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Abstract

Collagen prolyl 4-hydroxylase is the key enzyme in the biosynthesis of collagens, a family of
extracellular matrix proteins. Vertebrate collagen prolyl 4-hydroxylases are α2β2 tetramers, the β
subunit being identical to the multifunctional protein disulphide isomerase (PDI). Several isoforms
of the catalytic α subunit have been identified in various organisms. Prolyl 4-hydroxylases have also
been isolated from plants, where they hydroxylate proline-rich structural glycoproteins of the cell
walls.

The structural and functional properties of the peptide-substrate-binding domain of human
collagen prolyl 4-hydroxylase are characterized here. Data obtained from NMR studies indicate that
the domain consists of five α helices and one short β strand, this structure being quite different from
those of other proline-rich peptide-binding modules. Several residues involved in the binding of a
short synthetic peptide were also identified by NMR. Kd values for the binding of several synthetic
peptides to the α(I) and α(II) domains were determined by surface plasmon resonance and isothermal
calorimetry, and the results indicated that the binding properties of the type I and type II collagen
prolyl 4-hydroxylase tetramers can mainly be explained by the binding of peptides to this domain
rather than to the catalytic domain.

The peptide-substrate-binding domain of human type I collagen prolyl 4-hydroxylase was also
crystallized. The crystals were well ordered and diffracted to at least 3 Å, the asymmetric unit most
probably containing a domain dimer.

The genome of Arabidopsis thaliana was found to encode at least six putative prolyl 4-
hydroxylase polypeptides, one of which was cloned and characterized here as a recombinant protein.
All the catalytically critical residues identified in animal prolyl 4-hydroxylases were also conserved
in this plant prolyl 4-hydroxylase, and their mutagenesis led to inactivation of the enzyme. The
recombinant plant enzyme was effective in hydroxylating poly(L-proline) and several synthetic
proline-rich peptides. Surprisingly, contrary to previous reports on plant prolyl 4-hydroxylases, the
collagen-like peptides were found to be good substrates, the enzyme preferentially hydroxylating
prolines in the Y positions of the -X-Y-Gly- triplets, thus resembling the vertebrate collagen prolyl
4-hydroxylases even in this respect. The recombinant plant prolyl 4-hydroxylase also hydroxylated
peptides representing the N and C-terminal hydroxylation sites present in the hypoxia-inducible
transcription factor α. The fact that these peptides contain only one proline residue indicated that a
poly(L-proline) type II conformation was not required for hydroxylation.  
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 Abbreviations 

AGP  arabinogalactan protein 
bp  basepair(s) 
C  carboxy 
CD  circular dichroism 
cDNA  complementary DNA 
FIH  factor-inhibiting HIF 
GRLF  general locked rotation function 
HIF  hypoxia-inducible factor 
HPLC  high performance liquid chromatography 
HRGP  hydroxyproline-rich glycoprotein 
HSQC  heteronuclear single quantum coherence 
ITC  isothermal titration calorimetry 
Kd  dissociation constant 
Km  Michaelis-Menten constant 
mRNA  messenger RNA 
N  amino 
NMR  nuclear magnetic resonance 
P4H  prolyl 4-hydroxylase 
PAGE  polyacrylamide gel electrophoresis 
PBCV  Paramecium bursaria Chlorella virus 
PCR  polymerase chain reaction 
PDI  protein disulphide isomerase 
PHY  C. elegans prolyl 4-hydroxylase catalytic subunit 
PRP  proline-rich protein 
SDS  sodium dodecyl sulphate 
SPR  surface plasmon resonance 
VHL  von Hippel-Lindau 
Vmax  maximum reaction velocity 
X  any amino acid 
Y  any amino acid 
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1 Introduction 

Collagens are the major structural components of the extracellular matrix, making up 
approximately one-third of the proteins in the human body. Characteristic of the 
collagens is their triple-helical structure, with very high tensile strength. The formation 
and stability of the collagen triple helix is dependent on the presence of 4-
hydroxyproline, which is formed in a post-translational hydroxylation reaction catalyzed 
by collagen prolyl 4-hydroxylase. 4-Hydroxyproline-rich proteins also have important 
functions in plants, where they serve as structural components of the cell walls. 

Vertebrate collagen prolyl 4-hydroxylase is a tetrameric enzyme consisting of two α 
subunits and two β subunits, the β subunit being identical to protein disulphide isomerase 
(PDI). The α subunits contain the catalytic sites of the enzyme, but without PDI they are 
totally insoluble. Several isoforms of the α subunit have been identified and cloned from 
various species, including humans, the mouse, rat and chicken, the nematode 
Caenorhabditis elegans and Drosophila melanogaster. As distinct from the animal 
collagen prolyl 4-hydroxylases, those isolated from plant sources are monomeric 
enzymes. No plant prolyl 4-hydroxylase has been cloned until now, however. 

Collagen prolyl 4-hydroxylase would be a suitable target for inhibition of the 
excessive collagen accumulation occurring in fibrotic diseases, and thus attempts to 
obtain detailed structural information on the enzyme by crystallization have been going 
on for years, but with no success. As the human α subunit is insoluble and thus not 
suitable for structural studies, another approach would be to resolve its structure domain 
by domain. In this work the peptide-substrate-binding domain of the human type I 
collagen prolyl 4-hydroxylase was expressed as a recombinant protein and its peptide 
binding properties were studied by various methods. The domain was also crystallized for 
structure determination by X-ray crystallography. Another aim of the present research 
was to identify and clone a prolyl 4-hydroxylase from Arabidopsis thaliana, thale cress, 
and express it as a recombinant protein. The characterization of this novel monomeric 
plant prolyl 4-hydroxylase showed that it had several unexpected properties.  

 
 
 
 



 

 

2 Review of the literature 

2.1  Occurrence and functions of 4-hydroxyproline in animal and 
plant proteins 

2.1.1  Animal proteins 

Most of the 4-hydroxyproline residues in animal proteins are found in collagens and in 
many other proteins containing collagen-like sequences. The hydroxylation of certain 
proline residues is of a crucial significance for collagen biosynthesis, as without 4-
hydroxyproline residues formed in a post-translational hydroxylation reaction, the newly 
synthesized collagen chains would not form functional triple-helical molecules at body 
temperature (for reviews, see Kivirikko et al. 1992, Kivirikko & Pihlajaniemi 1998, 
Myllyharju & Kivirikko 2001, 2003).   

Another important function for 4-hydroxyproline has recently been discovered in the 
regulation of the transcription factor called hypoxia-inducible factor HIF (Ivan et al. 
2001, Jaakkola et al. 2001). The hydroxylation of two proline residues in the HIF α 
subunit (HIFα) is not catalyzed by collagen prolyl 4-hydroxylases (Jaakkola et al. 2001) 
but by a novel family of HIF prolyl 4-hydroxylases (Bruick & McKnight 2001, Epstein et 
al. 2001, Ivan et al. 2002). 

2.1.1.1  Collagens and proteins with collagen-like sequences 

Collagens are the most abundant proteins in the human body, comprising about 30% of 
the total protein mass. 27 extracellular matrix proteins have been defined as collagens to 
date, and more than 20 additional proteins contain collagen-like domains. Collagens 
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consist of three polypeptide chains, called α chains, that are wrapped around each other 
to form triple-helical macromolecules. Collagen triple helices may contain either three 
identical α chains, or two or even three different α chains, and at least 42 genes coding 
for distinct α chains have been identified so far. Characteristic of collagenous sequences 
is the presence of glycine, the smallest amino acid, as every third residue. This enables 
packing of the three chains into a triple-helical structure. Thus the common feature for all 
collagens and collagen-like proteins is a sequence that can be expressed as (Gly-X-Y)n, 
where X and Y represent amino acids other than glycine. The X position in these triplets 
is frequently occupied by proline, while 4-hydroxyproline is frequently found in the Y 
position. 4-Hydroxyproline residues have an especially important role in collagen 
molecules, as they are essential for the stability of the triple helix. (For reviews, see 
Kivirikko 1993, Prockop & Kivirikko 1995, Myllyharju & Kivirikko 2001, 2003.) 

The diverse family of collagen molecules can be classified into groups in different 
ways according to their structures and other properties. Three groups can be recognised 
based on the size of the collagenous triple helix: group 1 molecules, having an 
uninterrupted triple-helical domain of about 300 nm, and comprising the fibril-forming 
collagen types I, II, III, V, XI, XXIV and XXVII, group 2 collagens, i.e. types IV and VII, 
which are large molecules with a molecular weight of over 160 000 Da and have 
extended triple helices (>350 nm) with imperfections in the Gly-X-Y repeat sequences, 
and group 3, the short-chain collagens. Group 3 can be divided into two subgroups, group 
3A, with continuous triple-helical domains (type VI, VIII and X collagens), and 3B, with 
interrupted triple-helical domains. The latter include collagen types IX, XII, XIV, XVI, 
XIX, XX, XXI, XXII and XXVI, which are the fibril-associated collagens with 
interrupted triple helices (FACIT collagens), the transmembrane collagens XIII, XVII, 
XXIII and XXV, and the MULTIPLEXIN collagens (multiple triple helix domains and 
interruptions), types XV and XVIII. (See Kielty & Grant 2002, Myllyharju & Kivirikko 
2003.) 

Besides the at least 27 collagen types found in vertebrates, there are also several types 
found in invertebrates. The nematode Caenorhabditis elegans, for example, has about 
175 cuticle collagen polypeptide chains and two basement membrane collagens (Kramer 
1997, Johnstone 2000, Ackley 2001, Myllyharju & Kivirikko 2003). The surprisingly 
large number of cuticle collagen types can be explained by the fact that the cuticle is 
synthesized five times during the life cycle of C. elegans and the various collagen genes 
are expressed at different times (Johnstone 2000, Page 2001). No fibril-forming collagens 
have been found in Drosophila melanogaster, however, which has only three genes 
coding for basement membrane collagens (Hynes & Zhao 2000). 

The biosynthesis of collagens involves many post-translational modifications, 
occurring in both the intracellular and extracellular spaces (Table 1). The fibril-forming 
collagens are first synthesized as larger precursor molecules, procollagens, with 
propeptide extensions at their N and C termini. During the intracellular modifications, 
certain proline and lysine residues are hydroxylated to 4-hydroxyproline, 3-
hydroxyproline and hydroxylysine by specific hydroxylases. Furthermore, some of the 
hydroxylysine residues are glycosylated to galactosylhydroxylysine and 
glucosylgalactosylhydroxylysine, and certain asparagine residues are likewise 
glycosylated. The C propeptides of the proα chains then become associated and triple-
helical procollagen molecules are assembled. Intrachain and interchain disulphide bonds 
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are formed, and the mature procollagen molecule is secreted. Extracellular modifications 
include cleavage of the N and C propeptides by specific procollagen N and C proteinases, 
after which the collagen molecules self-assemble into fibrils. The collagen fibrils are 
stabilized by covalent cross-links, which are formed by aldehyde derivatives of some 
lysine and hydroxylysine residues. (For reviews, see Prockop & Kivirikko 1995, 
McLaughlin & Bulleid 1998, Myllyharju 2003a, Myllyharju & Kivirikko 2003.) 

Most of the collagen types show only small but distinct variations in 4-hydroxyproline 
content, which is approximately 100 residues per 1000 amino acids. Some variation is 
also found between collagen molecules in a single tissue, as the 4-hydroxylation of 
proline residues in the Y positions is not always complete (Kivirikko et al. 1992.) 
Invertebrate collagens are similar to the vertebrate collagens with regard to their 4-
hydroxyproline content, with two exceptions: about 95% of the proline residues in 
earthworm cuticle collagen are hydroxylated, but only about 5% of those in Ascaris 
lumbricoides cuticle collagen. Furthermore, most of the 4-hydroxyproline residues in 
earthworm cuticle collagen are found in the X positions of the -X-Y-Gly- repeats (Adams 
1978, Murray et al. 1982).  

In addition to collagens, the collagen superfamily consists of more than 20 proteins 
containing triple-helical collagenous domains that are not defined as collagens, including 
the subcomponent C1q of complement, a C1q-like factor, adiponectin, also known as an 
adipose-specific collagen-like factor apM1, the tail structure of acetylcholinesterase, the 
pulmonary surfactant proteins SP-A and SP-D, mannan-binding lectin, collectin-43, 
collectin-46, collectin CL-L1, collectin CL-P1, conglutinin, L, M and H-ficolins, type I 
and II macrophage scavenger receptors, an additional macrophage receptor termed 
MARCO, an src-homologous-and-collagen (SHC) protein, aggretin, EMILINs 1 and 2, 
elastic fibre-associated glycoporteins and ectodysplasin (for reviews, see Myllyharju & 
Kivirikko 2001, 2003, Kielty & Grant 2002, Franzke et al. 2003, Holmskov et al. 2003).  

4-Hydroxyproline is also present in elastin, a rubber-like protein that is the main 
component of the elastic fibres, which provide the elastic properties of the extracellular 
matrix. These elastic fibres may make up over half of the dry weight of some tissues such 
as the large arteries and certain specialized ligaments (Rosenbloom & Abrams 2002). 
Elastin contains  repeating -Gly-X-Y- sequences, but it differs from the proteins discussed 
above in that it has no collagen-like triple-helical domain. Its 4-hydroxyproline content 
varies greatly from about 10 to about 50 residues per 1000 amino acids (Kivirikko et al. 
1992). Other examples of the occurrence of 4-hydroxyproline in non-collagenous 
sequences are the proline-rich repeats encoded by the genome of the eukaryotic algal 
virus Paramecium bursaria Chlorella virus-1, which have been shown to be 
hydroxylated by a recombinant viral prolyl 4-hydroxylase in vitro (Eriksson et al. 1999). 

Hydroxylation of the Y-position prolines in collagen α chains has a marked effect on 
the thermal stability of the collagen triple helix, since the melting temperature of collagen 
molecules composed of non-hydroxylated polypeptide chains is only 24°C, about 15°C 
lower than that of fully hydroxylated molecules (Berg & Prockop 1973, Rosenbloom et 
al. 1973). The mechanism by which the 4-hydroxyproline residues stabilize the collagen 
triple helix is still somewhat unclear. One model is based on the hydration structure of a 
collagen-like peptide, and involves water-mediated hydrogen bonds that are formed 
between the hydroxyl groups of 4-hydroxyprolines within the same chain or with 
adjacent chains (Bella et al. 1994, 1995). Another, more recent model questions the 
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significance of these water bridges and suggests that the inductive effects of the electron-
withdrawing hydroxyl group of hydroxyproline residues on the pyrrolidine ring pucker, 
the θ and ψ torsional angles and the peptide bond trans/cis ratio of the substituted proline 
account for collagen stability (Holmgren et al. 1998, DeRider et al. 2002, Jenkins & 
Raines 2002). These effects probably favour the trans conformation in the hydroxyprolyl 
peptide bond and preorganize the main chain torsion angles in an ideal manner for triple-
helix formation, thus enhancing the stability of the triple helix (Holmgren et al. 1998, 
DeRider et al. 2002, Jenkins & Raines 2002).  
 
Table 1.  Collagen post-translational processing enzymes 

Enzyme Event catalyzed Substrate requirement 
  Intracellular events  
Signal peptidase Cleavage of signal peptide of pre-

proαchains 
Wide range of newly synthesized 
proteins 

Prolyl 4-hydroxylase 4-Hydroxylation of proline -X-Pro-Gly- 
Prolyl 3-hydroxylase 3-Hydroxylation of proline -Pro-4Hyp-Gly- 
Lysyl hydroxylase Hydroxylation of lysine -X-Lys-Gly- 
Hydroxylysyl galactosyl-
transferase 

O-galactosylation of hydroxylysine Hydroxylysine in peptide linkage 

Hydroxylysyl glucosyl-
transferase 

O-glucosylation of galactosyl-
hydroxylysine 

Galactosylhydroxylysine in peptide 
linkage 

Protein disulphide isomerase Native disulphide bond formation by 
thiol:disulphide interchange 

Newly synthesized polypeptide 
chains 

Prolyl-peptidyl cis/trans 
isomerase 

Interconversion of cis and trans 
isomers of the peptide backbone 
around the planar imide bond in -X-
Pro-sequences 

Newly synthesized polypeptide 
chains 

  Extracellular events  
Procollagen N proteinase Removal of N propeptides Procollagens 
Procollagen C proteinase Removal of C propeptides Procollagens 
Lysyl oxidase Cross-link formation D-periodic arrangement of molecules 

in fibril; telopeptidyl lysine and 
hydroxylysine residues 

(Modified from Kielty & Grant 2002) 
 
 

2.1.1.2  Hypoxia-inducible factor HIF 

Mammalian cells are able to sense and respond to a decrease in oxygen concentration 
(hypoxia) through a conserved hypoxia response pathway, the cornerstone of which is the 
family of hypoxia-inducible transcription factors (HIFs). HIF proteins are stabilized and 
activated in response to a decrease in oxygen level, after which they induce the 
expression of hypoxia-responsive genes. The mechanism of the hypoxia response 
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pathway, which has only recently been resolved, entails a significant regulatory role for 
4-hydroxyproline residues (Ivan et al. 2001, Jaakkola et al. 2001, Yu et al. 2001). 

HIF proteins consist of two subunits, the hypoxia-regulated HIFα, and the oxygen-
insensitive HIFβ. In a normal oxygen environment (normoxia), HIFα is constitutively 
expressed but rapidly degraded, a process triggered by the hydroxylation of one or two 
conserved proline residues in -Leu-X-X-Leu-Ala-Pro- sequences in its oxygen-dependent 
degradation domain (ODD) (Ivan et al. 2001, Jaakkola et al. 2001). This hydroxylation is 
catalyzed by a recently characterized family of cytoplasmic HIF prolyl 4-hydroxylases 
(Bruick & McKnight 2001, Epstein et al. 2001, Ivan et al. 2002, see Chapter 2.3). The 4-
hydroxyproline residues are recognized by the von Hippel-Lindau E3 ubiquitin ligase 
complex (VHL), which targets HIFα for proteasome-mediated degradation (Ivan et al. 
2001, Jaakkola et al. 2001). In a hypoxic environment, the activity of the HIF prolyl 4-
hydroxylases ceases and the degradation pathway is blocked. HIFα can thus accumulate, 
form a stable dimer with HIFβ, translocate into the nucleus and activate the target genes, 
such as those for erythropoietin, vascular endothelial growth factor and glycolytic 
enzymes (Ivan et al. 2001, Jaakkola et al. 2001).   

2.1.2  Plant proteins 

Proteins containing 4-hydroxyproline are just as important as structural components of 
plant cell walls as collagens are in the extracellular matrix of animal tissues. Most of the 
hydroxyproline-rich glycoproteins (HRGPs) in plants can be placed in one of the 
following four groups: extensins, proline-rich proteins (PRPs), 4-hydroxyproline-rich 
lectins and arabinogalactan proteins (AGPs). HRGPs are often covalently cross-linked 
into large meshworks, providing tensile strength for the plant cell walls. (Showalter 1993, 
2001, Cassab 1998.) 

The extensins are a family of plant cell wall glycoproteins that are rich in 4-
hydroxyproline and serine and some combination of the amino acids valine, tyrosine, 
lysine and histidine, and usually contain characteristic -Ser-4Hyp-4Hyp-4Hyp-4Hyp- 
sequences. Most of the 4-hydroxyproline residues are O-glycosylated, with one to four 
arabinosyl residues, and many of the serine residues are galactosylated. Extensins are 
synthesized as soluble monomers, and generally adopt a polyproline II helical structure in 
solution. After secretion into the cell wall they are rapidly insolubilized, possibly due to 
the formation of isodityrosine or other cross-links. They are considered to be structural 
proteins which may also function in development, wound healing and plant defence. 
(Kivirikko et al. 1992, Showalter 1993, Cassab 1998.) 

The proline-rich proteins, another family of plant cell wall proteins containing 4-
hydroxyproline, are found as components of both normal plant cell walls and plant 
nodulins. They have characteristic Pro-Pro repeats, and the members of the family 
characterized so far contain approximately equal amounts of proline and 4-
hydroxyproline and are only slightly glycosylated, or not at all. It is likely that they also 
become insoluble in the cell wall by a similar mechanism to that affecting the extensins. 
The functions of PRPs are as yet unknown, but they may have important roles in 
development and nodule morphogenesis. (Showalter 1993, Cassab 1998.) 
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The lectins are carbohydrate-binding proteins. 4-Hydroxyproline-rich lectins have so 
far been isolated only from solanaceous plants, the best studied member of this family 
being potato lectin. This is a glycoprotein which consists of at least two distinct domains, 
a binding-site domain rich in cysteine and glycine, and a highly glycosylated 4-
hydroxyproline-rich domain. The latter bears a striking resemblance to the extensins. 
Various functions have been proposed for solanaceous lectins, including roles in cell-cell 
interaction, sugar transport, stabilization of seed storage proteins and control of cell 
division. (Kivirikko et al. 1992, Showalter 1993, Cassab 1998.) 

Arabinogalactan proteins are soluble and highly glycosylated HRGPs that are found in 
most higher plants. The sequences of isolated AGPs have been found to contain Ala-
4Hyp repeats. AGPs have large arabinogalactan side chains, which are linked to 4-
hydroxyproline residues. The functions proposed for AGPs, based on their location and 
biochemical properties, include cell-cell recognition, wound healing and plant defence. 
(Kivirikko et al. 1992, Showalter 1993, 2001, Cassab 1998.)  

4-Hydroxyproline-rich proteins are also found in the cell walls of the green algae. The 
cell wall of the unicellular alga Chlamydomonas reinhardtii, for example, is entirely 
formed of these. The HRGPs isolated and characterized from the outer layer of the 
Chlamydomonas cell wall include GP1, GP2 and GP3, which are very similar to higher 
plant extensins (Adair & Snell 1990). 

 

2.2  Collagen prolyl 4-hydroxylases and related enzymes 

The collagen prolyl 4-hydroxylases (EC 1.14.11.2, procollagen-proline, 2-oxoglutarate, 
4-dioxygenases) reside in the lumen of the endoplasmic reticulum, where they catalyze 
the hydroxylation of proline residues in -X-Pro-Gly- sequences in collagens and the 
collagenous sequences of other proteins. This enzyme family is now known to consist of 
several members located in a number of organisms (Table 2). 

2.2.1  Molecular and structural properties of the vertebrate collagen 
prolyl 4-hydroxylases 

The vertebrate collagen prolyl 4-hydroxylases are tetrameric enzymes composed of two α 
subunits and two β subunits, with a total molecular weight of 240 kDa. The β subunit is 
identical to protein disulphide isomerase (PDI), the α subunit being responsible for the 
catalytic activity of the enzyme tetramer (for reviews, see Kivirikko & Myllyharju 1998, 
Myllyharju 2003b). The long-standing assumption that there exists only one type of 
collagen prolyl 4-hydroxylase turned out to be incorrect a few years ago, when an 
isoform of the catalytic α subunit, designated the α(II) subunit, was cloned and 
characterized from mouse and human sources (Helaakoski et al. 1995, Annunen et al. 
1997). The previously known α subunit, which has been cloned from man, mouse, rat and 
chicken (see Table 2 for references), was thus named the α(I) subunit. Very recently, the 
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family of vertebrate collagen prolyl 4-hydroxylases has acquired a new member, as a 
third α subunit has been cloned and characterized from human sources (Van Den 
Diepstraten et al. 2003, Kukkola et al. 2003) and from the mouse and rat (Kukkola et al. 
2003). All these α subunits associate with the same PDI/β subunit to form collagen prolyl 
4-hydroxylase tetramers, termed type I, II and III collagen prolyl 4-hydroxylases, 
respectively (Table 2). Insect cell coexpression data argue strongly against the existence 
of mixed vertebrate α(I)α(II)β2 tetramers (Annunen et al. 1997). 

The type I collagen prolyl 4-hydroxylase is the main form in most cell types and 
tissues, while type II has been shown to be a major form in chondrocytes, osteoblasts, 
endothelial cells and cells in epithelial structures (Annunen et al. 1998, Nissi et al. 2001), 
representing at least about 70% of the total collagen prolyl 4-hydroxylase acitivity in 
cultured mouse chondrocytes and about 80% in mouse cartilage (Annunen et al. 1998). 
The expression of the type III collagen prolyl 4-hydroxylase seems to be more restricted 
and its level lower, the highest expression levels being found in the placenta, adult liver 
and foetal skin (Van Den Diepstraten et al. 2003, Kukkola et al. 2003). 
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2.2.1.1  The catalytic α subunit 

The processed human, mouse and rat α(I) subunits consist of 517 amino acids and the 
chicken α(I) subunit of 516 amino acids, while the lengths of the human and mouse α(II) 
subunits are 514 and 518 amino acids, respectively. The α(III) subunits are somewhat 
longer, being 525 residues in the human and rat and 520 residues in the mouse. All the α 
subunits are synthesized in a form containing a signal peptide, the size of which varies 
between 16 and 21 amino acids. (Bassuk et al. 1989, Helaakoski et al. 1989, 1995, 
Hopkinson et al. 1994, Annunen et al. 1997, Van Den Diepstraten et al. 2003, Kukkola et 
al. 2003.) The sizes of all the cloned vertebrate collagen prolyl 4-hydroxylase α subunits 
are listed in Table 2. The amino acid sequence of the human α(II) subunit is 64% 
identical to that of the human α(I) subunit, the identity between the human α(III) and α(I) 
subunits being much lower, only 35% (Annunen et al. 1997, Kukkola et al. 2003). The 
sequences of the α subunit isoforms are highly conserved between species: the human 
α(III) sequence, for example, shows 91% and 94% identity to the corresponding rat and 
mouse sequences, respectively (Kukkola et al. 2003). The sequence identity between the 
various α subunits is not distributed evenly, however, but is distinctly highest within the 
C-terminal region. This region contains several conserved residues that are critical for 
catalytic activity, as will be discussed in more detail in section 2.2.4.  

There are five conserved cysteine residues in the human α(I), α(II) and α(III) 
subunits, the α(II) and α(III) subunits each having one additional cysteine between the 
conserved cysteines 4 and 5, and 1 and 2, respectively (Annunen et al. 1997, Kukkola et 
al. 2003). Site-directed mutagenesis studies suggest that the second and third conserved 
cysteines form one intrachain disulphide bond and the fourth and fifth cysteines another, 
these bonds being essential for maintaining the tertiary structure of the α subunit needed 
for tetramer assembly (John & Bulleid 1994, Lamberg et al. 1995). No interchain 
disulphide bonds exist between the subunits within the tetramer (Nietfeld et al. 1981, 
Kukkola et al. 2003). 

The gene for the human α(I) subunit consists of 16 exons and is located on 
chromosome 10, while the genes for the α(II) and α(III) subunits are located on 
chromosomes 5 and 11, respectively (Helaakoski et al. 1994, Nokelainen et al. 2001a, 
Kukkola et al. 2003). The primary RNA transcript of the α(I) subunit gene is alternatively 
spliced, leading to two types of mRNA differing over a stretch of 64 nucleotides 
(Helaakoski et al. 1989). This alternative splicing takes place in a mutually exclusive 
fashion, the alternative stretches being coded by two consecutive homologous exons 9 
and 10 (Helaakoski et al. 1994). The genes coding for the human and mouse α(II) 
subunits also have an alternatively spliced exon, number 12 in both genes (Nokelainen et 
al. 2001a). In the case of both the α(I) and α(II) subunits, the two forms of RNA are 
present in roughly equal amounts in most tissues (Helaakoski et al. 1994, Nokelainen et 
al. 2001a), and the enzyme tetramers formed by the two alternatively spliced forms have 
identical catalytic properties (Vuori et al. 1992c, Nokelainen et al. 2001a), so that the 
biological significance of the two forms remains to be explained. The α(III) subunit gene 
does not have alternatively spliced exons (Kukkola et al. 2003). 

No information is currently available on the three-dimensional structure of the α 
subunit, mainly because this subunit is highly insoluble when expressed by itself (Vuori 
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et al. 1992c). Also, all attempts to crystallize the enzyme tetramer have been 
unsuccessful. The crystal structures of six enzymes belonging to the same family of 2-
oxoglutarate-dependent dioxygenases have been resolved, however, these being 
deacetoxycephalosporin C synthase (Valegård et al. 1998), anthocyanidin synthase 
(Wilmouth et al. 2002), proline 3-hydroxylase (Clifton et al. 2001), clavaminate synthase 
(Zhang et al. 2000), taurine/α-ketoglutarate dioxygenase (Elkins et al. 2002) and 
asparagine hydroxylase (factor-inhibiting HIF, FIH) (Elkins et al. 2003, Lee et al. 2003), 
and a crystal structure is available for a related enzyme which does not use 2-oxoglutarate 
as a cosubstrate, isopenicillin N synthase (Roach et al. 1995). The data obtained from the 
crystal structures indicate that, despite the low overall amino acid sequence identity 
between these enzymes, they all have a common jelly-roll motif formed of eight β strands 
at their catalytic sites. The same motif may very well be conserved throughout the 
enzyme family, including the α subunit of the collagen prolyl 4-hydroxylases. 

2.2.1.2  The peptide-substrate-binding domain 

A peptide-binding domain separate from the catalytic C-terminal region has recently been 
identified in the human α(I) subunit. This domain consists of approximately 100 amino 
acids and is located between residues Gly138 and Ser244 in the α(I) subunit. It has been 
shown to be efficiently bound to poly(L-proline)-agarose and could be eluted with either 
poly(L-proline) or a (Pro-Pro-Gly)10 peptide, indicating that it is likely to be involved in 
the binding of the peptide substrate. Replacement of two amino acids in the α(I) subunit, 
Ile182 and Tyr 233, with the glutamate and glutamine found in the corresponding 
positions in the α(II) subunit by site-directed mutagenesis indicated that these differences 
go a long way to explaining the weaker binding of poly(L-proline) by the type II collagen 
prolyl 4-hydroxylase than by the type I enzyme (see section 2.2.4.2). (Myllyharju & 
Kivirikko 1999.) 

The sequence of the peptide-substrate-binding domain of the human type I collagen 
prolyl 4-hydroxylase does not show any similarity to those of the other, previously 
characterized proline-rich peptide binding domains, including the SH3, WW, EVH1 and 
GYF domains (Noble et al. 1993, Yu et al. 1994, Sudol et al. 1995, Macias et al. 1996, 
Xu et al. 1997, Freund et al. 1999, Prehoda et al. 1999, Kay et al. 2000, Macias et al. 
2002), or that of the protein profilin (Björkegren et al. 1993, Mahoney et al. 1997, 1999, 
Nodelman et al. 1999). This domain may thus represent a novel type of proline-rich 
peptide binding module (Myllyharju & Kivirikko 1999). 

2.2.1.3  The multifunctional β subunit 

Molecular cloning of the β subunit of the human type I collagen prolyl 4-hydroxylase 
indicated, unexpectedly, that this subunit is identical to another enzyme, protein 
disulphide isomerase (EC 5.3.4.1), PDI (Koivu et al. 1987, Pihlajaniemi et al. 1987). This 
enzyme is located within the lumen of the endoplasmic reticulum, where it catalyzes the 
formation and rearrangement of disulphide bonds in the biosynthesis of various secretory 
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and cell surface proteins, including the collagens (Freedman et al. 1994, Kivirikko & 
Myllyharju 1998, Bottomley et al. 2001). It has been cloned from several animal species, 
yeasts, micro-organisms and plants (see Kivirikko & Pihlajaniemi 1998), and is known to 
have protein disulphide isomerase activity even when present in the collagen prolyl 4-
hydroxylase tetramer (Koivu et al. 1987). This PDI activity is not likely to be part of the 
hydroxylation mechanism, however, as the early evolutionary forms of prolyl 4-
hydroxylase isolated from green algae are monomers that are structurally related to the α 
subunit of the vertebrate enzyme (see section 2.2.3.1) and catalyze a similar 
hydroxylation reaction but possess no disulphide isomerase activity (Kaska et al. 1987, 
1988, Myllylä et al. 1989). Supporting evidence has also been obtained from experiments 
in which the catalytic sites needed for disulphide isomerase activity have been inactivated 
by mutagenesis, in that neither assembly into the enzyme tetramer nor prolyl 4-
hydroxylase activity was affected (Vuori et al. 1992a). On the other hand, a monoclonal 
antibody to PDI has been shown to partially inhibit the enzyme activity, indicating that 
some region of the PDI subunit may be located close to the catalytic sites (Höyhtyä et al. 
1984).  

The human PDI polypeptide consists of 491 amino acids and is synthesized with a 
signal sequence of 17 additional residues. The polypeptide is a modular protein, 
composed of domains a, b, b’, a' and an acidic C-terminal extension c (Edman et al. 
1985, Pihlajaniemi et al. 1987). The a and a' domains have a high sequence similarity to 
thioredoxin, and structural characterization of the recombinant domains by NMR has 
shown that they indeed have a thioredoxin fold (Kemmink et al. 1996, Dijkstra et al. 
1999). Domains b and b' show no significant sequence similarity to thioredoxin, but 
NMR studies have revealed that they also have the thioredoxin fold (Kemmink et al. 
1997). The a and a' domains both contain the -Cys-Gly-His-Cys- motif, which represents 
the catalytic sites for protein disulphide isomerase activity (Hawkins & Freedman 1991, 
Vuori et al. 1992b, LaMantia & Lennarz 1993). Thus it appears that the main part of PDI 
is composed of four thioredoxin modules, two of them being catalytically active and the 
other two inactive (Kemmink et al. 1997). The C-terminal extension c is rich in acidic 
amino acids, and represents a putative Ca2+-binding region (Freedman et al. 1994). 
Experiments involving deletion of the sequences corresponding to the entire extension c 
have shown that this is not critical for the assembly of the collagen prolyl 4-hydroxylase 
tetramer or for the PDI or chaperone activities of the polypeptide (Koivunen et al. 1999).  

The C terminus of the PDI polypeptide contains the -Lys-Asp-Glu-Leu sequence, 
which is both necessary and sufficient for the retention of a polypeptide within the lumen 
of the endoplasmic reticulum (Pelham 1990). The α subunit does not contain this 
sequence, and thus it may be conjectured that one function of the PDI subunit is to retain 
the enzyme tetramer within the lumen of this cell organelle (Kivirikko & Myllyharju 
1998). Furthermore, if the collagen prolyl 4-hydroxylase tetramer is somehow 
dissociated, the α subunit immediately forms insoluble aggregates (Kivirikko & 
Myllyharju 1998). Likewise, when an α subunit is expressed in insect cells or in an in 
vitro translation system alone, without the PDI subunit, it forms insoluble aggregates that 
have no prolyl 4-hydroxylase activity (Vuori et al. 1992c, John et al. 1993). This 
indicates that one important function of the PDI subunits is to keep the α subunits in a 
soluble, non-aggregated conformation. Their function in the collagen prolyl 4-
hydroxylase tetramer is probably more specific than this, however, as coexpression of the 
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α subunit with the endoplasmic reticulum chaperone BiP in insect cells led to the 
formation of soluble complexes, but no prolyl 4-hydroxylase activity was observed 
(Veijola et al. 1996b). 

In addition to functioning as the β subunit in the collagen prolyl 4-hydroxylase 
tetramer, the PDI polypeptide has a similar role as the β subunit in the microsomal 
triglyceride transfer protein dimer (Wetterau et al. 1990, 1991, Lamberg et al. 1996). 
Other roles fulfilled by this multifunctional polypeptide are those of a chaperone-like 
polypeptide that binds various peptides within the lumen of the endoplasmic reticulum 
(Noiva et al. 1993) and assists in the folding of numerous newly synthesized proteins 
(LaMantia & Lennarz 1993, Cai et al. 1994, Otsu et al. 1994, Puig et al. 1994, Rupp et 
al. 1994, Hayano & Kikuchi 1995, Yao et al. 1997, Wilson et al. 1998, Lamandé & 
Bateman 1999), a major phosphoprotein of the endoplasmic reticulum that undergoes 
ATP-dependent autophosphorylation (Quéméneur et al. 1994, Guthapfel et al. 1996), a 
calcium binding protein (Lebeche et al. 1994), a dehydroascorbate reductase (Wells et al. 
1990) and a retinal protein termed r-cognin (Krishna Rao & Hausman 1993). 

2.2.2  Nematode and D. melanogaster collagen prolyl 4-hydroxylases 

Four genes coding for collagen prolyl 4-hydroxylase α subunits, phy-1 to phy-4, have 
been identified in the C. elegans genome to date (Veijola et al. 1994, Friedman et al. 
2000, Hill et al. 2000, Winter & Page 2000, Riihimaa et al. 2002, see Table 2), one of 
which, namely phy-4, has not yet been characterized (Keskiaho K, Kukkola L, Page AP, 
Winter AD, Kivirikko KI & Myllyharju J, unpublished results). The C. elegans genome 
also contains two genes coding for PDI subunits, pdi-1 and pdi-2, (Veijola et al. 1996a). 
The PHY-1 and PHY-2 polypeptides show 44-46% amino acid sequence identity to the 
human α(I) and α(II) subunits (Veijola et al. 1994, Friedman et al. 2000, Hill et al. 2000, 
Winter & Page 2000), while the much shorter PHY-3 polypeptide is only 17% identical to 
residues 256-542 in PHY-1 and 18-20% identical to the corresponding region of the PHY-
2 and the human α(I) and α(II) subunits (Riihimaa et al. 2002). The PHY-1 and PHY-2 
polypeptides are expressed exclusively in hypodermal cells at all developmental stages 
(Winter & Page 2000). They form a unique mixed tetramer with PDI-2 and catalyze the 
hydroxylation of the cuticle collagens (Myllyharju et al. 2002). In addition, PHY-1 and 
PHY-2 can form dimers with PDI-2, although the latter very ineffectively (Myllyharju et 
al. 2002). PHY-1 has also been shown to form an active dimer with the human PDI in 
insect cell coexpression experiments (Veijola et al. 1994). PHY-3 polypeptide is 
expressed in embryos, late larval stages and the spermatheca of adult nematodes, and it 
forms an active enzyme only in the presence of PDI-1. The composition of this enzyme is 
not known, however (Riihimaa et al. 2002). In addition to C. elegans, collagen prolyl 4-
hydroxylases have recently been cloned from the parasitic filarial nematodes Onchocerca 
volvulus (Merriweather et al. 2001) and Brugia malayi (Winter et al. 2003). The latter 
differs from that from the C. elegans and all other known collagen prolyl 4-hydroxylases 
in that the active enzyme form is a homotetramer (Winter et al. 2003). 

Despite the low number of collagen genes identified in the Drosophila melanogaster 
genome (see section 2.1.1.1), a surprising total of about 20 Drosophila genes with distinct 
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similarity to that for the collagen prolyl 4-hydroxylase α subunit have been identified 
(Annunen et al. 1999, Abrams & Andrew 2002). Altogether eight of these have been 
cloned, but only the first to be cloned has been characterized in detail (Annunen et al. 
1999, Abrams & Andrew 2002). The lengths of the polypeptides vary from 481 to 550 
amino acids, and six of them have been shown to have tissue-specific embryonic 
expression (Abrams & Andrew 2002). The best characterized α subunit polypeptide (see 
Table 2) is not expressed in adults but only in larvae and the embryonic mouth-part 
precursor, and it forms an active α2β2 tetramer with PDI (Annunen et al. 1999). 

2.2.3  Plant and viral prolyl 4-hydroxylases 

2.2.3.1  Higher plant and algal prolyl 4-hydroxylases 

Prolyl 4-hydroxylases have been partially purified and characterized from many higher 
plant sources, including the carrot (Sadava & Chrispeels 1971), Vinca rosea (Tanaka et 
al. 1980), Lolium multiflorum (Cohen et al. 1983), maize (Sauer & Robinson 1985) and 
Phaseolus vulgaris (Bolwell et al. 1985), the enzyme from the latter source being the 
most thoroughly studied one. The molecular weight of the Phaseolus vulgaris prolyl 4-
hydroxylase has been shown to be 65 kDa by SDS-PAGE, and it is likely to be a 
monomer, but there is some indication of a putative β subunit, which has been present at 
varying levels in partially purified preparations (Bolwell et al. 1985, Wojtaszek et al. 
1999). All the plant prolyl 4-hydroxylases studied to date require the same cosubstrates as 
the animal prolyl 4-hydroxylases (see section 2.2.4.1), but they primarily act on poly(L-
proline)-like sequences rather than collagenous ones (for a review, see Kivirikko et al. 
1992). 

Prolyl 4-hydroxylases have also been purified from the unicellular green alga 
Chlamydomonas reinhardtii (Kaska et al. 1987) and from the multicellular green alga 
Volvox carteri (Kaska et al. 1988). These have been shown to be monomeric enzymes 
with a molecular weight of about 60 kDa (Kaska et al. 1987, 1988). Antibody 
experiments have indicated that the Volvox carteri enzyme monomer is antigenically 
related to the α subunit of the vertebrate collagen prolyl 4-hydroxylase (Kaska et al. 
1988). 

2.2.3.2   Paramecium bursaria Chlorella virus-1 P4H - the viral prolyl 4-
hydroxylase 

Viral and bacterial genomes are known to encode polypeptides with proline-rich repeats 
and even short collagen-like sequences (Smith et al. 1998, Eriksson et al. 1999, Xu et al. 
2002). A viral prolyl 4-hydroxylase has recently been cloned from Paramecium bursaria 
Chlorella virus-1 (PBCV-1), a eukaryotic algal virus (Eriksson et al. 1999). The length of 
the polypeptide after the cleavage of a predicted 32-residue signal sequence is only 210 
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amino acids, with 20% identity to C-terminal residues 294-504 of the human collagen 
prolyl 4-hydroxylase α(I) subunit (Eriksson et al. 1999). All the catalytically critical 
residues that are conserved in other prolyl 4-hydroxylases are also conserved in the 
PBCV-1 prolyl 4-hydroxylase sequence (see section 2.2.4.1), with the exception of one 
histidine, which is replaced by an arginine, as it is in the Drosophila α(I) subunit 
sequence (Annunen et al. 1999, Eriksson et al. 1999). No similar region to the peptide-
substrate-binding domain present in the α subunits of animal collagen prolyl 4-
hydroxylases is found in the PBCV-1 sequence, however (Myllyharju & Kivirikko 1999, 
Eriksson et al. 1999). The viral prolyl 4-hydroxylase was expressed as a recombinant 
protein in Escherichia coli and was found to be a soluble monomer with prolyl 4-
hydroxylase activity (Eriksson et al. 1999). The recombinant enzyme was found to 
hydroxylate collagenous peptides, although not as efficiently as the animal collagen 
prolyl 4-hydroxylases, various synthetic peptides corresponding to proline-rich repeats 
coded by the PBCV-1 genome, and also poly(L-proline), thus partly resembling the plant 
prolyl 4-hydroxylases (Eriksson et al. 1999). 

2.2.4  Catalytic properties of collagen prolyl 4-hydroxylases 

2.2.4.1  Cosubstrates and reaction mechanism 

The prolyl 4-hydroxylases belong to the group of 2-oxoglutarate and non-heme-Fe(II)-
dependent dioxygenases, which all require Fe2+, 2-oxoglutarate, O2 and ascorbate for 
catalytic acticity. 2-Oxoglutarate is stoichiometrically decarboxylated during the 
hydroxylation reaction, with one atom of the O2 molecule being incorporated into the 
succinate and the other into the hydroxyl group formed on the proline residue of the 
substrate. Ascorbate is not consumed stoichiometrically, and the enzyme can in fact 
complete many catalytic cycles in its absence. The prolyl 4-hydroxylases also catalyze an 
uncoupled decarboxylation of 2-oxoglutarate, that is, decarboxylation without subsequent 
hydroxylation, even in the presence of a peptide substrate. (Myllylä et al. 1977, 
Tuderman et al. 1977, Kivirikko & Myllyharju 1998, Myllyharju 2003b.) The main 
function of ascorbate thus seems to be to reactivate the enzyme after such uncoupled 
cycles, having a role as an alternative oxygen acceptor (Myllylä et al. 1984). In the 
absence of ascorbate, prolyl 4-hydroxylase is rapidly inactivated by self-oxidation 
(Tschank et al. 1994). 

According to the current model for the catalytic site and reaction mechanism, the Fe2+ 
is located in a supposedly highly hydrophobic pocket coordinated with the enzyme by 
three side-chains (Hanauske-Abel & Günzler 1982), the residues being histidines 412 and 
483 and aspartate 414 in the human α(I) subunit, according to site-directed mutagenesis 
studies (Figure 1) (Lamberg et al. 1995, Myllyharju & Kivirikko 1997).  Three distinct 
subsites participate in the binding of 2-oxoglutarate: subsite I, lysine residue 493 in the 
human α(I) subunit (Myllyharju & Kivirikko 1997), which ionically binds the C5 
carboxyl group of the 2-oxoglutarate (Figure 1), subsite II consisting of two cis-
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positioned coordination sites of the enzyme-bound Fe2+, which is chelated by the C1-C2 
moiety, and subsite III, which involves a hydrophobic binding site in the C3-C4 region of 
the cosubstrate (Figure 1) (Hanauske-Abel & Günzler 1982, Majamaa et al. 1984). 
During the first half of the hydroxylation reaction, molecular oxygen is bound and 2-
oxoglutarate is decarboxylated to succinate (Figure 1). At the same time a highly reactive 
iron-oxo complex, a ferryl ion, is formed. This acts as the active intermediate in oxygen 
transfer, hydroxylating the proline residue in the peptide substrate in the second half of 
the hydroxylation reaction (Hanauske-Abel & Günzler 1982, Kivirikko & Myllyharju 
1998). 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Schematic representation of the first half-reaction of P4H and the critical residues at 
the catalytic site of the human prolyl 4-hydroxylase αααα(I) subunit. The Fe2+ is coordinated with 
the enzyme by His412, Asp414 and His483. Subsite I of the 2-oxoglutarate binding site 
consists of Lys493, which ionically binds the C5 carboxyl group of 2-oxoglutarate, while 
subsite II consists of two cis-positioned equatorial coordination sites of the enzyme-bound 
Fe2+ and is chelated by the 2-oxoglutarate C1 carboxyl and C2 oxo functions. Molecular 
oxygen is bound end-on in an axial position, producing a dioxygen unit. (a) One of the 
electron-rich orbitals of the dioxygen is directed towards the electron-depleted orbital at C2 
of the 2-oxoglutarate bound to the iron. (b) Nucleophilic attack on C2 generates a tetrahedral 
intermediate, with loss of the double bond in the dioxygen unit and of double-bond 
characteristics in the oxo-acids moiety. (c) Elimination of CO2 coincides with the formation of 
succinate and a ferryl ion, which hydroxylates a proline residue in the peptide substrate in the 
second half-reaction. His501 is an additional important residue, probably being involved in 
both coordination of the C1 carboxyl group of 2-oxoglutarate with Fe2+ and cleavage of the 
tetrahedral ferryl intermediate. Reproduced from Kivirikko and Myllyharju (1998) with 
permission from Elsevier. 

2.2.4.2  Substrate specificity and inhibitors 

The prolyl 4-hydroxylases only hydroxylate prolines in peptide linkages, not free proline. 
The minimum sequence requirement for hydroxylation by the vertebrate collagen prolyl 
4-hydroxylases is a -X-Pro-Gly- triplet, the tripeptides with the structure Gly-X-Pro or 
Pro-Gly-X not serving as substrates. The -X-Pro-Gly- sequence is not an absolute 
requirement, however, as there are some -X-4Hyp-Ala-sequences in the subcomponent 
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C1q of complement and in type IV collagen. The interaction of collagen prolyl 4-
hydroxylase with peptide substrates is clearly dependent on the amino acid that occupies 
the X position, a proline residue apparently being particularly favourable in terms of 
reaction velocity, while alanine, leucine, arginine, valine and glutamate give lower 
maximal reaction velocities (Vmax). On the other hand, the presence of glycine or 
sarcosine in the X position completely prevents hydroxylation. The other nearby amino 
acids in the peptide substrate also affect the interaction. (See Kivirikko et al. 1992, 
Kivirikko & Pihlajaniemi 1998.) 

The affinity of collagen prolyl 4-hydroxylases for their peptide substrates is further 
affected by the chain lenght of the peptide, the Km values for peptides decreasing 
markedly as the number of -X-Pro-Gly- repeats increases, but the Vmax of the reaction 
appears not to be affected by the length of the peptide (see Kivirikko et al. 1992, 
Kivirikko & Pihlajaniemi 1998). To explain the chain length effect, a mechanism of 
processive binding has been proposed.  According to this model, the initial association of 
the enzyme with the peptide substrate takes place via the peptide binding subsites, after 
which the enzyme is subjected to rapid intersegment transfers in which the enzyme 
switches between a single and double-bound mode before the final, specific enzyme-
substrate complex is formed, in which the site targeted for hydroxylation is bound to the 
catalytic site (de Jong et al. 1991). Specific binding by this mechanism would thus be 
much faster than it would be if the peptide substrate were subjected to repeated 
encounters by the enzyme from the surrounding solution (de Jong et al. 1991). 
Monomeric enzymes with only one peptide-binding site would not be able to use the 
proposed mechanism, which would explain the fact that the monomeric prolyl 4-
hydroxylase from Chlamydomonas reinhardtii does not show any substrate chain length 
effect (Kaska et al. 1987, de Jong et al. 1991). In addition to the length of the peptide, the 
conformation of the peptide substrate is also crucial, in that the triple-helical 
conformation of the collagenous peptides completely prevents hydroxylation, for 
example (Kivirikko et al. 1992, Kivirikko & Myllyharju 1998). 

Poly(L-proline) is an effective competitive inhibitor of the vertebrate type I collagen 
prolyl 4-hydroxylase, its Ki showing a corresponding chain length effect to the Km of 
peptide substrates (Kivirikko & Myllylä 1980). The type II enzyme, however, is inhibited 
by poly(L-proline) only at very high concentrations (Helaakoski et al. 1995, Annunen et 
al. 1997), and in the case of the collagen prolyl 4-hydroxylase from the nematode Ascaris 
lumbricoides, poly(L-proline) functions neither as a substrate nor as an inhibitor 
(Fujimoto & Prockop 1969). Several other peptides can also function as competitive 
inhibitors, including polypeptides of the structure (Pro-Ala-Gly)n and (Gly-Pro-Gly)n, 
poly(L-proline) and analogues of bradykinin (Kivirikko et al. 1992). A number of 
bivalent cations inhibit the collagen prolyl 4-hydroxylases competitively with respect to 
Fe2+, the most potent one being Zn2+ (Tuderman et al. 1977). In addition, many aliphatic 
and aromatic compounds having structural domains that can interact at all the subsites of 
the 2-oxoglutarate binding site act as competitive inhibitors with respect to 2-
oxoglutarate, two of the most effective compounds of this kind being pyridine 2,4-
dicarboxylate and pyridine 2,5-dicarboxylate (Majamaa et al. 1984). Three groups of 
compounds can also act as irreversible suicide inactivators of collagen prolyl 4-
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hydroxylases: peptides containing 5-oxaproline, a group that includes the 2-oxoglutarate 
analogue coumalic acid, and the anthracyclines doxorubicin and daunorubicin (Kivirikko 
& Myllyharju 1998). 

2.2.5  Regulation of enzyme activity 

The level of collagen prolyl 4-hydroxylase activity in cells and tissues usually correlates 
with the rate of collagen synthesis, a phenomenon which can be utilized when it is 
necessary to estimate the rate of collagen synthesis in various pathological conditions and 
experimental models (Kivirikko et al. 1992). The α and PDI subunits of the vertebrate 
collagen prolyl 4-hydroxylases differ in the regulation of their synthesis. PDI is expressed 
into a pool of PDI polypeptides in excess over the α subunit and is not incorporated into 
the collagen prolyl 4-hydroxylase tetramer immediately, while the α subunit appears to 
be incorporated directly after synthesis (Majamaa et al. 1979, Berg et al. 1980, Majamaa 
& Oikarinen 1982, Kivirikko et al. 1992). Thus the rate of α subunit synthesis is the 
limiting factor in collagen prolyl 4-hydroxylase tetramer assembly. Coexpression of the 
human collagen prolyl 4-hydroxylase α(I) subunit and PDI in the yeast Pichia pastoris 
has indicated that only a fraction of the expressed polypeptides are assembled into the 
enzyme tetramer, the vast majority being found in unassembled forms (Vuorela et al. 
1997). Coexpression of these polypeptides with recombinant collagen chains led to a very 
distinct increase in the level of tetramer assembly, while the total amounts of the α 
subunit and PDI remained unchanged (Vuorela et al. 1997). The most likely mechanism 
explaining this is that the subunits may form a tetramer, but this will rapidly dissociate 
back to its subunits in the absence of collagen synthesis (Vuorela et al. 1997). In the 
presence of collagen synthesis it will be quite stable, however, with a half-life of 2-3 days 
(Chichester et al. 1976, Majamaa et al. 1979, Berg et al. 1980). Dissociation of the 
collagen prolyl 4-hydroxylase tetramer in the absence of collagen synthesis will prevent 
the enzyme from performing unnecessary uncoupled decarboxylation of 2-oxoglutarate 
(Vuorela et al. 1997). 

The genes coding for the α(I) and α(II) subunits and PDI contain several potential 
sites for the binding of various transcription factors (Tasanen et al. 1988, Helaakoski et 
al. 1994, Nokelainen et al. 2001a). Further control over expression may be provided by 
the inverted repeats present in the 5'-untranslated region of the human α(I) subunit gene, 
which have a potential to form loop structures that may participate in translational control 
(Helaakoski et al. 1994). 

2.2.6  HIF prolyl 4-hydroxylases 

The prolyl 4-hydroxylases that catalyze hydroxylation of the transcription factor called 
hypoxia-inducible factor HIFα (see section 2.1.1.2) comprise a novel cytoplasmic 
enzyme family distinct from the collagen prolyl 4-hydroxylases (Bruick & McKnight 
2001, Epstein et al. 2001, Ivan et al. 2002). Apart from their location, the HIF prolyl 4-
hydroxylases differ markedly from the collagen prolyl 4-hydroxylases in their substrate 
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requirements. The target prolines of the HIF prolyl 4-hydroxylases are located in 
conserved -Leu-X-X-Leu-Ala-Pro- sequences and not in collagenous sequences (Ivan et 
al. 2001, Jaakkola et al. 2001). On the other hand, it has been shown that recombinant 
human type I or type II collagen prolyl 4-hydroxylases cannot use a synthetic HIFα 
polypeptide as a substrate (Jaakkola et al. 2001). Also, the collagen prolyl 4-hydroxylases 
remain functional under hypoxic conditions, whereas the function of the HIF prolyl 4-
hydroxylases is inhibited (Takahashi et al. 2000). 

Three human HIF prolyl 4-hydroxylases have been identified and cloned, and 
corresponding enzymes have also been identified in C. elegans and D. melanogaster 
(Bruick & McKnight 2001, Epstein et al. 2001, Ivan et al. 2002), see Table 2. The human 
HIF prolyl 4-hydroxylases consist of 239-426 amino acid residues and show 42-59% 
sequence identity to each other, but no notable sequence similarity to the collagen prolyl 
4-hydroxylases. The catalytically critical residues common to all prolyl 4-hydroxylases 
are nevertheless conserved in the HIF prolyl 4-hydroxylases as well, with the exception 
that the 2-oxoglutarate-binding residue is an arginine in position +9 with respect to the 
second iron-binding histidine in the HIF prolyl 4-hydroxylases instead of a lysine (Bruick 
& McKnight 2001, Epstein et al. 2001). Site-directed mutagenesis studies have shown 
that when the three HIF prolyl 4-hydroxylase residues corresponding to the Fe2+-binding 
residues His412, Asp414 and His483 in the human type I collagen prolyl 4-hydroxylase 
were converted to alanines, the activity of the enzyme was eliminated (Bruick & 
McKnight 2001). The C. elegans HIF prolyl 4-hydroxylase, also called EGL-9, as it was 
first identified on the basis of an egg-laying abnormal (egl) phenotype (Trent et al. 1983), 
is longer than the human enzymes, consisting of 723 amino acid residues (Epstein et al. 
2001). Complete loss of HIF regulation in egl-9 mutant worms suggests that C. elegans 
has only one HIF prolyl 4-hydroxylase (Epstein et al. 2001). 

The three HIF prolyl 4-hydroxylases require the same cosubstrates as the collagen 
prolyl 4-hydroxylases, but a recent study with recombinant HIF prolyl 4-hydroxylase 
isoenzymes expressed in insect cells showed that their Km values for O2 are much higher 
than that of the type I collagen prolyl 4-hydroxylase, being just slightly above the 
atmospheric oxygen concentration (Hirsilä et al. 2003), which is in keeping with their 
function as effective oxygen sensors. Furthermore, experiments with various small-
molecule inhibitors with respect to 2-oxoglutarate indicated that there must be distinct 
differences in the structures of the binding sites between the two classes of prolyl 4-
hydroxylase, and even between the HIF prolyl 4-hydroxylase isoenzymes (Hirsilä et al. 
2003). The three human HIF prolyl 4-hydroxylase isoenzymes also have distinct 
differences with respect to their substrate preferences (Epstein et al. 2001, Hirsilä et al. 
2003). 



 

 

3 Outlines of the present research 

Collagen prolyl 4-hydroxylase has a central role in the biosynthesis of all collagens. 
Attempts to crystallize the enzyme tetramer have been going on for years, as the enzyme 
would be a potential target for antifibrotic therapy. Structural studies of the catalytic α 
subunits of vertebrate collagen prolyl 4-hydroxylases are not possible since the α subunit 
is totally insoluble, and interest has therefore become focused on individual α subunit 
domains. The objective of the present work was to express the recently characterized 
soluble peptide-substrate-binding domain of human type I collagen prolyl 4-hydroxylase 
as a recombinant protein for structural and functional studies.  

In order to clone the first plant prolyl 4-hydroxylase, the genome of Arabidopsis 
thaliana was searched for prolyl 4-hydroxylase-like sequences. The expectation was that 
a plant prolyl 4-hydroxylase would be a monomeric enzyme, and thus possibly more 
suitable for structural studies. One of the putative A. thaliana prolyl 4-hydroxylase-like 
polypeptides was expressed and characterized as a recombinant protein. 
 
The specific aims were: 
 
1. to study the peptide-substrate-binding domain of human type I collagen prolyl 4-
hydroxylase by various biophysical methods in order to obtain information on its 
structure and substrate binding properties, 
 
2. to crystallize the recombinant peptide-substrate-binding domain of human type I 
collagen prolyl 4-hydroxylase, and  
 
3. to identify, clone and characterize a novel plant prolyl 4-hydroxylase from Arabidopsis 
thaliana. 



 

 

4 Materials and methods  

Detailed descriptions of the materials and methods are presented in the original papers I-
III. 

4.1  The peptide-substrate-binding domain of the human collagen 
prolyl 4-hydroxylases (I, II) 

4.1.1  Protein expression and purification (I, II) 

A cDNA fragment encoding human α(I) Phe144-Ser244 residues was prepared by PCR 
using as a template pET15b-α(I)Gly138-Ser244 (Myllyharju & Kivirikko 1999) in which 
the codon for Cys150 was converted to that for serine with a QuikChange site-directed 
mutagenesis kit (Stratagene). The amplified product had an NdeI site and a translation 
start codon preceding the codon for Phe144 and an XhoI site following the codon for 
Ser244. A cDNA fragment encoding human α(II) residues Met142-Ser242 with an NdeI 
site preceding the codon for Met142 and an XhoI site following the codon for Ser242 was 
amplified by PCR using a full-length human C-P4H α(II) cDNA (Annunen et al. 1997) as 
a template. The codon for α(II) Cys148 was converted to that for serine in the same 
amplification step. The PCR products were cloned into the pET-22b expression vector 
(Novagen) in frame with the sequence encoding a C-terminal histidine tag and 
transformed into the BL21(DE3) E. coli host strain (Novagen).  

The recombinant proteins were expressed in Luria-Bertoni (LB) medium containing 
ampicillin (50 mg/ml) by induction with 1 mM IPTG for 4 h at 30°C after OD600 had 
reached 0.6-0.8. The cells were harvested and disrupted by sonication, and the soluble 
proteins were applied to a Ni-NTA chelating sepharose column (Amersham Biosciences). 
The bound proteins were eluted with a linear imidazole gradient and the fractions were 
analysed by 16.5% Tris-tricine PAGE. The fractions containing the recombinant 
polypeptide were pooled, concentrated and purified further by gel filtration on a
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SuperDex 75 HR column (Amersham Biosciences). Poly(L-proline) binding of the 
recombinant domains was tested as described previously (Myllyharju & Kivirikko 1999). 
The 15N- and 15N/13C-labelled proteins for the NMR experiments were expressed in the 
Bio-Express cell growth media U-15N and U-13C,15N (Cambridge Isotope Laboratories), 
respectively. 

4.1.2  Peptides (I) 

The peptides (Pro-Pro-Gly)2 and (Gly-Pro-4Hyp)5 were from Innovagen, (Pro-Pro-Gly)5 
and (Pro-Pro-Gly)10 from the Peptide Institute, and poly(L-proline) from Sigma.  

4.1.3  Circular dichroism spectroscopy (I) 

CD spectra of the α(I) peptide-substrate-binding domain were measured with a JASCO J-
715 CD-spectropolarimeter, the sample cell temperature being controlled with a JASCO 
PFD-350S device. Far-UV spectra were recorded using a 1 mm path-length cell for the 
185-240 nm region. Thermal denaturation of the domain was analysed by monitoring 
ellipticity changes at a fixed wavelength of 222 nm while the sample was being heated at 
a constant rate. 

4.1.4  NMR spectroscopy (I) 

The samples were prepared at concentrations of 0.35-1 mM in 10 mM sodium phosphate 
buffer, dissolved in 90/10% H2O/D2O at pH 6.8, and urea added at a final concentration 
of 100 mM to the 15N, 13C -labelled samples. For sequential assignment, HNCA, 
HN(CO)CA, CBCANH and CBCA(CO)NH spectra (Ikura et al. 1990, Bax & Ikura 1991, 
Grzesiek & Bax 1992a, 1992b Wittekind & Mueller 1993, Kay et al. 1994) were 
collected on Varian Unity INOVA 600 and 800 MHz NMR spectrometers, processed 
using the VNMR6.1 software package (Vnmr 6.1b, Varian Inc., Palo Alto, California) and 
analysed with Sparky 3.100 (Goddard TD & Kneller DG, SPARKY3, University of 
California, San Francisco).  

Titration of peptide binding to the peptide-substrate-binding domain was performed 
by adding known amounts of a synthetic peptide (PPG)2 to the 15N-labelled domain and 
recording a two-dimensional 15N-1H HSQC spectrum (Kay et al. 1992) after each 
addition. The perturbations in the chemical shifts were calculated, and the dissociation 
constants for binding (Kd) were determined from the concentration dependence of the 
weighted chemical shift changes. The chemical shift changes in the seven most affected 
residues were used to calculate Kd by minimization of the goodness-of-fit parameter 
(Clubb et al. 1994). 
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4.1.5  Surface plasmon resonance (I) 

Surface plasmon resonance assays were performed with a BIAcore 3000 instrument 
(Biacore AB, Uppsala, Sweden). The peptide-substrate-binding domains were 
immobilized covalently on a hydrophilic carboxymethylated CM5 sensor chip (Biacore 
AB) with standard amine coupling chemistry (Göhring et al. 1998). Binding analyses 
were carried out in 10 mM sodium phosphate, pH 6.8, containing 0.05% P-20 surfactant 
(Biacore AB) at a flow rate of 10 ml/min. To calculate the binding constants, the data 
obtained were analysed by means of the steady state affinity binding model provided in 
the BIAevaluation software version 3.1. 

4.1.6  Isothermal titration calorimetry (I) 

The ITC experiments were performed using a VP-ITC titration microcalorimeter 
(Microcal, Northampton, MA). 5-ml samples of peptide solutions at 2.5-10 mM 
concentrations were injected into a sample cell containing 0.25-0.5 mM of the peptide-
binding domain. The titration data obtained were fitted by the non-linear least squares 
minimization method using the one set of sites model (Levenberg-Marquardt algorithm) 
to determine the dissociation constant (Kd), binding stoichiometry (n) and change in 
enthalpy (∆H) using the Origin software (Microcal). 

4.1.7  Crystallization and X-ray diffraction analysis (II) 

A factorial screen (Zeelen et al. 1994) based on the hanging-drop vapour-diffusion 
method was used for the initial crystallization trials. Equal volumes of 10 mg/ml of the 
peptide-substrate-binding domain in 20 mM Bis-Tris, 0.1 M glycine, pH 6.8, and 
reservoir solution were mixed and equilibrated against 1 ml of reservoir solution. Crystals 
were obtained in the presence of 1.2 M (NH4)2HPO4, pH 7.2. The crystallization 
conditions were then optimized further, the best crystals being grown in the presence of 
1.2 -1.7 M (NH4)2HPO4, pH 7.2 - 7.6. The crystals were soaked in a cryoprotectant 
solution and flash-frozen in a stream of nitrogen gas prior to data collection. Diffraction 
data were collected at beam line 711 at Maxlab, Lund, Sweden. The data were processed 
using the XDS program package (Kabsch 1993) and the CCP4 package (Collaborative 
Computational Project, Number 4, 1994). The self-rotation function was calculated with 
GLRF (Tong & Rossmann 1990). 
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4.1.8  Other assays (I) 

Collagen prolyl 4-hydroxylase activity and Km values were determined as in section 
4.2.4, with the exception that the activity assays were carried out at 37°C. 

 

4.2  Cloning and characterization of the Arabidopsis thaliana prolyl 4-
hydroxylase (III) 

4.2.1  Identification and cloning of the A. thaliana                             
prolyl 4-hydroxylase gene 

A sequence homology search (Altschul et al. 1997) of the A. thaliana genome indicated 
the existence of six genes (GenBank Acc. Nos. AAC64297, AAB80790, AAF88161, 
NP_197391, AAF08583, and BAB02864) encoding polypeptides with similarity to the 
catalytic C-terminal halves of the human P4H α(I) and α(II) subunits. PCR primers were 
synthesized based on the gene encoding the polypeptide AAC64297 (named At-P4H-1) 
and used to amplify a 783-base-pair PCR product from a whole-plant A. thaliana cDNA 
library (Stratagene). The amplified product coded for residues Ser23-Ser283 and had 
BamHI restriction sites at both ends and one cytosine before the codon for Ser23. This 
product was cloned into a BamHI-digested baculovirus vector pACGP67-A (Invitrogen), 
and the sequences were verified on an automated DNA sequencer (Abi Prism 377, 
Applied Biosystems). 

4.2.2  Expression of a recombinant A. thaliana P4H                                 
in insect cells and E. coli 

The recombinant expression vector was cotransfected into Spodoptera frugiperda Sf9 
cells with BaculoGold DNA (Pharmingen), and the recombinant viruses were amplified 
(Crossen & Gruenwald 1998). Sf9 or High Five insect cells (Invitrogen) were cultured as 
monolayers in TNM-FH medium (Sigma) supplemented with 10% foetal bovine serum 
(BioClear) or in suspension in Sf900IISFM serum-free medium (Invitrogen). The cells 
were infected with the virus coding for the At-P4H-1 polypeptide and harvested 72 h after 
infection, homogenized in a 0.1 M NaCl, 0.1 M glycine, 10 µM dithiothreitol (DTT), 
0.1% or 1% Triton X-100 and 0.01 M Tris buffer, pH 7.8, or in a 50% glycerol, 0.6 M 
NaCl, 1% Nonidet P-40, 0.1 M glycine, 100 µM DTT and 0.06 M Tris buffer, pH 7.8, and 
centrifuged. The pellets were further solubilized in 1% SDS, and aliquots of the soluble 
fractions were analysed by 12% SDS-PAGE under reducing conditions.  
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To generate an E. coli expression vector, PCR primers were synthesized to amplify the 
At-P4H-1 cDNA without the signal sequence and with flanking NdeI and BamHI sites, 
and the product was cloned into a pET-15b vector (Novagen). The plasmid was 
transformed into the E. coli BL21(DE3) strain (Novagen). The cells were grown at 37°C 
to an optical density of 0.5 at 600 nm, incubated at 30°C for 30 min, and expression was 
induced with 1 mM isopropyl-β-D-thiogalactopyranoside (IPTG). The cells were 
harvested 3 h after induction, suspended in 0.1 vol of 50 mM Tris-HCl, pH 8.0, with or 
without 0.1% Triton X-100, sonicated and centrifuged. The soluble and insoluble 
fractions were analysed by 12% SDS-PAGE. 

4.2.3  Site-directed mutagenesis  

The At-P4H-1 histidines 180 and 260 were converted individually to glutamate and 
alanine, Asp182 to alanine and glutamate, Lys270 to arginine and alanine, Ser272 to 
alanine, and Arg278 to alanine and histidine. The mutagenesis reactions were performed 
with a QuikChange™ Site-Directed Mutagenesis Kit (Stratagene) according to the 
manufacturer's instructions. Recombinant baculoviruses were generated and used to 
infect insect cells as above. 

4.2.4  Other assays  

Prolyl 4-hydroxylase activity was assayed at 30°C by a method based on the 
hydroxylation-coupled decarboxylation of 2-oxo-[1-14C]glutarate (Kivirikko & Myllylä 
1982). All the peptides tested as substrates, except poly(L-proline) and those representing 
HIFα sequences, were denatured by heating before addition to the enzyme reaction 
mixture. The amount of 4-hydroxyproline formed in the substrate was determined by a 
colorimetric method (Kivirikko et al. 1967). Partially hydroxylated (Pro-Pro-Gly)10 
peptide substrate was purified from the reaction mixture with HiTrap Q sepharose 
(Amersham Biosciences) and reverse phase HPLC and analysed in an Applied 
Biosystems 421A amino acid analyser. N-terminal sequencing of the purified peptide was 
performed in an Applied Biosystems 492 Procise protein sequencer. The molecular 
weight of the recombinant At-P4H-1 was analysed by gel filtration on a calibrated HiPrep 
Sephacryl S-100 HR column (Amersham Biosciences). 



 

 

5 Results 

5.1  The peptide-substrate-binding domain of the human collagen 
prolyl 4-hydroxylases (I, II) 

5.1.1  Expression and purification of the recombinant domain (I, II) 

The initial expression construct for the peptide-substrate-binding domain consisted of 
residues Gly138-Ser244 of the human collagen prolyl 4-hydroxylase α(I) subunit in 
which the Cys150 was mutated to serine, and which had an N-terminal histidine tag. The 
recombinant domain was expressed in E. coli and purified to homogeneity by affinity 
chromatography and gel filtration for structural studies by NMR and crystallization. No 
crystals were obtained with this construct, however, and the quality of the NMR spectra 
was not satisfactory, due to a degradation tendency. Further experiments were therefore 
performed with recombinant polypeptides lacking a few residues from either the N-
terminal or C-terminal end. A polypeptide consisting of the α(I) subunit residues Phe144-
Ser244 with a C-terminal histidine tag was found to give the best NMR spectra. This 
polypeptide, and the corresponding α(II) polypeptide, were thus chosen for further 
experiments. Typically, a total of about 30 mg of purified polypeptide was obtained from 
a 1 litre culture. 

5.1.2  Circular dichroism (CD) analysis of the αααα(I) peptide-substrate-
binding domain (I) 

Far-UV CD experiments were performed in order to study the fold and thermal stability 
of the recombinant α(I) peptide-substrate-binding domain. The CD spectra showed 
negative minima at 208 and 222 nm and a positive maximum at 193 nm, a typical pattern 
for α-helical proteins (Figure 1A in I). The thermal stability of the polypeptide was 
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studied by following the change in ellipticity at the negative maximum when the sample 
was heated at a constant rate from 5 to 95°C. The spectra obtained showed a continuous, 
gradual decrease in helical content (Figure 1B in I), indicative of a structure of the molten 
globule kind. The unfolding of the recombinant domain was almost completely 
reversible, however, as seen in the reverse thermal scan (Figure 1B in I). The same 
spectra were recorded for a sample containing urea at the same concentration as used in 
NMR measurements, 100 mM. The spectra indicated that there was a slight increase in 
the compactness of the fold in the presence of urea (Figures 1C and D in I).  

5.1.3  NMR assignments of the αααα(I) peptide-substrate-binding domain 
and peptide binding studies by NMR (I) 

15N and 15N/13C labelled samples of the α(I) peptide-substrate-binding domain were 
prepared for the NMR experiments, adding 100 mM urea to the samples to improve the 
quality of the NMR spectra. All the spectra were recorded at 15°C due to the low thermal 
stability of the domain. Backbone assignments were obtained based on the intraresidual 
and sequential Cα/Cβ connectivities observed in the series of three-dimensional NMR 
experiments, with the exception of the first few N-terminal residues, part of the C-
terminal histidine tag and the region between the residues Pro219 and Glu232, where 
assignments could not be obtained due to spectral overlapping. Secondary structures were 
predicted on the basis of the Cα and Cβ chemical shift indices (Wishart & Sykes 1994), 
which showed that the α(I) peptide-substrate-domain was composed of five α helices and 
a short β strand between the second and third helices (Figure 3 in I). 

In order to obtain information on the binding interaction between the domain and 
peptide substrates, NMR was used to study binding of a synthetic short peptide (Pro-Pro-
Gly)2. Chemical shift changes in backbone amide 1H and 15N resonances were monitored 
by recording 2D NMR spectra as the peptide concentration was increased, and several 
resonances were found to shift as a result of the peptide binding (Figures 4 and 5 in I). 
The residues showing the largest chemical shift changes were mainly hydrophobic, 
including three tyrosines (Figure 5 in I), most of them being located in helices 3 and 4. 
The residues with the largest chemical shift changes were selected for determination of 
the dissociation constant, Kd, for (Pro-Pro-Gly)2 by plotting the chemical shift changes 
against the peptide concentration and then fitting the binding curves by optimizing the 
values for the dissociation constant and the maximum chemical shift. The resulting 
dissociation constant was 2600 ± 500 µM (Figure 5B and Table 1 in I). 

5.1.4  Surface plasmon resonance (SPR) studies of peptide binding (I) 

The interaction of the α(I) and α(II) peptide-substrate-binding domains with synthetic 
peptides was studied using the BIAcore biosensor system (Jönsson et al. 1991), which 
detects changes in the refractive index at the surface of a sensor chip. The peptides 
became bound to the immobilized domains, giving a binding curve typical of low binding 
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affinity (Figure 6A in I). Equilibrium dissociation constants were determined for the 
peptides by plotting the steady state values for each peptide concentration as a function of 
total peptide concentration (Figure 6B and Table 1 in I). The Kd for the peptide (Pro-Pro-
Gly)2 determined by SPR was about 1 mM, the value being of the same order of 
magnitude as the Kd of 2.6 mM obtained from the NMR studies and the Km of about 2.6 
measured for this peptide as a substrate for the type I collagen prolyl 4-hydroxylase 
tetramer (Table 1 in I). The Kd values measured by SPR decreased as the peptide chain 
length was increased in a similar manner to the Km values for the same peptides as 
substrates for the enzyme tetramer (Table 1 in I). The Kd values of the α(I) domain for the 
peptides (Pro-Pro-Gly)10, (Pro-Pro-Gly)5 and poly(L-proline) were also highly similar to 
the corresponding Km and Ki values measured for the enzyme tetramer (Table 1 in I). The 
Kd values determined for the α(II) peptide-substrate-binding domain by SPR were much 
higher than those for the α(I) domain binding the same peptides, being roughly similar to 
the Km values measured for the type II collagen prolyl 4-hydroxylase tetramer (Table 1 in 
I). 

5.1.5  Isothermal titration microcalorimetry (ITC)                           
studies of peptide binding (I) 

Peptide binding to the recombinant α(I) peptide-substrate-binding domain was further 
studied using isothermal titration microcalorimetry, by which the binding interaction can 
be studied in solution without immobilization. The Kd values determined with this 
technique were in relatively good agreement with those measured by SPR (Table 2 in I). 
The changes in enthalpy observed upon the binding of different peptides were negative, 
indicating exothermic interaction, the change correlating with the increase in peptide 
length and affinity (Table 2 in I). 

5.1.6  Crystallization and X-ray diffraction analysis (II) 

The crystals obtained from the α(I) peptide-substrate-binding domain diffracted to at 
least 3.0 Å (Figure 2 in II) and a complete data set from a native crystal was collected to 
3.1 Å. The space group of the crystals was P31 or P32, and the unit cell parameters were a 
= b = 55.1, c = 105.2 Å. The GLRF self-rotation function calculations suggested that the 
domain had crystallized as a dimer in the asymmetric unit.  
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5.2  Cloning and characterization of the Arabidopsis thaliana prolyl 4-
hydroxylase (III) 

5.2.1  Identification and cloning of the A. thaliana                            
prolyl 4-hydroxylase gene 

A sequence homology search of the A. thaliana genome indicated that there were six 
open reading frames (Figure 1 in III) encoding polypeptides that showed an identity of 
21-27% to the catalytically important C-terminal regions of the human collagen prolyl 4-
hydroxylase α(I) and α(II) subunits (Helaakoski et al. 1989, Annunen et al. 1997). The 
three Fe2+ binding residues, two histidines and one aspartate (Lamberg et al. 1995, 
Myllyharju & Kivirikko 1997), and the lysine that participates in the binding of the C-5 
carboxyl group of 2-oxoglutarate in all collagen prolyl 4-hydroxylases (Myllyharju & 
Kivirikko 1997, Myllyharju 2003) were all conserved in the A. thaliana sequences 
(Figure 1 in III). The fifth critical residue, a histidine presumably involved in the binding 
of 2-oxoglutarate to the Fe2+ atom (Myllyharju & Kivirikko 1997), was conserved in five 
of the sequences, but it was replaced by an arginine in the AAC64297 polypeptide. The 
same replacement has also been reported in a Drosophila collagen prolyl 4-hydroxylase α 
subunit (Annunen et al. 1999) and in the PBCV-1 viral prolyl 4-hydroxylase (Eriksson et 
al. 1999). It may thus be assumed that all six A. thaliana polypeptides were prolyl 4-
hydroxylases. The polypeptides showed no similarity to the peptide-substrate-binding 
domain in the animal collagen prolyl 4-hydroxylase α subunits (Myllyharju & Kivirikko 
1999), which is also the case with the low-molecular-weight PBCV-1 enzyme (Eriksson 
et al. 1999). The 283-amino acid polypeptide AAC64297 showed the highest sequence 
identity to the human α(I) and α (II) subunits, 25% and 27%, respectively, and was thus 
chosen for cloning and recombinant expression, being named At-P4H-1. 

5.2.2  Expression of recombinant At-P4H-1 in insect cells and E. coli 

A cDNA encoding the At-P4H-1 residues Ser23-Ser283 was synthesized by PCR, cloned 
into the baculovirus vector pACGP67-A with the GP67 signal sequence and used to 
generate a recombinant virus. The insect cells infected with this virus were harvested 72 h 
after infection, homogenized in a buffer containing 0.1% Triton X-100, and centrifuged. 
The remaining pellet was further solubilized in 1% SDS, and the samples were analysed 
by SDS-PAGE (Figure 2 in III). Most of the recombinant 29 kDa polypeptide remained in 
the insoluble fraction and could be extracted with 1% SDS (Figure 2 in III). Various 
means of extracting the polypeptide more efficiently were tested, and it was found that a 
solution consisting of 50% glycerol, 0.6 M NaCl, 1% Nonidet P-40, 0.1 M glycine, 100 
mM DTT and 0.06 M Tris, pH 7.8, improved the solubilization, although about 90% of 
the enzyme still remained unsolubilized. 
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A cDNA encoding At-P4H-1 residues Ser23-Ser283 was also cloned into the E. coli 
expression vector pET15b with an N-terminal histidine tag. This recombinant polypeptide 
remained insoluble, however, and accumulated into inclusion bodies. 

5.2.3  Catalytic activity of the recombinant At-P4H-1 

In order to study whether the recombinant At-P4H-1 polypeptide expressed in insect cells 
was an active prolyl 4-hydroxylase, 50 µl of the soluble fraction of the cell homogenate 
was assayed by a method based on the hydroxylation-coupled decarboxylation of 2-
oxo[1-14C]glutarate (Kivirikko & Myllylä 1982). A significant amount of prolyl 4-
hydroxylase activity was observed even in the sample homogenized in a buffer 
containing 0.1% Triton X-100 when poly(L-proline) (Mr 5,000) was used as the peptide 
substrate, and a further increase in activity was observed when the polypeptide was 
solubilized more efficiently, the activity levels reaching more than 30,000 cpm. Gel 
filtration of the cell extract showed that the enzyme activity was eluted in fractions that 
corresponded to a molecular weight of about 30,000,  indicating that the recombinant At-
P4H-1 was probably a monomer, as the calculated molecular weight of At-P4H-1 without 
the signal peptide is 29,252. 

The At-P4H-1 required Fe2+, 2-oxoglutarate, O2 and ascorbate for activity, as was 
expected. The Km values for Fe2+ and 2-oxoglutarate (Table 1 in III) were comparable to 
those reported for partially purified prolyl 4-hydroxylases from the algae 
Chlamydomonas reinhardtii and Volvox carteri (Kaska et al. 1987, 1988), but about 40-
fold and 6-fold higher than those for the PBCV-1 enzyme (Eriksson et al. 1999), 
respectively (Table 1 in III). The Km for ascorbate (Table 1 in III) was about the same as 
with the algal, PBCV-1 and human P4Hs (Kaska et al. 1987, 1988, Helaakoski et al. 
1989, Annunen et al. 1997, Eriksson et al. 1999), but the Km values of 2 µM for poly(L-
proline), Mr 5,000, and 0.2 µM for poly(L-proline), Mr 20,000, were lower than those 
obtained with algal enzymes for poly(L-proline) polypeptides of similar sizes (Kaska et 
al. 1987, 1988), and 2500-fold lower than that of the viral enzyme for poly(L-proline), Mr 
13,000 (Eriksson et al. 1999). Km values ranging from 4 to 40 µM and a value of 5 µM 
have previously been reported for poly(L-proline), Mr 6,000 and Mr 30,000, respectively, 
in the case of prolyl 4-hydroxylases from higher plants (Tanaka et al. 1980, Cohen et al. 
1983, Bollwell et al. 1985, Sauer & Robinson 1985).  

5.2.4  Site-directed mutagenesis studies 

A sequence homology comparison (Figure 1 in III) indicated that the At-P4H-1 
residues His180, Asp182, His260, Lys270 and Arg278 correspond to the five catalytically 
critical residues conserved in prolyl 4-hydroxylases of various species. To study the 
function of these residues in the At-P4H-1 polypeptide, His180, Asp182, and His260 
were converted individually to alanine and glutamate, Lys270 to alanine and arginine, 
and Arg278 to alanine and histidine. Ser272 was also converted to alanine, as the crystal 
structure of cephalosporin synthase (Valegård et al. 1998) has shown that the serine 
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residue in position +2 with respect to the positively charged arginine is involved in the 
binding of 2-oxoglutarate. The mutant At-P4H-1 polypeptides were expressed in insect 
cells, and the cells were harvested, homogenized and assayed for enzyme activity as 
above. Mutation of the residues His180, Asp182 or His260 to alanine or glutamate, 
Lys270 to alanine or arginine, and Arg278 to alanine completely inactivated At-P4H-1 
(Table 2 in III), whereas mutation of Ser272 to alanine reduced the enzyme activity by 
83% and replacement of Arg278 with histidine reduced the activity to about 26% (Table 2 
in III). 

5.2.5  Substrate specificity of At-P4H-1 

The A. thaliana genome codes for extensins and arabinogalactan proteins rich in 4-
hydroxyproline (Showalter 1993, 2001, Cassab 1998). The synthetic peptides (Ala-Thr-
Pro-Pro-Pro-Val)3, representing arabinogalactan protein (GenBank Acc. No. AAC77826), 
and Ser-Pro-Pro-Pro-Pro-Val-Ser-Pro-Pro-Pro-Val-Ser-Pro-Pro-Pro-Pro-Val and Ser-Pro-
Pro-Pro-Val-Tyr-Lys-Ser-Pro-Pro-Pro-Pro-Val-Lys-His-Tyr-Ser-Pro-Pro-Pro-Val-Tyr-Lys, 
representing extensin (GenBank Acc. No. S71227), were therefore tested as substrates for 
At-P4H-1. All these peptides were found to serve as substrates, the Km values ranging 
from 10 to 40 µM (Table 3 in III). In addition, some synthetic peptides representing 
sequences coded by the PBCV-1 genome and known to function as substrates for the 
recombinant viral prolyl 4-hydroxylase (Eriksson et al. 1999) served as substrates, with 
Km values ranging from 2 to 90 µM (Table 3 in III).  

Highly surprisingly, the At-P4H-1 was found to hydroxylate denatured (Pro-Pro-Gly)10 
with a Km of about 60 µM (Table 4 in III), this value being similar to those determined for 
the human type I and type II collagen prolyl 4-hydroxylases (Annunen et al. 1997, 
Myllyharju & Kivirikko 1997). In order to study hydroxylation of the (Pro-Pro-Gly)10 
peptide by the recombinant At-P4H-1, a partially hydroxylated peptide was purified from 
the reaction mixture and subjected to N-terminal sequencing. The Y position prolines in 
the repeating X-Pro-Gly triplets were found to be hydroxylated (Figure 3 in III) with a 
similar asymmetrical pattern to that observed with vertebrate collagen prolyl 4-
hydroxylases (Kivirikko et al. 1971, Berg et al. 1977). The sequencing results indicated 
the presence of small amounts of 4-hydroxyproline in the X positions as well, but these 
values could not be quantified accurately. Evidence for the hydroxylation of proline 
residues in X positions was also obtained when the peptides (Gly-Pro-4Hyp)5 and (Pro-
Ala-Gly)5 were found to serve as substrates, although poorly (Table 4 in III).  

The recombinant At-P4H-1 was also found to be effective in hydroxylating synthetic 
peptides representing the two hydroxylated sequences in the human transcription factor 
HIF-1α (Ivan et al. 2001, Jaakkola et al. 2001). The Km values for the peptides 
representing the N-terminal and C-terminal hydroxylation sites in HIF-1α were 100 and 
50 µM, the Vmax values being about 70% and 20% of those obtained with poly (L-
proline), respectively (Table 5 in III). 



 

 

6 Discussion 

6.1  The peptide-substrate-binding domain of the human collagen 
prolyl 4-hydroxylases (I, II) 

The data obtained from the NMR analysis indicated that the recombinant human α(I) 
polypeptide Phe144-Ser244 forms a folded domain consisting of five α helices and 
possibly one short β strand. This structure is quite different from those of the previously 
characterized proline-rich peptide-binding domains SH3, WW, EVH1 and GYF (Noble et 
al. 1993, Yu et al. 1994, Sudol et al. 1995, Macias et al. 1996, Xu et al. 1997, Freund et 
al. 1999, Prehoda et al. 1999, Kay  et al. 2000, Macias et al. 2002) and from that of the 
proline-rich peptide-binding protein profilin (Björkegren et al. 1993, Mahoney et al. 
1997, 1999, Nodelman et al. 1999), as they all consist mainly of β strands. Typical of all 
of them is a hydrophobic path on their surface, with aromatic residues that are required 
for the binding of their ligands (Freund et al. 1999, Mahoney et al. 1999, Nodelman et al. 
1999, Prehoda et al. 1999, Kay  et al. 2000, Macias et al. 2002). The peptide-substrate-
binding domain of the collagen prolyl 4-hydroxylases also appears to share this feature, 
as the residues showing the largest chemical shift changes in NMR analysis upon 
interaction with (Pro-Pro-Gly)2 peptide were mainly hydrophobic, including three 
tyrosines. Most of the residues showing the largest chemical shift changes were located in 
α helices 3 and 4, the three tyrosine residues being located in helix 3. 

The type I and type II collagen prolyl 4-hydroxylase tetramers show a marked 
difference with respect to poly(L-proline) binding. Site-directed mutagenesis studies have 
shown that this difference, and also most of the differences in the binding of peptide 
substrates, can be explained by the presence of a glutamate and glutamine in the α(II) 
subunit in the positions corresponding to those of Ile182 and Tyr233 in the α(I) subunit 
(Myllyharju & Kivirikko 1999). NMR analysis showed that the chemical shift of Ile182 
in the α(I) peptide-substrate-binding domain was not affected by interaction with the 
(Pro-Pro-Gly)2 peptide and the shift of Tyr233 was affected only slightly. It thus seems 
that these residues were not directly involved in the binding of the peptide, and the less 
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effective binding to the α(II) domain may be due to inhibitory effects of the glutamate 
and glutamine residues. On the other hand, it is also possible that the (Pro-Pro-Gly)2 was 
too short to interact with Tyr233, and the case may be different with the longer poly(L-
proline).  

It is a well known fact that the Km values of the collagen prolyl 4-hydroxylases for 
peptide substrates and the Ki values for poly(L-proline) decrease markedly with 
increasing chain length of the interacting ligand (Kivirikko & Pihlajaniemi 1998). To 
explain this phenomenon, mechanisms have been proposed in which the two peptide 
binding sites in the enzyme tetramer act processively and bind to the same peptide. This 
would prevent dissociation of the enzyme-substrate complex between successive 
interactions with a long peptide having multiple substrate sites (de Jong et al. 1991, 
Kivirikko & Pihlajaniemi 1998). The data obtained here by surface plasmon resonance 
and isothermal titration microcalorimetry indicate that the effect of the peptide chain 
length is seen even in the individual peptide-substrate-binding domains, as the Kd values 
determined for various peptides were very similar to their Km  and Ki values for the 
enzyme tetramers. It thus seems that it is the peptide-substrate-binding domain rather 
than the catalytic domain that appears to be critical for most, if not all, binding properties 
of various peptide substrates and inhibitors with respect to these enzymes.  

Collagen prolyl 4-hydroxylase is regarded as an attractive target for the development 
of inhibitors for use in antifibrotic therapy. The peptide-substrate-binding domain has a 
critical role in the function of the enzyme tetramer, and thus detailed information on its 
structure would be valuable for the designing of potent inhibitors. The expression 
construct of the peptide-substrate-binding domain of human type I collagen prolyl 4-
hydroxylase was optimized here in order to improve the possibility to obtain crystals, and 
the domain was indeed crystallized, and was found to diffract to at least 3Å. 
Determination of the three-dimensional structure of the domain, with and without the 
peptide ligand, is now in progress. 

6.2  Arabidopsis thaliana prolyl 4-hydroxylase (III) 

The sequence homology search of the A. thaliana genome indicated that it encoded at 
least six sequences with high degrees of similarity to the catalytic regions of the 
vertebrate collagen prolyl 4-hydroxylases. All the catalytically critical residues previously 
identified in prolyl 4-hydroxylases were also strictly conserved in these A. thaliana 
sequences, indicating that they may comprise an enzyme family.  

The first plant prolyl 4-hydroxylase to be cloned, named At-P4H-1, was expressed as a 
recombinant protein in insect cells and was found to be a 29-kDa monomer which 
showed significant prolyl 4-hydroxylase activity when poly(L-proline) was used as a 
substrate. Plant prolyl 4-hydroxylases have previously been partially purified from green 
algae (Kaska et al. 1987, 1988), and these enzymes were also found to be monomers. 
Early studies of a prolyl 4-hydroxylase from a higher plant, Phaseolus vulgaris, indicated 
the possibility of a second type of subunit (Bollwell et al. 1985), but it has later been 
demonstrated that the Phaseolus vulgaris prolyl 4-hydroxylase is also likely to be a 
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monomer (Wojtaszek et al. 1999). Unfortunately, the At-P4H-1 polypeptide was not very 
soluble and thus could not be used in crystallization or NMR experiments. 

Site-directed mutagenesis studies of the At-P4H-1 showed that when the residues 
His180, Asp182 and His260, corresponding to the iron-binding residues in the human 
collagen prolyl 4-hydroxylase (Myllyharju & Kivirikko 1997), were replaced by alanine 
or glutamate, the enzyme lost its catalytic activity completely. Mutation of the Lys270 in 
At-P4H-1, which corresponds to the Lys493 that ionically binds the C-5 carboxyl group 
of 2-oxoglutarate in human type I collagen prolyl 4-hydroxylase (Myllyharju & Kivirikko 
1997), to alanine or arginine also completely incativated the enzyme. The corresponding 
mutations in the human type I collagen prolyl 4-hydroxylase also inactivated the enzyme, 
except that 15% of the activity was retained when Asp414 was replaced with glutamate 
and Lys493 was replaced with arginine (Myllyharju & Kivirikko 1997). In the case of 
cephalosporin synthase, the C-5 carboxyl group of 2-oxoglutarate forms a salt bridge to 
an arginine and a hydrogen bond to a serine in position +2 with respect to the arginine 
(Valegård et al. 1998). The critical function of the corresponding serine in At-P4H-1 was 
seen when the mutation of Ser272 to alanine inactivated the enzyme by 83%. 
Replacement of Arg278 in At-P4H-1, which corresponds to the residue His501 in human 
type I collagen prolyl 4-hydroxylase, with alanine completely inactivated the enzyme, 
suggesting that it is likewise involved in the binding of the C-1 carboxyl group of 2-
oxoglutarate and the decarboxylation of this cosubstrate (Myllyharju & Kivirikko 1997). 

The most distinct difference in catalytic properties between plant and animal prolyl 4-
hydroxylases concerns the hydroxylation of poly(L-proline), as this polypeptide is an 
effective substrate for all the plant prolyl 4-hydroxylases studied so far, whereas it acts as 
either a weak or effective competitive inhibitor of animal collagen prolyl 4-hydroxylases. 
Data obtained with a partially purified Vinca rosea prolyl 4-hydroxylase have indicated 
that plant prolyl 4-hydroxylases may in fact require a poly(L-proline) type II helix 
conformation in their substrates (Tanaka et al. 1980, 1981). The viral PBCV-1 prolyl 4-
hydroxylase has also been shown to hydroxylate poly(L-proline) (Eriksson et al. 1999), 
and the recombinant At-P4H-1 was found to do so here, but with lower Km values than 
have previously been reported for any algal or higher plant prolyl 4-hydroxylase. 

The recombinant At-P4H-1 was also efficient in hydroxylating other proline-rich 
peptides, the sequences of which were based on A. thaliana arabinogalactan protein and 
extensin sequences and proline-rich sequences coded by the PBCV-1 genome. Highly 
interestingly, At-P4H-1 was also found to hydroxylate peptides representing the two 
hydroxylated sequences in the human HIF-1α. As these peptides contain only one 
proline, the data clearly indicate that a poly(L-proline) type II helix is not required for 
hydroxylation by At-P4H-1. A similar conclusion was reached recently when comparing 
the sequences containing 4-hydroxyproline present in various plant proteins (Shpak et al. 
2001). 

A highly unexpected finding was that the recombinant At-P4H-1 also effectively 
hydroxylates a collagen-like (Pro-Pro-Gly)10 peptide, with a Km similar to those reported 
for vertebrate collagen prolyl 4-hydroxylases and a Vmax close to that obtained with 
poly(L-proline). Plant prolyl 4-hydroxylases have previously been reported to 
hydroxylate collagen-like peptides only at a very low rate, if at all (Tanaka et al. 1980, 
Cohen et al. 1983, Sauer & Robinson 1985, Kaska et al. 1987, 1988). The viral PBCV-1 
prolyl 4-hydroxylase that hydroxylates poly(L-proline) was also found to hydroxylate 
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(Pro-Pro-Gly)10, but with a 50-fold higher Km (Eriksson et al. 1999). A partially 
hydroxylated (Pro-Pro-Gly)10 peptide was purified from the reaction mixture and 
sequenced, and the results indicated that the recombinant At-P4H-1 resembled the animal 
collagen prolyl 4-hydroxylases in that it preferentially hydroxylated the Y position 
prolines preceding glycine, although unlike the situation with the animal enzymes, small 
amounts of 4-hydroxyproline were also found in the X positions following glycine. The 
pattern of hydroxylation of the Y position prolines in (Pro-Pro-Gly)10 by At-P4H-1 was 
similar to the asymmetrical hydroxylation pattern produced by vertebrate enzymes, the 9th 
triplet from the N-terminal end being most readily hydroxylated (Kivirikko et al. 1971, 
Berg et al. 1977). 



 

 

7 Future prospects 

The peptide-substrate-binding domain of the collagen prolyl 4-hydroxylases appears to be 
the major determinant of their ligand binding properties. In order to study the roles of 
different residues in the interaction with peptide substrates or inhibitors, several 
mutations have been introduced into the type I peptide-substrate-binding domain based 
on data obtained from interaction analyses using NMR. The intention now is to study the 
effect of these mutations on the affinity for peptide ligands by means of surface plasmon 
resonance and microcalorimetry. We have recently resolved the ligand-free structure of 
the crystallized  type I peptide-substrate-binding domain (Pekkala M, Hieta R, 
Myllyharju J, Kivirikko KI & Wierenga RK, unpublished data), and experiments to 
determine the structure of a ligand-bound form are currently in progress. In addition to 
the peptide-substrate-binding domain, the α(I) subunit of human collagen prolyl 4-
hydroxylase contains an N-terminal domain between residues His1 and Ser244, the 
function of which is unknown. This domain can be expressed as a soluble recombinant 
polypeptide in E. coli, which is also the case with the polypeptide consisting of both the 
N-terminal and peptide-substrate-binding domains. The double-domain polypeptide in 
particular seems promising for structural studies, as it appears to have a more compact 
and stable structure than the individual domains. Crystallization of these recombinant 
proteins will also be initiated.  

Characterization of the Arabidopsis thaliana prolyl 4-hydroxylase provided new 
information on the properties of a low-molecular-weight monomeric prolyl 4-
hydroxylase, but unfortunately the A. thaliana polypeptide was not soluble enough for 
structural studies. However, we have recently cloned a prolyl 4-hydroxylase of similar 
size from the green alga Chlamydomonas reinhardtii, the characterization of which is 
now in progress (Keskiaho K, Hieta R, Kivirikko K & Myllyharju J, unpublished data). 
This monomeric enzyme is more soluble than At-P4H-1 and can also be expressed in an 
active form in E. coli. We aim to resolve its structure by X-ray crystallography, which 
would give valuable information on the structure of the catalytic domains of prolyl 4-
hydroxylases in general. The unique catalytic properties of the A. thaliana prolyl 4-
hydroxylase also offer an interesting possibility for using it in a recombinant 
coexpression system (Lamberg et al. 1996b, Myllyharju et al. 1997, Vuorela et al. 1997, 
Nokelainen et al. 2001b) to study the assembly and properties of recombinant human 
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collagens that contain 4-hydroxyproline not only in the Y positions in the repeating -X-Y-
Gly- triplets but also in some of the X positions. 



 

  

References 

Abrams EW & Andrew DJ (2002) Prolyl 4-hydroxylase α-related proteins in Drosophila 
melanogaster: tissue-specific embryonic expression of the 99F8-9 cluster. Mech Dev 112: 165-171. 
Ackley BD, Crew JR, Elamaa H, Pihlajaniemi T, Kuo CJ & Kramer JM (2001) The 

NC1/endostatin domain of Caenorhabditis elegans type XVIII collagen affects cell migration 
and axon guidance. J Cell Biol 152: 1219-1232. 

Adair SW & Snell WJ (1990) The Chlamydomonas reinhardtii cell wall: structure, biochemistry, 
and molecular biology. In: Adair SW & Mecham RP (eds) Organization and Assembly of Plant 
and Animal Extracellular Matrix. Academic Press, Inc., San Diego, 15-84. 

Adams E (1978) Invertebrate collagens. Science 202: 591-598. 
Altschul SF, Madden TL, Schäffer AA, Zhang J, Zhang Z, Miller W & Lipman DJ (1997) Gapped 

BLAST and PSI-BLAST: a new generation of protein database search programs. Nucleic Acids 
Res 25: 3389-3402. 

Annunen P, Autio-Harmainen H & Kivirikko KI (1998) The novel type II prolyl 4-hydroxylase is 
the main enzyme form in chondrocytes and capillary endothelial cells, whereas type I enzyme 
predominates in most cells. J Biol Chem 273: 5989-5992. 

Annunen P, Helaakoski T, Myllyharju J, Veijola J, Pihlajaniemi T & Kivirikko KI (1997) Cloning 
of the human prolyl 4-hydroxylase α subunit isoform α(II) and characterization of the type II 
enzyme tetramer. The α(I) and α(II) subunits do not form a mixed α(I)α(II)β2 tetramer. J Biol 
Chem 272: 17342-17348. 

Annunen P, Koivunen P & Kivirikko KI (1999) Cloning of the α subunit of prolyl 4-hydroxylase 
from Drosophila and expression and characterization of the corresponding enzyme tetramer 
with some unique properties. J Biol Chem 274: 6790-6796. 

Bassuk JA, Kao WW, Herzer P, Kedersha NL, Seyer J, DeMartino JA, Daugherty BL, Mark GE, 
3d & Berg RA (1989) Prolyl 4-hydroxylase: molecular cloning and the primary structure of the 
α subunit from chicken embryo. Proc Natl Acad Sci USA 86: 7382-7386. 

Bax A & Ikura MJ (1991) An efficient 3D NMR technique for correlating the proton and 15N 
backbone amide resonances with the α-carbon of the preceding residue in uniformly 15N/13C 
enriched proteins. J Biomol NMR  1: 99-105. 

Bella J, Brodsky B & Berman HM (1995) Hydration structure of a collagen peptide. Structure 3: 
893-906.  

Bella J, Eaton M, Brodsky B & Berman HM (1994) Crystal and molecular structure of a collagen-
like polypeptide at 1.9 Å resolution. Science 266:75-81. 

Berg RA, Kao WW & Kedersha NL (1980) The assembly of tetrameric prolyl hydroxylase in 
tendon fibroblasts from newly synthesized α-subunits and from preformed cross-reacting 
protein. Biochem J 189: 491-499. 



52 

 

Berg RA, Kishida Y, Sakakibara S & Prockop DS (1977) Hydroxylation of (Pro-Pro-Gly)5 and 
(Pro-Pro-Gly)10 by prolyl 4-hydroxylase. Evidence for an asymmetric active site in the enzyme. 
Biochemistry 16: 1615-1621. 
Berg RA & Prockop DJ (1973) The thermal transition of a non-hydroxylated form of collagen. 

Evidence for a role for hydroxyproline in stabilizing the triple-helix of collagen. Biochem 
Biophys Res Commun 52: 115-120. 

Björkegren C, Rozycki M, Schutt CE, Lindberg U & Karlsson R (1993) Mutagenesis of human 
profilin locates its poly(L-proline)-binding site to a hydrophobic patch of aromatic amino acids. 
FEBS Lett 333: 123-126. 

Bolwell GP, Robbins MP & Dixon RA (1985) Elicitor-induced prolyl hydroxylase from French 
bean (Phaseolus vulgaris). Localization, purification and properties. Biochem J 229: 693-699. 

Bottomley MJ, Batten MR, Lumb RA & Bulleid NJ (2001) Quality control in the endoplasmic 
reticulum: PDI mediates the ER retention of unassembled procollagen C-propeptides. Curr Biol 
11: 1114-1148. 

Bruick RK & McKnight SL (2001) A conserved family of prolyl 4-hydroxylases that modify HIF. 
Science 294: 1337-1340. 

Cai H, Wang C-C & Tsou C-L (1994) Chaperone-like activity of protein disulfide isomerase in the 
refolding of a protein with no disulfide bonds. J Biol Chem 269: 24550-24552. 

Cassab GI (1998) Plant cell wall proteins. Annu Rev Plant Physiol Plant Mol Biol 49: 281-309. 
Chichester III CO, Fuller GC & Cardinale GJ (1976) In vivo labeling and turnover of prolyl 

hydroxylase and a related immunoreactive protein. Biochem Biophys Res Commun 73: 1056-
1062. 

Clifton IJ, Hsueh L-C, Baldwin JE, Harlos K & Schofield CJ (2001) Structure of proline 3-
hydroxylase. Evolution of the family of 2-oxoglutarate dependent dioxygenases. Eur J Biochem 
268: 6625-6636. 

Clubb RT, Omichinski JG, Clore GM & Gronenborn AM (1994) Mapping the binding surface of 
interleukin-8 complexes with an N-terminal fragment of the type 1 human interleukin-8 
receptor. FEBS Lett 338: 93-97. 

Cohen PB, Schibeci A & Fincher GB (1983) Biosynthesis of arabinogalactan-protein in Lolium 
multiflorum (Ryegrass) endosperm cells, subcellular distribution of prolyl 4-hydroxylase. Plant 
Physiol 72: 754-758. 

Crossen R & Gruenwald S (1998) Baculovirus Expression Vector System; Instruction Manual, 
Pharmingen, San Diego, CA. 

de Jong L, van der Kraan I & de Waal A (1991) The kinetics of hte hydroxylation of procollagen 
by prolyl 4-hydroxylase. Proposal for a processive mechanism of binding of the dimeric 
hydroxylating enzyme in relation to the high kcat/Km ratio and a conformational requirement for 
hydroxylation of -X-Pro-Gly- sequences. Biochim Biophys Acta 1079: 103-111. 

DeRider ML, Wilkens SJ, Waddell MJ, Bretscher LE, Weinhold F, Raines RT & Markley JL 
(2002) Collagen stability: insights from NMR spectroscopic and hybrid density functional 
computational investigations of the effect of electronegative substituents on prolyl ring 
conformations. J Am Chem Soc 124: 2497-2505. 

Dijkstra K, Karvonen P,  Pirneskoski A, Koivunen P, Kivirikko KI, Darby NJ, van Straaten M, 
Scheek RM & Kemmink J (1999) Assignment of 1H, 13C and 15N resonances of the a' domain of 
protein disulfide isomerase. J Biomol NMR 14: 195-196. 

Edman JC, Ellis L, Blacher RW, Roth RA &Rutter WJ (1985) Sequence of protein disulphide 
isomerase and implications of its relationship to thioredoxin. Nature 317: 267-270. 

Elkins JM, Hewitson KS, McNeill LA, Seibel JF, Schlemminger I, Pugh CW, Ratcliffe PJ & 
Schofield CJ (2003) Structure of factor-inhibiting hypoxia-inducible factor (HIF) reveals 
mechanism of oxidative modification of HIF-1 alpha. J Biol Chem 278: 1802-1806.  

Elkins JM, Ryle MJ, Clifton IJ, Dunning Hotopp JC, Lloyd JS, Burzlaff NI, Baldwin JE, Hausinger 
RP & Roach PL (2002) X-ray crystal structure of Escherichia coli taurine/α-ketoglutarate 
dioxygenase complexed to ferrous iron and substrates. Biochemistry 41: 5185-5192. 

 
 
 



53 

 

Epstein ACR, Gleadle JM, McNeill LA, Hewitson KS, O'Rourke J, Mole DR, Mukherji M, Metzen 
E, Wilson MI, Dhanda A, Tian Y-M, Masson N, Hamilton DL, Jaakkola P, Barstead R, 
Hodgkin J, Maxwell PH, Pugh CW, Schofield CJ & Ratcliffe PJ (2001) C. elegans EGL-9 and 
mammalian homologs define a family of dioxygenases that regulate HIF by prolyl 
hydroxylation. Cell 107: 43-54. 

Eriksson M, Myllyharju J, Tu H, Hellman M & Kivirikko KI (1999) Evidence for 4-hydroxyproline 
in viral proteins. Characterization of a viral prolyl 4-hydroxylase and its peptide substrates. J 
Biol Chem 274: 22131-22134. 

Franzke C-W, Tasanen K, Schumann H & Bruckner-Tuderman L (2003) Collagenous 
transmembrane proteins: collagen XVII as a prototype. Matrix Biol 22: 299-309. 

Freedman RB, Hirst TR & Tuite MF (1994) Protein disulphide isomerase: building bridges in 
protein folding. Trends Biochem Sci 19: 331-336. 

Freund C, Dötsch V, Nishizawa K, Reinherz EL & Wagner G (1999) The GYF domain is a novel 
structural fold that is involved in lymphoid signaling through proline-rich sequences.  Nat Struct 
Biol 6: 656-660. 

Friedman L, Higgin JJ, Moulder G, Barstead R, Raines RT & Kimble J (2000) Prolyl 4-
hydroxylase is required for viability and morphogenesis in Caenorhabditis elegans. Proc Natl 
Acad Sci USA 97: 4736-4741. 

Fujimoto D & Prockop DJ (1969) Protocollagen proline hydroxylase from Ascaris lumbricoides. J 
Biol Chem 244: 201-210. 

Grzesiek S & Bax A (1992a) Improved 3D triple resonance NMR techniques applied to a 31 kDa 
protein. J Magn Reson 96: 432-440. 

Grzesiek S & Bax A (1992b) Correlating backbone amide and side chain resonances in larger 
proteins by multiple relayed triple resonance NMR  J Am Chem Soc 114: 6291-6293. 

Guthapfel R, Guéguen P & Quéméneur E (1996) ATP binding and hydrolysis by the 
multifunctional protein disulfide isomerase. J Biol Chem 271: 2663-2666. 

Göhring W, Sasaki T, Heldin CH & Timpl R (1998) Mapping of the binding of platelet-derived 
growth factor to distinct domains of the basement membrane proteins BM-40 and perlecan and 
distinction from the BM-40 collagen-binding epitope. Eur J Biochem 255: 60-66. 

Hanauske-Abel HM & Günzler V (1982) A stereochemical concept for the catalytic mechanism of 
prolylhydroxylase: applicability to classification and design of inhibitors. J Theor Biol 94: 421-
455. 

Hawkins HC & Freedman RB (1991) The reactivities and ionization properties of the active-site 
dithiol groups of mammalian protein disulphide-isomerase. Biochem J 275: 335-339. 

Hayano T & Kikuchi M (1995) Protein disulfide isomerase mutant lacking its isomerase activity 
accelerates protein folding in the cell. FEBS Lett 372: 210-214. 

Helaakoski T, Annunen P, Vuori K, MacNeil IA, Pihlajaniemi T & Kivirikko KI (1995) Cloning, 
baculovirus expression, and characterization of a second mouse prolyl 4-hydroxylase α-subunit 
isoform: Formation of an α2β2 tetramer with the protein disulfide-isomerase/β subunit. Proc 
Natl Acad Sci USA 92: 4427-4431. 

 Helaakoski T, Veijola J, Vuori K, Rehn M, Chow LT, Taillon-Miller P, Kivirikko KI & 
Pihlajaniemi T (1994) Structure and expression of the human gene for the α subunit of prolyl 4-
hydroxylase. The two alternatively spliced types of mRNA correspond to two homologous 
exons the sequences of which are expressed in a variety of tissues. J Biol Chem 269: 27847-
27854. 

Helaakoski T, Vuori K, Myllylä R, Kivirikko KI & Pihlajaniemi T (1989) Molecular cloning of the 
α-subunit of human prolyl 4-hydroxylase: the complete cDNA-derived amino acid sequence 
and evidence for alternative splicing of RNA transcipts. Proc Natl Acad Sci USA 86: 4392-
4396. 

Hill KL, Harfe BD, Dobbins CA & L'Hernault SW (2000) dpy-18 encodes an α-subunit of prolyl 4-
hydroxylase in Caenorhabditis elegans. Genetics 155: 1139-1148. 

Hirsilä M, Koivunen P, Günzler V, Kivirikko KI & Myllyharju J (2003) Characterization of the 
human prolyl 4-hydroxylases that modify the hypoxia-inducible factor HIF. J Biol Chem, 278: 
30772-30780. 



54 

 

Holmgren SK, Taylor KM, Bretcher LE & Raines RT (1998) Code for collagen's stability 
deciphered. Nature 392: 666-667. 

Holmskov U, Thiel S & Jensenius JC (2003) Collectins and ficolins: humoral lectins of the innate 
immune defense. Annu Rev Immunol 21: 547-578. 

Hopkinson I, Smith SA, Donne A, Gregory H, Franklin TJ, Grant ME & Rosamond J (1994) The 
complete cDNA derived sequence of the rat prolyl 4-hydroxylase α subunit. Gene 149: 391-
392. 

Hynes RO & Zhao Q (2000) The evolution of cell adhesion. J Cell Biol 150: F89-F95. 
Höyhtyä M, Myllylä R, Piuva J, Kivirikko KI & Tryggvason K (1984) Monoclonal antibodies to 

human prolyl 4-hydroxylase. Eur J Biochem 141: 477-482. 
Ikura M, Kay EL & Bax A (1990) A novel approach for sequential assignment of 1H, 13C, and 15N 

spectra of proteins: heteronuclear triple-resonance three-dimensional NMR spectroscopy. 
Application to calmodulin. Biochemistry 29: 4659-4667. 

Ivan M, Haberberger T, Gervasi DC, Michelson KS, Günzler V, Kondo K, Yang H, Sorokina I, 
Conaway RC, Conaway JW & Kaelin WG Jr (2002) Biochemical purification and 
pharmacological inhibition of a mammalian prolyl hydroxylase acting on hypoxia-inducible 
factor. Proc Natl Acad Sci USA 99: 13459-13464. 

Ivan M, Kondo K, Yang H, Kim W, Valiando J, Ohh M, Salic A, Asara JM, Lane WS & Kaelin 
WG Jr (2001) HIFα targeted for VHL-mediated destruction by proline hydroxylation: 
implications for O2 sensing. Science 292: 464-468. 

Jaakkola P, Mole DR, Tian Y-M, Wilson MI, Gielbert J, Gaskell SJ, von Kriegsheim A, Hebestreit 
HF, Mukherji M, Schofield CJ, Maxwell PH, Pugh CW & Ratcliffe PJ (2001) Targeting of HIF-
α to the von Hippel-Lindau ubiquitylation complex by O2-regulated prolyl hydroxylation. 
Science 292: 468-472. 

Jenkins CL & Raines RT (2001) Insights on the conformational stability of collagen. Nat Prod Rep 
19: 49-59. 

John DCA & Bulleid NJ (1994) Prolyl 4-hydroxylase: Defective assembly of α-subunit mutants 
indicates that assembled α-subunits are intramolecularly disulfide bonded. Biochemistry 33: 
14018-14025. 

John DC, Grant ME, Bulleid NJ (1993) Cell-free synthesis and assembly of prolyl 4-hydroxylase: 
the role of the β-subunit (PDI) in preventing misfolding and aggregation of the α-subunit. 
EMBO J 12: 1587-1595. 

Johnstone IL (2000) Cuticle collagen genes. Expression in Caenorhabditis elegans. Genetics 155: 
1139-1148. 

Jönsson U, Fägestam L, Ivarsson B, Johnsson B, Karlsson R, Lundh K, Löfås S, Persson B, Roos 
H, Rönnberg I, Sjölander S, Stenberg E, Ståhlberg R, Urbaniczky S, Östlin H & Malmqvist M 
(1991) Real-time biospecific interaction analysis using surface plasmon resonance and a sensor 
chip technology. Biotechniques 11: 620-627. 

Kabsch W (1993) Automatic processing of rotation diffraction data from crystals of initially 
unknown symmetry and cell constants. J Appl Cryst 26: 795-800. 

Kaska DD, Günzler V, Kivirikko KI & Myllylä R (1987) Characterization of a low relative-
molecular-mass prolyl 4-hydroxylase from the green alga Chlamydomonas reinhardii. Biochem 
J 241: 483-490. 

Kaska DD, Myllylä R, Günzler V, Gibor A & Kivirikko KI (1988) Prolyl 4-hydroxylase from 
Volvox carteri. A low-Mr enzyme antigenically related to the a subunit of the vertebrate 
enzyme. Biochem J 256: 257-263. 

Kay LE, Keifer P & Saarinen T (1992) Pure absorption gradient enhanced heteronuclear single 
quantum correlation spectroscopy with improved sensitivity. J Am Chem Soc 114: 10663-
10665. 

Kay B, Williamson MP & Sudol M (2000) The importance of being proline: the interaction of 
proline-rich motifs in signaling proteins with their cognate domains. FASEB J 14: 231-241. 

Kay LE, Xu GY & Yamazaki T (1994) Enhanced-sensitivity triple-resonance spectroscopy with 
minimal H2O saturation. J Magn Reson 109A: 129-133. 



55 

 

Kemmink J, Darby NJ, Dijkstra K, Nilges M & Creighton TE (1996) Structure determination of the 
N-terminal thioredoxin-like domain of protein disulfide isomerase using multidimensional 
heteronuclear 13C/15N NMR spectroscopy. Biochemistry 35: 7684-7691. 

Kemmink J, Darby NJ, Dijkstra K, Nilges M & Creighton TE (1997) The folding catalyst protein 
disulfide isomerase is constructed of active and inactive thioredoxin modules. Curr Biol. 7: 239-
245. 

Kielty CM & Grant ME (2002) The collagen family: structure, assembly, and organization in the 
extracellular matrix In: Royce PM & Steinmann B (eds) Connective Tissue and Its Heritable 
Disorders, Wiley-Liss, Inc., New York, 159-221. 

Kivirikko KI (1993) Collagens and their abnormalities in a wide spectrum of diseases. Ann Med 
25: 113-126. 

Kivirikko KI, Laitinen O & Prockop DJ (1967) Modifications of a specific assay for 
hydroxyproline in urine. Anal Biochem 19: 249-255. 

Kivirikko KI & Myllyharju J (1998) Prolyl 4-hydroxylases and their protein disulfide isomerase 
subunit. Matrix Biol 16: 357-368. 

Kivirikko KI & Myllylä R (1980) The enzymology of post-translational modifications of proteins. 
In: Freedman RB & Hawkins HC (eds). The Enzymology of Post-translational Modification of 
Proteins. Academic, London, 53-104.  

Kivirikko KI & Myllylä R (1982) Posttranslational enzymes in the biosynthesis of collagen: 
intracellular enzymes. Methods Enzymol 82: 245-304. 

Kivirikko KI, Myllylä R & Pihlajaniemi T (1992) Hydroxylation of proline and lysine residues in 
collagens and other animal and plant proteins. In: Harding JJ, Crabbe JC (eds) Post-
Translational Modifications of Proteins. CRC, Boca Raton, 1-51. 

Kivirikko KI & Pihlajaniemi T (1998) Collagen hydroxylases and the protein disulfide isomerase 
subunit of prolyl 4-hydroxylases. Adv Enzymol Related Areas Mol Biol 72: 325-398. 

Kivirikko KI, Suga K, Kishida Y, Sakakibara S & Prockop DJ (1971) Asymmetry in the 
hydroxylation of (Pro-Pro-Gly)5 by protocollagen proline hydroxylase. Biochem Biophys Res 
Commun 45: 1591-1596. 

Koivu J, Myllylä R, Helaakoski T, Pihlajaniemi T, Tasanen K & Kivirikko KI (1987) A single 
polypeptide acts both as the β subunit of prolyl 4-hydroxylase and as a protein disulphide-
isomerase. J Biol Chem 262: 6447-6449. 

Koivunen P, Pirneskoski A, Karvonen P, Ljung J, Helaakoski T, Notbohm H & Kivirikko KI 
(1999) The acidic C-terminal domain of protein disulfide isomerase is not critical for the 
enzyme subunit function or for the chaperone or disulfide isomerase activities of the 
polypeptide. EMBO J 18: 65-74. 

Kramer JM (1997) Extracellular matrix. In: Riddle DL, Blumenthal T, Meyer BJ & Priess JR (eds) 
C. elegans II. Cold Spring Harbor Laboratory Press, 471-500. 

Krishna Rao AS & Hausman RE (1993) cDNA for R-cognin: homology with a multifunctional 
protein. Proc Natl Acad Sci USA  90: 2950-2954. 

Kukkola L, Hieta R, Kivirikko KI & Myllyharju J (2003) Identification and characterization of a 
third human, rat and mouse collagen prolyl 4-hydroxylase isoenzyme. J Biol Chem, in press. 

Lamandé SR & Bateman JF (1999) Procollagen folding and assembly: the role of endoplasmic 
reticulum enzymes and molecular chaperones. Semin Cell Dev Biol 10: 455-464. 

LaMantia M & Lennarz WJ (1993) The essential function of yeast protein disulfide isomerase does 
not reside in its isomerase activity. Cell 74: 899-908. 

Lamberg A, Helaakoski T, Myllyharju J, Peltonen S, Notbohm H, Pihlajaniemi T & Kivirikko KI. 
(1996b) Characterization of human type III collagen expressed in a baculovirus system. 
Production of a protein with a stable triple helix requires coexpression with the two types of 
recombinant prolyl 4-hydroxylase subunit. .J Biol Chem. 271: 11988-11995. 

Lamberg A, Jauhiainen M, Metso J, Enholm C, Shoulders C, Scott J, Pihlajaniemi T & Kivirikko 
KI (1996a) The role of protein disulphide isomerase in the microsomal triglyseride transfer 
protein does not reside in its isomerase activity. Biochem J 315: 533-536. 

Lamberg A, Pihlajaniemi T & Kivirikko KI (1995) Site-directed mutagenesis of the α subunit of 
human prolyl 4-hydroxylase. Identification of three histidine residues critical for catalytic 
activity. J Biol Chem 270: 9926-9931. 



56 

 

Lebeche D, Lucero HA & Kaminer B (1994) Calcium binding properties of rabbit liver protein 
disulfide isomerase. Biochem Biophys Res Commun 202: 9926-9931. 

Lee C, Kim SJ, Jeong DG, Lee SM & Ryu SE (2003) Structure of human FIH-1 reveals a unique 
active site pocket and interaction sites for HIF-1 and von Hippel-Lindau. J Biol Chem 278: 
7558-7563.  

Macias MJ, Hyvönen M, Baraldi E, Schultz J, Sudol M, Saraste M & Oschkinat H (1996) Structure 
of the WW domain of a kinase-associated protein complexed with a proline-rich peptide. Nature 
382: 646-649. 

Macias MJ, Wiesner S & Sudol M (2002) WW and SH3 domains, two different scaffolds to 
recognize proline-rich ligands. FEBS Lett 513: 30-37. 

Mahoney NM, Janmey PA & Almo SC (1997) Structure of the profilin-poly-L-proline complex 
involved in morphogenesis and cytoskeletal regulation. Nat Struct Biol 4: 953-960. 

Mahoney NM, Rozwarski DA, Fedorov E, Fedorov AA & Almo SC (1999) Profilin binds proline-
rich ligands in two distinct amide backbone orientations. Nat Struct Biol 6: 666-671. 

Majamaa K, Hanauske-Abel HM, Günzler V & Kivirikko KI (1984) The 2-oxoglutarate binding 
site of prolyl 4-hydroxylase. Identification of distinct subsites and evidence for 2-oxoglutarate 
decarboxylation in a ligand reaction at the enzyme-bound ferrous ion. Eur J Biochem 138: 239-
245. 

Majamaa K, Kuutti-Savolainen ER, Tuderman L & Kivirikko KI (1979) Turnover of prolyl 
hydroxylase tetramers and the monomer-size protein in chick-embryo cartilaginous bone and 
lung in vivo. Biochem J 178: 313-322. 

Majamaa K & Oikarinen J (1982) Labelling of prolyl hydroxylase tetrameric subunits in freshly 
isolated chick-embryo tendon cells and in certain chick-embryo tissues in vivo. Biochem J 204: 
737-742. 

McLaughlin SH & Bulleid NJ (1998) Molecular recognition in procollagen chain assembly. Matrix 
Biol 16: 369-377. 

Merriweather A, Günzler V, Brenner M & Unnasch TR (2001) Characterization and expression of 
enzymatically active recombinant filarial prolyl 4-hydroxylase. Mol Biochem Parasitol 116: 
185-197. 

Murray LW, Waite JH, Tanzer ML & Hauschka PV (1982) Preparation and characterization of 
invertebrate collagens. Methods Enzymol 82: 65-96. 

Myllyharju J (2003a) Collagen biosynthesis. Progr Biotechnol 23: 141-146. 
Myllyharju J (2003b) Prolyl 4-hydroxylases, the key enzymes of collagen biosynthesis. Matrix Biol 

22: 15-24. 
Myllyharju J & Kivirikko KI (1997) Characterization of the iron- and 2-oxoglutarate-binding sites 

of human prolyl 4-hydroxylase. EMBO J 16: 1173-1180. 
Myllyharju J, Lamberg A, Notbohm H, Fietzek PP, Pihlajaniemi T & Kivirikko KI (1997) 

Expression of wild-type and modified proalpha chains of human type I procollagen in insect 
cells leads to the formation of stable [alpha1(I)]2alpha2(I) collagen heterotrimers and 
[alpha1(I)]3 homotrimers but not [alpha2(I)]3 homotrimers. J Biol Chem 272: 21824-21830. 

Myllyharju & Kivirikko (1999) Identification of a novel proline-rich peptide-binding domain in 
prolyl 4-hydroxylase. EMBO J 18: 306-312. 

Myllyharju J & Kivirikko KI (2001) Collagens and collagen-related diseases. Ann Med 33: 7-21. 
Myllyharju J & Kivirikko KI (2003) Collagens and their mutations: from man to Drosophila and 

Caenorhabditis elegans. Trends Genet, in press. 
Myllyharju J, Kukkola L, Winter AD & Page AP (2002) The exoskeleton collagens in 

Caenorhabditis elegans are modified by prolyl 4-hydroxylases with unique combinations of 
subunits. J Biol Chem 277: 29187-29196. 

Myllylä R, Kaska DD & Kivirikko KI (1989) The catalytic mechanism of the hydroxylation 
reaction of peptidyl proline and lysine does not require protein disulphide isomerase activity. 
Biochem J 263: 609-611. 

Myllylä R, Majamaa K, Günzler V, Hanauske-Abel HM & Kivirikko KI (1984) Ascorbate is 
consumed stoichiometrically in the uncoupled reactions catalyzed by prolyl 4-hydroxylase and 
lysyl hydroxylase. J Biol Chem 259: 5403-5405. 



57 

 

Myllylä R, Tuderman L & Kivirikko KI (1977) Mechanism of the prolyl 4-hydroxylase reaction. 2. 
Kinetic analysis of the reaction sequence. Eur J Biochem 80: 349-357.  

Nietfeld JJ, Van der Kraan J & Kemp A (1981) Dissociation and reassociation of prolyl 4-
hydroxylase subunits after cross-linking of monomers. Biochim Biophys Acta 661: 21-27. 

Nissi R, Autio-Harmainen H, Marttila P, Sormunen R & Kivirikko KI (2001) Prolyl 4-hydroxylase 
isoenzymes I and II have different expression patterns in several human tissues. J Histochem 
Cytochem 49: 1143-1153. 

Noble MEM, Musacchio A, Saraste M, Courtneidge SA & Wierenga RK (1993) Crystal structure 
of the SH3 domain in human Fyn; comparison of the three-dimensional structures of SH3 
domains in tyrosine kinases and spectrin. EMBO J 12: 2617-2624. 

Nodelman IM, Bowman GD, Lindberg U & Schutt C (1999) X-ray structure determination of 
human profilin II: A comparative structural analysis of human profilins.  J Mol Biol 294: 1271-
1285. 

Noiva R, Freedman RB & Lennarz WJ (1993) Peptide binding to protein disulfide isomerase 
occurs at a site distinct from the active sites. J Biol Chem 268: 19210-19217. 

Nokelainen M, Nissi R, Kukkola L, Helaakoski T & Myllyharju J (2001a) Characterization of the 
human and mouse genes for the α subunit of  type II prolyl 4-hydroxylase. Identification of a 
previously unknown alternatively spliced exon and its expression in various tissues. Eur J 
Biochem 268: 5300-5309. 

Nokelainen M, Tu H, Vuorela A, Notbohm H, Kivirikko KI & Myllyharju J (2001b) High-level 
production of human type I collagen in the yeast Pichia pastoris. Yeast 18: 797-806. 

Otsu M, Omura F, Yoshimori T & Kikuchi M (1994) Protein disulfide isomerase associates with 
misfolded human lysozyme in vivo. J Biol Chem 269: 6874-6877. 

Page AP (2001) The nematode cuticle: synthesis, modification and mutants. In: Kennedy MW & 
Harnett W (eds) Parasitic Nematodes. CABI Press, Oxford, UK, 167-193. 

Pelham HRB (1990) The retention signal for soluble proteins of the endoplasmic reticulum. Trends 
Biochem Sci 15: 483-486. 

Pihlajaniemi T, Helaakoski T, Tasanen K, Myllylä R, Huhtala M-L, Koivu J & Kivirikko KI (1987) 
Molecular cloning of the β-subunit of human prolyl 4-hydroxylase. This subunit and protein 
disulphide isomerase are products of the same gene. EMBO J 6: 643-649. 

Prehoda KE, Lee DJ & Lim WA (1999) Structure of the enabled/VASP homology 1 domain-
peptide complex: a key component in the spatial control of actin assembly. Cell 97: 471-480. 

Prockop DJ & Kivirikko KI (1995) Collagens: molecular biology, diseases, and potentials for 
therapy. Annu Rev Biochem 64: 403-434. 

Puig A, Lyles MM, Noiva R & Gilbert HF (1994) The role of the thiol/disulfide centers and peptide 
binding site in the chaperone and anti-chaperone activities of protein disulfide isomerase. J Biol 
Chem 269: 19128-19135.  

Quéméneur E, Guthapfel R & Guéguen P (1994) A major phosphoprotein of the endoplasmic 
reticulum is protein disulfide isomerase. J Biol Chem 269: 5485-5488. 

Riihimaa P, Nissi R, Page AP, Winter AD, Keskiaho K, Kivirikko KI & Myllyharju J (2002) Egg 
shell collagen formation in Caenorhabditis elegans involves a novel prolyl 4-hydroxylase 
expressed in spermatheca and embryos and possessing many unique properties. J Biol Chem 
277: 18238-18243. 

Roach PL, Clifton IJ, Fülöp V, Harlos K, Barton GJ, Hajdu J, Andersson I, Schofield CJ & 
Baldwin JE (1995) Crystal structure of isopenicillin N synthase is the first from a new structural 
family of enzymes.  Nature 375: 700-704. 

Rosenbloom J & Abrams WR (2002) Elastin and the microfibrillar apparatus. In: Royce PM & 
Steinmann B (eds) Connective Tissue and Its Heritable Disorders, Wiley-Liss, Inc., New York, 
249-269. 

Rosenbloom J, Harsch M & Jimenez S (1973) Hydroxyproline content determines the denaturation 
temperature of chick tendon collagen. Arch Biochem Biophys 158: 478-484. 

Rupp K, Birnbach U, Lundström J, Nguyen Van P & Söling H-D (1994) Effects of CaBP2, the rat 
analog of ERp72, and of CaBP1 on the refolding of denatured reduced proteins. Comparison 
with protein disulphide isomerase. J Biol Chem 269: 2501-2507. 



58 

 

Sadava D & Chrispeels MJ (1971) Hydroxyproline biosynthesis in plant cells. Peptidyl proline 
hydroxylase from carrot discs. Biochim Biophys Acta 227: 278-287. 

Sauer A & Robinson DG (1985) Intracellular localization  of post-translational modifications in the 
synthesis of hydroxyproline-rich glycoproteins. Peptidyl proline hydroxylation in maize roots. 
Planta 164: 287-294. 

Showalter AM (1993) Structure and function of plant cell wall proteins. Plant Cell 5: 9-23. 
Showalter AM (2001) Arabinogalactan-proteins: structure, expression and function. 

Cell Mol Life Sci 58: 1399-1417. 
Shpak E, Barbar E, Leykam JF & Kieliszewski MJ (2001) Contiguous hydroxyproline residues 

direct hydroxyproline arabinosylation in Nicotiana tabacum. J Biol Chem 276: 11272-11278. 
Smith MCM, Burns N, Sayers JR, Sorrell JA, Casjens SR & Hendrix RW (1998) Bacteriophage 

collagen. Science 279: 1834. 
Sudol M, Chen HI, Bougeret C, Einbond A & Bork P (1995) Characterization of a novel protein-

binding module - the WW domain. FEBS Lett 369: 67-71. 
Takahashi Y, Takahashi S, Shiga Y, Yoshimi T & Miura T (2000) Hypoxic induction of prolyl 4-

hydroxylase α(I) in cultured cells. J Biol Chem 275: 14139-14146. 
Tanaka M, Shibata H & Uchida T (1980) A new prolyl hydroxylase acting on poly-L-proline, from 

suspension cultured cells of Vinca rosea. Biochim Biophys Acta 616: 188-198. 
Tanaka M, Sato K & Uchida T (1981) Plant prolyl hydroxylase recognizes poly(L-proline) II helix. 

J Biol Chem 256: 11397-11400. 
Tasanen K, Parkkonen T, Chow LT, Kivirikko KI & Pihlajaniemi T (1988) Characterization of the 

human gene for a polypeptide that acts both as the β-subunit of prolyl 4-hydroxylase and as a 
protein disulfide isomerase. J Biol Chem 263: 16218-16224. 

Tong L & Rossmann MG (1990) The locked rotation function. Acta Cryst A46: 783-792. 
Trent C, Tsung N & Horvitz HR (1983) Egg-laying defective mutants of the nematode 

Caenorhabditis elegans. Genetics 104: 619-647. 
Tschank G, Sanders J, Baringhaus KH, Dallacker F, Kivirikko KI & Günzler V (1994) Structural 

requirements for the utilisation of ascorbate analogues in the prolyl 4-hydroxylase reaction. 
Biochem J 300: 75-79. 

Tuderman L, Myllylä R & Kivirikko KI (1977) Mechanism of the prolyl 4-hydroxylase reaction. 1. 
Role of co-substrates. Eur J Biochem 80: 341-348. 

Valegård K,  van Scheltinga AC, Lloyd MD, Hara T, Ramaswamy S, Perrakis A, Thompson A, Lee 
HJ, Baldwin JE, Schofield CJ, Hajdu J & Andersson I (1998) Structure of a cephalosporin 
synthase. Nature 394: 805-809. 

Van Den Diepstraten C, Papay K, Bolender Z, Brown A & Pickering GJ (2003) Cloning of a novel 
prolyl 4-hydroxylase subunit expressed in the fibrous cap of human atherosclerotic plaque. 
Circulation 108: 508-511. 

Veijola J, Annunen P, Koivunen P, Page AP, Pihlajaniemi T & Kivirikko KI (1996a) Baculovirus 
expression of two protein disulfide isomerase isoforms from Caenorhabditis elegans and 
characterization of prolyl 4-hydroxylases containing on of these polypeptides as their β subunit. 
Biochem J 317: 721-729. 

Veijola J, Koivunen P, Annunen P, Pihlajaniemi T & Kivirikko KI (1994) Cloning, baculovirus 
expression, and characterization of the α subunit of prolyl 4-hydroxylase from the nematode 
Caenorhabditis elegans. This α subunit forms an active αβ dimer with the human protein 
disulfide isomerase/β subunit. J Biol Chem 269: 26746-26753. 

Veijola J, Pihlajaniemi T & Kivirikko KI (1996b) Coexpression of the α subunit of human prolyl 4-
hydroxylase with BiP polypeptide in insect cells leads to the formation of soluble and insoluble 
complexes. Soluble α subunit-BiP complexes have no prolyl 4-hydroxylase activity. Biochem J 
315: 613-618. 

Vuorela A, Myllyharju J, Nissi R, Pihlajaniemi T & Kivirikko KI (1997) Assembly of human 
prolyl 4-hydroxylase and type III collagen in the yeast Pichia pastoris: formation of a stable 
enzyme tetramer requires coexpression with collagen and assembly of a stable collagen requires 
coexpression with prolyl 4-hydroxylase. EMBO J 16: 6702-6712. 

 
 



59 

 

Vuori K, Myllylä R, Pihlajaniemi T & Kivirikko KI (1992a) Site-directed mutagenesis of human 
protein disulphide isomerase: effect on the assembly, activity and endoplasmic reticulum 
retention of human prolyl 4-hydroxylase in Spodoptera frugiperda insect cells. EMBO J 11: 
4213-4217. 

Vuori K, Myllylä R, Pihlajaniemi T & Kivirikko KI (1992b) Expression and site-directed 
mutagenesis of human protein disulfide-isomerase in Escherichia coli. This multifunctional 
polypeptide has two independently acting catalytic sites for the isomerase activity. J Biol Chem 
267: 7211-7214. 

Vuori K, Pihlajaniemi T, Marttila M & Kivirikko KI (1992c) Characterization of the human prolyl 
4-hydroxylase tetramer and its multifunctional protein disulfide-isomerase subunit synthesized 
in a baculovirus expression system. Proc Natl Acad Sci USA 89: 7467-7470. 

Wells WW, Xu DP, Yang Y & Rocque PA (1990) Mammalian thioltranferase (glutaredoxin) and 
protein disulfide isomerase have dehydroascorbate reductase activity. J Biol Chem 265: 15361-
15364. 

Wetterau JR, Combs KA, McLean LR, Spinner SN & Aggerbeck LP (1991) Protein disulfide 
isomerase appears necessary to maintain the catalytically active structure of the microsomal 
triglyseride transfer protein. Biochemistry 30: 9728-9735. 

Wetterau JR, Combs KA, Spinner SN & Joiner BJ (1990) Protein disulfide isomerase is a 
component of the microsomal triglyseride transfer protein complex. J Biol Chem 265: 9801-
9807. 

Wilmouth RC, Turnbull JJ, Welford RWD, Clifton IJ, Prescott AG & Schofield CJ (2002) 
Structure and mechanism of anthocyanidin synthase from Arabidopsis thaliana. Structure 10: 
93-103. 

Wilson R, Lees JF & Bulleid NJ (1998) Protein disulfide isomerase acts as a molecular chaperone 
during the assembly of procollagen. J Biol Chem 273: 9637-9643. 

Winter AD, Myllyharju J & Page AP (2003) A hypodermally expressed prolyl 4-hydroxylase from 
the filarial nematode Brugia malayi is soluble and active in the absence of protein disulfide 
isomerase. J Biol Chem 278: 2554-2562. 

Winter AD & Page AP (2000) Prolyl 4-hydroxylase is an essential procollagen-modifying enzyme 
required for exoskeleton formation and the maintenance of body shape in the nematode 
Caenorhabditis elegans. Mol Cell Biol 20: 4084-4093. 

Wishart DS & Sykes BD (1994) The 13C chemical-shift index: a simple method for the 
identification of protein secondary structure using 13C chemical-shift data. J Biomol NMR 4: 
171-180. 

Wittekind M & Mueller L (1993) HNCACB, a high-sensitivity 3D NMR experiment to correlate 
amide-proton and nitrogen resonances with the alpha- and beta-carbon resonances in proteins. J 
Magn Reson 101B: 201-205. 

Wojtaszek P, Smith CG & Bolwell GP (1999) Ultrastructural localisation and further biochemical 
characterisation of prolyl 4-hydroxylase from Phaseolus vulgaris: comparative analysis. Int J 
Biochem Cell Biol 31: 463-77. 

Xu W, Harrison SC & Eck MJ (1997) Three-dimensional structure of the tyrosine kinase c-Src. 
Nature 385: 595-602. 

Xu Y, Keene DR, Bujnicki J, Höök M & Lukomski S (2002) Streptococcal Sc11 and Sc12 proteins 
form collagen-like triple-helices. J Biol Chem 277: 27312-27318. 

Yao Y, Zhou Y-C & Wang C-C (1997) Both the isomerase and chaperone activities of protein 
disulfide isomerase are required for the reactivation of reduced and renatured acidic 
phospholipase A2. EMBO J 16: 651-658. 

Yu F, White SB, Zhao Q & Lee FS (2001) HIF-1α binding to VHL is regulated by stimulus-
sensitive proline hydroxylation. Proc Natl Acad Sci USA 98: 9630-9635. 

Yu H, Chen JK, Feng S, Dalgarno DC, Brauer AW & Schreiber SL (1994) Structural basis for the 
binding of proline-rich peptides to SH3 domains. Cell 76: 933-945. 

Zeelen J, Hiltunen JK, Ceska T A & Wierenga RK (1994) Crystallization experiments with 2-
enoyl-CoA hydratase, using an automated `fast-screening' crystallization protocol. Acta Cryst 
D50: 443-447. 



60 

 

Zhang ZH, Ren JS, Stammers DK, Baldwin JE, Harlos K & Schofield CJ (2000) Structural origins 
of the selectivity of the trifunctional oxygenase clavaminic acid synthase. Nat Struct Biol 7: 
127-133.


	Abstract
	Acknowledgements
	Abbreviations
	List of original articles
	Contents
	1 Introduction
	2 Review of the literature
	2.1 Occurrence and functions of 4-hydroxyproline in animal and
	2.1.1 Animal proteins
	2.1.1.1 Collagens and proteins with collagen-like sequences
	2.1.1.2 Hypoxia-inducible factor HIF

	2.1.2 Plant proteins

	2.2 Collagen prolyl 4-hydroxylases and related enzymes
	2.2.1 Molecular and structural properties of the vertebrate collagen
	2.2.1.1 The catalytic α subunit
	2.2.1.2 The peptide-substrate-binding domain
	2.2.1.3 The multifunctional β subunit

	2.2.2 Nematode and D. melanogaster collagen prolyl 4-hydroxylases
	2.2.3 Plant and viral prolyl 4-hydroxylases
	2.2.3.1 Higher plant and algal prolyl 4-hydroxylases
	2.2.3.2 Paramecium bursaria Chlorella virus-1 P4H - the viral prolyl 4-

	2.2.4 Catalytic properties of collagen prolyl 4-hydroxylases
	2.2.4.1 Cosubstrates and reaction mechanism
	2.2.4.2 Substrate specificity and inhibitors

	2.2.5 Regulation of enzyme activity
	2.2.6 HIF prolyl 4-hydroxylases


	3 Outlines of the present research
	4 Materials and methods
	4.1 The peptide-substrate-binding domain of the human collagen
	4.1.1 Protein expression and purification (I, II)
	4.1.2 Peptides (I)
	4.1.3 Circular dichroism spectroscopy (I)
	4.1.4 NMR spectroscopy (I)
	4.1.5 Surface plasmon resonance (I)
	4.1.6 Isothermal titration calorimetry (I)
	4.1.7 Crystallization and X-ray diffraction analysis (II)
	4.1.8 Other assays (I)

	4.2 Cloning and characterization of the Arabidopsis thaliana prolyl 4-
	4.2.1 Identification and cloning of the A. thaliana
	4.2.2 Expression of a recombinant A. thaliana P4H
	4.2.3 Site-directed mutagenesis
	4.2.4 Other assays


	5 Results
	5.1 The peptide-substrate-binding domain of the human collagen
	5.1.1 Expression and purification of the recombinant domain (I, II)
	5.1.2 Circular dichroism (CD) analysis of the α(I) peptide-substratebinding
	5.1.3 NMR assignments of the α(I) peptide-substrate-binding
	5.1.4 Surface plasmon resonance (SPR) studies of peptide binding (I)
	5.1.5 Isothermal titration microcalorimetry (ITC)
	5.1.6 Crystallization and X-ray diffraction analysis (II)

	5.2 Cloning and characterization of the Arabidopsis thaliana prolyl 4-
	5.2.1 Identification and cloning of the A. thaliana
	5.2.2 Expression of recombinant At-P4H-1 in insect cells and E. coli
	5.2.3 Catalytic activity of the recombinant At-P4H-1
	5.2.4 Site-directed mutagenesis studies
	5.2.5 Substrate specificity of At-P4H-1


	6 Discussion
	6.1 The peptide-substrate-binding domain of the human collagen
	6.2 Arabidopsis thaliana prolyl 4-hydroxylase (III)

	7 Future prospects
	References



