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Abstract

Prolyl hydroxylases catalyze the post-translational formation of 3- and 4-hydroxyprolines in
polypeptides. To date, two prolyl 4-hydroxylase families are known to exist: collagen prolyl 4-
hydroxylases (C-P4Hs) which reside in the endoplasmic reticulum, and hypoxia-inducible factor
prolyl 4-hydroxylases (HIF-P4Hs) which are located in either the cytoplasm or nucleus. C-P4Hs and
HIF-P4Hs belong to the 2-oxoglutarate dioxygenase family and require Fe2*, 2-oxoglutarate, O, and
ascorbate in their reaction. C-P4Hs are critical enzymes in collagen biosynthesis since the formation
of 4-hydroxyproline residues stabilizes the collagen triple helix at body temperature. HIF-P4Hs
regulate, through hypoxia-inducible factor HIF, the expression of genes that are essential for the
survival of cells during hypoxia.

This thesis reports the cloning and characterization of two novel P4Hs, from human and a plant,
which show some distinct features when compared to previously characterized P4Hs. The human
P4H was found to have a unique transmembrane domain, with its catalytic region residing inside the
lumen of the endoplasmic reticulum, its subcellular localization thus being identical to that of the C-
P4Hs. However, unlike C-P4Hs, it hydroxylated HIF-o both in vitro and in cellulo. Furthermore, its
expression level was induced in hypoxic conditions in most of the cell lines studied. The Arabidopsis
thaliana P4H had distinct differences in its substrate specificity when compared to another previously
characterized A. thaliana P4H. Interestingly, the putative peptide binding regions of the two new
P4Hs characterized in this study shared some homology.

Three prolyl 3-hydroxylase (P3H) isoenzymes are known to exist in vertebrates and they also
belong to the 2-oxoglutarate dioxygenases. It is known that 3-hydroxyprolines are found only in
collagens, being most abundant in type 1V collagen. The function of this modification is as yet poorly
understood, but its absence in collagen | has recently been shown to lead to recessive lethal
osteogenesis imperfecta. The human P3H isoenzymes were cloned during these thesis studies, and
were expressed as recombinant proteins. The Kinetic properties of one of them, P3H2, which was
found to be expressed in structures rich with basement membranes, was studied in detail.

Keywords: collagen, hypoxia-inducible factor, prolyl 3-hydroxylase, prolyl 4-hydroxylase
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Tiivistelma

Prolyylihydroksylaasit ovat entsyymejd, jotka katalysoivat 3- ja 4-hydroksiproliinien muodostumisen
valkuaisaineissa.  Nykyisin tunnetaan ainakin kaksi prolyyli-4-hydroksylaasien  (P4H)
entsyymiperhettd:  endoplasmakalvostossa ~ sijaitsevat  kollageeni  prolyyli-4-hydroksylaasit
(kollageeni-P4H:t) sek& vahdhappisissa  olosuhteissa  aktivoituvaa  transkriptiotekijaa,
hypoksiaindusoituvaa faktoria (HIF), hydroksyloivat prolyyli-4-hydroksylaasit (HIF-P4H:t). HIF-
P4H:t sijaitsevat sytoplasmassa ja tumassa. Sekd kollageeni-P4H:t ettd HIF-P4H:t kuuluvat 2-
oksoglutaraattidioksygenaasien laajaan  entsyymiperheeseen. N&méa entsyymit tarvitsevat
kosubstraateikseen rautaa, 2-oksoglutaraattia, happea sek& C-vitamiinia. Kollageeni-P4H:t
hydroksyloivat kollageenien proliinitéhteitd ja ovat avainasemassa kollageenisynteesissd, silla
muodostuneet 4-hydroksiproliinitdhteet ovat ehdoton vaatimus stabiilille kollageenirakenteelle. HIF-
P4H:t saatelevat puolestaan niiden geenien ilmenemistd, jotka ovat valttdmattémia elimiston
selviytymiselle vahahappisissa olosuhteissa. HIF-P4H:t hydroksyloivat HIF-transkriptiotekijan o-
alayksikon tiettyja proliinitédhteitd hapen l&sné ollessa, joka ohjaa a-alayksikén proteasomaaliseen
hajotukseen eik aktiivista HIF transkriptiotekijad siten muodostu. Alentuneessa happipitoisuudessa
HIF-P4AH entsyymien toiminta estyy, HIF stabiloituu ja aktivoi kohdegeeniensd toiminnan.
Kollageeni-P4H entsyymeja pidetd&n erityisen sopivina ladkekehityksen kohteina fibroottisten ja
HIF-P4H entsyymeja iskeemisten sairauksien hoitoon.

Tassa vaitdskirjatyossa on karakterisoitu aiemmin tuntematon ihmisen transmembraaninen P4H
entsyymi (P4H-TM). Entsyymi osoittautui indusoituvan vahdhappisissa olosuhteissa useissa
solulinjoissa ja hydroksyloivan HIF-transkriptiotekijdd@ muistuttaen siten HIF-P4H entsyymeja.
Kuitenkin P4H-TM:n solulokalisaatio poikkesi HIF-P4H entsyymeistd, silld sen havaittiin sijaitsevan
endoplasmakalvostossa, katalyyttinen keskus kalvoston sisall&. Naiden tutkimustulosten valossa on
oletettavaa, ettd talla ihmisentsyymilld on HIF:n lisdksi toinen toistaiseksi tuntematon fysiologinen
substraatti. Vaitoskirjassa karakterisoitiin toinen lituruohon, Arabidopsis thalianan, P4H (At-P4H-2),
joka poikkesi katalyyttisiltd ominaisuuksiltaan aiemmin karakterisoidusta lituruohon P4H:sta.
Naiden kahden kasvientsyymin substraattivaatimusten poiketessa selvasti toisistaan, on niill4 solussa
todenndkdisesti spesifiset tehtavat. At-P4H-2:n oletetulla substraatin sitomisalueella on jakso, joka
on 37-prosenttisesti identtinen ihmisen P4H-TM:n Kkanssa, minkd vuoksi At-P4H-2:n
karakterisoinnin uskottiin olevan tarked apuvaline ihmisen PAH-TM:n tutkimuksissa.

Selkarankaisilla prolyyli-3-hydroksylaaseja (P3H) tiedetadn olevan kolme, ja myds ne kuuluvat
2-oksoglutaraattidioksygenaaseihin.  3-Hydroksiproliinia esiintyy ainoastaan kollageeneissa,
erityisesti tyypin IV kollageenissa, joka on tyvikalvojen térked rakennekomponentti. 3-
Hydroksiproliinin merkitystd ei tunneta vield tarkoin, mutta tyypin | Kkollageenissa 3-
hydroksiproliinin puutoksen on osoitettu johtavan vaikeaan luustosairauteen, osteogenesis
imperfectaan. Vaitoskirjatydssd ihmisen P3H:t kloonattiin ja tuotettiin rekombinanttiproteiineina.
Yhden isoentsyymin (P3H2) katalyyttiset ominaisuudet maaritettiin ja sen osoitettiin ilmenevan
erityisesti kudoksissa, joissa on paljon tyvikalvorakenteita.

Asiasanat: hypoksiaindusoituva faktori, kollageeni, prolyyli-3-hydroksylaasi,
prolyyli-4-hydroksylaasi
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3Hyp
4Hyp
AGP
At-P4H
bp(s)
cDNA
C-P4H
Cr-P4H-1
CRTAP
CTAD
ER

FIH

HIF
HIF-P4H
HRE
HRGP

3-hydroxyproline

4-hydroxyproline

arabinogalactan protein

Arabidopsis thaliana prolyl 4-hydroxylase
base pairs

complementary DNA

collagen prolyl 4-hydroxylase
Chlamydomonas reinhardtii prolyl 4-hydroxylase 1
cartilage associated protein

C-terminal transactivation domain
endoplasmic reticulum

factor inhibiting HIF

hypoxia-inducible factor

HIF prolyl 4-hydroxylase

hypoxia response element
hydroxyproline-rich glycoprotein
inhibitory constant

Michaelis-Menten constant

messenger RNA

lysyl hydroxylase

N-terminal transactivation domain
oxygen-dependent degradation domain
osteogenesis imperfecta

prolyl 3-hydroxylase

prolyl 4-hydroxylase

prolyl 4-hydroxylase with a transmembrane domain
Paramecium bursaria Chlorella virus-1
polymerase chain reaction

protein disulfide isomerase
Caenorhabditis elegans collagen prolyl 4-hydroxylase a subunit
proline-rich protein

rapid amplification of cDNA ends

small interfering RNA

tetratricopeptide repeat

von Hippel-Lindau



X, in -Gly-X-Y- any amino acid
Y, in -Gly-X-Y- any amino acid
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1 Introduction

Collagens are the most abundant proteins in the extracellular matrix and have
many important structural and functional roles in tissues. The stability of
collagens is dependent on the presence of 4-hydroxyproline residues. 4-
Hydroxyprolines also play a vital role in the regulation of oxygen homeostasis by
targeting hypoxia-inducible factor (HIF) to proteasomal degradation in normoxic
conditions. The generation of 4-hydroxyproline residues is catalyzed by two
different prolyl 4-hydroxylase (P4H) families: collagen P4Hs (C-P4Hs) which
reside in the endoplasmic reticulum (ER), and HIF-P4Hs which reside in the
cytoplasm or nucleus. Both C-P4Hs and HIF-P4Hs belong to the 2-oxoglutarate
dioxygenase family and require Fe?*, 2-oxoglutarate, O, and ascorbate. In this
study a novel human P4H with a transmembrane domain (P4H-TM) was cloned
and expressed as a recombinant protein. Characterization of P4AH-TM revealed
that it shared some features with both C-P4Hs and HIF-P4Hs as its catalytic sites
were located within the lumen of the ER, however, it hydroxylated HIF instead of
collagen polypeptides. The data obtained suggested that it may also have some
other physiological substrates, however. A second Arabidopsis thaliana P4H (At-
P4H-2) was cloned and characterized during these thesis studies, as it shared a
marked homology with the human P4H-TM in the putative peptide substrate
binding site and could thus be a potentially useful tool for further analysis of the
substrate binding properties of P4H-TM. At-P4H-2 was found to have substrate
specificity distinct from that of the previously characterized At-P4H-1.

Another enzyme group that also belongs to the 2-oxoglutarate dioxygenase
family is the prolyl 3-hydroxylase (P3Hs) family, which has three members in
vertebrates. P3Hs catalyze the formation of 3-hydroxyproline in collagens, being
most abundantly found in type IV collagen. Only very little is known about the
function of 3-hydroxyproline residues. The most recent data suggest that they are
involved in the correct assembly of collagen molecules and collagen-protein
interactions, and that they have an important role since a lack of them leads to
osteogenesis imperfecta. One of the goals of this thesis work was to clone the
three human P3H isoenzymes and express them as recombinant proteins so that
the catalytic properties of this poorly characterized enzyme family could be
studied.
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2 Review of the literature

2.1 Occurrence of 4-hydroxyproline in animal and plant proteins

4-Hydroxyprolines are found in certain animal and plant proteins where they have
important functions in either maintaining the structural integrity of the protein or
contributing to cell survival in hypoxic conditions. The majority of 4-
hydroxyproline in animal proteins is found in collagens and in other proteins
containing collagen-like sequences. The stability of HIF is regulated through 4-
hydroxyproline residues. 4-Hydroxyproline is also found in plants in
hydroxyproline-rich glycoproteins (HRGPs) that provide structural integrity for
cell walls and have several other important roles in plant cell growth and
development.

2.1.1 Collagens and related proteins

Collagens are the most abundant proteins in the human body and they are found
in all tissues. Their main function is to maintain the structural integrity of tissues
but they are also involved in a number of other biological functions including cell
adhesion, chemotaxis, migration, the dynamic interplay between cells, and tissue
remodelling. Currently 28 different collagen types composed of 43 distinct
collagen polypeptide chains are known. In addition, there are more than 20
proteins that contain collagenous triple-helical domains. (Kielty & Grant 2002,
Myllyharju & Kivirikko 2001, 2004; Ricard-Blum & Ruggiero 2005, Veit et al.
2006)

The diverse family of collagens can be divided into eight subfamilies
depending on their sequence, structure and supramolecular assembly: 1) fibril
forming collagens (types I, I, I, V, XI, XXIV, XXVII); 2) fibril associated
collagens with interrupted triple helices and related collagens (I1X, XII, XIV, XVI,
XIX, XX, XXI, XXII and XXVI); 3) collagens that form hexagonal networks
(VI and X); 4) the family of type IV collagens of basement membranes; 5) type
V1 collagen, which forms beaded filaments; 6) type VII collagen, which forms
anchoring fibrils; 7) collagens with transmembrane domains (types XIII, XVII,
XX, XXV) and 8) the multiplexin subfamily (types XV and XVIII). The
sequence of type XXVIII collagen is unique and it cannot be classified into any of
these subfamilies even though it has similarities to collagen V1 and its localization

17



in basement membranes could also indicate a relationship with collagen IV.
(Myllyharju & Kivirikko 2004, Vit et al. 2006)

All collagen molecules consist of three polypeptide chains (called a chains)
that are each coiled into a left-handed helix and the three chains are wrapped
around each other to form a right-handed superhelical structure. Collagen chains
can associate into homotrimers or heterotrimers formed from identical or differing
a chains, respectively. Collagenous domains consist of distinct -Gly-X-Y- repeats
and at least one collagenous domain is found in all collagens, the number ranging
from a few dozen to 510. Every third amino acid is a glycine — this is small
enough to fit in the restricted space within the helix thus permitting the triple-
helical packing. Proline is typically found in the X position and 4-hydroxyproline
in the Y position. In addition to collagenous domains, each collagen also has non-
collagenous domains, which have several important functions. (for reviews, see
Myllyharju & Kivirikko 2004, Koide & Nagata 2005, Myllyharju 2005, Ricard-
Blum & Ruggiero 2005)

Collagen chains go through several post-translational modifications, which
include prolyl 4-hydroxylation, prolyl 3-hydroxylation, lysyl hydroxylation and
glycosylation, before assembly of the triple helix. The presence of 4-
hydroxyproline residues in the Y positions is required for the thermal stability of
collagen. Non-hydroxylated type | collagen is denatured at 24°C while the
hydroxylated molecules are stable at temperatures up to 39°C (Berg & Prockop
1973, Jimenez et al. 1973). 4-Hydroxyproline is found in vertebrate collagens
only in the Y positions of the -Gly-X-Y- repeats, and its presence in the X position
causes destabilization of collagen (Inouye et al. 1982). Both proline and 4-
hydroxyproline are important for the correct conformation and stability of
collagen since their rigid ring structure prevents rotation around the N-C peptide
bond (for a review, see Engel & Bachinger 2005). The previously proposed theory
that water-bridges formed between the OH-group of 4-hydroxyproline and
backbone groups provide a stabilizing effect (Bella et al. 1994, 1995) is no longer
valid since the stabilization is also observed under anhydrous conditions and 4-
hydroxyproline can be replaced with an electronegative 4(R)-fluoroproline (for a
review, see Engel & Bachinger 2005). It has therefore been proposed that the 4-
hydroxyproline residues stabilize the pyrrolidine ring’s puckering and preorganize
all three main chain torsion angles (Jenkins & Raines 2002). The triple helix is
also stabilized by interchain hydrogen bonds between the backbone NH-group of
a glycine and the backbone CO of a residue in the X position of a neighboring
chain (for a review, see Engel & Bachinger 2005). The number of 4-
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hydroxyproline residues varies within a narrow range between different collagen
types and the number of residues correlates with the thermal stability (Burjanadze
1979). The best studied type | collagen contains 100 4-hydroxyproline residues
per 1000 amino acids (for a review, see Kivirikko & Pihlajaniemi 1998).

In addition to collagens, collagen-like sequences are present in more than 20
vertebrate proteins that are not classified as collagens. This is because, at least at
the time of their discovery, they were not known to have any role in the
extracellular matrix. This heterogenous group includes, for example, a
subcomponent C1q of complement, a C1g-like factor, the hormone adiponectin,
the tail structure of acetylcholinesterase, three macrophage receptors,
ectodysplasin, two elastic fibre-associated glycoproteins, a src-homologous-and-
collagen protein, and at least eight collectins and three ficolins (humoral lectins of
the innate immune defence system). A single 4-hydroxyproline residue is present
in the hydroxyproline-lysyl-bradykinin and hydroxyproline luteinizing hormone-
releasing hormone. (for reviews, see Kivirikko et al. 1992, Kivirikko &
Pihlajaniemi 1998, Myllyharju & Kivirikko 2004, Myllyharju 2005, Ricard-Blum
& Ruggiero 2005)

4-Hydroxyproline is also present in elastin, a rubber-like protein that is the
main component of the elastic fibers that provide the elastic properties of the
extracellular matrix (for a review, see Rodgers & Weiss 2005). Elastin contains
repeating -Gly-X-Y- sequences, but it has no collagen-like triple-helical domains.
Its 4-hydroxyproline content varies greatly from about 10 to 50 residues per 1000
amino acids (for reviews, see Kivirikko & Pihlajaniemi 1998, Myllyharju 2005).

Several collagen types are also found in invertebrates. The nematode
Caenorhabditis elegans, for example, has about 175 genes which code for cuticle
collagen polypeptide chains and three genes for basement membrane collagens
(for reviews, see Johnstone 2000, Page 2001, Page & Winter 2003, Myllyharju &
Kivirikko 2004, Myllyharju 2005). In contrast to the large number of collagens
found in C. elegans, Drosophila melanogaster has only three collagen genes, all
of them encoding basement membrane collagens, and one gene for pericardin, a
protein with a collagenous domain similar to collagen 1V (for reviews, see
Myllyharju & Kivirikko 2004, Myllyharju 2005).

2.1.2 Hypoxia-inducible factor (HIF)

An adequate oxygen level is essential for all living organisms and the cellular
oxygen concentration needs to be precisely controlled by the coordinated
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regulation of a variety of genes. Oxygen plays an extremely important role in
physiological processes and diminished oxygen concentration in tissues is
associated with several diseases, such as myocardial and cerebral infarction,
atherosclerosis, anaemia, diabetes and cancer, as well as failed embryonic
development. HIF is the main regulator of cellular responses to hypoxia in
animals as it regulates the transcription of a multitude of genes involved in the
adaptation to hypoxic conditions, such as those for angiogenesis, erythropoiesis,
glucose metabolism and apoptosis. It is believed that 1-1.5% of the genome is
transcriptionally regulated by hypoxia and more than 100 genes are known to be
regulated by HIF. (for reviews, see Ke & Costa 2006, Lahiri et al. 2006, Brahimi-
Horn & Pouysségur 2007, Bruegge et al. 2007, Siddiq et al. 2007)

HIF is an off heterodimer consisting of an oxygen-regulated a subunit and a
constitutively expressed B subunit (Wang et al. 1995). Three HIF-a isoforms
(HIF-1a to HIF-3a) and three HIF-B isoforms (HIF-1p to HIF-3p) exist in humans
(for reviews, see Kaelin 2005a, Ke & Costa 2006). These proteins belong to the
family of basic helix-loop-helix Per-Arnt-Sim proteins (Wang et al. 1995), and
share a number of structural and biochemical similarities. HIF-1a and HIF-2q are
closely related to each other and contain separate domains dedicated to DNA
binding and dimerization with HIF-B, as well as two transactivation domains
(NTAD and CTAD) which can activate the transcription of hypoxia-responsive
genes (Fig. 1) (for reviews, see Kaelin 2005a, b; Bruegge et al. 2007). The little
studied HIF-3a exists as no less than six splice variants in humans and differs in
its structure when compared to HIF-1a and HIF-2a (for a review, see Brahimi-
Horn & Pouysségur 2007). One of the splice variants of HIF-3a, termed IPAS, is
considered to be a HIF-1a antagonist. This binds to HIF-1a thus preventing its
dimerization with HIF-1p into an active transcription factor (for a review, see
Bruegge et al. 2007). Both HIF-1a and HIF-20. have two conserved sites for
prolyl 4-hydroxylation (Pro**? and Pro®®* in human HIF-1a) within an oxygen-
dependent degradation domain (ODDD) (Fig. 1) (Srinivas et al. 1999, Masson et
al. 2001, Masson & Ratcliffe 2003). In HIF-3a this domain is partially conserved
and contains a single site for prolyl 4-hydroxylation (for a review, see Schofield
& Ratcliffe 2005).
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Fig. 1. The domain structure of human HIF-1a. HIF-1la contains an oxygen-dependent
degradation domain (ODDD) where two conserved proline (P) residues hydroxylated
by HIF-P4Hs reside. The conserved asparagine (N) residue hydroxylated by FIH
resides in the C-terminal transactivation domain (CTAD). The ODDD, the domains
dedicated to dimerization and DNA binding (bHLH and PAS), and the two
transactivation domains (NTAD and CTAD) are conserved in HIF-2a. While all HIF-3a
forms lack the CTAD, some of its short forms also lack the ODDD that includes the
NTAD.

The stability and transcriptional activity of HIF is regulated by two post-
translational oxygen-dependent events. Under normoxia hydroxylation of one or
two of the conserved proline residues in the ODDD of HIF-1a. generates a binding
site for the von Hippel-Lindau (VHL) ubiquitin-protein ligase complex, which
targets HIF-1a for subsequent polyubiquitination and proteasomal degradation
(Epstein et al. 2001, Ivan et al. 2001, Jaakkola et al. 2001, Masson et al. 2001, Yu
et al. 2001). The proline residues become 4-hydroxylated in normoxia by the
HIF-P4Hs (Bruick & McKnight 2001, Epstein et al. 2001, Ivan et al. 2002).
There is also an additional mechanism for controlling the level of transactivation
by HIF-a in normoxia. Hydroxylation of a conserved asparagine (Asn®® in HIF-
la, see Fig. 1) in the CTAD by an asparaginyl hydroxylase, known as factor
inhibiting HIF (FIH) (Mahon et al. 2001, Hewitson et al. 2002, Lando et al.
2002a), prevents the binding of the transcriptional coactivator CBP/p300 to HIF-a
(Lando et al. 2002b).

In hypoxia, the oxygen level is not sufficient for HIF-P4Hs and FIH to
function. As a result, HIF-a escapes ubiquitination and proteasomal destruction,
leading to an increased HIF-a protein level. Once HIF-a is stabilized, it can
dimerize with HIF-B, bind to the hypoxia response elements (HRE) of its target
genes and induce their expression. A schematic presentation of the oxygen-
dependent regulation of HIF-1 is shown in Fig. 2. (for reviews, see Fedele et al.
2002, Kaelin 20054, b; Schofield & Ratcliffe 2005, Ke & Costa 2006, Semenza
2006, Siddig et al. 2007)
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Fig. 2. Oxygen-dependent regulation of HIF-1 stabilization and transactivation. In
normoxia the proline residues Pro*” and Pro®** and Asn®® in HIF-1a are hydroxylated
by HIF-P4Hs and FIH, respectively. In addition to oxygen, the hydroxylation reaction
requires Fe*, 2-oxoglutarate (2-OG) and ascorbate. The hydroxylated proline residue(s)
enable binding of the pVHL ubiquitin-ligase complex to HIF-1a, targeting the HIF-1a to
proteasomal degradation. Hydroxylation of the Asn®® blocks the recruitment of the
transcriptional coactivator CBP/p300. In hypoxia, the activities of the HIF-P4Hs and
FIH are inhibited due to the lack of oxygen. This leads to the stabilization and
accumulation of HIF-la. The stabilized HIF-1la proteins translocate into the nucleus
and form active dimers with HIF-1B. Furthermore, the nonhydroxylated Asn®® allows
binding of the CBP/p300 to HIF. The complex binds to the HREs of a large number of
hypoxia-inducible genes and induces their expression.

2.1.3 Plant proteins

Cellulose and other polysaccharides, as well as hydroxyproline-rich glycoproteins
(HRGPs), are constituents of plant cell walls. As structural components, HRGPs
are as important to plant cell walls as collagens are to the extracellular matrix of
vertebrates. HRGPs play a wide range of functions from providing structural
integrity to mediating cell-cell interactions to contributing to plant defence. The
role of HRGPs in cell wall assembly is dependent on extensive post-translational
modifications: prolyl 4-hydroxylation, glycosylation and crosslinking. (for
reviews, see Showalter 1993, 2001; Kieliszewski & Lamport 1994, Cassab 1998)
HRGPs are usually covalently crosslinked into large meshworks, providing
tensile strength to the cell walls. HRGPs account for as much as 10-20% of the
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dry weight of the cell wall. They consist of multiple short repetitive sequences
which are extensively glycosylated, mainly through 4-hydroxyproline residues. In
higher plants the HRGP superfamily contains three major groups of proteins: the
arabinogalactan proteins, extensins and proline-rich glycoproteins. (for reviews,
see Cassab 1998, Kieliszewski & Shpak 2001, Showalter 2001)

Arabinogalactan proteins (AGPs) are the major components of all higher
plant tissues and of many lower plant tissues as well. AGPs are structurally
complex and consist of a core protein, which is typically rich in 4-hydroxyproline,
alanine, serine, threonine and glycine residues, and contains -Ala-4Hyp- repeats,
and carbohydrate side chains rich in arabinose and galactose polysaccharides.
Carbohydrates can form up to 95% of the mass of AGPs and these are mainly O-
linked to 4-hydroxyproline, but also to serine and threonine residues. It is
assumed that AGPs have important roles in plant growth, development and
wound healing. Soluble and highly glycosylated AGPs are located on cell
membranes, but are not covalently linked to the cell wall, which implies that they
do not have a structural function. (for reviews, see Kieliszewski & Shpak 2001,
Cassab 1998, Showalter 2001)

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. They also contain characteristic -Ser-(4Hyp),-
sequences. Extensins have other repetitive sequences as well, and these vary from
plant to plant, but have similarities with each other. Most of the 4-hydroxyproline
residues are O-glycosylated with one to four arabinosyl residues, and many of the
serine residues are galactosylated. Insoluble extensins are synthesized as soluble
monomers that become insoluble after secretion into the cell wall, probably as a
result of crosslinking. Extensins generally adopt a poly(L-proline) type Il helical
structure in solution. Extensins are the only HRGPs for which a specific function
in the cell wall architecture is defined: they participate in crosslink scaffolds
analogous to collagens. In addition to their structural role, they are involved in
development, plant defence and wound healing. (for reviews, see Showalter 1993,
Cassab 1998, Kieliszewski & Shpak 2001)

Lectins are carbohydrate binding proteins which exist in plant cell walls.
They play a major role in cell-cell recognition and signalling, and are involved in
plant defence systems. 4-Hydroxyproline-rich lectins are extensin-like proteins
and are an example of chimeric extensins. They have only been isolated from
solanaceous plants. The potato tuber lectin is the most extensively studied and
consists of at least two domains: one rich in serine and 4-hydroxyproline that also
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contains a carbohydrate moiety, and the other rich in glycine and cysteine. (for
reviews, see Showalter 1993, Cassab 1998, Van Damme et al. 2004)

Proline-rich proteins (PRPs) are also plant cell wall proteins that form
covalently crosslinked networks. They are highly periodic, with at least one
characteristic -Pro-4Hyp-Val-Tyr-Lys- repeat, and lightly glycosylated proteins.
They play a role in several aspects of plant development, ranging from
germination to pod formation and nodule morphogenesis. It seems that PRPs
become insoluble in plant cell walls in a manner similar to extensins by forming
crosslinks. (for reviews, see Cassab 1998, Kieliszewski & Shpak 2001)

HRGPs are also found in the cell walls of the volvocine algae,
Chlamydomonas reinhardtii and Volvox carteri. Their multilayered cell walls
consist mainly of an insoluble HRGP framework and lack carbohydrate polymers.
The algal HRGPs have distinct similarities to the extensins of higher plants and
are therefore thought to share similar functions. The C. reinhardtii cell wall
contains 25-30 different HRGPs. However, the outer cell wall layer contains only
three of them, GP1, 2 and 3. (for reviews, see Adair & Snell 1990, Sumper &
Hallmann 1998)

2.2 Collagen prolyl 4-hydroxylases

Collagen prolyl 4-hydroxylases (C-P4Hs, EC 1.14.11.2) belong to the 2-
oxoglutarate-dependent dioxygenase family and require Fe**, 2-oxoglutarate, O,
and ascorbate for activity. C-P4Hs reside within the lumen of the ER where they
catalyze the post-translational hydroxylation of proline residues in -X-Pro-Gly-
sequences in collagens and collagen-like proteins. This modification is essential
for the formation of stable collagen triple helices. C-P4Hs also play a role in the
quality control of collagen synthesis by interacting with and preventing the
secretion of unassembled procollagen chains and incorrectly folded procollagens.
Collagens are important in healing processes, forming scar and fibrous tissue, but
excess collagen accumulation can also be harmful, leading to severe fibrotic
diseases, e.g. cirrhosis and pulmonary fibrosis. This has lead to attempts to
develop drugs that inhibit collagen accumulation. Because of their critical role in
collagen synthesis, it has been suggested that C-P4Hs could be potent targets for
anti-fibrotic therapy. (for reviews, see Myllyharju & Kivirikko 2001, Koide &
Nagata 2005, Myllyharju 2005)
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2.2.1 Vertebrate collagen prolyl 4-hydroxylases

Molecular and in vivo properties

Three vertebrate C-P4H isoenzymes have been cloned to date from human, mouse,
chicken and rat (Bassuk et al. 1989, Helaakoski et al. 1989, Hopkinson et al.
1994, Helaakoski et al. 1995, Annunen et al. 1997, Kukkola et al. 2003, Van Den
Diepstraten et al. 2003). All vertebrate C-P4Hs are tetrameric enzymes consisting
of two catalytically active o subunits and two B subunits. The B subunit is
identical to the protein disulfide isomerase (PDI), which has a role as a chaperone
in the C-P4H tetramer (Koivu et al. 1987, Pihlajaniemi et al. 1987). The
molecular weight of the C-P4H tetramer is about 240 kDa, those of the a and B
subunits being about 63 kDa and 58 kDa, respectively (for reviews, see Kivirikko
& Myllyharju 1998, Myllyharju 2003, 2005). The three a subunit isoforms, a(l),
a(ll) and a(l11), associate with the same B subunit and form [a(1)]2B2, [a(I1)]2B2
and [a(l11)],B, tetramers named C-P4Hs I, Il and Ill, respectively (for a review,
see Myllyharju 2005). Tetramers containing two different o subunits are not
formed in vertebrates (Annunen et al. 1997).

Expression studies have revealed that C-P4H-I is the main form in most cell
types and tissues, whereas the C-P4H-Il form predominates in chondrocytes and
endothelial cells. C-P4H-I111 is widely expressed in several adult and fetal tissues
but the mRNA level of the a(lll) subunit is much lower than those of the other
two. (Helaakoski et al. 1994, Annunen et al. 1998, Nissi et al. 2001, Kukkola et
al. 2003)

The human a(l), a(Il) and a(lll) subunits consist of 517, 514 and 525 residues,
respectively, and an additional signal peptide of 17 to 21 residues (Helaakoski et
al. 1989, Annunen et al. 1997, Kukkola et al. 2003, Van Den Diepstraten et al.
2003). The overall amino acid sequence identity between the processed human o(l)
and a(l1) subunits is 64%, while the identity of a(l11) with a(l) and a(ll) is 35 and
37%, respectively (Annunen et al. 1997, Kukkola et al. 2003). The sequence
identity is highest in the C-terminal regions where the conserved, catalytically
important, amino acids are located (Annunen et al. 1997, Kukkola et al. 2003).
The peptide substrate binding domain is distinct from the catalytic C-terminal
domain and is located in the N-terminal region, and it consists of residues
Phel44-Ser244 in the human o(l) subunit (Fig. 4) (Myllyharju and Kivirikko
1999).
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All three a subunits have five conserved cysteine residues, the a(I1) and a(l111)
subunits each having an additional non-conserved cysteine (Annunen et al. 1997,
Kukkola et al. 2003). C-P4Hs have no interchain disulfide bonds between the
subunits (Nietfeld et al. 1981, Kukkola et al. 2003) but site-directed mutagenesis
studies of the a(l) subunit indicate that intrachain disulfide bonds between the
second and third and between the fourth and fifth conserved cysteines are
essential for the assembly of the o,f, tetramer (John & Bulleid 1994, Lamberg et
al. 1995). All three a subunits have two N-glycosylation sites and, at least in the
case of type | and type Il C-P4Hs, glycosylation has no role in the assembly of
the enzyme tetramer or in catalytic activity (Lamberg et al. 1995, Kukkola et al.
2003).

The genes of the human a(l), a(ll) and a(lll) subunits are located on
chromosomes 10, 5 and 11, respectively, consisting of 16, 16 and 13 exons. The
genes are very alike in size and have similar exon-intron structures. Exons 9 and
10 in the o(l) gene and exons 12a and 12b in the a(ll) gene are subjected to
alternative splicing. There is no evidence of alternative splicing in the case of the
a(l1l) gene. (Pajunen et al. 1989, Helaakoski et al. 1994, Nokelainen et al. 2001,
Kukkola et al. 2003)

PDI, which acts as the B subunit in all vertebrate C-P4Hs, is a multifunctional
enzyme that catalyzes the formation, breakage and rearrangement of disulfide
bonds during protein folding in the ER. It has other roles in collagen synthesis as
well, such as catalyzing intra- and interchain disulfide bond formation in
procollagen and preventing secretion of incorrectly folded procollagen molecules
(for reviews, see Kivirikko & Myllyharju 1998, Myllyharju 2005). PDI also
functions as a B subunit in the microsomal triglyceride transferase dimer and as a
chaperone that assists the folding of many newly translated polypeptides. PDI has
been cloned and characterized from many species including animal, plant and
yeast. (for reviews, see Kivirikko & Myllyharju 1998, Kivirikko & Pihlajaniemi
1998, Freedman et al. 2002, Myllyharju 2003, 2005; Wilkinson & Gilbert 2004,
Ellgaard & Ruddock 2005)

As a B subunit in vertebrate C-P4Hs, the main function of PDI is to keep the
highly insoluble o subunits in a non-aggregated, catalytically active form (Muori
et al. 1992a). It also mediates the retention of the enzyme tetramer in the lumen of
the ER (VMuori et al. 1992b). The human PDI polypeptide consists of 491 amino
acids and is synthesized with a signal sequence of an additional 17 residues
(Pihlajaniemi et al. 1987). The polypeptide consists of four domains, a, b, b", a’
and a highly acidic C-terminal extension c, as well as a 19-amino-acid linker
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region between the b” and a” domains (for reviews see, Freedman et al. 2002,
Wilkinson & Gilpert 2004, Elgaard & Ruddock 2005). Nuclear magnetic
resonance studies have shown that all four domains have a thioredoxin fold
(Kemmink et al. 1996, 1997, 1999, Dijkstra et al. 1999, Elgaard & Ruddock 2005)
and recent crystallization studies of a full-length PDI from yeast have confirmed
this (Tian et al. 2006). Interestingly, only the amino acid sequences of the
catalytic a and @’ domains show homology with the thioredoxin sequence, each
containing the characteristic -Cys-Gly-His-Cys- motif (for reviews, see Freedman
et al. 2002, Wilkinson & Gilpert 2004, Myllyharju 2005). The b” domain contains
the major peptide binding site and it is also critical for catalysis of isomerization
but not oxidation reactions (for reviews, see Freedman et al. 2002, Ellgaard &
Ruddock 2005). The minimum requirement for the assembly of an active C-P4H
tetramer is fulfilled by the PDI domains b” and a”, while domains a and b enhance
assembly (Pirneskoski et al. 2001). It has been demonstrated, however, that point
mutations in the b” domain do not inhibit C-P4H tetramer assembly and the
binding sites in three PDI domains, a, b” and a’, contribute to efficient C-P4H
assembly (Koivunen et al. 2005). PDI activity is not required for C-P4H tetramer
assembly or activity, as mutations in either or both active sites do not affect the
ability of PDI to serve as a  subunit of C-P4H (Vuori et al. 1992b).

Studies on a knock-out mouse line lacking C-P4H-1 activity show that the
null mice die around embryonic day 10.5 with an overall developmental delay
(Holster et al. 2007). The basement membranes of the C-P4H-1 null embryos are
fragmented and almost completely lack collagen IV, while their fibrillar collagens
seem to be quite normal with only slightly increased diameters. The abnormal
assembly of type IV collagen is thus most likely the primary cause of death
(Holster et al. 2007). C-P4H-IlI knock out mice are born with no obvious
phenotypic abnormalities and are viable and fertile (for a review, see Myllyharju
2005). No mutations leading to heritable diseases have been characterized in any
of the human C-P4H o subunit genes (for reviews, see Myllyharju & Kivirikko
2004, Myllyharju 2005).

Reaction mechanism and catalytic properties

C-P4Hs belong to the group of 2-oxoglutarate and non-heme-Fe(ll)-dependent
dioxygenases and catalyze the formation of 4-hydroxyproline in peptides. The
hydroxylation requires Fe**, 2-oxoglutarate, O, and ascorbate (for reviews, see
Kivirikko & Myllyharju 1998, Kivirikko & Pihlajaniemi 1998, Myllyharju 2003,
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2005). Several studies and theoretical analysis have enabled the elucidation of the
reaction mechanism and structural features of the catalytic sites of the C-P4Hs
(Myllyla et al. 1977, Hanauske-Abel & Gunzler 1982, Hanauske-Abel 1991,
Lamberg et al. 1995, Myllyharju & Kivirikko 1997, Hanauske-Abel & Popowicz
2003).

Kinetic studies have demonstrated that the hydroxylation reaction occurs in
an ordered manner: Fe*" first becomes bound to the enzyme, followed by 2-
oxoglutarate, O, and peptide substrate binding (Myllyla et al. 1977, Tuderman et
al. 1977). The order of binding of the last two reactants has remained somewhat
uncertain, however, and subsequent studies have shown that the peptide substrate
is probably bound before O, (de Jong & Kemp 1984). In the first half of the
reaction, the 2-oxoglutarate is decarboxylated and a succinate is formed once one
atom of the O, molecule is incorporated into it. This leads to the formation of a
highly reactive iron oxo-complex, a ferryl ion, which is the active intermediate
and transfers an oxygen atom to the proline in the peptide substrate in the second
half of the hydroxylation process (Hanauske-Abel & Giinzler 1982, Kivirikko &
Myllyharju 1998). Ascorbate is not consumed stoichiometrically, except in
uncoupled decarboxylations of 2-oxoglutarate, i.e. decarboxylations without
subsequent hydroxylation of the peptide substrate (Fig. 3). C-P4Hs can catalyze a
number of reaction cycles in the absence of ascorbate, but as they catalyze
uncoupled reaction cycles at a low rate, even in the presence of a saturating
concentration of the peptide substrate, they eventually become inactivated (Fig. 3)
(for reviews, see Kivirikko & Myllyharju 1998, Kivirikko & Pihlajaniemi 1998,
Myllyharju 2005). The main function of ascorbate is thus to reactivate the enzyme
as an alternative oxygen acceptor so that it reduces Fe**-O™ back to the reactive
ferryl ion in cases where there are uncoupled reaction cycles (Myllyl4 et al. 1984).
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Fig. 3. The reaction catalyzed by prolyl 4-hydroxylase. 2-oxoglutarate is
stoichiometrically decarboxylated during proline hydroxylation (A). In an uncoupled
reaction ascorbate is stoichiometrically consumed either in the presence (B) or
absence (C) of the substrate.

The catalytic site of the C-P4H a subunit appears to comprise a set of
separate locations for the binding of cosubstrates and the binding of the peptide
substrate (for reviews, see Kivirikko & Muyllyharju 1998, Kivirikko &
Pihlajaniemi 1998, Myllyharju 2003, 2005). The Fe®* is located in a pocket
formed by three ligands, His412, Asp414 and His483 in the human o(l) subunit
(Fig. 4) (Lamberg et al. 1995, Myllyharju & Kivirikko 1997). The 2-oxoglutarate
binding site can be divided into three distinct subsites (Hanauske-Abel & Gilinzler
1982, Majamaa et al. 1984). Subsite | is formed from a positively charged residue,
Lys493, in the human a(l) subunit, which ionically binds the C5 carboxyl group
of 2-oxoglutarate (Fig. 4) (Myllyharju & Kivirikko 1997). Subsite 11 consists of
two cis-positioned coordination sites of the enzyme-bound Fe?* and is chelated by
the C1-C2 moiety, while subsite 111 involves a hydrophobic binding site in the C3-
C4 region of the cosubstrate (Hanauske-Abel & Gunzler 1982, Kivirikko &
Myllyharju 1998, Kivirikko & Pihlajaniemi 1998, Hanauske-Abel & Popowicz
2003, Myllyharju 2003, 2005). His501 is an additional critical residue at the
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catalytic site (Fig. 4). It directs the orientation of the C1 carboxyl group of 2-
oxoglutarate towards the active iron centre, and it accelerates the breakdown of
the tetrahedral ferryl intermediate to succinate, CO,, and a ferryl ion (Myllyharju
& Kivirikko 1997). The ascorbate binding site contains two cis-positioned
equatorial coordination sites for the enzyme bound iron and it is thus partially
identical to the binding site of 2-oxoglutarate (Majamaa et al. 1986). Molecular
oxygen is thought to be bound to the Fe** end-on in an axial position, producing
the dioxygen unit (Hanauske-Abel & Ginzler 1982, Hanauske-Abel & Popowicz
2003). The amino acid residues that have been found to be critical for the binding
of Fe?" and 2-oxoglutarate to C-P4H-I are conserved in all C-P4Hs studied so far.
They are also conserved in other 2-oxoglutarate-dependent dioxygenases, with the
exception that the basic residue binding the C5 carboxyl group of 2-oxoglutarate
is mostly an arginine instead of a lysine in the C-P4Hs (Myllyharju & Kivirikko
1997, Vranka et al. 2004, Clifton et al. 2006).

K493
F144 S244 H412 D414 H483 | H501

A4 [ ]

Peptide-substrate-
Hua(I) binding domain

Fig. 4. Schematic representation of the human C-P4H a(l) subunit. The catalytically
critical residues are indicated above the polypeptide. The peptide binding domain is
shown in a grey box.

The catalytic properties of C-P4Hs I, Il and 11l are very similar, as shown by
their comparable K., values for cosubstrates and K; values for certain inhibitors
(Table 1). Nevertheless, some distinct differences exist in their K, and K; values
for peptide substrates and inhibitors (Table 1), suggesting that the peptide binding
sites must differ in the three C-P4H isoenzymes. The most striking differences are
found in the case of C-P4H-II. It is inhibited by poly(L-proline) only at very high
concentrations, while C-P4H-I is inhibited very efficiently and C-P4H-III with an
intermediate efficiency. The K., value of C-P4H-II for the peptide substrate (Pro-
Pro-Gly)yq is also about fivefold higher than the K, values of the type | and IlI
enzymes. (Helaakoski et al. 1995, Annunen et al. 1997, Kukkola et al. 2003)

The C-P4Hs hydroxylate prolines only in a peptide linkage and do not act on
free proline. The minimum sequence requirement for hydroxylation is a tripeptide
X-Pro-Gly whereas Gly-X-Pro or Pro-Gly-X do not become hydroxylated. Thus
only a proline residue preceding the glycine in -X-Y-Gly- sequences in collagens
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is hydroxylated. The rate of hydroxylation by vertebrate C-P4Hs is affected by the
amino acids present in the X position, a proline in this position resulting in the
highest maximal reaction velocity. The chain length of the peptide substrate has a
marked effect on the K., which decreases with increasing chain length. The
conformation of the peptide substrate has a crucial effect on hydroxylation as a
triple-helical conformation totally prevents it. (for reviews, see Kivirikko et al.
1992, Myllyharju 2003, 2005)

Studies with individual recombinant peptide binding domains of the human
C-P4Hs | and 11 indicate that the more efficient hydroxylation of longer peptides
is most probably due to the higher binding affinity of long peptides for the peptide
substrate binding domain rather than properties of the catalytic domain (Hieta et
al. 2003). The peptide binding domain has been crystallized and was shown to
belong to the family of tetratricopeptide repeat (TPR) domains that are involved
in many protein-protein interactions (Hieta et al. 2003, Pekkala et al. 2004).

Several compounds are competitive inhibitors of C-P4Hs and compete with
some of the cosubstrates. Many bivalent cations compete with Fe?*, the most
potent being Zn®*. Several 2-oxoglutarate analogues are effective competitive
inhibitors, competing with 2-oxoglutarate, for example, pyridine 2,4-
dicarboxylate and pyridine 2,5-dicarboxylate, which have functional groups that
can interact at all three subsites of the 2-oxoglutarate binding site (Table 1).
Superoxide dismutase-active copper chelates are known to act as competitive
inhibitors of C-P4Hs, and compete with O,. (for a review, see Myllyharju 2005)
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Table 1. Ky, K; and ICs, values of vertebrate C-P4Hs I, Il and Ill for the reaction
cosubstrates, a peptide substrate and certain competitive inhibitors.

Cosubstrate, substrate, or inhibitor Constant C-P4H-I C-P4H-II C-P4H-IlI
uM uM uM
Fe* Km 22 22 0.5%
2-Oxoglutarate Kmn 20% 222 20%
Ascorbate K 300% 3407 370%
O, Km 407 ND ND
(Pro-Pro-Gly);o K 18% 95% 20%
Pyridine 2,4-dicarboxylate Ki 2° 1° ND
Pyridine 2,5-dicarboxylate Ki 0.8* ND ND
3-Hydroxypyridine-2-carbonyl-glycine I1Cso 0.4° ND ND
3,4-Dihydroxybenzoic acid Ki 5% ND ND
Poly(L-proline), M, 5,000-7,000 ICso 6" 300° 30°

ND, not determined

2Myllyharju 2005, "Helaakoski et al. 1995, ‘lvan et al. 2002, “Kukkola et al. 2003

2.2.2 Invertebrate collagen prolyl 4-hydroxylases

The nematode Caenorhabditis elegans has been widely used to study the outcome
of collagen mutations because its exoskeleton is composed predominantly of
small collagens (for a review, see Myllyharju & Kivirikko 2004). Four different
isoforms of the C-P4H o subunit have been cloned and characterized from C.
elegans, called PHY-1, PHY-2, PHY-3 and PHY-4 (Veijola et al. 1994, Friedman
et al. 2000, Hill et al. 2000, Winter & Page 2000, Riihimaa et al. 2002, Keskiaho
et al., unpublished). PHY-1 and PHY-2 are 57% identical to each other and 43-
46% identical to the human a(l) and a(l1) subunits in their amino acid sequence
and they play a role in the synthesis of cuticle collagens (Veijola et al. 1994,
Friedman et al. 2000, Hill et al. 2000, Winter & Page 2000, Myllyharju et al.
2002). PHY-3 and PHY-4 are not involved in cuticle collagen synthesis, but
instead PHY-3 hydroxylates collagens in the early embryos, while the precise
function of PHY-4 is as yet unknown (Riihimaa et al. 2003, Keskiaho et al.,
unpublished). Three C. elegans PDI isoforms have been characterized; PDI-1,
PDI-2 and PDI-3. PDI-1 and PDI-2 participate in the assembly of active C-P4Hs,
while PDI-3 is more likely to be involved in stabilization of the extracellular
matrix or to have a protein chaperone role (\eijola et al. 1996, Myllyharju et al.
2002, Riihimaa et al. 2002, Eschenlauer & Page 2003). The assembly properties
of the recombinant C. elegans PHY-1 and PHY-2 isoforms differ from those of
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the vertebrate C-P4H o subunits as they can assemble into active PHY-1/PDI-2
and PHY-2/PDI-2 dimers and additionally into a unique mixed tetramer PHY-
1/PHY-2/(PDI-2),, which is the main form in C. elegans (Veijola et al. 1994,
Myllyharju et al. 2002). Neither PHY-1 nor PHY-2 assembles with PDI-1.
Recombinant studies have shown that when PHY-3 is coexpressed with PDI-1, C-
P4H activity is generated, but it is unknown whether they form an enzyme
complex or whether PDI-1 only assists in the folding of PHY-3 (Riihimaa et al.
2002).

Caenorhabditis briggsae is a nematode closely related to C. elegans. The
amino acid identity of their PHY-1 and PHY-2 subunits is 92-97%, and therefore
it is surprising that the assembly of active C-P4H forms in them revealed distinct
differences. In addition to a PHY-1/PHY-2/(PDI-2), tetramer and a PHY-1/PDI-2
dimer, an active (PHY-2),/(PDI-2), tetramer is formed in C. briggsae instead of a
PHY-2/PDI-2 dimer. (Winter et al. 2007)

A C-P4H a subunit has also been cloned and characterized from the filarial
parasitic nematodes, Onchocerca volvulus and Brugia malayi (Merriweather et al.
2001, Winter et al. 2003). The C-P4H of B. malayi exists as a very unique oy
homotetramer that is active and soluble without PDI as a subunit (Winter et al.
2003). The cuticle of filarial nematodes is the interface between the parasite and
its host, making it a potential target for chemotherapeutic and immunotherapeutic
attack. Detailed studies on nematode C-P4Hs may facilitate identification of
specific inhibitors of parasite C-P4H enzymes (Friedman et al. 2000, Winter &
Page 2000, Merriweather et al. 2001, Winter et al. 2003).

Drosophilia melanogaster has a family of 19 members which code for C-P4H
a subunit-like polypeptides (Abrams & Andrew 2002). This is surprising because
D. melanogaster has only four genes coding for collagens and a protein with a
collagen-like domain (pericardin) thus indicating that some of the D.
melanogaster C-P4H o subunit-like polypeptides may hydroxylate proline
residues in proteins other than collagens (for a review, see Myllyharju 2005).
Three of the C-P4H « subunit-like polypeptides have been characterized in detail
(Annunen et al. 1999, Abrams et al. 2006). The kinetic properties of one of these
shows that its substrate specificity differs from the human C-P4Hs as the peptide
substrate (Pro-Pro-Gly),q is hydroxylated very inefficiently (Annunen et al. 1999).
Furthermore, the peptide binding region of this D. melanogaster polypeptide
shows a relatively low identity with the corresponding domain of human C-P4H «
subunits (Annunen et al. 1999). The two other characterized C-P4H o subunit-like
polypeptides have been shown to be salivary gland-specific and are necessary for
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normal salivary gland secretion and the maintenance of a uniform salivary gland
lumen (Abrams et al. 2006). These two isoforms are likely to hydroxylate some
secreted or transmembrane proteins other than collagen, as the embryonic salivary
glands do not express collagen.

2.3 Plant and viral prolyl 4-hydroxylases

2.3.1 Higher plant and algal prolyl 4-hydroxylases

Plant P4Hs have been partially purified and characterized from the higher plant
sources Vinca rosea (Tanaka et al. 1980), the French bean Phaseolus vulgaris
(Bolwell et al. 1985, Wojtaszek et al. 1999), and the green algae Chlamydomonas
reinhardtii (Kaska et al. 1987) and Volvox carteri (Kaska et al. 1988). These have
been shown to be soluble monomers. Four plant genes encoding P4H
polypeptides have been cloned and characterized, from Arabidopsis thaliana
(Hieta & Myllyharju 2002, original article Il of this study), Nicotiana tabacum
(Yuasa et al. 2005) and C. reinhardtii (Keskiaho et al. 2007).

The genome of A. thaliana encodes at least six P4H-like polypeptides which
show 21-27% identity to the catalytic C-terminal regions of the human C-P4H a(l)
and a(I1) subunits (Hieta & Myllyharju 2002). One of these cDNAs, encoding a
283-residue soluble monomer, At-P4H-1, has been cloned and characterized
(Hieta & Myllyharju 2002). At-P4H-1 hydroxylates poly(L-proline) efficiently,
the K, values for poly(L-proline) M; 5,000 and 20,000 being 2 and 0.2 puM,
respectively (Hieta & Myllyharju 2002). A. thaliana AGP and extensin sequences
are also efficiently hydroxylated, the K, values varying between 10 and 40 uM
(Hieta & Myllyharju 2002). Although collagen does not exist in plants,
surprisingly, the recombinant At-P4H-1 also effectively hydroxylated collagen-
like sequences, the K, value for (Pro-Pro-Gly),o being 60 uM, as well as peptides
representing the N- and C-terminal hydroxylation sites in the human HIF-1la
subunit, with K, values of 100 and 50 uM, respectively (Hieta & Myllyharju
2002). This indicates that a poly(L-proline) type Il helix conformation is not an
essential requirement for plant P4H hydroxylation (Hieta & Myllyharju 2002), as
has been previously suggested (for a review, see Kivirikko et al. 1992).

The C. reinhardtii genome encodes 10 putative P4H-like polypeptides and
one of these, Cr-P4H-1, which consists of 253 amino acids, has been cloned and
characterized. The sequence of Cr-P4H-1 is 26% identical to that of the catalytic
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C-terminal region of the human C-P4H a(l) subunit, the identity with the At-P4H-
1 sequence being 40%. The Cr-P4H-1 efficiently hydroxylates poly(L-proline),
the K, values for poly(L-proline) M, 5,000 and 20,000 being 125 and 2 uM,
respectively. Synthetic peptides representing the HRGP GP1 found in the C.
reinhardtii outer cell wall were also efficiently hydroxylated. Suppression of the
gene encoding Cr-P4H-1 by RNA interference led to defective cell walls proving
that 4-hydroxyproline has an important role in the assembly of the algal cell wall.
(Keskiaho et al. 2007)

The plant P4Hs differ in their substrate requirements when compared with
animal C-P4Hs as they efficiently hydroxylate poly(L-proline) which is not
hydroxylated by C-P4Hs, but instead is an effective inhibitor of some of them
(Table 2) (for reviews, see Kivirikko et al. 1992, Kivirikko & Myllyharju 1998).
They also hydroxylate collagens, although less efficiently than the animal C-P4Hs
(compare Table 1 and 2). The cosubstrate requirements of plant P4Hs are the
same as those of animal C-P4Hs, the K, values being highly similar (compare
Table 1 and 2). The most striking difference in cosubstrate requirements between
plant P4Hs and human C-P4H-1 is the markedly higher K, value, 130 to 250 uM,
of the former for 2-oxoglutarate (Hieta & Myllyharju 2002, Keskiaho et al. 2007).
As plant P4Hs have been shown to be soluble monomers they are regarded as
promising targets for structural studies. Information about the structure of their
catalytic site could serve as a model for that of the animal C-P4Hs.

Table 2. K, values of At-P4H-1 and Cr-P4H-1 for reaction cosubstrates and substrates.

Cosubstrate, substrate Constant At-P4H-1* Cr-P4H-1°
uM uM
Fe* Km 16 30
2-Oxoglutarate Km 130 250
Ascorbate Km 300 20
Poly(L-proline), M, 5,000-10,000 Km 2 140
(Pro-Pro-Gly)o Km 60 >1500

®Hieta & Myllyharju 2002, "Keskiaho et al. 2007

2.3.2 Paramecium bursaria Chlorella virus-1 prolyl 4-hydroxylase

Viruses and bacteria have been shown to have proline-rich polypeptides as well as
short collagen-like sequences (Smith et al. 1998, Eriksson et al. 1999, Xu et al.
2002, Rasmussen et al. 2003). Bacteria are not known to possess peptidyl P4H
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activity, however, but a viral P4H has been cloned from a eukaryotic algal virus,
Paramecium bursaria Chlorella virus-1 (PBCV-1) (Eriksson et al. 1999). It is a
242-residue polypeptide, which shows a distinct sequence similarity of 15-23% to
the corresponding C-terminal residues of various catalytic a subunits of animal C-
P4Hs (Eriksson et al. 1999). The recombinant PBCV-1 P4H is a monomer and
hydroxylates poly(L-proline) and several synthetic peptides corresponding to
proline-rich repeats coded by the viral genome (Eriksson et al. 1999). Like At-
P4H-1, the PBCV-1 P4H also hydroxylated (Pro-Pro-Gly)y, but inefficiently, the
K, value being about 3 mM (Eriksson et al. 1999).

2.4 HIF prolyl 4-hydroxylases

As described in chapter 2.1.2, under normoxic conditions the HIF-a subunit is
targeted for degradation by an ubiquitin-ligase complex which recognizes
hydroxylated proline residue(s) (lvan et al. 2001, Jaakkola et al. 2001). The
hydroxylation is performed in vertebrates by a family of HIF-P4Hs, HIF-P4H-1, 2
and 3 (also called EgIn2, 1, 3, PHD1, 2, 3, and HPH2, 1, 3, respectively) (Bruick
& McKnight 2001, Epstein et al. 2001, lvan et al. 2002). HIF-P4Hs have also
been characterized from the invertebrates C. elegans and D. melanogaster, both
of which only have a single HIF-P4H (Bruick & McKnight 2001, Epstein et al.
2001).

Molecular and in vivo properties

Like the C-P4Hs, HIF-P4Hs belong to the 2-oxoglutarate dependent dioxygenase
family (for reviews, see Schofield & Zhang 1999, Schofield and Ratcliffe 2005).
The reaction mechanism is thus similar to that of the C-P4Hs (see section 2.2.1).
The catalytically critical residues, two histidines and one aspartate that bind the
iron, and an arginine that binds the C5 carboxyl group of 2-oxoglutarate, are
located within the C-terminal region of the HIF-P4H polypeptides and are
conserved between all three isoenzymes (Bruick and McKnight 2001, Epstein et
al. 2001, lvan et al. 2002). An arginine in HIF-P4Hs replaces the lysine in C-
P4Hs as the binding site for the C5 carboxyl group of 2-oxoglutarate. HIF-P4Hs
share homology in the C-terminal catalytic part but have marked differences in
their N-terminal sequences and do not have notable overall sequence homology to
the catalytic subunits of C-P4Hs (Bruick & McKnight 2001, Epstein et al. 2001,
Ivan et al. 2002). The three-dimensional structure of an N-terminally truncated
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HIF-P4H-2 has been solved and shown to resemble those of other 2-oxoglutarate
dependent dioxygenases in that it has a double-stranded B-helix “jelly-roll” core
fold (McDonough et al. 2006).

The human HIF-P4H-1, 2 and 3 polypeptides consist of 407, 426 and 239
amino acids, respectively (Taylor 2001, Bruick & McKnight 2001, Epstein et al.
2001, Ivan et al. 2002). The genes of HIF-P4H-1, 2 and 3 are located on
chromosomes 19, 1 and 14, respectively (Taylor 2001). At least two catalytically
inactive splicing variants of HIF-P4H-2 and one of HIF-P4H-3 exist, while
another splicing variant of HIF-P4H-3 is at least partially active (Hirsila et al.
2003, Cervera et al. 2006). The HIF-P4H-2 and 3 genes, but not that of HIF-P4H-
1, have been found to be hypoxia-inducible (Cioffi et al. 2003, Aprelikova et al.
2004). HIF-P4H-2 is the most abundantly expressed isoenzyme and under normal
circumstances is the main form responsible for the hydroxylation of HIF-a, while
HIF-P4H-1 and 3 become important after prolonged periods of hypoxia (Berra et
al. 2003, Appelhoff et al. 2004). Knock-out mouse studies suggest that HIF-P4H-
2 is the most important isoform as HIF-P4H-2 null mice are embryonically lethal,
while HIF-P4H-1 and 3 knock-out mice are apparently normal (Takeda et al.
2006). HIF-P4Hs are cytoplasmic and nuclear proteins, HIF-P4H-1 being located
exclusively in the nucleus, HIF-P4H-2 mainly in the cytoplasm and HIF-P4H-3
being found in both compartments (Metzen et al. 2003a). mMRNA expression
studies have revealed that although all three HIF-P4Hs are widely expressed in
many tissues, they exhibit tissue specific expression patterns (Lieb et al. 2002).

Catalytic properties

Hydroxylation of HIF-as occurs in conserved -Leu-X-X-Leu-Ala-Pro- sequences
in two sites in HIF-1a (Pro*? and Pro®®**) and HIF-20, and in one site in HIF-3a
(Bruick & McKnight 2001, Masson et al. 2001). However, it has been shown that
both leucines can be replaced with many other residues with essentially no effect
on the hydroxylation (Huang J et al. 2002, L. et al. 2004), alanine being the only
relatively, but not absolutely, strict requirement in addition to the proline itself (Li
et al. 2004). The C-P4Hs do not hydroxylate proline residues in the HIF-a
subunits (Jaakkola et al. 2001) as they have a distinct substrate specificity and are
located in a different cellular compartment (for a review, see Myllyharju 2005).
The catalytic and inhibition properties of the three HIF-P4Hs are very similar,
however, HIF-P4H-3 has some distinct features (Table 3) (Hirsila et al. 2003,
2005; Koivunen et al. 2006, 2007). The HIF-P4Hs, especially HIF-P4H-3,
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hydroxylate the C-terminal hydroxylation site (Pro®®* in HIF-1a) much more

efficiently than the N-terminal site (Pro*? in HIF-1a) (Hirsila et al. 2003, 2005,
Chan et al. 2005, Koivunen et al. 2006). HIF-P4Hs resemble C-P4Hs in that the
length of the peptide substrate has a marked effect on the hydroxylation efficiency,
the K, values for recombinant HIF-1a and HIF-2a. ODDDs of 248 and 215
residues, respectively, being markedly lower than for synthetic 19-20 and 35-
residue peptides (Koivunen et al. 2006). Studies in cultured cells have indicated
that the actions of the HIF-P4Hs on different HIF-a isoforms are not equivalent
(Appelhoff et al. 2004). As recent kinetic studies have not shown significant
differences in the K., values of the HIF-P4Hs for the different HIF-o ODDDs
(Koivunen et al. 2006), it is likely that the different actions of HIF-P4Hs within
cells reflect differences in their abundance and cellular location.

Although the HIF-P4Hs and C-P4Hs have an identical reaction mechanism,
their K., values for cosubstrates differ significantly (compare Table 1 and 3). The
HIF-P4Hs bind iron and 2-oxoglutarate more tightly than the C-P4Hs (Koivunen
et al. 2007). The K, values of HIF-P4Hs for iron are 20 to 65 times lower and
those of HIF-P4H-1 and 2 for 2-oxoglutarate are 10 to 20 times lower than the
corresponding values for C-P4Hs. The 2-oxoglutarate binding properties of HIF-
P4H-3 are intermediate between those of the HIF-P4H-1 and 2 and the C-P4Hs.
All HIF-P4Hs have similar and very high K., values for O, 230-250 uM, as
determined using a 19-residue synthetic peptide as a substrate (Hirsila et al. 2003).
Their affinity for oxygen is affected by the length of the substrate, however. This
was shown recently when a full-length ODDD was used as a substrate and the K,
of HIF-P4H-2 for oxygen decreased from 250 to 100 uM (Koivunen et al. 2006).
Even this value is still much higher than the O, concentration in tissues and is
thus rate limiting for HIF-P4H-2 activity under physiological conditions. This
supports the theory that HIF-P4Hs function as critical oxygen sensors.

To date, HIF-a subunits are the only known substrates for HIF-P4Hs, but
there is indirect evidence that other substrates are likely to exist. Likely
candidates are, for example, the iron regulatory protein-2, the large subunit of
RNA polymerase Il, IkB kinase-p and activating transcription factor 4
(Kuznetsova et al. 2003, Wang & Pantopoulos 2005, Cummins et al. 2006, Kéditz
et al. 2007).

Several synthetic 2-oxoglutarate analogues (Table 3), as well as the citric acid
cycle intermediates fumarate and succinate, have been shown to be effective
competitive inhibitors of all HIF-P4Hs (lvan et al. 2002, Hirsila et al. 2003,
Isaacs et al. 2005, Selak et al. 2005, Hewitson et al. 2007, Koivunen et al. 2007).
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Reactive oxygen species and nitric oxide have also been reported to inhibit HIF-
P4Hs, however, the precise mechanism of the inhibition remains to be examined
(Metzen et al. 2003b). In contrast to C-P4Hs, HIF-P4H-1 and 2 are inhibited very
inefficiently by most metals, while HIF-P4H-3 is inhibited more effectively
(Hirsil& et al. 2005). Cobalt and nickel are known to stabilize HIF-a effectively,
however, but this is likely to be due to a more complicated mechanism than
simple competitive inhibition (Hirsila et al. 2005). Stabilization of HIF-a
polypeptides by small molecule inhibitors of HIF-P4Hs is believed to be
therapeutically beneficial in diseases characterized by acute or chronic ischemia
or severe anaemia (for reviews, see Kaelin 2005a, Bruegge et al. 2007). There
seem to be differences in the inhibitory properties of HIF-P4Hs and C-P4Hs, and
even between individual HIF-P4H isoenzymes (compare Table 1 and 3). Thus, it
should be possible to develop specific inhibitors for both enzyme groups.

Table 3. K, and Kjvalues of HIF-P4H-1, 2 and 3 for reaction cosubstrates, substrates
and certain inhibitors.

Cosubstrate, substrate, or inhibitor Constant HIF-P4H-1 HIF-P4H-2 HIF-P4H-3
uM uM uM

Fe®* K 0.03 0.03 0.1*
2-Oxoglutarate K 2° 1° 12°
Ascorbate Km 170° 180° 140°
0, (19-residue synthetic peptide as a Km 230° 250° 230°

substrate)

(HIF-1a0DDD as a substrate) 100°
HIF-1aODDD K 0.01-0.02¢ 0.14¢ 0.07°
HIF-2a0DDD K 0.01-0.02¢ 0.06° 0.1¢
Pyridine 2,4-dicarboxylate Ki 40° 7° 8°
Pyridine 2,5-dicarboxylate Ki >300° >300° >300°
3-Hydroxypyridine-2-carbonyl-glycine Ki 15° 2° 1°
3,4-Dihydroxybenzoic acid Ki >300° >300° >300°

®Hirsila et al. 2005, "Koivunen et al. 2007, °Hirsila et al. 2003, “Koivunen et al. 2006

2.5 Prolyl 3-hydroxylases

3-Hydroxyproline is a rare amino acid in proteins. To date, 3-hydroxyproline
residues are only known to exist in vertebrates in collagens where they are found
in the sequence -Gly-3Hyp-4Hyp-Gly- (Fietzek et al. 1972, Gryder et al. 1975,
Tryggvason et al. 1977). The extent of 3-hydroxylation varies in different types of
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collagens and is most abundant in type IV collagen where the 3-hydroxyproline
content mostly varies between 5 to 10 residues, but can be up to 16 residues per
1,000 amino acids, depending on the tissue source (Kefalides 1973, Gryder et al.
1975, Kresina & Miller 1979). In contrast, type | and X collagens have only one
3-hydroxyproline residue per o chain (Fietzek et al. 1972, Bos et al. 1999) and
type Il collagen has about two residues per o chain (Miller et al. 1976). About
11% of the total hydroxyproline in type 1V collagen is 3-hydroxyproline, and this
amount is 10 times higher than in the fibril forming collagens (Kefalides 1973).

Prolyl 3-hydroxylase (P3H, EC 1.14.11.7) catalyzes the hydroxylation of
proline residues in the -Gly-Pro-4Hyp-Gly- sequences in vertebrates. The
formation of 3-hydroxyproline is dependent on the presence of 4-hydroxyproline
in the sequence (Risteli et al. 1977, Tryggvason et al. 1977). P3H was purified
and partially characterized about 30 years ago (Risteli et al. 1977, Tryggvason et
al. 1979), but it was only cloned from chick in 2004 (Vranka et al. 2004). Three
human genes coding for P3H isoenzymes, P3H1, 2 and 3, located in
chromosomes 1, 3 and 12, respectively, are now known (Jarnum et al. 2004,
Vranka et al. 2004). The human P3H1, 2 and 3 consist of 736, 708 and 726
residues, respectively, including a presumptive signal peptide in their N-terminus
(Jarnum et al. 2004, Vranka et al. 2004). The isoenzymes share 38 to 46%
sequence identity with each other (Vranka et al. 2004). All isoenzymes contain an
ER retrieval signal, a -Lys-Asp-Glu-Leu in the case of P3H1 and P3H2 and an -
Arg-Glu-Glu-Leu in the case of P3H3 (Vranka et al. 2004). The P3H1 and P3H2
polypeptides are also predicted to contain TPR domains (Jarnum et al. 2004).
These domains are known to be involved in protein-protein interactions and have
been shown to compose the 3-dimensional structure of the peptide substrate
binding domain of human C-P4H-l (Pekkala et al. 2004). The TPR domain
structure is also found in cartilage associated protein (CRTAP), which shares
similarity with the P3Hs, excluding their catalytic residues (Morello et al. 2006).
The P3Hs share the conserved catalytic residues of the P4Hs and require the same
cosubstrates (Risteli et al. 1977, Tryggvason et al. 1979, Vranka et al. 2004), thus
belonging to the 2-oxoglutarate dependent dioxygenase family (Kivirikko &
Pihlajaniemi 1998, Aravind & Koonin 2001).

P3H1 was originally described as a putative basement membrane associated
proteoglycan, Leprecan (Wassenhove-McCarthy & McCarthy 1999), and
subsequently as a potential growth suppressor gene, GROS1, on chromosome 1
(Kaul et al. 2000). Leprecan was shown to have an ER-Golgi staining pattern in
cultured cells (Wassenhove-McCarthy & McCarthy 1999). P3H1 has been
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purified from a chick embryo rough ER extract and partial sequencing of the
polypeptide led to cloning of the chick P3H1 (Vranka et al. 2004). The purified
chick P3H1 was shown to have P3H activity on a full-length prolyl 4-
hydroxylated protocollagen substrate (Vranka et al. 2004). The P3H1 was present
in a complex of proteins that specifically bound to non-triple-helical collagen.
CRTAP and cyclophilin B were tightly bound to P3H1 but neither of these was
required for P3H1 activity in vitro (VVranka et al. 2004, Morello et al. 2006). As 3-
hydroxyproline is most abundant in type IV collagen of the basement membranes
it was surprising that P3H1 was localized in tissues that express fibrillar collagens,
and expression in tissues where basement membrane collagens predominate, e.g.
kidney and liver, was limited, if present at all (Vranka et al. 2004). P3H2 was first
identified as a Leprecan-like 1 protein and cloned from a liposarcoma cell line
cDNA (J&rnum et al. 2004). The strongest mMRNA expression was seen in kidney
and placenta (Jarnum et al. 2004). The P3H2 polypeptide was located in the ER-
Golgi network and expressed in several human tissues such as liver, pancreas,
salivary gland, heart and skeletal muscle (Ja&rnum et al. 2004).

The function of 3-hydroxyproline residues in collagens is not well known and
their biological role and importance remained elusive until not long ago. Recently,
biophysical studies were carried out on synthetic polypeptides that demonstrated
that the presence of 3-hydroxyproline in both the X and Y positions of a collagen-
like peptide destabilized the triple-helical structure (Jenkins et al. 2003, Mizuno
et al. 2004). This effect is totally opposite to that of the 4-hydroxyproline residues
which markedly increase the stability of the triple helix. The destabilizing effect is
weaker when the 3-hydroxyproline is in its natural X position and stronger when
present in the unnatural Y position (Jenkins et al. 2003). This destabilizing effect
brought up the theory that 3-hydroxyproline residues could serve to modulate the
local stability of triple helices, allowing specific regions to have lower stability.
This might be necessary for the assembly of certain supramolecular structures, e.g.
the meshwork structure formed by type IV collagen in basement membranes
(Jenkins et al. 2003, Mizuno et al. 2004). The collagen triple helices in basement
membranes interact with each other, as well as with other biomolecules, in a more
varied and complex manner than those present in collagen fibrils (Jenkins et al.
2003). The latest structural studies show, however, that the presence of 3-
hydroxyproline does not lead to large structural alterations in the collagen triple
helix and is more likely to be involved in its protein interactions (Schumacher et
al. 2006).
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Even though the exact function of 3-hydroxyproline residues in collagens is
unclear, studies on gene-modified mice and patient samples indicate that the
prolyl 3-hydroxylation of type | collagen is crucial for normal bone formation in
vivo (Barnes et al. 2006, Morello et al. 2006, Cabral et al. 2007). CRTAP has
been shown to form a tight complex with P3H1 (Vranka et al. 2004, Morello et al.
2006) and is required for efficient prolyl 3-hydroxylation of fibrillar collagens in
vivo (Morello et al. 2006). Crtap null mice are characterized by a total loss of 3-
hydroxyproline in fibrillar type | and Il collagens. The lack of CRTAP function
leads to changes in collagen modifications, intracellular trafficking, and
extracellular fibril assembly (Morello et al. 2006). These abnormalities result in
functional defects in osteoid production and the mineralization rate (Morello et al.
2006). In humans, CRTAP mutations have been shown to cause a recessive type
VII osteogenesis imperfecta (Ol) ranging from neonatal lethal cases to a milder
phenotype, depending on the type of mutation (Morello et al. 2006, Barnes et al.
2006). CRTAP has also been shown to have the same chromosomal location as a
locus for a moderately severe recessive type VII Ol (Tonachini et al. 1999,
Labuda et al. 2002). The majority of Ol cases are caused by mutations in the type
I collagen genes, COL1A1 and COL1A2 (Rauch & Glorieux 2004). In about 10-
15% of Ol cases, no collagen mutation is found and a preliminary estimation is
that CRTAP defects cause 2 to 3% of all lethal Ol cases (Barnes et al. 2006). A
new recessive human bone disorder resulting from null P3H1 alleles has also been
reported (Cabral et al. 2007). The lack of P3H1 results in excess lysyl
hydroxylation and subsequent over-modification of the type | collagen, which
leads to a phenotype that overlaps with lethal or severe Ol but has some
distinctive features (Cabral et al. 2007).

The presence of 3-hydroxyproline in collagen seems to be restricted to
vertebrates as it is not found in nematode collagens, although it is abundant in
several other proteins, e.g. cathepsin-L-like proteinases and a Kunitz-type
molecule in the trematode Fasciola hepatica (Wijffels et al. 1994, Bozas et al.
1995, Bozas & Spithill 1996). The 3-hydroxyproline residues of the F. hepatica
proteins exist in sequences that have no consensus between each other and no
similarity to a collagen sequence (Wijffels et al. 1994, Bozas & Spithill 1996). It
thus seems likely that the P3H present in this parasite is quite different from the
collagen P3Hs of vertebrates (Bozas et al. 1995, Wijffels et al. 1994).

42



3 Outlines of the present research

4-Hydroxyproline residues were thought to be found only in collagens and
collagen-like proteins until recently when it was discovered that one or two 4-
hydroxyproline residues are also present in HIF-a polypeptides in normoxia. This
led to the identification and characterization of a new P4H family, HIF-P4Hs.
Thus, two P4H families are currently known: C-P4Hs that reside in the ER, and
HIF-P4Hs that are located either in the nucleus or cytoplasm. Both P4H families
belong to the 2-oxoglutarate dioxygenases and require Fe?*, 2-oxoglutarate, O,
and ascorbate in their reaction.

The discovery of HIF-P4Hs has highlighted the possibility that 4-
hydroxyproline residues may yet be found in other proteins and that other groups
of P4Hs may also exist. Our database searches revealed a novel human C-P4H-
like polypeptide, the sequence of which did not show homology to the peptide
substrate binding domain of the C-P4Hs, however. We set out i) to clone and
characterize the novel C-P4H-like polypeptide. As it contained a transmembrane
domain and was thus difficult to purify in an active form and as all plant P4Hs
characterized previously have been shown to be soluble monomers, we decided ii)
to clone and characterize a second A. thaliana P4H that shared a marked
homology with the novel human P4H-like polypeptide at its putative peptide
substrate binding region.

When this thesis work was initiated, only very limited data was available on
P3Hs, which are also collagen modifying enzymes that belong to the 2-
oxoglutarate dioxygenase superfamily. Their importance in collagen synthesis
was largely unknown. Thus we set out iii) to clone the three human P3H
isoenzymes, express them as recombinant proteins, determine their catalytic
properties and study their expression in different tissues at mRNA and protein
level.
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4 Materials and m

ethods

The materials and methods used in this thesis are summarized in Tables 4-6 below.
They have been described in detail, together with their references, in original

articles I-111.

Table 4. Constructs for recombinant expression of P4H-TM, At-P4H-2 and the three

P3H polypeptides.

Construct Description Used in
Baculovirus expression constructs
P4H-TM in pVL1392 aas 1-502 of P4H-TM, full-length |
P4H-TM+PDI+His6 tag in pVL1392 aas 88-502 of P4H-TM with the PDI signal |
peptide followed by a His6 tag in the N-
terminus, lacks the transmembrane domain
P4AH-TM+GP67+His6 tag in aas 88-502 of P4H-TM with the GP67 signal |
pAcGP67B peptide followed by a His6 tag in the N-
terminus, lacks the transmembrane domain
At-P4H-2 in pVL 1392 aas 1-299 of At-P4H-2, full-length 1]
P3H1 in pVL 1392 aas 1-736 of P3H1, full-length 1]
P3H2 in pVL 1392 aas 1-708 of P3H2, full-length 1]
P3H3 in pVL 1392 aas 1-736 of P3H3, full-length 1]
Mammalian expression construct
P4H-TM in pcDNA3.1(-)Zeo aas 1-502 of P4H-TM, full-length |
Table 5. Antibodies.
Antibody Description of the antigen Type Used in
P4H-TM aas 88-502 of human P4H-TM, lacks the trans- Polyclonal, rabbit |
membrane domain
P3H1 Mouse, peptide PEEVIPKRLQEKQKSE Polyclonal, rabbit 1
P3H2 Mouse, peptide MGKKSPPKIGRDLREG Polyclonal, rabbit 1
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Table 6. Methods.

Level

Method

Used in

DNA

RNA

Protein

Cell and tissue

Cloning techniques

PCR

Rapid amplification of cDNA ends (RACE)
Site-directed mutagenesis

Northern Blot analysis

RT-PCR

SiRNA

Expression and analysis of recombinant proteins in mammalian cells
Expression and analysis of recombinant proteins in insect cells
SDS-PAGE and Western blotting

Enzyme activity assays

Metal chelate affinity chromatography

Gel filtration

N-terminal sequencing

N glycosidase F treatment

Circular dichroism spectroscopy

In vitro transcription translation

HPLC

Cell culture

Immunofluorescence staining
Immunoelectron microscopy (EM)
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5 Results

5.1 Cloning and characterization of a novel ER transmembrane
human prolyl 4-hydroxylase, P4H-TM (1)

5.1.1 Cloning and expression of recombinant P4H-TM

A gene bank search identified a novel P4H-like polypeptide of 502 residues that,
unlike any other P4H characterized so far, contained a predicted transmembrane
domain spanning residues 59-82 and no signal peptide (Figure 1 in I). The novel
polypeptide was named P4H-TM and database searches indicated that it was also
found in other vertebrates but not in invertebrates, the zebrafish homologue being
51% identical with the human P4H-TM.

The overall sequence identity of the full-length PAH-TM with the catalytic a
subunits of the three human C-P4Hs and HIF-P4Hs is relatively low, 14-15% and
10-13%, respectively (Figure 1 in I). The identity is higher within the catalytically
important C-terminal regions, however, the P4H-TM residues 314-502 being 26-
28% and 13-15% identical to the corresponding residues in the C-P4H a subunits
and the HIF-P4Hs, respectively. Notably, the residue binding the C-5 carboxyl
group of 2-oxoglutarate is a lysine in P4H-TM (Figure 1 in 1) as in the C-P4Hs,
while it is an arginine in the HIF-P4Hs (Myllyharju & Kivirikko 1997, Bruick and
McKnight 2001, Epstein et al. 2001, Ivan et al. 2002, Clifton et al. 2006). The
catalytic region of PAH-TM is thus more closely related to those of the C-P4Hs
than the HIF-P4Hs. P4AH-TM lacked sequence similarity with the C-P4Hs at their
peptide substrate binding domain, however (Figure 1 in 1). The C terminus of
PAH-TM has the sequence -Arg-Val-Glu-Leu, which according to novel
unpublished data functions as an ER retention signal.

To study the properties of recombinant PAH-TM, untagged full-length P4H-
TM was expressed as a recombinant protein in insect cells. The cells were
harvested 72 h after infection and homogenized in a buffer containing Triton X-
100 and centrifuged, and the remaining pellets were further solubilized in 1%
SDS. The Triton X-100 and SDS-soluble fractions were analyzed by SDS-PAGE
under reducing conditions followed by Coomassie Blue staining or Western
blotting (Figure 3A in 1) with a P4AH-TM antibody. Most of the full-length P4H-
TM polypeptide remained in the SDS extract, but significant amounts were also
soluble in the Triton X-100 buffer (Figure 3A in I). The recombinant P4H-TM

47



was found in two forms (Figure 3A in I) that according to N-terminal sequencing
started from Metl and Asp88. This indicates that some of the full-length
polypeptides were cleaved after the transmembrane domain. The cleavage was
also found to occur in mammalian cells as analysis of samples from human
embryonic kidney HEK293 cells expressing full-length recombinant P4AH-TM
likewise showed the presence of two immunoreactive polypeptides (Figure 3A in
). According to gel filtration analysis P4H-TM was eluted in fractions
corresponding to molecular masses of 105-120 kDa and 85-90 kDa. This data
suggests that both the full-length P4AH-TM and its cleaved form exist as
homodimers.

Purification of membrane proteins is troublesome, and therefore two
additional baculovirus constructs were generated in order to obtain purified P4H-
TM. These constructs lacked the transmembrane domain and either a GP67 or a
PDI signal peptide followed by a His-tag was added to the N-terminus of P4H-
TM. Both polypeptides were purified to homogeneity and used as a source of
enzyme in activity assays.

As the C-P4Hs function within the lumen of the ER, while the HIF-P4Hs are
cytoplasmic or nuclear enzymes, it was of interest to study the subcellular
localization of the catalytic region of P4H-TM. Immuno EM studies were carried
out with Sf9 and HEK?293 cells expressing the full-length recombinant P4AH-TM.
The antibody used had been generated against a purified truncated P4H-TM
beginning after the transmembrane domain at Asp88 and this thus revealed the
location of the catalytic C-terminal region. PAH-TM was found to be an ER
membrane protein located in an orientation in which its catalytic site was inside
the lumen (Figure 5 in 1). Endogenous P4H-TM in nontransfected HEK293 cells
had the same location and orientation. This location and orientation was in
agreement with the data indicating that PAH-TM was N-glycosylated (Figure 3B
in 1), and the presence of the -Arg-Val-Glu-Leu variant of the ER retention signal.

5.1.2 P4H-TMis expressed in many human tissues and cell lines
and is induced by hypoxia

The mMRNA expression pattern of P4AH-TM revealed marked differences when
compared to the C-P4Hs. The P4AH-TM mRNA was expressed at high levels in the
adult brain (Figure 2 in I), where the C-P4H a(1)-(111) MRNAs are expressed only
at low levels, if at all (Annunen et al. 1997, Kukkola et al. 2003). The high P4H-
TM mRNA levels in the Northern blot analyses were also seen in the adult heart,
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placenta, skeletal muscle, kidney and pancreas, with adult tissues showing higher
levels than fetal tissues (Figure 2A-C in I). Three mRNA species of 2.7, 2.3 and
1.8 kb were seen, the 1.8-kb mRNA being the most abundant form in all tissues
studied, except in the brain. P4AH-TM mRNA was also expressed in epiphyseal
cartilage and fibroblasts (Figure 2D in 1) and in several tumour samples (Figure
2Ein ).

Our Western blot studies showed that P4AH-TM was expressed in a variety of
human cell lines and its expression was markedly induced by hypoxia in most of
them (Figure 4 in ). Analysis of the 5’ untranslated sequence of the gene
encoding human P4H-TM revealed the presence of five HREs thus supporting the
evidence for hypoxia-inducibility. Immunofluorescence staining revealed that
endogenous P4H-TM in normoxic and hypoxic HEK293 cells was located in the
cytoplasm and showed a reticular staining pattern resembling the arrangement of
the ER. In accordance with our other results, the immunofluorescence stainings
also supported the proposed hypoxia-inducibility of the P4H-TM. However,
hypoxia did not affect its cellular localization.

5.1.3 Actions of P4H-TM closely resemble those of HIF-P4Hs

Based on circular dichroism analysis, the purified truncated P4AH-TM was in a
folded conformation (Fig. 5). Furthermore, like the C-P4Hs and HIF-P4Hs
(Myllyharju & Kivirikko 1997, Hirsila et al. 2003) it was found to catalyze
uncoupled 2-oxoglutarate decarboxylation, although at a lower rate, indicating
that P4H-TM was folded into a catalytically active conformation. We therefore set
out to study the ability of PAH-TM to hydroxylate a wide range of potential
peptide substrates using an assay based on the hydroxylation-coupled
decarboxylation of 2-oxo[1-**C]glutarate (Kivirikko & Myllyla 1982). The non-
purified recombinant full-length P4H-TM and the purified truncated P4H-TM
beginning at Asp88 were used as sources of the enzyme. The peptides studied
included collagen-like peptides such as (Pro-Pro-Gly),o, bradykinin analogues
that are hydroxylated by the C-P4Hs in vitro (Kivirikko & Pihlajaniemi 1998),
proline-rich peptides that act as in vitro substrates for viral and plant P4Hs
(Eriksson et al. 1999, Hieta & Myllyharju 2002), and various 19-20 and 35-
residue HIF-a-like peptides (Hirsila et al 2003, Koivunen et al. 2006). None of
these served as a substrate for P4H-TM, however.
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Fig. 5. CD spectroscopy analysis of the purified His-tagged P4H-TM starting at Asp88
in the far UV region.

The overexpression of P4AH-TM has previously been shown to suppress
cellular HIF-1a and HIF-20, reporter transactivation activity and to reduce the
HIF-2a, protein level (Oehme et al. 2002). We therefore set out to study whether
P4H-TM is involved in the hydroxylation of HIF-1a and HIF-2o ODDDs in
cellulo. To do this we transiently transfected human neuroblastoma cells with a
constant amount of a reporter plasmid for the N- or C-terminal half of the HIF-1a.
or HIF-2a. ODDDs, together with increasing amounts of a plasmid coding for a
full-length PAH-TM or HIF-P4H-2. Overexpression of both enzymes reduced the
amounts of all four ODDD polypeptides in a dose-dependent manner and with
about equal efficiency (Figure 6A in 1). In contrast, silencing the genes for P4H-
TM or any of the three HIF-P4Hs with siRNA oligonucleotides led to increased
levels of HIF-1o (Figure 6B in 1). These data indicate that overexpression and
silencing of P4H-TM leads to similar effects on the stability of HIF-1a as
overexpression and silencing of the HIF-P4Hs.

Oehme and coworkers (2002) were not able to show that recombinant P4H-
TM is an active enzyme. Interestingly, it has recently been demonstrated that HIF-
P4Hs require long substrates (Hirsild et al. 2003) and their K,, values for
recombinant HIF-1o and HIF-20. ODDDs consisting of more than 200 residues
are lower than for 35-residue synthetic peptides (Koivunen et al. 2006). We
decided to investigate the possibility that the synthetic peptides tested as
substrates were not hydroxylated because of their short length. We studied
hydroxylation of the 248-residue wild-type and mutant HIF-1a ODDDs, the full-
length HIF-1a and the full-length proal chains of type | procollagen, which were
produced in rabbit reticulocyte lysates as L-[2,3,4,5-*H]proline-labelled
polypeptides by the purified truncated P4H-TM. The full-length HIF-1la
polypeptide and its ODDD were found to serve as substrates (Table 1 in 1), while
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the procollagen chains were not hydroxylated. The amount of 4-
hydroxy[*H]proline formed was about 20% and 50% of those obtained, with an
equal amount of HIF-P4H-2 and HIF-P4H-3, respectively (Table 1 in I). A
Pro402Ala mutant HIF-1a. ODDD, was almost as good a substrate as the wild
type, whereas hydroxylation of a Pro564Ala mutant was only about 10% of the
wild type (Table 1 in 1). P4H-TM thus resembles HIF-P4H-3 in that it
preferentially hydroxylates the C-terminal Pro564 of HIF-1a (Table I in I). A low
but distinct level of 4-hydroxy[*H]proline formation was obtained with purified
P4H-TM even when a Pro402,564Ala double mutant HIF-1a. ODDD was used as
a substrate (Table 1 in I). This suggests that PAH-TM also acted at a low rate on
some additional proline(s) that were not hydroxylated by the three HIF-P4Hs.

5.2 Molecular cloning and characterization of the second
Arabidopsis thaliana prolyl 4-hydroxylase, At-P4H-2 (lI)

5.2.1 Cloning of At-P4H-2

A sequence homology search of the A. thaliana genome has identified at least six
polypeptides which show 21-27% identity to the catalytic C-terminal regions of
the human C-P4H-1 and Il o subunits (Hieta & Myllyharju 2002). One of the
uncharacterized A. thaliana P4H-like polypeptides, named At-P4H-2 here, shared
sequence homology with the human P4H-TM which was cloned and
characterized in this study (original article 1) within the potential peptide substrate
binding region. The sequence identity of At-P4H-2 with the peptide substrate
binding domain of the human C-P4H a(l) subunit and the corresponding region of
P4AH-TM was 5% and 37%, respectively (Fig. 6). The P4AH-TM likewise had only
a 5% sequence identity with the peptide binding region of the C-P4H a(l) subunit
(Fig. 6). None of the tyrosine residues, which have been shown to be important
for peptide binding in the case of the C-P4H a(l) subunit (Hieta et al. 2003,
Pekkala et al. 2004), were conserved in At-P4H-2 or P4H-TM. We regarded it
possible that At-P4H-2 could turn out to be a beneficial tool for screening
potential new substrate candidates for the human P4H-TM because it did not
contain a transmembrane domain and like other plant P4Hs it was expected to be
a soluble monomer. We therefore amplified the full-length At-P4H-2 cDNA from
an A. thaliana Uni-ZAP XR cDNA library (Strategene) by using primers designed
according to the GenBank™ sequence NP566279.1.
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C-P4H o (I) 144 FLTAEDCFELGK AYTEADYYHTELWMEQAL QIDEGEISTIDKVSVLDYLSYA
P4H-TM 135 ————————— IRTL L f‘FLTD —————————————————— TJgH
At-P4H-2 38 ——-—————- VKQ) bFLTD DHI —————————————————— I

VY@OGD| DKALL TKKLLLDPEHQEANGNLKYFEYIMAKEKDVNKS

MKG] PTEEYEA TMQ —————————————————

KEN- AVADNDNGSQ —————————————————

Fig. 6. Sequence alignment of the peptide substrate binding domain of the human C-
P4H «a(l) subunit with the corresponding regions of the P4H-TM and At-P4H-2
polypeptides. Identical residues are indicated with a black background. Gaps were
introduced for maximal alignment.

5.2.2 Expression of recombinant At-P4H-2 in insect cells

The cDNA encoding At-P4H-2 was cloned into a baculovirus vector and used to
generate a recombinant virus. Spodoptera frugiperda Sf9 insect cells were
infected with the amplified virus and harvested 72 h after infection. The cells
were homogenized in a buffer containing 0.1% Triton X-100, and centrifuged.
The remaining pellet was solubilized consecutively in a buffer containing 1%
Triton X-100, a buffer containing 50% glycerol, 0.6 M NaCl, and 1% Nonident P-
40, and finally in 1% SDS. Aliquots of all samples were analyzed by SDS-PAGE.
The 35 kDa At-P4H-2 polypeptide was poorly soluble in the Triton X-100
containing buffers whereas a strong band was seen in the glycerol and SDS
extracts (Figure 2 in Il1). N-terminal sequencing showed that the At-P4H-2
polypeptide was present in all fractions, however.

5.2.3 Substrate specificity and catalytic properties of recombinant
At-P4H-2

P4H activity was assayed using a method based on the hydroxylation-coupled
decarboxylation of 2-oxo[1-**C]glutarate (Kivirikko & Myllylda 1982). A
significant amount of P4H activity was observed in the 0.1% Triton X-100-
soluble fraction of cells expressing At-P4H-2 when poly(L-proline) was used as
the peptide substrate (Table I in Il). The observed At-P4H-2 activity represented
hydroxylation-coupled decarboxylation and not uncoupled decarboxylation as
shown by analysis of the amount of 4-hydroxyproline formed (Table Il in II).
Although the amount of recombinant At-P4H-2 was much higher in the glycerol-
soluble fraction than in the 0.1% Triton X-100-soluble fraction, the P4H activity
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in it was only 16% of that in the Triton X-100 fraction. This suggests that the
majority of the glycerol-soluble At-P4H-2 was incorrectly folded. The 0.1%
Triton X-100-soluble fraction was therefore used as the source of At-P4H-2 in all
enzymatic analyses.

A wide range of synthetic peptides were tested as potential substrates for At-
P4H-2 (Table I in II). A large amount of P4H activity was obtained with poly(L-
proline) of various lengths, a peptide representing an AGP sequence and two
peptides representing sequences found in extensins (Table I in Il). Hydroxylation
of poly(L-proline) was more effective, however, as its K, values were markedly
lower than those of the AGP and extensin peptides (Table I11 in 11). The K, values
of At-P4H-2 for poly(L-proline), M, 30,000-40,000 and M, 5,000-10,000, were 13
and 30 uM, respectively, being thus much higher than those of the previously
cloned A. thaliana P4H, At-P4H-1, the K, of which for poly(L-proline), M,
10,000-20,000, was as low as 0.2 uM (Table Il in 1I). The K, values of At-P4H-2
for the AGP and extensin peptides ranged from 380 to 1260 uM, being 10-60
times higher than those of At-P4H-1 (Table 11 in I1). N-terminal sequencing of
the 21-residue extensin-like peptide SPPPVYKSPPPPVKHYSPPPV after
hydroxylation by At-P4H-2 showed that the first proline of the central proline
guadruplet and the most C-terminal proline were hydroxylated, the hydroxylation
level of the C-terminal proline being higher (Figure 3 in II).

Although plants do not have collagens, the collagen-like peptide (Pro-Pro-
Gly)1o has been shown to be a good substrate for At-P4H-1 (Hieta & Myllyharju
2002). In contrast, At-P4H-2 hydroxylated (Pro-Pro-Gly)y, very inefficiently, thus
resembling the viral PBCV-1 P4H in this respect (Tables | and Il in II). The
single -Pro-Pro-Gly- triplet in bradykinin, a peptide involved in the regulation of
blood pressure, was not hydroxylated by At-P4H-2 (Table I in I1). The prion
protein has been shown to contain one 4-hydroxyproline residue and its N
terminus is predicted to adopt a poly(L-proline) type Il helix conformation (Gill et
al. 2000). A low level of At-P4H-2 activity was generated with a peptide
representing the hydroxylation site of the prion protein (Table I in I1). At-P4H-1
has been shown to hydroxylate synthetic peptides representing the hydroxylation
sites of HIF-1a (Hieta & Myllyharju 2002), but At-P4H-2 did not hydroxylate any
of the HIF-a peptides tested (Table I in I1).

The At-P4H-2 required Fe?*, 2-oxoglutarate, O, and ascorbate for activity, as
expected. Its K, values for the cosubstrates were similar to those of At-P4H-1
(Table IV in 11). The K, value for Fe* was 5 uM, which was about one-third of
that of At-P4H-1 but about 2 and 10-fold higher than those of the human C-P4H-I,
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and the PBCV-1 P4H, respectively (Table IV in Il). The K, value for 2-
oxoglutarate, 170 uM, was slightly higher than that of At-P4H-1, both of these
values being much higher than those of C-P4H-I and PBCV-1 P4H (Table IV in
I). The K, values for ascorbate were identical for At-P4Hs, C-P4H-I and PBCV-1
P4H (Table IV in II).

Two well known competitive inhibitors of the vertebrate C-P4Hs that
compete with 2-oxoglutarate — pyridine 2,4-dicarboxylate and pyridine 2,5-
dicarboxylate — also acted as inhibitors for At-P4H-2, although the K; values were
higher than those of C-P4H-I and PBCV-1 P4H (Table IV in Il). Pyridine 2,4-
dicarboxylate was a more efficient inhibitor of At-P4H-2 than pyridine 2,5-
dicarboxylate, and the relative inhibition efficiency of these compounds is the
opposite with C-P4H-I and PBCV-1 P4H (Table IV in II).

5.3 Characterization of the human prolyl 3-hydroxylase isoenzyme
2 (1

5.3.1 Cloning and expression of the recombinant P3H isoenzymes
in insect cells

In order to express the three human P3H isoenzymes as recombinant proteins,
PCR amplification was used to obtain the corresponding full-length cDNAs from
different human cDNA pools with specific primers. The P3H isoenzymes were
expressed as recombinant proteins in insect cells. The cells were harvested 72 h
after infection and homogenized, and the Triton X-100 and SDS-soluble fractions
were analyzed by SDS-PAGE followed by Coomassie blue staining or Western
blotting (Figure 2 in I11) with polyclonal antibodies generated against synthetic
mouse P3H1 and P3H2 peptides. The recombinant P3H1 and P3H2 polypeptides
were present in the Triton X-100-soluble fraction, although the majority of them
were soluble only in 1% SDS (Figure 2 in I1l). P3H3 seemed to be completely
insoluble in the Triton X-100 buffer (Figure 2A in I11). The presence of the P3H1
and P3H2 polypeptides in the Triton X-100-soluble fraction was verified by N-
terminal sequencing. Furthermore, N-terminal sequencing showed that the signal
peptides of P3H1, 2 and 3 consist of 18, 24 and 20 amino acids, respectively.
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5.3.2 Substrate specificity and catalytic properties of recombinant
P3H2

The commonly used activity assay for P4AHs (Myllyla & Kivirikko 1982, Hirsila
et al. 2003), based on the hydroxylation-coupled decarboxylation of 2-oxo-
[**Clglutarate, was adopted here to study the activity and catalytic properties of
the recombinant P3Hs. It has been previously shown that prolyl 3-hydroxylation
most likely requires the presence of 4-hydroxyproline in the Y position, i.e. a —
Pro-4Hyp-Gly- sequence (Tryggvason et al. 1977, Risteli et al. 1977). Therefore,
a 15-amino-acid peptide (Pro-4Hyp-Gly)s was used here as a substrate to measure
P3H activity. Using this assay, P3H activity was obtained only in the Triton X-
100-soluble fractions of cells expressing P3H2 (Table 1 in IlI). The lack of
enzyme activity in the case of P3H1 was most probably due to several point
mutations that were found in the P3H1 sequence when it was compared to
sequences available in databases. Several versions of the P3HI cDNA were
produced by correcting the point mutations in different combinations by site-
directed mutagenesis. However, none of the recombinant P3H1 polypeptides had
enzyme activity. The lack of enzyme activity in the case of P3H3 was most likely
a consequence of its extremely poor solubility in the Triton X-100 buffer. As it
has been recently published that the cartilage associated protein, CRTAP, is
associated with P3H1 and is required for efficient prolyl 3-hydroxylation in vivo
(Vranka et al. 2004, Barnes et al. 2006, Morello et al. 2006), we cloned CRTAP
and coexpressed it with all P3H isoenzymes. Coexpression with CRTAP did not
increase the solubility or activity of any of the three isoenzymes.

The kinetic constants of P3H2 for the peptide substrate, the reaction
cosubstrates and certain inhibitors were determined. P3H2 efficiently
hydroxylated the (Gly-Pro-4Hyp)s substrate, the K., value of 70 uM being lower
than that of C-P4H-1 for a peptide substrate of a similar length (Table 2 in 1II).
The K., values of P3H2 for the cosubstrates also had certain differences when
compared to those of the human C-P4Hs. The K, of P3H2 for Fe?* was 0.5 uM,
which is four times lower than that of C-P4H-1 (Table 2 in I11). In contrast, the K,
for 2-oxoglutarate, 80 pM, was four times higher than that of C-P4H-I (Table 2 in
I11). The K, of P3H2 for ascorbate was about one third of that of C-P4H-I (Table
2in 11).

Like C-P4Hs, P3H2 was efficiently inhibited by pyridine 2,4-dicarboxylate
with a K; value of 9 uM (Table 2 in I11). In contrast, pyridine 2,5-dicarboxylate
which is an even more efficient inhibitor of the C-P4Hs than pyridine 2,4-
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dicarboxylate, was a very poor inhibitor of P3H2 (Table 2 in Il1). Poly(L-proline)
also inhibited P3H2 very inefficiently (Table 2 in I1I).

5.3.3 Expression of the P3H isoenzymes in vertebrate tissues

The P3H1 mRNA was expressed in all adult and fetal tissues studied, the highest
expression levels being in placenta, adult lung, liver, kidney and pancreas, and in
fetal spleen, lung, liver, skeletal muscle and kidney (Figure 1 in 11l). The P3H2
MRNA was likewise expressed in all tissues studied except for adult brain and
skeletal muscle, with the highest expression levels in placenta, adult lung, liver
and kidney, and fetal heart, spleen, lung, liver, skeletal muscle and kidney (Figure
1 in II1). The P3H3 mRNA expression closely resembled that of P3H1 in adult
tissues, but was more restricted in the fetal tissues, where the highest expression
was seen in the lung, skeletal muscle and kidney (Figure 1 in I11).

The antibodies produced against synthetic peptides representing the mouse
P3H1 and P3H2 polypeptides were used to study the expression of these
isoenzymes in adult mouse tissues. The antibodies were found to be highly
isoenzyme-specific, as shown in the Western blot analysis of the recombinant
P3H1 and P3H2 polypeptides (Figure 2B and 2C in I11). It has been shown that 3-
hydroxyproline is most abundantly found in the type IV collagen, which is one of
the major components in basement membranes (Gryder et al. 1975, Kefalides
1973, Kresina & Miller 1979) but the chick P3H1 has previously been shown to
be expressed only in tissues where fibrillar collagens predominate (Vranka et al.
2004). Thus it was of interest to study whether P3H2 would be expressed in
tissues rich in basement membranes.

In general, P3H2 was found to be expressed strongly in tissues where
basement membranes and thus collagen IV predominate, while P3H1 was
expressed only at a low level, if at all (Figure 3 in Ill1). P3H2 was strongly
expressed in the tubular cells of the kidney (Figure 3 in IlI). Immuno EM
revealed that P3H2 was present in the kidney tubular cells close to the basement
membrane in an apparent association with membranous structures, particularly in
the basal folds of the tubular cells (Figure 4 in III). In agreement with the
previous studies (Vranka et al. 2004), P3H1 showed no staining in the kidney
(Figure 3 in I1I). P3H2 was also strongly expressed in the Schwann cells of the
peripheral nerve whereas there was no P3H1 staining seen. Both P3H1 and P3H2
were expressed in the pancreas but had dissimilar staining patterns (Figure 3 in
111). P3H2 was expressed in the acinar cells and in the cuboidal epithelium cells
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of the interlobular ducts. In contrast, P3H1 was expressed in the walls of
intercalated ducts, which consist of a flattened cuboidal epithelium. Both P3H1
and P3H2 were expressed in the tunica adventitia, the smooth muscle layer of the
aortic wall (Figure 3 in 111). P3H1 has previously been shown to be expressed in
the tunica adventitia as well (Vranka et al. 2004). In the liver, P3H1 appeared to
be expressed in the canaliculi formed by adjacent hepatocytes (Figure 3 in Il1).
P3H2 was not expressed in the liver. No staining with either of the antibodies was
seen in the heart, skeletal muscle or brain.
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6 Discussion

6.1 The actions of P4H-TM resemble those of HIF-P4Hs but it may
also act on substrates other than HIF-1a

P4H-TM was identified from the GeneBank database on the basis of its sequence
homology to the catalytic subunits of C-P4Hs. Although the sequence identity of
the C-terminal catalytic region of P4H-TM was higher with the C-P4H a subunit
than the HIF-P4H sequences, and although its catalytic sites were located within
the lumen of the ER, P4H-TM failed to hydroxylate recombinant procollagen
polypeptide chains, whereas in the same experiments it hydroxylated HIF-1a and
its ODDD. This failure to hydroxylate procollagen chains may be explained by
the fact that PAH-TM lacks any sequence similarity with the peptide substrate
binding domain of the C-P4Hs a subunits (Myllyharju & Kivirikko 1999).
Furthermore, the mRNA expression pattern of PAH-TM was distinct from those
of the C-P4H o subunits, the most remarkable difference being the high PAH-TM
MRNA level in the brain where, in contrast, the expression of C-P4H o subunits is
very low.

Overall, the actions of P4AH-TM closely resembled those of HIF-P4Hs. Our
studies in several mammalian cell lines suggested that it was hypoxia-inducible in
most of them thus resembling HIF-P4H-2 and 3 (Berra et al. 2003, Metzen et al.
2003a). The HRE sequences found in the 5 untranslated region of the P4AH-TM
gene also supported the idea that P4H-TM is hypoxia-inducible. P4AH-TM was
shown to hydroxylate the two critical prolines in a recombinant [*H]proline-
labelled HIF-1a and its ODDD in vitro, although P4H-TM does not share marked
homology with the 17-residue sequences of HIF-P4H-2 and HIF-P4H-3 that have
been shown to be necessary for HIF-1o. ODDD binding (Villar et al. 2007). In
addition to the prolines hydroxylated by HIF-P4Hs, 21 proline residues are found
in the HIF-10. ODDD. Interestingly, P4AH-TM also acted at a low rate on some of
these other proline residues. It has been speculated that HIF-P4Hs may have
additional physiological substrates, besides the HIF-as (Huang LE et al. 2002,
Metzen & Ratcliffe 2004, Dann & Bruick 2005), as their in vitro substrate
requirements are not very strict (Huang LE et al. 2002, Li et al. 2004). However,
to date there is only indirect evidence for such new substrate candidates, e.g. iron
regulatory protein-2, the large subunit of RNA polymerase I, 1B kinase-p and
activating transcription factor 4 (Kuznetsova et al. 2003, Wang & Pantopoulos
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2005, Cummins et al. 2006, Koditz et al. 2007). In addition, the recent report that
HIF-P4H-3 has a novel role in promoting apoptosis during development (Lee et
al. 2005) suggests that other functions of HIF-P4Hs remain to be found.
Interestingly, FIH has also been shown to have other functions, in addition to the
regulation of HIF activity, as it hydroxylates ankyrin repeats in 1xB proteins and
the Notch receptors (Cockmann et al. 2006, Coleman et al. 2007). In these studies
it was proposed that FIH-mediated HIF-a hydroxylation is competitively inhibited
through the hydroxylation of asparagine residues of the ankyrin repeat containing
proteins, thus revealing an another oxygen-dependent regulation system for HIF
signalling.

Overexpression of PAH-TM was shown to reduce the recombinant HIF-a
ODDD levels by the same extent as overexpression of HIF-P4Hs and silencing of
endogenous P4H-TM by siRNA increased the HIF-1a level in a manner very
similar to that achieved by silencing of HIF-P4Hs. However, the subcellular
localization of P4AH-TM was found to be distinctly different from that of the HIF-
P4Hs as our immuno EM data clearly demonstrated that PAH-TM was localized
in the ER membranes in an orientation in which its catalytic site was inside the
lumen. This result was also supported by the findings that P4H-TM was N-
glycosylated and that its C terminus had a functional variant of the ER retention
signal. In contrast, HIF-P4Hs are localized in the nucleus and cytoplasm,
suggesting that HIF-a is hydroxylated in those cellular compartments (Huang J et
al. 2002, Metzen et al. 2003a). The levels of HIF-as in normoxic cells are so low
that they are scarcely detectable but a number of studies have demonstrated that
in hypoxia HIF-a is located in the nucleus (Jiang et al. 1996, Kallio et al. 1998).
This creates a dilemma: How was the transfected ER-localized PAH-TM able to
act on HIF-a ODDDs in the same way as the transfected HIF-P4H-2? And how
did the silencing of the endogenous P4H-TM by siRNA influence the HIF-1a
protein level in a similar manner to silencing of HIF-P4Hs? However, a few
studies are available which show that a substantial amount of HIF-as are also
found in the ER in normoxia (Liu et al. 2004). Interestingly, there is also data
available indicating that HIF-1a and HIF-P4Hs are targeted to the peroxisomes in
hypoxic primary hepatocytes, suggesting that some of these polypeptides also
exist in membranous cytoplasmic organelles (Khan et al. 2006). In addition, it is
known that the outer nuclear membrane is continuous with the membranes of the
ER (Aitchison & Rout 2002), which could perhaps also explain the actions of
P4H-TM on HIF-as. In the light of our study and the studies discussed above, it is
possible that PAH-TM may have additional physiological substrates and that it
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may play an even more important role in the hydroxylation of those substrates
than in the regulation of HIF-as in vivo.

6.2 At-P4H-2 and At-P4H1 have distinct substrate specificities

The recombinant At-P4H-2 was found to be a monomer of about 35 kDa, which
showed significant P4H activity when poly(L-proline) was used as a substrate.
The other previously characterized plant P4Hs and viral PBCV-1 P4H have also
been found to exist as monomers and have been shown to hydroxylate poly(L-
proline) efficiently, thus differing markedly from vertebrate C-P4Hs (Kaska et al.
1987, 1988; Eriksson et al. 1999, Hieta & Myllyharju 2002, Keskiaho et al. 2007).

Altogether, four plant P4Hs have now been cloned and characterized, At-
P4H-2 being the second one, preceded by the cloning of At-P4H-1 (Hieta &
Myllyharju 2002) and followed by the N. tabacum and C. reinhardtii P4Hs (Yuasa
et al. 2005, Keskiaho et al. 2007). The amino acid sequence identity between At-
P4H-2 and At-P4H-1 was 33%, the most obvious difference being a 49-residue C-
terminal extension, a toxin-like domain with 6 cysteines, in At-P4H-2. This
extension was also found in a putative rice homologue of At-P4H-2 that shared
51% identity with At-P4H-2, and interestingly also in the splicing variant 1B of
the C. reinhardtii P4H-1 (Keskiaho et al. 2007). A truncated Cr-P4H-1, which
lacked the C-terminal toxin-like domain was a fully active P4H, however
(Keskiaho et al. 2007).

At-P4H-2 was found to differ greatly from At-P4H-1 in its substrate
specificity. At-P4H-2 hydroxylated poly(L-proline) and the plant HRGP peptides
much less efficiently than At-P4H-1. Furthermore, unlike At-P4H-1, At-P4H-2
did not hydroxylate HIF-a-like peptides at all and it hydroxylated a collagen-like
peptide only very inefficiently. The N-terminal region of At-P4H-2 contained a
stretch of 24 amino acids in which its sequence identity to the rice homologue and
the viral PBCV-1 P4H was much higher than to At-P4H-1. This area could
present a potential peptide binding region and might explain at least some of the
differences found between the substrate specificities of At-P4H-2 and PBCV-1
PAH and that of At-P4H-1. However, it is still unclear whether the small
monomeric plant P4Hs have a distinct substrate binding domain or whether the
substrates become bound straight to their catalytic domain.

The synthetic peptides that were efficiently hydroxylated by At-P4H-2
contained at least three consecutive prolines and N-terminal sequencing of the
partially hydroxylated extensin-like peptide SPPPVYKSPPPPVKHYSPPPV
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showed that At-P4H-2 acted on the 1% proline of the central quadruplet and the 3™
proline of the C-terminal triplet, the hydroxylation level of the latter being higher.
It thus seems that the minimum substrate requirement of At-P4H-2 is fulfilled by
three consecutive prolines. At-P4H-2 was originally cloned and analyzed in this
study with the idea that it might shed light on the substrate requirements of the
human P4H-TM. This idea arose because At-P4H-2 and human P4H-TM have
sequence similarity in the region corresponding to the peptide substrate binding
domain of the C-P4H a subunits. At this point, it must be concluded that the
substrate specificities of At-P4H-2 and P4H-TM are distinct and At-P4H-2 can
not be used as a model to study P4H-TM. Instead, analysis of At-P4H-2 showed
for the first time that individual members of a large plant P4H family have
specific substrate requirements.

As At-P4H-2 hydroxylated various proline-rich peptides representing plant
HRGP sequences much less efficiently than At-P4H-1, it remains to be discovered
whether At-P4H-2 has any major role in their hydroxylation in vivo. Recent data
suggests that individual members of plant P4H families are likely to have specific
in vivo functions, as a lack of Cr-P4H-1 activity could not be replaced by the nine
other C. reinhardtii P4H-like polypeptides and led to abnormal cell wall assembly
(Keskiaho et al. 2007).

The K, values of At-P4H-2 for cosubstrates were highly similar to those of
the other enzymatically characterized plant P4Hs (Hieta & Myllyharju 2002,
Keskiaho et al. 2007). The most notable difference in cosubstrate requirements
between plant and vertebrate P4Hs is the relatively high K, values of the plant
P4Hs for iron and 2-oxoglutarate, as presented here and in other studies (Tables 1-
3 and Hieta & Myllyharju 2002, Keskiaho et al. 2007). The differences in the K,
values for 2-oxoglutarate and K; values for 2-oxoglutarate analogue inhibitors
between the plant P4Hs, C-P4Hs and HIF-P4Hs (Tables 1-3 and original article 1)
suggest that there are some distinct differences in the structures of the 2-
oxoglutarate binding sites of these enzymes.

6.3 P3H2is associated with the hydroxylation of basement
membrane collagens

The three human P3H isoenzymes were cloned and produced as recombinant
proteins in order to study their enzyme kinetics. Only one of the isoenzymes,
P3H2, was expressed as an active recombinant protein, however. The lack of
enzyme activity in the other two isoforms was probably due to the number of
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mutations found in the P3H1 cDNA and the poor solubility of P3H3. CRTAP has
been shown to form a complex with P3H1 and it is required for efficient in vivo
prolyl 3-hydroxylation of fibrillar collagens (Vranka et al. 2004, Barnes et al.
2006, Morello et al. 2006). Coexpression of CRTAP did not increase the
solubility or activity of any of the recombinant P3H polypeptides, however. Our
results thus suggest that CRTAP does not function as a chaperone for the P3H
polypeptides, but its function may rather be to ensure correct interaction with
collagen polypeptides.

One of the important aspects of this study was the development of a simple
assay for the study of P3H activity. The principle of this assay is the same as that
of the assays that are routinely used to study C-P4H and collagen lysyl
hydroxylase (LH) activity, i.e. determination of the amount of the hydroxylation-
coupled decarboxylation of radioactively labelled 2-oxoglutarate when a short
synthetic peptide is used as a substrate, which in the case of P3Hs is a (Pro-4Hyp-
Gly)s peptide. The recombinant P3H2 hydroxylated the (Pro-4Hyp-Gly)s peptide
efficiently but did not act on the C-P4H peptide substrate (Pro-Pro-Gly)s. This
finding confirmed the previous observations that prolyl 3-hydroxylation of X
position prolines is dependent on the presence of 4-hydroxyproline in the Y
position (Tryggvason et al. 1977, Risteli et al. 1977). It would be of interest to
study the in vivo actions of P3Hs and C-P4Hs on collagen polypeptides, in
particular, how they are regulated and how they interact.

Our results showed that there were some distinct differences between P3H2
and the C-P4Hs in their K., values for cosubstrates. The most notable of these
were in the K, and K; values for 2-oxoglutarate and 2-oxoglutarate analogue
inhibitors, respectively. For example, pyridine 2,5-dicarboxylate, which is a very
efficient inhibitor of C-P4Hs, was a poor inhibitor of P3H2. In these properties,
P3H2 actually resembled LHs (for a review, see Myllyharju 2005) more closely
than C-P4Hs. These differences are likely to be due to differences in the structures
of the 2-oxoglutarate binding sites; P3H2 and LHs share certain common features
that are distinct from those of C-P4Hs. One of these features is that the residue
that binds the C5 carboxyl group of 2-oxoglutarate is an arginine in P3Hs and
LHs, while it is a lysine in C-P4Hs (Myllyharju & Kivirikko 1997, Passoja et al.
1998, Vranka et al. 2004).

The most important finding of the present data was that the tissue expression
pattern of P3H2 differed distinctly from that of P3H1. P3H2 was prominently
expressed in tissues rich in basement membranes, e.g. in the kidney. This result
was remarkable, as the amount of 3-hydroxyproline is much higher in basement
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membrane type IV collagen than in fibrillar collagens (Kefalides 1973), and
because P3H1 has been shown to be expressed only in tissues that express
fibrillar collagens (Vranka et al. 2004). P3H1 has been shown to be responsible
for the 3-hydroxylation of type I collagen in vivo as mutations in the human gene
for P3H1 lead to a bone disorder resembling lethal or severe Ol (Cabral et al.
2007). A lack of the single 3-hydroxyproline residue in collagen | polypeptides
has been found to interfere with the proper assembly and secretion of type |
collagen molecules (Barnes et al. 2006, Morello et al. 2006, Cabral et al. 2007).
P3H2 was found to be localized in tissues rich in basement membranes, and this
would suggest that this isoenzyme is responsible for the prolyl 3-hydroxylation of
type IV collagen polypeptides. The malfunction of this isoenzyme could thus
possibly lead to the diseases characterized by alterations in basement membranes.

64



7 Conclusions and future prospects

A novel human P4H, P4H-TM, was shown to act on HIF-as in a similar manner
to HIF-P4Hs suggesting that it is a fourth P4H that is involved in the oxygen-
dependent regulation of the stability of HIF-a. Even though the in vitro and in
cellulo actions of PAH-TM were similar to those of the HIF-P4Hs, the cellular
localization of its catalytic site was the same as those of C-P4Hs and its sequence
identity was higher with the C-P4H catalytic o subunits than with HIF-P4Hs.
Furthermore, it was capable of hydroxylating a mutant HIF-1o. ODDD where both
known HIF-P4H target prolines were mutated to an alanine, although at a low rate.
These data suggest that P4AH-TM may have some other physiological substrates
and that it may play an even more important function in the hydroxylation of
those substrates than in the regulation of HIF-as in vivo. The putative peptide
binding region of PAH-TM shared a marked homology with At-P4H-2, which was
the major reason for the characterization of this second A. thaliana P4H in this
study. The hydroxylation specificities of PAH-TM and At-P4H-2 were found to be
distinct, however, and therefore At-P4H-2 did not turn out to be a useful tool for
identifying potential novel candidate substrates for PAH-TM. On the other hand,
characterization of At-P4H-2 showed for the first time that different members of
plant P4H families have distinct substrate specificities and thus may have specific
in vivo functions. This was verified recently in the case of C. reinhardtii where
the function of Cr-P4H-1 in proper cell wall assembly can not be replaced by the
other nine members of its P4H family.

Sequence database searches showed that a PAH-TM-like polypeptide with a
51% identity to the human sequence is found in the zebrafish but not in C.
elegans or D. melanogaster. This suggests that potential new substrate candidates
will only be found in vertebrates. Future approaches for the identification of other
potential P4H-TM substrates could involve, for example, yeast two-hybrid
screens and immunoprecipitation studies from cells treated with a P4AH-TM
inhibitor, which could, potentially, prolong their half-life thus enriching the
amount of the enzyme-substrate complex. One approach that has already been
initiated is a mouse model of the P4H-TM gene inactivation. The mouse model is
particularly interesting in the light of the unique tissue expression pattern of P4H-
TM, especially the high level in the brain.

P3H2 was shown here to be expressed at high levels in basement membrane
rich tissues. The fibrillar collagen polypeptides contain only a single 3-
hydroxyproline, while the number is much higher in type IV collagen
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polypeptides. It would therefore be very interesting to study the in vivo role of
this modification in type IV collagen by generating and analyzing gene-modified
mice for P3H2. It is also possible that human mutations in the gene for P3H2
could lead to a disease phenotype characterized by changes in basement
membranes.

It has been suggested that C-P4Hs could be potential targets for the
prevention of excess collagen accumulation in fibrotic diseases and thus they
have been intensively studied. The discovery of HIF-P4Hs identified a new aspect
of HIF regulation and HIF-P4Hs have also been identified as extremely attractive
targets for controlling HIF activity for therapeutic purposes. Pharmacological
inhibition of C-P4Hs and HIF-P4Hs could provide a potential therapeutic target
for the treatment of conditions that occur as a consequence of excess collagen
accumulation, and ischemia or anaemia, respectively. As C-P4Hs, HIF-P4Hs and
P3Hs require the same cosubstrates for their function it is important to understand
the specifics of the catalytic properties of all these prolyl hydroxylases to be able
to produce specific inhibitors in the future. This is a demanding job and this thesis
study provides important data for it, as the kinetic properties of a P3H isoenzyme
were characterized in detail for the first time in this study. The results showed that
it will likely be possible to develop specific inhibitors for each group of prolyl
hydroxylases. However, the identification and characterization of the novel P4H-
TM and the possibility that it may have some as yet unknown in vivo substrates
brings new information and new challenges to the development of specific P4H
inhibitors for medical purposes.
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