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REVIEW ARTICLE

Prolyl 4-hydroxylases, key enzymes in the synthesis of collagens
and regulation of the response to hypoxia, and their roles as
treatment targets

JOHANNA MYLLYHARJU

Oulu Centre for Cell-Matrix Research, Biocenter Oulu and Department of Medical Biochemistry and Molecular Biology,

University of Oulu, Oulu, Finland

Abstract
Prolyl 4-hydroxylases (P4Hs) have central roles in the synthesis of collagens and the regulation of oxygen homeostasis. The
4-hydroxyproline residues generated by the endoplasmic reticulum (ER) luminal collagen P4Hs (C-P4Hs) are essential for
the stability of the collagen triple helix. Vertebrate C-P4Hs are a2b2 tetramers with three isoenzymes differing in their
catalytic a subunits. Another P4H family, the HIF-P4Hs, hydroxylates specific prolines in the a subunit of the hypoxia-
inducible transcription factor (HIF), a master regulator of hypoxia-inducible genes, and controls its stability in an oxygen-
dependent manner. The HIF-P4Hs are cytoplasmic and nuclear enzymes, likewise with three isoenzymes in vertebrates. A
third vertebrate P4H type is an ER transmembrane protein that can act on HIF-a but not on collagens. All P4Hs require
Fe2�, 2-oxoglutarate, O2, and ascorbate. C-P4Hs are regarded as attractive targets for pharmacological inhibition to
control excessive collagen accumulation in fibrotic diseases and severe scarring, while HIF-P4H inhibitors are believed to
have beneficial effects in the treatment of diseases such as myocardial infarction, stroke, peripheral vascular disease,
diabetes, and severe anemias. Studies with P4H inhibitors in various animal models of fibrosis, anemia, and ischemia and
ongoing clinical trials with HIF-P4H inhibitors support this hypothesis by demonstrating efficacy in many applications.

Key words: Anemia, collagen, fibrosis, hypoxia-inducible transcription factor, ischemia, 2-oxoglutarate dioxygenase, prolyl
4-hydroxylase

Introduction

Most of the 4-hydroxyproline in mammalian proteins

is found in the -X-4Hyp-Gly- sequences of the 29

currently known collagen types and more than

20 additional proteins with collagen-like triple-helical

domains (1�4). 4-Hydroxyproline residues have a

vital role in providing the collagen triple helices with

thermal stability (Figure 1). Non-hydroxylated col-

lagen polypeptide chains cannot form functional

molecules in vivo, and almost complete hydroxylation

of the proline residues in -X-Pro-Gly- triplets is

required for the generation of a molecule that is stable

at human body temperature. This hydroxylation

is catalyzed by collagen prolyl 4-hydroxylases (C-

P4Hs) located within the lumen of the endoplasmic

reticulum (ER). The mammalian C-P4Hs are a2b2

tetramers in which the b subunit is identical to the

enzyme and chaperone protein disulfide isomerase

(PDI) (for reviews, see (5�8)). Three C-P4H iso-

enzymes differing in their catalytic a subunit have

been identified and characterized from human,

mouse, and rat tissues (5�10). C-P4H families have

also been identified in other animal species, e.g. the

nematode Caenorhabditis elegans has 4 C-P4H a
subunit isoforms, and the fly Drosophila melanogaster

has at least 19 C-P4H a subunit-like polypeptides

(1,5�8) (see also (11�15)). The main functions of

PDI as the C-P4H b subunit are to keep the highly

insoluble a subunits in a catalytically active, non-

aggregated conformation and to retain the C-P4Hs
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within the lumen of the ER via its C-terminal

retention signal.

A novel role for 4-hydroxyproline was identified

in 2001 in the hypoxia-inducible transcription factor

(HIF) (16�18). HIF is an ab heterodimer in which

the stability of the a subunit is regulated in an

oxygen-dependent manner. The HIF-a subunit is

synthesized continuously, and one or two critical

proline residues in two -Leu-X-X-Leu-Ala-Pro-

sequences of its oxygen-dependent degradation

domain (ODDD) are hydroxylated under normoxic

conditions by a novel cytoplasmic and nuclear HIF-

P4H family (Figure 2) (19�21). This family consists

of three members in the human, mouse, and rat,

while C. elegans and D. melanogaster have only a

single HIF-P4H (19,20,22). The 4-hydroxyproline

residues formed by the HIF-P4Hs are required for

the binding of HIF-a to the von Hippel-Lindau

(VHL) E3 ubiquitin ligase complex and its rapid

subsequent proteasomal degradation in normoxia

(Figure 2) (for reviews, see (23�27)). Under hypoxic

conditions this oxygen-requiring hydroxylation is

inhibited, and HIF-a escapes degradation and di-

merizes with HIF-b (Figure 2). The dimer is then

translocated into the nucleus and becomes bound to

the HIF-responsive elements in more than 100

hypoxia-regulated genes that facilitate adaptation

to hypoxia and associated metabolic compromise

such as those involved in hematopoiesis, angiogen-

esis, iron transport, glucose utilization, resistance to

oxidative stress, cell proliferation, survival and

apoptosis, and tumor progression, including en-

zymes involved in collagen synthesis, namely

C-P4Hs, lysyl hydroxylases and lysyl oxidases (23�
33). The HIF-a also has three isoforms in humans

(26,27,34). The closely related HIF-1a and HIF-2a
isoforms regulate common target genes but also

show specificity in their targets, in that HIF-1a
appears to act more effectively on genes for glycolytic

enzymes, for instance, and HIF-2a on the gene for

erythropoietin (Epo) (30,31,35�38).

A further P4H possesses a transmembrane do-

main close to its N terminus (P4H-TM) and

resembles the C-P4Hs more closely than the HIF-

P4Hs in terms of its amino acid sequence and

location in the ER membrane with its catalytic site

inside the ER lumen (39,40). It nevertheless resem-

bles the HIF-P4Hs in that it hydroxylates HIF-as in

cultured cells and in vitro (39,40).

All P4Hs belong to the 2-oxoglutarate-dependent

dioxygenases, and their hydroxylation reaction re-

quires Fe2�, 2-oxoglutarate, O2, and ascorbate and

involves oxidative decarboxylation of 2-oxoglutarate

Figure 1. Hydroxylation of proline residues by C-P4Hs is essential

for the thermal stability of collagen triple helices. Non-hydro-

xylated collagen polypeptide chains cannot form functional

molecules in vivo.

Abbreviations

C-P4H collagen prolyl 4-hydroxylase

ER endoplasmic reticulum

Epo erythropoietin

HIF hypoxia-inducible transcription factor

PDI protein disulfide isomerase

ODDD oxygen-dependent degradation domain

SiRNA short interfering RNA

P4H-TM transmembrane P4H

TCA tricarboxylic acid cycle

VEGF vascular endothelial growth factor

VHL von Hippel-Lindau

Key messages

. Prolyl 4-hydroxylases (P4Hs) have essential

roles in the synthesis of collagens and

the regulation of oxygen homeostasis. The

4-hydroxyproline residues generated by

collagen P4Hs (C-P4Hs) are essential for

the stability of the collagen triple helix,

while the 4-hydroxyproline residues gener-

ated on the hypoxia-inducible transcription

factor (HIF) by HIF-P4Hs regulate its

stability in an oxygen-dependent manner.

. C-P4Hs are regarded as attractive targets

for pharmacological inhibition to control

excessive collagen accumulation in fibrotic

diseases and severe scarring. HIF-P4H

inhibitors are believed to have beneficial

effects in the treatment of diseases such as

myocardial infarction, stroke, peripheral

vascular disease, diabetes, and severe ane-

mias.
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(5�8,23,25�27). The C-P4Hs are regarded as poten-

tial targets for pharmacological inhibition to control

excessive collagen accumulation in fibrotic diseases

and severe scarring, while HIF-P4H inhibitors are

believed to have beneficial effects in the treatment of

diseases such as myocardial infarction, stroke, per-

ipheral vascular disease, diabetes, and severe ane-

mias. This review will concentrate on the molecular

and functional properties of the human P4Hs and

their potential as therapeutic targets.

Human C-P4Hs

The three human C-P4H a subunits assemble into

a2b2 tetramers with PDI, the [a(I)]2b2, [a(II)]2b2,

and [a(III)]2b2 tetramers being referred to as

C-P4Hs I, II, and III, respectively (5�10). The

vertebrate a subunits do not appear to form tetra-

mers with dissimilar catalytic subunits (5�8), while

in C. elegans a tetramer with two dissimilar catalytic

subunits is the main C-P4H responsible for the

hydroxylation of cuticle collagens (13). All attempts

to assemble an active C-P4H tetramer from the

dissociated subunits in vitro have been unsuccessful,

but assembly of active recombinant C-P4Hs has

been achieved by coexpression of the a subunit and

PDI polypeptide both in mammalian cells and in

insect, yeast, and plant cells and Escherichia coli

(8,41�44). This has enabled the development of

high-level recombinant expression systems for

hydroxylated human collagens in non-mammalian

host cells (41,42,45�49).

Molecular properties of the catalytic a subunit

The three human a subunits consist of 514�525

amino acids (Figure 3) and are synthesized with a

signal peptide of 17�21 additional residues. The

overall sequence identity between the human a(I)

and a(II) subunits is 65%, and those between a(I)

and a(III) and between a(II) and a(III) are 35%�
37% (5�9). The highest degree of identity is seen

within the C-terminal regions, which contain the

catalytically important amino acids (Figure 3), the

identity between the last 120 C-terminal residues of

a(I) and a(II) being 80% and that between a(III)

and the other two a subunits 56%�57% (5�9). The

Fe2� is bound by three residues of a conserved -His-

X-Asp- . . .-His- motif, these being His412, Asp414,

and His483 in the human a(I) subunit (Figure 3)

(50). The C5 carboxyl group of 2-oxoglutarate is

bound by a lysine residue, Lys493 in human a(I)

(Figure 3) (50). The catalytic site is discussed

further below.

The human C-P4H a subunits have a peptide-

substrate-binding domain that is separate from the

C-terminal catalytic domain (Figure 3) (51), being

located in the N-terminal half of the polypeptide and

spanning approximately 100 residues. The peptide-

binding properties of the various C-P4H isoenzymes

Figure 2. Regulation of the stability of the HIF-1a by oxygen-dependent prolyl 4-hydroxylation. Under normoxic conditions, HIF-1a is

hydroxylated by HIF-P4Hs. Hydroxylation is required for binding of the VHL E3 ubiquitin ligase complex and for subsequent proteasomal

degradation. Hypoxia inhibits the HIF-P4Hs, HIF-1a escapes degradation and forms a stable dimer with HIF-b. The dimer is translocated

into the nucleus and binds to the HIF-responsive elements in a number of hypoxia-inducible genes.
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can mostly be explained by the properties of binding

to this domain rather than the catalytic domain (52).

Crystallization of this domain has shown that it

belongs to the family of tetratricopeptide repeat

domains that are involved in many protein-protein

interactions and possesses a deep groove lined by

aromatic residues which appear to act as the binding

site for proline-rich peptides (53).

The human a(I) and a(II) subunit mRNAs have

two forms due to alternative splicing, whereas there

is no evidence for alternative splicing of the a(III)

transcripts (8,9,54). As both alternatively spliced

forms of the a(I) and a(II) mRNAs are expressed in

a variety of tissues, and as polypeptides correspond-

ing to both forms assemble into active C-P4H

tetramers, the potential biological significance of

this alternative splicing remains to be deciphered.

C-P4Hs in tissues, diseases, and knock-out mouse models

C-P4H-I is the major form in most cell types and

tissues, with C-P4H-II representing about 10%�
30% of the total C-P4H activity in cultured human

embryonic and adult skin and lung fibroblasts and

fibrosarcoma cells, and 5%�15% in various chick

embryo tissues (8). C-P4H-II is the main form in

chondrocytes, osteoblasts, capillary endothelial cells,

and some other cell types, however (8). C-P4H-II is

therefore likely to play an important role in the

development of cartilage, cartilaginous bone, and

capillaries. The a(III) subunit mRNA is expressed in

many adult and fetal human tissues but at much

lower levels than the a(I) and a(II) mRNAs (9).

Excessive collagen formation plays a major role

in the pathogenesis of fibrotic conditions, e.g. liver

and pulmonary fibroses that interfere with the

normal architecture and function of the affected

tissue, and in abnormal wound healing characterized

by severe scarring (55). The increased collagen

synthesis is accompanied by increased amounts of

C-P4H activity in various experimental fibrosis

models and fibrotic diseases. It has also been shown

that the expression of collagen II and C-P4H-II is

increased in osteoarthritic articular chondrocytes

relative to healthy chondrocytes (56).

No heritable human disease is known to be

caused by mutations in any of the C-P4H a subunit

genes. Knock-out mice have recently been generated

for the C-P4H a(I) and a(II) subunits (1,8,57). The

absence of C-P4H-I causes embryonic lethality, as

Figure 3. Schematic representation of the human C-P4H a(I), a(II) and a(III) subunits, P4H-TM and HIF-P4Hs 1�3. The lengths of the

polypeptides are indicated on the right, and the catalytically critical residues are shown above the polypeptides. The peptide-substrate-

binding domain in the C-P4H a subunits and the TM domain of P4H-TM are also indicated.
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a(I) null mice die at E10.5, showing an overall

developmental delay and rupture of the basement

membranes due to a lack of collagen IV (57). The

level of C-P4H activity in the null embryos was

about 20% of that in the wild type, this evidently

being due to C-P4Hs II and III. a(II) null mice are

viable and have no obvious phenotypic abnormalities

(1,8).

Human HIF-P4Hs

Identification of the HIF-P4Hs was facilitated by

searches of the C. elegans and mammalian databases

for sequences related to the C-P4H a subunits and

having predicted b-barrel secondary structure motifs

and catalytically critical residues that are common to

all members of the 2-oxoglutarate dioxygenases

(19,20). The human HIF-P4Hs 1, 2, and 3 were

originally named prolyl hydroxylase domain (PHD)

enzymes 1, 2, and 3, Egl-nine (EGLN) 2, 1, and 3,

and HIF prolyl hydroxylases (HPHs) 3, 2, and 1

(19�21), but for consistency in nomenclature with

the C-P4Hs they are referred to as HIF-P4Hs in this

review. In contrast to the C-P4Hs located within the

lumen of the ER, the HIF-P4Hs are cytoplasmic and

nuclear enzymes, HIF-P4H-2 being located mainly

in the cytoplasm and HIF-P4H-1 exclusively in the

nucleus, while HIF-P4H-3 is found in both cell

compartments (58). Hypoxia does not influence the

cellular location of the HIF-P4Hs (58).

Molecular properties

The HIF-P4H-1 and -2 polypeptides consist of 407

and 426 residues, while HIF-P4H-3 is considerably

smaller, 239 residues (Figure 3) (19�21). The three

isoenzymes have a 42%�59% sequence identity to

each other but no significant sequence similarity to

the C-P4H a subunits, except for the catalytically

critical residues (Figure 3). The Fe2�-binding

residues are provided by the -His-X-Asp- . . .-His-

motif, being His297, Asp299, and His358 in HIF-

P4H-1, while the residue binding the C5 carboxyl

group of 2-oxoglutarate is an arginine in position �9

with respect to the second Fe2�-binding histidine

(Figure 3) (19�21). At least HIF-P4H-2 is likely to

exist as a monomer in solution (59). The N-terminal

region of HIF-P4H-2 contains a zinc finger domain

that has been reported to inhibit its catalytic activity

(60).

The HIF-P4H-2 and -3 mRNAs are subject to

alternative splicing, resulting in at least two inactive

variants of HIF-P4H-2 and one of HIF-P4H-3

(61,62). These splicing forms are expressed in all

tissues studied, the levels of mRNA encoding the

inactive HIF-P4H-2 variants being considerably

lower than that of the full-length mRNA, while

the mRNA for the inactive HIF-P4H-3 variant is

found in about equal amounts to the full-length one

(61). A second, at least partially active, HIF-P4H-3

splice variant is restricted to primary cancer tissues

(62). Furthermore, two HIF-P4H-1 forms are

generated through alternative initiation, the shorter

one having full catalytic activity but decreased

stability (63). Changes in splicing pattern and

initiation can thus affect the expression levels of ac-

tive HIF-P4Hs and may thus add to the complexity

of the HIF system.

HIF-P4Hs in tissues, diseases, and knock-out mouse

models

The mRNAs for the three HIF-P4Hs are widely

expressed in various vertebrate tissues and cell lines,

but at different levels (61,64�67). The HIF-P4H-2

mRNA has relatively uniform expression levels in all

tissues studied, while HIF-P4H-1 has its highest

expression in the placenta and is the only one

detected in the testis, and HIF-P4H-3 has its highest

expression in the heart (64,65,67). All three HIF-

P4Hs are expressed in the kidney, higher levels being

found in the medulla than in the cortex, and HIF-

P4H-2 is the most abundant isoform (68).

HIF-P4H-2 is also the most abundant isoenzyme

in most cultured cell types studied (66). Silencing of

HIF-P4H-2 alone by short interfering RNA (siRNA)

is sufficient to stabilize HIF-a in normoxia (66,69),

indicating that this isoenzyme is the major oxygen

sensor setting low steady-state levels of HIF-a in

normoxia, although each HIF-P4H contributes to

stabilization in a manner largely dependent on its

cellular abundance (66). The siRNA data further

suggest that the HIF-P4Hs may not act identically

on the different HIF-a isoforms, with HIF-P4H-2

having more effect on HIF-1a and HIF-P4H-3 on

HIF-2a (66). The expression of HIF-P4H-2 and -3

mRNAs, but not of HIF-P4H-1 mRNA, is induced

by hypoxia (20,58,65�67,69�74), which suggests

that HIF-P4H-2 and -3 may have a role in a negative

feedback pathway providing for the rapid degrada-

tion of HIF-a upon reoxygenation.

Two inherited heterozygous mutations,

Pro317Arg and Arg371His, have recently been

reported in HIF-P4H-2 in two families with ery-

throcytosis (75,76). The Pro317Arg mutation is

located two residues from the Fe2�-binding aspar-

tate in a C-terminal direction and has been found to

substantially reduce the catalytic activity of the

mutant HIF-P4H-2 and its binding to HIF-as

(75). The Arg371His is located close to the other
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mutation in the tertiary structure of the enzyme and

suggests the presence of a HIF binding groove (76).

HIF-P4H-2 null mice die between days 12.5 and

14.5 of embryonic development due to severe

placental and heart defects, while HIF-P4H-1 and

HIF-P4H-3 null mice are viable (77). Studies on

conditional HIF-P4H-2 knock-out mice have re-

cently shown that lack of its activity leads to

increased angiogenesis and angiectasia, highly per-

fusable blood vessels, severe erythrocytosis, poly-

cythemia, and congestive heart failure (78�80). Lack

of HIF-P4H-1 in mice induces hypoxia tolerance by

reprogramming glucose metabolism from oxidative

to more anaerobic energy production (81). A double

knock-out of HIF-P4Hs 1 and 3 leads to moderate

erythrocytosis, accumulation of HIF-2a in the liver,

and activation of the hepatic Epo pathway, while lack

of HIF-P4H-2 activity in adult mice causes accu-

mulation of HIF-1a in the kidney and activation of

the renal Epo pathway (79).

P4H-TM

P4H-TM was identified based on sequence similar-

ity to the C-P4H a subunits and was found to be a

homodimeric ER transmembrane protein with its

catalytic site inside the lumen (39,40). Its existence

seems to be restricted to vertebrates, as it is not

found in nematodes or flies (40). The P4H-TM

polypeptide consists of 502 residues, the transmem-

brane domain spanning residues 59�82. The P4H-

TM sequence is 14%�15% and 10%�13% identical

to the C-P4H a subunits and HIF-P4Hs, respec-

tively, the corresponding identities between the

catalytic C-terminal regions being 26%�28% and

13%�15% (40). P4H-TM also resembles the C-P4H

a subunits in that the basic residue that binds the C5

carboxyl group of 2-oxoglutarate is a lysine in

position �10 with respect to the second Fe2�-

binding histidine (Figure 3). The P4H-TM poly-

peptide does not show any sequence similarity to the

peptide-substrate-binding domain of the C-P4H a
subunits, however.

P4H-TM levels in cultured cells are increased by

hypoxia, but its location is not affected (40). P4H-

TM mRNA is expressed in many human tissues,

with the highest levels in the brain, heart, skeletal

muscle, kidney, pancreas, and placenta (39,40).

Catalytic properties

Cosubstrates and reaction mechanism

The hydroxylation reaction catalyzed by the P4Hs

requires Fe2�, 2-oxoglutarate, O2, and ascorbate

(Figure 4) (5�8,23,24). A P4H-Fe2� complex is

formed first, followed by binding of 2-oxoglutarate,

the substrate, and O2 in this order (23,24). The

2-oxoglutarate is stoichiometrically decarboxylated

during hydroxylation, with one atom of the O2

molecule being incorporated into the succinate and

the other into the hydroxy group formed on the

proline residue (Figure 4). Ascorbate is not con-

sumed stoichiometrically, and P4Hs can catalyze a

number of reaction cycles in its absence. P4Hs also

catalyze uncoupled decarboxylation of 2-oxogluta-

rate, however, even in the presence of saturating

peptide substrate concentrations, i.e. decarboxyla-

tion without subsequent hydroxylation of a proline

residue, and ascorbate is consumed stoichiometri-

cally and acts as an alternative oxygen acceptor in

these cycles (Figure 4) (5�8,23,24).

Many 2-oxoglutarate dioxygenases have now

been crystallized (82), including a truncated HIF-

P4H-2 form (59) and a monomeric 253-residue

P4H from the green alga Chlamydomonas reinhardtii

that hydroxylates various proline-rich cell wall gly-

coproteins (83,84). Although the overall sequence

similarity between the various 2-oxoglutarate dioxy-

genases is very low, their catalytic sites are all located

in a common core fold, a double-stranded b-helix

(jelly-roll) fold that consists of eight b-strands (82).

The catalytic site of the P4Hs consists of a set of

separate locations for binding of the cosubstrates

(Figure 5) (85). The Fe2� binding site is coordi-

nated by the conserved -His-X-Asp- . . .-His- motif

(19�21,50,59,84). The 2-oxoglutarate binding site

can be divided into at least two distinct subsites: 1) a

positively charged residue located at position �10

(C-P4Hs) or �9 (HIF-P4Hs) with respect to the

distal Fe2�-binding histidine, together with some

other residues (19�21,50,59,84) that bind the C5

carboxyl group; and 2) two co-ordination sites of the

enzyme-bound Fe2� that bind the C1-C2 moiety

(Figure 5) (59,84,85).

The specific activity of a purified recombinant

human C-P4H-I has been reported to be 400 mol/

mol/min, while values of 20 mol/mol/min and 40�50

mol/mol/min have been determined for endogenous

HIF-P4H-2 in crude cell lysates and recombinant

human HIF-P4Hs 1-3 purified from insect cells,

respectively (86,87). The Km values of recombinant

human C-P4Hs I�III and HIF-P4Hs 1�3 for Fe2�,

2-oxoglutarate, and ascorbate are summarized

in Table I (8,9,50,54,61,87�90). The Km values of

all three C-P4Hs are essentially identical, except

that the Km of C-P4H-III for Fe2� is one-fourth

of those of C-P4Hs I and II (Table I). The Km values

of HIF-P4H 1 and 2 are very similar, while the

values of HIF-P4H-3 for Fe2� and 2-oxoglutarate

Prolyl 4-hydroxylases 407



are 3�10-fold higher than those of the other

two (Table I) (87,89,91). In general, the Km values

of the HIF-P4Hs for Fe2� and 2-oxoglutarate are

lower than those of the C-P4Hs, especially in the

case of HIF-P4H-1 and -2 (Table I). The Km values

of HIF-P4Hs for ascorbate are also about a half

of those of the C-P4Hs (Table I), whereas their

Km values for O2 are higher (Table I). The Km values

of HIF-P4Hs for O2, when measured with a 19-

residue peptide substrate representing the C-term-

inal hydroxylation site in HIF-1a, are very high,

230�250 mM, i.e. slightly above the concentration of

dissolved O2 in the air (61), but these Km values

depend on the length of the substrate used (88,90),

being about 65�100 mM in the presence of longer

substrates representing the full-length HIF-1

ODDDs or their N- or C-terminal halves (Table

I). As even these values are above the O2 concentra-

tions measured in almost all tissues under normoxic

conditions in vivo (92), the in vivo activities of the

HIF-P4Hs are likely to be limited by O2 and to be

altered by changes in its concentrations in a very

sensitive way, making the HIF-P4Hs effective oxy-

gen sensors (88).

Figure 5. Schematic representation of the catalytic site of the a(I)

subunit of human C-P4H-I. Fe2� is coordinated with the enzyme

by His412, Asp414, and His483. Subsite I of the 2-oxoglutarate

binding site consists of Lys493, which ionically binds the C5

carboxyl group of 2-oxoglutarate, while subsite II consists of two

cis-positioned equatorial coordination sites of the enzyme-bound

Fe2� and is chelated by the C1 carboxyl and C2 oxo functions of

the 2-oxoglutarate. Molecular oxygen is bound end-on in an axial

position, producing a dioxygen unit.

Figure 4. Reactions catalyzed by P4Hs. 2-Oxoglutarate is stoichiometrically decarboxylated during the hydroxylation reaction, which does

not require ascorbate (A). The enzymes also catalyze the uncoupled decarboxylation of 2-oxoglutarate without subsequent hydroxylation of

the peptide substrate. Ascorbate is stoichiometrically consumed in the uncoupled reaction, which may occur in either the presence (B) or

absence (C) of the peptide substrate.
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Substrates and interacting proteins

The C-P4Hs act on proline residues only in peptide

linkages, the minimum requirement being fulfilled

by an X-Pro-Gly tripeptide, which agrees with the

presence of 4-hydroxyproline in collagens almost

exclusively in positions preceding a glycine (5,6,8),

although the glycine can be replaced by an alanine or

a glutamate in some rare cases. The hydroxylation

efficiency is also affected by the amino acid preced-

ing the proline and by other nearby amino acids, and

the peptide chain length has a major effect in that the

Km decreases with an increasing number of -X-Pro-

Gly- repeats (5,6,8,93). The major determinant for

this phenomenon has been shown to be the higher

binding affinity of the peptide-substrate-binding

domain for long peptides (52). Hydroxylation of

-X-Pro-Gly- triplets in collagen polypeptides must

occur before the assembly of the collagen triple helix,

as the triple-helical peptide conformation completely

prevents hydroxylation.

The three C-P4H isoenzymes have certain differ-

ences in their peptide-binding properties. The Km

values of C-P4Hs I and III for the peptide (Pro-Pro-

Gly)10 are essentially identical, while that of C-P4H-

II is about 5-fold higher (5�9). Poly(L-proline)

inhibits C-P4H-I very effectively in a competitive

manner with respect to the peptide substrate,

whereas it inhibits C-P4H-II only at very high

concentrations, C-P4H-III apparently being inhib-

ited with intermediate efficiency (5�9). The peptide-

substrate-binding domain has been shown to be the

principal region responsible for these differences

(52), and according to site-directed mutagenesis

studies most of the differences in peptide binding

between C-P4Hs I and II are caused by the presence

of a glutamate and glutamine in the a(II) subunit

positions corresponding to Ile182 and Tyr233 in a(I)

(51).

4-Hydroxyproline is also found in more than 20

other proteins that have triple-helical collagen-like

domains but are not classified as collagens, including

the subcomponent C1q of complement, a C1q-

like factor, adiponectin, several humoral lectins of

the innate immune system, the tail structure of

acetylcholinesterase, three macrophage receptors,

ectodysplasin, gliomedin, elastic fiber-associated

glycoproteins, and a src-homologous-and-colla-

gen protein (1). Elastin, which does not have a

triple-helical collagen-like domain, also has 4-hydro-

xyproline in the Y positions of its repeating -X-Y-

Gly- sequences (6).

The HIF-P4Hs also hydroxylate only peptidyl

prolines, but their sequence specificity is distinct

from that of the C-P4Hs. The hydroxylated prolines

in HIF-as are present in -Leu-X-X-Leu-Ala-Pro-

sequences, and it was therefore first suggested that

the HIF-P4Hs may require this conserved core motif

(16,17). It was subsequently shown, however, that

the two leucines can be replaced by many other

residues, alanine being the only relatively, but still

not absolutely, strict requirement in addition to the

proline itself, the substrate specificity probably being

achieved by multiple interactions, none of which is

absolutely critical (94,95). The N-terminal prolines

in the HIF-1a and HIF-2a ODDDs are hydroxy-

lated much less effectively than the C-terminal

ones, especially in the case of HIF-P4H-3

(61,88,90,96,97). The HIF-P4Hs require longer

substrates than the C-P4Hs, the shortest HIF-a-

like peptide hydroxylated by all three HIF-P4Hs

having 11 residues (61), and as in the case of the

C-P4Hs, an increase in peptide length increases the

hydroxylation efficiency by reducing the Km

(61,88,90). No specific conformation is required,

as a 19-residue synthetic HIF-1a peptide which is

efficiently hydroxylated by all three HIF-P4Hs has

no structured conformation in solution (95,98).

Table I. Km values of recombinant human C-P4Hs I-III and HIF-P4Hs 1-3 for Fe2�, 2-oxoglutarate, O2 and ascorbatea.

Cosubstrate C-P4H-I C-P4H-II C-P4H-III HIF-P4H-1 HIF-P4H-2 HIF-P4H-3

Km, mM

Fe2� 2 2 0.5 0.03 0.03 0.1

2-Oxoglutarate 20 22 20 2 1 12

O2 40 N.D.b N.D. 230 250c 230

O2 100d

O2 65�85e

Ascorbate 300 340 370 170 180 140

aRefs. 8, 9, 50, 54, 61, 87�90.
bNot determined.
cKm for O2 determined with a 19-residue HIF1a peptide.
dKm for O2 determined with a 248-residue HIF1a ODDD fragment.
eKm for O2 determined with 123-195-residue HIF1a and HIF2a ODDD fragments.
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The three HIF-P4Hs exhibit certain substrate

preferences. RNA interference studies in cultured

cells have suggested that HIF-P4H-2 may act more

effectively on HIF-1a than on HIF-2a, while HIF-

P4H-3 seems to have the opposite preference (66).

Differences in the Km values of the three HIF-P4Hs

for HIF-a-like synthetic peptides and HIF-1a and

HIF-2a ODDDs (61,88) do not explain these

observations, however. It is therefore highly likely

that the relative contributions of the three HIF-

P4Hs to the regulation of HIF-1a and HIF-2a are

determined by many factors, including differences in

the Km values, abundance and cellular location of

each isoenzyme, and the physiological status of the

cell.

Recent data indicate that the HIF-P4Hs are also

likely to act on proteins other than the HIF-as.

Indirect evidence suggests that the large subunit of

RNA polymerase II, iron regulatory protein IRP-2,

IkB kinase-b, and the activating transcription factor

ATF4 are regulated by HIF-P4Hs in an oxygen-

dependent manner and may therefore be novel

substrates (99�103). Non-substrate proteins inter-

acting with HIF-P4Hs may also affect the hypoxia

response by regulating the amount or activity of

HIF-P4Hs or the recruitment of additional proteins,

and may provide links with other signaling pathways.

The cytosolic chaperonin TriC, for example, associ-

ates with HIF-P4H-3 and may regulate its activity

(104), while the ring finger protein Siah2 negatively

regulates HIF-P4H-1 and -3 levels by targeting them

to proteasomal degradation (105,106), OS-9 inter-

acts with both HIF-P4Hs and HIF-1a and promotes

hydroxylation and degradation of HIF-1a (107), the

candidate tumor suppressor ING4 associates with

HIF-P4Hs and is recruited by this means to HIF to

act as an adapter for the binding of transcriptional

repressors of HIF activity (108), the mitogen-acti-

vated protein kinase organizer Morg1 acts as a

molecular scaffold for HIF-P4H-3 (109), and the

peptidyl prolyl cis/trans isomerase FKBP38 interacts

with HIF-P4H-2 and prolongs its stability (110).

Despite the cellular location of P4H-TM and its

higher sequence identity with the C-P4H a subunits

than the HIF-P4Hs, P4H-TM was found to hydro-

xylate HIF-1a but not type I procollagen chains in

vitro (39,40). Furthermore, overexpression of P4H-

TM suppressed HIF activity and reduced cellular

recombinant HIF-a ODDD levels, whereas silencing

of P4H-TM increased the HIF-1a protein level

(39,40). These data indicate that P4H-TM can

also act on HIF-a in cellulo. P4H-TM resembles

HIF-P4H-3 in that it acts very inefficiently on the

N-terminal hydroxylation site of HIF-1a (40). A low

level of hydroxylation was nevertheless obtained with

P4H-TM even with a mutant ODDD in which both

known target prolines of the HIF-P4Hs were chan-

ged to alanine (40). This indicates that the substrate

specificity of P4H-TM differs from those of the

HIF-P4Hs, and it is thus possible that P4H-TM

may have additional, as yet unknown, physiological

substrates.

Inhibitors

The central roles of the C-P4Hs and HIF-P4Hs in

synthesis of the extracellular matrix and regulation

of the hypoxia response, respectively, have prompted

attempts to develop inhibitors of their activity for

therapeutic purposes (see below). Numerous com-

pounds are known to inhibit the C-P4Hs competi-

tively with respect to some of the cosubstrates or the

peptide substrate (for reviews, see (5,6,8)). As C-

P4H inhibitors have been extensively discussed in

the previous literature, this chapter will mainly

concentrate on recent advances that have been

made in this field since the discovery of the HIF-

P4Hs (111,112). All P4Hs are inhibited by iron

chelators such as a,a’-dipyridyl, desferrioxamine,

and ciclopirox olamine, the HIF-P4Hs being inhib-

ited much less effectively than C-P4Hs, however,

presumably due to their markedly tighter binding of

Fe2� (19,20,87,113). Many bivalent cations such as

Zn2�, Co2�, Cd2�, and Ni2� inhibit P4Hs com-

petitively with respect to Fe2� (Table II) (19,20,87),

and Co2� and Ni2� are known hypoxia mimetics

and stabilize HIF-1a in cultured cells (28,87). As

competitive inhibition of HIF-P4Hs, especially of

HIF-P4H-2, by these metals was not particularly

effective, it is possible that other reported mechan-

isms, i.e. depletion of intracellular ascorbate or

direct binding to HIF-1a, inhibiting its proteasomal

degradation, may also contribute to the metal-

induced stabilization of HIF-1a (87,114,115).

Induction of nitric oxide formation in normoxic

cell cultures leads to the inhibition of collagen

synthesis and stabilization of HIF-1a (116,117).

Nitric oxide competes with the binding of oxygen

to 2-oxoglutarate dioxygenases (23) and inhibits

HIF-P4Hs under normoxic conditions (117,118).

Reactive oxygen species also reduce HIF-P4H

activity and lead to subsequent accumulation of

HIF, but the exact mechanism remains undeter-

mined (119�121).

A number of structural analogues of 2-oxogluta-

rate inhibit P4Hs competitively with respect to this

cosubstrate (5,6,8,21,61,111,112,122�128) (Table

II). Distinct differences are found in the inhibitory

potency of such compounds with respect to the C-

P4Hs and HIF-P4Hs (61) (Table II), indicating that
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their catalytic sites differ sufficiently to allow the

development of specific inhibitors of the two P4H

classes, which would in turn enable the development

of selective therapeutics. Pyridine 2,5-dicarboxylate,

for example, is a very potent inhibitor of the C-P4Hs

but does not inhibit the HIF-P4Hs (61) (Table II). It

should also be noted that certain differences are to

be found in the inhibition of the individual HIF-P4H

isoenzymes (61) (Table II).

2-Oxoglutarate is a metabolic intermediate gen-

erated by the mitochondrial tricarboxylic acid cycle

(TCA), and certain TCA intermediates such as

fumarate and succinate have been shown to inhibit

the HIF-P4Hs and C-P4Hs (Table II) (88,129�
132). Mutations in the genes for the TCA cycle

enzymes fumarate hydratase and succinate dehydro-

genase predispose subjects to dominantly inherited

highly vascular tumors with accumulated HIF-1a
and elevated fumarate and succinate levels (133),

respectively, and the inhibition of HIF-P4Hs is thus

likely to play an important role in the pathology of

these tumors.

Therapeutic possibilities

Normal wound repair after injury involves the

formation of scars and fibrous tissue, but in some

situations collagen accumulates in excessive

amounts, leading to pathological fibrosis, which

compromises the normal architecture and function-

ing of the affected tissue. Fibrosis can occur in

essentially any organ or tissue, but most commonly

affects the liver, kidneys, lungs, and skin. The central

role of collagen in fibrosis has prompted attempts to

develop drugs that inhibit its accumulation, and the

critical function of 4-hydroxyproline in collagens has

made C-P4Hs an attractive target for antifibrotic

therapy (for reviews, see (5,55,134)). Many com-

pounds that inhibit C-P4Hs are now known (see

above), and some of them have shown promising

results in various models of fibrosis (5,6,8), but no

such inhibitor is yet in clinical use. Candidate

inhibitors should be highly selective, as the treat-

ment of chronic fibrotic conditions will most prob-

ably require long-term C-P4H inhibition, and this

should not interfere with the functioning of the HIF-

P4Hs.

The activation of HIF may prove to be of great

therapeutic value in a number of pathological

ischemic and hypoxic conditions (27,33,34,111,

112,135,136). The central role of the HIF-P4Hs in

the regulation of the stability of HIF-1a and HIF-2a
has provided an attractive possibility for the devel-

opment of therapies. The identification and design

of small-molecule HIF-P4H inhibitors that lead to

the stabilization of HIF has therefore attracted

considerable attention. Evidence of the effectiveness

of such inhibitors is now rapidly accumulating from

preclinical and clinical studies.

The biological process known as precondition-

ing, i.e. cytoprotective adaptation triggered by brief

periods of sublethal ischemia, is known to enhance

cellular mechanisms that provide protection against

postischemic injury (135,137,138). HIF target genes

are important mediators of this phenomenon, as

neuron-specific inactivation of HIF-1a, for instance,

has been shown to increase brain injury in a mouse

model of transient focal cerebral ischemia (139), and

a partial deficiency in HIF-1a leads to a complete

loss of the cardioprotection induced by hypoxic

preconditioning in mice (140). The P4H inhibitors

Table II. Inhibition of purified recombinant C-P4H-I and HIF-P4Hs 1-3 by certain metals and 2-oxoglutarate analoguesa.

Inhibitor C-P4H-I HIF-P4H-1 HIF-P4H-2 HIF-P4H-3

IC50, mM

Zn2� 0.6b 28 130 4

Co2� 14 38 100 9

Ni2� 37 130 �1000 120

Ki, mM

Pyridine 2,4-dicarboxylate 2 40 7 8

Pyridine 2,5-dicarboxylate 0.8 �300 �300 �300

3-Hydroxypyridine-2-carbonyl-glycine 0.4 15 2 1

Oxalylglycine 1.9 50 8 10

3,4-Dihydroxybenzoic acid 5 �300 �300 �300

3-Carboxy-4-oxo-3,4-dihydro-1,10-phenanthroline 2 30 10 10

N-((3-hydroxy-6-chloroquinolin-2-yl)carbonyl)glycine 0.06 0.8 0.2 0.2

Fumarate 190 80 60 50

Succinate 400 350 460 430

aRefs. 9, 61, 87.
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ethyl 3,4-dihydroxybenzoate and dimethyloxalylgly-

cine protect the cardiomyocytes from stress

caused by metabolic inhibition and attenuate post-

ischemic myocardial injury in rabbits (141,142), and

L-mimosine and dimethyloxalylglycine protect

mouse kidneys from renal ischemia reperfusion

injury (143). Various proprietory HIF-P4H inhibi-

tors developed at FibroGen Inc. have been shown to

inhibit the death of embryonic rat cortical neurons

caused by oxidative stress and to mediate a pre-

conditioning that results in reduction of the neuronal

damage induced by permanent focal brain ischemia

in adult rats in vivo (144), to improve cardiac

function after acute myocardial infarction in rats

and rabbits (141,145), to alleviate acute ischemic

renal failure in rats (146), and to provide neuropro-

tection and renoprotection in rodent permanent

focal brain ischemia and acute kidney injury models,

respectively (147,148). Remarkably, the protective

efficacy in the two last-mentioned reports was not

limited to preconditioning, but was even observed

upon administration of the HIF-P4H inhibitor after

the initiation of the ischemic insult. Other unique

HIF-P4H inhibitors have also been shown to exert

neuron protection in a rodent model of cerebrovas-

cular disease (128).

Recombinant human Epo is used to treat severe

anemias associated with renal disease and cancer, for

example (149,150). An interesting alternative strat-

egy is provided by the induction of HIF through

HIF-P4H inhibitors, which would not only enhance

the expression of Epo but also upregulate other

genes that are important for erythropoiesis (149�
151). Such compounds have been shown to effec-

tively correct anemia and improve iron utilization in

rodent models of anemia (152) and to significantly

increase erythropoiesis and prevent anemia induced

by weekly phlebotomy in rhesus macaques (153).

The increased erythropoiesis induced by these HIF-

P4H inhibitors was found to occur in xenograft

tumor models without the promotion of tumor

progression in the presence or absence of concomi-

tant chemotherapy (152). Furthermore, induction of

effective erythropoiesis and increased hemoglobin

concentrations has been obtained in anemic human

patients with chronic kidney disease by means of the

HIF-P4H inhibitors FG-2216 and FG-4592 in two

phase 2 studies (154,155), and the stimulation of

Epo production has even been seen in anephric

hemodialysis patients in a phase 1 study (156).

HIF activates the expression of several angio-

genic growth factors, such as the vascular endothelial

growth factor (VEGF), and their receptors (157).

Single angiogenic growth factors are insufficient for

the formation of a functional vasculature, as the

newly formed vessels induced by VEGF, for exam-

ple, are leaky and poorly connected to the existing

vasculature (158). Activation of the angiogenic

program by HIF may therefore offer major advan-

tages in therapeutic angiogenesis. In agreement with

this suggestion, gene delivery of a stabilized form of

HIF-1a by an adeno-associated virus was shown to

be superior to VEGF for angiogenesis in mouse

skeletal muscle (159). Stabilization of HIF by HIF-

P4H inhibition induced angiogenesis in rodent

sponge models (128,160), and angiogenic responses

triggered by HIF-P4H inhibition improved lung

growth and function in chronic lung disease of

prematurity in primates (161,162).

The data obtained with P4H inhibitors in various

animal models of fibrosis, anemia, and ischemia, and

in ongoing clinical trials with HIF-P4H inhibitors,

suggest efficacy in a number of applications (see

above). The development of P4H inhibitors for

therapeutic purposes also presents several chal-

lenges, however. Although it seems possible to

develop specific inhibitors for the two classes of

P4Hs, their specificity against the large number of

other 2-oxoglutarate dioxygenases, and thus the lack

of unwanted off-target effects, remains to be estab-

lished. Likewise, the variety of responses triggered by

stabilization of HIF presents both challenges and

opportunities. It is significant, however, that certain

HIF-P4H inhibitors have been shown to display

specificity with respect to the HIF target genes

upregulated, e.g. by specifically mediating erythro-

poietic but not angiogenic responses (151).
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Esparza-Gordillo J, Worm M, et al. Variants in a novel

epidermal collagen gene (COL29A1) are associated with

atopic dermatitis. PLoS Biol. 2007;5:e242.

5. Kivirikko KI, Myllyharju J. Prolyl 4-hydroxylases and

their protein disulfide isomerase subunit. Matrix Biol.

1998;16:357�68.

6. Kivirikko KI, Pihlajaniemi T. Collagen hydroxylases and the

protein disulfide isomerase subunit of prolyl 4-hydroxylases.

Adv Enzymol Relat Areas Mol Biol. 1998;72:325�98.

7. Myllyharju J. Prolyl 4-hydroxylases, the key enzymes of

collagen biosynthesis. Matrix Biol. 2003;22:15�24.

8. Myllyharju J. Intracellular post-translational modifications

of collagens. Top Curr Chem. 2005;247:115�47.

412 J. Myllyharju



9. Kukkola L, Hieta R, Kivirikko KI, Myllyharju J. Identifica-

tion and characterization of a third human, rat, and mouse

collagen prolyl 4-hydroxylase isoenzyme. J Biol Chem.

2003;278:47685�93.

10. Van Den Diepstraten C, Papay K, Bolender Z, Brown A,

Pickering JG. Cloning of a novel prolyl 4-hydroxylase

subunit expressed in the fibrous cap of human atherosclero-

tic plaque. Circulation. 2003;108:508�11.

11. Annunen P, Koivunen P, Kivirikko KI. Cloning of the a
subunit of prolyl 4-hydroxylase from Drosophila and

expression and characterization of the corresponding en-

zyme tetramer with some unique properties. J Biol Chem.

1999;274:6790�6.

12. Keskiaho K, Kukkola L, Page AP, Winter AD, Vuoristo J,

Sormunen R, et al. Characterization of a novel Caenorhab-

ditis elegans prolyl 4-hydroxylase with a unique substrate

specificity and restricted expression in the pharynx and

excretory duct. J Biol Chem. 2008, in press.

13. Myllyharju J, Kukkola L, Winter AD, Page AP. The

exoskeleton collagens in Caenorhabditis elegans are mod-

ified by prolyl 4-hydroxylases with unique combinations of

subunits. J Biol Chem. 2002;277:29187�96.

14. Riihimaa P, Nissi R, Page AP, Winter AD, Keskiaho K,

Kivirikko KI, et al. Egg shell collagen formation in

Caenorhabditis elegans involves a novel prolyl 4-hydroxylase

expressed in spermatheca and embryos and possessing many

unique properties. J Biol Chem. 2002;277:18238�43.

15. Abrams EW, Mihoulides WK, Andrew DJ. Fork head

and Sage maintain a uniform and patent salivary gland

lumen through regulation of two downstream target

genes, PH4alphaSG1 and PH4alphaSG2. Development.

2006;133:3517�27.

16. Ivan M, Kondo K, Yang H, Kim W, Valiando J, Ohh M,

et al. HIFa targeted for VHL-mediated destruction by

proline hydroxylation: implications for O2 sensing. Science.

2001;292:464�8.

17. Jaakkola P, Mole DR, Tian Y-M, Wilson MI, Gielbert J,

Gaskell SJ, et al. Targeting of HIF-a to the von Hippel-

Lindau ubiquitylation complex by O2-regulated prolyl

hydroxylation. Science. 2001;292:468�72.

18. Yu F, White SB, Zhao Q, Lee FS. HIF-1a is regulated by

stimulus sensitive proline hydroxylation. Proc Natl Acad Sci

USA. 2001;98:9630�5.

19. Bruick RK, McKnight SL. A conserved family of prolyl 4-

hydroxylases that modify HIF. Science. 2001;294:1337�40.

20. Epstein ACR, Gleadle JM, McNeill LA, Hewitson KS,

O’Rourke J, Mole DR, et al. C. elegans EGL-9 and

mammalian homologs define a family of dioxygenases that

regulate HIF by prolyl hydroxylation. Cell. 2001;107:43�54.

21. Ivan M, Haberberger T, Gervasi DC, Michelson KS,

Günzler V, Kondo K, et al. Biochemical purification and

pharmacological inhibition of a mammalian prolyl hydro-

xylase acting on hypoxia-inducible factor. Proc Natl Acad

Sci USA. 2002;99:13459�64.

22. Centanin L, Ratcliffe PJ, Wappner P. Reversion of lethality

and growth defects in Fatiga oxygen-sensor mutant flies by

loss of hypoxia-inducible factor-a/Sima. EMBO Rep.

2005;6:1070�5.

23. Schofield CJ, Ratcliffe PJ. Oxygen sensing by HIF hydro-

xylases. Nat Rev Mol Cell Biol. 2004;5:343�54.

24. Schofield CJ, Ratcliffe PJ. Signalling hypoxia by HIF

hydroxylases. Biochem Biophys Res Commun. 2005;338:

617�26.

25. Kaelin WG Jr. Proline hydroxylation and gene expression.

Annu Rev Biochem. 2005;74:115�28.

26. Ozer A, Bruick RK. Non-heme dioxygenases: cellular

sensors and regulators jelly rolled into one? Nat Chem

Biol. 2007;3:144�53.

27. Siddiq A, Aminova LR, Ratan RR. Hypoxia inducible factor

prolyl 4-hydroxylase enzymes: center stage in the battle

against hypoxia, metabolic compromise and oxidative stress.

Neurochem Res. 2007;32:931�46.

28. Semenza GL. HIF-1, O2, and the 3 PHDs: how animal cells

signal hypoxia to the nucleus. Cell. 2001;107:1�3.

29. Hofbauer K-H, Gess B, Lohaus C, Meyer HE, Katschinski

D, Kurtz A. Oxygen tension regulates the expression of a

group of procollagen hydroxylases. Eur J Biochem.

2003;270:4515�22.

30. Wang V, Davis DA, Haque M, Huang LE, Yarchoan R.

Differential gene up-regulation by hypoxia-inducible factor-

1a and hypoxia-inducible factor-2a in HEK293T cells.

Cancer Res. 2005;65:3299�306.

31. Elvidge GP, Glenny L, Appelhoff RJ, Ratcliffe PJ, Ragoussis

J, Gleadle JM. Concordant regulation of gene expression by

hypoxia and 2-oxoglutarate-dependent dioxygenase inhibi-

tion. The role of HIF-1a, HIF-2a, and other pathways.

J Biol Chem. 2006;281:15215�26.

32. Erler JT, Bennewith KL, Nicolau M, Dornhöfer N, Kong C,
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