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Abstract 

Prolyl 4-hydroxylases (EC 1.14.11.2) catalyze the formation of 4-hydroxyproline in colla- 
gens and other proteins with collagen-like sequences. The vertebrate type I and type II en- 
zymes are [0~(I)]2]32 and [0t(II)]2[32 tetramers, respectively, whereas the enzyme from the nema- 
tode Caenorhabditis elegans is an c~[3 dimer. The type I enzyme is the major form in most but 
not all vertebrate tissues. The catalytic properties of the various enzyme forms are highly 
similar, but there are distinct, although small, differences in Km values for various peptide 
substrates between the enzyme forms and major differences in K~ values for the competitive 
inhibitor, poly(L-proline). Prolyl 4-hydroxylase requires Fe 2+, 2-oxoglutarate, O2 and ascor- 
bate. Kinetic studies and theoretical considerations have led to elucidation of the reaction 
mechanism, and recent extensive site-directed mutagenesis studies have identified five critical 
residues at the cosubstrate binding sites. A number of compounds have been characterized 
that inhibit it competitively with respect to some of the cosubstrates, and three groups of sui- 
cide inactivators have also been identified. The 13 subunit in all forms of prolyl 4-hydroxylase 
is identical to protein disulfide isomerase (PDI), a multifunctional polypeptide that also 
serves as a subunit in the microsomal triglyceride transfer protein, as a chaperone-like 
polypeptide that probably assists folding of a number of newly synthesized proteins, and in 
several other functions. The main role of the PDI polypeptide as a protein subunit is proba- 
bly related to its chaperone function. Recent expression studies of recombinant human prolyl 
4-hydroxylase subunits in a yeast have indicated that the formation of a stable enzyme 
tetramer in vivo requires coexpression of collagen polypeptide chains. 

Key words: chaperone, collagen, dioxygenase, prolyl 4-hydroxylase, protein disulfide iso- 
merase. 

Introduction 

Prolyl 4-hydroxylase (EC 1.14.11.2) catalyzes the for- 
mation of 4-hydroxyproline in collagens and more than 
ten additional proteins with collagen-like sequences. 
This enzyme has a central role in the synthesis of all col- 
lagens, as the hydroxy groups of the 4-hydroxyproline 
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residues are essential for the formation of the collagen 
triple helix at body temperature. This critical function of 
4-hydroxyproline makes prolyl 4-hydroxylase a poten- 
tial target for therapeutic modulation of the excessive 
collagen accumulation found in patients with various fi- 
brotic diseases and has prompted numerous studies on 
the enzyme (for more extensive reviews and detailed ref- 
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erences, see Kivirikko et al., 1992; Kivirikko and Pihla- 
janiemi, 1998). 

The prolyl 4-hydroxylases from all vertebrate sources 
studied are %[3: tctramers.  Although this over-all struc- 
ture has been known for more than 25 years, all at- 
tempts to assemble an enzyme tetramer from its subunits 
i ,  uitro have been unsuccessful. A fully active recombi- 
nant prolyl 4-hydroxylase tetramer has been produced, 
howevcr, by coexpression of the two types of enzyme 
subunit in insect cells (Vuori et al., 1992b) and a yeast 
(Vuorela c ta l . ,  1997). This has made it possible to initi- 
ate cxtcnsive site-directed mutagenesis studies to identify 
functionally impor tant  amino acid residues of the en- 
zyme and to perform detailed studies on its various 
properties. Coexpression of thc enzyme subunits with 
collagen polypcpride chains has also made it possible to 
develop high-level expression systems for recombinant  
human collagens in insect cells, which have insufficient 
levels of endogenous prolyI 4-hydroxylase activity (l,am- 
berg et al., 1996a; Myllyharju et al., 1997), and in ,yeast, 
which has no prolyl 4-hydroxylase activity at all 
(Vuorela et al., 1997). 

The ~ Subunits Specify the Forms of 
ProLyl 4-Hydroxytase 

Prolyl 4-hydroxylase had long been assumed to be of 
one type only, with no isoenzymes, but recently an iso- 
form of the vertebrate c* subunit,  termed the c~(ll) sub- 
unit, has been cloned and characterized from man (An- 
nunen et al., 1997) and from mouse (Helaakoski  et al., 
1995). Corresponding[ B the previously known verte- 
brate (~ subunit,  which has been cloned from human 

Type ! Type 11 C. Elegans Algae PDi 

Inhibition by poly(L-pro) 

+++ _+ + (Substrate) 0 

Figure 1. Schematic representation of the different forms of 
prolyl 4-hydroxylasc. The PDI dimcr and inhibition of the vari- 
ous prolyl 4-hydroxylase forms and PDI [~> Ir poly(L-proline) are 
a]so shown. 

(Helaakoski  et al., 1989), rat (Hopkinson et al., 1994), 
mouse (Helaakoski  et al., 1995) and chicken (Bassuk et 
al., 1989) sources, is n o w  called the o:(I) subunit. Both 
types form an c~,[~2 tetramer with the same ~ subunit,  thc 
Ic*(I)IeD2 and [c~(II)]2~, tetramers (Fig. I) being termed 
the type 1 and type II enzymes, respectively (Helaakoski  
et al., 1995). Data on coexpression in insect cells 
strongly argue against the presence of an o'.(l)0t(ll}~, 
te t ramer containing both types of c~ subunit in a single 
molecule (Annuncn et al., 1997). 

The processed human 0t(l) and c,(II) subunits consist 
of 517 and 514 amino acids, rcspectivel B both being 
synthesized in a form containing a signal peptide of 17 
or 21 additional residues (Helaakoski  et al., 1989; An- 
n u n e n  e t  al., 1997). The over-all amino acid sequence 
identity between the processed human cql) and c,(ll) 
subunits is 64%. This identity is not distributed equally, 
being highest within the C-terminal region, which con- 
tains many residues inw)lved in cosubstrate binding sites 
(Fig. 2). Both types o f  c~ subunit contain five cystcine 
residues in identical positions, but the c~(II) subunit con- 
tains an additional cysteine located between the fourth 
and fifth cysteines of the ~(I) subunit (Fig. 2). Site-di- 
rected mutagenesis studies suggest that the second and 
third cysteines in the 0t(1) subunit form one mtracham 
disulfide bond and the fourth and fifth cysteines anothen 
both these disulfide bonds being essential for the (~ sub- 
units to maintain the native structurcs needed for 
te t ramer assembly (John and Bulleid, 1994; l ,amberg et 
al., 1995). The tetramers have no interchain disulfide 
bonds. 

517 

('293 

D IIKI! 

NC ( ( ( ( 

Figure 2. Schematic representation of the cql) {A) and cqll) (B) 
subunits of human prolyl 4-hydroxylasc and the ~ suhtmit of 
the C. elegans enzyme (C). Numbering of the amino acids be 
gins with the first residue in the processed cz subunits. Amino 
acids that are identical or similar between at least two of the (x 
subunits arc shown in black or grey, respectively. Cysteinc 
residues, potential attachment sites for asparagine-linked 
oligosaccharides and the critical histidme, aspartate and lysinc 
residues prcsent at the cosubstrate binding sites arc also 
shown. 
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The c~(I) and (x(II) subunits each contain two potential 
attachment sites for asparagine-linked oligosaccharides 
(Fig. 2). Site-directed mutagenesis studies on the human 
c~(I) subunit have indicated that mutation of both these 
asparagines to glutamines causes no changes in tetramer 
assembly or in the catalytic properties of the tetramer 
(Lamberg et al., 1995). The extent of glycosylation of 
these two asparagines is variable, thus causing hetero- 
geneity in the forms of the enzyme tetramer. An addi- 
tional heterogeneity in forms of the type I enzyme is 
caused by mutually exclusive alternative splicing of 
RNA sequences corresponding to two consecutive, ho- 
mologous 71 bp exons, 9 and 10, in the o~(I) subunit 
gene (Helaakoski et al., 1989, 1994). 

The mRNAs for the 0~(I) and 0~(II) subunits, and also 
the corresponding polypeptides, are expressed in a vari- 
ety of human and mouse cells and tissues (Helaakoski et 
al., 1995; Annunen et al., 1997; P. Annunen and K. I. 
Kivirikko, unpublished). The type I enzyme accounts for 
60-90% of the total prolyl 4-hydroxylase activity in 
many cell types and tissues and the type 1I enzyme for 
10-40%, but the opposite situation exists in cultured 
chondrocytes and cartilage, in which the type II enzyme 
represents about 70-80% (P. Annunen and K. [. 
Kivirikko, unpublished). 

Molecular cloning and characterization of the 13 sub- 
unit of human prolyl 4-hydroxylase indicated, surpris- 
ingly, that this polypeptide is identical to another en- 
zyme, protein disulfide isomerase (PDI, EC 5.3.4.1 ), and 
has PDI activity even when present in the native prolyl 
4-hydroxylase tetramer (Koivu et al., 1987; Pihlajaniemi 
et al., 1987). The PDI polypeptide is synthesized in a 
large excess over the c~ subunits, and thus regulation of 
the amounts of active prolyl 4-hydroxylase occurs 
mainly through the latter (Kivirikko et al., 1989; 
Kivirikko et al., 1992). The multifunctional PDI 
polypeptide will be discussed further toward the end of 
this review. 

An c~ subunit of prolyl 4-hydroxylase has also been 
cloned from the nematode Caenorhabditis elegans (Vei- 
jola et al., 1994). This (x subunit forms an active recom- 
binant enzyme in insect cells with either the C. elegans 
or human PDI polypeptide, but surprisingly, the en- 
zymes containing the C. elegans c( subunit are c~[~ dimers 
(Fig. 1; Veijola et al., 1994, 1996a). The C. elegans PDI 
polypeptide also forms active prolyl 4-hydroxylases with 
human 0t subunits, but the resulting enzymes are c(~]3~ 
tetramers (Veijola et al., 1996a). Formation of a 
tetramer or dimer thus depends on the properties of the 
0t subunit. It is still not known whether any of the other 
nonvertebrate prolyl 4-hydroxylases are dimers rather 
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than tetramers. It may be noted that some forms of pro- 
lyl 4-hydroxylase do not even have any PDI subunit (Fig. 
1), as the enzymes from unicellular and multicellular 
green algae are 0~ monomers (Kaska et al., 1988). 

The processed C. elegans c~ subunit is 542 amino acids 
in size, the difference relative to the vertebrate ~ sub- 
units (above) being mainly due to a 32-amino acid C-ter- 
minal extension (Fig. 2) which is not found in the verte- 
brate 0t subunits (Veijola et al., 1994). l)eletion of this 
extension from the C. elegans c~ subunit prevents assem- 
bly of an enzyme dimer (Veijola et al., 1996a). The se- 
quence of the C. elegans c~ subunit has features of both 
types of vertebrate c~ subunit (Veijola et al., 1994; 
Helaakoski et al., 1995), the degrees of amino acid se- 
quence identity between the C. elegans c( subunit and 
the human 0~(I) and c~(II) subunits, excluding the C-ter- 
minal extension present only in the C. elegans c~ subunit, 
being 45% and 42%, respectively (Veijola et al., 1994; 
Annunen et al., 1997). The highest degree of identity be- 
tween all these c~ subunits is found within their C-termi- 
nal regions (Fig. 2). 

Peptide Substrates and Corresponding 
Inhibitors 

Prolyl 4-hydroxylase is located within the lumen of 
the endoplasmic reticulum and acts in vivo on proline 
residues in appropriate sequences of growing and newly 
synthesized polypeptide chains. The enzyme does not 
hydroxylate free proline or tripeptides with the structure 
Gly-X-Pro or Pro-Gly-X #7 vitro, whereas tripeptides 
with the structure X-Pro-Gly are hydroxylated. Studies 
with various peptides have indicated that the minimum 
sequence requirement for a vertebrate prolyl 4-hydroxy- 
lase is fulfilled by an -X-Pro-Gly- triplet (see Kivirikko et 
al., 1992). However, the tetrapeptides Pro-Pro-Ala-Pro 
and Pro-Pro-Glu-Pro are also hydroxylated, although at 
a very low rate (Atreya et al., 1991). This agrees with 
the presence of a few" single -X-4Hyp-Ala- sequences in 
the subcomponent CI q of complement and m some col- 
lagen polypeptide chains. 

The K,,, values for short peptides with a single hydrox- 
ylatable -X-Pro-Gly- unit are usually very high and de- 
crease markedly with an increase in the number of re- 
peated -X-Pro-Gly- triplets. The Km of type I prolyl 4- 
hydroxylase for the tripeptide Pro-Pro-Gl> for example, 
is about 20 mM, whereas those for (Pro-Pro-Gly)s and 
(Pro-Pro-Gly),(~ are about 2 mM and 50 laM, respec- 
tively, and that for nonhydroxylated type I procollagen 
polypeptide chains with molecular weights of about 
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150,000 is only about 0.2 pM, all these values being ex- 
pressed as concentrations of the -X-Pro-Gly- units. This 
marked dependence of the K,~, on the length of the col- 
lagenous sequence may explain why 4-hydroxyproline is 
found in only a very few proteins with a single -X-Pro- 
Gly- triplet (for references, see Kivirikko et al., 1992; 
Kivirikko and Pihlajaniemi, 1998). 

The interaction of prolyl 4-hydroxylase with peptide 
substrates is further affected by the amino acid in the X 
position of the triplet to be hydroxylated, by other adja- 
cent amino acids and by the peptide conformation (see 
Kivirikko et al., 1992). The triple-helical conformation 
completely prevents hydroxylation, indicating that hy- 
droxylation of the newly synthesized collagenous 
polypeptide chains in cells must take place before triple 
helix formation. It has been proposed that the X-Pro 
segment may have to assume a poly(L-proline) II confor- 
mation at the binding site of the enzyme, while the Pro- 
Gly segment may have to assume a 18 turn for the proline 
residue to be hydroxylated at the catalytic site (Atreya et 
al., 1991 ). No direct data, however, are currently avail- 
able to support this model. 

Poly(L-proline) is a highly effective competitive in- 
hibitor of the vertebrate type I prolyl 4-hydroxylase (Fig. 
1), the Ki decreasing with increasing chain length, so 
that poly(L-proline) with a molecular weight of 15,000 
has a K, of 0.02 laM. In the cases of plant prolyt 4-hy- 
droxylases, poly(L-proline) is an effective polypeptide 
substrate (see Kivirikko et al., 1992). The vertebrate 
type II enzyme differs from both these prolyl 4-hydroxy- 
lases in that poly(L-proline) is only a very weak inhibitor 
(Fig. 1), its K~ values being up to 1000 times higher than 
those of the type I enzyme (Helaakoski et al., 1995; An- 
nunen et al., 1997). The C. elegans prolyl 4-hydroxylase 
dimer resembles the vertebrate type II enzyme in this re- 
spect (Veijola et al., 1994, 1996a). These findings sug- 
gest that there must be some distinct differences in the 
structures of the peptide binding sites between the vari- 
ous forms of prolyl 4-hydroxylase. Comparison of K,,1 
values of the vertebrate type I and type II enzymes for 
three peptide substrates, Gly-Val-Pro-Val-G1B (Pro-Pro- 
Gly)~0 and nonhydroxylated type I procollagen, has in 
fact indicated that these values are about 3-6-fold in the 
case of the type II enzyme, but this difference is very 
minor when compared with the up to 1000-fold differ- 
ence in the K~ values for poly(L-proline) (Annunen et al., 
1997). 

Peptides in which the proline residue to be hydroxy- 
lated has been replaced by 5-oxaproline, a proline ana- 
log containing oxygen as part of the five-membered ring, 
are suicide inactivators of prolyl 4-hydroxylases (Grin- 

zler et al., 1988a). The most effective such peptide stud- 
ied to date has the structure benzyloxycarbonyl-Phe- 
Oxaproline-Gly-benzylester and inactivates type I prolyl 
4-hydroxylase by 50% in 1 h at a 0.8 lJM concentration. 
Replacement of the glycine by other amino acids com- 
pletely eliminates the inactivating effect, while replace- 
ment of the phenylalanine by alanine, valine or gluta- 
mate reduces its potency in this order (Giinzler et al., 
1988a). 

Cosubstrates and Reaction Mechanisms 

Prolyl 4-hydroxylase requires Fe >, 2-oxoglutarate, Oe 
and ascorbate (Fig. 3), there being no differences in the 
K,11 values for these cosubstrates between the various en- 
zyme forms (Veijola et al., 1994, 1996a; Helaakoski et 
al., 1995; Annunen et al., 1997). The 2-oxoglutarate is 
stoichiometrically decarboxylated during hydroxylation, 
with one atom of the 02 molecule being incorporated 
into the succinate and the other into the hydroxy group 
formed on the proline residue. Ascorbate is not con- 
sumed stoichiometrically, and the enzyme can complete 
a number of catalytic cycles at an essentially maximal 
rate in its absence (Fig. 3A). The reaction requiring 

COON I 

N - - C  / %1 * Uz * 

H~ 4.1.~p COOH COOH 
Pro 2-OG SUCC 

co2 

~oo. . ~, coo. 
O O 

(~OOH H~;OH 
COOH 

~ . ~ • ~ ~., • c o , .  

I I COOH 
C, OOH HO OH o o 

Figure 3. Schematic representation of the reactions catalyzed 
by prolyl 4-hydroxylases. The 2-oxoglutarate is stoichiometri- 
cally decarboxylated during the hydroxylation reaction, which 
does not need ascorbate (A). The enzyme also catalyzes an un 
coupled decarboxylation of 2-oxoglutarate without subsequent 
hydroxylation of the peptide substrate. Ascorbate is stoichio- 
metrically consumed in this uncoupled reaction, which may 
occur in either the presence (B) or absence (C) of the peptide 
substrate. Pro, proline; 4-Hyp, 4-hydroxyproline; 2-Og, 2-ox- 
oglutarate; Succ, succinate; Asc, ascorbate; Dehydroasc, dehy 
droascorbate. Reproduced from Kivirikko et al. (1989). 
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ascorbate is an uncoupled decarboxylation of 2-oxoglu- 
tarate, i.e., decarboxylation without subsequent hydrox- 
ylation (Fig. 3B, 3C). 

Kinetic studies (Myllyl/i et al., 1977), theoretical con- 
siderations (Hanauske-Abel and GLinzler, 1982; 
Hanauske-Abel, 1991) and extensive site-directed muta- 
genesis studies (Lamberg et al., 1995; Myllyharju and 
Kivirikko, 1997) have made it possible to elucidate the 
reaction mechanism and structural features of the cat- 
alytic sites. The catalytic cycle can be divided into two 
half-reactions: initial generation of the hydroxylating 
species, and its subsequent utilization for 4-hydroxypro- 
line formation (Hanauske-Abel and GLinzler, 1982; 
Hanauske-Abel, 1991). 

The current model for a catalytic site assumes that the 
Fe 2+ is located in a pocket coordinated with the enzyme 
by three side-chains (Hanauske-Abel and Gfinzler, 
1982). This pocket may be highly hydrophobic, as has 
recently been demonstrated for a related enzyme, 
isopenicillin N synthase (Roach et al., 1995). Site-di- 
rected mutagenesis studies and other data indicate that 
these three ligands in the human c((I) subunit (Fig. 4) are 
histidines 412 and 483 and aspartate 414 (Myllyl/i et al., 
1992; Lamberg et al., 1995; Myllyharju and Kivirikko, 
1997). Mutation of any of these residues to serine or 
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alanine inactivates the enzyme completely, with no inhi- 
bition of tetramer assembly or binding of the tetramer to 
poly(L-proline). Mutation of aspartate 414 to glutamate 
increases the Km for Fe 2+ about 15-fold with no change 
in the V ..... of the reaction (Myllyharju and Kivirikko, 
1997). All three residues are conserved in the sequences 
of all forms of the c( subunit determined so far (Fig. 2). 
Moreover, site-directed mutagenesis studies on a closely 
related enzyme, lysyl hydroxylase, have indicated that 
the three Fe 2÷ binding ligands in that enzyme are likewise 
two histidines and one aspartate located in correspond- 
ing positions (Pirskanen et al., 1996). Determination of 
the crystal structure of isopenicillin N synthase has fur- 
ther indicated that its three Fe 2+ binding ligands are two 
histidines and one aspartate in corresponding positions 
(Roach et al., 1995, 1997). The Fe 2÷ in isopenicillin N 
synthase possesses between catalytic cycles two water 
molecules and a fourth protein ligand, a glutamine 
residue, which is not conserved through other members 
of the family of related enzymes (Roach et al., 1995). It 
thus seems probable that the Fe e* of prolyl 4-hydroxy- 
lase likewise contains water molecules and an additional 
protein ligand occupying coordination sites involved in 
the subsequent binding of the 2-oxoglutarate and 02 
molecules. 

A B C 
Lys493 Lys493 Lys493 

s o ! l /  hvdroxvlat on 

i 
N ~  " ~  p ' ~ '  o / \Asp414 

His412 His412 His412 

Figure 4. Schematic representation of the first half-reaction of prolyt 4-hydroxylase that takes place within the coordination sphere 
of the catalytic site Fe > and the critical residues at the cosubstrate binding sites. The Fe 2+ is coordinated with the enzyme by three 
residues, His412, Asp414 and His483. The 2-oxoglutarate-binding site can be divided into two main subsites; subsite I 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 enzyme-bound Fe 2+ and is chelated by the C1 carboxyl and C2 oxo functions. Molecular oxygen is assumed 
to be bound end-on in an axial position, producing a dioxygen unit. (A) One of the electron-rich orbitals of the dioxygen is di- 
rected to the electron-depleted orbital at the C2 of the 2-oxoglutarate bound to the iron. (B) Nucleophilic attack on C2 generates a 
tetrahedral intermediate, with loss of the double bond in the dioxygen unit and of double bond characteristics in the oxo-acid moi- 
ety. (C) Elimination of CO2 coincides with the formation of succinate and a ferryl ion, which hydroxylates a proline residue in the 
peptide substrate in the second half-reaction. His501 is an additional important residue at the catalytic site, probably being in- 
volved in both coordination of the C1 carboxyl group of 2-oxoglutarate to Fe 2+ and cleavage of the tetrahedral ferryl intermediate. 
Modified from Hanauske-Abel (1991 ) and Myllyharj u and Kivirikko (1997). 
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The 2-oxoglutarate binding site can be divided into 
three distinct subsites (Hanauske-Abel and Gtinzler, 
1982; Majamaa et al., 1984). Subsite I is a positively 
charged residue of the enzyme that ionically binds the 
C5 carboxyl group of 2-oxoglutarate; subsite 1I consists 
of two cis-positioned coordination sites of the enzyme- 
bound Fe e+ and is chelated by the C1-C2 moiety; while 
subsite III involves a hydrophobic binding site in the 
C3-C4 region of the cosubstrate. Site-directed mutagen- 
esis studies (Myllyharju and Kivirikko, 1997) indicate 
that the residue forming subsite I in the human 0~(I) sub- 
unit is lysine 493 (Fig. 4). Mutation of this residue to 
alanine or histidine inactivates the enzyme completely, 
whereas mutation to arginine inactivates it by 85% 
under standard assay conditions, the main effect being 
an increase of about 15-fold of the K,,, for 2-oxoglu- 
tarate with an unaltered V ...... . 

Molecular oxygen is assumed to be bound to the Fe 2~ 
end-on in an axial position, producing a species charac- 
terized by doubly occupied orbitals, the dioxygen unit 
(Hanauske-Abel and Gi;lnzler, 1982). One of the dec- 
tron-rich orbitals of the dioxygen unit is directed to the 
electron-depleted orbital at the C2 of the 2-oxoglutarate 
bound to the iron (Fig. 4A), so that the C2 undergoes re- 
hybridization from its sp-' hybridized planar oxo struc- 
ture to an sp ~ hybridized tetrahedral transition state and 
forms a covalent bond with the noncoordinated atom of 
the dioxygen unit (Fig. 4B). This weakens both the C-C 
bond in the 2-oxoglutarate and the O-O bond in the 
dioxygen (Hanauske-Abel and G/inzler, 1982; 
Hanauske-Abel, 1991 ). Decarboxylation will then take 
place simultaneously with the cleavage of the O-O bond, 
and the original C2 of 2-oxoglutarate, which has be- 
come the C1 of succinate, returns to the sp ~ hybridiza- 
tion. At the same time, a ferryl ion is formed (Fig. 4C), 
which hydroxylates a proline residue in the peptide sub- 
strate in the second half-reaction (Hanauske-Abel and 
G/inzler, 1982; Hanauske-Abel, 1991). This half-reac- 
tion renews the enzyme-bound Fe 2+ and concludes the 
catalytic cycle. 

Histidine 501 is an additional critical residue at the 
catalytic site (Fig. 4). Detailed studies on various histi- 
dine 501 mutants have indicated that this residue proba- 
bly has two functions. It directs the orientation of the 
C1 carboxyl group of 2-oxoglutarate to the active iron 
center, and it accelerates the breakdown of the tetrahe- 
dral ferryl intermediate (Fig. 4B) to succinate, CO, and 
ferryl ion (Myllyharju and Kivirikko, 1997). 

Ascorbate is not needed in the hydroxylation reaction 
but is consumed stoichiometrically with the decarboxy- 
lation of 2-oxoglutarate in the uncoupled reaction (de 

Jong and Kemp, 1984; Myllyl/i et al., 1984). In such re- 
action cycles (Fig. 3C), the ferryl ion is probably con- 
verted to Fe~+O, making prolyl 4-hydroxylase unavail- 
able for new reaction cycles until reduced by ascorbate. 
The enzyme catalyzes uncoupled reaction cycles even in 
the presence of saturating concentrations of its peptide 
substrates (Fig. 3B), and thus the main biological func- 
tion of ascorbate in the prolyl 4-hydroxylase reaction, 
both in vitro and in vwo, is probably that of acting as an 
alternative oxygen acceptor m the uncoupled catalytic 
cycles (Myllyl/i et al., 1984). The ascorbate binding site 
also contains the two cis-positioned equatorial coordi- 
nation sites of the enzyme-bound iron discussed above, 
and is thus partially identical to the binding site of 2-ox- 
oglutarate (Majamaa et al., 1986). Modifications of the 
ring atoms of ascorbate that are needed for binding to 
iron abolish the cosubstrate activity, whereas many 
derivatives that differ only in their side chain are fully 
active (Majamaa et al., 1986; Tschank et al., 1994). 

Nonpeptide Inhibitors 

Inhibitors of prolyl 4-hydroxylase have now been 
characterized with respect to all its cosubstrates. In re- 
cent years, interest has been focused especially on con> 
petitive inhibitors with respect to 2-oxoglutarate (e.g., 
Majamaa et al., 1984; Cunliffe and Franklin, 1986; 
Cunliffe et al., 1992; Baader et al., 1994). Pyridine 2,4- 
dicarboxylate and pyridine 2,5-dicarboxylate (Fig. 5), 
for example, have functional groups that can interact at 
all the subsites of the 2-oxoglutarate binding site and in- 
h in t  the enzyme with K, values of 2 hiM and ().8 ~lM, re- 
spectively (Hanauske-Abel and Giinzler, 1982; Majamaa 
et al., 1984). These two compounds are only very weak 
inhibitors of 2-oxoglutarate dehydrogenase, an enzyme 
that differs from prolyl 4-hydroxylase in that its reaction 
mechanism does not involve any metal ion. Variation of 
the structures of these compounds has indicated that the 
K, increases substantially if the chelating moiety is de- 
stroyed by omitting or shifting the C2 carboxyl group or 
by substitution of the aromatic nitrogen (Majamaa et 
al., 1984). A similar effect is seen if the carboxyl group 
believed to be bound at subsite I is omitted or shifted to 
a position other than 4 or 5 (Majamaa et al ,  1984). The 
C2 or C5 group of pyridine 2,5-dicarboxylate can also 
be replaced by several other groups with a retention or 
improvement in potency (Tucker and Thomas, 1992; 
Dowellet  al., 1993). It has been pointed out, however, 
that pyridine 2,5-dicarboxylate and 2-oxoglutarate may 
bind to prolyl 4-hydroxylase in different ways, and thus 
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the data concerning modifications of this compound 
must be interpreted with caution (Cunliffe et al., 1992). 

N-oxalylglycine (Fig. 5) has a Ki of about 0.5-8 }aM 
(Cunliffe et al., 1992; Baader et al., 1994). This com- 
pound, which differs from 2-oxoglutarate only by sub- 
stitution of -NH- for the methylene group at C3, does 
not act as a cosubstrate, however. This agrees with the 
reaction mechanism discussed above, in which the de- 
carboxylation involves a nucleophilic attack by an elec- 
tron pair in the dioxygen unit on the electron-deficient 
orbital at the C2 of 2-oxoglutarate. The C3 in 2-oxoglu- 
tarate is sp ~ hybridized and cannot contribute any elec- 
tron density to the p, orbital of C2, whereas the C3 in 
oxalylglycine is replaced by the sp-' hybridized nitrogen 
atom (Baader et al., 1994), the p~ orbital of which has an 
electron pair that can contribute to the electron density 
of C2, and therefore a nucleophilic attack is no longer 
possible (Baader et al., 1994). 

3,4-Dihydroxybenzoate (Fig. 5) also has functional 
groups needed for binding at all the subsites of the 2-ox- 
oglutarate binding site and inhibits the enzyme with a K~ 
of 5 IJM (Majamaa et al., 1986). It nevertheless differs 
from the pyridine derivatives in being competitive with 
respect to both 2-oxoglutarate and ascorbate, whereas 
the latter are uncompetitive with respect to ascorbate. 
This agrees with the concept that the ascorbate binding 
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Figure 5. Structures of certain nonpeptide inhibitors of prolyl 
4-hydroxylase. (A) N-oxalylglycine, (B) pyridine 2,4-dicar- 
boxylate, (C) pyridine 2,5-dicarboxylate, (D) coumalic acid, 
(E) 3,4-dihydroxybenzoate, (F) L-mimosine and (G) doxoru- 
bicin (2-OG) 2-oxoglutarate. 
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site is partially identical to the binding site of 2-oxoglu- 
tarate. The dihydroxybenzoate and pyridine compounds 
probably become bound to different enzyme forms, as 
determined by the oxidation state of the enzyme-bound 
iron (Majamaa et al., 1986). 

L-Mimosine (Fig. 5) inhibits prolyl 4-hydroxylase by 
50% at a 120 laM concentration (McCaffrey et al., 
1995), and also causes a reversible, dose-dependent inhi- 
bition of DNA synthesis and the hydroxylation of de- 
oxyhypusine to hypusine, an amino acid needed by the 
initiation factor elF-SA and cell cycle transition. Thus a 
single compound inhibits both deoxyhypusyl hydroxy- 
lase and prolyl 4-hydroxylase, leading to both antiprolif- 
erative and fibrosuppressive effects (McCaffrey et al., 
1995). 

Three groups of compounds have also been identified 
that act as irreversible inactivators of prolyl 4-hydroxy- 
lase, probably by a suicide mechanism. The first group 
consists of peptides containing 5-oxaproline, as dis- 
cussed above. The second group includes coumalic acid 
(Fig. 5), which acts as a 2-oxoglutarate analog but is 
only a weak inactivator, as it lacks a functional group 
needed to bind to the Fe 2+ at a catalytic site (Gtinzler et 
al., 1987). The third group consists of the anthracyclines 
doxorubicin (Fig. 5) and daunorubicin, which inactivate 
prolyl 4-hydroxylase by 50% in I h at a 60 IJM concen- 
tration (Giinzler et al., 1988b). This inactivation can be 
prevented by high concentrations of ascorbate or low 
concentrations of its competitive analogs, whereas 2-ox- 
oglutarate and its analogs offer no protection (Giinzler 
et al., 1988b). 

Many of these inhibitors show low membrane perme- 
ability, which makes them ineffective in cultured cells 
and in vivo. Further modifications of the compounds 
can be used to overcome this problem, however. A 
lipophilic proinhibitor derivative pyridine 2,4-dicar- 
boxylic acid di(methoxyethyl)amide (HOE 077, 
Hoechst; Hanauske-Abel, 1991), for example selectively 
inhibits collagen accumulation in the liver of rats in two 
models of hepatic fibrosis (Bickel et al., 1991; B6ker et 
al., 1991 ). It thus seems possible to develop prolyl 4-hy- 
droxylase inhibitors into antifibrotic drugs, but more ef- 
fective compounds are needed before this approach can 
be used for the treatment of patients with fibrotic dis- 
eases. 

The Multifunctionat PD! Potypeptide 

PDI, an abundant protein within the lumen of the en- 
d(~plasmic reticulum, catalyzes disulfide bond formation 
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Figure 6. Schematic representation of some of the functiuns of 
the multifunctional PDI polypeptide. PDI catalyzes disulfide 
bond formation and thiol-disulfide interchange both when pre- 
sent as the homodimer and when present as the ]3 subunit in 
the prolyl 4-hydroxylase tetramer. PDI also serves as the 
smaller subunit in the microsomal triglyceride transfer protein 
dimer, as a chaperone-like polypeptide that probably assists the 
folding of many newly synthesized proteins, and as a major cel- 
lular thyroid hormone (T3) binding protein. 

in the m vivo biosynthesis of various secretory and cell 
surface proteins, including the collagens. PDI also cat- 
alyzes thiol-disulfide interchange in vitro, leading to net 
protein disulfide formation, reduction or isomerization, 
depending on the reaction conditions (see Freedman et 
al., 1994; Kivirikko and Pihlajaniemi, 1998). 

PDI is a multifunctional polypeptide (Fig. 6) which 
serves as the 13 subunit in all forms of animal prolyl 
4-hydroxylases (see above) and in the microsomal 
triglyceride transfer protein dimer (Wetterau et al., 
1990), and as a chaperone-like polypeptide that binds 
various peptides within the lumen of the endoplasmic 
reticulum (Noiva et al., 1993), and probably assists in 
the folding of a number of newly synthesized proteins 
(LaMantia and Lennarz, 1993; Cai et al., 1994; Otsu et 
al., 1994; Puig et al., 1994; Rupp et al., 1994; Hayano 
et al., 1995; Yao et al., 1997). PDI is also a major cellu- 
lar thyroid hormone-binding protein (Cheng et al., 
1987), but the physiological significance of this property 
is unknown, and it may be related to the peptide-binding 
function. Still further reported functions are as a major 
phosphoprotein of the endoplasmic reticulum (Qu~m& 
neur et al., 1994) that may undergo ATP-dependent au- 
tophosphorylation (Guthapfel et al., 1996), as a calcium 

CGHC CGHC 

mimmm~\\\~\,+,\~,,~,~,~,,>,,,~\\\~ I ;~  49, 
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Figure 7. Schematic representation of the domain structure of 
the human PDI polypeptide. The two CGHC sequences indi- 
cate the two catalytic sites for PDI activity located in the two 
thioredoxin-like domains a and a'. Domains b and b' probably 
also have the thioredoxin fold, while domain c is a highly 
acidic, putative Ca-'+-binding region. Modified from Kemmink 
et al. (1997) and Kivirikko and Pihlajaniemi (1998). 

binding protein (Lebeche et al., 1994), as a dehy- 
droascorbate reductase (Wells et al., 1990), and several 
less-well-characterized functions (see Kivirikko and Pih- 
lajaniemi, 1998). 

The PDI polypeptide has been cloned from many ani- 
mal species, yeast, micro-organisms and plants (see 
Freedman et al., 1994; Kivirikko and Pihlajaniemi, 
1998). The processed human PDI polypeptide consists 
of 491 amino acids and is synthesized in a form having a 
signal peptide of 17 additional residues (Pihlajaniemi et 
al., 1987). The polypeptide is a modular protein (Fig. 7) 
built up of domains a, b, b', a' and c (Edman et al., 
1985, Pihlajaniemi et al., 1987). The existence of an ad- 
ditional domain e, proposed as being located between 
domains a and b, is now very unlikely (Kemmink et al. 
1995, 1996; Darby et al., 1996). The a and a '  domains 
are similar in sequence to thioredoxin, and both contain 
the -Cys-Gly-His-Cys- motif, which represent two inde- 
pendently acting catalytic sites for PDI activity 
(Hawkins and Freedman, 1991; Vuori et al., 1992a; 
LaMantia and Lennarz, 1993). NMR characterization 
of the human domain a expressed in E. coli indicates 
that it also has similar patterns of secondary structure 
and !3 sheet topology to thioredoxin (Kemmink et al., 
1995). Recent NMR studies on domain b and prelimi- 
nary data on domain b' suggest that these may likewise 
have the thioredoxin fold, even though they have no cat- 
alytic site sequences and show no significant amino acid 
sequence similarity to thioredoxin (Kemmink et al., 
1997). Thus the main part of the PDI polypeptide ap- 
pears to consist of two catalytically active and two inac- 
tive thioredoxin modules (Kemmink et al., 1997). 

Domain c, which represents a putative Ca 2+ binding 
region (Lebeche et al., 1994), is rich in acidic amino 
acids, 18 out of the 29 extreme C-terminal residues in 
the human polypeptide being either aspartate or gluta- 
mate. The C-terminus contains the -Lys-Asp-Glu-Leu 
motif or a functional variant of it, which is both neces- 
sary and sufficient for the retention of a polypeptide 
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within the lumen of the endoplasmic reticulum (Pelham, 
1990). Deletion of this sequence from the PDI polypep- 
tide led to the secretion of considerable amounts of both 
the free polypeptide and an active prolyl 4-hydroxylase 
tetramer from insect cells expressing a recombinant 
human prolyl 4-hydroxylase (Vuori et al., 1992c). Thus 
one function of the PDI subunit in prolyl 4-hydroxylases 
is to retain the enzyme within the lumen of the endoplas- 
mic reticulum. 

When a prolyl 4-hydroxylase tetramer or the microso- 
real triglyceride transfer protein dimer is dissociated by 
various means, the corresponding c~ subunit immediately 
forms insoluble aggregates with no prolyl 4-hydroxylase 
(see Kivirikko et al., 1992) or lipid transfer (Wetterau et 
al., 1991) activity. Also, when a recombinant prolyl 
4-hydroxylase (Vuori et al., 1992b; Veijola et al., 1994; 
Helaakoski et al., 1995) or microsomal triglyceride 
transfer protein (Lamberg et al., 1996b) c~ subunit is ex- 
pressed in insect cells alone, without the PDI polypep- 
tide, it forms insoluble, inactive aggregates. The prolyl 
4-hydroxylase c~ subunit similarly forms aggregates 
when expressed in a cell-free translation/translocation 
system of dog pancreas microsomes depleted of PDI and 
other soluble proteins of the endoplasmic reticulum 
(John et al., 1993). Thus one function of the PDI 
polypeptide in prolyl 4-hydroxylases and the microso- 
mal triglyceride transfer protein is to keep the corre- 
sponding c~ subunits in a nonaggregated conformation. 
Experiments with a double mutant PDI polypeptide in 
which both catalytic sites had been inactivated by con- 
verting their sequences to -Ser-Gly-His-Cys- demon- 
strated that the disulfide isomerase activity of the 
polypeptide is not required for assembly of the prolyl 4- 
hydroxylase tetramer (Vuori et al., 1992c) or the micro- 
somal triglyceride transfer protein dimer (Lamberg et 
al., 1996b); neither is it required for prolyl 4-hydroxy- 
lase activity or lipid transfer activity of the correspond- 
ing protein. Coexpression experiments have further 
demonstrated that the PDI polypeptide cannot be re- 
placed by either ERp60 (Koivunen et al., 1996) or a C. 
elegans PDI isoform (Veijola et al., 1996a), which both 
belong to the family of PDI-related polypeptides (Freed- 
man et al., 1994; Kivirikko and Pihlajaniemi, 1998) and 
contain two thioredoxin-like domains with active cata- 
lytic site sequences. 

The chaperone BiP forms soluble complexes with the 
prolyl 4-hydroxylase 0~ subunits in coexpression experi- 
ments in insect cells (Veijola et al., 1996b) and probably 
also in normal biosynthesis of the tetramer (John and 
Bulleid, 1996). Soluble 0~ subunit-BiP complexes have no 
prolyl 4-hydroxylase activity, however, indicating that 
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the function of the PDI polypeptide is not only that of 
keeping the 0~ subunits in solution but is more specific, 
probably that of keeping them in a catalytically active, 
nonaggregated conformation (Veijola et al., 1996b). 

This function of the PDI polypeptide in prolyl 4-hy- 
droxylases and the microsomal triglyceride transfer pro- 
tein resembles that of some molecular chaperones such 
as Hsp90 in other proteins (Vuori et al., 1992b; Freed- 
man et al., 1994). Site-directed mutagenesis studies have 
indicated that the extreme C terminal c~ helix of domain 
a' is critical for the roles of the PDI polypeptide both as 
a subunit and as a chaperone, thus supporting the view 
that these two functions may be related (P. Koivunen, P. 
Karvonen, T. Helaakoski, H. Notbohm and K. I. 
Kivirikko, unpublished). 

Production of a Stable Prolyl 4-Hydroxylase 
Tetramer in vivo Requires Expression 
of Collagen Polypeptide Chains 

Recent studies of the expression of the recombinant 
human prolyl 4-hydroxylase 0~(I) subunit and PDI 
polypeptide in the yeast Pichia pastoris, which has no 
endogenous prolyl 4-hydroxylase or collagen synthesis, 
have indicated that only a minor fraction of the polypep- 
tides expressed are found in the form of the enzyme 
tetramer, whereas the vast majority are present in 
unassembled forms (Vuorela et al., 1997). Coexpression 
of these polypeptides with recombinant human type III 
collagen led to a marked increase in the tetramer assem- 
bly level, with no increase in the total amounts of the ~x 
subunit or the PDI polypeptide (Vuorela et al., 1997). 
The most likely mechanism is that the tetramer formed 
in the absence of collagen synthesis became rapidly dis- 
sociated back to its subunits, whereas coexpression with 
collagen stabilized the tetramer. Preliminary data suggest 
that the same phenomenon is also seen in insect cells, al- 
though their endogenous collagen synthesis partly pre- 
vents the dissociation which takes place in the absence 
of recombinant collagen synthesis (J. Myllyharju, A. 
Lamberg and K.I. Kivirikko, unpublished). It thus seems 
probable that this property of the enzyme may be found 
in all cell types. 

As prolyl 4-hydroxylase in the absence of its peptide 
substrate catalyzes an uncoupled decarboxylation of 2- 
oxoglutarate (Fig. 3C), dissociation of the tetramer in 
the absence of collagen synthesis will prevent the en- 
zyme from performing a reaction that consumes 2-oxog- 
lutarate, O: and ascorbate within the lumen of the endo- 
plasmic reticulum. This mechanism is likely to be partic- 
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ularly important  in situations in which collagen synthe- 
sis is rapidly downregulated,  as an active tetramer 
would otherwise continue to exist for a long time. Colla- 
gen synthesis thus appears to involve a control mecha- 
nism which is highly unusual in that production of a sta- 
ble prolyl 4-hydroxylase tetramer requires expression of 
collagen polypeptide chains, while production of colla- 
gen molecules with stable triple helices requires expres- 
sion of active prolyl 4-hydroxylase (Vuorela et al., 
1997). 
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