
CHARACTERIZATION OF THE NOVEL 
HUMAN PROLYL 4-HYDROXYLASES 
AND ASPARAGINYL HYDROXYLASE 
THAT MODIFY THE HYPOXIA-
INDUCIBLE FACTOR

MAIJA
HIRSILÄ

Faculty of Medicine,
Department of Medical Biochemistry

and Molecular Biology;
Biocenter Oulu,

University of Oulu

OULU 2004





MAIJA HIRSILÄ

CHARACTERIZATION OF THE NOVEL 
HUMAN PROLYL 4-HYDROXYLASES 
AND ASPARAGINYL HYDROXYLASE 
THAT MODIFY THE HYPOXIA-
INDUCIBLE FACTOR

Academic Dissertation to be presented with the assent of
the Faculty of Medicine, University of Oulu, for public
discussion in the Auditorium of the Department of
Pharmacology and Toxicology, on December 3rd, 2004,
at 10 a.m.

OULUN YLIOPISTO, OULU 2004



Copyright © 2004
University of Oulu, 2004

Supervised by
Docent Johanna Myllyharju
Professor Kari Kivirikko

Reviewed by
Doctor Eric Huang
Doctor Eric Metzen

ISBN 951-42-7574-8 (nid.)
ISBN 951-42-7575-6 (PDF) http://herkules.oulu.fi/isbn9514275756/

ISSN 0355-3221 http://herkules.oulu.fi/issn03553221/

OULU UNIVERSITY PRESS
OULU  2004



Hirsilä, Maija, Characterization of the novel human prolyl 4-hydroxylases and
asparaginyl hydroxylase that modify the hypoxia-inducible factor 
Faculty of Medicine, Department of Medical Biochemistry and Molecular Biology, Biocenter Oulu,
University of Oulu, P.O.Box 5000, FIN-90014 University of Oulu, Finland 
2004
Oulu, Finland

Abstract
HIF prolyl 4-hydroxylases (HIF-P4Hs) and HIF asparaginyl hydroxylase (FIH) are novel members
of the 2-oxoglutarate dioxygenase family that play key roles in the regulation of the hypoxia-
inducible transcription factor (HIF). They hydroxylate specific proline and asparagine residues in
HIF-α, leading to its proteasomal degradation and inhibition of its transcriptional activity,
respectively. These enzymes are inhibited in hypoxia, and as a consequence HIF-α becomes
stabilized, forms a dimer with HIF-β, attains its maximal transcriptional activity and induces
expression of many genes that are important for cell survival under hypoxic conditions.

The three HIF-P4Hs and FIH were expressed here as recombinant proteins in insect cells and
purified to near homogeneity. All these enzymes were found to require long peptide substrates. The
three HIF-P4Hs and FIH acted differently on the various potential hydroxylation sites in the HIF-α
isoforms. The HIF-P4Hs acted well on sequences with cores distinctly different from the core motif
-Leu-X-X-Leu-Ala-Pro-, suggested based on sequence analysis studies, the alanine being the only
relatively strict requirement in addition to the proline itself. Acidic residues around the hydroxylation
site also played a distinct role. These results together with those of others provide evidence that there
is no conserved core motif for the hydroxylation by HIF-P4Hs.

The Km values of the HIF-P4Hs for O2 were slightly above its atmospheric concentration, while
the Km of FIH was about one-third of these values but still 2.5 times that of the type I collagen P4H.
The HIF-P4Hs are thus effective oxygen sensors, as even small decreases in the amount of O2 affect
their activities, while a more severe decrease is required to inhibit FIH activity. Small molecule
inhibitors of the collagen P4Hs also inhibited the HIF-P4Hs and FIH but with distinctly different Ki
values, indicating that it should be possible to develop specific inhibitors for the HIF-P4Hs and FIH.

The HIF-P4Hs were found to bind the iron cosubstrate more tightly than FIH and the collagen
P4Hs, and the chelator desferrioxamine was an ineffective inhibitor of the HIF-P4Hs in vitro. Several
metals were effective competitive inhibitors of FIH but they were ineffective inhibitors of the HIF-
P4Hs. The well-known stabilization of HIF-1α by cobalt and nickel is thus not due to a simple
competitive inhibition of the HIF-P4Hs, and is probably at least in part due to HIF-P4H-independent
mechanisms. The effective inhibition of FIH by these metals nevertheless indicates that the stabilized
HIF-1α is transcriptionally fully active.

Keywords: 2-oxoglutarate dioxygenase, asparaginyl hydroxylase, enzyme inhibitors,
oxygen homeostasis, prolyl 4-hydroxylase
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 Abbreviations 

AAH   aspartyl (asparaginyl) β hydroxylase 
ARD1   HIF-α acetyltransferase 
ARNT   aryl hydrocarbon nuclear translocator 
bHLH   basic helix-loop-helix 
BSA   bovine serum albumin 
CAD   C-terminal transactivation domain of HIF-α 
CoA   coenzyme A 
cDNA   complementary DNA 
C-P4H   collagen prolyl 4-hydroxylase 
DFO   desferrioxamin 
EGF   epidermal growth factor  
EPO   erythropoietin 
ER   endoplasmic reticulum 
FIH   factor inhibiting HIF 
Flp   fluoroproline 
HIF   hypoxia-inducible factor 
HIF-P4H  HIF prolyl 4-hydroxylase 
HRE   hypoxia response element 
ID   inhibitory domain 
IGF   insulin-like growth factor 
IPAS   inhibitory PAS 
IUGR   intrauterine growth retardation 
Ki   inhibitory constant 
Km   Michaelis-Menten constant 
mRNA   messenger RNA 
NAD   N-terminal transactivation domain of HIF-α 
ODDD   oxygen-dependent degradation domain 
PAS   Per-Arnt-Sim 
PBCV-1   Paramecium bursaria Chlorella virus-1 
PDI   protein disulphide isomerase 
PER   Drosophila periodic clock protein



PHY   C. elegans collagen prolyl 4-hydroxylase α subunit 
pVHL   von Hippel-Lindau tumour-suppressor protein 
Rbx1   RING-box protein 
Rpb   subunit of RNA polymerase 
ROS   reactive oxygen species 
SIM   Drosophila single-minded protein 
Tm   midpoint of thermal transition 
VEGF   vascular endothelial growth factor 
Vmax   maximum initial velocity 
X (in -Gly-X-Y-)  any amino acid 
Y (in -Gly-X-Y-)  any amino acid 
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1 Introduction 

The hypoxia-inducible factor HIF is a transcriptional complex that plays a central role in 
the regulation of oxygen homeostasis. It is composed of two subunits: a hypoxia-
regulated α subunit with three isoforms in humans and an oxygen-insensitive β subunit. 
Under normal oxygen conditions the HIF-α subunit is rapidly degraded in proteasomes 
after its expression due to post-translational hydroxylation of at least one of two 
conserved proline residues within a polypeptide segment termed the oxygen-dependent 
degradation domain (ODDD), the two proline residues in HIF-1α being present in -Leu-
X-X-Leu-Ala-Pro-Ala- and -Leu-X-X-Leu-Ala-Pro-Tyr- sequences. Under hypoxic 
conditions the hydroxylation and degradation of the α subunit are blocked, allowing HIF-
α to accumulate in the nucleus and form a complex with HIF-β, leading to the activation 
of hypoxia-inducible genes. A novel enzyme family, the HIF prolyl 4-hydroxylases (HIF-
P4Hs), with three isoforms in humans, has recently been identified and found to function 
in the hydroxylation of HIF-α. The HIF-P4Hs belong to the family of 2-oxoglutarate 
dioxygenases and require Fe2+, 2-oxoglutarate, O2 and ascorbate in their reaction. 

Transcriptional activation in an oxygen-dependent manner is another key event that 
regulates the activity of HIF. The enzyme responsible for this regulation is a HIF-specific 
asparaginyl hydroxylase that is identical to a previously identified factor inhibiting HIF 
(FIH). Under normoxia this enzyme inhibits the full transactivation function of HIF by 
hydroxylating a specific asparagine residue in HIF-α. FIH is likewise a 2-oxoglutarate 
dioxygenase and its reaction thus also requires Fe2+, 2-oxoglutarate, O2 and ascorbate. In 
hypoxia the asparagine residue remains unhydroxylated, which allows binding of the 
transcriptional coactivator p300. 

Some divalent metal ions such as Co2+ and Ni2+ are known to stabilize HIF-α and lead 
to increased expression of HIF target genes, e.g. those for erythropoietin (EPO) and 
vascular endothelial growth factor (VEGF). Although the mechanisms involved in the 
HIF-α stabilization caused by metal ions are not fully understood, one possible 
mechanism is inhibition of the hydroxylases of the oxygen sensing pathway, as several 
divalent metal ions are known to inhibit the collagen prolyl 4-hydroxylases (C-P4Hs) and 
lysyl hydroxylases that belong to the same family of 2-oxoglutarate dioxygenases as the 
HIF-P4Hs and FIH. On the other hand, evidence has been presented indicating that cobalt 



and nickel may prevent degradation of HIF-α by becoming directly bound to this 
polypeptide. 

The aims of the present study were to amplify the cDNAs of the three human HIF-
P4H isoenzymes and FIH and express them as recombinant proteins in insect cells. 
Simple assays were developed to measure their activities, with the aim of studying the 
catalytic properties of these novel enzymes and their inhibition with several 2-
oxoglutarate analogues known to inhibit the C-P4Hs. The sequence requirements of the 
three human HIF-P4Hs were studied by systematically varying each residue preceding 
the hydroxylatable proline. An additional goal was to determine the effects of several 
divalent metal ions on the activities of the recombinant HIF-P4Hs and FIH and their 
possible effects on the stability of HIF-α and the expression of VEGF, one of the HIF 
target genes, in cultured cells. 



2 Review of the literature 

2.1  Hypoxia-inducible factor 

Oxygen homeostasis represents an important challenge for the development and 
physiology of both vertebrate and invertebrate organisms. Direct diffusion of O2 is 
sufficient for oxygenation in simple invertebrates, but the large body size of humans and 
other vertebrates has led to the development of a complex infrastructure for O2 supply. 
The regulation of these different systems provides the basis for O2 homeostasis. Cellular 
O2 concentrations are precisely controlled by the coordinated regulation of a variety of 
genes to maintain adequate substrates for oxidative phosphorylation and other essential 
metabolic reactions. The main regulator of O2 homeostasis in the animal kingdom is the 
transcriptional activator HIF. 

2.1.1  Function and tissue distribution 

HIF-1 is expressed in response to lowered oxygen concentration (hypoxia) in most cell 
types (Wenger et al. 1996, Wiener et al. 1996) and it activates the transcription of genes 
that are crucial for cell survival under hypoxic conditions (Wang et al. 1995). HIF-1 was 
first shown to be the key hypoxic regulator of EPO (Semenza & Wang 1992, Wang & 
Semenza 1995), but it has subsequently been found to induce expression of many 
proteins involved in the control of glucose metabolism, cell proliferation and survival and 
O2 transport and delivery (Figure 1). The number of known HIF-1 target genes is growing 
continuously. 

HIF-1 recognizes its target genes by binding to the hypoxia response element (HRE), 
which is a sequence of less than 100 residues including one or more HIF-1 binding sites 
containing the core sequence 5’-RCGTG-3’. Functional HRE consists of a pair of 
contiguous transcription factor binding sites, one of which is bound by HIF-1, and it is 
possible that these two sites may function cooperatively at the level of either DNA 
binding or transactivation. (Semenza et al. 1996.) 
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Fig. 1. Target genes of HIF-1. The numbers in the figure are references to: 1. Ebert et al. 
1995, 2. Chen et al. 2001, 3. Zelzer et al. 1998, 4. O’Rourke et al. 1996, 5. Semenza et al. 1996, 
6. Semenza et al. 1994, 7. Mathupala et al. 2001, 8. Riddle et al. 2000, 9. Firth et al. 1994, 10. 
Minchenko et al. 2002, 11. Graven et al. 1999, 12. Wykoff et al. 2000, 13. Feldser et al. 1999, 
14. Tazuke et al. 1998, 15. Zaman et al. 1999, 16. Bruick 2000, 17. Caniggia et al. 2000, 18. 
Semenza & Wang 1992, 19. Jelkmann 1992, 20. Wang & Semenza 1993, 21. Rolfs et al. 1997, 
22. Lok & Ponka 1999, 23. Bianchi et al. 1999, 24. Tacchini et al. 1999, 25. Mukhopadhyay et 
al. 2000, 26. Norris & Millhorn 1995, 27. Levy et al. 1995, 28. Liu et al. 1995, 29. Forsythe et 
al. 1996, 30. Gerber et al. 1997, 31. Eckhart et al. 1997, 32. Lee et al. 1997, 33. Melillo et al. 
1995, 34. Palmer et al. 1998, 35. Hu et al. 1998, 36. Minchenko & Caro 2000, 37. Kietzmann et 
al. 1999, 38. Cormier-Regard et al. 1998, 39. Nguyen & Claycomb 1999, 40. Furuta et al. 2001, 
and 41. Ambrosini et al. 2002. 

Two other HIF-α subunits in addition to HIF-1α have been characterized. HIF-2α, which 
was identified and cloned shortly after the cloning of HIF-1α (Tian et al. 1997, Ema et al. 
1997, Flamme et al. 1997, Hogenesch et al. 1997), shares several target genes with the 
latter but does not have a role in the up-regulation of glycolytic genes, and no genes 
uniquely regulated by HIF-2α have been identified yet (Hu et al. 2003). Studying the 
homozygous hif2a knock-out mice has revealed a syndrome of multiple organ pathology, 
metabolic abnormalities, increase in the amount reactive oxygen species (ROS) and 
reduced expression of genes encoding the antioxidant enzymes (AOE), however, 
suggesting that HIF-2α regulates the AOE gene expression (Scortegagna et al. 2003). The 
third α subunit isoform, HIF-3α, was first identified in the mouse (Gu et al. 1998), the 
human HIF-3α being identified in 2001 (Hara et al. 2001). All the HIF-α subunit 
isoforms are members of the same basic-helix-loop-helix (bHLH)-Per-Arnt-Sim (PAS) 
protein superfamily, and share a number of structural and biochemical similarities, 
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although little is known about the expression and functions of HIF-3α. Transfected HIF-
3α has been shown to suppress the hypoxia-driven expression of target genes when the 
expression level of HIF-β is limited, which may be attributable to competition between 
the three HIF-α isoforms (Hara et al. 2001). It has also been suggested that HIF-3α may 
function as a negative regulator of hypoxia-induced gene expression (Hara et al. 2001, 
Makino et al. 2002). An alternatively spliced form of HIF-3α, IPAS (inhibitory PAS 
protein), plays a role as negative regulator of gene expression in the Purkinje cells of the 
cerebellum and in the corneal epithelium of the eye under hypoxic conditions, forming 
heterodimers with HIF-αs and resulting in the failure of HIFs to bind to HREs (Makino et 
al. 2001, 2002). This IPAS function is important for the avascular phenotype of the 
cornea in the eye. 

The expression patterns of the three HIF-α isoforms are different. Northern blot 
analyses have revealed that each HIF-α mRNA has a unique tissue-specific distribution, 
with HIF-1α expression being highest in the kidney and heart, HIF-2α expression in the 
placenta, lung, heart and liver, and HIF-3α expression in the skeletal muscle, adult 
thymus, lung, brain, heart and kidney (Ema et al. 1997, Hogenesch et al. 1997, Gu et al. 
1998). HIF-2α seems to have a significant role in lung development, expression of its 
mRNA being markedly enhanced in this tissue, whereas mRNA expression of HIF-1α 
remains at a low level (Ema et al. 1997). Interestingly, HIF-2α expression is parallelled 
by the expression of VEGF mRNA, suggesting that the latter may also, or even 
predominantly, be regulated by HIF-2α (Ema et al. 1997). HIF-1α is expressed at 
constant level during placental development, whereas expression of the HIF-2α mRNA 
increases during gestational age (Rajakumar & Conrad 2000). There is an increased level 
of vascularization with advancing gestation, which is in agreement with the high level of 
HIF-2α mRNA expression in endothelial cells (Ema et al. 1997, Tian et al. 1997). In 
tissues where both HIF-1α and HIF-2α are expressed, this occurs mostly in different cell 
types, so that in the brain, for example, HIF-1α is expressed in neuronal cells and HIF-2α 
in non-parenchymal cells (Wiesener et al. 2003). HIF-1α and HIF-2α also have distinct 
functions in different types of cancer and differ according to the cell type, suggesting that 
these differences are important for tumour development (Sowter et al. 2003). In a breast 
carcinoma cell line, for example, HIF-1α was required for the hypoxic induction of many 
target genes and HIF-2α could not be substituted for it in the regulation of any of the 
studied genes when HIF-1α was inactivated. In contrast, HIF-2α was the major HIF-α 
form in a renal carcinoma cell line. 

2.1.2  Knock-out mouse models 

Knock-out mouse models have been used to study the roles of HIF-1α and HIF-2α both 
in embryonic development and in postnatal physiology. 

Homozygous hif1a knock-out mice have severe defects in their embryonic 
development leading to embryonic death at mid-gestation on account of major 
malformations of the heart and vasculature (Iyer et al. 1998, Ryan et al. 1998, Kotch et 
al. 1999). Complete loss of HIF-1α results in developmental arrest, myocardial 
hyperplasia, regression and dilation of vessels, especially in the head region, and marked 
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cell death within the cephalic mesenchyme related to defects in neural tube closure (Iyer 
et al. 1998, Ryan et al. 1998, Kotch et al. 1999). HIF-1 is thus a highly important 
determinant of embryonic morphogenesis, especially vascularization. The vascular 
defects observed in hif1a-/- mice could be assumed to be due to a deficiency of VEGF 
caused by the absence of HIF-1α expression, but surprisingly, elevated VEGF mRNA 
expression was demonstrated in hif1a-/- embryos, and instead the vascular defects were 
found to correlate with mesenchymal cell death (Kotch et al. 1999). It is not clear, 
however, whether the loss of endothelial cells is a primary or secondary event in the 
pathogenesis of vascular regression. Conditional HIF-1α knock-out studies with mouse 
myeloid cells showed that HIF-1α is essential for myeloid cell function in vitro and 
inflammation responses in vivo (Cramer et al. 2003). Inflammatory responses mediated 
by myeloid cells were decreased in HIF-1α deficient cells suggesting that HIF-1α 
regulates glycolysis and energy metabolism in myeloid cells. HIF-1α is required for the 
infiltration, oedema formation and tissue destruction caused by granulocytes and 
macrophages in inflammatory responses (Cramer et al. 2003). Another study using 
conditional inactivation of the hif1a gene in avascular tissues showed that mice lacking 
HIF-1α are smaller than their wild-type littermates and die soon after birth (Schipani et 
al. 2001). The knock-out mice had tracheal and skeletal abnormalities with massive death 
of chondrocytes, thus suggesting that HIF-1α is required for chondrocyte growth and 
survival (Schipani et al. 2001). 

Homozygous hif2a knock-out mice have variable defects in the development of their 
cardiovascular and respiratory systems and in several other organs (Tian et al. 1998, Peng 
et al. 2000, Compernolle et al. 2002, Scortegagna et al. 2003). Vasculogenesis is normal 
in these mice, but severe defects were detected in embryonic vascular remodelling, with 
vessels fusing improperly or failing to assemble, leading to embryonic death (Peng et al. 
2000). Normal cardiovascular function, in both embryonic and neonatal development, 
requires catecholamines, and hif2a knock-out mice have been shown to have lowered 
catecholamine levels (Tian et al. 1998). This leads to a slower heart beat and foetal death 
caused by circulatory failure, indicating an important role for HIF-2α in the regulation of 
catecholamine homeostasis and protection from lethal heart failure and defects in 
postvasculogenetic remodelling (Tian et al. 1998, Peng et al. 2000). In another knock-out 
model, neonate homozygous mice were shown to have severe respiratory failure and die 
soon after birth due to lung collapse (Compernolle et al. 2002). The expression of VEGF 
in alveolar cells was shown to be reduced, with impaired lung maturation and defective 
surfactant production, suggesting that VEGF, and also HIF-2α, by regulating VEGF 
expression, must play an important role in the regulation of lung maturation by increasing 
the conversion of glygocen stores to surfactants. This agrees with high levels of HIF-2α 
expression in the lungs and the suggestion that VEGF expression may actually be 
regulated by HIF-2α (Ema et al. 1997). Pathological abnormalities have also been 
reported in the eye, skeletal muscle, heart, liver, testis and bone marrow, of homozygous 
hif2a knock-out mice, these tissues being sites of high energy demand and sensitive to 
high oxidative stress (Scortegagna et al. 2003). Abnormalities were also found in the 
mitochondria, the observations suggesting a systemic disorder due to a mitochondrial 
disease. In agreement with this suggestion, the mice have high lactate and low glucose 
levels and abnormalities in the functions of the citric acid cycle and fatty acid oxidation. 
The mitochondrial dysfunction is likely to be caused by increased oxidative stress (for a 
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review, see Wallace 1999), and tissues of HIF-2α null mice were found to have elevated 
levels of ROS. Furthermore, the expression levels of HIF-2α-regulated genes encoding 
antioxidant enzymes were reduced, leading to an impaired response to oxidative stress. 
Decreased expression of antioxidant genes is thus likely to be an important factor in the 
hif2a-/- phenotype (Scortegagna et al. 2003). 

Heterozygous hif1a and hif2a knock-out mice were found to have impaired 
development or a total loss of development of pulmonary hypertension and right 
ventricular hypertrophy caused by chronic hypoxia (Yu et al. 1999, Brusselmans et al. 
2003). Heterozygous hif1a knock-out mice showed a delayed increase in erythrocyte 
levels in response to hypoxia relative to wild-type mice (Yu et al. 1999), while 
erythrocyte levels increased normally in heterozygous hif2a knock-out mice 
(Brusselmans et al. 2003), supporting data according to which the EPO gene is a target of 
HIF-1 (Wang & Semenza 1993). Under conditions of prolonged hypoxia the 
heterozygous hif1a mice lost more weight than the wild-type ones, while the 
heterozygous hif2a mice lost weight only slightly and survived even better than the wild-
type ones (Yu et al. 1999, Brusselmans et al. 2003). HIF-2α has been shown to have a 
less significant role than HIF-1α in the upregulation of glycolytic genes (Brusselmans et 
al. 2001), indicating that the latter is more important for regulation of the mechanisms 
influencing body weight. In another model of heterozygous hif1a knock-out mice it was 
found that HIF-1α is an important regulator of the carotid body-mediated increased 
ventilation response in hypoxia (Kline et al. 2002). In these heterozygous mice the 
increase in ventilation is not impaired but occurs via chemoreceptors other than the 
carotid body, as the carotid bodies of hif1a+/- mice are unresponsive to hypoxic 
stimulation. These findings indicate that HIF-1α has unique functions in the carotid body 
that cannot be replaced by HIF-2α, even though it is also expressed in the carotid body 
(Tian et al. 1998). These observations from knock-out studies suggest that the two HIF-α 
subunits have distinct roles, perhaps related to their differences in cell-type specific 
expression. 

2.1.3  Structure 

HIFs are heterodimers composed of α and β subunits that belong to the basic-helix-loop-
helix-Per-Arnt-Sim (bHLH-PAS) superfamily, the HIF-β subunit also being known as the 
mammalian aryl hydrocarbon receptor nuclear translocator (ARNT) (Wang et al. 1995). 
The bHLH-PAS proteins are transcriptional regulators that control a variety of 
developmental and physiological processes, the most common functional unit of these 
proteins being a heterodimer (reviewed in Crews 1998). These proteins share a common 
conserved sequence structure having one bHLH domain and a PAS domain in the N 
terminus (Figure 2). The basic region of the bHLH domain binds DNA, while the HLH 
region is involved in dimerization (Ferré-D’Amare et al. 1993). The PAS domain is 
divided into two subdomains, PAS-A and PAS-B, separated by a spacer (Crews et al. 
1988), and this domain also mediates dimerization between the two subunits and 
increases the specificity of the function of the bHLH-PAS transcription factor (Huang et 
al. 1993, Pongratz et al. 1998). The C-terminal half of the 826-amino-acid HIF-1α 
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contains two transactivation domains, separated by an inhibitory domain (Jiang et al. 
1997). The N-terminal transactivation domain (NAD) and the C-terminal transactivation 
domain (CAD) consist of amino acids 531-575 and 786-826, respectively, in HIF-1α. The 
activity of these transactivation domains is increased by hypoxia, leading to increased 
transcriptional activity mediated by HIF-1. Deletion analysis of HIF-1α has revealed that 
residues 576-785 between the two transactivation domains are involved in the inhibition 
of HIF-1α transactivation in normoxia, and it was therefore suggested that these residues 
constitute an inhibitory domain (ID), which inhibits the transcriptional activity of HIF-1 
in normoxia. (Jiang et al. 1997.) This inhibitory function is most likely, however, due to 
an asparaginyl hydroxylase FIH, which inhibits the transactivation of HIF-1α by 
hydroxylating an asparagine residue within the CAD in normoxia (Hewitson et al. 2002, 
Lando et al. 2002a, b). FIH interacts with HIF-1α residues 757-826 thus encompassing 
part of the ID (Mahon et al. 2001), which could explain why deletion of ID causes 
increase in transcriptional activity of HIF-1 in normoxia (Jiang et al. 1997). The oxygen-
dependent degradation domain (ODDD, amino acids 401-603) is involved in the 
regulation of HIF-α stability, controlling its degradation by the ubiquitin-proteasome 
pathway (Huang et al. 1998). 

The human HIF-2α and HIF-3α are polypeptides of 870 and 667 residues, 
respectively. They show a high similarity to HIF-1α in the N-terminal bHLH and PAS 
domains, while the sequence in the C terminus is more variable between these proteins 
(Ema et al. 1997, Flamme et al. 1997, Hara et al. 2001). HIF-3α lacks the structures for 
transactivation found in the C terminus of HIF-1α and HIF-2α (Gu et al. 1998). but 
posseses a leucine zipper domain not found in the other isoforms that mediates DNA-
binding and protein-protein interactions (Maynard et al. 2003). Another unique structure 
in HIF-3α among the three isoforms is the -Leu-X-X-Leu-Leu-, which is common in 
nuclear receptor cofactors (Maynard et al. 2003). These two structures suggest that HIF-
3α may bind DNA sequences and interact with proteins that are not among those 
recognized by the other two HIF-α isoforms. HIF-2α and HIF-3α also dimerize with the 
ARNT subunit, and the resulting heterodimer recognizes the HREs in a manner similar to 
HIF-1α (Ema et al. 1997, Tian et al. 1997, Gu et al. 1998). 
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Fig. 2. Structures of the bHLH-PAS proteins HIF-1α, HIF-2α, HIF-3α, and HIF-β. They are 
all composed of a basic-helix-loop-helix (bHLH) domain, two subdomains of PAS (Per-Arnt-
Sim) and N-terminal (NAD) and C-terminal (CAD) transactivation domains, separated by an 
inhibitory (ID) domain. The oxygen-dependent degradation domain (ODDD) is involved in 
the regulation of HIF-α stability. 

2.1.4  Regulation 

The activity of HIF-1 is determined by the expression, stability and activity of the α 
subunit. HIF-1β is expressed ubiquitously in excess over HIF-1α and is maintained at 
constant levels with no increase in protein expression in hypoxia, whereas the protein 
levels of HIF-1α are highly induced under hypoxic conditions, the HIF-1 DNA-binding 
activity correlating with the HIF-1α levels (Huang et al. 1996). Regulation of HIF-1α 
expression and activity in vivo occurs at multiple levels, including protein expression and 
stabilization (Wang et al. 1995, Jiang et al. 1996b, Huang et al. 1996, 1998, Kallio et al. 
1999), nuclear localization (Kallio et al. 1998) and transactivation (Jiang et al. 1996a, 
1997, Pugh et al. 1997 Kallio et al. 1998) and also at the level of mRNA expression. 
mRNA levels in several organs in vivo are markedly higher in hypoxia than under 
normoxic conditions (Wiener et al. 1996, Lee et al. 2000). 

There is a peak in nuclear levels of HIF-1α in hypoxia, but the post-hypoxic decay of 
this protein is very rapid, with a half-life of only a few minutes, indicating instability in 
normoxic cells (Wang et al. 1995). In normoxia HIF-1α is polyubiquitinated and 
subjected to degradation in the 26S proteasome (Kallio et al. 1999), this degradation 
being controlled by its ODDD (Pugh et al. 1997, Huang et al. 1998). The stability of 

bHLH PAS A PAS B NAD ID CAD
HIF-2α

870 aa

bHLH PAS A PAS B ID
HIF-3α

667 aa

bHLH PAS A PAS B
HIF-β
774 or
789 aa

HIF-1α

826 aa
bHLH PAS A PAS B NAD ID CAD

53
1

57
5

78
6

82
6

Dimerization & DNA binding Transactivation & Regulation

NAD

ODDD
17 70 10

6

15
6

24
9

29
9

40
1

60
3

bHLH PAS A PAS B NAD ID CAD
HIF-2α

870 aa

bHLH PAS A PAS B ID
HIF-3α

667 aa

bHLH PAS A PAS B
HIF-β
774 or
789 aa

HIF-1α

826 aa
bHLH PAS A PAS B NAD ID CAD

53
1

57
5

78
6

82
6

Dimerization & DNA binding Transactivation & Regulation

NAD

ODDD
17 70 10

6

15
6

24
9

29
9

40
1

60
3



 24

HIF-1α is regulated by the interaction of the ODDD domain with the von Hippel-Lindau 
tumour suppressor gene product pVHL (Maxwell et al. 1999), which requires the 
hydroxylation of specific proline residues of the ODDD domain by HIF-P4Hs which are 
also known as PHDs, EGLNs and HPHs (Bruick & McKnight 2001, Epstein et al. 2001, 
Ivan et al. 2001, 2002, Jaakkola et al. 2001, Yu et al. 2001). HIF-1α has two pVHL-
binding domains, the N-terminal region covering residues 380-417 (Masson et al. 2001) 
and the C-terminal residues 556-572 (Tanimoto et al. 2000), with hydroxylatable proline 
residues 402 and 564, respectively. pVHL then constitutes a functional E3 ubiquitin 
ligase together with elongins B and C, cullin 2 and the RING-box protein Rbx1 
(Lonegran et al. 1998, Iwai et al. 1999, Kamura et al. 1999, Lisztwan et al. 1999), which 
leads to ubiquitination and degradation of HIF-1α (for a review, see Huang & Bunn 
2003). In addition to proline hydroxylation, a specific asparagine, residue 803 within the 
CAD, is hydroxylated by FIH (Mahon et al. 2001, Lando et al. 2002b). This inhibits the 
transactivation function of HIF-1α in normoxia by inhibiting the binding of the 
transcriptional coactivator p300. In hypoxia, the levels of O2 are not sufficient for the 
proline and asparagine hydroxylations, and as a result HIF-1α escapes ubiquitination and 
proteasomal destruction, which leads to increased protein levels, induced nuclear 
localization, dimerization with the β subunit and interaction with transcriptional 
coactivators to activate transcription of the target genes (for a review, see Fedele et al. 
2002). However, it has been shown that the enzymatic activity of HIF-P4Hs is inhibited 
in graded manner with respect to decreasing oxygen concentration, so that it is likely that 
there will be enough oxygen for hydroxylase activity in many physiological hypoxia 
conditions (Epstein et al. 2001). Under even mildly hypoxic conditions an E3 ubiquitin 
ligase Siah2 controls the stability of HIF-P4H isoenzymes 1 and 3, but not HIF-P4H-2, 
and targets the enzymes to ubiquitin-dependent degradation in proteasomes, leading to 
increased HIF-1α levels (Nakayama et al. 2004). It was therefore concluded that HIF-
P4H-2 regulates HIF-1α expression in normoxia and the other two HIF-P4Hs in 
moderate hypoxia when there is still a sufficient amount of oxygen for enzyme activity. 

HIF-2α is likely to be regulated in a similar manner to HIF-1α, as it has the proline 
and asparagine hydroxylation sites, but the regulation mechanism in the case of the third 
isoform is less well understood. HIF-3α also seems to be targeted for degradation by 
proline hydroxylation (Maynard et al. 2003), and in addition its regulation involves 
alternative splicing. One alternatively spliced form of HIF-3α, IPAS, is composed of the 
bHLH and PAS domains but lacks the transactivation domains, and hypoxia has been 
shown to induce the process of alternative splicing (Makino et al. 2001, 2002). 

Hypoxia plays a role in the regulation of all three HIF-α isoforms at the level of their 
mRNAs. The mRNA levels of HIF-1α in several organs in vivo are markedly higher 
under hypoxic than normoxic conditions, and HIF-1α mRNA can be detected in 
myocardial specimens from patients with acute ischaemia or myocardial infarction 
(Wiener et al. 1996, Lee et al. 2000). It has been shown that prolonged hypoxia 
differentially regulates the expression of the HIF-1α and HIF-2α mRNAs at least in the 
epithelial cells of the lung (Uchida et al. 2004). Acute hypoxia similarly induces the 
expression of both proteins, but the stability of HIF-1α mRNA is reduced in prolonged 
hypoxia, leading to diminished protein levels. In contrast, the mRNA levels of HIF-2α 
significantly increase during prolonged hypoxia, most probably due to increased 
transcriptional activity, because no changes in mRNA stability were observed (Wiesener 
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et al. 2003, Uchida et al. 2004). It has been shown in another study, however, that there is 
no change in the expression of HIF-1α mRNA during hypoxic exposure of mice, 
although the HIF-1α protein levels a re increased markedly (Stroka et al. 2001). mRNA 
expression of HIF-3α is highly induced by moderate hypoxia in a number of tissues 
(Heidbreder et al. 2003), while more severe hypoxia is required for induced HIF-1α 
mRNA expression (Wiener et al. 1996). This suggests that HIF-3α may have a protective 
role during early or moderate hypoxia. 

The two oxygen-dependent regulatory pathways suggest either that multiple levels of 
regulation allow graded responses to subtle changes in O2 concentration or that two 
independent regulatory events may ensure that the hypoxic response pathway is tightly 
controlled (Bruick & McKnight 2002). The HIF-P4Hs and FIH are not the only oxygen 
sensors and mediators of HIF-1α stability and transcriptional activity, however, for 
another post-translational modification involved in the regulation of HIF-α stability is 
acetylation by the acetyltransferase ARD1 (Jeong et al. 2002). This acetylates a specific 
lysine in the ODDD (Lys532 in HIF-1α) by transferring an acetyl group from acetyl-CoA 
through direct interaction under normoxic conditions. This acetylation increases the 
interaction of HIF-α with pVHL and subsequent degradation. The acetylated lysine 
residue is conserved in HIF-1α and HIF-2α, which are oxygen-sensitive, but not in HIF-
3α, which is also stable in normoxia (Hara et al. 2001). This novel regulatory event is 
required for maximal pVHL-mediated degradation of HIF-α. In addition to the post-
translational modifications, several growth factors, including insulin-like growth factor 
(IGF) and epidermal growth factor (EGF), activate the signal transduction pathway that 
leads to increased translation of HIF-1α (for a review, see Semenza 2002). 
Phosphorylation of a conserved threonine in HIF-α CAD (Thr796 in HIF-1α) increases the 
affinity between HIF-1α and the transcriptional coactivator p300 (Gradin et al. 2002) by 
preventing the hydroxylation of Asn803 by FIH (Lancaster et al. 2004). The tumour 
suppressor protein p53 limits the hypoxia-induced expression of HIF-1α by E3 ubiquitin 
ligase-mediated ubiquitination and degradation, while loss of p53 enhances HIF-1α 
levels leading to overexpression of VEGF, as observed in several human cancers (Ravi et 
al. 2000). In addition to hypoxia, the endogenous metabolites of glycolysis and the citric 
acid cycle, pyruvate and oxaloacetate, stabilize HIF-1α and stimulate HIF-1 nuclear 
translocation and HIF-mediated gene expression (Dalgard et al. 2004). It has also been 
suggested that ROS may play a role in the control of HIF-1α, but the exact mechanism 
and their importance in response to hypoxia are unclear. It has been shown that hypoxia 
stimulates ROS generation at the mitochondrial complex III, leading to stabilization of 
HIF-1α (Chandel et al. 1998, 2000, Schroedl et al. 2002). Superoxide is generated at 
complex III in hypoxia and is converted to H2O2 in the cytosol, leading to activation of 
phosphatidylinositol-3-kinase and phosphatases and consequent HIF-1α stabilization, 
suggesting that ROS may be the signal for hypoxia response. Cells lacking mitochondrial 
DNA have a normal response to hypoxia, measured at the level of HIF-1α protein 
stabilization, nuclear translocation and its transcriptional activation activity, however, 
suggesting that oxygen sensing and the stabilization of HIF-α does not require an active 
mitochondrial respiratory chain electron-transfer pathway (Srinivas et al. 2001, Vaux et 
al. 2001). Results of another study suggest totally the opposite possibility, namely that 
hypoxia leads to decreased ROS levels. Hydroxyl radicals were shown to be generated 
within the ER in an iron-dependent Fenton reaction under normoxic conditions (H2O2 + 
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Fe2+ → Fe3+ + •OH + OH-), •OH generation being minimal in hypoxia. HIF-1α was also 
found to be located within the ER in normoxia. Inhibition of the Fenton reaction by an 
•OH scavenger led to nuclear localization and enhanced activation of HIF-1α and 
subsequent expression of HIF-1α target genes upon the inhibition of HIF-P4H activity 
and interaction with pVHL. (Liu et al. 2004.) 

2.1.5  Effect of metal ions on HIF-1 

Certain divalent metals such as cobalt, nickel and manganese have been shown to mimic 
hypoxia and to cause induced expression of hypoxia-regulated genes and stabilization of 
HIF-α. Various hypotheses have been developed to describe the mechanisms involved. 

EPO production is induced by the transition metals cobalt and nickel. Manganese, but 
not cadmium, tin or zinc, has likewise been found to induce EPO production, but less 
effectively than cobalt and nickel. The stimulation of EPO expression by hypoxia and 
metals is thought to occur through a common pathway, and it was hypothesized in early 
studies that a heme protein may be involved in this mechanism, because EPO production 
in hypoxia was shown to be inhibited by carbon monoxide and because the hypoxia and 
metal-induced EPO synthesis was markedly decreased when heme synthesis was 
inhibited. (Goldberg et al. 1988.) In addition to EPO, the expression of other hypoxia-
regulated genes, e.g. those for VEGF (Goldberg & Schneider 1994, Ladoux & Frelin 
1994) and the glycolytic enzymes (Firth et al. 1994, Semenza et al. 1994, Ebert et al. 
1996), are similarly regulated by transition metals, supporting the notion of a common 
mechanism. In this model the metal ions would substitute for iron in the heme and lock 
the heme protein in its deoxygenated form, which would activate a signalling cascade 
leading to HIF-1 activation and subsequent gene expression. Incorporation of metals into 
the heme should occur competitively with iron, and it has been shown that there is indeed 
competition between iron and cobalt (Ho & Bunn 1996). According to this heme 
hypothesis, zinc may be another transition metal capable of stimulating HIF-1-induced 
gene expression, as it effectively replaces the iron that is bound to heme. Zinc failed to 
induce EPO expression under normoxia, however (Goldberg et al. 1988). Later it was 
demonstrated that zinc induces the accumulation of HIF-1α but inhibits the nuclear 
translocation of HIF-β resulting in inactivation of HIF-1 (Chun et al. 2000). The heme 
model cannot explain, however, why the iron chelator desferrioxamin (DFO) also induces 
the expression of hypoxia-inducible genes, as the heme-bound iron is not available for 
chelation (Wang & Semenza 1993). 

In another model the HIF-stimulating effect of transition metals, especially cobalt, has 
been shown to be caused by ROS (Chandel et al. 1998). Generation of ROS increases 
during hypoxia or CoCl2 treatment, causing oxidative stress in the cells, and the resulting 
ROS would then activate HIF-1. It has been shown, however, that even though ROS are 
produced in cells during exposure to hypoxia-mimicking metals, their formation is not 
involved in HIF-1 activation (Salnikow et al. 2000). 

The mechanism behind cellular oxygen sensing was resolved in 2001 when the three 
P4Hs that hydroxylate HIF-1α were identified. The activity of these enzymes was shown 
to be inhibited by cobaltous ions and DFO in vitro by demonstrating that CoCl2 and DFO 
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treatments reduced the binding of HIF-α to pVHL. As the HIF-P4Hs belong to a non-
heme Fe2+-containing enzyme family, it was suggested that the inhibition may be caused 
by cobalt through substitution at the iron centre. (Epstein et al. 2001.) Several divalent 
metal ions are competitive inhibitors of the C-P4Hs with respect to Fe2+ (Rapaka et al. 
1976, Ryhänen et al. 1976, Tuderman et al. 1977. Kivirikko & Pihlajaniemi 1998), which 
supports the model of cobalt binding to the iron centre of the HIF-P4Hs. This model is in 
agreement with the observations that both cobalt and iron chelators increase HIF activity. 
Additional models for the mechanisms involved in the cobalt-induced HIF activation 
have been presented, however. It has been suggested that cobalt may reduce intracellular 
levels of ascorbate by converting it to dehydroascorbate, which would lead to inactivation 
of HIF-P4Hs as the iron required in the enzymatic reaction would remain in the oxidized 
ferryl ion form (Salnikow et al. 2004). Other studies have shown that in addition to 
inhibiting the activity of the HIF-P4Hs, cobalt can become directly bound to HIF-α, 
thereby inhibiting HIF-α-pVHL interaction and the subsequent degradation of HIF-α 
(Yuan et al. 2001, 2003). Matrix-assisted laser desorption/ionization-time of flight mass 
spectrometry analyses have shown that cobalt becomes bound to a specific amino acid 
sequence within the ODDD of HIF-α, the carboxyl side groups of the acidic amino acids 
probably providing the binding sites. Cobalt can become bound even to hydroxylated 
HIF-α providing a model in which HIF-α-pVHL interaction is also inhibited in cases 
where a subset of HIF-α is hydroxylated. Therefore HIF-α stabilization by CoCl2 differs 
from that caused by the iron chelators, which act only by chelating the iron required for 
the HIF-P4H activity. (Yuan et al. 2003.) Cobalt can stabilize HIF-1α even in cells 
having non-functional pVHL, indicating that HIF-1α stabilization by cobalt may also 
occur through a pVHL-independent mechanism (Kanaya & Kamitani 2003). The N-
terminal region of HIF-1α (residues 1-330) has a second ubiquitination site in addition to 
that in the C-terminus (residues 344-698), which contains the hydroxylated Pro564. As the 
N-terminal region lacks the pVHL-binding site and is located far away from the C-
terminal region that is ubiquitinated in a pVHL-dependent manner, it is likely that the N-
terminal region is ubiquitinated independently of pVHL. Further studies revealed that 
cobalt may also prevent pVHL-independent degradation, and cobalt was shown to 
become bound to the two PAS domains in the N-terminal region. (Kanaya & Kamitani 
2003.) An additional mechanism for the cobalt effect involves up-regulation of HIF-1α 
synthesis through the phosphatidylinositol-3- kinase (PI3K) pathway (Chachami et al. 
2004), which has been previously suggested to be involved in the regulation of the HIF-
1α transcription (Zhong et al. 2000). The mechanisms by which other metals mimic 
hypoxia have not been studied in detail, and it is therefore unknown whether their 
mechanisms of function are similar to those of cobalt or whether they act by different 
mechanisms. It has been suggested, however, that nickel, like cobalt, may inhibit the 
HIF-P4Hs by depleting intracellular ascorbate levels (Salnikow et al. 1999, 2004). 
Another possibility is activation of the PI3K signalling pathway by nickel (Li et al. 
2004), as also suggested for cobalt. 
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2.1.6  Role of HIF in disease 

HIF-1 has an important role in many pathophysiological conditions in which oxygen 
homeostasis is disrupted, e.g. heart diseases, cancer, cerebrovascular diseases and chronic 
obstructive pulmonary diseases, all of which are important causes of death in western 
countries. 

Ischaemia and infarction occur when tissue perfusion is insufficient to meet metabolic 
demands, and VEGF provides a mechanism to optimize tissue perfusion according to the 
demands. VEGF has an important role in angiogenesis and its expression is increased in 
most cell types in response to hypoxia. In myocardial ischaemia the viability of the 
myocardium is irreversibly affected by oxygen and glucose deprivation, with infarction 
as the end result (for a review, see Semenza 2000a). The development of collateral blood 
vessels downstream of the coronary stenosis is induced, allowing myocardial perfusion 
and thereby influencing the incidence and severity of myocardial infarction. The degree 
of this coronary collateralization is correlated with the extent of VEGF expression, which 
in turn is preceded by the HIF-1α mRNA and protein expression induced during acute 
ischaemia and early infarction (Semenza 2000a). Many human patients with coronary 
artery stenosis, especially aged subjects, nevertheless fail to develop collateral vessels, 
because of an impairment of VEGF production due to decreased HIF-1 activity in 
response to hypoxia (Rivard et al. 2000). This individual variation in adaptive responses 
to ischaemia may determine the risk of myocardial infarction and its severity. It may be 
possible to identify individuals with decreased VEGF expression, and such patients could 
be good candidates for therapeutic angiogenesis by stimulating HIF-1α expression (for a 
review, see Semenza 2000b). In cerebral ischaemia HIF-1α expression is induced in the 
viable tissue surrounding the infarction, to an extent that is correlated with the expression 
of glycolytic enzymes, suggesting that the induction of glycolytic metabolism may 
promote the survival of neurons in the region surrounding the damaged tissue (Semenza 
2000a). 

Alveolar hypoxia leads to pulmonary hypertension in patients with chronic obstructive 
lung disease (Semenza 2000a). Hypoxia induces remodelling of the pulmonary arterioles, 
which results in reduced lumen diameter and increased resistance to blood flow leading 
to progressive heart failure. It has been suggested that inhibition of HIF-1 activity locally 
in the lung could be used as a therapeutic means of treating or preventing pulmonary 
hypertension in individuals at risk (Semenza 2000a). 

In diabetes, occlusion of the retinal vessels leads to neovascularization caused by 
ischaemia, a process in which VEGF expression plays an important role (Pierce et al. 
1995). It is also known that there are increased levels of HIF-1α in the ischaemic retina 
that show temporal and spatial correlations with the increased expression of VEGF 
(Ozaki et al. 1999). These findings are consistent with the hypothesis that HIF-1 plays a 
role in the up-regulation of VEGF in the ischaemic retina. 

HIF-1 plays a role in pre-eclampsia and intrauterine growth retardation (IUGR), which 
are pregnancy disorders (Semenza 2000a). The central defect in pre-eclampsia, which is a 
leading cause of foetal and maternal morbidity and mortality, is the failure of trophoblasts 
to invade the myometrium and induce remodelling of the uterine arteries during early 
placentation. After the first 10-12 weeks of pregnancy, the placenta and foetus are 
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exposed to maternal blood and at this stage the trophoblasts actively invade the maternal 
decidua, the developmental switch from proliferative to invasive being controlled by 
cellular O2 concentrations (Genbacev et al. 1997, Caniggia et al. 2000). Improper down-
regulation of HIF-1 activity is thought to play a role in pre-eclampsia, while the non-
invasive trophoblast phenotype is maintained by HIF-1-mediated TGFβ3 expression 
(Caniggia et al. 2000). Intrauterine growth retardation is another leading cause of foetal 
morbidity and mortality, being caused by placental and foetal hypoxia due to decreased 
placental perfusion (Semenza 2000a). IGFs have an important role in foetal growth, and 
expression of their inhibitor, IGF-binding protein 1, is induced in hypoxia and IUGR 
(Semenza 2000a). 

Tumours need vascularization in order to grow beyond a few cubic millimetres, and 
increased expression of VEGF is essential for this angiogenesis. Tumour propagation and 
malignant progression are also associated with intratumoral hypoxia, however, which is 
caused by structurally and functionally abnormal vascularization of the tumour, resulting 
in irregular perfusion (for a review, see Hockel & Vaupel 2001). Intratumoral hypoxia is a 
challenge for cancer treatment, because it leads to tumour resistance to therapy (Shannon 
et al. 2003). Marked overexpression of HIF-1α has been observed in many human 
tumours, including brain gliomas and colon, breast, lung and prostate carcinomas (Zhong 
et al. 1999, Zagzag et al. 2000). This overexpression is correlated with vascular density, 
indicating that HIF-1 activity leads to angiogenic switch in hypoxic tumours (Zagzag et 
al. 2000, Huss et al. 2001). HIF-1α overexpression is due to both intratumoral hypoxia 
and genetic alterations, such as the loss of pVHL and p53 functions, which leads to 
decreased ubiquitination of HIF-α (for a review, see Semenza 2002). Loss of pVHL 
function also leads to von Hippel-Lindau disease, which is a heritable cancer syndrome 
caused by mutations in the gene for VHL, leading to continuous expression of HIF-1. 
Patients have a high risk of developing various benign and malignant tumours of the 
central nervous system, kidneys, adrenal glands, pancreas and reproductive adnexal 
organs. (Lonser et al. 2003.) Based on studies with renal clear cell carcinomas, it has 
been suggested, however, that rather HIF-2α than HIF-1α is the oncogene in renal cancer 
(Kondo et al. 2002, Maranchie et al. 2002). It was also speculated that due to the 
expression pattern of HIF-2α, it could be responsible for the observed organ specificity of 
the VHL disease (Maranchie et al. 2002). Tumours with HIF-1α overexpression are 
highly aggressive, as the expression of several genes controlling tumour cell survival, are 
regulated by HIF-1 (Shannon et al. 2003). Patients with glioblastoma multiforme, for 
example, which shows the highest HIF-1α expression levels among brain tumours, have 
survival times of less than one year (Semenza 2002). HIF-1α immunohistochemistry 
could be used to analyse tumour biopsies, provide prognostic information and identify 
patients requiring aggressive therapy. Inhibition of the activity of HIF-1 in tumours 
provides possibilities for developing new therapeutic strategies, the most appropriate 
target population for HIF-1 inhibitors being those cancer types which show high levels of 
HIF-1α overexpression correlated with unsuccessful treatment and mortality (Semenza 
2002). It has been suggested that overexpression of HIF-P4Hs could be used to inhibit the 
stabilization of HIF-1α in hypoxia and thereby to inhibit the vascularization and tumour 
growth (Erez et al. 2003). In addition to chemotherapeutic agents, gene therapy could be 
one approach for targeting hypoxic regions of tumours by means of hypoxia-targeted 
transgene expression, for which purpose a hypoxia-dependent replicative adenovirus has 
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been developed, an attenuated oncolytic adenovirus that selectively lyses cells under 
hypoxic conditions (Post & Van Meir 2003). Hypoxia-targeted delivery and pro-drug 
activation could also be used. For example, an adenovirus expressing human cytochrome 
P450 is regulated by a promoter that is responsive to optimized hypoxia and delays 
tumour growth in response to the pro-drug cyclophosphamide (Binley et al. 2003). These 
hypoxia-targeted suicide gene therapies are aimed at activating cytotoxic agents at the 
tumour site while sparing normal tissue from damage. 

2.2  Prolyl 4-hydroxylases 

Oxygenases catalyze reactions in which an oxygen atom is incorporated from molecular 
oxygen into an organic substrate. These enzymes commonly use iron as a cofactor, either 
as part of a heme group or in a non-heme form. Oxygenases can be divided into 
dioxygenases, in which both oxygen atoms of the O2 molecule are incorporated into the 
substrate, and mono-oxygenases, in which only one oxygen atom is incorporated while 
the other is reduced to water. The 2-oxoglutare-dependent dioxygenases make up the 
largest subgroup of mononuclear non-heme Fe2+-dependent oxygenases (Prescott & John 
1996). Most of them have an absolute requirement for 2-oxoglutarate and require Fe2+ 
and ascorbate for optimal function. These enzymes occur widely, being found in many 
organisms from prokaryotes to eukaryotes, one form of P4H also being expressed by the 
Paramecium bursaria Chlorella virus-1 (PBCV-1) (Eriksson et al. 1999). 2-Oxoglutarate 
dioxygenases catalyze a range of oxidative reactions, including hydroxylations, 
saturations, ring closures and rearrangements (Prescott & John 1996). The best-
characterized 2-oxoglutarate dioxygenase in mammals is the P4H that catalyzes the post-
translational hydroxylation of proline residues in collagens. It was believed that C-P4Hs 
are the only P4Hs in animals until a novel P4H with three isoforms catalyzing the 
hydroxylation of proline residues within the α subunit of the transcription factor HIF was 
recently identified (Bruick & McKnight 2001, Epstein et al. 2001, Ivan et al. 2002). 

2.2.1  Occurrence and functions of 4-hydroxyproline in proteins  
other than HIF 

4-Hydroxyproline is found in vertebrates mainly in collagens and other proteins with 
collagen-like sequences (for reviews, see Kivirikko & Pihlajaniemi 1998, Myllyharju & 
Kivirikko 2001, 2004). The collagens are a large family of extracellular matrix proteins 
that provide structural integrity for various organs and tissues. In addition, they are 
involved in other important biological functions, such as the healing of wounds and 
fractures, inhibition of angiogenesis and tumour growth, and organ morphogenesis 
(Prockop & Kivirikko 1995, O’Reilly et al. 1997, Petitclerc et al. 2000, Lin et al. 2001, 
Myllyharju & Kivirikko 2001, 2004). Some of these functions, however, are performed 
by the non-collagenous domains found in many collagens, like the inhibition of 
angiogenesis and tumour growth that are performed by restin and endostatin, which are 
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fragments of collagen types XV and XVIII, respectively, and by the C-terminal 
noncollagenous domain of type IV collagen (O’Reilly et al. 1997, Ramchandran et al. 
1999, Petitclerc et al. 2000). At least 27 vertebrate proteins containing altogether 42 
different polypeptide chains have so far been defined as collagens (for a review, see 
Myllyharju & Kivirikko 2004). All collagens consist of three polypeptides, called α 
chains, that contain repeating -Gly-X-Y- triplets, but the lengths of the chains and the 
residues in the X and Y positions vary according to the collagen type and domain (for a 
review, see Myllyharju & Kivirikko 2004). These α chains in a collagen trimer can all be 
identical or the trimer can consist of two or three different chains. The α chains are coiled 
into a left-handed helix, and the three helical chains are then coiled around each other 
into a right-handed triple helix. The existence of glycine as every third residue in the 
collagen sequence is essential for the triple-helical structure, because as the smallest 
amino acid, it fits in the middle of the helix where the three chains come together (see 
Prockop & Kivirikko 1995). Proline is often found in the X position of the -Gly-X-Y- 
repeat and 4-hydroxyproline in the Y position. The hydroxylation of proline residues is 
required for stabilization of the collagen triple helix at normal body temperature. The 
midpoint of the thermal transition from helix to coil (Tm) for non-hydroxylated type I 
procollagen is 24°C, while the Tm for the fully hydroxylated type I procollagen molecule 
is 39°C (Berg & Prockop 1973, Jimenez et al. 1973, Rosenbloom et al. 1973). Thus 
without proline hydroxylation, the collagen triple helix denatures at normal body 
temperature. There are some small but distinct differences in 4-hydroxyproline content 
between collagen types, content in the most abundant collagen, type I, being about 100 
residues per 1000 (Kivirikko et al. 1992). 

The mechanisms by which the 4-hydroxyproline residues stabilize the collagen triple 
helix are not totally understood, but several proposals have been made. X-ray 
crystallographic studies have shown that each triple helix of a collagen-like peptide is 
surrounded by an extensive network of hydrogen bonds between water molecules and 
peptide acceptor groups. 4-Hydroxyproline residues have a critical role in this water 
network by binding two water molecules and thus forming an interchain link to the amide 
oxygen of another 4-hydroxyproline (Bella et al. 1994). However, when the 4-
hydroxyprolines in the Y positions of the -Gly-X-Y- triplets were replaced by 4(R) 
fluoroproline (Flp), which is incapable of forming hydrogen bonds, the stability of the 
(Pro-Flp-Gly)10 triple helix was enhanced, exceeding the thermal stability of any known 
collagen of a similar size (Holmgren et al. 1998). The result indicated that the thermal 
stability was due to inductive effects caused by the most electronegative fluorine that 
favours the trans conformation of the hydroxyprolyl peptide bond. It can therefore be 
predicted that 4-hydroxyproline residues act in the same way and stabilize the collagen 
triple helix by a stereoelectronic effect. In addition, several structural and host-guest 
studies of collagen have been made in order to resolve the basis for the stability of the 
triple helix, and crystallization studies, for example, have shown that there are only 15 
water molecules in the (Pro-Hyp-Gly)10 structure, arguing against stability being provided 
by water molecules (for a review, see Jenkins & Raines 2002). 

In addition to the collagens, the collagen superfamily includes a heterogeneous group 
of more than 20 other proteins having collagen-like sequences. This group includes the 
C1q subcomponent of complement, a C1q-like factor, adiponectin, at least eight 
collectins and three ficolins, the collagen-like tail structure of acetylcholinesterase, three 
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macrophage receptors, two EMILINS (elastic fibre-associated glycoproteins), a src-
homologous-and-collagen protein and ectodysplasin (for a review, see Myllyharju & 
Kivirikko 2004). Additional proteins reported to contain 4-hydroxyproline are elastin 
(Rosenbloom 1987), hydroxyproline-luteinizing hormone releasing hormone (Gautron et 
al. 1992) and hydroxyproline-lysyl-bradykinin (Sasaguri 1988). As in the collagens, the 
4-hydroxyproline is also found in these proteins almost exclusively in the Y positions of 
the -Gly-X-Y- sequences (Kivirikko et al. 1992). 

2.2.2  Vertebrate collagen prolyl 4-hydroxylases 

C-P4Hs (EC 1.14.11.2, procollagen-proline, 2-oxoglutarate 4-dioxygenase) are located 
within the endoplasmic reticulum (ER) and catalyze the formation of 4-hydroxyproline in 
collagens and other proteins with collagen-like sequences (for reviews, see Kivirikko & 
Myllyharju 1998, Kivirikko & Pihlajaniemi 1998, Myllyharju 2003). 

The active C-P4H in vertebrates is an α2β2 tetramer in which the two catalytic sites are 
located within the α subunits and the β subunits are identical to the enzyme and 
chaperone protein disulphide isomerase (PDI, EC 5.3.4.1) (Pihlajaniemi et al. 1987, 
Kivirikko & Myllyharju 1998, Kivirikko & Pihlajaniemi 1998, Myllyharju 2003). The 
molecular weight of the tetramer is about 240 000, the molecular weights of the two types 
of monomer being about 63 000 (α subunit) and 58 000 (β subunit). C-P4H was for a 
long time assumed to be of only one type, but two additional α subunit isoforms have 
now been cloned and characterized from human, mouse and rat tissues (Helaakoski et al. 
1995, Annunen et al. 1997, Kukkola et al. 2003, Van Den Diepstraten et al. 2003), while 
the previously known α subunit has been cloned from man (Helaakoski et al. 1989), and 
the rat (Hopkinson et al. 1994), mouse (Helaakoski et al. 1995) and chicken (Bassuk et 
al. 1989). All three α subunit isoforms have been shown to combine with PDI and to 
form the [α(I)]2β2, [α(II)]2β2 and [α(III)]2β2 tetramers, known as the type I, II and III 
enzymes, respectively. Coexpression studies of the type I and type II α subunits with the 
PDI polypeptide in insect cells showed that they do not form a α(I)α(II)β2 tetramer 
(Annunen et al. 1997). 

The human α(I), α(II) and α(III) subunits consist of 517, 514 and 525 amino acids, 
respectively, and are synthesized in forms containing a signal peptide of 17-21 additional 
residues (Helaakoski et al. 1989, Annunen et al. 1997, Kukkola et al. 2003, Van Den 
Diepstraten et al. 2003). The overall sequence identity between the processed human α(I) 
and α(II) subunits is 64%, that between the human α(I) and α(III) subunits 35% and that 
between the human α(II) and α(III) subunits 37%, the highest degree of identity being 
found in the catalytically important C-terminal region, where that between the α(I) and 
α(II) subunits is as high as 80%, while that between the α(III) and the α(I) or α(II) 
subunit is 56-57%. All three α subunits have four conserved critical residues at the 
catalytic site: two histidines and one aspartate that bind the Fe2+ atom and a lysine that 
binds the C-5 carboxyl group of 2-oxoglutarate (Lamberg et al. 1995, Myllyharju & 
Kivirikko 1997). In addition, a third histidine residue is also conserved in all three human 
α subunits (Annunen et al. 1997, Kukkola et al. 2003; for reviews see Kivirikko & 
Myllyharju 1998, Myllyharju 2003), this third histidine probably being involved in both 
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binding of the C-1 carboxyl group of the 2-oxoglutarate to the iron atom and 
decarboxylation of this cosubstrate (Myllyharju & Kivirikko 1997). Five cysteine 
residues are conserved in all the human α subunits, but α(II) contains an additional 
cysteine between the fourth and fifth conserved ones and α(III) has an additional cysteine 
located between the first and second conserved ones (Kukkola et al. 2003). The α(I) 
subunit has two intrachain disulphide bonds formed between the second and third and the 
fourth and fifth cysteine residues (John & Bulleid 1994, Lamberg et al. 1995), these 
being needed to maintain the structure of the α subunit. No interchain bonds are formed 
between the α and PDI subunits, however. The human α subunits contain two asparagine 
residues that act as attachment sites for oligosaccharides (Helaakoski et al. 1989, 
Annunen et al. 1997, Kukkola et al. 2003), but the extent of their glycosylation varies 
(Kedersha et al. 1985, Vuori et al. 1992a). Glycosylation of the α subunit has no role in 
the assembly of the type I enzyme tetramer or the catalytic activity of the type I or type 
III enzyme tetramer (Lamberg et al. 1995, Kukkola et al. 2003). 

The three C-P4H isoenzymes have distinct differences in their expression patterns in 
tissues. Type I C-P4H is the main form in most cells and in tissues of mesenchymal 
origin, while type II is the main form in chondrocytes, endothelial cells and the cells of 
epithelial structures (Annunen et al. 1998, Nissi et al. 2001). The type I isoenzyme is the 
main form in fibroblasts and fibroblastic cells in many tissues, for example, and is the 
only form in skeletal myocytes and smooth muscle cells and represents about 90% of the 
total C-P4H activity in the kidneys, heart, liver, skeletal muscle and skin, while the type 
II enzyme represents over 70% of the C-P4H activity in cartilage (Annunen et al. 1998). 
The expression of type III isoenzyme has not been studied in detail so far. The highest 
levels of the human α(III) mRNA expression were found in the human placenta, adult 
liver and foetal skin in Northern hybridization studies, and in the placenta and foetal 
kidney, liver and lung in PCR analysis of multitissue cDNA panels, but the levels in all 
the tissues studied were much lower than those of the α(I) and  α(II) mRNAs (Kukkola et 
al. 2003). The α(III) mRNA is also expressed in human vascular smooth muscle cells, 
being found especially in the fibrous cap of atherosclerotic carotid arteries (Van Den 
Diepstraten et al. 2003). It is currently unknown, however, whether the type III is 
expressed at higher levels than the other two isoenzymes in any cells or tissues. 

The α subunits have a distinct peptide-substrate-binding domain that is separate from 
the catalytic domain and is located between residues 138 and 244 in the human α(I) 
subunit (Myllyharju & Kivirikko 1999), and NMR studies have revealed that this domain 
consists of five α helices and one short β strand, being thus very distinct from the 
previously characterized proline-rich peptide-binding modules that consist mainly of β 
strands (Hieta et al. 2003). The recombinant peptide-binding domain has recently been 
crystallized for structural studies (Pekkala et al. 2003). The catalytic domain is located in 
the C-terminal region of the α subunits and contains the Fe2+ and 2-oxoglutarate binding 
residues described above. 

The PDI that serves as the β subunit in the vertebrate C-P4H tetramers (Pihlajaniemi 
et al. 1987) is a catalyst of disulphide bond formation, breakage and rearrangement 
during protein folding in the ER (for a recent review, see Freedman et al. 2002). The 
secreted proteins enter the ER in an unfolded state and exit when they are correctly 
folded and assembled. Other cellular and extracellular locations as well as ER have also 
been reported for PDI (for a review, see Turano et al. 2002). Proteins belonging to the 
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PDI family have been found on the cell surface, in the extracellular space, cytosol and 
nucleus, and in some cases this non-ER location is related to the redox properties of the 
proteins. 

The human PDI polypeptide consists of 491 amino acids and is synthesized in a form 
containing a signal peptide of 17 additional residues (Pihlajaniemi et al. 1987). PDI is a 
modular protein consisting of four structural domains, a, b, b’ and a’, and an additional 
linker region between b’ and a’ and a C-terminal acidic extension c (Edman et al. 1985, 
Pihlajaniemi et al. 1987, Kemmink et al. 1997, Freedman et al. 1998, Pirneskoski et al. 
2004). The homologous a and a’ domains show significant sequence similarity to 
thioredoxin, a polypeptide that is involved in redox functions in the cytoplasm, and they 
contain the thioredoxin fold (Kemmink et al. 1996). The homologous b and b’ domains 
have no sequence similarity to thioredoxin or to the domains a and a’, but NMR studies 
have shown that they also have the thioredoxin fold (Kemmink et al. 1997, Freedman et 
al. 2002). The a and a’ domains each contain the active site motif -Cys-Gly-His-Cys-, 
and the isolated domains can act as reductases or oxidases. The other domains are also 
needed for full activity of the PDI polypeptide, however, the effect being most significant 
in complex disulphide isomerizations (Darby et al. 1998). 

The main function of PDI in the C-P4H α2β2 tetramer is to keep the highly insoluble α 
subunits in a non-aggregated, catalytically active form (Vuori et al. 1992a, John et al. 
1993, Veijola et al. 1996b), this function probably being related to the chaperone function 
of PDI, as mutations that inactivate the two catalytic sites of the PDI polypeptide have no 
effect on tetramer formation (Vuori et al. 1992b). A minimum requirement for the 
assembly of an active C-P4H tetramer is fulfilled by the PDI domain pair b’a’ 
(Pirneskoski et al. 2001). The α subunit has no ER retention signal, and thus another 
function of PDI in the tetramer is to keep the enzyme within the ER, as PDI has the C-
terminal ER-retention signal -Lys-Asp-Glu-Leu and as deletion of this sequence from the 
PDI polypeptide in recombinant expression studies in insect cells led to significant 
secretion of both the free polypeptide and the enzyme tetramer into the culture medium 
(Vuori et al. 1992b). PDI is expressed in excess over the α subunit, and thus regulation of 
the amounts of the active enzyme tetramer occurs mainly through regulation of the α 
subunit (for a review, see Kivirikko & Myllyharju 1998). 

2.2.3  Nematode collagen prolyl 4-hydroxylases 

The cuticle or exoskeleton of the nematode Caenorhabditis elegans is composed of cross-
linked collagens (Cox et al. 1981), and the genome encodes about 175 cuticle collagen 
chains (Johnstone 2000, Myllyharju & Kivirikko 2004). C. elegans has four genes 
encoding C-P4H α subunit-like polypeptides, three of which, termed PHY-1, PHY-2 and 
PHY-3, have now been characterized (Veijola et al. 1994, Friedman et al. 2000, Hill et al. 
2000, Winter & Page 2000, Riihimaa et al. 2002, Myllyharju et al. 2002). The processed 
PHY-1 and PHY-2 polypeptides consist of 543 and 523 amino acids, respectively (Veijola 
et al. 1994, Friedman et al. 2000, Hill et al. 2000, Winter & Page 2000), and are likely to 
have a similar domain structure to the human α subunit isoforms, the highest 
conservation being found within the C-terminal catalytic domains, which contain all the 
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residues essential for catalytic activity. PHY-1 and PHY-2 are 57% identical to each other, 
while the identity between PHY-1 and PHY-2 and the human α(I) and α(II) ranges from 
43% to 46% (Veijola et al. 1994, Winter & Page 2000). The third C. elegans α subunit 
isoform, PHY-3, is much shorter than PHY-1 and PHY-2, consisting of only 295 amino 
acids, and its sequence is only 17% identical to residues 256-542 in PHY-1 and 18-20% 
identical to the corresponding residues in PHY-2 and the human α(I) and α(II) subunits, 
conservation being highest within the C-terminal region that covers PHY-3 amino acids 
150-295 (Riihimaa et al. 2002.). C. elegans has two genes, pdi-1 and pdi-2, encoding PDI 
isoforms (Winter & Page 2000), and coexpression studies of PHY-1 and PDI-2 or human 
PDI in insect cells led to the formation of an active αβ dimer instead of the tetramer 
found in vertebrates (Veijola et al. 1994, 1996a). PHY-1 and PHY-2 also form a PHY-
1/PHY-2/(PDI-2)2 mixed tetramer with PDI-2, but neither PHY-1 nor PHY-2 forms any 
tetramer in the absence of the other (Myllyharju et al. 2002). This mixed tetramer is also 
the main C-P4H form in wild-type C. elegans in vivo, with small amounts of the PHY-
1/PDI-2 dimer but no PHY-2/PDI-2 dimer, while very small amounts of the latter dimer 
are found in phy-1-/- nematodes (Myllyharju et al. 2002). Recombinant PHY-3 forms an 
active enzyme only when coexpressed with C. elegans PDI-1, an isoform that does not 
form any active enzyme with the PHY-1 and PHY-2 polypeptides (Myllyharju et al. 2002, 
Riihimaa et al. 2002). 

The phy-1 and phy-2 genes are expressed in the hypodermal cells at times when 
collagen is being synthesized, indicating an essential role in the formation of the cuticle 
at all developmental stages (Winter & Page 2000). PHY-3 is involved in the 
hydroxylation of proline residues in the early embryo, most likely in the collagens of the 
egg shell (Riihimaa et al. 2002). 

The cuticle of the filarial nematode Brugia malayi, like those of other nematodes, is 
composed of collagen-like molecules. A B. malayi C-P4H has been cloned and 
characterized and found to have some highly unusual properties. The α subunit, PHY-1, 
is soluble and active without any PDI polypeptide and forms an α4 tetramer (Winter et al. 
2003). Lack of the PDI polypeptide is not a unique property, however, as short 
monomeric P4Hs of 210 and 283 residues have been characterized from PBCV-1 
(Eriksson et al. 1999) and Arabidopsis thaliana (Hieta & Myllyharju 2002). The B. 
malayi PHY-1 is much longer than these P4Hs, however, the processed polypeptide 
consisting of 524 amino acids and having its highest homology with the C. elegans PHY-
1 polypeptide, with an identity of 76%. The cysteine residues and all the catalytically 
critical residues are conserved between these two polypeptides, the catalytic and 
inhibition properties of the B. malayi homotetramer being very similar to those of the C. 
elegans PHY-1/PHY-2/(PDI-2)2 mixed tetramer. The B. malayi PHY-1 is likely to 
function in the modification of cuticular collagens in the same way as the C. elegans 
mixed tetramer. (Winter et al. 2003.) 

A C-P4H has also been characterized from another filarial nematode Onchocerca 
volvulus, the PHY-1 polypeptide of which has many characteristics in common with the 
C-P4H α subunits from C. elegans and vertebrates (Merriweather et al. 2001). It is 
believed that detailed characterization of the enzymes from B. malayi and O. volvulus 
might lead to the development of specific inhibitors for these parasites. 
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2.2.4  Prolyl 4-hydroxylases from other organisms 

About 20 C-P4H α subunit-related genes have been identified in Drosophila 
melanogaster (Adams et al. 2000, Abrams & Andrew 2002), an unexpectedly high 
number because D. melanogaster is known to have only three types of collagen (see 
Myllyharju 2003, Myllyharju & Kivirikko 2004). It is therefore possible that some of 
these P4Hs act on proline residues in proteins other than the collagens. Ten of the α 
subunit-like genes have been cloned and their expression patterns analysed (Annunen et 
al. 1999, Abrams & Andrew 2002). Six of these genes have tissue-specific embryonic 
expression, one is expressed in the mouth part precursors and two in the proventriculus 
and epidermis. One of the genes has a broader expression, including the anterior and 
posterior midgut primordial, the fat body, the haemocytes and the epidermis. (Abrams & 
Andrew 2002.) One of the α subunits has been characterized in more detail and the 
processed polypeptide was found to consist of 516 amino acids and to have 34% and 35% 
sequence identity to the human α(I) and α(II) subunits, respectively, and 31% identity to 
the C. elegans PHY-1 (Annunen et al. 1999). Four of the five critical residues at the 
cosubstrate-binding sites are conserved, but the residue assisting in the binding of the C-1 
carboxyl group of the 2-oxoglutarate and the decarboxylation of this cosubstrate is an 
arginine instead of a histidine, this difference probably being the reason for the 2 to 3-
fold higher Km for 2-oxoglutarate. Differences were also found in the amino acid 
sequence of the peptide-binding domain, which probably explains the relatively poor 
hydroxylation of (Pro-Pro-Gly)10, a good substrate for the vertebrate enzymes. 
Coexpression studies indicate that the D. melanogaster enzyme is an α2β2 tetramer, thus 
resembling the vertebrate enzymes. (Annunen et al. 1999.) 

4-Hydroxyproline is found in many plant glycoproteins, and P4Hs have been partially 
characterized from several plant species (Kivirikko et al. 1992), including Phaseolus 
vulgaris (Wojtaszek et al. 1999) and green algaes, such as Chlamydomonas reinhardii 
(Kaska et al. 1987), Volvox carteri (Kaska et al. 1988) and Enteromorpha prolifera 
(Simpson et al. 1986). The P4Hs from the unicellular and multicellular green algae have 
been shown to be monomeric (Kaska et al. 1987, 1988). 

A P4H has recently been cloned and characterized from Arabidopsis thaliana (Hieta & 
Myllyharju 2002). The genome of this species encodes six P4H α subunit-like 
polypeptides, one of which was shown to be a 283-residue soluble monomer with 21% 
sequence identity to the catalytically important C-terminal region of the human α(I) 
subunit. All the catalytically critical residues identified in animal enzymes are conserved 
in this plant P4H. The recombinant A. thaliana enzyme hydroxylated poly(L-proline) 
effectively, which is the most distinct difference in catalytic properties between plant and 
animal P4Hs. In addition to hydroxylating poly(L-proline), the A. thaliana enzyme also 
hydroxylated many other proline-rich peptides and surprisingly even the collagen-like 
peptides (Pro-Pro-Gly)10 and (Ala-Pro-Gly)5. (Hieta & Myllyharju 2002.) 

It has been believed that viral and bacterial proteins have no 4-hydroxyproline, but a 
C-P4H α subunit-like polypeptide has also been identified from a eukaryotic algal virus, 
Paramecium bursaria Chlorella virus-1 (PBCV-1) (Eriksson et al. 1999). The enzyme is 
a monomer and its 242-residue polypeptide shows distinct sequence similarity to the C-
terminal region of the animal α subunits. The recombinant enzyme hydroxylated (Pro-
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Pro-Gly)10, poly(L-proline) and several synthetic peptides corresponding to proline-rich 
repeats coded by the viral genome, suggesting that PBCV-1 expresses proteins in which 
proline residues become hydroxylated (Eriksson et al. 1999). 

2.2.5  Catalytic properties 

All P4Hs require Fe2+, 2-oxoglutarate, O2 and ascorbate (reviewed in Kivirikko & 
Myllyharju 1998, Kivirikko & Pihlajaniemi 1998, Myllyharju 2003), the Km values for 
these cosubstrates varying within relatively narrow limits between the C-P4Hs and 
related enzyme forms from animals, viruses and plants (Veijola et al. 1994, Vuori et al. 
1992a, Helaakoski et al. 1995, Annunen et al. 1997, 1999, Eriksson et al. 1999, Hieta & 
Myllyharju 2002, Myllyharju et al. 2002, Kukkola et al. 2003, Winter et al. 2003). 

The requirement for non-heme iron is very specific, and this cation is loosely bound, 
the activity of the purified enzyme being completely dependent on added Fe2+ (for 
reviews, see Kivirikko & Myllylä 1980, Kivirikko et al. 1992). Several divalent cations, 
e.g. palladium, calcium, copper and zinc, inhibit C-P4Hs competitively with respect to 
Fe2+, Zn2+ being the most potent inhibitor (Rapaka et al. 1976, Ryhänen et al. 1976, 
Tuderman et al. 1977). 2-Oxoglutarate is a highly specific and absolute requirement and 
is decarboxylated during the hydroxylation (Kivirikko & Myllylä 1980, Kivirikko et al. 
1992). Many small molecules, such as pyridine 2,4-dicarboxylate, pyridine 2,5-
dicarboxylate, N-oxaloglycine and oxalylalanine (Majamaa et al. 1984, Cunliffe et al. 
1992, Baader et al. 1994) are competitive inhibitors with respect to 2-oxoglutarate. 
Ascorbate is also an absolute requirement, being needed in the uncoupled 
decarboxylation of 2-oxoglutarate as an alternative oxygen acceptor in order to prevent 
oxidation of the enzyme-bound Fe2+ or residues in the enzyme protein between catalytic 
cycles (see, Myllylä et al. 1984, Kivirikko et al. 1992, Kivirikko & Pihlajaniemi 1998). 
Molecular oxygen is required to supply the oxygen for the hydroxyl group. 

The catalytic site of the C-P4Hs comprises a set of separate locations for the binding 
of the various cosubstrates and the peptide substrate (Hanauske-Abel & Günzler 1982, 
Hanauske-Abel & Popowicz 2003). The Fe2+ is bound to the α subunit by three residues, 
His412, Asp414 and His483 in the human α(I) subunit (Lamberg et al. 1995, Myllyharju & 
Kivirikko 1997). while the 2-oxoglutarate binding site can be divided into three distinct 
subsites (Majamaa et al. 1984, Kivirikko et al. 1992). Subsite I is a positively charged 
side chain of the α subunit that binds the C-5 carboxyl group of the 2-oxoglutarate, this 
residue being Lys493 in the human α(I) (Myllyharju & Kivirikko 1997). Subsite II 
comprises two cis-positioned coordination sites of the enzyme-bound Fe2+ and is chelated 
by the C-1-C-2 moiety, while subsite III involves a hydrophobic binding site in the C-3-
C-4 region of the cosubstrate. Molecular oxygen is thought to be bound to the ferrous ion 
end-on in an axial position (Hanauske-Abel & Günzler 1982, Hanauske-Abel & 
Popowicz 2003). The binding site for ascorbate is partially identical to the subsite II for 
2-oxoglutarate, as it also contains the two cis-positioned coordination sites of the 
enzyme-bound iron (Majamaa et al. 1986). 

The Km values of the human type I C-P4H for its cosubstrates are 2 µM for Fe2+, 20 
µM for 2-oxoglutarate and 300 µM for ascorbate (Myllyharju & Kivirikko 1997). There 
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are some differences in Km values between the three human isoenzymes and the C-P4Hs 
and related enzymes from other organisms. The Km for Fe2+ differs four-fold between the 
human type I and type III isoenzymes, that of the latter being only 0.5 µM (Kukkola et al. 
2003). Among enzymes from other organisms, the Km values for Fe2+ vary between 0.4 
µM in the case of PBCV-1 and 16 µM in that of A. thaliana, respectively (Eriksson et al. 
1999, Hieta & Myllyharju 2002) The Km values of the three human isoenzymes for 2-
oxoglutarate are identical, but those of the Brugia malayi α4 tetramer, the Caenorhabditis 
elegans mixed tetramer, one Drosophila melanogaster enzyme and the characterized A. 
thaliana P4H are three to six times higher. The Km values of the human isoenzymes and 
enzymes from other organisms for ascorbate are essentially the same. (Vuori et al. 1992a, 
Annunen et al. 1997, 1999, Eriksson et al. 1999, Hieta & Myllyharju 2002, Myllyharju et 
al. 2002, Kukkola et al. 2003, Winter et al. 2003.) 

The minimum sequence requirement for the hydroxylation of a proline residue by a 
vertebrate C-P4H is fulfilled by an X-Pro-Gly triplet, these enzymes with only a few 
exceptions hydroxylating only proline residues preceding a glycine. The chain length of 
the peptide substrate has a marked effect on the Km, which decreases with increasing 
chain length (for reviews, see Kivirikko & Myllyharju 1998, Kivirikko & Pihlajaniemi 
1998, Myllyharju 2003). The Km of the human type I enzyme for the tripeptide Pro-Pro-
Gly is 20 mM, whereas the Km values for (Pro-Pro-Gly)5 and (Pro-Pro-Gly)20 are 2 mM 
and 50 µM, respectively, when expressed as concentrations of the -X-Pro-Gly- units 
(Kivirikko & Myllyharju 1998). A similar effect of substrate chain length has also been 
noticed with viral and plant P4Hs (Eriksson et al. 1999, Hieta & Myllyharju 2002). 
Poly(L-proline) is a competitive inhibitor of the vertebrate and D. melanogaster C-P4Hs, 
the Ki values decreasing with increasing chain length (Helaakoski et al. 1995, Annunen et 
al. 1997, 1999, Kukkola et al. 2003), although this polypeptide is most effective in the 
case of vertebrate type I enzyme. The C. elegans and B. malayi C-P4Hs are particularly 
ineffectively inhibited by poly(L-proline) (Veijola et al. 1994, Myllyharju et al. 2002, 
Winter et al. 2003), and interestingly, poly(L-proline) is a substrate for viral and plant 
P4Hs (Eriksson et al. 1999, Hieta & Myllyharju 2002). The differences between the 
enzymes in their Km and Ki values for various peptide substrates and inhibitors suggest 
that there must be some distinct differences in the structures of the peptide-binding 
domains between the animal C-P4Hs and related enzymes. 

2.2.6  Reaction mechanism 

In the reaction catalyzed by the P4Hs 2-oxoglutarate is stoichiometrically decarboxylated 
during hydroxylation, with one atom of the O2 molecule being incorporated into the 
succinate and the other into the hydroxyl group formed on the proline residue (Figure 3) 
(see Kivirikko & Myllylä 1980, Kivirikko et al. 1992, Kivirikko & Myllyharju 1998, 
Kivirikko & Pihlajaniemi 1998, Myllyharju 2003). Kinetic studies have shown that the 
reaction occurs in an ordered way (Myllylä et al. 1977, Tuderman et al. 1977). First Fe2+ 
is bound to the enzyme, followed by binding of the 2-oxoglutarate, O2 and the peptide 
substrate, release of the products occurring in the order of the hydroxylated peptide, CO2, 
succinate and Fe2+, in which the Fe2+ is not released between most of the catalytic cycles. 
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When the proline is being hydroxylated, ascorbate is not used stoichiometrically and the 
enzyme can catalyze a number of reaction cycles in its absence, but the reaction rate then 
ceases rapidly, probably due to the formation of Fe3+·O-, which needs to be reduced by 
ascorbate to make the enzyme available for further catalytic cycles, ascorbate thus being 
needed to reactivate the enzyme. P4Hs also catalyze uncoupled decarboxylation of 2-
oxoglutarate, i.e. decarboxylation without hydroxylation of the substrate. Ascorbate acts 
as an alternative oxygen acceptor in these uncoupled cycles and is then consumed 
stoichiometrically (Myllylä et al. 1984), the rate of this uncoupled reaction observed in 
the absence of any peptide substrate being only 1-4% of the rate of the complete reaction 
seen in the presence of a saturating substrate concentration (Tuderman et al. 1977). 
Uncoupled reaction cycles may be caused by incorrect conformation of the substrate at 
the catalytic site, and some peptides, such as poly(L-proline) increase the rate of the 
uncoupled reaction (Myllylä et al. 1984). In addition, the biological substrates of the C-
4Hs contain non-hydroxylatable sequences, and when the catalytic site encounters such a 
sequence uncoupled decarboxylation of 2-oxoglutarate takes place (Tuderman et al. 
1977, Myllylä et al. 1984). 

Fig. 3. The reactions catalyzed by prolyl 4-hydroxylase. The 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. 
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2.2.7  Human HIF prolyl 4-hydroxylases 

As indicated above, under normoxic conditions the HIF-α subunit is targeted for 
degradation by a ubiquitin-ligase complex that recognizes a hydroxylated proline residue 
(Ivan et al. 2001, Jaakkola et al. 2001). This post-translational modification is performed 
by a family of novel HIF-P4Hs forming the egl-nine (egln) gene family (Bruick & 
McKnight 2001, Epstein et al. 2001, Ivan et al. 2002). 

The well-characterized C-P4Hs do not hydroxylate proline residues in the HIF-α 
subunit, because the substrate contexts of the modified proline residues in collagens are 
different from those surrounding the proline residues in HIF-α (Jaakkola et al. 2001). The 
hydroxylated prolines in collagens are located in -X-Pro-Gly- sequences (for a review, 
see Myllyharju & Kivirikko 2004), while the prolines in HIF-1α are present in -Leu-X-
X-Leu-Ala-Pro402-Ala- and -Leu-X-X-Leu-Ala-Pro564-Tyr- sequences (Ivan et al. 2001, 
Jaakkola et al. 2001, Masson et al. 2001). In addition, the C-P4Hs are located within the 
ER while the enzymes hydroxylating HIF-α are cytoplasmic or nuclear (Huang et al. 
2002, Metzen et al. 2003). 

The HIF-P4Hs were identified by searches of the C. elegans and mammalian 
databases for candidates having the predicted β barrel jelly roll motif common to the 2-
oxoglutarate dioxygenases and the iron and 2-oxoglutarate binding sites in the same 
relationship as found in other members of the enzyme family (Bruick & McKnight 2001, 
Epstein et al. 2001). The three human protein products were initially named prolyl 
hydroxylase domain (PHD) enzymes 1, 2 and 3, Egl-nine (EGLN) 2, 1 and 3 or HIF 
prolyl hydroxylases (HPHs) 3, 2 and 1, but are called here HIF-P4Hs 1, 2 and 3, 
respectively. These enzymes produced in a rabbit reticulocyte lysate in vitro transcription 
translation system were shown to be active and to promote the capture of pVHL by HIF-
1α (Epstein et al. 2001, Ivan et al. 2002). In another study the human HIF-P4Hs were 
expressed in bacterial cells and purified enzymes were shown to hydroxylate a HIF-1α 
peptide. The enzyme activity was greatly increased by addition of the known cosubstrates 
of C-P4Hs, ascorbate, iron and 2-oxoglutarate, and inhibited by CoCl2. These data 
suggested that the HIF-P4Hs found by database query are the prolyl 4-hydroxylases 
modifying HIF-1α. (Bruick & McKnight 2001.) 

2.2.7.1  Biological functions 

When a normal oxygen concentration is available for cells, at least one of the two 
prolines, Pro402 (Masson et al. 2001) and Pro564 (Jaakkola et al. 2001), in the ODDD of 
HIF-1α is hydroxylated by the HIF-P4H isoenzymes, leading to binding of HIF-1α to 
pVHL and subsequent proteasomal degradation. 

Although all three HIF-P4Hs can hydroxylate HIF-1α in vitro, their in vivo specificity 
for HIF-1α differs. It has been reported that either HIF-P4H-2 (Huang et al. 2002, Berra 
et al. 2003, Metzen et al. 2003, Appelhoff et al. 2004) or HIF-P4H-3 (Bruick & 
McKnight 2001) has the highest specific activity. HIF-P4H-2 is the most abundant in 
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most of the cell types studied in normoxia, and its silencing alone is sufficient to induce 
HIF-1α in normoxia and increase its target gene expression (Berra et al. 2003, Appelhoff 
et al. 2004). Phylogenetic analysis also shows that HIF-P4H-2 is the ancestral form of the 
egln gene family (Taylor 2001). It is therefore likely that HIF-P4H-2 is the key enzyme 
hydroxylating HIF-1α in vivo, but that isoenzymes 1 and 3 may also regulate HIF-1α in 
some tissues or under certain physiological conditions. It is likely that HIF-P4H-3 
regulates mainly HIF-2α, especially under hypoxic conditions, in which this enzyme has 
been shown to retain significant activity (Appelhoff et al. 2004). 

It is unknown to date whether HIF-P4Hs can hydroxylate proline residues in other 
proteins in addition to the HIF-αs, but it is significant that HIF-P4H-1 is induced by 
oestrogens and stimulates cell proliferation (Seth et al. 2002). Also, the rat homologue of 
human isoenzyme 3, SM-20, was first identified as a transcript induced by platelet-
derived growth factor in smooth muscle cells (Wax et al. 1994) and as a mitochondrial 
protein involved in apoptosis (Lipscomb et al. 2001) and growth regulation (Madden et 
al. 1996). Furthermore, the C. elegans HIF-P4H EGL-9 was first identified as being 
responsible for an egg-laying defect (Trent et al. 1983). 

The large subunit of RNA polymerase II (Rpb1) is involved in the transition from 
transcription to elongation. Regions of Rpb1 and its adjacent subunit Rpb6 share 
sequence and structural similarity with the pVHL-binding domain of the ODDD of HIF-
1α (Kuznetsova et al. 2003). pVHL becomes bound to hyperphosphorylated Rpb1 in a 
proline hydroxylation-dependent manner, the formation of the pVHL-Rpb1 complex 
being increased in the presence of Fe2+, 2-oxoglutarate and ascorbate and being inhibited 
in the presence of iron chelators and known inhibitors of the C-P4Hs. Binding of pVHL 
to phosphorylated Rpb1 leads to ubiquitination of Rpb1 and its degradation, and it has 
been suggested that the ubiquitination of Rpb1 might have a role in the regulation of 
efficient elongation through elongation-pause and arrest of specific genes (Kuznetsova et 
al. 2003). Even though the mechanism of targeting the Rpb1 for ubiquitination and 
subsequent degradation is similar to that of the HIF-1α, it is not known whether the 
proline hydroxylation of Rpb1 is due to HIF-P4Hs or some so far unidentified P4H. 

2.2.7.2  Gene expression and regulation 

The three HIF-P4Hs have unique but overlapping tissue expression patterns. In normoxia 
the mRNA for HIF-P4H-1 is highly expressed in the placenta and with slightly lower 
levels in the brain, liver, heart and adipose tissue (Oehme et al. 2002, Cioffi et al. 2003). 
The HIF-P4H-2 mRNA is abundantly expressed in many tissues, with the highest 
expression observed in the heart and adipose tissue (Lieb et al. 2002, Oehme et al. 2002, 
Cioffi et al. 2003), while the level of expression of HIF-P4H-3 mRNA in general is rather 
low in most tissues (del Peso et al. 2003, Appelhoff et al. 2004), with highest expression 
in the heart and placenta (Oehme et al. 2002, Cioffi et al. 2003). A striking difference in 
the expression patterns of the isoenzymes is seen in the testis, where the mRNA for HIF-
P4H-1 is highly expressed whereas the expression of the other two isoenzymes is barely 
detectable (Lieb et al. 2002, Oehme et al. 2002). The protein expression levels of HIF-
P4Hs 2 and 3 parallel those of the mRNA, but the protein level of isoenzyme 1 is lower 
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than would be predicted from the mRNA levels (Appelhoff et al. 2004). 
The mRNA and protein expression levels of HIF-P4Hs 2 and 3 are induced by 

hypoxia, suggesting a possible role for these isoenzymes in a negative feedback pathway 
responsible for enhanced degradation of HIF-α upon reoxygenation after prolonged 
hypoxia (Epstein et al. 2001, Berra et al. 2003, Cioffi et al. 2003, D’Angelo et al. 2003, 
del Peso et al. 2003, Metzen et al. 2003, Appelhoff et al. 2004, Marxsen et al. 2004), 
whereas the mRNA and corresponding protein levels of HIF-P4H-1 remain unchanged or 
are even reduced by hypoxia (Appelhoff et al. 2004). This hypoxic induction might be 
mediated by the HIF transcriptional activity, suggesting that HIF may control the stability 
of its own α subunit by controlling the expression of HIF-P4Hs 2 and 3 (Berra et al. 
2003, Cioffi et al. 2003). In support of this hypothesis HIF-P4Hs 2 and 3 were found to 
be target genes of HIF-α (del Peso et al. 2003, Marxsen et al. 2004), HIF-1α inducing 
specifically HIF-P4H-2 and HIF-2α regulating HIF-P4H-3 (Aprelikova et al. 2004). 

In addition to oxygen, some other physiological stimuli are also involved in the 
regulation of the expression of HIF-P4Hs. Oestrogen causes induction of HIF-P4H-1 
(Seth et al. 2002), and the glycolytic and citric acid cycle metabolites pyryvate and 
oxaloacetate up-regulate the mRNA levels of isoenzymes 2 and 3 (Dalgard et al. 2004). 
These metabolites also stabilize HIF-1α and increase HIF-mediated gene expression, and 
may therefore regulate another feedback loop limiting the induction of gene expression in 
hypoxia and in adaptation to re-oxygenation (Dalgard et al. 2004). HIF-P4H-3 is likely to 
be a substrate of the cytosolic TRiC chaperonin, which is known to form a complex with 
pVHL, raising a possibility that the induction of HIF-P4H-3 may have an effect on this 
pVHL-TRiC association (Masson et al. 2004). 

As mentioned above, Siah2, which is an E3 ubiquitin ligase, regulates the stability of 
HIF-P4H isoenzymes 1 and 3 during hypoxia (Nakayama et al. 2004). Even in mild 
hypoxia these enzymes become degraded in proteasomes after ubiquitination, as a result 
of which the level of HIF-1α expression is elevated. The association between Siah2 and 
HIF-P4H-2 is very weak, and it can be concluded from the results of other studies that 
isoenzyme 2 probably regulates HIF-1α in normoxia while the other two isoenzymes, 
mainly HIF-P4H-3, regulate its availability under hypoxic conditions (Berra et al. 2003, 
Appelhoff et al. 2004, Nakayama et al. 2004). The expression of Siah2 is induced upon 
exposure to even moderate hypoxia, and therefore Siah2 inhibits HIF-P4H activity under 
conditions where there could still be sufficient amounts of oxygen for enzyme activity 
(Nakayama et al. 2004). 

2.2.7.3  Molecular properties and cellular location 

The polypeptides of the HIF-P4H isoenzymes 1, 2 and 3 consist of 407, 426 and 239 
amino acids, respectively (Taylor 2001). These three isoenzymes show a 42-59% 
sequence identity to each other but no significant sequence similarity to the C-P4Hs. 
Secondary structure predictions indicate that the HIF-P4Hs probably form the common 
jelly roll structure (eight β strands) with the critical Fe2+-binding residues, the two 
histidines and one aspartate identified in the C-P4Hs as a conserved -His-X-Asp-…-His- 
motif (His297, Asp299 and His358 in HIF-P4H-1). In the HIF-P4Hs the residue that binds the 
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C-5 carboxyl group of the 2-oxoglutarate is an arginine in position +9 with respect to the 
second iron-binding histidine whereas in the C-P4Hs it is a lysine in position +10 (Bruick 
& McKnight 2001, Epstein et al. 2001, Ivan et al. 2002.) 

The HIF-P4Hs are cytoplasmic and nuclear proteins, HIF-P4H-1 being located 
exclusively in the nucleus, HIF-P4H-2 being mainly present in the cytoplasm and HIF-
P4H-3 being found in both the cytoplasm and nucleus (Huang et al. 2002, Metzen et al. 
2003). The existence of a fourth isoenzyme possessing a transmembrane domain has been 
postulated, and it has been predicted that this protein may be located in the ER 
membranes in an orientation in which its catalytic site is in the cytoplasm (Oehme et al. 
2002). It has not been directly shown to hydroxylate HIF-αs, however. 

2.2.7.4  Catalytic properties 

The HIF-P4Hs belong to the 2-oxoglutarate dioxygenases and thus require Fe2+, 2-
oxoglutarate, O2 and ascorbate. One oxygen atom is incorporated into the substrate 
forming the hydroxyl group, while the other oxygen atom is incorporated into the 
succinate formed in the decarboxylation of the 2-oxoglutarate (Lando et al. 2003), the 
reaction mechanism thus being similar to that of the C-P4Hs (see section 2.2.6). 

After hydroxylation of at least one of the two proline residues, HIF-1α becomes bound 
to the pVHL in an extended conformation. In the case of the C-terminal hydroxylation 
site, residues 560-567 (-Glu-Met-Leu-Ala-4Hyp-Tyr-Ile-Pro-) and 571-577 (-Asp-Phe-
Gln-Leu-Arg-Ser-Phe-) form two distinct binding sites, the first being the primary 
binding site, and it is likely that pVHL may interact similarly with the N-terminal site 
(Hon et al. 2002, Min et al. 2002). It seems also very likely that the substrate region of 
HIF-α becomes bound to the HIF-P4Hs in a similar extended conformation. Two distinct 
proline residues, Pro402 and Pro564 in HIF-1α, both located in -Leu-X-X-Leu-Ala-Pro- 
sequence motifs, are hydroxylated (Ivan et al. 2001, Jaakkola et al. 2001, Masson et al. 
2001), HIF-2α and HIF-3α being subject to similar hydroxylation and regulation to HIF-
1α (Chan et al. 2002, Maynard et al. 2003). The C-terminal hydroxylation site in both 
HIF-1α and HIF-2α is hydroxylated most effectively by HIF-P4H-3 (Appelhoff et al. 
2004). In contrast, HIF-P4H-3 hydroxylates the N-terminal proline in both of the HIF-αs 
ineffectively or not at all (Epstein et al. 2001, Appelhoff et al. 2004). No marked 
difference can be seen in the efficiency of the other two isoenzymes with respect to these 
C and N-terminal prolines in HIF-1α and HIF-2α (Appelhoff et al. 2004). 

The HIF-P4Hs require a stretch of about 20 HIF amino acids for selective recognition 
(Ivan et al. 2001, Jaakkola et al. 2001, Yu et al. 2001) as HIF-1α peptides of this length 
can support site-specific proline hydroxylation and subsequent binding to pVHL. It seems 
likely that not all these 20 residues are essential for substrate recognition by the HIF-
P4Hs, as mutation studies have unexpectedly revealed that probably the only fully 
obligatory residue for proline hydroxylation is the proline itself, while mutations were 
tolerated at -5, -2 and -1 positions relative to the proline in the -Leu-X-X-Leu-Ala-Pro- 
motif (Huang et al. 2002). However, the proline itself is not sufficient for hydroxylation, 
as Pro567 in HIF-1α is not hydroxylated even though it is only three residues away from 
the proline targeted by the HIF-P4Hs (Ivan et al. 2001, Jaakkola et al. 2001). 
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Furthermore, the acidic residues C-terminal to proline appear to be important for 
recognition (Huang et al. 2002). Leucine 574 is required for the hydroxylation of Pro564, 
but it does not affect the hydroxylation of the N-terminal Pro402 (Kageyama et al. 2004). 
Mutation of this residue inhibits, but does not completely eliminate, prolyl hydroxylation, 
most likely due to involvement of additional residues in hydroxylation. Interestingly, 
Leu574 is required for the interaction with HIF-P4H-2 (Kageyama et al. 2004), which is 
thought to be the major prolyl 4-hydroxylase controlling the normoxic degradation of 
HIF-1α (Berra et al. 2003). 

Several small molecule inhibitors of the C-P4Hs, such as the 2-oxoglutarate analogues 
N-oxalylglycine and dimethyloxalylglycine, inhibit the activity of HIF-P4Hs in vitro and 
in the nematode C. elegans in vivo at low molecular concentrations when tested in HIF-
1α and pVHL capture assays (Epstein et al. 2001, Jaakkola et al. 2001, Ivan et al. 2002, 
Mole et al. 2003). Iron chelators and transition metals such as Co2+ have also been 
reported to inhibit hydroxylase activity (Epstein et al. 2001). 

2.2.8 Nematode and Drosophila HIF-P4Hs 

The HIF-pVHL-P4H system also exists in the nematode C. elegans, suggesting that it 
evolved before the development of the systemic oxygen supply systems to regulate 
oxygen homeostasis at the cellular level. C. elegans HIF-P4H is a product of the egl-9 
gene (Epstein et al. 2001), which has previously been identified as a gene involved in the 
egg-laying defect phenotype (Trent et al. 1983). Analysis of mutant worms with defective 
egl-9 alleles demonstrated that EGL-9 is involved in the regulation of C. elegans HIF 
(CeHIF), and pVHL capture assays showed that EGL-9 functions as the HIF-P4H 
targeting HIF-α to pVHL, this activity being dependent on 2-oxoglutarate, iron and 
oxygen and inhibited by Co2+. The critical hydroxylated residue in CeHIF-α, Pro621, is 
present in the same -Leu-X-X-Leu-Ala-Pro- sequence as the hydroxylatable proline 
residues in the human HIF-α subunits, but the C. elegans and human enzymes are not 
functionally interchangeable, implying differences in substrate specificity. C. elegans 
probably has only one type of HIF-P4H, because mutant egl-9 led to total loss of CeHIF 
regulation. (Epstein et al. 2001.) 

The fruit fly D. melanogaster has a hypoxic response pathway similar to that in 
mammalian cells, as suggested by the identification of the homologues of HIF-1α (Sima) 
(Bacon et al. 1998) and the β subunit (dHIF-1beta) (Ma & Haddad 1999) and pVHL 
(dVHL) (Adryan et al. 2000). Supresssion of the D. melanogaster HIF-P4H under 
normoxic conditions resulted in up-regulation of Sima and subsequent elevation of the 
expression of a hypoxia-inducible gene, indicating that HIF-P4H also regulates the HIF-
dependent hypoxia response pathway in Drosophila (Bruick & McKnight 2001, Lavista-
Llanos et al. 2002). The HIF-P4H of D. melanogaster is required for the cyclin-
dependent protein kinase complex Cyclin D/Cdk4-induced cell growth, suggesting that 
HIF-P4H is also a regulator of cell growth and a mediator for CycD/Cdk4. HIF-P4H 
functions downstream of CycD/Cdk4 and is sufficient to increase growth when 
overexpressed, indicating that CycD/Cdk4 and HIF-P4H function in a common pathway. 
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It is possible that Cdk4 phosphorylates HIF-P4H, and growth induction probably requires 
the hydroxylation activity of HIF-P4H. (Frei 2004, Frei & Edgar 2004.) 

2.3  HIF asparaginyl hydroxylase 

2.3.1  Biological function 

The activity of HIF-α in mammals is also regulated by transcriptional activation in an 
oxygen-dependent manner. Under normoxic conditions hydroxylation of a specific 
asparagine residue in the CAD, Asn803 in human HIF-1α or Asn851 in human HIF-2α, 
blocks the interaction of HIF-α with the transcriptional coactivator p300, thus preventing 
transcriptional activation (Lando et al. 2002b). The enzyme responsible for 
hydroxylation, asparaginyl hydroxylase is identical to a previously characterized protein 
known as factor inhibiting HIF (FIH) (Mahon et al. 2001, Hewitson et al. 2002, Lando et 
al. 2002a). 

FIH is widely expressed at similar levels in different human tissues, its expression, 
unlike that of HIF-P4Hs 2 and 3, being unaffected by hypoxia (Stolze et al. 2004). Full 
hypoxic induction of HIF activity requires inhibition of FIH activity, leading to enhanced 
transcriptional activity of HIF, in parallel with inhibition of the HIF-P4Hs, leading to 
stabilization of HIF-1α. It has been suggested that the active site of FIH may not act 
directly as the oxygen sensor but that the oxygen recognition mechanism might require a 
complex formed by HIF-1α and VHL (Mahon et al. 2001, Lando et al. 2003, Lee et al. 
2003). FIH is active over a wide range of oxygen concentrations, from normoxia even to 
severe hypoxia (Mahon et al. 2001, Lando et al. 2002a, Stolze et al. 2004). This contrasts 
with the functioning of the HIF-P4Hs, which do not reduce the expression of HIF target 
genes at oxygen concentrations below 2%. The result indicates that FIH and HIF-P4Hs 
have different oxygen-dependent characteristics in vivo. (Stolze et al. 2004.) The cellular 
localization of FIH is in the cytoplasm, and the substrates of FIH, HIF-1α and HIF-2α, 
are cytoplasmic under normoxic conditions, being translocated into the nucleus in 
hypoxia. FIH does not co-localize in the nucleus along with the HIF-α subunits, however 
(Linke et al. 2004, Stolze et al. 2004), suggesting that asparagine hydroxylation of HIF-α 
occurs in the cytoplasm prior to its nuclear entry (Stolze et al. 2004). 

It has been suggested that FIH may act in fine-tuning the HIF response, since its 
effects are modest by comparison with those of HIF-P4Hs in normoxia, and in hypoxia 
FIH regulates the function of the hypoxia-inducible HIF-P4Hs 2 and 3 but not the HIF-
P4H-1, which is not affected by hypoxia, and therefore FIH may indirectly affect the 
stability of HIF-α (Stolze et al. 2004). 

2.3.2  Structural properties 

FIH is a 349-amino-acid protein expressed in multiple cell types derived from brain, 
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embryo, heart, kidney, lung, muscle and skin, for example (Mahon et al. 2001). FIH 
possesses the jellyroll core and the conserved iron-binding –His-X-(Asp/Glu)-…-His- 
motif common to the other 2-oxoglutarate dioxygenases, but its overall structure differs 
significantly from those of the HIF-P4Hs and the other 2-oxoglutarate dioxygenases 
(Dann et al. 2002, Hewitson et al. 2002, Lando et al. 2002b, Elkins et al. 2003, Lee et al. 
2003). The jellyroll motif is formed from β strands 8-11 and 14-17, and four additional β 
strands form an antiparallel β sheet that flanks the jellyroll core, while β1, β2 and α1 
form a sheet-helix-sheet motif that is conserved in almost all the 2-oxoglutarate 
dioxygenases (Elkins et al. 2003). FIH has two separate domains: domain I, comprising 
residues 1-299, and domain II, residues 300-349 (Lee et al. 2003). Domain I is composed 
of the central β barrel, which is surrounded by six α helices, while domain II consists of 
two C-terminal α helices. FIH is a dimer, with the dimer interface involving the two C-
terminal helices of each molecule in an interlocking arrangement stabilized by 
hydrophobic interactions (Dann et al. 2002, Elkins et al. 2003, Lee et al. 2003). This 
dimeric structure is required for its catalytic activity (Dann et al. 2002, Lancaster et al. 
2004). 

At the centre of the β barrel structure is a large cavity lined with the residues involved 
in the coordination of the ferrous ion, His199, Asp201 and His279, one side of this facial 
triad having an opening for the 2-oxoglutarate that is bound by Lys214 (Dann et al. 2002, 
Elkins et al. 2003, Lee et al. 2003). Thus the binding site for 2-oxoglutarate in FIH is 
different from that in the other 2-oxoglutarate dioxygenases in which the 2-oxoglutarate 
binding residue is an arginine, with the exception of the C-P4Hs, where it is also a lysine, 
in position +10 with respect to the second iron-binding histidine (Myllyharju & Kivirikko 
1997, Myllyharju 2003). A long groove extends from the active site towards the 
interconnecting loop between domains I and II lined by residues, many of which are 
hydrophobic, this groove acting as the binding site for HIF-α (Elkins et al. 2003, Lee et 
al. 2003). The asparagine to be hydroxylated in HIF-α is sandwiched between the FIH 
residue Tyr102 and the bound ferrous ion and forms hydrogen bonds with the side chains 
of the FIH residues Arg238 and Gln239 and six additional hydrogen bonds stabilizing the 
binding of FIH to HIF-1α (Elkins et al. 2003). FIH contains a distinct binding site for 
pVHL, which is located N-terminal to the HIF-α binding site. This pVHL binding site is 
within the first of the two segments of FIH (segments 1 and 2 comprise residues 1-89 and 
90-126, respectively) and FIH may provide the link for interaction between pVHL and 
the HIF-1α CAD (Lee et al. 2003). This finding is in agreement with other data showing 
that pVHL interacts with the HIF-1α CAD only in the presence of FIH (Mahon et al. 
2001). 

2.3.3  Catalytic properties and substrate specificity 

FIH belongs to the same family of 2-oxoglutarate dioxygenases as the P4Hs and thus 
requires iron, 2-oxoglutarate, molecular oxygen and ascorbate (Hewitson et al. 2002). 
The Km values of FIH for a 52-amino-acid peptide corresponding to HIF-1α CAD 
residues 775-826 and for 2-oxoglutarate, when measured using a 2-oxoglutarate 
decarboxylation assay, are both 10 µM (Hewitson et al. 2002). FIH is inhibited by N-
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oxalylglycine, which is a known inhibitor of the HIF-P4Hs and other 2-oxoglutarate 
dioxygenases, and also by Co2+ and Zn2+ (Hewitson et al. 2002). The requirement for 
dioxygen as a cosubstrate indicates that FIH may act as a cellular oxygen sensor, and it 
has been shown that when the atmospheric oxygen concentration is below 5% there is a 
clear reduction in HIF-1α hydroxylation (Hewitson et al. 2002). This suggests that the 
activity of FIH, like those of the HIF-P4Hs, is limited by the oxygen concentration. Other 
studies have revealed, however, that FIH is active even under severely hypoxic conditions 
(0.2% O2) (Mahon et al. 2001, Lando et al. 2002a, Stolze et al. 2004). 

The only known substrates of FIH are HIF-1α and HIF-2α. Interaction assays have 
shown that FIH becomes bound to the CAD of HIF-1α in a region that does not contain 
the hydroxylatable asparagine residue (Mahon et al. 2001). Instead, the asparagine is 
located 20-30 residues C-terminal to the putative FIH binding region, suggesting that in 
order to hydroxylate the asparagine efficiently, FIH has to become bound to a region 
adjacent to the asparagine motif. A region surrounding an -Arg-Leu-Leu- motif found in 
both HIF-1α and HIF-2α might be important for FIH targeting (Lando et al. 2003), the 
motif being critical for silencing the HIF-1α CAD in normoxia (O’Rourke et al. 1999). 
Structural studies have shown the existence of two distinct FIH-CAD interaction sites, 
one contains the hydroxylation site (CAD795-806) and the other is more C-terminal, 
containing residues 813-822, kinetic analyses suggesting a weaker binding at CAD813-822. 
The crystal structure of FIH also reveals that the region exactly around the hydroxylation 
site of CAD does not form direct interactions with FIH, and in agreement with this 
finding, CAD peptides longer than 20 residues are required for FIH to become bound to 
CAD (Elkins et al. 2003). Mutation studies have shown that Val802 is essential for 
effective catalysis of hydroxylation but does not significantly affect substrate binding 
(Linke et al. 2004). Mutation of Val802 to Ala caused local structural rearrangements 
around Asn803, confirming the importance of Val802 in the reaction catalyzed by FIH, 
while other residues around the Asn803 are not individually essential for hydroxylation 
(Linke et al. 2004). FIH is highly selective for asparagine over aspartic acid, with only a 
very low activity obtained in 2-oxoglutarate turnover assays upon mutation of Asn803 to 
Asp803 (Hewitson et al. 2002). The hydroxylation occurs at the β carbon of the asparagine 
residue, producing a threo-isomer, in contrast to the product of the other known aspartic 
acid/asparagine hydroxylases, which is an erythro-isomer (McNeill et al. 2002a). 

2.4  Aspartyl (asparaginyl) β hydroxylase 

The asparaginyl hydroxylase FIH involved in the regulation of HIF activity is distinct 
from the previously characterized aspartyl (asparaginyl) β hydroxylase (AAH). AAH 
hydroxylates specific aspartic acid and asparagine residues at the β position within 
epidermal growth factor-like domains in several proteins, including receptors and 
receptor ligands, and in extracellular matrix molecules (Wang et al. 1991, Lavaissiere et 
al. 1996). As AAH hydroxylates receptors involved in cell growth and differentiation, it 
is likely that its overexpression will be associated with or contribute to malignant 
transformation by promoting proliferation and cell cycle progression, inhibiting apoptosis 
and enhancing tumour cell migration (Lavaissiere et al. 1996, Ince et al. 2000, Sepe et al. 
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2002). 
AAH likewise belongs to the enzyme family of 2-oxoglutarate dioxygenases, its 

reaction thus requiring Fe2+, 2-oxoglutarate, molecular oxygen and ascorbate (Wang et al. 
1991). The human AAH consists of 757 amino acids and contains four distinct regions 
(Korioth et al. 1994, Dinchuk et al. 2000). AAH is a type 2 integral membrane protein 
with a short N-terminal domain projecting into the cytoplasm. The N-terminal domain is 
followed by a transmembrane domain and a highly charged lumenal region. The C-
terminal region contains the aspartyl hydroxylase catalytic domain, which possesses 
dibasic glycine and histidine motifs critical for catalytic activity (Jia et al. 1994, 
McGinnis et al. 1996). 



3 Outlines of the present research 

The HIF-P4Hs play a major role in the regulation of oxygen homeostasis, as they 
hydroxylate proline residues in HIF-α, this hydroxylation leading to capture of HIF-α by 
the pVHL and subsequent proteasomal degradation. Hypoxia inhibits these 
hydroxylations so that HIF-α escapes degradation and is translocated into the nucleus, 
where it forms an active dimer with HIF-β and activates the transcription of a number of 
hypoxia-inducible genes. FIH is another enzyme involved in the regulation of HIF, as 
hydroxylation of a specific asparagine residue in HIF-α prevents binding of the 
transcriptional coactivator p300, thus inhibiting the full transcriptional activity of HIF. 
The HIF-P4Hs and FIH have been identified only recently and have been found to belong 
to the enzyme family of 2-oxoglutarate dioxygenases. When this work was initiated, only 
limited data were available on the kinetic and inhibitory properties of these enzymes. One 
objective of the present work was therefore to express HIF-P4H isoenzymes and FIH as 
recombinant proteins for their kinetic characterization, the specific aims being: 

1. to express the HIF-P4Hs as recombinant enzymes, determine their catalytic and 
inhibitory characteristics and compare them with those of the well-characterized C-
P4Hs, 

2. to express FIH as a recombinant enzyme, determine its catalytic and inhibitory 
characteristics and compare them with those of the HIF-P4Hs and C-P4H, 

3. to purify the recombinant HIF-P4Hs and FIH to determine their catalytic centre 
activities, 

4. to study the peptide substrate requirements of the HIF-P4Hs and FIH, and 
5. to determine the effects of different divalent metal ions on the activities of the HIF-

P4Hs and FIH. 

 



4 Materials and methods 

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

4.1  Cloning and expression of recombinant HIF-P4Hs and FIH (I-IV) 

4.1.1  Cloning and generation of expression vectors 

The cDNAs encoding the human HIF-P4Hs 1, 2 and 3 were obtained by PCR 
amplification from colon, aorta and lung Marathon-Ready cDNAs (Clontech). Full-length 
HIF-P4H-1 and 3 cDNAs were obtained, but the PCR product of HIF-P4H-2 had an 
insertion of 51 nucleotides replacing the sequence coding for amino acids Cys58-Pro175. 
This product was named the HIF-P4H-2 PCR variant. In order to generate a full-length 
HIF-P4H-2 cDNA, exon 1 of HIF-P4H-2 containing the missing region was amplified 
from genomic DNA. The full-length HIF-P4H 1-3 cDNAs and the HIF-P4H-2 PCR 
variant were cloned into the pVL and pAcG3X (N-terminal GST-tag) baculovirus 
expression vectors (Pharmingen), and the HIF-P4H-3 cDNA was also cloned into a 
pBlueBacHis (N-terminal His-tag) baculovirus vector (Pharmingen). For expression in E. 
coli, the HIF-P4H-1 and 3 cDNAs were cloned into a pMALc expression vector (fusion 
with N-terminal maltose binding protein) (New England Biolabs). Site-directed 
mutagenesis of the HIF-P4H-1 cDNA was performed using QuickChange™ mutagenesis 
(Stratagene). 

The full-length FIH cDNA was similarly obtained by PCR from Marathon-Ready 
cDNAs and cloned into pVL1392, pBlueBacHis (N-terminal His tag) and pAcG3X (N-
terminal GST tag) baculovirus expression vectors (Pharmingen). 

In order to generate FLAGHis-tagged HIF-P4Hs and FIH and V5His-tagged FIH, 
FLAGHis and V5His tags amplified from plasmids d28e6 and d28e5 (FibroGen Inc.), 
respectively, were cloned into the 3’ ends before the stop codons of the HIF-P4H-1-3 and 
FIH cDNAs in the pVL vectors. 
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4.1.2  Expression of the recombinant enzymes 

The recombinant baculovirus expression vectors were co-transfected into Spodoptera 
frugiperda Sf9 cells with BaculoGold DNA (Pharmingen) by calcium phosphate 
transfection, and the recombinant viruses were amplified. Sf9 or High Five insect cells 
(Invitrogen) were cultured as monolayers in TNM-FH medium (Sigma) supplemented 
with 10% foetal bovine serum (BioClear), or alternatively the High Five cells were 
cultured in suspension in Sf900IISFM serum-free medium (Gibco). To produce 
recombinant proteins, cells seeded at a density of 5 x 106/100-mm plate or 0.5-1 x 106/ml 
were infected with the recombinant viruses at a multiplicity of 5. The cells were 
harvested 72 h after infection, homogenized in a buffer containing Triton X-100 and 
centrifuged. The pellets were further solubilized in 1% SDS, and aliquots of all the 
soluble fractions were analysed by SDS-PAGE under reducing conditions followed by 
Coomassie Blue staining or Western blotting. 

For expression of the HIF-P4H isoenzymes 1 and 3 in E. coli, the recombinant 
expression plasmids were transformed into the E. coli BL21(DE3) strain (Novagen). The 
maltose-binding protein fusion polypeptides were expressed according to the pMAL 
protein fusion and purification system manual (New England Biolabs). 

4.1.3  Purification of the recombinant enzymes 

Recombinant HIF-P4Hs and FIH with a C-terminal FLAGHis tag were purified by anti-
FLAG M2 affinity chromatography (Sigma). Triton X-100 extracts of insect cells 
expressing the recombinant enzymes were passed through the Anti-FLAG M2 column 
several times and allowed to react with the affinity material for 1 h before elution with a 
buffer containing 100 µg/ml of the FLAG peptide (Sigma). The elution buffer was kept in 
the column for 30 min before the fractions were collected. In the case of the HIF-P4Hs, 1 
or 5 µM FeSO4 was added to all buffers during the purification to prevent inactivation. 
His-tagged HIF-P4H-3 and FIH-FLAGHis were also purified by chelating Sepharose 
charged with Ni2+ (ProBond, Invitrogen). The Triton X-100 extract was allowed to react 
with the Sepharose for 1 h before elution with a gradient of 0.02-0.5 M imidazole. The 
fractions collected were analysed by SDS-PAGE under reducing conditions followed by 
Coomassie Blue staining. Fractions containing the purified enzymes were pooled, and in 
the case of the Ni2+-charged chelating Sepharose-purified enzymes, the imidazole was 
removed by changing the buffer using an Ultrafree-15 centrifugal filter device with a 
Biomax-10 filter (Millipore). The concentrations of the purified enzymes were 
determined (Roti-Quant, Carl Roth). GST-tagged HIF-P4Hs were purified with GSTrap 
FF chromatography according to the manufacturer’s instructions (Amersham 
Biosciences). The maltose-binding protein fusion polypeptides expressed in E. coli were 
purified according to the pMAL protein purification manual (Amersham Biosciences). 

SP sepharose chromatography was used to partially purify the non-tagged HIF-P4H-2. 
The Triton X-100-soluble cell fraction was diluted 1:4 in 20 mM HEPES buffer, pH 6.5, 
and the sample was loaded into an SP Fast Flow column (Amersham Biosciences). HIF-
P4H-2 was eluted at a NaCl concentration of 200 mM. 
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4.2  Characterization of the catalytic and inhibitory properties of 
HIF-P4Hs and FIH (I-IV) 

Enzyme activity was assayed by a modified method based on the hydroxylation-coupled 
decarboxylation of 2-oxo[1-14C]glutarate (Kivirikko & Myllylä 1982). In the HIF-P4H 
activity assays, 1 ml of the reaction mixture contained 5 µM FeSO4, 160 µM 2-
oxoglutarate, 2 mM ascorbate, 60 µg catalase, 100 µM dithiothreitol, 2 mg bovine serum 
albumin and 50 mM Tris-HCl buffer, adjusted to pH 7.8 at 25°C, and 25-50 µM of a 
synthetic 19-amino-acid peptide corresponding to the C-terminal hydroxylation site of 
HIF-1α as a substrate. The same reaction mixture was used in the FIH activity assays 
with the exceptions that 5-10 µM FeSO4, 100 µM 2-oxoglutarate and 200 µM of a 
synthetic 35-amino-acid peptide corresponding to the asparaginylation site of HIF-1α as 
a substrate were used. The peptide substrates were obtained from Innovagen, SynPep or 
Mimotopes. 

The Km values of HIF-P4Hs and FIH for the various HIF peptide substrates and the 
cosubstrates were determined by varying the concentration of a substrate or cosubstrate 
while the concentrations of the others were kept constant at saturating levels, with the 
exception that the concentration of O2 was that of air and thus non-saturating. For 
determination of the Km values for O2, 1-45% O2 gas mixtures (AGA) were used to 
equilibrate the reaction mixtures. 

Ki values for 2-oxoglutarate analogues were determined by adding the inhibitors at 4-5 
constant concentrations, whereas the concentration of 2-oxoglutarate was varied. The 
IC50 values of the HIF-P4Hs for different metal ions were determined by varying the 
metal concentrations while the concentrations of the other reaction components were kept 
constant. The effect of increasing concentrations of the iron chelator desferrioxamine 
(DFO) on the HIF-P4Hs was studied at a Fe2+ concentration of 5 µM. The Ki values of 
FIH for metals were determined by adding the metal ions at 4-5 constant concentrations 
and varying the concentration of Fe2+ or the peptide substrate. The IC50 values of the 
recombinant type I C-P4H for metals were determined using the standard C-P4H activity 
assay with (Pro-Pro-Gly)10 (Peptide Institute) as a substrate (Kivirikko & Myllylä 1982). 

The inactivation of HIF-P4H-2 and 3 by cobalt was studied by incubating Triton X-
100 extracts of insect cells expressing these enzymes in the presence of 100 µM cobalt 
for 4 and 24 h at 4°C. In control experiments the cell extracts were incubated in a buffer 
containing no metal or in the presence of 100 µM iron. The final cobalt concentration in 
the enzyme activity assay was 2 µM, and the Fe2+ concentration was 5 µM, with the 
exception of the control sample preincubated in the presence of Fe2+, in which case the 
final iron concentration was 7 µM. 

The activity of a recombinant HIF-P4H-2 synthesized in the presence of cobalt or 
DFO was studied by expressing the enzyme in insect cells for 48 h in the presence of 
100-1000 µM CoCl2 or 100-300 µM DFO. After cell harvesting, the soluble cell extracts 
were used directly for enzyme activity assays in a 1:15 dilution using reaction mixtures 
containing no added Fe2+, or 50 or 600 µM Fe2+. The amount of enzyme present in the 
soluble fractions was analysed by reducing SDS-PAGE followed by Western blotting 
with a HIF-P4H-2 antibody (anti-PHD2, Bethyl Laboratories) and ECL™ 
immunodetection reagents (Amersham Biosciences). The levels of HIF-P4H-2 expression 
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were measured by densitometry of the ECL films using a GS-710 calibrated imaging 
densitometer (Bio-Rad). 

4.3  Liquid chromatography/mass spectrometry analysis  
of peptide hydroxylation (III) 

Hydroxylation of a HIF-1α peptide 554DTDLDLEALAPYIPADDDFQ573 or peptides in 
which 3,4-dehydroproline or L-azetidine-2-carboxylic acid was substituted for the 
hydroxylatable proline was performed by the standard protocol with minor changes in the 
concentrations of 2-oxoglutarate and the substrates and with a partially purified HIF-
P4H-2 as the enzyme. The reaction was carried out for 4 h at 37°C, after which 
hydroxylation of the peptides was analysed by LC-MS using a Finnigan LCQ™ DUO 
LC/MS instrument (Thermo Electron) with electrospray ionization in negative mode. 
Chromatography was carried out using a YMC Pro Pack C18 (150 x 2.0 mm, 3µ, 120 Å) 
column with a gradient of 1-75% acetonitrile in 0.1% formic acid at a flow rate of 0.2 
ml/min. 

4.4  Stabilization of HIF-1α in human cell lines (IV) 

Human embryonic kidney cells, HEK293, and human hepatocellular carcinoma cells, 
Hep3B (American Type Culture Collection), were grown in Dulbecco’s modified Eagle’s 
medium (Biochrom AG) and Eagle’s minimal essential medium (Sigma), respectively, 
both supplemented with 10% foetal bovine serum (Bioclear). The cells were subcultured 
at a density of 1 x 105 cells/cm2 and allowed to grow overnight. They were then washed 
twice with 0.15 M NaCl and 0.02 M phosphate, pH 7.4, and the medium was changed to 
Optimem 1 (Invitrogen). The cells were exposed to increasing concentrations of various 
metals for 20 h. In control experiments the cells were treated with 25 µM 3-carboxy-4-
oxo-3,4-dehydro-1,10-phenantroline (Fibrogen Inc.) or subjected to hypoxia by culturing 
them in an airtight incubator (Billups-Rothenberg). Medium samples were collected and 
total cell extracts were obtained by lysing the cells in 150 mM NaCl, 0.1% SDS and 20 
mM Tris-HCl, pH 6.8, supplemented with complete protease inhibitor cocktail (Roche). 
The cell extracts were analysed by SDS-PAGE under reducing conditions, followed by 
Western blotting with a monoclonal antibody against human HIF-1α (BD Biosciences) 
and ECL™ Detection Reagents (Amersham Biosciences). 

4.5  Analysis of VEGF production (IV) 

The Quantikine human VEGF immunoassay (R&D Systems) was used to measure the 
concentration of VEGF in medium samples collected after incubation of HEK293 and 
Hep3B cells in the presence of various concentrations of CoCl2, NiCl2 and ZnCl2. 
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4.6  PCR analysis of HIF-P4H mRNA expression (I) 

PCR analysis of human multiple tissue cDNA (MTC™) panel I and human foetal MTC 
(Clontech) were used to study the expression of HIF-P4H isoenzymes in various tissues 
according to the manufacturer’s protocol. Specific 5’ and 3’ primers were used to amplify 
full-length HIF-P4H-1 and HIF-P4H-3 cDNAs, while in the case of HIF-P4H-2 the 
forward primer was from the 3’ end of exon 1, starting at nucleotide 532. The PCR 
products were sequenced to verify their identities. 



5 Results 

5.1  Cloning of the HIF-P4H 1- 3 and FIH cDNAs (I, II) 

In order to express the three human HIF-P4H isoenzymes and FIH as recombinant 
proteins, PCR amplification was used to obtain the corresponding cDNAs from human 
colon, aorta and lung cDNA pools with specific primers. In the case of HIF-P4H-2 the 
PCR product obtained corresponded to a variant in which the nucleotides encoding 
residues Cys58-Pro175 were missing and were replaced by a 51-nucleotide stretch 
encoding -Leu-Leu-Gly-Gly-Tyr-Arg-Phe-Ala-Phe-Ser-Trp-Asn-Ser-Asp-Glu-Arg-Ala-. 
This stretch was found to represent the non-coding strand of the HIF-P4H-2 cDNA 
between bp 450-500 in a 3’ to 5’ direction. The same PCR variant was also obtained 
when amplification of the missing sequence was attempted from genomic DNA with 
Advantage-2 polymerase, and the correct, full-length PCR product could only be 
obtained with the Advantage-GC2 polymerase. This region of the HIF-P4H-2 cDNA has 
a high GC content and is therefore likely to have a strong tendency to form secondary 
structures, which make amplification of the correct sequence difficult. 

5.2  Recombinant expression of the HIF-P4Hs and FIH (I, II) 

The untagged full-length HIF-P4Hs and the HIF-P4H-2 PCR variant, GST fusion protein 
forms of all the isoenzymes, His-tagged HIF-P4H-3 and untagged FIH, His-FIH, FIH-
FLAGHis, FIH-V5His and GST-FIH were expressed as recombinant proteins in insect 
cells. The cells were harvested 72 h after infection and homogenized, and the soluble and 
insoluble fractions were analysed by SDS-PAGE followed by Coomassie Blue staining. 

Most of the HIF-P4H-2 polypeptide was found in the soluble fraction, while the vast 
majority of the other HIF-P4H polypeptides remained in the insoluble fraction, although 
distinct bands corresponding to HIF-P4H-1 and GST-fused forms of HIF-P4H-1 and HIF-
P4H-3 were also detected in the soluble fraction (Figure 3 in I). The HIF-P4H-2 PCR 
variant, GST-HIF-P4H-2 PCR variant, HIF-P4H-3 and His-HIF-P4H-3 polypeptides were 
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not detectable in the soluble fraction in the SDS-PAGE gels, but a definitive level of HIF-
P4H activity was found in the soluble fraction of insect cells expressing these 
polypeptides (see below and Table I in I). 

The level of His-FIH expression was lower than for the FIH, FIH-FLAGHis, FIH-
V5His and GST-FIH polypeptides (Figure 1A in II). About half of the recombinant His-
FIH and FIH-FLAGHis polypeptides were found in the soluble fraction, whereas the 
majority of the FIH, FIH-V5His and GST-FIH polypeptides were in the insoluble 
fraction. Western blot analysis showed that FIH-V5His was highly degraded and FIH-
FLAGHis and GST-FIH also showed some degradation (Figure 1B in II). 

5.3  Purification of recombinant HIF-P4Hs and FIH (I, II, IV) 

An initial attempt was made to purify the recombinant HIF-P4H isoenzymes 1 and 3 by 
means of GST or His tags (I), but in both cases purification was unsuccessful, as the 
majority of the recombinant enzymes did not become bound to the affinity column or the 
enzymes became very loosely bound and were eluted during the washing steps. 
Isoenzymes 1 and 3 were also expressed as maltose-binding fusion proteins in E. coli, but 
no enzyme activity was detected with the purified polypeptides. 

FIH-FLAGHis was purified by either anti-FLAG affinity or chelating Sepharose 
column chromatography (II). Essentially pure protein was obtained by both methods 
(Figure 2 in II). The HIF-P4Hs were also expressed as FLAGHis-tagged recombinant 
polypeptides (IV) and successfully purified by anti-FLAG affinity chromatography 
(Figure 1 in IV), but HIF-P4Hs 1 and 3 in particular easily became inactivated during 
purification and could not be stored for long. This inactivation could be partly prevented 
by adding 1 or 5 µM Fe2+ to all buffers during the purification. 

5.4  Optimization of activity assays for the HIF-P4Hs 1-3  
and FIH (I, II, IV) 

The most commonly used assay for the C-P4Hs, based on the decarboxylation of 
radioactively labelled 2-oxo-[1-14C]glutarate, was adopted and optimized in order to 
measure the activities of the HIF-P4Hs and FIH (I, II). In this assay a synthetic peptide is 
hydroxylated and the radioactivity of the 14CO2 formed during the hydroxylation-coupled 
decarboxylation of 2-oxo-[1-14C]glutarate is measured. 

The standard substrate used in the HIF-P4Hs assays was a 19-amino-acid synthetic 
peptide corresponding to the C-terminal hydroxylation site around Pro564 of HIF-1α and 
comprising its residues 556-574. The assay was found to be linear with increasing 
concentrations of cell extracts containing the recombinant enzymes for up to 6000-9000 
dpm of 14CO2 generated (Figure 4A in I), and with time for at least 25 min (Figure 4B in 
I). Variation of the concentration of the peptide substrate or any of the cosubstrates gave 
typical Michaelis-Menten kinetics (Figure 4C, D in I). 
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The HIF-P4H activities obtained varied in the range 1560-16,360 dpm/100 µl of 
extractable cell protein depending on the isoenzyme and type of expression construct 
(Table I in I). The differences in the activity values do not represent differences in the 
specific activities of the recombinant enzymes, as the polypeptides differed in their 
solubility in the extraction buffer. The highest activity was obtained with the full-length 
HIF-P4H-2, the majority of which was found in the soluble fraction. Polypeptides 
expressed as GST fusion proteins gave higher activities than the non-fusion proteins, the 
increase being marked in the case of HIF-P4H-3 (Table I in I). The increases in the 
activities are probably due to the better solubility of the GST fusion proteins in the 
extraction buffer (Figure 3 in I). 

The standard synthetic substrate used in the FIH assays corresponded to the residues 
788-822 in the CAD of HIF-1α containing the Asn803 hydroxylation site. The optimized 
assay was linear with increasing concentrations of enzyme in the cell extracts expressing 
the recombinant enzyme or up to 800 nM pure enzyme (Figure 3A in II), and with time 
for at least 20 min (Figure 3B in II). The reaction gave typical Michaelis-Menten kinetics 
when the concentration of the substrate or any of the cosubstrates was varied (Figure 4 in 
II). High levels of enzyme activity were found in the extracts of insect cells expressing 
any of the recombinant FIH polypeptides, except GST-FIH (Table I in II). 

Since an addition of bovine serum albumin to the reaction mixture is required to 
achieve the maximal reaction velocity of the purified C-P4Hs (Kivirikko & Myllylä 
1982), the effect of BSA on the activities of HIF-P4H-2 in a crude cell extract and a 
purified form was studied at different temperatures (IV). The BSA addition was not 
required for maximal activity when the crude insect cell extract was used as the enzyme 
source (Table 2 in IV), but it significantly increased the amount of activity obtained when 
purified HIF-P4H-2 was used (Table 2 in IV). 

5.5  Catalytic centre activities of HIF-P4Hs and FIH (I, II, IV) 

The catalytic centre activities of the recombinant HIF-P4Hs could not be exactly 
determined when crude cell extracts were used as the enzyme sources, but they were 
estimated to be more than 40-55 mol/mol/min (I). These estimates were later verified 
with purified recombinant enzymes, which were found to have catalytic centre activities 
of at least 40-50 mol/mol/min (Table 1 in IV). Recombinant HIF-P4H-1 produced in E. 
coli has been reported to have a catalytic centre activity of only 12 x 10-6 mol/mol/min 
(McNeill et al. 2002b), and our data are in agreement with this value, indicating that HIF-
P4Hs expressed in E. coli have a very low activity or are totally inactive. The catalytic 
centre activities of FIH purified by either anti-FLAG affinity or chelating Sepharose 
column chromatography were 85-135 and 70-120 mol/mol/min, respectively (II), much 
higher than those obtained for recombinant FIH expressed in E. coli (Hewitson et al. 
2002). The catalytic centre activities of the HIF-P4Hs determined here are about one-
third and one-tenth of the highest values for FIH and type I C-P4H (Vuori et al. 1992a), 
but are close to the values reported for the lysyl hydroxylases, which belong to the same 
family of 2-oxoglutarate dependent dioxygenases (Rautavuoma et al. 2002) (Table 1 in 
IV). 



 58

The HIF-P4Hs and FIH, like the C-P4Hs (Tuderman et al. 1977) and lysyl 
hydroxylases (Puistola et al. 1980), were found to catalyze an uncoupled decarboxylation 
of 2-oxoglutarate in the presence of all cosubstrates but in the absence of the peptide 
substrate (IV). In the case of the C-P4Hs the rate of this reaction is 0.5-1% of the rate of 
the hydroxylation-coupled decarcarboxylation (Tuderman et al. 1977), and the 
corresponding uncoupled decarboxylation rates obtained for the purified HIF-P4Hs were 
3-4% (Table 1 in IV), being 4-6-fold higher than those of the C-P4Hs but close to those 
of the lysyl hydroxylases (Puistola et al. 1980). The uncoupled decarboxylation rate of 
FIH was 0.4 % (Table 1 in IV), being thus slightly lower than that of the C-P4Hs. 

5.6  The 2-oxoglutarate-binding arginine of HIF-P4Hs cannot be 
replaced by a lysine (I) 

The residue binding the C-5 carboxyl group of 2-oxoglutarate is a lysine in the C-P4Hs 
(Myllyharju & Kivirikko 1997) but an arginine in the HIF-P4Hs. The lysine residue in 
type I C-P4H can be replaced by an arginine, but the mutation leads to 85% inactivation 
(Myllyharju & Kivirikko 1997). In our studies, substitution of lysine for the Arg367 in 
HIF-P4H-1 inactivated the enzyme completely indicating that the arginine is an absolute 
requirement for 2-oxoglutarate binding in the HIF-P4Hs (Table I in I). 

5.7  Hydroxylation of peptides of varying lengths and representing 
different HIF-α isoforms by the HIF-P4Hs and FIH (I, II) 

All the HIF-P4Hs hydroxylated effectively the 19-amino-acid synthetic peptide 
556DLDLEMLAPYIPMDDDFQL574, corresponding to the C-terminal hydroxylation site 
of HIF-1α (Table II in I). Omission of two residues from the N terminus had only a small 
effect on this hydroxylation efficiency, but omission of two additional residues, resulting 
in a 15-residue peptide, caused a marked increase in the Km values with isoenzymes 1 and 
2. Shortening by two further residues led to increased Km values with all three 
isoenzymes, although the increase was modest in the case of isoenzyme 3. Shortening of 
the peptide by two or four residues at its C terminus increased the Km values of HIF-P4Hs 
1 and 2 markedly but that of HIF-P4H-3 only slightly. Omission of one additional residue 
to give a 14-amino-acid peptide led to a distinct increase in the Km in the case of HIF-
P4H-3 as well, while 13 and 11-residue peptides shortened at their C termini were not 
hydroxylated by any of the isoenzymes. An 11-residue peptide shortened by four residues 
at each end was hydroxylated by all of the isoenzymes with markedly increased Km 
values, whereas an 11-residue peptide shortened by three residues at the N terminus and 
five at the C terminus was hydroxylated only by isoenzymes 1 and 3. An 8-residue 
peptide lacking six residues at the N terminus and five at the C terminus was not 
hydroxylated by any of the isoenzymes. An addition of five residues to the C terminus of 
the 19-amino-acid peptide did not improve the Km or Vmax values. 
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A 19-residue synthetic peptide corresponding to the N-terminal hydroxylation site 
around Pro402 of HIF-1α was hydroxylated by HIF-P4Hs 1 and 2 with Km values that 
were 20-50-fold higher than those for the C-terminal peptide, while HIF-P4H-3 did not 
hydroxylate this peptide at all (Table III in I). One obvious difference between the two 
hydroxylation sites is that Pro402 is located in a -Leu-Ala-Pro-Ala- sequence while Pro564 
is present in a -Leu-Ala-Pro-Tyr- sequence. The differences in hydroxylation between the 
two peptides are not due to the difference in the residue after the proline, however, as 
Tyr565→ Ala and Tyr565→ Gly substitutions caused only minor increases in the Km values 
(Table III in I). 

The HIF-P4Hs were also found to hydroxylate peptides related to human HIF-2α and 
HIF-3α and C. elegans HIF-α (Table IV in I). A 19-residue peptide corresponding to the 
C-terminal hydroxylation site of HIF-2α was a slightly less effective substrate than the 
corresponding HIF-1α peptide, while a 20-residue peptide corresponding to the N-
terminal hydroxylation site of HIF-2α was hydroxylated ineffectively by all three 
isoenzymes, but distinctly more effectively than the corresponding HIF-1α peptide, and 
was even hydroxylated by HIF-P4H-3, which did not hydroxylate the N-terminal site of 
HIF-1α at all. The difference between the two HIF-2α hydroxylation sites was thus much 
smaller than that between the two HIF-1α sites. An additional sequence in HIF-2α with a 
-Leu-Ala-Pro-Val- motif was not hydroxylated by any of the isoenzymes. All the 
isoenzymes hydroxylated effectively a peptide corresponding to the C-terminal site of 
HIF-3α, and all three human HIF-P4Hs also hydroxylated a 20-residue peptide 
corresponding to the C. elegans HIF-α hydroxylation site, but with high Km and low Vmax 
values. 

FIH was found to require particularly long substrates, so that its Km for a 35-residue 
HIF-1α peptide 788DESGLPQLTSYDCEVNAPIQGSRNLLQGEELLRAL822 was 100 
µM and omission of only four residues from the C terminus reduced the enzyme activity 
to only 26% of this (Table III in II). Shortening of the peptide by four and eight additional 
residues reduced the relative activity by 37% and 15%, respectively. It is currently 
unknown why a peptide lacking eight residues was hydroxylated more effectively than 
one lacking four residues. The enzyme activity obtained with a peptide lacking 16 
residues at the C terminus was only 9% of the original level, while shortening by seven 
residues at the N terminus and nine at the C terminus reduced the activity to 4%. A 52-
amino-acid peptide comprising HIF-1α residues 775-826 was not significantly better as a 
substrate than the 35-residue peptide. 

Peptides related to HIF-2α were much less efficient substrates for FIH than ones 
related to HIF-1α, so that the activities obtained with 35 and 19-residue HIF-2α peptides 
were only 7% and 1%, respectively, of that obtained with the 35-residue HIF-1α peptide 
(Table III in II). 
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5.8  Effects of amino acid substitutions in a HIF-1α peptide on the 
hydroxylation by the HIF-P4Hs (III) 

5.8.1  Substitution of the Leu-Glu-Met-Leu-Ala residues preceding the 
hydroxylatable Pro564 

The substrate sequence requirements of the HIF-P4Hs were studied further by 
systematically varying each residue in the Leu-Glu-Met-Leu-Ala- sequence preceding the 
Pro564 in the 20-residue peptide 554DTDLDLEMLAPYIPMDDDFQ573. It differs from the 
19-residue peptide used in the study of the effect of substrate length on hydroxylation by 
HIF-P4Hs, in that it contains two additional residues in its N terminus and lacks one in its 
C terminus and has the hydroxylatable proline in the middle of the peptide. The Km 
values of a purified version of this peptide for HIF-P4Hs 1, 2 and 3 are 15, 25 and 5 µM 
while those for the 19-residue peptide are 8, 7 and 7 µM, respectively. The Vmax values 
for all three isoenzymes were unaffected. Due to the high cost of synthetic peptides, the 
experiments were first performed using crude peptide preparations of less than 50% 
purity, cell lysates as sources of HIF-P4Hs 1 and 3, and partially purified HIF-P4H-2. 

These initial experiments showed that substitution of leucines 559 and 562 had in 
many cases only relatively minor effects (Table 1). Substitution of Leu559 gave identical 
data for isoenzymes 1 and 2, the replacement of this residue with tryptophan giving a 
markedly higher reaction rate than was obtained with leucine (120-130%), while the rates 
obtained with tyrosine and methionine were similar to that with leucine. The lowest rates 
(10-30%) were obtained with asparagine, threonine, histidine, arginine and lysine, all the 
other substitutions giving rates of 30-80% (Table 1). In the case of HIF-P4H-3, two 
residues, isoleucine and phenylalanine, gave significantly higher rates (130%) than were 
obtained with leucine. The lowest rate (10-30%) was obtained with lysine, all the other 
residues giving 30-80% activity (Table 1). 

Substitions of Leu562 again gave similar data for HIF-P4H-1 and 2, and very similar 
data for HIF-P4H-3 (Table 1). No residue was better than leucine in this position for any 
of the isoenzymes. Reaction rates similar to that with leucine were obtained with valine, 
isoleucine, phenylalanine and arginine in the case of HIF-P4Hs 1 and 2, and with valine, 
isoleucine, phenylalanine, tyrosine and methione in the case of HIF-P4H-3. The lowest 
reaction rates were obtained with glutamate, glycine, proline and aspartate for all 
isoenzymes and also with glutamine for isoenzymes 1 and 2. All the other residues gave 
reaction rates of 30-80%. 

Substitutions of Glu560, Met561 and Ala563 gave very similar, although not identical, 
data for HIF-P4Hs 1 and 2 (Table 1). No residue was better than the glutamate in position 
560, but most residues were as good as it, while tryptophan, valine, phenylalanine, 
tyrosine, cysteine, arginine and histidine gave reaction rates of 50-80%, the lowest rates, 
30-50%, being obtained with lysine and proline. In the case of HIF-P4H-3, several amino 
acids gave significantly higher reaction rates than glutamate, namely glycine, serine, 
valine, alanine, glutamine, asparagine and lysine, while all the other amino acids gave 
similar reaction rates to the control peptide. Significant differences were thus found 
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between the isoenzymes in their substrate preferences, as lysine and arginine were among 
the most efficient substitutes for Glu560 in the case of HIF-P4H-3 but the least effective 
ones in the case of isoenzymes 1 and 2. 

Met561 could be replaced with most amino acids with no significant changes in the 
reaction rates for HIF-P4Hs 1 and 2, only proline giving a lower rate (about 50%) (Table 
1). Most amino acids gave similar or higher rates than methionine for HIF-P4H-3, only 
aspartate, glutamate and proline giving rates of 50-80% (Table 1). 

Ala563 was by far the strictest requirement (Table 1). No other residue gave a rate of 
80-100% in the case of HIF-P4H-1, while only serine and three residues, isoleucine, 
valine and serine, gave reaction rates similar to that with alanine in the case of HIF-P4Hs 
2 and 3, respectively. 

The initial results were confirmed by analysing some of the peptides at a purity higher 
than 85% and using highly purified preparations of HIF-P4Hs 1 and 2, whereas those of 
HIF-P4H-3 were still mostly crude cell extracts because of the instability of the purified 
enzyme. Determination of Km and Vmax values for the purified peptides confirmed the 
data obtained with the unpurified one, with some minor exceptions (compare tables 1-3 in 
III). In addition, five peptides with more than one substitution were designed on the basis 
of data on some of the substitutions that alone had given no effect or only a very slight 
effect in the initial studies. All five peptides had Km values for the three isoenzymes that 
were similar to or less than twice that of the control peptide (Table 3 in III). In the case of 
HIF-P4H-3 the Vmax values for all five peptides were likewise very similar to that for the 
control peptide (90-120%), while in the case of HIF-P4H-2 one double-mutant peptide 
(Leu559 → Ile, Leu562 → Ile) gave a Vmax of 70%, the other four giving a Vmax of 100%. 
The Vmax values of these peptides for HIF-P4H-1 were somewhat lower than that of the 
control peptide, two double-substituted peptides (Leu559 → Trp, Leu562 → Val and Leu559 

→ Tyr, Leu562 → Ile) giving Vmax values of 90% and 80%, respectively, while the other 
three peptides gave a Vmax of 60-70%. 

These data indicate that the three HIF-P4Hs, especially HIF-P4H-3, can act well on 
sequences distinctly different from the -Leu-X-X-Leu-Ala-Pro- consensus motif that has 
been suggested in previous studies as being required for hydroxylation (Epstein et al. 
2001, Masson et al. 2001). 
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Table 1. Relative reaction rates of the HIF-1α-like peptide with 19a substitutions of the 
five residues preceding the hydroxylatable Pro564 

Activity % L Eb Mb L Ab 
HIF-P4Hs 1 and 2 

>120 W     
80-120 Y, L, M Most amino acids Most amino acids L, V, I, F, R A, S 
50-80 I, F, A, E, D W, V, F, Y, C, R, H P Y, T, K, M T, K 
30-50 C, P, G, V, Q, S K, P  N, C, W, H, A, S V, Q 
10-30 N, T, H, R, K   Q, E, G M, G, R, I 
<10    P, D Other amino acids 

HIF-P4H-3 
>120 I, F G, S, V, A, Q, N,  R, 

K 
Y, W, L, V   

80-120 W, Y, L, M, A, V Other amino acids Most amino acids L, V, I, F, Y, M I, A, V, S 
50-80 E, D, C, P, Q, S, T  D, E, P R, T, C R, K, H, C, Q, T 
30-50 G, N, H, R   K, N, W, H, A, S, 

Q 
E, M, F, G, L 

10-30 K   E, G W, D 
<10    P, D N, P 

aThe 19 amino acid residues are A, C, D, E, F, G, H, I, K, M, N, P, Q, R, S, T, V, W, Y. bSimilar, but not 
identical data were obtained for HIF-P4Hs 1 and 2. 

5.8.2  Substitutions of alanine for acidic HIF-1α residues 

Six out of the seven acidic residues in the 20-residue peptide 
554DTDLDLEMLAPYIPMDDDFQ573 were subjected to alanine substitution, the N-
terminal aspartate being excluded. These experiments were performed with crude 
peptides. The results obtained were similar for each of the HIF-P4Hs, and detailed results 
are therefore given only for isoenzyme 2. 

Any single acidic residue could be replaced by alanine with no decrease in the 
substrate properties (Table 4 in III). Also, any two acidic residues could be replaced with 
no decrease in the reaction rate unless one of them was the first of the three consecutive 
aspartates in the PYIPMDDD sequence, namely Asp569. This substitution reduced the 
reaction rate to 50-80%. Even three acidic residues could be replaced with no significant 
decrease in the reaction rate if two of them were on the N-terminal side of Pro564 and one 
on the C-terminal side, but not Asp569. If two of the residues were on the C-terminal side 
and one on the N-terminal side, the reaction rates were 50-80%, unless the pair on the C-
terminal side was Asp569 + Asp570, in which case the rate was lower. Substitution of all 
three acidic residues on the N-terminal side, and some combinations of four substituted 
residues, gave rates that were only 10-30%. Substitution of all three C-terminal residues, 
or of four residues with three of them on the C-terminal side, gave the lowest rates (less 
than 10%). 
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5.8.3  Substitution of 3,4-dehydroproline or L-azetidine-2-carboxylic 
acid for Pro564 

Replacement of the hydroxylatable proline in a peptide substrate of the C-P4Hs with 3,4-
dehydroproline is known to lead to a rate of uncoupled decarboxylation that is similar to 
the hydroxylation rate with the non-modified peptide (Wu et al. 2000). Corresponding 
substitution studies were therefore also performed for the HIF-P4Hs. 

Crude peptides in which 3,4-dehydroproline or L-azetidine-2-carboxylic acid was 
substituted for Pro564 (Figure 1 in III) gave 2-oxoglutarate decarboxylation rates with all 
three HIF-P4Hs that were similar to or even higher than the hydroxylation-coupled 
decarboxylation rate obtained with the control peptide. Substitution of other proline 
analogues or some other amino acids for Pro564 caused no significant decarboxylation. 

Experiments were also performed with purified peptides to determine the Km and Vmax 
values and to find out whether the high 2-oxoglutarate decarboxylation rates obtained 
with the 3,4-dehydroproline and L-azetidine-2-carboxylic acid peptides indeed 
represented uncoupled decarboxylation. The Vmax values of all the HIF-P4Hs for the 3,4-
dehydroproline peptide were higher (120%) than for the control peptide, while the Km 
values were similar to that for the control peptide or slightly lower (Table 5 in III). The 
Vmax values of HIF-P4Hs 1 and 2 for the L-azetidine-2-carboxylic acid peptide were 70% 
of that of the control peptide and that of HIF-P4H-3 110%, the Km values of all three 
isoenzymes being 3 to 6-fold relative to that of the control peptide. 

Liquid chromatography and mass spectrometry were used to study hydroxylation of 
the peptides. The elution position of the hydroxylated control peptide differed distinctly 
from that of the non-hydroxylated peptide (Figure 2A, B in III), whereas the mobilities of 
the 3,4-dehydroproline (Figure 2 C, D in III) and L-azetidine-2-carboxylic acid peptides 
were identical with and without enzyme incubation. Mass spectral data showed that the 
control peptide was hydroxylated whereas the 3,4-dehydroproline (Figure 2 in III) and L-
azetidine-2-carboxylic acid peptides were not. It is therefore evident that the high rates of 
2-oxoglutarate decarboxylation observed with the 3,4-dehydroproline and L-azetidine-2-
carboxylic acid peptides were not due to hydroxylation-coupled decarboxylation. 

5.9  Km values of HIF-P4Hs and FIH for the cosubstrates (I, II, IV) 

Km values for the cosubstrates were determined using extracts from insect cells 
expressing the HIF-P4Hs and purified preparations of FIH as enzyme sources. The Km 
values of the HIF-P4Hs for 2-oxoglutarate were about 3-fold and those for ascorbate 
about half relative to those of type I C-P4H, with no significant differences between the 
HIF-P4H isoenzymes, while the corresponding values for FIH were very close to those of 
type I C-P4H (Table 2). The Km of FIH for Fe2+ was 0.5 µM, one-fourth of that of type I 
C-P4H (Table 2). Determination of this Km for the HIF-P4Hs was not possible with the 
cell extracts as enzyme sources, as they retained partial activity even in the absence of 
added iron (I). This suggests that the iron atom may be more tightly bound to the HIF-
P4Hs than to FIH and the C-P4Hs. Purified HIF-P4Hs also retained partial activity even 
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in the absence of added iron (IV), so that it was not possible to determine their true Km 
values for Fe2+. The apparent Km values determined for preparations that already had 
considerable activity levels without any iron addition were very low, only 0.03 µM in the 
cases of HIF-P4Hs 1 and 2, and about 0.1 µM in the case of HIF-P4H-3 (Table 2). These 
values were 5-15-fold and 20-65-fold lower than the Km values for FIH and type I C-
P4H, respectively. Maximal activities of both crude and purified HIF-P4Hs were obtained 
with 1-5 µM Fe2+, the activities decreasing at higher Fe2+ concentrations. 

The clearest difference between the HIF enzymes and the C-P4Hs was found in their 
Km values for O2, those of the HIF-P4Hs being 230-250 µM, i.e. slightly above the 
concentration of dissolved oxygen in air (as shown for HIF-P4H-1 in Figure 4), while 
that of type I C-P4H was only one-sixth of these values (Table 2). The Km of FIH for O2 
was 90 µM, markedly lower than those of the HIF-P4Hs, but over 2-fold relative to that 
of type I C-P4H. 

Table 2. Km values of the HIF-P4Hs, FIH and type I C-P4H (C-P4H-I) for cosubstrates 

Enzyme 2-Oxoglutarate 
Km, µM 

Ascorbate  
Km, µM 

O2  
Km, µM 

Fe2+  
Km, µM 

HIF-P4H-1 60 170 230 0.03 
HIF-P4H-2 60 180 250 0.03 
HIF-P4H-3 55 140 230 0.1 
FIH 25 260 90 0.5 
C-P4H-I 20a 300a 40 2a 
a Myllyharju & Kivirikko 1997. 
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Fig. 4.  Km of HIF-P4H-1 for oxygen is slightly above the concentration of dissolved O2 in air. 

5.10  Inhibition of the HIF-P4Hs and FIH by 2-oxoglutarate  
analogues (I, II) 

Distinct differences were found between the HIF-P4Hs, FIH and type I C-P4H in their 
inhibition by several 2-oxoglutarate analogues. Pyridine-2,4-dicarboxylate and pyridine-
2,5-dicarboxylate are well characterized and efficient inhibitors of the C-P4Hs, and 
pyridine-2,4-dicarboxylate also inhibited the HIF-P4Hs and FIH, but less effectively, 
whereas pyridine-2,5-dicarboxylate was only a very weak inhibitor of the HIF-P4Hs, 
with Ki values exceeding 300 µM, although its Ki for FIH was 50 µM (Table 3). Distinct 
differences were also seen between the HIF-P4Hs and FIH in their inhibition by other 
compounds. The two most potent inhibitors of the HIF-P4Hs, 3-hydroxypyridine-2-
carbonylglycine and N-((3-hydroxy-6-choloroquinolin-2-yl)carbonyl)glycine, were 
distinctly less efficient inhibitors of FIH, while two potent inhibitors of FIH, 
oxalylglycine and 3,4-dihydroxybenzoate, were distinctly less efficient inhibitors of the 
HIF-P4Hs. Furthermore, differences were found between the three HIF-P4Hs, HIF-P4H-
1 having higher Ki values than the other two isoenzymes for all the compounds tested. 
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Table 3. Ki values of the HIF-P4Hs, FIH and C-P4H-I for certain 2-oxoglutarate 
analogues 

Inhibitor HIF-P4H-1 
Ki, µM 

HIF-P4H-2 
Ki, µM 

HIF-P4H-3 
Ki, µM 

FIH  
Ki, µM 

C-P4H-I  
Ki, µM 

Pyridine-2,4-dicarboxylate 40 7 8 30 2a 
Pyridine-2,5-dicarboxylate >300 >300 >300 50 0.8a 
3-Hydroxypyridine-2-carbonyl-
glycine 

15 2 1 >300 0.4b 

Oxalylglycine 50 8 10 2 1.9c 
3,4-Dihydroxybenzoic acid  >300 >300 >300 10 5c 
3-Carboxy-4-oxo-3,4-dihydro-
1,10-phenanthroline 

30 10 10 ND 2b 

N-((3-Hydroxy-6-chloroquinolin-
2-yl)carbonyl)glycine 

0.8 0.2 0.2 >300 0.06d 

ND= not determined. a Kivirikko & Myllyharju 1998, Kivirikko & Pihlajaniemi 1998. b IC50, Ivan et al. 2002. c 
Baader et al. 1994. d IC50. 

5.11  Effect of desferrioxamine and metals on the HIF-P4Hs  
and FIH (IV) 

5.11.1  Effect of desferrioxamine on the activities of the HIF-P4Hs 

The iron chelator desferrioxamine (DFO) is known to stabilize the α subunit of HIF, 
leading to activation of its target genes (Ivan et al. 2001, Jaakkola et al. 2001), and it has 
also been shown to inhibit the ability of reticulocyte lysates programmed with HIF-P4Hs 
to promote interaction between HIF-1α and pVHL (Epstein et al. 2001). When the effect 
of increasing concentrations of DFO on the activity of the recombinant HIF-P4Hs was 
studied in the presence of 5 µM Fe2+, it was found that up to 1 mM DFO did not inhibit 
crude HIF-P4H-2 at all and inhibited crude HIF-P4H-1 by only 10-20%, the inhibition 
level remaining constant between 10 µM and 1 mM DFO. Crude HIF-P4H-3 was already 
inhibited by 50% with 10 µM DFO (Figure 2A in IV), but was not completely inhibited at 
higher DFO concentrations, 25% of its activity remaining at 1 mM DFO. Purified type I 
C-P4H was also 50% inhibited by 10 µM DFO, but total inhibition was already achieved 
at 100 µM DFO. Purified HIF-P4Hs 1 and 2 were 40-50% inhibited by 10 µM DFO, the 
level of inhibition of HIF-P4H-1 increasing only to about 60% and that of HIF-P4H-2 
remaining steady around 40-45% at up to 1 mM DFO (Figures 2B and C in IV). These 
results indicate that HIF-P4Hs 1 and 2 bind Fe2+ very strongly, which is in agreement 
with the very low apparent Km values of these enzymes for Fe2+. 
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5.11.2  Inhibition of the HIF-P4Hs and FIH by metals 

Several divalent metal ions inhibit the C-P4Hs competitively with respect to iron, zinc 
being the most potent inhibitor (Rapaka et al. 1976, Ryhänen et al. 1977, Tuderman et al. 
1977, Kivirikko & Pihlajaniemi 1998). Cobalt and nickel are well-known stabilizers of 
HIF-α (Semenza 2001). It was therefore assumed upon the discovery of the HIF-P4Hs 
that this stabilization was caused by competitive inhibition of the HIF-P4Hs by the metals 
concerned. We studied here the inhibition of the HIF-P4Hs and FIH by various metals. 

In the case of HIF-P4Hs 1 and 2, IC50 values for the metals were determined with 
both crude and purified enzymes, whereas the IC50 values of HIF-P4H-3 were determined 
only with crude enzyme samples due to the marked inactivation of the purified HIF-P4H-
3 in freezing and during storage at 4°C. Cobalt is known to stabilize HIF-1α efficiently at 
a 100 µM concentration (Wang & Semenza 1993). Surprisingly, cobalt was found to 
inhibit all three HIF-P4Hs rather ineffectively, especially HIF-P4H-2, as 100 µM cobalt 
inhibited crude HIF-P4H-2 by only 20% and even 2 mM cobalt did so by only 44% 
(Figure 3A, Table 4 in IV). The IC50 values of crude HIF-P4Hs 1 and 3 for cobalt were 60 
and 70 µM (Table 4 in IV), respectively, but the inhibition remained at a level of 50-65% 
even with 500 µM cobalt. Purified HIF-P4H isoenzymes 2 and 1 had IC50 values of 100 
µM and 40 µM, respectively, but inhibition increased only slightly at higher cobalt 
concentrations (Figure 3B, Table 4 in IV). The IC50 of type I C-P4H for cobalt was 15 
µM, with 500 µM cobalt causing 80% inhibition. 

Nickel was found to be an even less effective inhibitor of the HIF-P4Hs than cobalt 
(Table 4 in IV). Of the other metals studied, zinc was an efficient inhibitor of HIF-P4H-3, 
but an inefficient inhibitor of HIF-P4Hs 1 and 2 (Figure 3 and Table 4 in IV). It 
nevertheless inhibited the HIF-P4Hs more efficiently than cobalt at high concentrations 
(Figure 3 in IV). Cadmium also inhibited all three HIF-P4Hs, while magnesium and 
manganese were the least potent inhibitors (Table 4 in IV). 

Inhibition of FIH was studied with the same metal ions. Purified FIH preparations 
showed only relatively low levels of activity without added iron, the Km of FIH for iron 
being about 0.5 µM, i.e. 5 to 15-fold higher than those of the HIF-P4Hs. It was thus 
possible to determine the mode of inhibition. The metals were found to inhibit purified 
FIH competitively with respect to iron (Figure 4 in IV) and non-competitively with 
respect to the peptide substrate. FIH was inhibited by most of the metals tested more 
effectively than were the HIF-P4Hs (Table 4 in IV). Zinc was the most potent inhibitor of 
FIH, with a Ki of 0.5 µM, which is essentially the same as that of type I C-P4H, and 6-
fold lower than the IC50 of crude HIF-P4H-3 and 60 and 260-fold lower than the 
corresponding values for purified HIF-P4Hs 1 and 2, respectively (Table 4 in IV). Cobalt 
and nickel were also potent inhibitors of FIH, with Ki values of 1 and 4 µM, respectively, 
these values being 40 and 80-fold lower than the lowest corresponding IC50 values of any 
of the HIF-P4Hs, and about 10-fold lower than those of type I C-P4H (Table 4 in IV). 
The Ki of FIH for cadmium was 10 µM, and therefore identical to that of type I C-P4H 
and almost the same as the IC50 of the purified HIF-P4H-1, while the other two HIF-P4Hs 
had about 10-fold higher IC50 values (Table 4 in IV). Unlike the HIF-P4Hs and type I C-
P4H, FIH was also inhibited efficiently by manganese, with a Ki of 10 µM (Table 4 in 
IV). Magnesium was the only metal ion tested that was a poor inhibitor of FIH. 
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5.11.3  Effect of cobalt and DFO on the synthesis of HIF-P4H-2 and in 
vitro activity of the synthesized enzyme 

The activity of a recombinant HIF-P4H synthesized in the presence of cobalt and DFO 
was studied by expressing FLAGHis-tagged HIF-P4H-2 in insect cells for 48 h in the 
presence of increasing amounts of cobalt or DFO. Analysis of cell extracts by SDS-PAGE 
followed by Western blotting showed that while the addition of 1 mM cobalt or 100 µM 
DFO had no effect on the amount of HIF-P4H-2 synthesized (Figure 4 in IV, lanes 2 and 
3), the presence of 300 µM DFO caused about a 50% reduction in the amount of the 
enzyme protein as determined by densitometry (Figure 4 in IV, lane 4). 

The recombinant HIF-P4H-2 produced in the presence of cobalt or DFO was found to 
become significantly inactivated during synthesis, 100, 500 and 1000 µM cobalt leading 
to inactivation by about 50%, 60% and 75%, respectively, and 100 and 300 µM DFO by 
75-80% (Table 5 in IV). The activity of the enzyme synthesized in the presence of cobalt 
could not be reduced further or increased by adding increasing concentrations of cobalt or 
iron, respectively, to the reaction mixture, whereas the enzyme synthesized in the 
presence of DFO could be partially reactivated by adding iron (Table 5 in IV). In other 
words, the enzyme synthesized in the presence of relatively high cobalt concentrations 
became permanently inactivated, whereas that synthesized in the presence of DFO, i.e. in 
the absence of free iron, could be reactivated by iron additions, although very 
ineffectively. 

5.11.4  Effect of cobalt and iron on the stability of HIF-P4Hs 2 and 3 

Crude preparations of HIF-P4Hs 2 and 3 were pre-incubated in the presence of 100 µM 
cobalt or iron for 4 and 24 h at 4°C in order to study the effect of this on enzyme activity. 
Activity measurements were then carried out with samples diluted 1:50 in the reaction 
mixture, thus resulting in a 2 µM final concentration of cobalt, which is much lower than 
the IC50 values for these HIF-P4Hs. HIF-P4Hs 2 and 3 lost about 50% and 60% of their 
activity, respectively, after incubation with 100 µM cobalt for 4 h, and were almost or 
totally inactivated (95% and 100%) after 24 h incubation (Figure 5 in IV). Control 
samples of HIF-P4H-2 and HIF-P4H-3 incubated in a buffer containing no metal ions lost 
about 45% and 60% of their activities in 24 h (Figure 5 in IV). Iron protected the 
enzymes from inactivation, the activities of HIF-P4Hs 2 and 3 being about 130% and 
110% of the controls after a 4 h preincubation in the presence of iron and 170% and 
190% after 24 h (Figure 5 in IV). 

5.11.5  HIF-1α stabilization in human HEK293 and Hep3B cells 

Stabilization of HIF-1α by cobalt, nickel and zinc in HEK293 and Hep3B cells was 
studied by culturing the cells for 20 h in the presence of increasing concentrations of the 
metals. In control experiments, cells were treated with a P4H inhibitor, 3-carboxy-4-oxo-
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3,4-dihydro-1,10-phenanthroline (Ivan et al. 2002), or cultured under hypoxic 
conditions.Total cell extracts were analyzed by SDS-PAGE followed by Western blotting 
with a HIF-1α antibody. As expected, in addition to treatment with the P4H inhibitor or 
culturing in hypoxia, stabilization of HIF-1 was seen upon treatment with 100 µM cobalt 
and 200 µM nickel in both cell types, although lower concentrations produced no 
detectable stabilization. Zinc caused no stabilization of HIF-1α when tested up to 1 mM. 

5.11.6  Effect of cobalt, nickel and zinc on the production of VEGF  
by human HEK293 and Hep3B cells 

Induction of VEGF expression in HEK293 and Hep3B cells by cobalt, nickel and zinc 
was studied by measuring the amount of VEGF in medium samples collected from 
comparable numbers of cells cultured in the presence of increasing concentrations of the 
metals. All three metals induced VEGF expression in both cell types, but the effect was 
more marked in the HEK293 than in the Hep3B cells in the case of cobalt and nickel, 
whereas no distinct differences were found between the cell types in the case of zinc 
(Table 6 in IV). Culturing of HEK293 and Hep3B cells in the presence of 10 µM cobalt 
increased their VEGF production to 220% and 120%, respectively, while 50 µM cobalt 
increased the values to 350% and 180%. The level of VEGF expression rose further at 
higher cobalt concentrations, the maximal increases, of 2100% in HEK293 cells and 
350% in Hep3B cells, being obtained with 300 µM cobalt, while still higher cobalt 
concentrations were less effective. Nickel caused only a slight increase in VEGF 
expression at a 50 µM concentration, the highest increases (2190% and 350%) being 
obtained with 500 µM nickel. The VEGF response to low concentrations of zinc was 
moderate in both cell types, and 300 µM zinc was already toxic to the cells. 

5.12  Analysis of the expression of mRNAs for the three human  
HIF-P4H isoenzymes (I) 

The only PCR product obtained for HIF-P4H-1 corresponded to the full-length cDNA, 
whereas in the case of HIF-P4Hs 2 and 3 smaller fragments originating from the 
corresponding mRNAs were amplified from the colon, aorta and lung cDNA pools in 
addition to the full-length products. In order to study whether these smaller fragments 
represented alternatively spliced forms, the expression of HIF-P4H mRNAs in various 
tissues was analysed further by PCR amplification of foetal and adult human multiple 
tissue cDNA panels. 

Full-length HIF-P4H-1 cDNA was obtained from all the tissues studied, with no 
smaller PCR products detected (Figure 2A in I). The level of HIF-P4H-1 mRNA 
expression was highest in the adult brain, placenta, lung and kidney. A full-length HIF-
P4H-2 PCR product starting from the end of exon 1 was likewise amplified from all the 
tissues studied (Figure 2B in I), the highest level of mRNA expression being found in the 
adult heart, brain, lung and liver and in the foetal brain, heart, spleen and skeletal muscle, 
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but in addition to the full-length product, two smaller fragments were obtained from 
several tissues, and sequencing indicated that these represented splicing variants lacking 
either exon 3 or 4 sequences. Nevertheless, the levels of expression of these splicing 
variants were clearly lower than those of the full-length mRNA. Full-length HIF-P4H-3 
was amplified from all the tissues studied, with the highest expression levels in the adult 
heart, brain, placenta, lung and skeletal muscle and in the foetal heart, spleen and skeletal 
muscle (Figure 2C in I), and one additional smaller PCR product was obtained in about 
equal amounts to the full-length HIF-P4H-3 product in all the tissues studied. Sequencing 
demonstrated that this represented a splicing variant lacking nucleotides 79-357. All the 
alternatively spliced forms of the isoenzyme 2 and 3 mRNAs followed the GT/AG rule. 
The alternatively spliced forms were found to encode inactive enzymes (Table I in I). 



6 Discussion 

6.1  Catalytic centre activities of HIF-P4Hs and FIH 

The three HIF-P4Hs were purified here to near homogeneity as active enzymes for the 
first time. Others have expressed HIF-P4H-1 in E. coli, but the catalytic centre activity of 
the purified enzyme was very low, 12 x 10-6 mol/mol/min (Epstein et al. 2001, McNeill et 
al. 2002b). The catalytic centre activities of the HIF-P4Hs purified here were markedly 
higher than this, about 40-50 mol/mol/min, although they were still lower than the 
activities of 135 and 400 mol/mol/min recorded for the purified FIH obtained here and 
for type I C-P4H (Vuori et al. 1992a), respectively. The catalytic centre activities 
measured for the purified HIF-P4Hs were in good agreement with estimates based on the 
activities of these enzymes in crude cell extracts. Although the results for the HIF-P4Hs 
and FIH were corrected for saturating concentrations of the peptide substrate and 
cosubstrates, these values are also dependent on the substrates used in the assay, and 
therefore it is not known whether higher catalytic centre activities could be obtained with 
the full-length HIF-1α than with the 19 and 35-residue peptides used in the standard 
assays of HIF-P4H and FIH activity, respectively. Furthermore, some amino acid 
substitutions in the HIF-1α-like peptide increased the Vmax values of all three HIF-P4Hs 
to 120% while the Vmax values of the three HIF-P4Hs with the 20-residue HIF-3α peptide 
were 120-150% of those with the 19-residue HIF-1α peptide. It is thus obvious that the 
catalytic centre activities of the HIF-P4Hs would be higher, at least about 70 
mol/mol/min, if a more effective substrate were used. The present data do not support 
previous results obtained by mobility shift and pull-down assays with a 122-residue HIF-
1α fragment as a substrate suggesting that HIF-P4H-2 has clearly higher activity than the 
other two isoenzymes (Huang et al. 2002). Instead, the catalytic centre activities of the 
three isoenzymes were almost identical, and the highest activity was measured for HIF-
P4H-3. These results do not mean, however, that all three isoenzymes would be equally 
effective in vivo, where their activities are also affected by other factors, such as the 
concentrations of the various enzyme proteins and the cellular locations of the three 
isoenzymes. 
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6.2  Substrate requirements of the HIF-P4Hs and FIH 

The C-P4Hs act more effectively on long than short peptides, the chain length influencing 
the Km values, whereas no significant differences are observed in the Vmax values for 
short and long peptides (Kivirikko & Pihlajaniemi 1998). The minimum requirement for 
hydroxylation by the C-P4Hs is fulfilled by tripeptides with the sequence X-Pro-Gly. The 
present data indicate that the HIF-P4Hs and FIH also require long peptides, their 
minimum requirements being much longer than that of the C-P4Hs. The HIF-P4Hs and 
FIH were also found to hydroxylate other human HIF-α isoforms besides HIF-1α, but 
with distinct differences. 

The shortest HIF-1α-like peptide hydroxylated by all three HIF-P4H isoenzymes in 
vitro was an 11-residue peptide, i.e. a version of the 19-residue control peptide shortened 
by four residues at each end, while another 11-residue peptide shortened by three residues 
at the N terminus and five at the C terminus was hydroxylated only by HIF-P4Hs 1 and 3. 
Systematic shortening of the 19-amino-acid peptide at the N and/or C terminus indicated 
that all three isoenzymes required two residues (LA) preceding the proline and at least 
five (YIPMD) after the proline, although none of them would actually hydroxylate the 
hypothetically shortest 8-residue peptide LAPYIPMD. It is thus evident that the HIF-
P4Hs require more than eight residues for hydroxylation, and a peptide of about 20-
residues appears to be an optimal substrate, as the addition of five residues to the C 
terminus of the 19-residue peptide did not improve the hydroxylation efficiency. 

Epstein et al. (2001) have suggested that the second hydroxylation site in HIF-1α, 
Pro402, may be hydroxylated less effectively than Pro564, and that only HIF-P4Hs 1 and 2 
can catalyze this hydroxylation. They used HIF-P4Hs produced in a reticulocyte lysate to 
hydroxylate HIF-1α mutants, and the hydroxylated polypeptides were subsequently 
subjected to capture by pVHL. Substitution of alanine for Pro402 had only a minor effect 
on capture when the C-terminal Pro564 was intact, whereas substitution of glycine for 
Pro564 with Pro402 intact reduced the capture markedly and was promoted only by 
isoenzymes 1 and 2. No capture occurred when both prolines were subjected to mutation. 
Our data explain these results by demonstrating that the Km values of HIF-P4Hs 1 and 2 
for the peptide corresponding to Pro402 were 20-50 times higher than those for the C-
terminal peptide with Pro564, and that HIF-P4H-3 did not hydroxylate the N-terminal 
peptide at all. Similar results were also obtained in recent in vivo transfection assays, 
which showed that HIF-P4H-3 acts very ineffectively on the N-terminal hydroxylation 
site in both HIF-1α and HIF-2α (Appelhoff et al. 2004). It is therefore possible that 
hydroxylation of Pro402 is less efficient than that of Pro564 also in vivo and that the former 
may not become hydroxylated in many situations at all. It has been shown, however, that 
in vivo Pro402 is critical for HIF-1α stability. Although the interaction of pVHL with the 
N-terminal hydroxylation site is weaker than with the C-terminal site, it was capable of 
targeting HIF-1α for degradation in normoxia when Pro564 was deleted (Huang et al. 
1998), therefore suggesting an independent interaction of pVHL with the Pro402 (Huang 
et al. 2002). Simultaneous mutation of both hydroxylatable prolines resulted in a 
markedly more stable HIF-1α than Pro564 mutation alone, supporting the important role 
of hydroxylation of the N-terminal site in HIF-1α stability in vivo. (Masson et al. 2001). 
An obvious difference between the two hydroxylation sites of HIF-1α is that the residue 



 73

following Pro564 is a tyrosine whereas that following Pro402 is an alanine. This difference 
does not explain the difference in hydroxylation efficiency, however, as substitution of 
alanine or glycine for Tyr565 caused only a slight increase in the Km values. Our result 
indicating that the Tyr565 → Ala substitution has no effect on hydroxylation is in 
agreement with that of a study in which the same substitution did not affect pVHL 
binding (Ivan et al. 2001), although opposite results regarding capture by pVHL have 
also been reported (Bruick & McKnight 2001, Jaakkola et al. 2001). 

HIF-P4Hs were also found to hydroxylate peptides related to HIF-2α, HIF-3α and C. 
elegans HIF-α. The HIF-2α sequence contains three possible hydroxylation sites. The 
peptide corresponding to the C-terminal was a good substrate for HIF-P4H-3 and also a 
relatively good substrate for the other two isoenzymes, whereas the N-terminal peptide 
was an inefficient substrate for all three isoenzymes. The third potential hydroxylation 
site in HIF-2α with a LAPV motif was not hydroxylated by any of the HIF-P4Hs. The 
hydroxylation site in HIF-3α is highly similar to the C-terminal site in HIF-1α and a 
corresponding HIF-3α-like peptide was hydroxylated very effectively by all three HIF-
P4H isoenzymes. The function of HIF-3α is currently poorly understood, but the present 
results and those reported by others (Maynard et al. 2003) suggest that it is also regulated 
by proline hydroxylation. 

The two critical prolines of HIF-1α, Pro564 and Pro402, are located in -Leu-Glu-Met-
Leu-Ala-Pro-Tyr- and -Leu-Thr-Leu-Leu-Ala-Pro-Ala- sequences, respectively, the C and 
N-terminal hydroxylation sites in HIF-2α in -Leu-Glu-Thr-Leu-Ala-Pro-Tyr- and -Leu-
Ala-Gln-Leu-Ala-Pro-Thr- sequences, and the hydroxylated prolines in HIF-3α and the 
C. elegans HIF-α in -Leu-Glu-Met-Leu-Ala-Pro-Tyr- and -Leu-Ser-Cys-Leu-Ala-Pro-
Phe- sequences, respectively. Therefore all these sequences around the hydroxylatable 
proline have a common sequence -Leu-X-X-Leu-Ala-Pro-, which has been suggested to 
be required for hydroxylation by the HIF-P4Hs (Epstein et al. 2001, Masson et al. 2001). 
Some mutation studies have indicated that substitution of alanine for Leu562 or glycine for 
Ala563 in a HIF-1α peptide may prevent hydroxylation (Bruick & McKnight 2001, Ivan et 
al. 2001), whereas it has been shown elsewhere that substitutions of Leu559, Leu562 and 
Ala563 can be tolerated, suggesting that the hydroxylatable proline may be the only 
obligatory residue (Huang et al. 2002). The present results are in agreement with this, as 
they show that HIF-P4Hs do not strictly require the suggested -Leu-X-X-Leu-Ala-Pro- 
core motif, but instead, the two leucines can be replaced by many other amino acids with 
no marked differences in hydroxylation by any of the HIF-P4Hs. The residues in the two 
X positions, glutamate and methionine in HIF-1α, could be replaced by almost any amino 
acid, as expected. Surprisingly though, there were eight amino acids that were better for 
HIF-P4H-3 than the authentic glutamate residue and four that were better than Met561 
itself. Ala563 was found to be the strictest requirement, as it could not be fully replaced by 
any amino acid in the case of HIF-P4H-1, only by serine in the case of HIF-P4H-2, and 
only by three residues, isoleucine, valine and serine, in the case of HIF-P4H-3. Leu574 has 
been previously found to be required for hydroxylation of Pro564, especially in the case of 
HIF-P4H-2 (Kageyama et al. 2004) and it was shown in the present study that shortening 
the 19-residue peptide by two residues from the C terminus, including Leu574, causes a 
marked increase in the Km values of HIF-P4Hs 1 and 2. As the peptide used in the amino 
acid substitution study done here, however, was missing exactly Leu574 from its C 
terminus, it was not possible to study its substitution in detail in the scope of this study. 
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The acidic residues present in the 20-residue peptide used as a substrate were also found 
to play a distinct role, but the substitution of alanine for any six of them or in some 
combinations even for three of them, had no negative effects. These data indicate that it 
will be impossible to find additional substrates for the HIF-P4Hs by means of 
computerized protein sequence searches, because of the lack of a specific core sequence. 

The data obtained here indicate that the HIF-P4Hs require even longer peptide 
substrates than the C-P4Hs, the minimum requirement being a peptide of more than eight 
residues. The data from the amino acid substitution experiments, however, indicate that 
the minimum sequence requirement for hydroxylation by HIF-P4Hs is -Ala-Pro-. 
Together these results and those of Huang and co-workers (2002) suggest that the -Ala-
Pro- sequence is a necessary but not sufficient requirement for hydroxylation. HIF-1α 
may become bound to the HIF-P4Hs in a similar extended conformation to that required 
for its binding to pVHL (Hon et al. 2002, Min et al. 2002), so that the HIF-P4Hs may 
have a long substrate-binding site and interaction between them and HIF-1α may occur at 
multiple sites, with preferences for certain positions, such as those occupied by Leu559 

and Leu562, those occupied by acidic residues and that occupied by Leu574 (Kageyama et 
al. 2004). 

The third potential hydroxylation site of HIF-2α that was studied here but was not 
hydroxylated by any of the three isoenzymes contains the minimum sequence 
requirement -Ala-Pro- but the suggested core motif has the sequence -Phe-Gln-Pro-Leu-
Ala-Pro- instead of -Leu-X-X-Leu-Ala-Pro-. Even though single substitutions of 
phenylalanine for the first leucine in the core sequence of the HIF-1α-like peptide and 
glutamine for the following glutamate and proline for the methionine caused only slight 
decreases in the hydroxylation efficiency of the HIF-P4Hs, or even an increase, the 
possibility cannot be excluded that these three substitutions together may reduce the 
hydroxylation efficiency markedly, but no triple-mutant peptide of this conformation was 
studied in the present work. An additional major difference in the third HIF-2α peptide is 
that it has only one acidic residue. Our data showed that up to three of the seven acidic 
residues in the HIF-1α peptide could be replaced by alanine with no negative effects, but 
replacement of all but one of them would have inactivated the peptide completely. 
Furthermore, the only acidic residue of this HIF-2α peptide is in the position occupied by 
Leu574 in HIF-1α, which has been reported to be important for interaction (Kageyama et 
al. 2004). The fact that this third HIF-2α peptide was not hydroxylated supports the 
suggestion that several other residues in addition to -Ala-Pro- are required for HIF-P4H-
substrate interaction. 

FIH requires even longer substrates than the HIF-P4Hs, as the omission of only four 
residues from the C terminus of the 35-residue HIF-1α peptide was enough to reduce the 
enzyme activity to only 26%. The present data are in agreement with results of 
crystallization studies on FIH in which a HIF-1α CAD peptide at least 20 residues in 
length was required to obtain FIH-CAD crystals (Elkins et al. 2003). The same 
crystallization data revealed the presence of two interaction sites in HIF-1α, site 1 
involving residues 795-806, around the hydroxylatable asparagine, and site 2 located 
more towards the C terminus, comprising residues 813-822. It has been suggested that the 
latter may represent a weaker binding site (Elkins et al. 2003), but the present data 
indicate that this second site is also required for effective interaction between FIH and 
HIF-1α, as the omission of only four residues (819-822) from the C terminus of the 35-
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residue peptide caused a significant decrease in enzyme activity. Residues 788-794, 
preceding interaction site 1, were also found to be important, as their omission had a 
marked effect. 

FIH was also found to hydroxylate peptides corresponding to the hydroxylation site of 
HIF-2α, but far less efficiently than those related to HIF-1α. This suggests that FIH may 
act less effectively on HIF-2α than on HIF-1α in vivo and that the transcriptional 
coactivator p300 may thus form a complex more easily with the HIF-2α, promoting the 
expression of its target genes. Specific FIH inhibitors may therefore be more effective on 
genes regulated by HIF-1α than on those regulated by HIF-2α. No conserved substrate 
core sequence has been defined for FIH, and the only residue that has been reported to be 
required in addition to the hydroxylatable Asn803, is Val802 in the HIF-1α sequence (Linke 
et al. 2004). The sequence around the hydroxylatable asparagine is highly conserved 
between the two human HIF-α isoforms, as also between isoforms of different 
mammalian species, the residue preceding asparagine being valine in all the HIF-αs 
studied (Linke et al. 2004). However, as shown here, the hydroxylatable asparagine and 
the valine preceding it are not sufficient for hydroxylation, supporting the suggestion that 
substrate recognition by FIH requires other sequence determinants at separate locations 
(Mahon et al. 2001, Elkins et al. 2003), leading to a requirement for long peptide 
substrates. 

6.3  Cosubstrate requirements of the HIF-P4Hs and FIH 

Our results show distinct differences between the HIF-P4Hs, FIH and the C-P4Hs in their 
Km values for reaction cosubstrates, the most significant difference being found with 
respect to oxygen. The Km of the HIF-P4Hs for oxygen is slightly above the atmospheric 
concentration of this molecule and 6 times higher than that of type I C-P4H, while the Km 
of FIH for oxygen is distinctly lower than those of the HIF-P4Hs but still clearly higher 
than that of type I C-P4H. These data indicate that the HIF-P4Hs and FIH act as true 
oxygen sensors. Even minor decreases in O2 concentration are likely to influence the 
activities of the HIF-P4Hs, leading to increased HIF-α stabilization and activation of 
HIF-regulated genes. A larger decrease in O2 concentration is required to reduce FIH 
activity, which then allows the binding of p300 to HIF-α and leads to maximal 
transcriptional activity. 

It has been reported previously that there is a marked decrease in asparagine 
hydroxylation of HIF-1α in hypoxia, supporting the role of FIH as an oxygen sensor 
(Hewitson et al. 2002), but there are also data that argue against such role for FIH. It has 
been suggested that its activity may not be regulated solely by its affinity to oxygen, as 
some FIH activity has remained even at low oxygen concentrations (Mahon et al. 2001, 
Lando et al. 2002a, Stolze et al. 2004). Instead, the oxygen dependence of hydroxylation 
by FIH could be due to its substrate recognition mechanism, which requires formation of 
a complex with pVHL and HIF-1α (Lee et al. 2003). In normoxia FIH would bind to 
HIF-1α only after pVHL had formed a complex with the latter through hydroxyproline, 
and in hypoxia FIH could not bind to HIF-1α in the absence of an HIF-1α-pVHL 
complex. It is important to understand the meaning of a Km value, the concentration at 
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which half of the maximal reaction velocity is attained. The high Km values of HIF-P4Hs 
and FIH for oxygen do not mean that these enzymes would be inactive at lower O2 
concentrations, for they in fact showed some activity even with the lowest oxygen 
concentrations used in the in vitro activity assays, 10 and 20 µM, and recent in vivo 
analyses have shown that HIF-P4H-2 can act on HIF-α at 2% O2, and FIH is active even 
at 0.2% O2 (Stolze et al. 2004), results that are not contradicted by the in vitro ones 
obtained here. The present results and those of the above in vivo study indicate that the 
two types of hydroxylase involved in the HIF response have different demands in terms 
of oxygen concentration, FIH being capable of functioning at lower concentrations. The 
differences in Km values between the HIF-P4Hs and type I C-P4H are consistent with the 
functions of the two classes of P4Hs, i.e the HIF-P4Hs act as effective oxygen sensors, so 
that even small decreases in O2 influence their activities, whereas the C-P4Hs must be 
able to act even in situations entailing low O2 concentrations, e.g. in wounds and in 
tissues with low vascularity. 

The Km values of the HIF-P4Hs for 2-oxoglutarate were 2 to 3-fold higher than those 
of FIH and type I C-P4H. In FIH (Dann et al. 2002, Elkins et al. 2003, Lee et al. 2003) 
and in the C-P4Hs (Kukkola et al. 2003, Van Den Diepstraten et al. 2003 and for review, 
see Myllyharju 2003) the residue binding the C-5 carboxyl group of 2-oxoglutarate is a 
lysine, whereas in almost all other 2-oxoglutarate dioxygenases (Myllyharju 2003), 
including the HIF-P4Hs (Bruick & McKnight 2001, Epstein et al. 2001, Ivan et al. 2002), 
this residue is an arginine which cannot be replaced in the HIF-P4Hs by a lysine, as 
shown here. There are nevertheless no data to indicate whether the clear difference in Km 
values for 2-oxoglutarate is due to the differences in the 2-oxoglutarate-binding residue 
or some other properties of the catalytic site. 

Ascorbate is known to be required for full catalytic activity of the C-P4Hs both in 
vitro and in vivo (Kivirikko & Myllyharju 1998, Kivirikko & Pihlajaniemi 1998, 
Myllyharju 2003). Nevertheless, it is not needed in the actual hydroxylation reaction but 
is required in the uncoupled decarboxylation of 2-oxoglutarate, in which it is consumed 
stoichiometrically (Myllylä et al. 1984). The highly reactive ferryl ion formed at the 
catalytic site during the first half-reaction of the catalytic cycle leads to enzyme 
inactivation, but when ascorbate is present, it serves as an alternative oxidizable substrate 
and the enzyme is converted back to its active form (Myllylä et al. 1984, Kivirikko & 
Pihlajaniemi 1998). As the HIF-P4Hs were also found to catalyze uncoupled 2-
oxoglutarate decarboxylation, it seems highly likely that the main function of ascorbate in 
the HIF-P4H reaction is the same as in the C-P4H reaction. 

The Km values of the HIF-P4Hs for iron could not be determined with crude enzyme 
preparations due to their high activity levels even in the absence of added iron. Even the 
purified HIF-P4Hs had considerable activity without any iron additions, and apparent Km 
values could therefore only be determined using such preparations. The Km values of 
HIF-P4Hs 1 and 2 for iron were more than 15-fold and 65-fold lower than those of FIH 
and type I C-P4H, respectively, and that of HIF-P4H-3 5-fold and 20-fold lower. The 
optimal iron concentration in the HIF-P4H reaction mixture, 1-5 µM, was also much 
lower than the 50 µM required for the C-P4Hs (Kivirikko & Myllylä 1982). The present 
data therefore indicate that the HIF-P4Hs differ distinctly from FIH and the C-P4Hs in 
binding iron more tightly. 
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6.4  Inhibition of the HIF-P4Hs and FIH by 2-oxoglutarate analogues 

Small molecules that would increase the levels of HIF or enhance its transcriptional 
activity are believed to be beneficial in diseases characterized by acute or chronic 
ischaemia, such as myocardial infarction, stroke, diabetes and peripheral vascular disease 
(Bruick & McKnight 2001, Epstein et al. 2001, Ivan et al. 2002). Previous work has 
already shown that some small molecule inhibitors of C-P4Hs also inhibit HIF-P4Hs 
(Epstein et al. 2001, Ivan et al. 2002) and FIH (Hewitson et al. 2002, Elkins et al. 2003), 
and in the present study distinct differences were found between the HIF-P4Hs, FIH and 
type I C-P4H in their inhibition by several 2-oxoglutarate analogues. All the compounds 
tested were less effective inhibitors of the HIF-P4Hs and FIH than of the C-P4Hs, which 
is not surprising, because they were selected from those known to inhibit C-P4Hs 
effectively. Differences in inhibition properties were also found between the HIF-P4Hs 
and FIH, in that the two most potent inhibitors of the HIF-P4Hs, for example, were the 
least efficient inhibitors of FIH. These data suggest that there must be differences in the 
structures of the 2-oxoglutarate-binding sites between the three classes of hydroxylase, 
and that it should therefore be possible to develop specific inhibitors for the HIF-P4Hs 
and FIH that would be therapeutically beneficial. The 2-oxoglutarate-binding residue of 
the HIF-P4Hs and C-P4Hs and many other 2-oxoglutarate dioxygenases is located in the 
eighth β strand of the jellyroll motif (Bruick & McKnight 2001, Epstein et al. 2001, Ivan 
et al. 2002, Kukkola et al. 2003, Myllyharju 2003), whereas that of FIH is in the fourth 
strand (Dann et al. 2002, Elkins et al. 2003, Lee et al. 2003). It is likely, however, that 
several residues at the 2-oxoglutarate-binding site influence the binding properties of 
various inhibitors and not just the actual 2-oxoglutarate-binding residue. 

6.5  Effect of desferrioxamine and metals on the HIF-P4Hs and FIH 

The fact that iron chelator DFO inhibited type I C-P4H much more effectively than it did 
the HIF-P4Hs is in agreement with the strong iron binding of the HIF-P4Hs. DFO 
inhibited HIF-P4H-3 most effectively, which agrees with the finding that the apparent Km 
of this isoenzyme for iron is higher than those of the other two. It is possible that DFO 
may not be able to enter the cosubstrate binding sites of any of the HIF and collagen 
P4Hs, the effective inhibition of the C-P4Hs being probably due to chelation of the free 
iron from the reaction mixture. The effect of DFO on the HIF-P4Hs will be much weaker, 
however, because these enzymes bind the iron more tightly and retain a significant level 
of their activity even when all the free iron has been chelated from the reaction mixture. 
When DFO was added to cultured insect cells synthesizing HIF-P4H-2, the inhibition 
was more effective, even though complete inhibition was still not obtained, unlike in the 
case of the synthesis of C-P4Hs in the presence of DFO (Kivirikko & Myllylä 1982, 
Kivirikko & Pihlajaniemi 1998). The activity of the iron-free C-P4Hs can be restored by 
adding iron to the reaction mixture (Kivirikko & Myllylä 1982, Kivirikko & Pihlajaniemi 
1998), whereas such an addition of iron did not reactivate HIF-P4H-2. This agrees with 
the findings that addition of iron prevents inactivation even of crude HIF-P4Hs and that it 
stabilizes the HIF-P4Hs during their purification. The present data differ distinctly from a 
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previous report that pVHL capture of a HIF-1α peptide hydroxylated with reticulocyte 
lysates programmed with the HIF-P4Hs was already strongly inhibited with 100 µM DFO 
in the lysate (Epstein et al. 2001). 

Several models have been presented to explain the mode of HIF-α stabilization by 
metal ions. It has been suggested that cobalt becomes bound to the catalytic site of HIF-
P4Hs instead of iron and therefore inhibits their activity (Epstein et al. 2001), that cobalt 
may stabilize HIF-α by binding directly to it and thereby preventing HIF-α - pVHL 
interaction (Yuan et al. 2001, 2003), and that stabilization may be independent of pVHL 
(Kanaya & Kamitani 2003). In addition, cobalt and nickel have been reported to cause 
inhibition of HIF-P4Hs by depleting the intracellular ascorbate required for the enzyme 
reaction (Salnikow et al. 2004) and that they activate the phosphatidylinositol-3-kinase 
pathway involved in the regulation of HIF-1α transcription (Chachami et al. 2004, Li et 
al. 2004). 

As many metals inhibit C-P4Hs competitively with respect to iron (Kivirikko & 
Pihlajaniemi 1998), it was expected that the metals would also effectively inhibit the 
HIF-P4Hs and FIH. Several metals were found to be effective competitive inhibitors of 
FIH, with Ki values similar to or even lower than their IC50 for type I C-P4H. Data 
obtained from structural studies have also revealed that metals inhibit FIH competitively 
at the iron binding site (Elkins et al. 2003). Surprisingly, however, inhibition of the HIF-
P4Hs by metals was ineffective, particularly that of HIF-P4H-2. Crude HIF-P4H-2 
preparations were only 20-25% inhibited by 100 µM and 200 µM concentrations of 
cobalt and nickel, respectively, while these concentrations caused stabilization of HIF-1α 
in cultured HEK and Hep3B cells to a level detectable by Western blotting. Due to the 
high activity of the purified HIF-P4Hs even in the absence of added iron, their mode of 
inhibition by metals could not be determined. The recombinant HIF-P4H-2 synthesized in 
the presence of cobalt was nevertheless to a large extent inactive and could not be 
reactivated by the addition of iron to the in vitro enzyme reaction, suggesting that cobalt 
does not inhibit HIF-P4Hs competitively with respect to iron, a result that agrees with 
that of Salnikow et al. (2004). Cobalt also rapidly inactivated crude HIF-P4Hs during 
storage at 4°C, this effect perhaps being due in part to the replacement of iron at the 
catalytic site and in part to other toxic effects of cobalt on the HIF-P4Hs. 

The function of the HIF-P4Hs as oxygen sensors in vivo requires that they should be 
present in cells at close to the limiting concentrations, so that even a slight decrease in 
oxygen concentration will depress the activities of these enzymes to an extent that leads 
to HIF-1α stabilization. It is therefore possible that even small decreases in the activities 
of the HIF-P4Hs brought about by cobalt and nickel may be sufficient to stabilize HIF-
1α. It is also likely, however, that the other mechanisms suggested for the metal-induced 
stabilization of HIF-1α may have contributed to or been even more important than 
inhibition of the HIF-P4Hs. Whatever the responsible mechanisms are, once HIF-1α is 
stabilized in the presence of cobalt or nickel, it is likely to be transcriptionally fully active 
due to the highly effective inhibition of FIH by these metals. This may explain the fact 
that even low cobalt concentrations are enough to increase EPO production in Hep3B 
cells (Goldberg et al. 1988). 

Zinc was a more effective inhibitor of all three HIF-P4Hs than nickel and cobalt, but it 
did not stabilize HIF-1α in cultured HEK and Hep3B cells to detectable level, even 
though 500 µM zinc has been reported to stabilize HIF-1α in Hep3B cells, albeit failing 
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to induce EPO production (Chun et al. 2000). In our study zinc was found to be an 
effective inhibitor of FIH, and 5-100 µM concentrations increased VEGF production 
slightly in both HEK and Hep3B cells. Higher concentrations were already toxic to the 
cells, and no VEGF could be detected. It has been found previously that although zinc 
induces HIF-1α stabilization, 500 µM zinc inactivates HIF-1 by inhibiting nuclear 
translocation of the β subunit (Chun et al. 2000). Zinc has also been shown to induce 
alternative splicing of HIF-1α, forming a variant which inhibits HIF-1 activity and 
reduces the expression of HIF target genes (Chun et al. 2001). It seems possible that the 
inactivation of HIF-1 may not be complete with low zinc concentrations, and therefore 
HIF could induce the expression of its target genes such as VEGF, as observed in the 
present study. This would be consistent with the finding that zinc is an effective inhibitor 
of FIH, leading to an increase in the transcriptional activity of HIF. 

6.6  Expression and alternative splicing of HIF-P4H mRNAs 

The regulation of the HIF system is complex, comprising regulation of HIF stability and 
activity. It is known so far that under normoxic conditions the stability and activity of 
HIF is regulated by the oxygen-dependent enzymatic reactions catalyzed by the HIF-
P4Hs and FIH, which lead to proteasomal degradation and inhibition of the 
transcriptional activity of HIF (Bruick & McKnight 2001, Epstein et al. 2001, Ivan et al. 
2001, 2002, Jaakkola et al. 2001, Mahon et al. 2001, Masson et al. 2001, Yu et al. 2001, 
Fedele et al. 2002, Hewitson et al. 2002, Lando et al. 2002a, Elkins et al. 2003). In 
hypoxia, the HIF hydroxylating enzymes are inactive and HIF can maximally induce the 
expression of its target genes. These two pathways are nevertheless unlikely to be the 
only determinants affecting HIF-α stability and activity, and several other possible 
regulatory mechanisms have been presented. Our results show that the HIF-P4H-2 and 3 
mRNAs undergo alternative splicing that probably leads to the synthesis of catalytically 
inactive HIF-P4H polypeptides in addition to the active enzymes, thus suggesting a 
further complexity in the regulation of HIF. Interestingly, another alternative splicing 
occurring in the HIF system has been described, namely the regulation of HIF-3α 
involves alternative splicing which is increased under hypoxic conditions (Makino et al. 
2001, 2002). It has been also shown that zinc causes alternative splicing of HIF-1α, 
leading to reduced expression of HIF target genes (Chun et al. 2001). Further studies will 
be required to investigate whether alternative splicing of the HIF-P4H mRNAs is affected 
by the amount of oxygen or the presence of HIF-P4H inhibitors, for instance. It is also 
interesting that no evidence for alternative splicing was found in the case of the mRNA of 
HIF-P4H-1, which is thought to play a less important role in the regulation of HIF-α 
stability. 

The present results concerning the expression of HIF-P4H mRNA in various tissues 
support the existence of tissue-specific but overlapping expression patterns, as suggested 
elsewhere (Lieb et al. 2002, Oehme et al. 2002, Cioffi et al. 2003). As shown by 
Appelhoff and co-workers (2004) the cell-type specific expression patterns of the HIF-
P4Hs together with their differential induction patterns indicate differential roles for the 
isoenzymes in regulating the levels of HIF-α under varying conditions. 



7 Future prospects 

Even though the mRNA expression patterns of HIF-P4Hs have been studied previously, 
only relatively limited data are available on the protein expression of these enzymes. In 
one study where antibodies to HIF-P4Hs were used to detect HIF-P4H proteins in 
extracts of different cell types, the results suggested that the protein expression patterns 
of isoenzymes 2 and 3 parallel their mRNA expression patterns whereas that of 
isoenzyme 1 cannot be predicted from its mRNA expression (Appelhoff et al. 2004). 
These results also showed that both the mRNA and protein expression of HIF-P4Hs 2 and 
3 are induced in hypoxia. It has also been established that HIF-P4H-2 is the main 
regulator of HIF-1α, and that HIF-2α is regulated mainly by HIF-P4H-3 together with 
HIF-P4H-1. More data would be required, however, to determine the possible individual 
tasks of the isoenzymes and to verify whether their function is tissue-specific, i.e. 
whether one of the isoenzymes is the dominant or only functional enzyme in a certain 
tissue. Some preliminary data have been presented in a scientific seminar on knock-out 
studies of HIF-P4Hs, suggesting that HIF-P4H-2 may play an important role in 
embryogenesis, whereas knock-out mice in which the other two isoenzymes were the 
objects of intervention were healthy and fertile. More work, perhaps exploiting 
conditional gene inactivation, would be needed to study the role of isoenzymes 1 and 3 in 
particular in tissues after birth. By employing conditional gene targeting, it would be 
possible to restrict the inactivation of the target gene to a certain organ and 
developmental stage. 

It would also be interesting to know whether HIF is the only substrate of HIF-P4Hs 
and FIH. The task of finding other possible substrates will be a challenging one, however, 
as shown by the present along with some previous data, due to the lack of specific 
conserved core sequences. Instead of computerized protein searches, however, protein-
protein interaction screening studies could be exploited in order to identify additional 
substrates. 

Examination of the inhibitory properties of HIF-P4Hs and FIH by means of various 
small-molecule inhibitors could provide good data for developing specific inhibitors for 
these enzymes that would be beneficial for treatment or preconditioning purposes in 
connection with diseases involving ischaemia. The present results show that there are 
differences between the classes of hydroxylases studied, and even between the HIF-P4H 
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isoenzymes. It has been predicted that by specific inhibition of a certain HIF-P4H 
enzyme it may be possible to selectively modify the HIF response. For example, 
inhibiting the expression of HIF-P4H-2 would provide extensive specific inhibition of the 
HIF response in normoxic tissues, whereas inhibition of HIF-P4H-3 might cause a more 
restricted response in certain tissues (Appelhoff et al. 2004). 
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