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Abstract
Collagen prolyl 4-hydroxylases (C-P4Hs) and related enzymes catalyze the hydroxylation of certain
proline residues in animal collagens and plant hydroxyproline-rich proteins, respectively. Animal C-
P4Hs and their isoenzymes have been characterized to date from humans, rodents, insects and
nematodes. Most of the animal C-P4Hs are α2β2 tetramers in which protein disulphide isomerase
(PDI) serves as the β subunit, but the nematode C-P4Hs characterized so far have unique molecular
compositions. Two P4Hs have been cloned from the plant Arabidopsis thaliana and one from the
Paramecium bursaria Chlorella virus-1, these being monomeric enzymes.

This thesis reports on the identification of a large P4H family in the green alga Chlamydomonas
reinhardtii and the cloning and characterization of one member, Cr-P4H-1. This is a soluble
monomer that hydroxylates in vitro several peptides representing sequences found in C. reinhardtii
cell wall proteins. Lack of its activity led to a defective cell wall structure, indicating that Cr-P4H-1
is essential for proper cell wall assembly and that the other P4Hs cannot compensate for the lack of
its activity.

Two C. elegans genes, Y43F8B.4 and C14E2.4, predicted to code for C-P4H α subunit-like
polypeptides were analyzed. Three transcripts were generated from Y43F8B.4, one of them coding
for a functional C-P4H α subunit named PHY-4.1. C14E2.4 turned out not to be a C-P4H α subunit
gene, as a frame-shift led to the omission of codons for two catalytically critical residues. PHY-4.1
formed active tetramers and dimers with PDI-2 and had unique substrate requirements in that it
hydroxylated certain other proline-rich sequences besides collagen-like peptides. Inactivation of the
Y43F8B.4 gene led to no obvious morphological abnormalities. Spatial expression of the phy-4.1
transcript and PHY-4.1 polypeptide was localized to the pharynx and the excretory duct. Taken
together, these data indicate that PHY-4.1 is not involved in the hydroxylation of cuticular collagens
but is likely to have other substrates in vivo.

Cloning and characterization of the PHY-1 and PHY-2 subunits from the closely related nematode
Caenorhabditis briggsae revealed distinct differences in assembly properties between the C. elegans
and C. briggsae PHY-2 subunits in spite of their high amino acid sequence identity. Genetic
disruption of C. briggsae phy-1 resulted in a less severe phenotype than that observed in C. elegans,
evidently on account of its more efficient assembly of the C. briggsae PHY-2 to an active C-P4H
explaining the milder phenotype. Rescue of C. elegans and C. briggsae phy-1 mutants was achieved
by injection of a wild-type phy-1 gene from either species.

Keywords: Caenorhabditis briggsae, Caenorhabditis elegans, Chlamydomonas reinhardtii,
collagen, green alga, isoenzymes, nematode, prolyl 4-hydroxylase
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AGP  arabinogalactan protein 
Bli  blister phenotype 
B. mori  Bombyx mori 
bp(s)  base pair(s) 
Cb  Caenorhabditis briggsae 
C. briggsae Caenorhabditis briggsae 
cDNA  complementary DNA 
Ce  Caenorhabditis elegans 
C. elegans Caenorhabditis elegans 
C-P4H  collagen prolyl 4-hydroxylase 
CSM  collagen-related structural motif 
D. melanogaster Drosophila melanogaster 
Dpy  dumpy (short and fat) phenotype 
dsRNA  double-stranded RNA 
E. coli  Escherichia coli 
ER  endoplasmic reticulum 
GFP  green fluorescent protein 
HIF  hypoxia-inducible factor 
HIF-P4H HIF prolyl 4-hydroxylase 
HRGP  hydroxyproline-rich glycoprotein 
Ki  inhibitory constant 
Km  Michaelis-Menten constant 
Lon  long phenotype 
mRNA  messenger RNA 
P4H  prolyl 4-hydroxylase 
PBCV-1  Paramecium bursaria Chlorella virus-1 
PCR  polymerase chain reaction 
PDI  protein disulphide isomerase 
PHY  C. elegans C-P4H α subunit 
PRP  proline-rich protein 
PTL  potato tuber lectin 
RACE  rapid amplification of cDNA ends 



rbcS2  small subunit of ribulose-1,5-bisphosphate carboxylase/oxygenase 
RNAi  RNA interference 
Rol  roller phenotype 
siRNA  small interfering RNA 
Sma  small phenotype 
Sqt  squat phenotype 
TPR  tetratricopeptide repeat 
Vmax  maximum reaction velocity 
X (in -Gly-X-Y-) any amino acid 
Y (in -Gly-X-Y-) any amino acid 
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1 Introduction 

Collagens are the most abundant proteins of the extracellular matrix and have many 
important structural and functional roles in tissues. The stability of the collagen triple 
helix is dependent on the presence of 4-hydroxyproline residues, which are formed in a 
co-translational and post-translational hydroxylation reaction catalyzed by collagen prolyl 
4-hydroxylases (C-P4Hs). Most animal C-P4Hs characterized so far are tetrameric α2β2 
enzymes formed from a highly insoluble α subunit and protein disulphide isomerise 
(PDI), which serves as the β subunit. In nematodes, however, these subunits have been 
shown to assemble into active C-P4Hs with unique molecular compositions. The 
discovery of the existence of several α subunit isoforms in different animal species has 
shown that C-P4Hs actually comprise enzyme families. The current number of known α 
subunit isoforms is three in the human, mouse and rat, 19 in the fruitfly Drosophila 
melanogaster, and three in the nematode Caenorhabditis elegans.  

Plants do not contain any collagens, but they have hydroxyproline-rich glycoproteins 
that are needed for the structural integrity of their cell walls. Plants also seem to have 
large P4H families, that of Arabidopsis thaliana consisting of at least six members, two 
of which have been cloned and characterized. A collagen-related structural motif has also 
been identified in some proteins of bacteria, bacteriophages and viruses. So far, only one 
viral P4H has been identified and characterized. The P4Hs from plant and viral sources 
differ from the animal C-P4Hs in that they are monomers.  

A monomeric soluble P4H has previously been partially purified from the green alga 
Chlamydomonas reinhardtii. One of the aims of the present study was to clone this C. 
reinhardtii P4H, express it as a recombinant protein for determination of its kinetic 
properties and study its in vivo roles by RNA interference (RNAi).  

Another aim was to identify and characterize potential additional C. elegans C-P4H α 
subunit isoforms. A fourth α subunit, PHY-4.1, was cloned, the catalytic properties of 
active recombinant C-P4H tetramers and dimers assembled from PHY-4.1 and C. elegans 
PDI-2 were analyzed, and the spatial expression pattern of phy-4.1 was determined.  

The present thesis also describes cloning of the major cuticle C-P4H α subunits, PHY-
1 and PHY-2, from C. briggsae, a close relative of C. elegans, and analysis of their 
assembly properties relative to those of C. elegans. The rescue of C. elegans and C. 
briggsae phy-1 mutants with inter-species wild-type genes was also analyzed. 



2 Review of the literature 

2.1 4-Hydroxyproline in animal and plant proteins 

The majority of 4-hydroxyproline in animal proteins is found in collagens (see 2.1.1 and 
2.1.2) and in other proteins containing collagen-like sequences. 4-Hydroxyproline plays 
an important role in stabilizing the collagen triple helix under physiological conditions, 
since non-hydroxylated collagen polypeptide chains cannot assemble into triple-helical 
collagen molecules at human body temperature. Proline is frequently found in the X 
positions of the -Gly-X-Y- repeats of collagens and 4-hydroxyproline in the Y positions, 
the hydroxylation of the Y-position prolines being catalyzed by C-P4Hs. The polypeptide 
chains of the most abundant collagen in vertebrates, type I collagen, contain about 1000 
amino acid residues, of which about 100 are 4-hydroxyproline. (for reviews, see 
Kivirikko & Pihlajaniemi 1998, Myllyharju & Kivirikko 2004)  

Elastic fibres are found in the extracellular matrix of many tissues, where they form 
three-dimensional meshworks of fine fibrils that are considered to provide support with 
flexibility for tissues (for a review, see Cleary & Gibson 1996). Elastin, which also has 
repeating -Gly-X-Y- triplets with 4-hydroxyproline in the Y positions, is the major 
component of elastic fibres, but it does not form triple-helical structures. The 4-
hydroxyproline content of elastin varies, usually being about 10-25 residues per 1000 
amino acids (for a review, see Kivirikko & Pihlajaniemi 1998). 

A novel critical role for 4-hydroxyproline has recently been identified in the hypoxia-
inducible transcription factor (HIF), an αβ dimer (Ivan et al. 2001, Jaakkola et al. 2001). 
Hydroxylation of HIF occurs in a -Leu-X-X-Leu-Ala-Pro- sequence of its α subunit, 
catalyzed by a family of HIF-P4Hs that are distinct from the C-P4Hs (Bruick & 
McKnight 2001, Epstein et al. 2001, Ivan et al. 2002). This oxygen-dependent 
modification of HIF acts as a cellular oxygen sensor, the lack of which triggers a 
metabolic response when the oxygen supply becomes limiting. HIF is not hydroxylated in 
hypoxia and escapes the 4-hydroxyproline-mediated targeting to rapid proteasomal 
degradation, becomes stabilized and upregulates the expression of numerous genes 
involved in a variety of cellular hypoxia responses, including angiogenesis, 
erythropoiesis, glucose uptake, energy metabolism, apoptosis and vasomotor function 
(for reviews, see Kaelin 2005, Schofield & Ratcliffe 2005). This regulatory pathway is 
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probably evolutionarily conserved, since homologues of HIF subunits and HIF-P4H 
genes are found in the genomes of C. elegans and D. melanogaster (Bruick & McKnight 
2001, Epstein et al. 2001).  

Hydroxyproline-rich glycoproteins (HRGPs) are the major proteinaceous components 
of plant cell walls and often become covalently cross-linked into large meshworks. They 
have been identified in monocots, dicots and green algae and are subdivided into four 
distinct groups: the arabinogalactan proteins (AGPs), extensins, hydroxyproline-rich 
lectins and proline-rich proteins (PRPs). (for reviews, see Cassab 1998, Kieliszewski and 
Shpak, 2001) 

A collagen-related structural motif (CSM) that has been identified in some proteins of 
bacteria, bacteriophages and viruses (Rasmussen et al. 2003) is believed to have a role in 
the attachment, elongation and trimerization of a variety of surface proteins in bacteria 
and viruses. Although CSMs have the characteristic -Gly-X-Y- repeats, they differ from 
the human collagens in several aspects (Medveczky et al. 1993, Smith et al. 1998, 
Rasmussen et al. 2003). Their proline content is significantly lower, and instead of 
frequently having proline and 4-hydroxyproline in the X and Y positions, their X 
positions are occupied by either proline, alanine or serine and their Y positions contain a 
higher proportion of threonine and glutamine. It is generally believed that CSMs do not 
contain 4-hydroxyproline, and that alternative means for stabilization of the triple-helical 
structure are provided by threonine in the Y positions, through indirect hydrogen bonding 
or glycosylations (Rasmussen et al. 2003). Although 4-hydroxyproline has been widely 
believed to be absent from bacterial and viral proteins, a P4H has been identified and 
cloned from the eukaryotic algal Paramecium bursaria Chlorella virus-1 (PBCV-1) 
(Eriksson et al. 1999).   

2.1.1  Vertebrate collagens 

Collagens have a significant role in maintaining the structural integrity of various tissues 
and also have many other important biological functions. At the moment at least 28 
collagen types involving 43 distinct polypeptide chains (α chains) are known in 
vertebrates and more than 20 additional proteins have collagen-like domains. (Myllyharju 
& Kivirikko 2004, Ricard-Blum & Ruggiero 2005, Veit et al. 2005) 

The basic structure of a collagen molecule consists of three polypeptide chains, called 
α chains, that are composed of -Gly-X-Y- repeats. In some collagens the α chains are 
identical (homotrimers), while others contain two or three different α chains 
(heterotrimers). The left-handedly coiled α chains wrap around each other to form a right-
handed superhelical structure. The packing of the α chains into the triple helix requires 
that every third amino acid should be glycine which is small enough to fit into the 
restricted space in the centre of the helix. Proline is frequently found in the X position 
and 4-hydroxyproline in the Y position. (for reviews, see Myllyharju & Kivirikko 2004, 
Ricard-Blum & Ruggiero 2005)  

The presence of 4-hydroxyproline residues in the Y positions is required for the 
thermal stability of collagen (Berg & Prockop 1973). As shown in X-ray diffraction 
studies, 4-hydroxyproline residues stabilize collagen by forming water bridges within the 
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α chains, between them and between different collagen molecules (Bella et al. 1994, 
1995). The contribution of these water bridges to molecule stability is still controversial, 
however, since the triple helix of a (Pro-4Hyp-Gly)10 repeat is stable in an anhydrous 
environment and replacement of 4-hydroxyproline with an electronegative 4(R)-
fluoroproline leads to increased thermal stability (Holmgren et al. 1999). It has therefore 
been suggested that the stability of collagen relies rather on stereoelectronic effects that 
fix the pyrrolidine ring pucker and thus preorganize all three main-chain torsion angles 
(Jenkins & Raines 2002). 

The majority of vertebrate collagens form supramolecular assemblies such as fibrils 
and networks, and they can be divided into eight subfamilies based on such assemblies or 
other features: (1) fibril-forming collagens (types I, II, III, V, XI, XXIV, XXVII), (2) 
fibril-associated collagens with interrupted triple helices and related collagens (types IX, 
XII, XIV, XVI, XIX, XX, XXI, XXII, XXVI, XXVIII), (3) the family of collagens 
forming hexagonal networks (types VIII and X), (4) the family of type IV collagens that 
are the major components of basement membranes, (5) type VI collagen, forming beaded 
filaments, (6) type VII collagen, forming anchoring fibrils in basement membranes, (7) 
collagens with transmembrane domains (types XIII, XVII, XXIII, XXV), and 8) collagen 
types XV and XVIII. (Myllyharju & Kivirikko 2004, Veit et al. 2005) 

2.1.2  Invertebrate collagens 

The collagens in nematodes are involved in the formation of two distinct structures, the 
cuticle, also called the exoskeleton, and the basement membranes (Figure 1).  

The cuticle is a flexible structure composed of up to six layers and with a thickness 
dependent on the developmental stage and species of the nematode (Figure 1). It is 
composed of highly cross-linked, soluble and insoluble structural proteins, namely 
collagens, cuticulins and other minor proteins, lipids and carbohydrates. The major 
functions of the exoskeleton are to act as an impermeable barrier to the environment, 
allow movement, determine the body structure and permit growth through larval moults 
(for reviews, see Johnstone 2000, Page 2001). The cuticle of C. elegans consists mainly 
of small collagen-like proteins encoded by a multigene family of approximately 175 
members (for reviews, see Johnstone 2000, Page 2001, Page & Winter 2003, Myllyharju 
& Kivirikko 2004). The cuticle is shed four times during the development of C. elegans 
and the cuticle collagen genes are accordingly expressed in a distinct temporal fashion in 
the hypodermal cells (for reviews, see Johnstone 2000, Page 2001, Page & Winter 2003, 
Myllyharju & Kivirikko 2004). 
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Fig. 1. Anatomy and cuticle structure of an adult C. elegans nematode. On the left, schematic 
cross-section through the central body (upper drawing) and head (lower drawing) regions. 
The locations of basement membranes inside the cuticle are drawn with black continuous 
lines. On the right, schematic structure of a longitudinal section of the cuticle. Modified from 
Kramer 1994 and Graham et al. 1997. 

Fig. 2. Schematic representation of the structure of a C. elegans cuticle collagen. 

The nematode cuticle collagen polypeptides are relatively small in size, 26-35 kDa 
(Figure 2) and have two collagenous domains, the N-terminal domain containing 8-10 -
Gly-X-Y- repeats and the C-terminal one 40-42 -Gly-X-Y- repeats with 1-2 small 
interruptions. The collagenous domains are flanked by three clusters of cysteine residues. 
In addition to the collagenous domains the molecules have non-collagenous N and C-
terminal regions. The N-terminal region is variable in size and contains homologous 
regions, including a signal peptide cleavage site and a proposed subtilisin-like cleavage 
site that is involved in the generation of the mature polypeptide from the procollagen 
precursor. The C-terminal region also varies in size, and cleavage has been shown to 
occur adjacent to a C-terminal tyrosine cross-linking site in the SQT-3 collagen. The 
processed cuticle collagens contain interchain disulphide bonds that can be either 
intramolecular or intermolecular, and they also contain tyrosine and putative γ carboxyl 
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glutamine-derived cross-links that are not found in vertebrate collagens. (Johnstone 2000, 
Page 2001, Page & Winter 2003, Myllyharju & Kivirikko 2004, Novelli et al. 2006) 

Several mutations generated by random mutagenesis have been shown to affect C. 
elegans body morphology or viability. Seventeen cuticle collagen genes, named as bli-1, 
bli-2, dpy-2, dpy-3, dpy-5, dpy-6, dpy-7, dpy-8, dpy-10, dpy-13, dpy-14, dpy-17, lon-3, 
rol-6, rol-8, sqt-1 and sqt-3 (Kramer et al. 1988, von Mende et al. 1988, Kramer et al. 
1990, Johnstone et al. 1992, Levy et al. 1993, van der Keyl et al. 1994, Bergmann et al. 
1998, Johnstone 2000, Page 2001, Nyström et al. 2002, Page & Winter 2003, Myllyharju 
& Kivirikko 2004, Gallo et al. 2006, Thacker et al. 2006), and three basement membrane 
collagen genes emb-9, let-2 and cle-1 (Guo et al. 1989, 1991, Sibley et al. 1993, Ackley 
et al. 2001) have been identified by characterizing such mutations. Several C. elegans 
genes encoding collagen modifying enzymes (Figure 3) have been characterized so far, 
phy-1, phy-2, phy-3 and pdi-2 coding for C-P4H subunits, let-268 for lysyl hydroxylase, 
18 distinct cyp genes and 8 fkb genes for PPIases, bli-4 and dpy-31 for N and C-terminal 
proteinases, respectively, TPST-A for tyrosine O-sulphation, dpy-11 for a thioredoxin, 
pdi-3 for a transglutaminase, and bli-3 and F53G12.3 for dual oxidases (Veijola et al. 
1994, Thacker et al. 1995, Veijola et al. 1996, Friedman et al. 2000, Hill et al. 2000, 
Norman & Moerman 2000, Winter & Page 2000, Edens et al. 2001, Ko & Chow 2002, 
Riihimaa et al. 2002, Eschenlauer & Page 2003, Simmer et al. 2003, Novelli et al. 2004, 
Kim et al. 2005, Bell at al. 2006, Winter et al. 2007).  
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Fig. 3. The main steps in C. elegans collagen synthesis and the main enzymes involved. 
Modified from Myllyharju & Kivirikko 2004.  

More recently, genome-wide and selective RNA interference (RNAi) screens have 
confirmed the importance of these previously identified components of cuticle and 
basement membrane synthesis and assembly, and more importantly, have identified novel 
genes that are involved in these aspects (Kamath et al. 2003, Simmer et al. 2003, Thein et 
al. 2003, Frand et al. 2005). 

Nematode phenotypes associated with cuticle collagen gene mutations are divided into 
five basic types, described as (1) blister (bli), (2) dumpy (dpy), (3) roller (rol), (4) long 
(lon) and (5) squat (sqt). Nematodes with the blister phenotype have fluid-filled cuticle 
blisters that result in swelling and blistering of the cuticular material on from the surface 
of the animal. In the dumpy and long phenotypes the body length is shorter and longer, 
respectively, than in the wild type, whereas the roller phenotype results from a helical 
twisting of the body along its longitudinal axis. The phenotypes are not necessarily 
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exclusive, since different mutant alleles of a given gene can give rise to different 
phenotypes and some alleles show stage-specificity in the resulting phenotypes. The 
squat phenotype, for example, depends on the nature of the mutation, so that a 
heterozygous mutation evokes a roller appearance while a homozygous one generates a 
dumpy phenotype. (for reviews, see Johnstone 2000, Page 2001, Page & Winter 2003, 
Myllyharju & Kivirikko 2004)  

Basement membranes are present in the pseudocoelomic face of the hypodermis and 
around the body wall muscles, pharynx, intestine and gonad in nematodes (Figure 1), and 
the basement membrane collagens of C. elegans are homologues of vertebrate type IV 
and XVIII collagens. The C. elegans type IV collagen homologue is composed of two 
different polypeptide chains encoded by the emb-9 and let-2 genes, while the type XVIII 
homologue is encoded by the cle-1 gene. Mutations characterized in the emb-9 and let-2 
genes cause embryonically lethal phenotypes (Gupta et al. 1997). The EMB-9 and LET-2 
polypeptides are not expressed in the intestine, pharynx or hypodermis of C. elegans, but 
are secreted from the body wall muscles and delivered to these tissues (Graham et al. 
1997, Gupta et al. 1997). Mutations in the CLE-1 protein, which is present in the 
basement membranes surrounding the gonad, pharynx, intestine and under-body wall 
muscles but accumulates to its highest levels in the nervous system, have been shown to 
affect cell migration and axon guidance and the organization and function of 
neuromuscular junctions (Ackley et al. 2001, 2003). 

Fibrillar collagens have not been identified in nematodes nor in D. melanogaster or 
other insects (Lunstrum et al. 1988, Hynes & Zhao 2000). The D. melanogaster genome 
contains three conserved genes encoding basement membrane collagens, two α chains of 
a type IV collagen homologue and one of a type αXV/XVIII homologue (Hynes & Zhao 
2000). Pericardin, which is synthesized in the pericardial cells and is involved in the 
morphogenesis and maintenance of the heart epithelium during dorsal ectoderm closure, 
also shows some homology with the D. melanogaster type IV collagen (Chartier et al. 
2002), and several other D. melanogaster genes contain short sequences encoding 
collagen-like segments.  

A basement membrane collagen has also been characterized from the silkworm 
Bombyx mori and shown to have roles in the formation of basement membranes, the 
encapsulation of foreign bodies during self-defence reactions and the metamorphic 
remodelling of the gut (Adachi et al. 2005). A second gene encoding a collagenous 
protein with multiple short collagenous domains separated by 9 interruptions has been 
identified in B. mori based on homology with known collagen sequences (Chareyre et al. 
1996). The gene is expressed in the imaginal wing discs, epidermis and brain during the 
last larval moult and the spinning stage (Chareyre et al. 1996). 

2.1.3  Plant proteins containing 4-hydroxyproline  

The hydroxyproline-rich glycoproteins (HRGPs) of higher plants are usually divided into 
four groups. Arabinogalactan proteins (AGPs) are expressed on plant cell surfaces, being 
located on cell membranes, the cell wall and in gum exudates, and have important roles 
in plant growth, development and wound healing. AGPs are not covalently linked to the 
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cell wall and are therefore thought to have no structural function. Their protein content is 
less than 10%, and more than 90% of their mass consists of carbohydrates. The protein 
cores of AGPs are rich in 4-hydroxyproline, alanine, threonine, glycine and serine 
residues and contain short -Ala-4Hyp- repeats. The carbohydrate side chains are 
primarily O-linked to the hydroxyl groups of serine and 4-hydroxyproline. (for reviews, 
see Knox 1995, Cassab 1998, Showalter 2001)  

Extensins are structural proteins of the cell walls of higher plants and are rich in 4-
hydroxyproline and serine and varying combinations of valine, tyrosine, lysine and 
histidine. They characteristically possess a repeating -Ser-4Hyp-4Hyp-4Hyp-4Hyp-4Hyp- 
motif. Most of the 4-hydroxyproline residues are O-glycosylated with one to four 
arabinosyl residues, while many of the serine residues are glycosylated with a single 
galactose unit. In addition to serving as structural proteins, extensins are involved in 
development, wound healing and plant defence. (for reviews, see Showalter 1993, Cassab 
1998) 

The 4-hydroxyproline-rich lectins that comprise the third group of HRGPs are 
currently known only in solanaceous plants. They are localized in cell walls and are 
probably involved in various forms of cell-cell interaction through their carbohydrate 
binding properties. Potato tuber lectin (PTL), the most extensively studied 4-
hydroxyproline-rich lectin, is composed of at least two distinct domains: one rich in 
serine and 4-hydroxyproline and containing a carbohydrate moiety, and the other rich in 
glycine and cysteine. The Ser-4Hyp-rich domain of PTL resembles the solanaceous 
extensins. (for a review, see Showalter 1993) 

The proline-rich proteins (PRPs) found in plant cell walls and nodulins have important 
roles in various aspects of development and in nodule formation. PRPs contain 
essentially one repetitive motif, variations on lightly glycosylated -Pro-4Hyp-Val-Tyr-
Lys- repeats, notably lacking serine. This repeat also occurs in extensins in combination 
with the -Ser-4Hyp-4Hyp-4Hyp-4Hyp-4Hyp- motif. (for a review, see Cassab 1998) 

The cell walls of the volvocine algae, e.g. the multicellular Volvox and the unicellular 
Chlamydomonas, are assembled entirely from HRGPs. These HRGPs differ from those of 
higher plants, however. C. reinhardtii has at least two sets of HRGPs, the first of which is 
distributed in the multilayered cell walls of vegetative and gametic cells and the second is 
found in the cell walls of zygotic cells. The major HRGP constituents of the outer 
vegetative and gametic walls of C. reinhardtii are GP1, GP2 and GP3, which contain -
Pro-Pro-Pro-, -Pro-X-Pro-, -Pro-X-X-Pro- and -Leu-Pro- sequence repeats, while zygotic 
cells contain a HRGP with -Pro-Pro-Pro- and -Ser-Pro- motifs (Adair & Apt 1990, 
Showalter 1993). According to amino acid analysis, the 4-hydroxyproline content of GP1 
and GP2 proteins is around 32% and 14%, respectively (Adair & Apt 1990, Adair & Snell 
1990, Ferris et al. 2001), and that of zygote cell wall proteins 22.5% (Woessner & 
Goodenough 1989). In addition, the plus and minus agglutinins of the algal cell that bring 
gametes of opposite mating types together during sexual reproduction are HRGPs that 
resemble the vegetative HRGPs (Ferris et al. 2005). Interestingly, two 4-hydroxyproline 
residues have also been detected in the L subunit of C. reinhardtii ribulose 1,5-
bisphosphate carboxylase/oxygenase, which is not a HRGP (Taylor et al. 2001, Mizohata 
et al. 2002). 
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2.2  Collagen prolyl 4-hydroxylases 

The C-P4Hs are located within the lumen of the endoplasmic reticulum (ER) and catalyze 
the formation of 4-hydroxyproline by the hydroxylation of proline residues in -X-Pro-
Gly- repeats in collagens and many other proteins that have collagen-like domains (the -
Gly-X-Y- repeats of collagens are given here as -X-Y-Gly- because of the hydroxylation 
properties of vertebrate C-P4Hs, see 2.2.1.2). 

2.2.1  Vertebrate collagen prolyl 4-hydroxylases 

2.2.1.1  Molecular properties 

Three vertebrate C-P4H isoenzymes have been cloned to date from human, mouse and rat 
sources (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), 
characterized and shown to be α2β2 tetramers with a molecular weight of about 240 kDa. 
The active enzymes are composed of two distinct subunits, a catalytic α subunit (about 64 
kDa) that differs between the isoenzymes and a β subunit (about 60 kDa) that is identical 
to PDI. The three α subunit isoforms, α(I), α(II) and α(III), associate with the same β 
subunit to form [α(I)]2β2, [α(II)]2β2 and [α(III)]2β2 tetramers, called type I, II, and III C-
P4Hs, respectively (for reviews, see Kivirikko & Myllyharju 1998, Kivirikko & 
Pihlajaniemi 1998, Myllyharju 2003, Myllyharju & Kivirikko 2004, Myllyharju 2005). 
Recombinant insect cell coexpression studies strongly argue against the formation of 
vertebrate C-P4H tetramers with dissimilar α subunits (Annunen et al. 1997).  

The human α(I) subunit consists of 517 residues and a signal peptide of 17 additional 
residues, whereas the α(II) subunit consists of 514 amino acids and a signal peptide of 21 
residues (Helaakoski et al. 1989, Annunen et al. 1997). The length of the human α(III) 
subunit is 525 amino acids plus a signal peptide of 19 amino acids (Kukkola et al. 2003, 
Van Den Diepstraten et al. 2003). The overall amino acid sequence identities of the 
human α(II) and α(III) subunits to the α(I) subunit are 64% and 35%, respectively, the 
highest degree of identity being observed in the C-terminal region, where catalytically 
important amino acids are located (Figure 4, see 2.2.1.2) (Annunen et al. 1997, Kukkola 
et al. 2003). The peptide-substrate-binding domain is separated from the catalytic domain 
(Figure 4) (Myllyharju & Kivirikko 1999, Hieta et al. 2003) and is located in the N-
terminal part of the polypeptide. The structure of this domain has been determined at 
2.3Å resolution in the case of the human α(I) subunit (see 2.2.1.2) (Pekkala et al. 2004). 

The human α(I), α(II) and α(III) subunits contain five cysteines in conserved positions, 
the α(II) and α(III) subunits each having an additional non-conserved cysteine (Annunen 
et al. 1997, Kukkola et al. 2003). Site-directed mutagenesis studies on the α(I) subunit 
have indicated that intrachain disulphide bonds that are essential for the assembly of the 
α2β2 tetramer are formed between the second and third and the fourth and fifth conserved 
cysteines (Lamberg et al. 1995). C-P4H tetramers have no interchain disulphide bonds 
(Nietfeld et al. 1981). All three α subunits have two attachment sites for N-linked 
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oligosaccharides, but enzymatic removal of sugars or mutations in the glycosylation sites 
have no effect on the tetramer assembly or catalytic activity of the type I and III C-P4Hs 
(Lamberg et al. 1995, Kukkola et al. 2003).  

The genes encoding the three human α subunits are quite similar in size. The α(I) 
subunit gene is located on chromosome 10 and consists of 16 exons, while the α(II) and 
α(III) subunit genes are located on chromosomes 5 and 11 and consist of 16 and 13 
exons, respectively. They are also very similar in their exon-intron organization, except 
for differences in the number of 5’ exons and small differences in the lengths of some 
exons. Exons 9 and 10 of the α(I) gene and exons 12a and 12b in the α(II) gene are 
subject to mutually exclusive alternative splicing, but there is no evidence of alternative 
splicing in the α(III) gene (Pajunen et al. 1989, Helaakoski et al. 1994, Nokelainen et al. 
2001, Kukkola et al. 2003).  

PDI, which acts as the β subunit in all forms of vertebrate C-P4Hs, is a multifunctional 
enzyme that catalyzes the formation, reduction and isomerization of disulphide bonds 
during protein folding in the ER and also functions as a β subunit in the microsomal 
triglyceride transferase dimer and as a chaperone that assists the folding of many newly 
translated polypeptides. PDI has been identified and cloned from a wide range of species, 
including fungi, plants and animals. (for reviews, see Kivirikko & Myllyharju 1998, 
Kivirikko & Pihlajaniemi 1998, Freedman et al. 2002, Myllyharju 2003, Wilkinson & 
Gilbert 2004, Ellgaard & Ruddock 2005, Myllyharju 2005)  

PDI is organized into four domains, a, b, b’ and a’, and an acidic C-terminal extension 
c. The amino acid sequences of the a and a’ domains are homologous with thioredoxin 
and each contains an independent -Cys-Gly-His-Cys- active site, while the catalytically 
inactive domains b and b’ do not show sequence similarity to thioredoxin (for reviews, 
see Freedman et al. 2002, Wilkinson & Gilbert 2004, Ellgaard & Ruddock 2005). 
Nuclear magnetic resonance studies have shown, however, that all four domains have a 
thioredoxin fold (Kemmink et al. 1996, 1997, 1999, Dijkstra et al. 1999). This was 
recently confirmed by crystallization of a full-length PDI from yeast (Tian et al. 2006). 
The domain b’ provides the principal peptide-binding site of PDI and is also critical for 
the catalysis of isomerization but not oxidation reactions (Pirneskoski et al. 2004, 
Ellgaard & Ruddock 2005). Point mutations at this site do not inhibit C-P4H tetramer 
assembly, however (Koivunen et al. 2005). The minimum requirement for the assembly 
of an active C-P4H tetramer is fulfilled by the PDI domains b′ and a′, while the domains 
a and b greatly enhance assembly but can in part be replaced by the corresponding 
domains of ERp57, a close homologue of PDI that is involved in the folding of newly 
synthesized glycoproteins (Koivunen et al. 1999, Pirneskoski et al. 2001). Recent studies 
have shown that binding sites in three PDI domains a, b’, and a’, contribute to efficient 
C-P4H assembly (Koivunen et al. 2005).  

The active sites in the catalytic a and a’ domains of PDI are not needed for the 
assembly or activity of the C-P4H tetramer (Vuori et al. 1992b). Deletion studies have 
shown that deletion of the PDI domain c, which contains the -Lys-Asp-Glu-Leu ER 
retention motif, leads to secretion of considerable amounts of both the free PDI 
polypeptide and an active recombinant C-P4H tetramer. Thus one of the functions of PDI 
as the β subunit of C-P4H is to mediate the retention of the enzyme tetramer within the 
lumen of the ER (Vuori et al. 1992b). When the C-P4H tetramer is dissociated or the α 
subunit is expressed in insect cells alone without the PDI polypeptide, the α subunits 
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form insoluble, inactive aggregates (Vuori et al. 1992a). Thus another important role for 
PDI as the C-P4H β subunit is to keep the α subunits in a non-aggregated, catalytically 
active conformation.  

2.2.1.2  Catalytic properties 

The C-P4Hs belong to the group of Fe(II)/2-oxoglutarate-dependent dioxygenases and 
catalyze the hydroxylation of peptide-linked prolines to 4-hydroxyproline. The reaction 
requires Fe2+, 2-oxoglutarate, molecular oxygen and ascorbate as cosubstrates (for 
reviews, see Kivirikko & Myllyharju 1998, Kivirikko & Pihlajaniemi 1998, Myllyharju 
2003, 2005). A catalytic site for the C-P4H α subunits comprises a set of separate 
locations for binding of the cosubstrates and is distinct from the peptide-substrate-binding 
domain (for reviews, see Myllyharju 2003, 2005) (Figure 4). Site-directed mutagenesis 
studies have indicated that three conserved residues, His412, Asp414 and His483, act as 
the Fe2+ binding ligands in the human α(I) subunit (Lamberg et al. 1995, Myllyharju & 
Kivirikko 1997) (Figure 4). Mutation of either His412 or His483 to serine completely 
inactivates the enzyme (Lamberg et al. 1995, Myllyharju & Kivirikko 1997), as does 
mutation of Asp414 to alanine or asparagines, whereas a glutamate in that position 
reduces the activity by ~85% (Myllyharju & Kivirikko 1997). The 2-oxoglutarate binding 
site is divided into three distinct subsites: subsite I is formed by the amino acid Lys493 in 
the human α(I) subunit (Myllyharju & Kivirikko 1997), which binds the C5 carboxyl 
group of 2-oxoglutarate (Figure 4), while subsite II consists of two cis-positioned 
coordination sites of the enzyme-bound Fe2+ and is chelated by the C1-C2 moiety of 2-
oxoglutarate and subsite III involves a hydrophobic binding site in the C3-C4 region of 
the cosubstrate (Hanauske-Abel & Günzler 1982, Kivirikko & Myllyharju 1998, 
Kivirikko & Pihlajaniemi 1998, Hanauske-Abel & Popowicz 2003, Myllyharju 2003, 
2005). His501, an additional critical residue at the catalytic site of the human α(I) 
subunit, is involved in both the binding of the C1 carboxyl group of 2-oxoglutarate to 
Fe2+ and the decarboxylation of this cosubstrate (Myllyharju & Kivirikko 1997) (Figure 
4). The ascorbate binding site contains two cis-positioned coordination sites of the 
enzyme-bound iron and is thus partially identical to the binding site of 2-oxoglutarate, but 
does not become bound at subsite I of the 2-oxoglutarate-binding site. Molecular oxygen 
is thought to be bound to the Fe2+ end-on in an axial position, producing the dioxygen 
unit (Hanauske-Abel & Günzler 1982, Kivirikko & Myllyharju 1998, Kivirikko & 
Pihlajaniemi 1998, Hanauske-Abel & Popowicz 2003, Myllyharju 2003, 2005). 

Fig. 4. Schematic representation of the human C-P4H α(I) subunit. 
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The amino acid residues identified by site-directed mutagenesis of the human α(I) 
subunit as being critical for the binding of Fe2+ and 2-oxoglutarate (Figure 4) are 
conserved in all animal C-P4Hs and plant and viral P4Hs studied so far, as well as in 
other 2-oxoglutarate dependent dioxygenases (see below), with the exception that in the 
latter the basic residue binding the C5 carboxyl group of 2-oxoglutarate is mostly an 
arginine instead of a lysine. The two Fe2+ binding histidines are located about 50-70 
residues apart, while the aspartate is always located in position +2 with respect to the first 
Fe2+ binding histidine. The lysine or arginine that binds the C-5 carboxyl group of 2-
oxoglutarate is located in position +9 or +10 with respect to the second Fe2+ binding 
histidine, the only exception being the HIF asparaginyl hydroxylase, where this residue is 
located between the Fe2+ binding histidines. (Kivirikko & Myllyharju 1998, Kivirikko & 
Pihlajaniemi 1998, Aravind & Koonin 2001, Myllyharju 2003, 2005, Clifton et al. 2006) 

The C-P4Hs hydroxylate proline residues only in peptide linkages, and do not act on 
the corresponding free amino acids. A tripeptide X-Pro-Gly fulfils the minimum substrate 
sequence requirement for C-P4Hs, whereas Gly-X-Pro, Gly-Pro-Ala or Pro-Gly-X do not 
become hydroxylated. Therefore, prolines in the Y position preceding the glycine of -X-
Y-Gly- sequences in collagens are hydroxylated. A C-P4H from the cuticular epithelium 
of earthworms constitutes an exception to this rule, in that a (Pro-Ala-Gly)n is a better 
substrate than a peptide in which proline preceeds a glycine. The rate of hydroxylation by 
vertebrate C-P4Hs is affected by the amino acid present in the X position, as proline in 
this position results in a high maximal reaction velocity (Vmax) while alanine, leucine, 
arginine, valine and glutamate give a lower Vmax. The presence of glycine or sarcosine in 
the X position of the (X-Pro-Gly)n or a triple-helical conformation of the collagenous 
peptide completely prevents hydroxylation (for reviews, see Kivirikko et al. 1992, 
Kivirikko & Pihlajaniemi 1998). The chain length of the peptide substrate influences its 
Km value for vertebrate C-P4Hs, in that the value decreases with increasing chain length, 
while the Vmax is not affected (for reviews, see Kivirikko et al. 1992, Kivirikko & 
Myllyharju 1998, Kivirikko & Pihlajaniemi 1998). This finding has been explained by a 
processive mechanism of binding of long peptide substrates in which an enzyme-
substrate complex is formed at one catalytic site of the tetramer upon the first meeting 
and the other catalytic site then has a high chance of facing another hydroxylatable region 
of the peptide substrate. This mechanism requires the presence of two active catalytic 
sites and would lead to a low Km for a long peptide by overcoming diffusional constraints 
on the association between the enzyme and the various substrate sites present in the 
peptide (de Waal & de Jong 1988, de Jong et al. 1991).  

Studies with individual recombinant peptide-substrate-binding domains of the human 
type I and type II C-P4Hs have shown that they bind longer peptides more effectively 
than shorter ones, this most probably being the major determinant for the low Km values 
of C-P4Hs for long peptide substrates (Hieta et al. 2003). This is supported by the fact 
that an active C. elegans C-P4H dimer that contains only one catalytic subunit has a 
similar preference for long substrates (Kukkola et al. 2004). These data indicate that the 
more efficient hydroxylation of long peptide substrates results from their higher binding 
affinity for the peptide-substrate-binding domain rather than from the proposed 
processive mechanism. Nuclear magnetic resonance characterization and crystallization 
of the peptide-substrate-binding domain of the human α(I) subunit at a resolution of 2.3 Å 
have shown that it is a helical protein consisting of five antiparallel α-helices and a loop 
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that is located between helices α2 and α3. It was found to belong to the family of 
tetratricopeptide repeat (TPR) domains that are involved in many protein-protein 
interactions. The most prominent surface feature of the domain is a deep groove on its 
concave side that is lined with tyrosine residues. Site-directed mutagenesis studies have 
indicated that these tyrosines are important for peptide binding. Previous studies of the 
conformational features of synthetic peptide substrates required for their hydroxylation 
by a C-P4H tetramer have suggested that a minimal requirement for proline 4-
hydroxylation may be a sequence in a poly(L-proline) type II helix conformation 
followed by a β-turn in the Pro-Gly segment. This helix conformation may be necessary 
for effective interaction at the peptide-substrate-binding domain, whereas the β-turn may 
be essential for hydroxylation at the catalytic site (Hieta et al. 2003, Pekkala et al. 2004). 

The crystal structures of several members of the Fe(II)/2-oxoglutarate-dependent 
dioxygenases have been resolved (for a review, see Clifton et al. 2006), including 
deacetoxycephalosporin C synthase (Valegård et al. 1998), clavaminic acid synthase 
(Zhang et al. 2000), anthocyanidin synthase (Wilmouth et al. 2002), the taurine/α-
ketoglutarate dioxygenases (Elkins et al. 2002), HIF asparaginyl hydroxylase (Dann et al. 
2002, Elkins et al. 2003, Lee et al. 2003) and a HIF-P4H (McDonough et al. 2006). 
These all possess a β-strand jellyroll core fold. In addition, a related Fe(II)-dependent 
dioxygenase, isopenicillin N synthase, that does not utilize 2-oxoglutarate as a 
cosubstrate has a similar core fold (Roach et al. 1995). The jellyroll fold consists of 8 β-
strands that form two 4-stranded sides. The additional α-helices, β-strands and loops that 
surround this core contribute to protein stability (for reviews, see Hausinger 2004, Clifton 
et al. 2006). All attempts to crystallize a vertebrate C-P4H α2β2 tetramer have so far been 
unsuccesful. Structural studies of the isolated full-length α subunit are not possible as it 
aggregates in the absence of the PDI/β subunit. In view of the known structures of 
Fe(II)/2-oxoglutarate-dependent dioxygenases, it is highly likely that the catalytic sites of 
the C-P4H α subunits also have the jellyroll core fold. HIF-P4Hs differ distinctly from C-
P4Hs in that they hydroxylate a single proline in a -Leu-X-X-Leu-Ala-Pro- sequence and 
not in -X-Pro-Gly- repeats. Furthermore, they are homodimers and not α2β2 tetramers like 
the vertebrate C-P4Hs. Therefore, the structure of a C-P4H tetramer would reveal 
important data on how the α and β subunits assemble into the tetramer, how the peptide-
substrate-binding domains and the catalytic sites are arranged in the α subunits, and how 
the collagen polypeptide chain bound to the peptide-substrate-binding domain is 
presented to the catalytic site. 

2.2.1.3  Reaction mechanism 

The hydroxylation reaction catalyzed by C-P4Hs requires Fe2+, 2-oxoglutarate, O2 and 
ascorbate as cosubstrates and involves an oxidative decarboxylation of 2-oxoglutarate. 
Kinetic studies and mechanistic studies based on the crystal structures of the Fe(II)/2-
oxoglutarate-dependent dioxygenases indicate that the hydroxylation reaction involves an 
ordered binding of Fe2+, 2-oxoglutarate, substrate and molecular oxygen to the enzyme 
and a release of the reaction products in the reverse order, except that Fe2+ is not released 
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between catalytic cycles (for reviews, see Kivirikko & Myllyharju 1998, Kivirikko & 
Pihlajaniemi 1998, Myllyharju 2003, Schofield & Ratcliffe 2005).  

2-Oxoglutarate is a highly specific requirement for the hydroxylation reaction and 
during the first half of the reaction it is stoichiometrically decarboxylated to succinate in 
such a way that one atom of the dioxygen molecule is consumed. Decarboxylation leads 
to the formation of a highly reactive iron-oxo complex, a ferryl ion, which is the active 
intermediate in the transfer of oxygen to proline. In the second half of the reaction the 
ferryl ion hydroxylates the proline residue in the peptide substrate so that the other atom 
of the dioxygen molecule is incorporated into the forming hydroxyl group. This restores 
the Fe2+ at the catalytic site and completes the reaction cycle. (Hanauske-Abel & Günzler 
1982, Kivirikko et al. 1992, Kivirikko & Myllyharju 1998, Kivirikko & Pihlajaniemi 
1998, Myllyharju 2003, 2005) 

Ascorbate is not needed for the hydroxylation reaction, but it is consumed 
stoichiometrically in an uncoupled decarboxylation of 2-oxoglutarate, i.e. 
decarboxylation without subsequent hydroxylation of the peptide substrate. The reactive 
ferryl ion is converted to Fe3+.O¯ in uncoupled reactions and the next catalytic cycle can 
progress only when this Fe3+.O¯ has been reduced by ascorbate. Since the C-P4Hs 
catalyze such uncoupled decarboxylation cycles even in the presence of a saturating 
concentration of a peptide substrate, the role of ascorbate in the reaction is to serve as an 
alternative oxygen acceptor in the case of uncoupled reaction cycles. (Myllylä et al. 1984, 
Kivirikko et al. 1992, Kivirikko & Myllyharju 1998, Kivirikko & Pihlajaniemi 1998, 
Myllyharju 2003, 2005) 

The vertebrate C-P4H isoenzymes have quite similar Km values for their cosubstrates, 
but differences exist in their Km values for peptide substrates and Ki values for peptide 
inhibitors. The Km values of the human type I and type III C-P4Hs for a collagen-like 
peptide substrate (Pro-Pro-Gly)10 are 15 and 24 μM, respectively, while that of the type II 
enzyme is higher, 95 μM. Poly(L-proline) is an efficient competitive inhibitor of type I C-
P4H, the IC50 value for poly(L-proline) Mr 5000-7000 being only 6 μM, but it is a weak 
inhibitor of the type II enzyme, with a 50-fold higher IC50. The human type III C-P4H is 
intermediate between the other two C-P4Hs in this respect, with an IC50 of 30 μM 
(Annunen et al. 1997, Kukkola et al. 2003). Site-directed mutagenesis studies have 
shown that these properties reflect differences in the amino acid sequences of the peptide-
substrate-binding domains of the human α(I) and α(II) subunits (see above), the presence 
of a glutamate and a glutamine in the α(II) subunit in positions corresponding to Ile182 
and Tyr233 in the α(I) subunit explaining most of the lack of poly(L-proline) binding to 
the type II enzyme (Myllyharju & Kivirikko 1999).  

Several compounds inhibit C-P4Hs competitively with respect to some of its 
cosubstrates or the peptide substrate (e.g. poly(L-proline), see above). Divalent cations  
such as Zn2+ are competitive inhibitors with respect to Fe2+, the Ki value of human type I 
C-P4H for Zn2+ being about 1 μM. Competitive inhibitors with respect to 2-oxoglutarate 
have functional groups that can bind to the ferrous ion at subsite II and also interact with 
the other subsites of the 2-oxoglutarate binding site (for reviews, see Kivirikko et al. 
1992, Kivirikko & Myllyharju 1998, Kivirikko & Pihlajaniemi 1998, Myllyharju 2003, 
2005). Two examples of such inhibitors are pyridine 2,4-dicarboxylate and pyridine 2,5-
dicarboxylate, which have IC50 values of 8 to 11 μM and 1 to 7 μM for the three human 
C-P4Hs, respectively (Kukkola et al. 2003). 
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2.2.1.4  Collagen prolyl 4-hydroxylase I knock-out mice 

Expression studies have shown that type I C-P4H is the main form in most cell types and 
tissues, the type II enzyme is the predominant form in chondrocytes, osteoblasts, 
endothelial cells and cells in epithelial structures, whereas the type III enzyme is 
expressed at low levels in many fetal and adult tissues and in many cell types (Annunen 
et al. 1998, Nissi et al. 2001, Kukkola et al. 2003). It has been shown recently that mice 
lacking a functional C-P4H α(I) subunit gene die at the embryonic stage, between E10.5 
and E11.5, and show a general developmental delay, abnormal basement membranes and 
frequently ruptured capillary walls (Holster et al. 2007). The basement membranes 
essentially lack type IV collagen, the amount of soluble collagen IV being increased in 
the null embryos, indicating that the collagen IV molecules are incapable of assembling 
into insoluble supramolecular network structures. Surprisingly, type I and type III 
collagen fibrils appeared morphologically normal in the null embryos, the only apparent 
deviation being a slight increase in their diameters, the reason for which is still somewhat 
unclear. The null mice exhibit about a 80% reduction in total C-P4H activity, the 
remaining activity being due to the other two isoenzymes (Holster et al. 2007). 

2.2.2  Invertebrate collagen prolyl 4-hydroxylases  

2.2.2.1  Nematode collagen prolyl 4-hydroxylases 

Three distinct C. elegans genes coding for C-P4H α subunits referred to as PHY-1, PHY-
2 and PHY-3 have been cloned and characterized to date (Veijola et al. 1994, Friedman et 
al. 2000, Hill et al. 2000, Winter & Page 2000, Riihimaa et al. 2002), and likewise three 
PDI isoforms have been characterized from C. elegans, termed PDI-1, PDI-2 and PDI-3 
(Veijola et al. 1996, Natsuka et al. 2001, Eschenlauer & Page 2003). The assembly 
properties of recombinant C. elegans PHY-1 and PHY-2 polypeptides differ distinctly 
from those of the vertebrate C-P4H α subunits. The PHY-1 and PHY-2 polypeptides 
combine with PDI-2 to form a unique mixed tetramer PHY-1/PHY-2/(PDI-2)2, while 
active PHY-1/PDI-2 and PHY-2/PDI-2 dimers can also be formed, although much less 
efficiently (Veijola et al. 1994, Myllyharju et al. 2002).  

The assembly of the C. elegans mixed tetramer was found to be highly species-
specific, as the PHY-1, PHY-2 and PDI-2 polypeptides cannot be replaced by human or 
D. melanogaster α and β subunits in recombinant coexpression studies (Myllyharju et al. 
2002). Also, recombinant C. elegans PDI-1 cannot replace PDI-2 as the β subunit in the 
mixed tetramer or the PHY-1/PDI-2 and PHY-2/PDI-2 dimers (Veijola et al. 1996, 
Myllyharju et al. 2002). Interestingly, human PDI can assemble into an active dimer with 
C. elegans PHY-1, and actually much more efficiently than the C. elegans PDI-2, 
although it is incapable of acting as the β subunit in the mixed tetramer (Veijola et al. 
1996, Myllyharju et al. 2002). Recombinant expression studies with C. elegans PHY-3 
have shown that C-P4H activity is generated when it is coexpressed with PDI-1, but not 
with PDI-2 (Riihimaa et al. 2002). It is not known at present, however, whether PHY-3 
forms a dimer or a tetramer with PDI-1, or whether the role of PDI-1 is just to assist in 
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the folding of PHY-3 (Riihimaa et al. 2002). It is likely that the third C. elegans PDI 
isoform, PDI-3, does not function as a C-P4H β subunit, but that its role is related to other 
functions involved in ECM assembly, most probably cross-linking of collagens 
(Eschenlauer & Page 2003). 

The C. elegans PHY-1 polypeptide consists of 543 amino acids and a signal peptide of 
16 additional residues, while PHY-2 is slightly shorter, 523 amino acids and a 16-amino-
acid signal peptide (Veijola et al. 1994, Friedmann et al. 2000, Winter & Page 2000). The 
processed PHY-1 and PHY-2 polypeptides are 57% identical to each other, the highest 
degree of identity being found around the catalytically critical residues, while a major 
difference exists in their extreme C-terminal regions (Friedman et al. 2000, Winter & 
Page 2000). The processed PHY-1 polypeptide has a C-terminal extension of 32 residues 
that is not found in any other animal C-P4H α subunit characterized so far. The role of 
this extension is still unclear and it has been demonstrated that it is not involved in 
determination of the formation of the mixed tetramer (Myllyharju et al. 2002). The amino 
acid sequence identities of PHY-1 and PHY-2 to the human α(I) and α(II) subunits are 43-
46% (Friedman et al. 2000, Winter & Page 2000). The PHY-3 polypeptide is 
considerably shorter than the PHY-1, PHY-2 and vertebrate α subunits, the length of the 
processed PHY-3 being only 295 amino acids (Riihimaa et al. 2002). The identity of 
PHY-3 to the corresponding regions of PHY-1 and PHY-2 and the human α(I) and α(II) 
subunits is 23-30% (Riihimaa et al. 2002).  

The catalytic properties of the recombinant C. elegans PHY-1/PHY-2/(PDI-2)2 
tetramer are very similar to those of human C-P4H tetramers. The Km values for 
cosubstrates and the peptide substrate (Pro-Pro-Gly)10 and Ki values for certain inhibitors 
are comparable to those of the human enzymes, with the exception that the Km value of 
the C. elegans mixed tetramer for 2-oxoglutarate is slightly higher. The C. elegans mixed 
tetramer is not inhibited by poly(L-proline), and thus resembles the human type II C-P4H 
in this respect (Myllyharju et al. 2002). 

Reporter gene expression studies (Hill et al. 2002, Winter & Page 2002) and 
immunolocalization studies (Myllyharju et al. 2002) have shown that the C. elegans phy-
1, phy-2 and pdi-2 genes and their encoded polypeptides are coexpressed in hypodermal 
cells in a cyclical fashion that coincides with the cuticle moulting cycle, suggesting that 
they have a role in cuticle collagen synthesis. The phy-1 gene has been shown to 
correspond to the dpy-18 locus, mutations in which cause a dumpy (short and fat) 
phenotype related to the decreased 4-hydroxyproline content of the cuticle collagens and 
their concomitant inability to support normal body morphology (Friedman et al. 2000, 
Hill et al. 2000, Winter & Page 2000). On the other hand, phy-2 null mutants have a wild-
type phenotype, suggesting that phy-2 is not necessary for proper cuticle synthesis 
(Friedman et al. 2000, Winter & Page 2000). Simultaneous inactivation of both phy-1 and 
phy-2 genes is nevertheless lethal to the embryo, which is also the outcome in pdi-2 null 
mutants (Friedman et al. 2000, Winter & Page 2000). These mutant embryos develop 
normally until the first cuticle is required to maintain the elongated shape, after which 
they collapse, fail to hatch, and eventually die.  

The above genetic observations can be explained by the assembly properties of the 
PHY-1, PHY-2 and PDI-2 polypeptides. Analysis of protein samples from wild-type, dpy-
18 and phy-2 mutant nematodes has shown that the mixed tetramer is the major C-4H 
form in the wild type, while small amounts of PHY-1/PDI-2 dimers are also observed, 
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whereas PHY-2/PDI-2 dimers are not detected (Myllyharju et al. 2002). In dpy-18 
mutants that lack the PHY-1 polypeptide and concomitantly the mixed tetramer and the 
PHY-1/PDI dimer, assembly of PHY-2/PDI-2 dimers is increased (Myllyharju et al. 
2002), but this is not sufficient to compensate fully for the lack of the other forms, as 
evidenced by the abnormal phenotype of the mutant nematodes and the marked 
reductions, more than 95% and 18-60%, in the total C-P4H activity and 4-hydroxyproline 
content of cuticle collagens, respectively (Winter & Page 2000, Myllyharju et al. 2002). 
The lack of the mixed tetramer in the phy-2 null mutants is compensated for by a marked 
increase in the assembly of the PHY-1/PDI-2 dimer, resulting in 50-60% and 64% 
residual C-P4H activity and 4-hydroxyproline content of cuticle collagens, respectively, 
relative to the wild type, these levels obviously being sufficient to support normal cuticle 
synthesis in the phy-2 mutants (Friedman et al. 2000, Winter & Page 2000, Myllyharju et 
al. 2002).  

The C. elegans phy-3 gene has a highly restricted expression pattern. It is expressed in 
the spermatheca, the specialized region of the gonad where the oocytes are fertilized, but 
this is restricted temporally to embryos and late larval and adult nematodes. Inactivation 
of the phy-3 gene leads to no obvious morphological abnormalities in the nematodes, nor 
are any defects found in their fertility or behaviour. The only observed change was that 
the 4-hydroxyproline content of the early embryos was reduced by about 90%. It is thus 
probable that PHY-3 hydroxylates collagens in the early embryos, probably those of the 
egg shells (Riihimaa et al. 2002). 

C-P4H α subunits have also been characterized from the filarial nematodes Brugia 
malayi (Winter et al. 2003) and Onchocerca volvulus (Merriweather et al. 2001). The B. 
malayi PHY-1 consists of 524 amino acids and a signal peptide of 17 additional residues 
and shows 59% and 53% identity to the C. elegans PHY-1 and PHY-2, respectively. It is 
highly unusual, however, in that the recombinant polypeptide assembles into an active, 
soluble C-P4H homotetramer in the absence of any PDI. The B. malayi phy-1 mRNA is 
expressed in all stages analyzed, L1, L3, L4 and adult nematodes, with peaks in 
abundance corresponding to the moults. The native spatial localization of B. malayi phy-1 
is not yet known, but heterologous reporter gene studies in C. elegans indicate 
hypodermal expression and thus a role in cuticule collagen synthesis (Winter et al. 2003). 
The genome of O. volvulus encodes at least three polypeptides that are homologous to C-
P4H α subunits and one of these has been cloned and characterized in detail. It consists of 
549 amino acids and a signal peptide of 23 additional residues and has a similar C-
terminal extension to C. elegans PHY-1, but its role is also unclear. O. volvulus phy-1 is 
expressed in L3 and adult parasites and the recombinant polypeptide combines with O. 
volvulus PDI to form an active C-P4H (Merriweather et al. 2001).  

2.2.2.2  Drosophila melanogaster prolyl 4-hydroxylases 

The D. melanogaster genome contains altogether 19 C-P4H α subunit-related genes, of 
which seven have been cloned as full-length cDNAs and one characterized at the protein 
level (Annunen et al. 1999, Abrams & Andrew 2002). The lengths of the encoded 
polypeptides range from 481 to 550 amino acids. Six of the 10 genes analyzed show a 
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tissue-specific embryonic expression pattern: two in the salivary gland, two in mouthpart 
precursors, one in the proventriculus and one in the epidermis (Abrams & Andrew 2002). 
The relatively large number of C-P4H α subunit-related genes in D. melanogaster is 
highly unexpected, since its genome contains only three genes coding for type IV and 
XVIII collagen polypeptide chains. It has therefore been suggested that some of the D. 
melanogaster C-P4Hs hydroxylate proline residues in proteins other than collagens 
(Abrams & Andrew 2002, Myllyharju & Kivirikko 2004).  

The first α subunit to be cloned from D. melanogaster, PH4αMP, assembles into an 
active tetramer with D. melanogaster PDI when these are coexpressed as recombinant 
polypeptides, and shows 30-35% identity to the human α(I) and α(II) subunits and the C. 
elegans PHY-1 polypeptide at the amino acid level (Annunen et al. 1999). Some distinct 
differences are found between the catalytic properties of the recombinant D. 
melanogaster C-P4H and those of human type I and II C-P4Hs, these differences being 
reflected in the amino acid sequences of the catalytic and peptide-substrate-binding 
domains of the α subunits. The fifth critical residue corresponding to the His501 in the 
human α(I) subunit, which probably assists binding of the C-1 carboxyl group of 2-
oxoglutarate to the Fe2+ atom (Myllyharju & Kivirikko 1997), is replaced by an arginine 
in the D. melanogaster PH4αMP (Annunen et al. 1999). The recombinant D. 
melanogaster enzyme had a higher Km for 2-oxoglutarate, a lower reaction velocity and a 
higher percentage of uncoupled decarboxylation than the human enzymes, but although 
mutation of the PH4αMP arginine to histidine reduced the percentage of uncoupled 
decarboxylation, it did not increase the reaction velocity or reduce the Km for 2-
oxoglutarate. The amino acid sequence of the PH4αMP peptide-substrate-binding domain 
shows a relatively low identity to those of the human α(I) and α(II) subunits, and a 
collagen-like peptide substrate (Pro-Pro-Gly)10 was hydroxylated less efficiently by the 
recombinant D. melanogaster C-P4H than by the human enzymes. Interestingly, the 
human α(I) subunit forms an active enzyme tetramer with the D. melanogaster PDI, 
whereas the D. melanogaster PH4αMP assembles only very inefficiently with the human 
PDI (Annunen et al. 1999). As in the case of the assembly of the C. elegans mixed 
tetramer, these results indicate that certain specific structural differences between the α 
and PDI/β subunits from various species determine their assembly properties. 

We have also expressed a second D. melanogaster α subunit, PH4αEFB, as a 
recombinant protein in insect cells (unpublished). This forms an active tetramer with D. 
melanogaster PDI and efficiently hydroxylates (Pro-Pro-Gly)10. Unlike P4HαMP, 
PH4αEFB has a histidine residue in the position corresponding to His501 in the human 
α(I) subunit, and the Km value of the (PH4αEFB)2/(PDI)2 tetramer for 2-oxoglutarate is 
similar to those of the two human enzymes (unpublished).  

It has been shown very recently that the two D. melanogaster salivary gland-specific 
C-P4H α subunit-related polypeptides, PH4αSG1 and PH4αSG2, are necessary for 
normal salivary gland secretion and the maintenance of an open salivary gland lumen 
(Abrams et al. 2006). As the embryonic salivary glands do not express collagens, it was 
suggested that these polypeptides are involved in the hydroxylation of some other, as yet 
unknown secreted or transmembrane proteins (Abrams et al. 2006).  
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2.2.3  Plant and viral prolyl 4-hydroxylases 

2.2.3.1  Higher plant and algal prolyl 4-hydroxylases  

Plant P4Hs have so far been purified partially or to near homogeneity from the higher 
plants Phaseolus vulgaris and Vinca rosea and from the unicellular and multicellular 
green algae C. reinhardtii and Volvox carterii (Tanaka et al. 1980, Bolwell et al. 1985, 
Kaska et al. 1987, 1988). Their analysis has indicated that plant P4Hs are likely to exist 
as monomers and do not contain PDI as a subunit. They require the same cosubstrates as 
the animal C-P4Hs, but differ from the latter in that they act primarily on poly(L-proline)-
like sequences and hydroxylate collagen-like sequences very inefficiently, if at all (for a 
review, see Kivirikko et al. 1992). Three plant P4Hs have been cloned up to now, two 
from A. thaliana and one from Nicotiana tabacum, and these have been shown to be 
active monomers when characterized as recombinant proteins (Hieta & Myllyharju 2002, 
Tiainen et al. 2005, Yuasa et al. 2005).   

The genome of A. thaliana encodes at least six polypeptides that show 21-27% 
identity to the catalytic C-terminal regions of the human C-P4H α(I) and α(II) subunits 
(Hieta & Myllyharju 2002). Two of these, referred to as At-P4H-1 and At-P4H-2, have 
been cloned and characterized (Hieta & Myllyharju 2002, Tiainen et al. 2005). The 
catalytically critical residues are conserved in them, although the residue in At-P4H-1 
that corresponds to the His501 of the human α(I) subunit is an arginine. The At-P4Hs 
show no sequence similarity to the peptide-substrate-binding domains of the animal C-
P4H α subunits and it is still unclear whether plant P4Hs have a separate domain that 
becomes bound to the peptide substrate or whether peptides interact directly with the 
catalytic domain. At-P4H-1 is a 283-amino-acid polypeptide, while At-P4H-2 is slightly 
longer, 299 residues, the amino acid sequence identity between the two being 33%. A 
distinct difference between these two polypeptides is found in their C-terminal parts, 
where At-P4H-2 has a 49-amino-acid extension that contains 6 cysteines. A similar C-
terminal cysteine-rich extension that is homologous to a 35-residue ShK potassium 
channel toxin from the sea anemone Stichodactyla helianthus (Dauplais et al. 1997, Pan 
et al. 1998) is also found in the C terminus of a putative rice P4H (Hieta & Myllyharju 
2002, Tiainen et al. 2005). 

As expected, At-P4H-1 and At-P4H-2 effectively hydroxylated poly(L-proline), the 
Km values for poly(L-proline) Mr 5000 being 2 and 30 μM, respectively, and also several 
plant HRGP-like synthetic peptides (Hieta & Myllyharju 2002, Tiainen et al. 2005). 
Differences in substrate specificity were found between them, however, suggesting that 
may have different roles in vivo. Surprisingly, both enzymes also hydroxylated the 
collagen-like peptide (Pro-Pro-Gly)10, and At-P4H-1 in particular did this relatively 
effectively, as reflected in its Km value of 60 μM, which is only slightly higher then those 
of animal C-P4Hs. Furthermore, At-P4H-1 resembled the animal C-P4Hs in that it 
preferentially hydroxylated the proline preceding glysine in the repeating Pro-Pro-Gly 
triplets in an asymmetrical manner, the 9th position being most readily hydroxylated. The 
preference of At-P4H-1 for Y-position hydroxylation was not absolute, however, unlike 
the situation in the animal C-P4Hs. Both At-P4Hs also hydroxylated a HIFα-like peptide 
that has a single proline residue, which suggests that, contrary to previous assumptions, 
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plant P4Hs may not require a type II poly(L-proline) conformation in their substrate for 
hydroxylation to occur, but rather show sequence specificity (Hieta & Myllyharju 2002, 
Tiainen et al. 2005).  

P4Hs have been partially purified from the green algae C. reinhardtii and V. carteri 
with purification levels of about 1000 and 7-fold, respectively (Kaska et al. 1987, 1988). 
Both algal enzymes effectively hydroxylated poly(L-proline), but a collagen-like (Pro-
Pro-Gly)10 peptide was hydroxylated only to a small extent by the C. reinhardtii enzyme, 
while hydroxylation of this peptide with the V. carteri enzyme was not measured. Free 
proline and the dipeptides Ser-Pro or Ala-Pro were also tested as possible substrate 
candidates for the V. carteri P4H and found not to serve as substrates. The Km values of 
both algal enzymes for the reaction cosubstrates resembled those of the vertebrate type I 
C-P4H with the exception that the Km for Fe2+ was about 10-fold. Overall, the Km values 
of the algal enzymes for the reaction cosubstrates and the poly(L-proline) substrate, and 
also the inhibition constants for certain 2-oxoglutarate analogues, were very similar to 
each other, the only distinct difference being the 6-fold higher Km of the V. carteri P4H 
for 2-oxoglutarate. Gel filtration analyses indicated that the apparent molecular weights 
of the algal enzymes were about 40 kDa (Kaska et al. 1987, 1988). 

2.2.3.2  Paramecium bursaria Chlorella virus-1 prolyl 4-hydroxylase 

The genome of PBCV-1 encodes a polypeptide of 242 amino acids that is 15-23% 
identical to the corresponding C-terminal residues of the human C-P4H α(I) and α(II) 
subunits, D. melanogaster PH4αMP and C. elegans PHY-1 (Eriksson et al. 1999). The 
recombinant PBCV-1 P4H is a soluble monomer that hydroxylates poly(L-proline) and 
several synthetic peptides that correspond to proline-rich repeats coded by the viral 
genome. The collagen-like peptide (Pro-Pro-Gly)10 was also hydroxylated by PBCV-1 
P4H, although very inefficiently, the Km value being almost 3 mM. Analysis of the 
hydroxylation pattern generated in the synthetic peptide (Pro-Ala-Pro-Lys)5 showed that 
prolines in both positions were hydroxylated, but those preceeding the alanine were 
hydroxylated more readily. The hydroxylation pattern was symmetric and thus differed 
from that generated by animal C-P4Hs in (Pro-Pro-Gly)n peptides (Eriksson et al. 1999). 

2.3  Caenorhabditis elegans and Chlamydomonas reinhardtii  
as model organisms 

2.3.1  C. elegans 

Sydney Brenner stated in 1963 that “the new major problem in molecular biology is the 
genetics and biochemistry of control mechanisms in cellular development”, and to 
address the problem he proposed that a “simplest differentiated organism” should be 
studied “which has a short life cycle, can be easily cultivated and is small enough to be 
handled in large numbers.” As a result of all those needs, the nematode C. elegans rose 
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quickly to the centre stage in biological research. (for reviews, see Culetto & Sattelle 
2000, Jones et al. 2005)  

There were several reasons that favoured the choice of C. elegans as a model 
organism. One attractive feature is the small size of the worms. The adults are only about 
1 mm in length with a maximum diameter of about 80 μm, which means that a large 
number of worms can be maintained at the same time in a small space. They are also 
easily cultivated in liquid media or on Petri dishes, with E. coli as the only food source. It 
has a short hermaphroditic lifecycle of only 3.5 days at 20˚C. A single adult 
hermaphrodite can give birth to a large number of progeny, over 300, by self-fertilization. 
The transparent body of C. elegans allows its internal structures and biological processes 
to be viewed by conventional microscopy, and processes can be observed and explained 
at the cell level because there are only 959 somatic cells in the adult hermaphrodite. Also, 
the number of cells is invariant, which has enabled complete description of the cell 
lineage (for reviews, see Culetto & Sattelle 2000, Jones et al. 2005, Kaletta & Hengartner 
2006). Drs. Sydney Brenner, H. Robert Horvitz and John E. Sulston were awarded the 
Nobel Prize in 2002 for their fundamental research into “genetic regulation of organ 
development and programmed cell death” using C. elegans as a model.  

The genome of C. elegans, about 97 Mb, was the first completely sequenced genome 
from a multicellular organism (C. elegans Genome Consortium 1998). The complete 
genome sequence of C. briggsae, a close relative of C. elegans, is now also available, and 
comparison of the two has indicated that only 4% of the C. elegans genes are unique 
relative to C. briggsae (Gupta & Sternberg 2003, Stein et al. 2003). On the other hand, 
about half of the C. elegans genes do not share similarity with the genes of any organisms 
outside the Nematoda phylum. Such genes can be potential drug targets for the 
prevention and treatment of diseases caused by nematode pathogens both in animals and 
plants. About 43% of the C. elegans genes have a human homologue, including numerous 
disease-associated genes. As the worms suffer from many diseases that are similar to 
human ones, such as cancer, neurodegeneration, infectious diseases, diabetes and obesity, 
and disorders of physiological control and ageing, they can be used to study the basic 
molecular genetic mechanisms underlying many human disorders and to gain insights 
into human diseases and into normal function (Barr 2003, O’Kane 2003, Kaletta & 
Hengartner 2006).  

As described above, C. elegans has numerous favourable aspects as an experimental 
model organism but there are also a few weaknesses. C. elegans does not have as many 
specialized tissues as the vertebrates do, and its genes are often highly divergent from 
their mammalian homologues at the sequence level. The level of divergence reflects the 
faster rate of sequence change in the worms and does not point to any particular time 
point at which the separation of the species occurred during evolution. Also, the basic 
anatomy of the worm is much simpler: its circulatory system, skeletal organization, 
immune response and cognitive ability are organized in a manner that clearly differs from 
those of complex organisms. Despite these differences, most of the basic biological 
processes have remained unchanged throughout evolution and are conserved; e.g. the 
gene expression machinery, membrane traffic, cytoskeleton, extracellular matrix, cellular 
asymmetry, epithelial organization, neuronal connectivity, synapse function, cell-cell and 
intracellular pathways and apoptosis. (for reviews, see Barr 2003, O’Kane 2003)  
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To understand the biological role of a functional gene, one needs to know the site and 
timing of its activation and the phenotypic consequences of altering or removing it. 
Certain techniques developed to study gene expression and function in C. elegans have 
revolutionized biology lately, i.e. RNAi, used to knock down the function of a gene of 
interest, and green fluorescent protein (GFP) as an expression marker. Andrew Z. Fire 
and Craig C. Mello developed double-stranded RNA (dsRNA)-dependent 
posttranscriptional gene silencing methodologies using C. elegans (Fire et al. 1998) and 
were granted the Nobel Prize in 2006. Within a few years this technique had been 
extended to the fly and also to mammalian cells. It is systemic in worms and plants. It is 
also heritable in C. elegans, and the effect can be maintained for over 20 generations and 
be transmitted with a single sperm (for a review, see Grishok 2005, Vastenhouw et al. 
2006). dsRNA can be experimentally introduced into C. elegans in several ways: by 
direct injection into the gonad or body cavity, by soaking the nematodes in dsRNA, by 
ingestion of bacteria that are engineered to produce dsRNA or by generating heritable 
inverted repeat genes. The introduction of dsRNA triggers degradation of the endogenous 
mRNA through a specific nuclease pathway and as a consequence the gene of interest 
becomes inactivated in virtually all cells. Induction of RNAi in C. elegans requires a 
dsRNA with a minimal length of 100 bp. This capacity to use long stretches of dsRNA 
which gives rise to many different small interfering RNA (siRNA) molecules, increases 
the efficiency of RNAi. On the other hand, the multitude of siRNAs may also increase the 
risk of inactivating other genes. The introduction of dsRNA into the body cavity of the 
worm and its spread there will develop a phenotype as soon as the activity of the gene 
product is significantly reduced. A major advantage of RNAi lies in the flexibility of 
timing: it can be induced at any time during the life cycle. This offers an opportunity to 
study the function of a gene at any stage of interest (Fire et al. 1998, Timmons et al. 
2001, Timmons et al. 2003, Hariharan & Haber 2003, Grishok 2005, Kaletta & 
Hengartner 2006). Numerous genome-wide RNAi projects concerned with C. elegans are 
currently going on (Fraser et al. 2000, Gönczy et al. 2000, Maeda et al. 2001, Kamath et 
al. 2003, Simmer et al. 2003, Frand et al. 2005, Clark & Ding 2006, Lappe & Roy 2006). 

Two other significant techniques in the field of C. elegans research are the use of GFP 
as a marker and micro-array technology in gene expression studies. GFP has become a 
standard fluorescent reporter for gene expression or subcellular protein localization, 
although the technique relies largely on the cell identification ability of the microscopist. 
Micro-array analysis of gene expression levels has provided new approaches for tissue-
specific gene profiling, for examining the genome organization and for exploring overall 
changes in gene expression (for reviews, see Barr 2003, Kaletta & Hengartner 2006). 

Large-scale projects for sequencing the genomes of different organisms have greatly 
facilitated the identification of specific genes and the elucidation of their roles in vivo. 
The sequence data are saved in databases that are freely available for everyone through 
the Internet, thus enabling researchers worldwide to search a vast content of highly 
curated sequence data. The Wormbase (http://www.wormbase.org/) for C. elegans is one 
of the web-based model organism databases that is maintained by the International 
Wormbase Consortium. It originated in 2001 from its predecessor AceDB and has 
evolved and expanded since then through the development and utilization of better 
software that provides renewable data on classical genetics, cell biology and functional 

http://www.wormbase.org
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genetics, and also genome sequences for other closely related nematode species. (Bieri et 
al. 2006)  

2.3.2  C. reinhardtii 

The first studies performed on the green alga Chlamydomonas go back to the early 
twentieth century when the first morphological descriptions and genetic studies were 
made. A. Pascher demonstrated the suitability of various Chlamydomonas species for 
genetic analysis in 1918 and pointed out the advantages of a haploid system, while Franz 
Moewus demonstrated in the 1930s that Chlamydomonas mutants can be isolated and 
characterized, and the use of these species as laboratory organisms was developed later, 
in the 1940s and 1950s. The principal laboratory strains of C. reinhardtii are thought to 
be derived from isolates obtained from soil in 1945. (for reviews, see Lefebvre & Silflow 
1999, Harris 2001) 

Chlamydomonas is a unicellular organism with a simple life cycle. The wild-type C. 
reinhardtii cell is about 10 μm in diameter and is enclosed within a wall consisting 
primarily of HRGPs. It contains all the organelles common to plant cells, including 
several mitochondria and a single chloroplast, and additional organelles such as the two 
flagella that are crucial for its motility. Chlamydomonas cells can be grown easily in 
defined solid and liquid medium at neutral pH and have no extra requirements for 
supplementary vitamins or other cofactors. Depending on the strain and culture 
conditions, they grow fast, with a doubling time of about 5-8h (for a review, see 
Nickelsen & Kuck 2000). In addition, they have a capacity to grow with light as the sole 
energy source, or on acetate in the dark. The cells grown in the dark maintain a normal 
chloroplast structure and pigmentation and resume photosynthetic CO2 fixation upon 
illumination. This has enabled studies of photosynthesis and the isolation of a broad 
range of gene mutations that affect the photosynthetic function. Many of these 
Chlamydomonas genes are probably important for chloroplast assembly and function in 
higher plants as well (for reviews, see Lefebvre & Silflow 1999, Harris 2001, Grossman 
et al. 2004). C. reinhardtii cells are normally haploid and the species has two genetically 
fixed mating types. Because of this haploidism, mutant phenotypes can be identified 
directly after mutagenesis without any need for further genetic manipulations (for a 
review, see Nickelsen & Kuck 2000).   

C. reinhardtii contains three autonomous genetic systems: the nucleus, chloroplast and 
mitochondria. Both the chloroplast and nuclear genomes are readily transformed by a 
variety of methods (for a review, see Grossman et al. 2004). Transformation of the 
nuclear genome is typically carried out using particle bombardment, glass beads, carbide 
whisker agitation or electroporation (Franklin & Mayfield 2004). The integration of 
transforming DNA into the nuclear genome is a random process in C. reinhardtii and 
higher plants and results in a variety of expression levels that are caused by position 
effects on the integrating DNA (for a review, see Grossman et al. 2003). Eukaryotic algae 
have been considered a novel option as an inexpensive method for the large-scale 
production of recombinant proteins, as they can be cultivated in a cheap and easy manner 
and grown to high cell densities (Griesbeck et al. 2006). Although a complete toolkit for 
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the genetic manipulation of C. reinhardtii is now available, the expression of 
heterologous genes in it is still somewhat problematic. The nuclear genome, with a size 
of 100 to 110 Mb, has a GC content of 64% and almost 85% of each third nucleotide is a 
G or C. By optimizing the heterologous gene to match this codon usage, it is possible to 
increase the expression levels of foreign proteins. Another factor that can increase 
transgene expression is the inclusion of introns with the sequence to be expressed. The 
first intron from the C. reinhardtii gene, which encodes the small subunit of ribulose 1,5-
bisphosphate carboxylase (rbcS2), acts as an enhancer-like element and has been shown 
to increase the level of phleomycin expression, for example, in a manner that is 
dependent on its orientation or position relative to the RBCS2 promoter used to drive 
expression of the heterologous gene. Thus high levels of GFP expression have been 
achieved when codon-optimized GFP with multiple introns is driven by an RBCS2 
promoter. These high levels are quickly suppressed in the transgenic strain, however, and 
it seems that C. reinhardtii has an ability to invoke gene-silencing mechanisms upon 
transgene expression (Franklin & Mayfield 2004). 

The generation of a comprehensive Chlamydomonas EST library covering about 
200,000 ESTs and the sequencing of its nuclear genome by the US Department of Energy 
Joint Genome Institute has enabled reverse genetics approaches to be adopted. RNA 
silencing using constructs that express antisense or inverted repeat-containing RNA has 
led to the successful knock-down of a gene of interest in Chlamydomonas. One question 
that is currently under investigation is whether RNAi-mediated knock-down in 
Chlamydomonas requires the same components as in C. elegans, for example, and 
sequences have been identified in the algal genome that are homologous to those known 
to encode components needed in the C. elegans RNA silencing pathway. (Schroda 2006)   

 



3 Outlines of the present research 

All plant P4Hs characterized so far have been shown to be monomers, and they would 
thus be interesting targets for structural studies instead of multimeric animal C-P4Hs, 
which have turned out to be difficult to crystallize. Unfortunately, the two previously 
cloned plant P4Hs, from A. thaliana, are poorly soluble when expressed as recombinant 
proteins in insect cells and are therefore not suitable for structural studies. As a soluble 
monomeric P4H has previously been partially purified from the green alga C. reinhardtii, 
we set out to: 

1. clone a P4H from C. reinhardtii, express and purify it as a recombinant protein, 
determine its catalytic properties, and study its function in vivo using RNAi.   

C-P4Hs have been shown to form enzyme families in all animal species studied, from 
vertebrates to invertebrates. Three C-P4H α subunit isoforms from C. elegans have been 
characterized so far. The aim of the second part of this work was to complete the 
characterization of the C. elegans C-P4H family and to study the cuticle C-P4Hs of a 
close relative, C. briggsae. The specific aims were: 

2. to characterize the remaining two C. elegans C-P4H α subunit-like genes, study their 
expression patterns and in vivo functions, and clone the corresponding cDNAs and 
express the α subunits as recombinant proteins in order to study their catalytic 
properties, and 

3. to clone and characterize C. briggsae PHY-1 and PHY-2 homologues, compare their 
assembly properties with those of the corresponding C. elegans polypeptides, and 
analyze the inter-species compensatory potential of their genes. 

 



4 Materials and methods 

The materials and methods used in this thesis are summarized in Tables 1 and 2 below. 
Detailed descriptions of the experimental procedures, including the references, are 
available in the original articles I-III. 

Table 1. Strains. 

Strain Origin 
C. elegans Bristol N2 Caenorhabditis Genetics Center 
C. elegans daf-2(e1370) Caenorhabditis Genetics Center 
C. elegans NL2099 Caenorhabditis Genetics Center 
C. elegans CB364, dpy18 (e364) Caenorhabditis Genetics Center 
C. elegans dpy18 (e1096) Caenorhabditis Genetics Center 
C. elegans phy-2 Caenorhabditis Genetics Center 
C. elegans phy-3 Caenorhabditis Genetics Center 
C. elegans AF16 Caenorhabditis Genetics Center 
C. elegans dpy18 Generated in this studywork 
C. elegans CC125 mt+ 137c Chlamydomonas Genetics Center 
C. elegans CC620 mt+ 137c Chlamydomonas Genetics Center 
C. elegans CC621 mt- 137c Chlamydomonas Genetics Center 



 40

Table 2. Methods. 

Level Method Original publication 
DNA Isolation of genomic DNA I  
 Rapid amplification of cDNA ends (RACE) II 
 Cloning techniques  I, II, III 
 PCR I, II, III 
 Site-directed mutagenesis  III 
 Generation of a mutant C. briggsae strain III 
 LacZ-reporter gene expression analysis II 
RNA & protein Expression and analysis of recombinant proteins in insect cells I, II, III 
 Expression and analysis of recombinant proteins in E coli. I 
 SDS-PAGE, native PAGE and Western blotting I, II, III 
 Purification of recombinant proteins  I 
 Gel filtration I, II, III 
 N-terminal sequencing  I 
 Immunofluorescence staining  II 
 RNA isolation and RT-PCR I, II, III 
 Micro-array analysis  II 
 RNA interference I, II, III 
 Circular dichroism spectroscopy  I 
Others P4H activity assays  I, II, III 
 Preparation of autolysin  I 
 Microinjection  II, III 
 Electroporation  I 
 Transmission electron microscopy  I 



5 Results 

5.1  Characterization of the C. reinhardtii prolyl 4-hydroxylase  
gene family and detailed analysis of one of the encoded  

polypeptides, Cr-P4H-1 

A sequence homology search of the C. reinhardtii EST database indicated the presence of 
two overlapping EST sequences (accession numbers AW661167 and BG860906) that 
encode a 253-residue polypeptide with similarity to the C-terminal catalytic part of the 
human C-P4H α(I) subunit (Figure 1A in I). The corresponding full-length cDNA was 
cloned, its 5’ end was verified by 5’RACE reactions, and the encoded polypeptide was 
named Cr-P4H-1. In addition, a sequence homology search of the C. reinhardtii genome 
draft release, version 2.0, identified the presence of 10 putative genes coding for P4H-like 
polypeptides (Figure 1B in I). One of them, a polypeptide encoded by a gene with the 
annotation C_110025, was identical to Cr-P4H-1 with the exception that the three C-
terminal residues of Cr-P4H-1 were replaced by a cysteine-rich stretch of 47 residues 
(Figure 1B in I). This indicates that the gene for Cr-P4H-1 is alternatively spliced, so that 
the short and long forms of the polypeptide were named Cr-P4H-1A and Cr-P4H1B, 
respectively. The C-terminal cysteine-rich stretch of Cr-P4H-1B is homologous to the 35-
residue sea anemone ShK potassium channel toxin (Dauplais et al. 1997, Pan et al. 1998) 
and is also found in the previously cloned At-P4H-2 (Tiainen et al. 2005). The other nine 
polypeptides, encoded by genes with the annotations C_360012, C_390100, C_150026, 
C_280045, C_1000010, C_2500005, C_50128, C_130209 and C_800043, varied in 
length from 253 to 376 residues, and eight of them had a similar C-terminal cysteine-rich 
extension to Cr-P4H-1B (Figure 1B in I). The 253-residue polypeptide coded C_360012 
had the highest amino acid sequence identity to Cr-P4H-1A, 41%. Eight of the 
polypeptides, including both forms of Cr-P4H-1, were predicted to have a cleavable 
signal peptide, while three of them had a non-cleavable one. Catalytically important 
amino acids present in the C-terminal part of the polypeptides were conserved in all the 
sequences, with only a few exceptions. The second iron binding histidine in C_800043 
was replaced by a glutamate and the fifth critical histidine in C_2500005 by an arginine 
(Figure 1B in I). The latter is likely to be a functional P4H, as an arginine in this position 
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is found in D. melanogaster PH4αMP, for example (Annunen et al. 1999), and in At-
P4H-1 (Hieta & Myllyharju 2002). Whether the polypeptide encoded by the gene 
C_800043 is an active P4H is more unpredictable, as substitution of the second iron 
binding histidine in bovine aspartyl (asparaginyl) β-hydroxylase results in 10-20% 
residual activity (McGinnis et al. 1996), while the corresponding mutation in the human 
C-P4H α(I) subunit generates an inactive enzyme tetramer (Myllyharju & Kivirikko 
1997).  

5.1.1  Amino acid sequence of C. reinhardtii P4H-1 

The 253-amino-acid Cr-P4H-1A has a cleavable signal peptide of 16 residues and is 26% 
identical to the catalytic C-terminal part of the human α(I) subunit, but it shows a higher 
degree of identity, 40%, with At-P4H-1 and At-P4H-2 and with the PBCV-1 P4H, 30% 
(Figure 1A in I). All five catalytically critical residues are conserved in Cr-P4H-1A and B 
(Figure 1A in I). Cr-P4H-1A contains three cysteine residues in conserved positions as 
compared with At-P4H-1 (Figure 1A in I). Phylogenetic relationships between the amino 
acid sequences of plant P4Hs and animal C-P4H α subunits from different species are 
shown in Figure 2 of the original article I. Phylogenetic analysis showed that Cr-P4H-1 is 
evolutionarily closest to At-P4H-1 and forms a clade with At-P4H-1 and At-P4H-2 , and 
these three P4Hs are in general closely related to other short P4Hs and C-P4H α subunits, 
i.e. PBCV-1 P4H and C. elegans PHY-3, respectively (Figure 2 in I). Of the longer C-
P4H α subunits, the Cr-P4H-1 and At-P4Hs are more closely related to the vertebrate 
α(III) subunits than to the α(I) and α(II) subunits or C. elegans PHY-1 and PHY-2 (Figure 
2 in I). 

5.1.2  Expression of recombinant Cr-P4H-1A in insect cells   

A baculovirus vector carrying the Cr-P4H-1A sequence was cotransfected into 
Spodoptera frugiperda Sf9 cells with BaculoGold DNA, and insect cells were infected 
with the amplified virus and harvested 72 h after infection. The cells were homogenized 
in a buffer containing Triton X-100 and centrifuged, the remaining insoluble cell pellets 
were further solubilized in 1% SDS and aliquots of both samples were analyzed by SDS-
PAGE. The majority of the recombinant Cr-P4H-1A polypeptide was found in the 
insoluble fraction (Figure 3A in I), but a clear band was also seen in the soluble fraction 
(Figure 3A in I). The recombinant Cr-P4H-1A was purified from the Triton X-100-
soluble fraction by gel filtration and analyzed by SDS-PAGE. The results showed that the 
enzyme was purified to near homogeneity by a single-step gel filtration (Figure 3A in I). 
Experiments using a calibrated gel filtration column indicated that the enzyme was eluted 
in fractions corresponding to a molecular weight of ~ 35 kDa. The recombinant Cr-P4H-
1A was thus a monomer, since its calculated molecular weight without the signal peptide 
is ~ 28 kDa.     
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5.1.3  Expression of recombinant Cr-P4H-1A and Cr-P4H-1B in E. coli 

E. coli expression vectors coding for Cr-P4H-1A and Cr-P4H-1B with an N-terminal 
histidine tag were transformed into the E. coli Origami™ (DE3) strain and expression 
was induced with isopropyl-1-thio-β-D-galactopyranoside. The cells were harvested after 
overnight induction, suspended in a P4H buffer, disrupted by sonication and centrifuged, 
after which the soluble and insoluble fractions were analyzed by SDS-PAGE. The 
majority of the Cr-P4H-1A and about half of the Cr-P4H-1B were found in the soluble 
fractions and the recombinant proteins could be purified essentially to homogeneity by 
metal affinity chromatography and gel filtration (Figure 3B and C in I). Circular 
dichroism spectroscopy was used to study the thermal stability of the recombinant Cr-
P4H-1A. A cooperative transition of a folded state to an unfolded one was observed, the 
melting temperature being ~ 58˚C, which indicates that the polypeptide has a fairly 
compact, stable structure (Figure 4 in I).  

5.1.4  Catalytic properties of the recombinant Cr-P4H-1A  
and Cr-P4H-1B 

The catalytic activity of purified recombinant Cr-P4H-1A produced in insect cells and E. 
coli and of Cr-P4H-1B produced in E. coli was assayed by a method based on the 
hydroxylation-coupled decarboxylation of 2-oxo[1-14C]glutarate. Both Cr-P4H-1A and 
Cr-P4H-1B showed activity when poly(L-proline) was used as a substrate and the 
specific activities of both variants were about 300 mol/mol enzyme/min. As no 
differences were found in the specific activities of the two variants, Cr-P4H-1A was used 
in all the subsequent kinetic analyses. The Km value for Fe2+, 30 μM (Table 1 in I), 
resembled that of recombinant At-P4H-1 (16 μM, Hieta & Myllyharju 2002), but was 
about 6-fold higher than that of At-P4H-2 (Tiainen et al. 2005) and 75-fold higher than 
that of the PBCV-1 P4H (Eriksson et al. 1999). The Km value for 2-oxoglutarate, 250μM 
(Table 1 in I), was 1.5-2-fold higher than those of the two At-P4Hs and about 10-fold 
relative to that of the PBCV-1 P4H, while the Km for ascorbate, 20 μM (Table 1 in I), was 
about 15-fold lower than the values reported for the two At-P4Hs and the PBCV-1 P4H.  

The inhibitory effects of the 2-oxoglutarate analogues pyridine-2,4-dicarboxylate and 
pyridine-2,5-dicarboxylate were also tested, since both are known to be effective 
competitive inhibitors of vertebrate C-P4Hs, and they were also found to inhibit Cr-P4H-
1A (Table 1 in I). The Ki values were 70 μM and 100 μM, respectively, thus being 35-fold 
and 125-fold higher than the corresponding values for human type I C-P4H (Kivirikko et 
al. 1992). These inhibitory properties of Cr-P4H-1A resembled more closely those of the 
plant enzyme At-P4H-2, the Ki values of which for these two inhibitors are only 7-fold 
and 1.3-fold lower, respectively (Tiainen et al. 2005). Zn2+ was found to inhibit Cr-P4H-
1A relatively effectively with respect to Fe2+, the Ki value being 10 μM (Table 1 in I), 
which is markedly higher than that of the human type I C-P4H (Kivirikko et al. 1992). 

In addition to poly(L-proline), Cr-P4H-1A hydroxylated several synthetic peptides 
representing proline-rich sequences present in C. reinhardtii HRGPs (Table 2 in I). 
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Domain 3 of the C. reinhardtii cell wall protein GP1 has a characteristic proline-rich 
repeat and a synthetic peptide (Pro-Ser)13-Pro-Ile-(Pro-Ser)2-Pro-Lys-(Pro-Ser)2-Pro 
representing this was the most effectively hydroxylated one among the HRGP peptides 
tested (Table 2 in I). The Km value for this peptide was 120 μM and the Vmax obtained 
with it was identical to that obtained with poly(L-proline), Mr 5,000, but 10% lower than 
the highest Vmax obtained with poly(L-proline), Mr 30,000 (Table 2 in I). Three other 
proline-rich peptides, (Ser-Pro-Ala/Glu/Lys-Pro-Pro)5, representing the motif -Pro-Pro-
Ser-Pro-X- found in domain 2 of GP1, the sexual agglutinins Sag1 and Sad1, and a 
protein A2 of unknown function, also served as substrates for Cr-P4H-1A, the Km value 
being identical with all three, 100 µM (Table 2 in I), although the Vmax values varied from 
25% to 65% of that obtained with poly(L-proline), Mr 30,000 (Table 2 in I). The 75% 
reduction in Vmax obtained with the peptide (Ser-Pro-Lys-Pro-Pro)5 may reflect the 
observations that a proline following a lysine is never hydroxylated in higher plants 
whereas a proline preceding a lysine is hydroxylated (Kieliszewski & Lamport 1994).  

Cr-P4H-1A also hydroxylated the collagen-like (Pro-Pro-Gly)10 peptide, but only 
inefficiently, with a Km higher than 1.5 mM and a Vmax 60% of that obtained with poly(L-
proline) (Table 2 in I). It thus resembles more closely At-P4H-2 and the PBCV-1 P4H 
than At-P4H-1 in this respect. In order to determine which proline residues of the (Pro-
Pro-Gly)10 peptide are preferentially hydroxylated by Cr-P4H-1A, a partially 
hydroxylated peptide was purified from the reaction mixture and analyzed by N-terminal 
sequencing. Interestingly, the highest degree of hydroxylation was found in the proline 
residues present in positions following a glycine residue, while the prolines preceeding 
the glycines were hydroxylated to a lesser degree (Figure 5 in I). The hydroxylation 
pattern thus differs greatly from those of At-P4H-1 and the vertebrate C-P4Hs, the former 
acting preferentially and the latter exclusively on the prolines preceding a glycine. 

5.1.5  Analysis of the in vivo function of Cr-P4H-1 by RNAi 

The in vivo role of Cr-P4H-1 was studied by RNAi, a mechanism discovered by Andrew 
Fire and Craig Mello in C. elegans in 1998 in which the function of a gene of interest is 
suppressed by introducing double-stranded RNA into a cell. dsRNA is cleaved by the 
enzyme Dicer to small 21-bp RNA (siRNA) stretches that bind with the help of the 
multienzyme RNA-induced silencing complex to the target mRNA, which is eventually 
degraded (Fire at al. 1998). Regarding the possibility of unspecific silencing the 
existence of homologous 21-bp sequences among the 10 P4H-like genes present in the C. 
reinhardtii genome was analyzed. One of the sequences, C_360012, contained one 21-bp 
region with three mismatches relative to Cr-P4H-1 located in the centre of the sequence 
while all the other 21-bp regions of the Cr-P4H-like sequences had more than three 
mismatches. Target recognition between siRNA and mRNA is highly specific and a 
mismatch in even a single nucleotide has been shown to cause a substantial decrease in 
RNAi efficiency (Elbashir et al. 2001). Our analysis thus indicated that only expression 
of Cr-P4H-1 can be expected to be affected in RNAi experiments.  

The hairpin dsRNA technique was used to suppress expression of the Cr-P4H-1 gene. 
The RBCS2 promoter and the dsRNA construct of the Cr-P4H-1 gene were fused to a 
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pSP124S plasmid that contains the phleomycin resistance gene, ble, as a dominant 
marker for nuclear transformation (Figure 6A in I). The RNAi plasmid or the empty 
pSP124S plasmid were transformed by electroporation into autolysin-treated C. 
reinhardtii wild-type CC125mt+ 137C cells. Independent RNAi and control lines were 
generated from single transformant clones selected in Zeocin plates and the existence of 
the RNAi construct in the RNAi transformants was verified by PCR analysis (Figure 6B 
in I).  

The C. reinhardtii cell wall is seen by EM to be composed of five structurally distinct 
layers. The innermost and outermost layers, W1 and W7, are composed of a loose 
network of fibres, the dense W2 and W6 layers having a granular W4 layer between them 
(Roberts et al. 1972, Goodenough & Heuser 1985, Adair & Snell 1990). The cell wall 
structures of wild-type, control and two independent RNAi transformant clones were 
analyzed by transmission electron microscopy of high-pressure frozen and freeze-
substituted samples. The wild-type and control cells had a well-defined cell wall with 
distinct layers and the plasma membrane was closely affixed to this wall (Figure 7A and 
C in I), whereas in the majority of the RNAi transformants the cell wall structure was 
abnormal (Table 4 in I), in that the cell wall was less clearly defined and was also 
detached from the plasma membrane in some cases (Figure 7B and D-F in I). These cells 
lacked a multilayered structure and seemed instead to be entirely composed of a network 
of fibrils resembling those of the W1 and W7 layers (Figure 7 D-F in I). Quantitative 
analysis showed that 95% of the control line cells had a normal cell wall structure with a 
closely affixed plasma membrane, while in two RNAi transformant lines 84-88% of the 
cells had a clearly altered cell wall and/or detachment of the plasma membrane (Table 4 
in I). The effect of Cr-P4H-1 RNAi was also studied at the protein level. Cell extracts 
from three independent control and four RNAi lines were analyzed for P4H activity and 
the activity levels in the RNAi were found to have decreased to 33-58% of that of the 
controls (Table 3 in I). 

The growth of several RNAi transformant and control lines was also analyzed. Growth 
rates were followed for 10 days and the cell densities were calculated using a 
haemocytometer. No clear differences between the growth rates of the control and Cr-
P4H-1 RNAi transformant lines were observed, indicating that the lack of Cr-P4H-1 
activity has no effect on growth. Previous analyses have shown that the growth properties 
of various isolates of a cell wall defective mutant of a related species C. monoica are 
variable: some of them show a faster doubling time than wild-type cells, while others 
grow more slowly (Fuentes & Van Winkle-Swift 2003), indicating that cell wall defects 
do not always lead to growth problems.  
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5.2  Cloning and characterization of a novel C. elegans  
prolyl 4-hydroxylase  

5.2.1  Molecular cloning of the C. elegans phy-4  

A sequence homology search of the C. elegans genome indicated the presence of two 
predicted open reading frames from genes Y43F8B.4 and C14E2.4 that code for 
polypeptides having homology with the C-terminal regions of the human C-P4H α(I) and 
α (II) subunits and C. elegans PHY-1, PHY-2 and PHY-3. The Y43F8B.4 gene was 
predicted to contain seven exons coding for a 533-amino-acid polypeptide with two sets 
of catalytically critical residues (Figure 1A in II) and an N-terminal transmembrane 
region with a low probability of cleavage, indicating that it has a non-cleavable signal 
peptide. Cloning of the cDNA representing this gene using PCR with exon-specific 
primers and 5’ and 3’ RACE reactions showed that three transcripts are generated from 
the Y43F8B.4 gene (Figure 1A in II). Two of the transcripts, termed phy-4.1 and phy-4.2, 
contain the exon 1, 2 and 3 sequences as predicted, but differ in their 3’ ends (Figure 1A 
in II). In phy-4.1 the sequence continues from exon 4 to intron 4, where an in-frame stop 
codon is located at nucleotides 65-67 of the intron 4 sequence (Figure 1A in II). In phy-
4.2 exon 4 is spliced to exon 5, but so that the last nucleotide of exon 4 is deleted, causing 
a frame-shift and a premature stop codon in exon 5 (Figure 1A in II). The third transcript, 
phy-4.3, covers the 3’ end of exon 5 and exons 6 and 7, which are spliced together so that 
four nucleotides are lost, causing a frame-shift and a premature stop codon (Figure 1 A in 
II). Due to the deletion, the transcript no longer codes for the catalytically important 
amino acids and the encoded polypeptide cannot be a functional α subunit (Figure 1A in 
II). The existence of the predicted full-length Y43F8B.4 transcript was excluded in our 
analysis. 

The PHY-4.1 and PHY-4.2 polypeptides, starting from Leu18 after the transmembrane 
region, are 23-25% and 21-26% identical to the corresponding residues of PHY-1, PHY-2 
and PHY-3 (Figure 2 in II). The highest amino acid sequence identity is found around the 
catalytically critical residues, the amino acids 138-256 of PHY-4.1 and PHY-4.2 being 
35-37% identical to the corresponding regions of the other PHY polypeptides (Figure 2 in 
II). PHY-4.1 has four cysteines in identical positions to those of PHY-1 and PHY-2 
(Figure 2 in II). The corresponding conserved cysteines have been shown to be essential 
for intrachain disulphide bond formation in the human C-P4H α(I) subunit (John & 
Bulleid 1994, Lamberg et al. 1995). The extreme C-terminal one of these conserved 
cysteines is not present in PHY-4.2 (Figure 2 in II). Both PHY-4.1 and PHY-4.2 contain 
one potential N-glycosylation site (Figure 2 in II). 

C14E2.4 was predicted to contain six exons coding for a 429-amino acid polypeptide. 
Sequence analysis of the cDNA products showed that a 4-nucleotide deletion in the end 
of exon 4 leads to a frame-shift and a lack of codons for two catalytically critical residues 
(Figure 1B in II). Consequently, C14E2.4 does not code for a functional PHY isoform. 
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5.2.2  Expression of recombinant PHY-4.1 and PHY-4.2 in insect cells 

Recombinant baculoviruses coding for the PHY-4.1 and PHY-4.2 polypeptides with a 
baculoviral GP67 signal peptide were generated and used to produce recombinant 
proteins in insect cells. The cells were harvested 72 h after infection, homogenized in a 
buffer containing 0.1% Triton X-100 and centrifuged. The pellets were further solubilized 
in 1% SDS, and the Triton X-100 and SDS-soluble samples were analyzed by 8% SDS-
PAGE and non-denaturing PAGE followed by Coomassie Blue staining or Western 
blotting. The major parts of both PHY-4 forms were not soluble in the Triton X-100 
buffer and could be solubilized only with 1% SDS (Figure 3A in II). The results of the N-
glycosidase F treatment and N-terminal sequencing of the recombinant PHY-4.1 showed 
that it was glycosylated (Figure 3 in II) and the GP67 signal was correctly cleaved, 
indicating that the polypeptide was correctly translocated into the lumen of the ER.  

To study the association of PHY-4.1 and PHY-4.2 with various C. elegans PDI 
isoforms, insect cells were coinfected with recombinant viruses coding for PHY-4.1 or 
PHY-4.2 with C. elegans PDI-1, PDI-2 and PDI-3. Triton X-100-soluble extracts of the 
cell homogenates were analyzed by non-denaturing PAGE followed by Western blotting 
with PHY-4 and PDI-2 antibodies. PHY-4.1 was found to assemble with PDI-2 but not 
with the other two PDI isoforms, while PHY-4.2 did not associate with any of the PDI 
polypeptides (Figure 3C and D in II). As seen in the non-denaturing PAGE analysis, 
PHY-4.1 and PDI-2 formed dimers and tetramers, and this was confirmed by analysis in a 
calibrated gel filtration column, the formation of dimers being more efficient than that of 
tetramers (Figure 3C and D in II).  

5.2.3  Catalytic properties of the recombinant P4H tetramers and dimers 
containing PHY-4.1 as the catalytic subunit  

Triton X-100 extracts from insect cells coexpressing PHY-4.1 and PDI-2 or PHY-4.2 and 
PDI-2 were analyzed for C-P4H activity using an assay based on the hydroxylation-
coupled decarboxylation of 2-oxo-[1-14C]glutarate and collagen-like peptide (Pro-Pro-
Gly)10 as a substrate. C-P4H activity was generated in the extracts from cells 
coexpressing PHY-4.1 and PDI-2, but only at relatively high substrate concentrations, 
while no activity was detected in the extracts from cells coexpressing PHY-4.2 and PDI-
2. As the (Pro-Pro-Gly)10 peptide seemed to be a relatively poor substrate for the cell 
extract containing a mixture of recombinant (PHY-4.1)2/(PDI-2)2 tetramers and PHY-
4.1/PDI-2 dimers, the hydroxylation of other proline-rich sequences was analyzed. The 
peptide (Pro-Glu-Pro-Pro-Ala)5 and poly(L-proline) were also found to act as substrates 
(Table 1 in II), while many other proline-rich peptides tested were not hydroxylated (see 
original article II for the peptide sequences).  

The Km value of the mixture of (PHY-4.1)2/(PDI-2)2 tetramers and PHY-4.1/PDI-2 
dimers for (Pro-Pro-Gly)10 was >2.5 mM, being more than 100-fold higher than that of 
the main C. elegans C-P4H PHY-1/PHY-2/(PDI-2)2 and about the same as that of the 
viral PBCV-1 P4H (Table 2 in II). The (Pro-Glu-Pro-Pro-Ala)5 peptide representing a 
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proline-rich repeat coded by the PBCV-1 genome was hydroxylated efficiently by the  
mixture of tetramers and dimers containing PHY-4.1, the Km value being 4-fold lower 
than that of the PBCV-1 P4H (Table 2 in II). The Km values for poly(L-proline), Mr 8900 
and 32,000, were also lower than those of the viral enzyme (Table 2 in II).  

The Km values of the (PHY-4.1)2/(PDI-2)2 tetramers and PHY-4.1/PDI-2 dimers for 
reaction cosubstrates were also determined (Table 3 in II). The Km for Fe2+ was five times 
higher than that of the PHY-1/PHY-2/(PDI-2)2 tetramer and human type I C-P4H and one-
third of that of Cr-P4H-1 (Table 3 in II). The Km for 2-oxoglutarate was similar to that of 
the human type I C-P4H, slightly lower than that of the PHY-1/PHY-2/(PDI-2)2 tetramer, 
and markedly lower than that of Cr-P4H-1 (Table 3 in II). The Km for ascorbate was 
unusually low relative to the other two animal C-P4Hs, being similar to that of Cr-P4H-1 
(Table 3 in II).  

5.2.4  Analysis of the expression of phy-4  

Since it had seemed during the cloning of PHY-4.1 that its cDNA was more abundant in 
cDNA pools generated from heat-shocked nematodes than from those maintained under 
standard culture conditions, the expression level of phy-4.1 after heat shock treatment 
was analyzed in a micro-array hybridization experiment on a chip representing about 
22,500 C. elegans genes. The expression level of phy-4.1 was not markedly elevated 
upon heat shock, however, nor were those of the genes coding for the cuticle C-P4H 
subunits PHY-1, PHY-2 and PDI-2, or the isoform PHY-3. 

Two approaches were used to study the spatial expression of PHY-4.1, reporter gene 
expression and immunostaining. A putative phy-4.1 promoter fragment from -953 to +6 
relative to the translation initiation codon was ligated in-frame to a lacZ reporter gene. 
The construct was microinjected into the germ line with a marker plasmid that contains 
the rol-6(su1006) gene. A large number of individual nematodes from three independent 
lines were stained for β-galactosidase activity. Expression of phy-4::lacZ was found to be 
restricted to three pharyngeal gland cell nuclei g1AL, g1AR and g1P (Figure 4A in III) in 
all larval stages, adults and late embryos. The gland cells fill the space in the terminal 
bulb of the pharynx and extend into three cuticle-lined ducts anteriorly from the terminal 
bulb. Two of the three ducts pass through the isthmus before opening into the pharyngeal 
lumen near the anterior bulb, while one of them extends farther and empties near the 
anterior limit of the pharynx (Albertson & Thomson 1976).  

Expression of PHY-4.1 in the pharyngeal gland cells was confirmed by 
immunofluorescence staining with a purified polyclonal PHY-4.1 antibody (Figure 4B in 
III). Additional staining was found at the boundary between the pharynx and the gut and 
in the excretory duct (Figure 4B in III). The excretory duct is a cuticle-lined tube that lies 
next to the terminal bulb of the pharynx and is involved in the secretion of metabolites 
from cells of the excretory system (Nelson et al. 1983).  
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5.2.5  Analysis of the in vivo function of phy-4 by RNAi 

The in vivo function of phy-4 was examined using standard RNAi protocols in wild-type, 
RNAi sensitive NL2099, dpy-18(e364), phy-2(ok177) and phy-3(ok199) backgrounds. A 
cDNA fragment corresponding to nt 162-723 of the coding region of the phy-4.1 and 
phy4.2 cDNAs was amplified from a C. elegans mixed-stage cDNA pool, cloned into the 
vector pPD129:36 and double-stranded RNA for injection was produced in vitro. 50 
young adults were microinjected, allowed to recover overnight, and the progenies 
generated were analyzed. To perform bacterially mediated RNAi, the construct 
pPD129:36-phy-4 was transformed into E. coli and feeding plates were generated from 
the transformed bacteria. Several L4 animals were transferred to the feeding plates and 
incubated for 2 days at 15°C, 20°C and 25°C, after which the adults were transferred to 
fresh feeding plates, allowed to lay eggs for 24 h and the progeny were analyzed. 

RNAi of phy-4.1 did not lead to any obvious defects in the overall morphology, 
fertility or behaviour of the wild-type or RNAi sensitive strains. No additional phenotypic 
effects were observed for the phy-4.1 RNAi in the dpy-18(e364) mutant background, the 
progeny remaining dumpy because of the phy-1 mutation, nor were any obvious 
abnormalities generated in the phy-2(ok177) or phy-3(ok199) mutant nematodes by phy-
4.1 RNAi. 

5.3  Analysis of C. briggsae cuticle collagen prolyl 4-hydroxylases and 
comparison with those of C. elegans 

5.3.1  Cloning of C. briggsae PHY-1, PHY-2 and PDI-2 

A sequence homology search of the C. briggsae genome indicated the presence of genes 
coding for proteins that are homologous with those of the C. elegans cuticle C-P4H 
subunits PHY-1, PHY-2 and PDI-2, and the corresponding C. briggsae cDNAs were 
cloned. The amino acid sequence identity between the C. briggsae and C. elegans PHY-1, 
PHY-2 and PDI-2 is very high, being 92%, 96% and 97%, respectively (Figure 1 in III). 
All the catalytically important amino acids and cysteines required for intrachain 
disulphide bonding are conserved in the PHY polypeptides (Figure 1 in III), and the C. 
briggsae PHY-1 also has the 18-amino-acid C-terminal extension found in the C. elegans 
PHY-1 (Figure 1 in III). 

5.3.2  Rescue experiments on C. elegans and C. briggsae phy-1 mutants 
using wild-type phy-1 and phy-2 genes from both species  

A C. briggsae phy-1 mutant was generated using D. melanogaster Mos1 transposon 
insertion (Besserau et al. 2001, Williams et al. 2005), and the effects of the mutation on 
body morphology were found to resemble those seen in C. elegans phy-1 (dpy-18) 
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mutants (Figure 2A, B, E and F in III). The C. briggsae phy-1 mutants were shortened to 
the same extent as the latter, but no circumferential increase characteristic of a dumpy 
phenotype was observed (Figure 2B and F in III). The phenotype of the C. briggsae phy-1 
mutants is thus not as severe as that of its C. elegans counterpart, being small (Sma) 
rather than dumpy. To keep the nomenclature consistent, however, the C. briggsae phy-1 
mutants are also referred to as C. briggsae dpy-18.  

Several gene rescue experiments were carried out on the C. elegans and C. briggsae 
dpy-18 mutants. Genomic phy-1 and phy-2 rescue constructs that contained the wild-type 
genes from both species were coinjected with a visible cuticle collagen marker construct 
dpy-7::gfp and expression of the transgenes was verified by RT-PCR (Figure 1J in III). 
The C. elegans dpy-18 phenotype was completely rescued by both Ce-phy-1 and Cb-phy-
1 (Table 1 and Figure 1G in III), but surprisingly, the C. briggsae dpy-18 phenotype was 
only partially rescued by Cb-phy-1 and Ce-phy-1 (Table 1 and Figure 1C in III). Injection 
of the Ce-phy-2 rescue construct led to partial rescue of the C. elegans dpy-18 phenotype 
but not of the C. briggsae dpy-18 (Table 1 in III). The Cb-phy-2 construct was unable to 
rescue either of the dpy-18 mutants (Table 1 in III).  

5.3.3  RNAi of C. briggsae phy-1, phy-2 and pdi-2 

Simultaneous inactivation of the C. elegans phy-1 and phy-2 genes by RNAi or combined 
genetic mutations leads to a synthetic lethal phenotype (Friedman et al. 2000, Winter & 
Page 2000), which is explained by the loss of all three possible cuticle C-P4H forms 
(Myllyharju et al. 2002). To study the combined function of C. briggsae phy-1 and phy-2, 
a number of RNAi experiments were carried out using wild-type C. elegans and C. 
briggsae and the C. briggsae dpy-18 mutants. Cb-phy-1 RNAi caused slight to medium 
dumpy and small phenotypes in wild-type C. elegans and C. briggsae, respectively 
(Table 2 in III), while Cb-phy-1 RNAi did not increase the severity of the small 
phenotype in the C. briggsae dpy-18 nematodes, indicating that these are true genetic 
nulls of the phy-1 gene (Table 2 in III). Cb-phy-2 RNAi produced severe dumpy and 
larval arrest with coiled larva phenotypes in the C. briggsae dpy-18 mutants, whereas no 
visible phenotype was observed in the wild-type strains (Table 2 and Figure 3 in III). Cb-
pdi-2 RNAi caused severe dumpy and embryonic lethal phenotypes in both wild-type 
Caenorhabditis species (Table 2 in III). 

5.3.4  Analysis of the collagen prolyl 4-hydroxylase forms generated 
from C. briggsae PHY-1, PHY-2 and PDI-2  

in insect cells and in vivo  

Recombinant C. briggsae PHY-1 and PHY-2 were coexpressed singly or simultaneously 
with C. briggsae or C. elegans PDI-2 in insect cells. Similar experiments were carried out 
with recombinant C. elegans PHY-1 and PHY-2. The PHY-1 polypeptides from both 
species formed active dimers with PDI-2 (Figure 4 and Table 3 in III). Another feature in 
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common was that the PHY-1 and PHY-2 polypeptides from both species assembled into 
active mixed tetramers with PDI-2 (Figure 4 and Table 3 in III). The assembly of these 
enzyme forms was not dependent on the Caenorhabditis source of the PDI-2 subunit 
(Figure 4 and Table 3 in III) and a mixed tetramer was also formed when the PHY-1 and 
PHY-2 polypeptides were from the two different species. Interestingly, the results also 
showed that although the C. briggsae PHY-1 assembled into an active dimer with PDI-2 
much more readily than the C. elegans PHY-1 when PHY-2 was not present (Figure 4 and 
Table 3 in III), assembly of the mixed tetramer rather than the PHY-1/PDI-2 dimer was 
more strongly favoured in C. briggsae than in C. elegans (Figure 4 in III). When all three 
recombinant polypeptides were coexpressed, both PHY-1/PDI-2 dimers and PHY-1/PHY-
2/(PDI-2)2 tetramers were formed from the C. elegans polypeptides, while the C. 
briggsae polypeptides assembled preferentially into the mixed tetramers and no PHY-
1/PDI-2 dimers were formed (Figure 4 in III).  

A distinct difference between the two species was that, unlike the C. elegans PHY-2, 
the C. briggsae PHY-2 readily formed an active complex with PDI-2 from both species 
(Figure 4 and Table 3 in III). The mobility of this novel complex in non-denaturing PAGE 
was between those of the mixed tetramer and the PHY-1/PDI-2 dimer (Figure 4 in III). 
Gel filtration analysis on a calibrated column showed that the active complex formed by 
C. briggsae PHY-2 and PDI-2 eluted in the same position as the mixed tetramer (Figure 5 
in III), suggesting that it is a unique (PHY-2)2/(PDI-2)2 tetramer. The assembly of the C. 
briggsae PHY-2 into an active tetramer with PDI-2 was likewise independent of the 
Caenorhabditis origin of the PDI-2 (Figure 4 and Table 3 in III).  

The in vivo assembly properties of the C. briggsae PHY-1, PHY-2 and PDI-2 
polypeptides were studied by analyzing native extracts prepared from wild-type and phy-
1 mutant C. briggsae by non-denaturing PAGE. As with C. elegans, two C-P4H forms 
were present in the wild-type C. briggsae, i.e. PHY-1/PDI-2 dimers and PHY-1/PHY-
2/(PDI-2)2 tetramers (Figures 6 and 7 in III). As the insect cell expression experiments 
performed with the C. briggsae PHY-1, PHY-2 and PDI-2 polypeptides showed that 
formation of the mixed tetramer is strongly favoured over that of the PHY-1/PDI-2 dimer 
(Figure 4 in III), the in vivo data suggest a limitation in the in vitro availability of either 
the PHY-1 polypeptide or the PHY-2 polypeptide. 

5.3.5  Analysis of the regions of the C. elegans and C. briggsae PHY 
polypeptides that determine their assembly properties 

The data above showed that despite the high amino acid sequence identity between the C. 
elegans and C. briggsae PHY-1 and PHY-2 polypeptides, distinct differences exist in 
their assembly properties, with respect to both the assembly efficiency and specificity. 
The limited amino acid differences, mostly in the non-catalytic regions of the 
polypeptides (Figure 1 in III), could thus be expected to be responsible for the observed 
differences. A search for protein motifs in the PHY polypeptides suggested that they both 
have a TPR-like region between PHY-1 residues 134-237 and PHY-2 residues 144-226 
(Figure 1 in III). These regions were predicted to contain two 34-residue TPR-motifs 
(Lamb et al. 1995), between PHY-1 residues 188-221 and 146-179 and PHY-2 residues 
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190-223 and 148-181 (Figure 1 in III). As TPR motifs mediate protein-protein and 
protein-peptide interactions and the assembly of multiprotein complexes (D’Andrea & 
Regan 2003), those in the PHY polypeptides were regarded as potential candidates for the 
determination of their assembly properties. The TPR motifs of the C. elegans and C. 
briggsae PHY homologues differ distinctly only in a few amino acid locations, two of 
which were selected for site-directed mutagenesis to change the C. elegans codon for the 
corresponding C. briggsae codon, and vice versa (Figure 1 in III), resulting in the 
generation of baculoviruses coding for the following mutant PHY polypeptides: CePHY-
1-T220A, CbPHY-1-A220T, CePHY-2-W190S, CbPHY-2-S190W, CePHY-1-
T220A/Q174K, CbPHY-1-A220T/K174Q, CePHY-2-W190S/V177N and CbPHY-2-
S190W/N177V.  

The mutant PHY polypeptides were coexpressed in insect cells together with C. 
elegans or C. briggsae PDI-2 and analyzed by non-denaturing PAGE and C-P4H activity 
assay. The single mutation in CePHY-1 did not enhance dimer formation, but the double 
mutant CePHY-1 formed active dimers with PDI-2 3-4-fold more efficiently (Table 4 and 
Figure 8 in III). The assembly efficiency of the double mutant CePHY-1 was still lower 
than that of the CbPHY-1, however, as reflected by the markedly lower level of C-P4H 
activity (Table 4 in III). The single mutation in the CbPHY-1 did not reduce its assembly 
efficiency with PDI-2 but rather increased it, while the double mutation led to about a 2-
fold decrease in efficiency (Table 4 and Figure 8 in III). The assembly efficiency of the 
double mutant CbPHY-1 was still about 5-fold higher than that of CePHY-1, however 
(Table 4 in III).  

The assembly properties of the single and double mutant CePHY-2 polypeptides were 
found to be altered towards those of the CbPHY-2. The double mutant CePHY-2 was able 
to form a homotetramer with PDI-2 (Figure 8 in III), which was also reflected by the 
about 8-fold increase in activity (Table 4 in III). This activity level was nevertheless still 
only 11% of that obtained with CbPHY-2 and PDI-2. In the case of the single mutant 
CePHY-2, the activity obtained was between those of the wild-type and double mutant 
CePHY-2/PDI-2 dimers. In contrast, the single and double mutations in the CbPHY-2 
polypeptide did not reduce its assembly efficiency with PDI-2 (Table 4 and Figure 8 in 
III). 

The above data suggest that the TPR motifs of the C. elegans and C. briggsae PHY 
polypeptides are involved in determining their assembly properties with PDI-2, but the 
differences in the two amino acids selected for site-directed mutagenesis do not fully 
explain the differences observed in their assembly properties. We therefore also studied 
the assembly properties of hybrid PHY-2 polypeptides in which the N-terminal 262 
amino acids of the C. briggsae and C. elegans PHY-2 polypeptides had been exchanged. 
This N-terminal swapping was found to have a dramatic effect on the assembly 
properties. Replacement of this region of the C. briggsae PHY-2 with that of C. elegans 
resulted in a loss of the ability to form the (PHY-2)2/(PDI-2)2 tetramer (Figure 9 in III) 
and a 35-45-fold reduction in the C-P4H activity obtained (Table 4 in III), while 
substitution of the N-terminal part of the C. elegans PHY-2 for that of C. briggsae 
elegans led to efficient formation of the (PHY-2)2/(PDI-2)2 tetramer (Figure 9 in III) and 
identical activity to that obtained with wild-type C. briggsae PHY-2 and PDI-2 (Table 4 
in III).  



6 Discussion  

6.1  C. reinhardtii has multiple prolyl 4-hydroxylases, one of which is 
essential for proper cell wall assembly 

Only three plant P4Hs from two species have been cloned to date, two from A. thaliana 
and one from N. tabacum (Hieta & Myllyharju 2002, Tiainen et al. 2005, Yuasa et al. 
2005), while this thesis reports on the cloning of a fourth plant P4H, from the green alga 
C. reinhardtii. Although plants do not contain collagens, these hydroxylases are needed 
for the hydroxylation of various glycoproteins that are involved in a wide variety of tasks 
in plants, varying from structural roles to roles in plant growth and development. 
Previous analysis of the A. thaliana genome (Hieta et al. 2002, Tiainen et al. 2005) and 
the current analysis of the C. reinhardtii genome show that both species have a relatively 
large gene family coding for P4H-like polypeptides, the A. thaliana genome containing at 
least six such genes and the C. reinhardtii genome at least 10. The P4H families in both 
plant species are thus larger than the C-P4H families of vertebrates and C. elegans, which 
consist of only three and four isoenzymes, respectively (Bassuk et al. 1989, Helaakoski et 
al. 1989, Hopkinson et al. 1994, Veijola et al. 1994, Helaakoski et al. 1995, Annunen et 
al. 1997, Friedman et al. 2000, Hill et al. 2000, Winter & Page 2000, Riihimaa et al. 
2002, Kukkola et al. 2003, Van Den Diepstraten et al. 2003, original article II of this 
thesis), but smaller than the D. melanogaster gene family of 19 members that codes for 
C-P4H α subunit-like polypeptides (Annunen et al. 1999, Abrams and Andrew 2002, 
Abrams et al. 2006). The requirement for such large gene families may be explained by 
differences in the expression patterns or substrate specificities of the various isoenzymes. 
The expression patterns of the vertebrate C-P4H isoenzymes differ from each other, for 
example, type I C-P4H being the main form in most cell types and tissues while the type 
II and III C-P4Hs have more specialized expression patterns (Annunen et al. 1998, Nissi 
et al. 2001, Kukkola et al. 2003, Van Den Diepstraten et al. 2003). Likewise, the genes 
coding for the various C. elegans C-P4H α subunit isoforms and the D. melanogaster C-
P4H α subunit-like polypeptides display temporal and spatial differences in expression 
(Friedman et al. 2000, Hill et al. 2000, Winter & Page 2000, Abrams and Andrew 2002, 
Riihimaa et al. 2002, Abrams et al. 2006, original article II of this thesis). The 
identification of 10 C. reinhardtii P4Hs is a unique phenomenon, as this is the first time 
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that a single-cell organism has been shown to have a large number of P4H isoenzymes. 
Based on analysis of the as yet rather limited C. reinhardtii EST database, nine out of the 
ten P4H sequences seem to be present in the vegetative cells and one of them in the 
gametes. The nine P4Hs present in the vegetative cells may therefore either have major 
differences in their substrate specificities or may have redundant functions. The fact that 
Cr-P4H-1 turned out to be essential for proper cell wall assembly speaks for 
specialization with regard to substrate specificity. The expression patterns of the A. 
thaliana P4Hs have not been studied, but analysis of their catalytic properties has shown 
that they are also likely to have distinct in vivo substrates (Hieta & Myllyharju 2002, 
Tiainen et al. 2005).    

The Cr-P4H-1 cloned and characterized here was shown to have two splicing variants: 
a shorter one, Cr-P4H-1A, which consists of 253 residues, while and a longer one, Cr-
P4H-1B, with a C-terminal extension of 47 residues that has six cysteine residues 
characteristic of a ShK toxin-like domain. A similar domain is found in nine out of the 10 
C. reinhardtii P4H sequences and also in At-P4H-2 (Tiainen et al. 2005). It is likely that 
the C-terminal extension in Cr-P4H-1B and in the other C. reinhardtii P4Hs does not 
function as a potassium channel toxin, however, since they lack the critical Lys-Tyr diad 
(Dauplais et al. 1997). In addition, two of the C. reinhardtii P4Hs also lack some of the 
six cysteines that are needed for disulphide bond formation and the proper folding and 
function of the ShK toxin. The C-terminal extension was not required for the P4H activity 
of Cr-P4H-1B, and its role in the C. reinhardtii P4H polypeptides has not yet been 
revealed. 

Unlike animal C-P4Hs, the Cr-P4H-1A characterized here, the two P4Hs cloned from 
A. thaliana and those partially purified from other higher plants and V. carteri have been 
shown to exist as monomers that do not need a PDI/β-subunit in order to be soluble or 
active (Tanaka et al. 1980, Bolwell et al. 1985, Kaska et al. 1988, Hieta & Myllyharju 
2002, Tiainen et al. 2005). Although vertebrate C-P4H tetramers can be successfully 
produced as recombinant proteins in high amounts in insect cells, yeast and nowadays 
also in E. coli (Vuori et al. 1992a, Vuorela et al. 1997, Neubauer et al. 2006) and can be 
purified to homogeneity, all attempts to resolve the crystal structure of a vertebrate C-
P4H tetramer have so far been unsuccessful. The structure of a monomeric HIF-P4H has 
been recently demonstrated (McDonough et al. 2006), but as C-P4Hs and HIF-P4Hs 
differ profoundly in their substrate specificity, the former hydroxylating prolines in 
repeating -X-Pro-Gly- sequences and the latter in an individual -Leu-X-X-Leu-Ala-Pro- 
sequence, distinct differences are likely to exist in their structures, even though they 
probably share a common jellyroll core fold. The structure of a monomeric plant P4H can 
thus be expected to shed light on the structural requirements for the hydroxylation of 
proline-rich proteins. Unlike the recombinant At-P4Hs, which are only poorly soluble in 
insect cells (Hieta & Myllyharju 2002, Tiainen et al. 2005), at least half of the 
recombinant Cr-P4H-1A was found to be soluble in insect cells, and especially in E. coli. 
Furthermore, it was found to be unusually easy to purify Cr-P4H-1A to homogeneity. 
These properties have led to recent successful crystallization of recombinant Cr-P4H-1A, 
which has been shown to have the typical 8-stranded jellyroll core fold, but also several 
unique structural properties relative to HIF-P4H that are likely to be required for efficient 
hydroxylation of proline-rich sequences (Koski et al., unpublished results).    
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The plant P4Hs differ markedly from vertebrate C-P4Hs in that they efficiently 
hydroxylate poly(L-proline). None of the vertebrate C-P4Hs hydroxylates poly(L-
proline), which instead acts as an effective competitive inhibitor for some of them. It was 
believed earlier that plant P4Hs do not hydroxylate collagen-like sequences at all or only 
very inefficiently, but this concept has changed upon the cloning and characterization of 
the recombinant A. thaliana (Hieta & Myllyharju 2002, Tiainen et al. 2005) and C. 
reinhardtii P4Hs, the efficiency of hydroxylation of the collagen-like peptide (Pro-Pro-
Gly)10 by At-P4H-1 actually being similar to those achieved by vertebrate C-P4Hs. 
Sequencing of (Pro-Pro-Gly)10 after partial hydroxylation by At-P4H-1 and Cr-P4H-1A 
showed that these enzymes differ in their hydroxylation preference, the former 
resembling vertebrate C-P4Hs in that it acts preferentially on prolines that are in the Y 
position of the -X-Y-Gly- repeats (Hieta & Myllyharju 2002), while the latter 
preferentially hydroxylates prolines in the X position. Analysis of the hydroxylation of 
various proline-rich peptides by the recombinant At-P4Hs and Cr-P4H-1A has also shown 
that although they are all capable of hydroxylating poly(L-proline) they also have certain 
differences in their substrate sequence requirements.  

C. reinhardtii HRGPs contain at least 3 kinds of proline-rich motif, consisting of 
strings of continuous proline residues, prolines alternating with other amino acids or 
repeats of a -Pro-Pro-Ser-Pro-X- sequence (Ferris et al. 2001). Cr-P4H-1A was found to 
hydroxylate effectively several synthetic peptides representing such motifs in domains 2 
and 3 of the C. reinhardtii cell wall protein GP1, the sexual agglutinins Sag1 and Sad1 
and a related protein A2, the function of which is currently unknown (Ferris et al. 2001, 
2005). These findings prompted us to study the in vivo role of Cr-P4H-1 in the formation 
of the C. reinhardtii cell wall, which is a highly ordered structure that can be divided into 
seven structurally distinct layers based on electron microscopy analyses (Roberts et al. 
1972, Goodenough & Heuser 1985, Adair & Snell 1990). The innermost and outermost 
layers, W1 and W7, respectively, are composed of anastamosing fibres that form a loose 
network, and the layers from W2 to W6 between them form a prominent central structure 
where the dense W2 and W6 layers are believed to have a crystalline structure and the 
W4 layer is composed of granules that are lined up and thus create a pearl-like structure. 
The layers W3 and W5 appear as empty spaces between the other central layers. The 
layer W6 is composed of three distinct HRGPs, GP1, GP2 and GP3 with 4-
hydroxyproline contents of 32%, 15% and 6%, respectively (Goodenough et al. 1986, 
Adair & Snell 1990). Three-dimensional analyses of these three proteins have shown that 
their 4-hydroxyproline-rich regions adopt a poly(L-proline) type II helix conformation 
and form relatively long fibrous shafts that are believed to have an important role in the 
self-assembly of these proteins into distinct supramolecular structures (Goodenough & 
Heuser 1985, Goodenough et al. 1986). Furthermore, glycosylation is needed for the 
stabilization of the poly(L-proline) type II helix conformation of the shaft regions, and 
this modification also affects the interactive properties of GP proteins (Ferris et al. 2001). 
It has been suggested that two glycosylation codes may exist in higher plants, long, 
branching sugars being attached to non-contiguous 4-hydroxyproline residues via O-
galactosyl linkages and short, unbranched sugars to contiguous 4-hydroxyproline residues 
via O-arabinosyl linkages (Shpak et al. 1999). The GP1 protein has characteristic 4Hyp-
4Hyp-Ser-X-4Hyp- repeats and carries a complex mixture of sugar side chains, 37% of 
which are long and branching, while GP2 has contiguous 4-hydroxyproline residues and 
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a carbohydrate composition in which only 11% of the sugars are long and branching 
(Ferris et al. 2005). Knock-down of the Cr-P4H-1 by RNAi led to highly abnormal, 
typically non-multilayered cell walls formed of loose networks of fibres similar to those 
of layers W1 and W7, suggesting that Cr-P4H-1 activity is essential for the assembly of a 
normal cell wall. Since the cell walls of C. reinhardtii are formed in an ordered way, so 
that the long fibres of layers W1 and W7 emerge first and the rest of the layers assemble 
on this primary matrix later, it can be assumed that Cr-P4H-1 is needed for the assembly 
of the W2-W6 layers. In view of the in vitro hydroxylation properties of Cr-P4H-1, the 
lack of its activity most probably affected the hydroxylation and subsequent glycosylation 
of the three HRGPs GP1, GP2 and GP3, which are the major components of the W6 
layer. The data clearly show that none of the nine other C. reinhardtii P4Hs can 
compensate for this lack of Cr-P4H-1 activity and are thus likely to have distinct 
substrate specificities and functions. 

The plus and minus sexual agglutinins Sag1 and Sad1 of C. reinhardtii are needed for 
sexual adhesion between gametes of opposite mating types. These HRGPs are displayed 
on the flagellar membrane surfaces of the gametes and they have characteristic globular 
heads followed by a long, fibrous shaft with a poly(L-proline) type II conformation and a 
tail hook (Ferris et al. 2005). It has been suggested that differences in the amino acid 
composition of the proline-rich shafts of Sad1 and Sag1, and hence their 4-
hydroxyproline patterns and concomitant glycosylation patterns, can affect shaft-shaft 
interactions and thus adhesion of the gametes. If Cr-P4H-1 turns out to be expressed in 
the gametes, it may also have an essential role in the mating of C. reinhardtii. 

6.2  A novel member of the C. elegans prolyl 4-hydroxylase family 

Analysis of the C. elegans genome indicates that its collagen gene family is likely to 
consist of over 170 genes coding for cuticle collagen polypeptides and three genes coding 
for basement membrane collagen polypeptides (for reviews, see Johnstone 2000, Page 
2001, Page & Winter 2003, Myllyharju & Kivirikko 2004). The C. elegans genome 
contains five genes coding for putative C-P4H α subunits, three of them having been 
characterized to date (Veijola et al. 1994, Friedman et al. 2000, Hill et al. 2000, Winter & 
Page 2000, Riihimaa et al. 2002). We completed the characterization of this gene family 
here and showed that only one of the two remaining α subunit-like genes, namely 
Y43F8B.4, codes for a functional α subunit. C. elegans thus has four distinct α subunit 
isoforms, called PHY-1, PHY-2, PHY-3 and PHY-4. Three alternatively spliced forms of 
PHY-4 were found to be generated, although only one of them, PHY-4.1, functions as an 
α subunit. The C. elegans PHY polypeptides are much more versatile in their assembly 
properties (Figure 5) than the vertebrate α subunits, which are only capable of assembling 
into α2β2 tetramers with the PDI/β subunit, and only in such a way that the α subunits in 
the tetramer are identical. The C. elegans PHY-1 and PHY-2 polypeptides assemble 
mainly into a mixed PHY-1/PHY-2/(PDI-2)2 tetramer, but they can also assemble into 
active PHY-1/PDI-2 and PHY-2/PDI-2 dimers, especially when formation of a mixed 
tetramer is impossible due to the lack of either PHY-1 or PHY-2 (Figure 5). The third C. 
elegans α subunit isoform, PHY-3, requires PDI-1 instead of PDI-2 for the formation of 



 57

an active C-P4H. Whether a complex is formed from PHY-3 and PDI-1, or whether PHY-
3 is a functional C-P4H as such and requires PDI-1 only for correct folding, is as yet 
unknown (Fig. 5). The assembly properties of recombinant PHY-4.1 were in any case 
found to differ from those of the other C. elegans PHY isoforms, as it assembled into 
active (PHY-4.1)2/(PDI-2)2 tetramers as well as PHY-4.1/PDI-2 dimers in insect cells 
(Figure 5).  

Fig. 5. Schematic representation of the C-P4H forms assembled from C. elegans PHY-1, 
PHY-2, PHY-3 and PHY-4.1 polypeptides.  

The C. elegans C-P4H forms assembled from the PHY-1 and PHY-2 polypeptides have 
been shown to be involved in the hydroxylation of cuticle collagens (Friedman et al. 
2000, Hill et al. 2000, Winter & Page 2000, Myllyharju et al. 2002). This function is 
supported by their expression in hypodermal cells, the level of which peaks at times of 
maximal cuticle collagen synthesis, coinciding with moulting. PHY-3 has a more 
restricted spatial expression, as it is only found in the spermatheca, and it probably has a 
role in the synthesis of egg shell collagens (Riihimaa et al. 2002). Expression of PHY-4.1 
was also spatially restricted, as it was only found in the pharynx, at the boundary between 
the pharynx and the gut and in the excretory duct.  

The substrate specificity of the active tetramers and dimers formed from PHY-4.1 and 
PDI-2 indicates that a separate class of P4Hs is to be found in C. elegans that is distinct 
from the C-P4Hs and HIF-P4Hs. A collagen-like sequence was hydroxylated relatively 
ineffectively by the (PHY-4.1)2/(PDI-2)2 tetramers and PHY-4.1/PDI-2 dimers, while they 
hydroxylated a non-collagenous proline-rich synthetic peptide (Pro-Glu-Pro-Pro-Ala)5 
more effectively and were also capable of hydroxylating poly(L-proline). With respect to 
their substrate requirements, these novel C. elegans P4H forms assembled from PHY-4.1 
and PDI-2 thus resemble plant P4Hs rather than the animal C-P4Hs and HIF-P4Hs.  

The C. elegans pharyngeal gland cells are not known to express collagens and thus the 
unique spatial expression of PHY-4.1 also suggests that it probably hydroxylates some 
other proline-rich C. elegans proteins rather than collagens. Interestingly, expression of 
two of the 19 D. melanogaster α subunit-like polypeptides, PH4αSG1 and PH4αSG2, is 
restricted to the salivary glands, which do not express any of the three known D. 
melanogaster collagen polypeptides (Abrams & Andrew 2002, Abrams et al. 2006). A 
large number of uncharacterized genes that encode proline-rich repeats are expressed in 
the fly salivary glands, however, and it has been hypothesized that some of these may be 
secreted or transmembrane proteins that act as substrates for PH4αSG1 and PH4αSG2 
(Abrams et al. 2006). Furthermore, PH4αSG1 and PH4αSG2 were found to be necessary 
for the maintenance of the proper structure and secretory function of the salivary gland 
lumen (Abrams et al. 2006). The salivary glands of D. melanogaster resemble 
morphologically the nematode pharyngeal gland cells and excretory duct, and it is thus 
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possible that PHY-4.1 has a corresponding role in C. elegans. It will therefore be of 
interest to study the morphology of the pharynx and the secretory duct in detail once a 
deletion mutant of phy-4 is available. A mutant allele tm1040 of the Y43F8B.4 gene has 
been generated by the C. elegans Gene Knockout Project using random mutagenesis, but 
these mutant nematodes have been reported to be either lethal or sterile, which does not 
agree with the wild-type appearance of the PHY-4.1 knock-down nematodes in our RNAi 
experiments. The phy-4 gene is located at the intron of another putative gene, Y43F8B.3, 
that shows homology with the Kunitz/Bovine pancreatic trypsin inhibitor domain. It is 
not likely that the lethal or sterile phenotype reported in tm1040 mutant nematodes is 
caused by concomitant interference from the Y43F8B.3 gene, since RNAi experiments 
with this gene did not result in any obvious phenotype (Kamath et al. 2003). It is 
therefore likely that the lethality or sterility of the tm1040 mutant nematodes will have 
been caused by some other unrelated genetic defects generated during the 
trimethylpsoralen-UV mutagenesis treatment. Outcrossing is therefore required before 
any detailed analysis of the tm1040 mutant nematodes can be commenced.    

6.3  Assembly of cuticle collagen prolyl 4-hydroxylases  
in C. elegans and C. briggsae 

C. elegans PHY-1, PHY-2 and PDI-2 have previously been shown to assemble into 
unique C-P4H forms that are responsible for the hydroxylation of cuticle collagens 
(Friedman et al. 2000, Winter & Page 2000, Myllyharju et al. 2002). Analysis of the C. 
briggsae genome indicated the presence of genes encoding highly homologous C-P4H 
subunits. Despite the high amino acid sequence identity, certain differences were found in 
the assembly of C. briggsae cuticle C-P4Hs relative to those of C. elegans, however. The 
C. briggsae cuticle C-P4H subunits also assemble into active PHY-1/PHY-2/(PDI-2)2 
tetramers and PHY-1/PDI-2 dimers, but instead of a PHY-2/PDI-2 dimer an active (PHY-
2)2/(PDI-2)2 tetramer is formed. The molecular composition of the (PHY-2)2/(PDI-2)2 
tetramer found in C. briggsae represents the consensus subunit composition of all other 
known animal C-P4Hs, mixed tetramers and dimers having been so far identified only in 
the Caenorhabditis species.  

C. elegans and C. briggsae nematodes that lack a functional phy-1 or phy-2 gene are 
viable, but combined inactivation of these genes leads to a synthetic lethal phenotype due 
to a lack of cuticle collagen synthesis. The absence of PHY-2 does not lead to any 
obvious phenotypic abnormalities in either nematode species. Analysis of C. elegans phy-
2 null deletion mutants has shown that they can compensate for a lack of the PHY-
1/PHY-2/(PDI-2)2 tetramers by increasing the assembly of PHY-1/PDI-2 dimers 
(Myllyharju et al. 2002). The C. elegans phy-2 mutants are thus able to retain 54-57% of 
the wild-type C-P4H activity (Myllyharju et al. 2002) and 64% of the cuticle 4-
hydroxyproline content (Friedman et al. 2000), these levels being enough to maintain the 
wild-type phenotype. C. briggsae is likely to have a same kind of compensation 
mechanism, since its PHY-1 was also found to readily form an active dimer with PDI-2. 

The absence of PHY-1 leads to abnormal cuticle synthesis that results in a deformed 
body shape in both Caenorhabtidis species. The deformations are not identical, however, 
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the C. briggsae phy-1 null mutants having a small (Sma) body size, while the 
corresponding C. elegans mutants have a small, fat (Dpy) body. The cuticle is composed 
of two distinct regions, derived from lateral hypodermal seam cells and the dorso-ventral 
hypodermis (Sulston & Horvitz 1977). These two regions are morphologically and 
functionally distinct and it has been shown that mutations in different collagen genes can 
change one or both of these areas thus creating phenotypes that are defined by region 
(Thein et al. 2003). The Sma phenotype is less severe than the Dpy phenotype, as it 
affects only the lateral cuticle structures while the latter affects both the lateral and dorso-
ventral cuticle regions. This difference in phenotypic outcome between the C. elegans 
and C. briggsae phy-1 mutants can probably be explained by the distinct differences 
observed between the assembly properties of the recombinant PHY-2 polypeptides of the 
two species. It is likely that the absence of the  PHY-1 polypeptide is compensated for 
more efficiently in C. briggsae by the active (PHY-2)2/(PDI-2)2 tetramers that are readily 
formed. In contrast, the assembly of C. elegans PHY-2 into an active PHY-2/PDI-2 dimer 
is likely to be much less effective, as is also reflected in the marked reduction of 97.5-
99.3% in the C-P4H activity of the C. elegans phy-1 mutants relative to the wild type 
(Myllyharju et al. 2002).  

The compensatory potential of the C. briggsae and C. elegans phy-1 and phy-2 genes 
was studied by means of rescue experiments conducted on the phy-1 (dpy-18) mutants of 
both species. The phy-1 transgenes from both species were capable of both intra-species 
and inter-species rescue, the phenotypic rescue of the C. elegans phy-1 mutants being 
complete, while that of the C. briggsae phy-1 mutants was partial. This clearly indicates 
that the PHY-1 polypeptides of both species share structural and functional properties of 
the same kind. The most likely explanations for the only partial rescue of the C. briggsae 
phy-1 mutants would be that the Ce-phy-1 transgene construct was toxic for levels, and 
the fact that the Cb-phy-1 transgene was flanked by the C. elegans phy-1 5’ and 3’ 
regulatory regions, which may affect its function in C. briggsae. A highly surprising 
finding was the partial rescue of the C. elegans phy-1 mutants by the Ce-phy-2 transgene, 
which has not been observed in earlier studies. This is likely to be explained by an 
increase in the amount of PHY-2/PDI-2 dimer facilitated by additional copies of a 
functional phy-2 gene. The reason why such partial rescue has not previously been 
obtained may be that genomic rescue constructs were used in the current study rather than 
cDNA constructs. The lack of rescue of the C. elegans and C. brigssae phy-1 mutants by 
inter-species phy-2 transgenes, and in the case of the latter mutant also an intra-species 
phy-2 transgene, may not necessarily rule out any compensatory potential, as it may also 
be caused by technical limitations. However, the lack of compensation in these 
experiments may also reflect true differences in the substrate specificities and/or 
assembly efficiencies of the C-P4H forms that have PHY-2 as their single catalytic 
subunit.  

The different assembly properties of the highly homologous C. elegans and C. 
briggsae PHY-2 polypeptides, with PDI-2 facilitated identification of critical PHY-2 
regions that determine their assembly into either dimers or tetramers. Previous studies 
with C. elegans PHY-1 and PHY-2 have shown that residues Gln121-Ala271 and Asp1-
Leu122, respectively, are critical for the assembly of the mixed tetramer PHY-1/PHY-
2/(PDI-2)2 (Myllyharju et al. 2002), indicating that the N-terminal parts of the 
polypeptides have a crucial role in this assembly. Two TPR-like motifs were predicted to 
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be present in the N-terminal halves of the PHY-2 polypeptides, between residues 148-
223. As these motifs are known to be important in many protein-protein interactions and 
in the assembly of multiprotein complexes (D’Andrea & Regan 2003), they seemed to be 
potential candidates for the determination of the assembly properties of the PHY-2 
polypeptides. The C. elegans and C. briggsae PHY-2 TPR motifs differ from each other 
in only a few amino acids, and simultaneous mutation of two of them to those of the other 
species altered their assembly properties in the direction of those of the other species. A 
complete reversal was obtained, however, only when the entire N-terminal halves of the 
polypeptides were exchanged. This indicates that, although TPR motifs are involved in 
the determination of the assembly properties of the PHY-2 polypeptides with PDI-2, they 
are not the sole determinants, but other adjacent residues in the N-terminal halves also 
play a crucial role.  
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