also 
possible that the relatively large size of the C propeptide, when compared to that of 
foldon, may slow down the secretion allowing the chains to assemble into triple helices. 
This observation of the effect of fragment size on secretion was supported by the data 
showing that the 90 kDa fragment containing the α-MF sequence, but no oligomerization 
domain, was only partially secreted whereas a corresponding 45 kDa fragment was 
completely secreted. It is possible that the yeast secretory pathway is not capable of 
transporting the large triple-helical collagen molecules which have been shown to transit 
in eukaryote cells through the Golgi complex by cisternal progression instead of the 
conventional vesicle-mediated transport (Bonfanti et al. 1998).  
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6.3  The type I C-P4H activity is essential for the mouse embryonic 
development (III) 

The existence of isoenzymes seems to be a common feature among the collagen-
processing enzymes as lysyl hydroxylase (LH) has three isoenzymes and lysyl oxidase 
(LOX) has at least five. Also, the proteinases responsible for the cleavage of the N and C 
propeptides have at least three isoenzymes each (Myllyharju & Kivirikko 2004). 
Homozygous mutations in the human collagen-processing enzyme genes have been 
identified in only three out of about 20 genes. Mutations in the genes for LH1 and the 
procollagen N proteinase (ADAMTS-2) lead to the kyphoscoliotic and dermatosparactic 
types of Ehlers-Danlos syndrome (EDS), respectively. This syndrome is characterized by 
joint hypermobility, skin fragility, ocular abnormalities and muscle hypotonia (Yeowell & 
Walker 2000, Myllyharju & Kivirikko 2001, 2004). Mutations in the gene for LH2 have 
been reported in two families with Bruck syndrome that is characterized by osteoporosis, 
joint contractures, fragile bones and short stature (van der Slot et al. 2003). The LH1 and 
LH2 mutations inhibit or prevent the formation of stable hydroxylysine-derived cross-
links, whereas the N proteinase mutations lead to impaired procollagen processing and a 
subsequent accumulation of molecules containing the N propeptide (Myllyharju & 
Kivirikko 2001, 2004).  

No human diseases associated with defects in C-P4H activity have been identified. As 
C-P4H was long thought to exist as one type only, with no isoenzymes, it was assumed 
that loss of its activity would be lethal. However, the discovery of the second and third C-
P4H isoenzymes raised the possibility that the lack of one isoenzyme may not be lethal, 
especially if the expression of the other isoenzymes is increased. To study the specific 
role of the type I C-P4H that is considered to be the major isoenzyme, a knock-out mouse 
was generated in which the gene for the C-P4H α(I) subunit was inactivated. No live-
born mutant mice were obtained, indicating an embryonic lethal phenotype. Taking into 
account the broad expression pattern of the α(I) subunit, this was anticipated. Analysis of 
the time-staged embryos revealed that the mutant mice die around embryonic day 10.5 
due to an impaired synthesis of type IV collagen and a subsequent rupture of basement 
membranes. 

BMs are primarily composed of independent networks of laminin and type IV collagen 
with other BM components, such as nidogen, perlecan and type XVIII collagen being 
immobilized in these networks through noncovalent interactions (Timpl 1996, Sasaki et 
al. 2004). Many BM components are expressed during very early developmental stages 
but only laminin-1 is critical for early BM formation as a null mutation in the gene for 
laminin-1 is lethal at embryonic day 5.5 (Smyth et al. 1999, Miner et al. 2004), whereas 
ablation of the other BM components, such as perlecan, collagen IV, nidogen-1 or 
nidogen-2 does not interfere with normal BM formation at early embryonic stages 
(Costell et al. 1999, Murshed et al. 2000, Schymeinsky et al. 2002, Pöschl et al. 2004). 

The phenotype of C-P4H null embryos is highly similar to that of the type IV collagen 
null embryos that die at around E10.5-11.5 because of structural deficiencies in the BMs 
(Pöschl et al. 2004). Inactivation of one mouse lysyl hydroxylase isoenzyme, namely 
LH3, has been shown to lead to embryonic lethality even earlier, at E9.5, due to the lack 
of type IV collagen in the basement membranes (Rautavuoma et al. 2004). LH3 
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possesses, in addition to the LH activity, hydroxylysyl glucosyltransferase activity 
(Heikkinen et al. 2000, Rautavuoma et al. 2002, Wang et al. 2002). The lack of this 
particular activity was found to lead to premature aggregation of type IV collagen, due to 
the absence of hydroxylysine-linked carbohydrates which therefore seem to be critical for 
the proper collagen IV network assembly (Rautavuoma et al. 2004, Ruotsalainen et al. 
2006). It is possible that the abnormal collagen IV aggregates are more harmful to early 
BM function that the complete lack or diminished amount of type IV collagen that may 
explain the earlier death of the LH3 null embryos.  

Despite the lack of type IV collagen assembly into the insoluble BMs in P4ha1-/- 
embryos, the amount of soluble type IV collagen in the null embryos was increased and 
the null fibroblasts were found to synthesize and secrete increased amounts of soluble 
collagen IV when compared to wild-type cells. The quality control for the secretion of 
fibrillar collagens is extremely tight and nontriple-helical molecules are not secreted but 
are retained within the ER and eventually degraded (Fessler & Fessler 1979, Bächinger et 
al. 1981, Fessler et al. 1981, Chessler & Byers 1992, Chessler & Byers 1993, Lamande & 
Bateman 1999, Gotkin et al. 2004). Mice devoid of the collagen-specific ER-resident 
chaperone Hsp47 have been shown to die at E10.5 (Nagai et al. 2000, Ishida et al. 2006). 
Mice lacking Hsp47 were found to secrete fibrillar collagens with aberrant triple helices 
and these molecules assembled into abnormally thin and frequently branched collagen 
fibrils (Ishida et al. 2006). In contrast, the fibril-forming collagens in P4ha1-/- embryos 
were seemingly normal supporting the conclusion that the fibrillar collagens have a 
correctly aligned triple-helical conformation. Mutations in mouse and C. elegans type IV 
collagen and the lack of Hsp47 have been shown to lead to intracellular accumulation of 
unfolded collagen IV chains (Gupta et al. 1997, Nagai et al. 2000, Marutani et al. 2004, 
Matsuoka et al. 2004, Gould et al. 2005). On the other hand, it has been shown that 
endodermal cells are capable of secreting non-triplehelical type IV collagen (Engvall et 
al. 1982). Therefore, it is possible that the type IV collagen molecules secreted by  
P4ha1-/- cells have an abnormal conformation and thus are not able to assemble into the 
highly insoluble network structures, but remain soluble.  

Type IV collagen is synthesized at early mouse development, during the blastocyst 
stage, whereas the fibrillar collagens, types I and III, are first detected at E8 (Leivo et al. 
1980). Mice lacking collagen I die between E12-14 due to rupture of a major blood vessel 
(Jaenisch et al. 1983, Löhler et al. 1984) whereas collagen III null mice die at the 
perinatal stage, about 10% of them surviving to adulthood but having shortened life-span 
due to aortic rupture (Liu et al. 1997). As P4ha1-/- mice die much earlier and have 
apparently normal collagen fibrils, it is most likely that the main reason for their death 
during the embryonic stage is the abnormal assembly of type IV collagen. 
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