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Abstract
Lysyl hydroxylase (E.C. 1.14.11.4, protocollagen-lysine 2-oxoglutarate 5-dioxygenase, PLOD) catalyses the formation of hydroxylysine in collagens and other proteins with collagen-like sequences.
The hydroxylysine residues participate in the formation of collagen crosslinks and serve as attachment sites for carbohydrate units. The importance of lysine hydroxylation is demonstrated by the critical manifestations found in patients with the type VI variant of the Ehlers-Danlos syndrome, which
is caused by a deficiency in lysyl hydroxylase activity.
Lysyl hydroxylase requires Fe2+, 2-oxoglutarate, O2 and ascorbate. The binding site for the C-5
carboxyl group of 2-oxoglutarate is characterized here by site-directed mutagenesis. Two conserved
and one non-conserved amino acid residues at the possible binding site in human lysyl hydroxylase
1 were converted individually to alanine or lysine and the mutant polypeptides were expressed in insect cells. Mutation of arginine-700 to alanine inactivated the enzyme completely, whereas mutation
of the other two residues had only a minor effect. In addition, the Km of the arginine-700 to lysine
mutant polypeptide for 2-oxoglutarate was increased 10-fold. The results thus indicate that this conserved arginine is the residue that binds the C-5 carboxyl group of 2-oxoglutarate in lysyl hydroxylases.
A novel human lysyl hydroxylase isoenzyme, termed lysyl hydroxylase 3, was identified, cloned
and characterized here. The overall amino acid sequence identity between the novel human lysyl hydroxylase isoenzyme and the other human lysyl hydroxylase isoenzymes is about 60%. The highest
expression levels of the mRNA for lysyl hydroxylase 3 among the tissues studied were found in the
placenta, pancreas and heart. The novel isoenzyme was expressed as a recombinant protein in insect
cells, and the protein was shown to function as a lysyl hydroxylase in vitro hydroxylation experiments
using short synthetic peptides as substrates. No differences in catalytic properties were found between
the recombinant lysyl hydroxylases 3 and 1.
The structure of the human gene for lysyl hydroxylase 3 was determined in the last part of this
work. The gene is shown to be only 11.6 kb in size and to contain 19 exons. Transcription was found
to be initiated at multiple sites, and the introns contained 15 full-length Alu retroposons or partial Alu
fragments of more than 100 bp. The present characterization of the exon-intron organization of the
gene will provide a basis for further studies to determine whether there is any genetic disease that is
attributable to mutations in this gene.

Keywords: collagen, PLOD, oxygenase, gene structure.
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1 Introduction
The extracellular matrix is a network-like structure that surrounds the cells in every
tissue. It varies greatly in its form and components between tissues, being mainly
composed of collagens, elastin, proteoglycans and glycoproteins. Its primary role is to
provide mechanical support and protection for the cells and to take part in cell attachment
and migration.
Collagens are the major constituents of the extracellular matrix in all vertebrates,
constituting one-third of the human body proteins. They form the majority of the organic
material in bone and are also major components of the skin, cartilage, tendon, basement
membranes, vascular walls and parts of the eye. The characteristic structural feature of a
collagen is a triple helix of high mechanical strength. At least nineteen collagen types
have been characterized so far, encoded by more than 30 genes dispersed through the
genome.
A characteristic feature of collagen biosynthesis is the presence of a number of
cotranslational and post-translational modifications, lysyl hydroxylase being one of the
important enzymes participating in these intracellular modifications. The enzyme is a
2+
homodimer that requires Fe , 2-oxoglutarate, O2 and ascorbate for its catalytic activity. It
functions in the endoplasmic reticulum before formation of the collagen triple helix by
hydroxylating lysine residues in collagenous sequences. The resulting hydroxylysine
residues participate in the formation of crosslinks between collagen molecules, thus
stabilizing the extracellular matrix, and also serve as attachment sites for carbohydrates
linked to collagens. This glycosylation is unique to collagenous proteins, but its functions
are not fully understood. Different collagen types have variable amounts of
hydroxylysine, and the hydroxylysine content of the same collagen type may vary
between tissues. Inability to hydroxylate lysine residues on account of a deficiency in
lysyl hydroxylase activity leads to a disease called the type VI variant of the EhlersDanlos syndrome.
Many previous studies have suggested that lysyl hydroxylase may have isoenzymes, and
one such isoenzyme, termed lysyl hydroxylase 2, has recently been cloned. In the present
work an additional, novel human lysyl hydroxylase isoenzyme, termed lysyl
hydroxylase 3, is identified, cloned and characterized and the expression pattern of its
mRNA is studied in a number of tissues. A recombinant protein is expressed in insect
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cells and used to study the catalytic properties of the novel isoenzyme. Also the exonintron organization and transcription initiation site of the gene for human lysyl
hydroxylase 3 are determined. In order to obtain a better understanding of the function of
the lysyl hydroxylases, the binding site of 2-oxoglutarate, an important substrate for the
hydroxylation reaction, is characterized in human lysyl hydroxylase 1.

2 Review of the literature
2.1 Occurrence and functions of hydroxylysine
2.1.1 Hydroxylysine in collagens
The extracellular matrix is a support and repair component in most organs and tissues. Its
main protein components are collagens, a family of closely related but chemically distinct
macromolecules. Nowadays this superfamily in vertebrates contains at least 19 types with
more than 30 distinct polypeptide chains. All collagen molecules consist of three
polypeptide chains, called α chains. During folding of the macromolecule the three α
chains first individually form left-handed helices and then join together to form the
collagen triple helix by winding around each other in a right-handed manner. In some
collagen types all three α chains in the molecule are identical, while in other types the
molecule contains two or even three different chains. Typical of all α chains, except for
short sequences at their ends, is the presence of a repeating triplet amino acid sequence,
Gly-X-Y. In addition to the actual triple-helical collagenous domains, all collagen types
also contain non-collagenous domains of varying sizes.
Collagen biosynthesis is characterized by the presence of an unusually large number of
cotranslational and post-translational modifications, including intracellular modifications
of precursor collagen chains, such as hydroxylation of lysine and proline residues,
glycosylation of hydroxylysine residues and folding of the triple helix, and also
extracellular modifications such as cleavage of the N- and C-propeptides and formation
of supramolecular aggregates of various kinds. Fibrillar collagens form crosslinked
fibrils, while other collagen types form network-like structures, for example, bind to the
surface of collagen fibrils or form beaded filaments (see Hulmes 1992, Kielty et al. 1993,
Kivirikko 1993, Prockop et al. 1994, Kivirikko 1995, Pihlajaniemi & Rehn 1995,
Prockop & Kivirikko 1995, Bateman JF et al. 1996, Kivirikko & Pihlajaniemi 1998,
Lamandé & Bateman 1999).
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Hydroxylysine in collagens and other proteins with collagen-like sequences is almost
exclusively found in the Y positions of the repeating Gly-X-Y triplet sequences. The
exceptions include at least the sequences X-Hyl-Ser and X-Hyl-Ala, which are found in
the short non-triple-helical regions (telopeptides) situated at the ends of the α chains (see
Kivirikko 1993, Kivirikko & Pihlajaniemi 1998).
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Figure 1. (A) Amounts of hydroxylysine and lysine residues in the triple-helical domains of
various collagen chains. White columns indicate lysine (Lys) residues and black columns
hydroxylysine (Hyl) residues / collagen chain. The values for Hyl and Lys residues on the yaxis are given per 1000 amino acids residues. (B) Percentages of lysine residues hydroxylated
in different collagen α chains. The figure is modified from a table presented by Kivirikko et
al. (1992).
*The value shown is the mean for two 50 000 kDa fragments of the triple-helical protein.
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Great variation is found in the extent of lysine hydroxylation, not only between
collagen types (Figure 1) (Reese et al. 1982, Jander et al. 1983, Schmid & Linsenmayer
1983, Kapoor et al. 1986, Burgeson RE & Morris NP 1987, Eyre & Wu JJ 1987,
Kivirikko et al. 1992), but even within the same collagen type from different sources and
the same tissue in different physiological and pathological conditions (Kivirikko &
Myllylä 1980). This is at least partly explained by incomplete hydroxylation of lysine
residues in the Y positions of the Gly-X-Y triplets, as a number of lysine residues in these
positions in some collagens are not hydroxylated at all (Kivirikko & Pihlajaniemi 1998).
As seen in Figure 1B, the highest amounts of hydroxylated lysines are found in the α
chains of type IV collagen, where almost 90 % of the lysines are hydroxylated. The
α1(VI), α2(VI) and α2(IX) chains are also effectively hydroxylated, to extents varying
from 79 to 81 %. The lowest amount of hydroxylated lysines, only 17 %, is found in the
α1(III) chain (Kivirikko et al. 1992).
The extent of lysine hydroxylation in collagens also varies as a function of age. Miller
et al (1967) were the first to report that the hydroxylysine content of decalcified chick
long bones decreased by nearly one-half from hatching to maturity. The hydroxylysine
content of bone, skin and tendon collagens was examined in the chick from the 14-day
embryo to the 18-month-old adult, and a significant fall in the extent of hydroxylation
was seen immediately after hatching (Barnes et al. 1974). According to one study, the
extent of lysine hydroxylation in collagen from embryonic chick long bones and the
mandibular bone was about 3-fold relative to that in adult animals, whereas no significant
difference was detected in the extent of hydroxylation in the collagen from the frontal
bone synthesized during early embryonic development or during the postnatal period
(Strawich & Glimcher 1983). Other reports also confirm the higher hydroxylysine
content of collagen from embryonic tissues relative to that from adult tissues (Bailey &
Shimokomaki 1971, Ryhänen & Kivirikko 1974a).

2.1.2 Hydroxylysine in other proteins
In addition to the collagens, hydroxylysine is also found in proteins with collagenous
sequences but not defined as collagens. These include the subcomponent C1q of
complement (Reid 1979). The complement system is the principal means by which
antibodies defend vertebrates against bacterial infections (Alberts et al. 1994), and the
subcomponent C1q consists of six A, six B and six C polypeptide chains each containing
at their N-terminal ends about 80 amino acid residues of a collagen-like (Gly-X-Y)n
sequence with hydroxylated lysine residues. Some hydroxylysine residues are
glycosylated (Reid 1979, Reid & Porter 1981, Reid 1983). Another example of a noncollagenous protein containing hydroxylysine is acetylcholinesterase, a protein associated
mainly with cells responsible for cholinergic synaptic transmission. This contains a
triple-helical collagen-like tail structure which is associated with membranes and is rich
in hydroxylysine (Rosenberry et al. 1982).
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Additional proteins containing hydroxylysine residues in collagen-like sequences
include collectins, members of the C-type lectin family (Drickamer 1999). Also
belonging to this protein family are the pulmonary surfactant proteins SP-A and SP-D
(Floros et al. 1986, Persson et al. 1989, Lu et al. 1992, Crouch et al. 1994), mannanbinding protein (Drickamer et al. 1986, Colley & Baenziger 1987), conglutinin (Davis &
Lachmann 1984, Lee et al. 1991, Jensenius et al. 1994) and CL-40 (Jensenius et al. 1994,
Lim et al. 1994). Collectins are oligomeric molecules composed of trimeric subunits
containing a collagen-like sequence attached to a C-terminal globular carbohydraterecognizing domain via alpha-coiled regions. They are believed to play an important role
in many biological events such as cell-cell adhesion, serum glycoprotein turnover and
innate immunity defence. According to some studies all collectins may have a single
origin and be the result of ancestral gene rearrengements, and all collectin genes studied
so far have actually been mapped to human chromosome 10 (Holmskov & Jensenius
1993, Kolble et al. 1993, Hansen & Holmskov 1998, Drickamer 1999). Other proteins
containing a collagenous sequence and potential hydroxylysine residues include the type
I and type II macrophage scavenger receptors (Kodama et al. 1990, Rohrer et al. 1990),
the macrophage receptor MARCO (Elomaa et al. 1995, Elomaa et al. 1998), an adiposespecific collagen-like factor apM1 (Maeda et al. 1996) and a src-homologous, collagenlike (SHC) protein (Pelicci et al. 1992, Thomas et al. 1995) and ficolins (Ichijo et al.
1993, Lu et al. 1996).
In addition to proteins with a collagen-like-sequence, hydroxylysine residues are
found in some proteins without a collagenous sequence. Anglerfish somatostatin-28 is a
peptide hormone consisting of 28 residues, in which residue 23 is hydroxylysine in the
sequence Trp-Hyl-Gly (Andrews et al. 1984). The function of this hydroxylysine residue
remains uncertain (Andrews et al. 1984, Spiess & Noe 1985). Other examples include
human tissue plasminogen activator (rtPA), human CD4 receptor (rCD4) and a related
chimeric protein (rCD4-IgG), each of which contains one hydroxylysine residue in a XLys-Gly sequence at a surface-accessible site (Molony et al. 1995).

2.1.3 Functions of hydroxylysine
Hydroxylysine residues have at least two important functions in collagens: firstly their
hydroxyl groups serve as sites of attachment for carbohydrate units, and secondly they
are essential for the stability of the intermolecular collagen crosslinks (Kivirikko &
Pihlajaniemi 1998).

2.1.3.1 Hydroxylysine-linked carbohydrate units
The carbohydrate units present in collagens are the monosaccharide galactose and the
disaccharide
glucosylgalactose.
Two
specific
enzymes,
hydroxylysyl
galactosyltransferase (EC 2.4.1.50), transferring galactose to hydroxylysine residues, and
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galactosylhydroxylysyl glucosyltransferase (EC 2.4.1.66), transferring glucose to
galactosylhydroxylysine residues, are involved in the glycosylation reactions. The extent
of glycosylation of hydroxylysine residues varies markedly between the collagen types
and also within the same collagen type in various physiological and pathological states. A
marked variation is also found in the ratio of the monosaccharide to the disaccharide, the
predominant form being dependent on the collagen type (Kivirikko & Myllylä 1979,
Kivirikko 1995).
The functions of the hydroxylysine-linked carbohydrate units are only partly
understood. Becauce of their situation on the surface of the collagen molecules, it has
been proposed that they may regulate the packing of collagen molecules into
supramolecular assemblies (Kivirikko 1995). Experiments on de novo generation of type
I collagen fibrils from type I procollagen in vitro have shown that collagen with an
elevated content of hydroxylysine and hydroxylysine-linked carbohydrates forms thinner
fibrils than the same protein with a normal degree of these modifications (Torre-Blanco et
al. 1992). Similar results were reported by Notbohm et al. (1999), who studied the
morphology of recombinant human type II collagen fibrils in vitro, and by Brinckmann et
al (1999), who analyzed the fibrotic skin in lipodermatosclerosis. Opposite opinions also
exist, however, as an electron microscope evaluation did not show any relationship
between the level of collagen glycosylation and the diameter of fibrils formed in vivo or
fibrillar aggregates (Batge et al. 1997). The rate of fibril formation with a highly
hydroxylated and glycosylated type II collagen was found to be much slower than that
with a collagen containing only very low amounts of hydroxylysine and carbohydrate
units (Notbohm et al. 1999).
An additional hypothesis concerning the functions of glycosylated hydroxylysine
residues has appeared recently, after the surprising finding that collagen molecules can
bind to and activate receptor tyrosine kinases ( Shrivastava et al. 1997, Vogel et al. 1997).
These are a protein family needed in the control of cell growth, differentiation,
metabolism and cell migration, the members of which probably share similar activation
mechanisms (Schlessinger 1997, Vogel et al. 1999). The subgroup of discoidin domain
receptors (DDR) is distinguished from the other members of this protein family by a
discoidin homology repeat. Collagen types I-VI and XI are known to activate the
discoidin domain receptor 1 (DDR1), whereas the discoidin domain receptor 2 (DDR2)
seems to be activated only by fibrillar collagens, mainly types I and III (Schlessinger
1997, Vogel et al. 2000). Stimulation of the activity of both the DDR1 and DDR2
receptor tyrosine kinases requires the native triple-helical structure of collagen and occurs
only with a certain delay in time (Schlessinger 1997, Vogel et al. 1999). The ability of a
deglycosylated collagen to activate DDR2 is significantly reduced, thus indicating a
central role for glycosylated hydroxylysine residues in the action of DDR2, whereas
DDR1 seems to be activated normally even by deglycosylated collagen molecules (Vogel
et al. 1997).
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2.1.3.2 Collagen crosslinks
The formation of covalent crosslinks in fibrillar collagens occurs as an extracellular
process after cleavage of the propeptides and fibril assembly (Kadler et al. 1996). The
function of these crosslinks is to provide tensile strength and mechanical stability for the
collagen fibres (Hulmes 1992). In spite of the important function of collagen crosslinks,
their pattern varies greatly between tissues and also as a function of age (Eyre et al. 1988,
Bailey et al. 1998). Two pathways of enzymatic crosslinking can be distinguished for
fibrillar collagens, one based on lysine aldehydes and the other on hydroxylysine
aldehydes (Kielty et al. 1993). The lysine aldehyde pathway predominates at least in
adult skin, cornea and sclera and rat tail tendon, whereas the hydroxylysine aldehyde
pathway predominates in bone, cartilage, ligaments, tendons, most internal organs and
embryonic skin (Eyre 1987). Crosslinks formed in the hydroxylysine-derived aldehyde
pathway are more stable than those formed in the lysine-derived pathway (Kielty et al.
1993).
Lysyl oxidase, a copper-dependent enzyme (for a review, see Smith-Mungo & Kagan
1998), initiates the crosslinking of collagens by catalyzing oxidative deamination of the
ε-amino group in certain lysine and hydroxylysine residues situated in the telopeptide
regions that remain after removal of the procollagen propeptides. This is the only step in
the crosslinking process that is known to be under direct enzymatic control. The resulting
aldehyde derivatives subsequently spontaneously react with lysine and hydroxylysine
residues in the triple-helical regions on adjacent collagen molecules to form covalent
crosslinks. The aldehydes can form two types of crosslinks, either by aldol condensation
between two of the aldehydes or by condensation beetween one aldehyde and one εamino group of an unmodified lysine, hydroxylysine or glycosylated hydroxylysine
residue. Bifunctional crosslinks can further spontaneously undergo intramolecular and
intermolecular reactions to form several kinds of tri- and tetrafunctional crosslinks (see
Eyre et al. 1984, Eyre 1987, Kielty et al. 1993, Kivirikko 1995, Prockop & Kivirikko
1995, Bailey et al. 1998, Knott & Bailey 1998).

2.1.3.3 Clinical aspects
Lysine residues in collagens have been reported to be overhydroxylated in diseases such
as osteoporosis (Bailey et al. 1992, Knott et al. 1995), osteogenesis imperfecta (Kirsch et
al. 1983, Lehmann et al. 1992, Lehmann et al. 1995a) and osteosarcoma (Shapiro & Eyre
1982, Lehmann et al. 1995b). Overmodification of lysine and hydroxylysine residues in
type I collagen in osteogenesis imperfecta seems to be independent of the thermal
denaturation temperature of this collagen (Rao et al. 1989). In agreement with this,
Nokelainen et al. (1998) found that recombinant human type II collagens with either a
high or a low hydroxylysine content had essentially identical denaturation temperatures,
indicating that hydroxylysine and its glycosylated forms have no effect on the thermal
stability of collagens. Overmodification of collagen polypeptides in osteogenesis
imperfecta is caused by structural defects in the type I collagen α chains, resulting in
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perturbation of helix formation (Bonadio & Byers 1985, Bateman et al. 1987). The
defects present in the α chains increase the time spent by the polypeptide chains in a nontriple-helical conformation and thus lead to more extensive post-translational
modification such as hydroxylation and glycosylation, and possibly to defective
crosslinking (Hulmes 1992).
Transient increases in lysine hydroxylation also occur during bone fracture (Glimcher
et al. 1980) and dermal wound healing and in fibrotic situations (Bailey et al. 1975,
Reiser & Last 1986), leading to increased amounts of hydroxylysine-derived crosslinks.
Other conditions which increase the hydroxylysine content of collagens include
deficiencies in vitamin D (Toole et al. 1972, Barnes et al. 1973a, Dickson et al. 1979) and
calcium ions (Barnes et al. 1973b).
Underhydroxylation of lysine residues is found in Ehlers-Danlos syndrome type VI
(Krane et al. 1972), which is discussed in more detail in section 2.3.

2.2 Lysyl hydroxylase
Lysyl hydroxylase (protocollagen-lysine 2-oxoglutarate 5-dioxygenase, E.C. 1.14.11.4)
catalyzes the formation of hydroxylysine by the hydroxylation of peptide-bound lysine
residues in X-Lys-Gly triplets in collagens and more than 10 other proteins with
collagenous domains (for reviews, see Kivirikko et al. 1992, Kivirikko & Pihlajaniemi
1998).
Lysyl hydroxylase is very similar in its catalytical properties to prolyl 4-hydroxylase,
another collagen hydroxylase (for a review, see Kivirikko & Myllyharju 1998), and at the
beginning of collagen research it was regarded as possible that the hydroxylation of
lysine and proline residues might be catalyzed by a single enzyme (Kivirikko & Prockop
1967a, Kivirikko & Prockop 1967b). It was demonstrated in the late 1960´s, however,
that these two enzymatic activities are located at different sites (Weinstein et al. 1969)
and that purified proline hydroxylase does not act on lysine residues (Halme et al. 1970,
Rhoads & Udenfriend 1970, Miller 1971). Kivirikko and Prockop (1972) partially
purified lysyl hydroxylase from chick embryos by DEAE cellulose chromatography and
gel filtration and demonstrated that lysyl hydroxylase and prolyl hydroxylase are indeed
separate enzymes. After partial purification of lysyl hydroxylase by conventional protein
purification methods (Ryhänen 1976), it was further purified by an affinity
chromatography procedure involving concanavalin A-agarose (Turpeenniemi et al. 1977).
It was first purified to homogeneity from chick embryo (Turpeenniemi-Hujanen et al.
1980) and then from human placenta by combining affinity chromatography on
concanavalin A-agarose with affinity chromatography on collagen linked to agarose and
with conventional methods (Turpeenniemi-Hujanen et al. 1981).
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2.2.1 Molecular properties
The activity of lysyl hydroxylase purified from chick embryo and human placenta is
recovered in two separate gel filtration peaks, with molecular weights corresponding to
about 550 000 and 190 000 (Kivirikko & Prockop 1972, Ryhänen 1976, Turpeenniemi et
al. 1977, Turpeenniemi-Hujanen et al. 1980, Turpeenniemi-Hujanen et al. 1981). The
active enzyme of size 170 000 Da is a homodimer, and its subunit has a molecular weight
of about 85 000 (Turpeenniemi-Hujanen et al. 1980, Turpeenniemi-Hujanen et al. 1981,
Myllylä et al. 1988). The larger protein, corresponding to 550 000 Da, is also seen in
SDS-PAGE analysis as one band with a molecular weight of 85 000, however, suggesting
that it is probably an aggregate of the enzyme dimers (Turpeenniemi-Hujanen et al. 1980,
Turpeenniemi-Hujanen et al. 1981).
Lysyl hydroxylase was cloned for the first time from chick embryo. A surprising
finding was that no significant homology was detected between the primary structures of
chick lysyl hydroxylase (Myllylä et al. 1991) and the two types of subunit of the prolyl 4hydroxylases (Pihlajaniemi et al. 1987, Helaakoski et al. 1994, Annunen et al. 1997) in
spite of the obvious similarities in catalytical properties between these two enzymes.
Cloning and nucleotide sequencing were subsequently reported based on human (Hautala
et al. 1992a, Yeowell et al. 1992), rat (Armstrong & Last 1995) and mouse (Ruotsalainen
et al. 1999). As in the case of chick lysyl hydroxylase, the primary structures of the
enzymes from all these sources differed from that of prolyl 4-hydroxylase.
The human lysyl hydroxylase polypeptide (lysyl hydroxylase 1, see 2.2.3) contains
709 amino acids and a signal peptide of 18 residues. The size of its mRNA is 3.2 kb in
Northern hybridization. The coding sequence is 76 % identical to the chick sequence at
the amino acid level, the C-terminal region being especially well conserved (Hautala et
al. 1992a). The sequence of the 139 extreme C-terminal amino acids is 94 % identical
between these two species (Hautala et al. 1992a) and is thought to be of functional
significance as it contains many conserved and catalytically important amino acid
residues (Pirskanen et al. 1996). The identity between the human (Hautala et al. 1992a)
and rat (Armstrong & Last 1995) and also between the human (Hautala et al. 1992a) and
mouse (Ruotsalainen et al. 1999) polypeptides is 91 %, and that between the chick
(Myllylä et al. 1991) and rat (Armstrong & Last 1995) is 77 %.
Due to its high affinity for concanavalin A, lysyl hydroxylase was reported to be a
glycoprotein (Ryhänen 1976, Turpeenniemi et al. 1977, Myllylä et al. 1988). Nucleotide
sequencing of the chick, rat and human polypeptides revealed indeed that they all contain
four potential attachment sites for asparagine-linked oligosaccharide units (Myllylä et al.
1991, Hautala et al. 1992a, Yeowell et al. 1992, Armstrong & Last 1995). A considerable
heterogeneity is found in the extent of the glycosylation of the polypeptides, however,
and only certain carbohydrate units seem be critical for maximal enzyme activity
(Myllylä et al. 1988, Pirskanen et al. 1996).
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2.2.2 Catalytic properties
Lysyl hydroxylase (EC 1.14.11.4) belongs to the family of 2-oxoglutarate-dependent
dioxygenases (EC 1.14.11), an oxidoreductase family with over fifteen members that all
have similar reaction mechanisms and catalytical properties. Prolyl 4-hydroxylase also
belongs to this family (Kivirikko & Pihlajaniemi 1998).
2+
The reaction catalyzed by lysyl hydroxylase requires Fe , 2-oxoglutarate, O2 and
ascorbate and produces succinate and CO2 (see Figure 2). One atom of the oxygen
molecule is incorporated into the hydroxyl group formed on a lysine side chain in a
peptide substrate and the other atom is incorporated into the 2-oxoglutarate to form
succinate when the CO2 is liberated (Kivirikko & Pihlajaniemi 1998).
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Figure 2. The hydroxylation reaction catalyzed by lysyl hydroxylase (Puistola et al. 1980a).
The 2-oxoglutarate is decarboxylated during the hydroxylation of a lysine residue in a peptide
2+
linkage in the presence of Fe , O2 and ascorbate.

2.2.2.1 Peptide substrates
The minimum sequence requirement of lysyl hydroxylase is the tripeptide X-Lys-Gly, a
common sequence in collagen molecules. The enzyme does not hydroxylate free lysine or
the tripeptide Lys-Gly-Pro, whereas the tripeptide Ile-Gly-Lys is hydroxylated (Kivirikko
et al. 1972). Polypeptides with the structure (X-Lys-Gly)n and lysine rich histones that
contain X-Lys-Gly triplets and lysine vasopressin with the structure Cys-Tyr-Phe-GlnAsn-Cys-Pro-Lys-Gly-NH2 are all hydroxylated by the enxyme (Ryhänen 1975, Kikuchi
& Tamiya 1982, Kivirikko et al. 1992). Surprisingly, Ryhänen et al. (1975) found that
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lysyl hydroxylase also acts on arginine-rich histones, which do not contain any X-LysGly sequence but do contain sequences such as X-Lys-Ser, X-Lys-Ala and X-Lys-Thr.
The existence of hydroxylysine in the sequences X-Hyl-Ser and X-Hyl-Ala in the short
non-collagenous domains of collagens is consistent with these results (Kivirikko &
Myllylä 1980).
Critical determinants for the hydroxylation of a lysine residue are the amino acid
sequence around the lysine residue, the peptide chain length and the peptide
conformation (Kivirikko & Pihlajaniemi 1998). The role of the amino acid sequence
around the lysine residue is well demonstrated by experiments performed with collagen
from the cuticle of Ascaris lumbricoides worms. This collagen has a high content of
lysine residues but no hydroxylysine, and it does not act as a substrate for lysyl
hydroxylase in vitro (Kivirikko et al. 1972). It has also been found that a 99-amino-acid
peptide fragment from the α1 chain of rat skin type I collagen, which contains several
Ala-Lys-Gly sequences, is a very poor substrate for the enzyme (Kivirikko et al. 1973).
Nevertheless, other collagens contain many hydroxylated Ala-Lys-Gly sequences. These
findings suggest that some amino acid sequences around the lysine residue may inhibit
hydroxylation (Kivirikko et al. 1992).
Experiments with peptide substrates of various sizes have shown that longer peptides
have lower Km values than shorter ones, whereas the reaction rate (Vmax) is the same
(Kivirikko et al. 1972). The Km values for (Ile-Lys-Gly)2, (Ile-Lys-Gly)3-Phe and (IleLys-Gly)5-Phe, for example, are 4, 1 and 0.14 mM, respectively (Kivirikko et al. 1972,
Kikuchi & Tamiya 1982).
The native triple-helical conformation of collagenous peptides entirely prevents lysine
hydroxylation, and thus a non-triple-helical conformation is an absolute requirement
(Kivirikko et al. 1973, Ryhänen & Kivirikko 1974b, Kivirikko et al. 1992). One typical
feature of the conformation of lysyl hydroxylase substrates seems to be a folded “bent”
structure like a β turn (Jiang & Ananthanarayanan 1991, Ananthanarayanan et al. 1992).

2.2.2.2 Cosubstrates and inhibitors
Lysyl hydroxylase requires Fe , 2-oxoglutarate, O2 and ascorbate (for reviews, see
2+
Kivirikko et al. 1992, Kivirikko & Pihlajaniemi 1998). The presence of Fe is a specific
2+
requirement for the hydroxylation reaction, whereas other divalent cations such as Zn ,
2+
2+
2+
2+
2+
Cd , Co , Ca and Cu have an inhibitory effect (Ryhänen 1976). The Km value of Fe
for human lysyl hydroxylase, 2 µM, is virtually identical to that for prolyl 4-hydroxylase,
2+
suggesting the presence of a similar Fe binding site (Helaakoski et al. 1995, Pirskanen et
2+
al. 1996). The Fe is probably located in a hydrophobic pocket and bound to these
collagen hydroxylases by three side chains (Hanauske-Abel & Günzler 1982, HanauskeAbel 1991, Roach et al. 1995). Modification of histidine residues by diethyl
pyrocarbonate has been shown to inactivate both collagen hydroxylases, thus suggesting
2+
a function for histidine residues at the catalytic sites, probably at the Fe binding sites
(Myllylä et al. 1992). A search for conserved residues within the sequences of several 2oxoglutarate dioxygenases and a related enzyme, isopenicillin N synthase, indicated weak
2+
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homology within two motifs containing histidine, termed His-1 and His-2, which are
located about 50-70 amino acids apart towards the C-terminal regions of the enzymes.
Site-directed mutagenesis of prolyl 4-hydroxylase demonstrated that conversion of either
of the two conserved histidines in these motifs to serine inactivates the enzyme
completely (Lamberg et al. 1995). Determination of the crystal structure of isopenicillin
2+
N-synthase indicated that two of the Fe binding ligands are histidines present in the His1 and His-2 motifs but the third ligand is an aspartate residue located in position +2 with
respect to the histidine present in the His-1 motif (Roach et al. 1995). The corresponding
amino acids in the lysyl hydroxylase sequence are His638, Asp640 and His690 (Hautala
et al. 1992a, Myllylä et al. 1992, Pirskanen et al. 1996). Individual mutation of these
amino acids to serine or alanine was shown to inactivate the human enzyme completely,
suggesting that these three amino acids provide the ligands required for binding of the
2+
Fe atom to its catalytic site (Pirskanen et al. 1996).
2-Oxogutarate is a highly specific requirement for the lysine hydroxylation reaction
(Prockop et al. 1966, Kivirikko & Prockop 1967b). Although all the other kinetic
constants of the cosubstrates for the lysyl and prolyl hydroxylases are practically
identical, there is a difference in the Km values for 2-oxoglutarate (Helaakoski et al. 1995,
Pirskanen et al. 1996), that for human lysyl hydroxylase, 100 µM, being about four times
higher than those for the human prolyl 4-hydroxylases (12-22 µM) (Helaakoski et al.
1995, Pirskanen et al. 1996), suggesting some differences in the structures of their 2oxoglutarate binding sites (Kivirikko 1993, Kivirikko & Pihlajaniemi 1998). Also, the
inhibition constants of 23 compounds with structures analogous to that of 2-oxoglutarate
are higher for lysyl hydroxylase than for prolyl 4-hydroxylase (Majamaa et al. 1985). 2Oxoadipinate was the only 2-oxoglutarate analogue studied which could act as a cofactor
in the lysine hydroxylation reaction, but the Vmax obtained with it was markedly lower
than with 2-oxoglutarate (Majamaa et al. 1984, Majamaa et al. 1985).
The 2-oxoglutarate binding site of lysyl hydroxylase can probably be divided into two
main subsites (Hanauske-Abel & Günzler 1982, Majamaa et al. 1984, Hanauske-Abel
1991). Subsite I is assumed to consist of a positively charged side-chain of the enzyme
which binds the C-5 carboxyl group of 2-oxoglutarate, while subsite II consists of two
2+
cis-positioned coordination sites of the enzyme-bound Fe and is chelated by the C1-C2
moiety (Hanauske-Abel & Günzler 1982, Hanauske-Abel 1991, Kivirikko &
Pihlajaniemi 1998). Recent site-directed mutagenesis studies on prolyl 4-hydroxylase
have demonstrated that the residue forming subsite I in the human enzyme is a lysine
2+
residue in position +10 with respect to the Fe binding histidine present in the His-2
motif (Myllyharju & Kivirikko 1997).
2+
Molecular oxygen is assumed to be bound to the Fe end-on in an axillar position at
the catalytic sites of the collagen hydroxylases (Hanauske-Abel & Günzler 1982,
Hanauske-Abel 1991). The Km values of oxygen for both enzymes are also quite similar,
40-50 µM (Myllylä et al. 1977, Puistola et al. 1980a, Turpeenniemi-Hujanen et al. 1981).
Ascorbate is a highly specific requirement for the lysine hydroxylation reaction,
although it can be partly replaced by dithiothreitol or cysteine, but with a dramatically
slower reaction rate (Puistola et al. 1980a). The ascorbate binding site appears to consist
of two cis-positioned coordination sites of the enzyme-bound iron, and seems to
ressemble the binding site of 2-oxoglutarate (Majamaa et al. 1986, Kivirikko &
Pihlajaniemi 1998). The Km values of lysyl and prolyl hydroxylases for ascorbate are
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essentially identical, about 350 µM, suggesting a similar structure in the binding site
(Helaakoski et al. 1995, Pirskanen et al. 1996).
Minoxidil, a piperidinopyrimidine nitrooxide that has an amino group on each side of
the nitroxide oxygen, is an antihypertensive drug which also suppresses fibroblast
proliferation and inhibits lysyl hydroxylase synthesis at the cell level (Murad & Pinnell
1987), its enzyme-suppressing effect apparently being dependent on one of the two amino
groups (Murad et al. 1992). The drug reduces the steady-state mRNA level of lysyl
hydroxylase (Hautala et al. 1992b, Yeowell et al. 1992) and also the amount of lysyl
hydroxylase protein (Hautala et al. 1992b), but it has no effect on lysyl hydroxylase
activity when added to the enzyme reaction in vitro (Murad & Pinnell 1987).
It has been reported that maximal lysyl hydroxylase activity is not observed in vitro
even in the presence of saturating concentrations of cofactors unless bovine serum
albumin, catalase and dithiothreitol are added to the reaction mixture. ρ-Mercuribenzoate
is an inhibitor of the enzyme, but its effect can be partly reversed by the addition of
dithiothreitol, indicating that free –SH groups are required for enzyme activity. Bovine
serum albumin is likely to act in part by a ”protein effect” and in part by an effect related
to the presence of many free thiol groups in this protein. Catalase destroys peroxide and
acts through a non-specific protein effect (Kivirikko et al. 1992).

2.2.2.3 Reaction mechanism
Extensive kinetic studies indicate that the reaction mechanisms of the lysyl and prolyl
hydroxylases are quite similar (Myllylä et al. 1977, Tuderman et al. 1977, Puistola et al.
1980a, Puistola et al. 1980b). The hydroxylation reaction occurs by an ordered binding of
2+
Fe , 2-oxoglutarate, O2 and the peptide substrate to the enzyme followed by an ordered
2+
2+
release of the hydroxylated peptide, CO2, succinate and Fe , the Fe not being released
between catalytic cycles. One atom of the O2 molecule is incorporated into the succinate
and the other into the hydroxy group formed on the lysine or proline residue (for a
reviews, see Kivirikko & Pihlajaniemi 1998).
The data concerning the reaction mechanism and structural features of the catalytic
site of lysyl hydroxylase are mainly based on kinetic studies (Myllylä et al. 1977) and
theoretical considerations (Hanauske-Abel & Günzler 1982, Hanauske-Abel 1991), and
also on site-directed mutagenesis studies on both these hydroxylases (Lamberg et al.
1995, Pirskanen et al. 1996, Myllyharju & Kivirikko 1997) and observations with respect
to isopenicillin N-synthase (Roach et al. 1995, Roach et al. 1997). The catalytic cycle of
lysyl hydroxylase can be divided into two halves, generation of the reactive
hydroxylating species and its subsequent utilization for hydroxylysine formation
(Hanauske-Abel & Günzler 1982, Hanauske-Abel 1991). Molecular oxygen is assumed
2+
to be bound end-on in an axial position to the Fe , which in turn is assumed to be located
in a hydrophobic pocket at the catalytic site (Hanauske-Abel 1991). This produces a
species characterized by doubly occupied orbitals, the dioxygen unit, one of its electronrich orbitals being directed to the electron-depleted orbital at the C-2 position in the 2oxoglutarate bound to the iron atom (Figure 3A). The C-2 then undergoes rehybridization
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from its sp hybridized planar oxo structure to an sp hybridized tetrahedral transition
state and forms a covalent bond with the non-coordinated atom of the dioxygen unit
(Figure 3B). This weakens both the C-C bond in the 2-oxoglutarate and the O-O bond in
the dioxygen. Decarboxylation will take place at the same time as cleavage of the O-O
bond, and the original C-2 of the 2-oxoglutarate, which has become the C-1 of succinate,
2
will return to the sp hybridization. Simultaneously, a highly reactive ferryl ion is formed
(Figure 3C) which hydroxylates a lysine residue in the peptide substrate in the second
2+
half of the reaction. This renews the enzyme-bound Fe and concludes the catalytic cycle
(Hanauske-Abel & Günzler 1982, Hanauske-Abel 1991).
2
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Figure 3. Schematic representation of the first half of the lysyl hydroxylase reaction at its
2+
catalytic site. The Fe is coordinated with the enzyme by three residues, His656, Asp 658 and
His708. The 2-oxoglutarate binding site consists of two main subsites: subsite I, which binds
the C-5 carboxyl group of 2-oxoglutarate (marked with a question-mark) and subsite II,
2+
which consists of two cis-positioned equatorial coordination sites of enzyme-bound Fe and is
chelated by the C-1 carboxyl and C-2 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 directed to the electron-depleted orbital at the C-2 position in the 2oxoglutarate bound to the iron. (B) Nucleophilic attack on C-2 generates a tetrahedral
intermediate, with loss of the double bond in the dioxygen unit and of double bond
characteristics in the oxo-acid moiety. (C) Elimination of CO2 coincides with the formation of
succinate and a ferryl ion, which hydroxylates a lysine residue in the peptide substrate in the
second half of the reaction. Modified from a figure presented by Kivirikko and Myllyharju
(1998).

Ascorbate is not consumed stoichiometrically in the lysine hydroxylation reaction, and
the enzyme can complete numerous catalytic cycles at a maximal rate in its absence ( de
Jong & Kemp 1984, Myllylä et al. 1984). The main function of ascorbate is to act as an
alternative oxygen acceptor in the uncoupled decarboxylation of 2-oxoglutarate, a
reaction occurring without subsequent hydroxylation of the peptide substrate. Ascorbate
is consumed stoichiometrically in this reaction, which is needed for reactivation of the
2+
enzyme-bound Fe (Myllylä et al. 1984). The rate of the uncoupled reaction taking place
in the absence of the peptide substrate is only 1-4 % of that of the complete reaction. An
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uncoupled reaction cycle can occur occasionally even in the presence of a saturating
concentration of the peptide substrate, and certain non-hydroxylatable peptides even
increase the rate of the uncoupled reaction (Counts et al. 1978, Myllylä et al. 1984).
The lysyl hydroxylase α2 dimer and prolyl 4-hydroxylase α2β2 tetramer have two
catalytic sites (Kivirikko et al. 1992, Kivirikko & Pihlajaniemi 1998), and it has been
proposed that the two substrate binding sites bind simultaneously to the same polypeptide
substrate with several hydroxylatable sites (de Waal & de Jong 1988, de Jong et al. 1991).
When hydroxylation occurs at one site and the polypeptide chain is released, it is still
bound at the other site. This agrees with the finding that longer peptides have lower Km
values than shorter ones (Kivirikko et al. 1972). However, C.elegans prolyl 4hydroxylase, an αβ dimer with only one catalytic site, has Km values for long peptides
that are identical to that of the vertebrate prolyl 4-hydroxylase α2β2 tetramer, a finding
that is not consistent with this proposal (Veijola et al. 1996, Kivirikko & Pihlajaniemi
1998).

2.2.3 Isoenzymes
Isoenzymes are distinct forms of the same catalytic activity, differing in their physical
and chemical properties. They can be present in different tissues, cell types, subcellular
compartments or developmental stages of the same organism, or in different organisms.
Varying opinions have been expressed about the possible existence of lysyl hydroxylase
isoenzymes over the years. Many findings have supported the view that such isoenzymes
do exist. Large differences are found in the extent of lysine hydroxylation between
collagen types and even within the same collagen type from different tissues and at
different developmental stages (Barnes et al. 1974). Also, the deficiency in hydroxylysine
in collagens of patients with Ehlers-Danlos syndrome type VI shows great variation
between tissues and collagen types (Krane et al. 1972, Ihme et al. 1984). Ihme et al.
(1984) reported a patient with this syndrome whose type I collagen was deficient in
hydroxylysine in its triple-helical regions in skin and bone, but normally hydroxylated in
tendon and lung. Moreover, the triple-helical domain of type V collagen from bone was
normally hydroxylated, in contrast to type I collagen from the same origin, suggesting the
presence of multiple isoenzymes.
Two novel isoenzymes, termed lysyl hydroxylase 2 and lysyl hydroxylase 3, have
recently been cloned and characterized from human (Valtavaara et al. 1997, Valtavaara et
al. 1998, paper II of the present study) and mouse (Ruotsalainen et al. 1999).
Correspondingly the previously known isoenzyme is now called lysyl hydroxylase 1.
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2.2.3.1 Lysyl hydroxylase 2
A cDNA coding for lysyl hydroxylase 2 was first cloned from human kidney and
pancreas (Valtavaara et al. 1997). This encodes a polypeptide of 737 amino acids,
including a signal peptide of 25 residues. The novel polypeptide shows an overall
similarity of 75 % to the human and chick lysyl hydroxylase 1 polypeptides, the highest
similarity, over 90 %, being found in the conserved C-terminus. The lysyl hydroxylase 2
polypeptide contains 7 putative N-glycosylation sites and nine conserved cysteine
residues, in addition to which the two histidines and one aspartate thought to constitute
the Fe2+ binding site have been conserved.
The mRNA for lysyl hydroxylase 2 is clearly a product of a different gene from that
for lysyl hydroxylase 1, this being located in the region 3q23-q24 (Szpirer et al. 1997)
while the lysyl hydroxylase 1 gene is located on chromosome 1 (see 2.2.4) (Hautala et al.
1992a). A new, alternatively spliced form of the human lysyl hydroxylase 2 cDNA has
recently been cloned from human skin fibroblasts (Yeowell & Walker 1999a) and human
kidney (Valtavaara, M., Risteli, M., Ruotsalainen H., Wang, C. and Myllylä, R.,
unpublished data). This novel lysyl hydroxylase 2b cDNA encodes a protein of 758
amino acids, of which 21 amino acids are encoded by a new exon, termed exon 13A,
which is located between those coded by exons 13 and 14 in the originally described
lysyl hydroxylase 2 cDNA, now designated lysyl hydroxylase 2a cDNA. Analysis of
genomic DNA from different tissues has revealed that both transcripts, those of lysyl
hydroxylase 2a and 2b, are generated from the same lysyl hydroxylase 2 gene (Yeowell &
Walker 1999a).
Expression of the mRNAs for lysyl hydroxylase 2a and 2b has been studied by
Northern hybridization and PCR analysis (Yeowell & Walker 1999a, Valtavaara, M.,
Risteli, M., Ruotsalainen H., Wang, C. and Myllylä, R., unpublished data). The lysyl
hydroxylase 2a mRNA, of size 4.2 kb, is abundantly expressed in human heart, muscle,
placenta and pancreas, whereas that of lysyl hydroxylase 2b, of size 4.4 kb, is well
expressed in human skeletal muscle and heart but virtually undetectable in human
placenta and pancreas (Valtavaara, M., Risteli, M., Ruotsalainen H., Wang, C. and
Myllylä, R., unpublished data). PCR amplification studies indicated that the lysyl
hydroxylase 2b mRNA was expressed as the major lysyl hydroxylase 2 transcript form in
all tissues studied except kidney and spleen. Preliminary data further suggest that this
alternative splicing event is not developmentally regulated (Yeowell & Walker 1999a).
Comparison of the catalytic properties of lysyl hydroxylases 2a and 2b after
expression as recombinant proteins in insect cells has suggested a few differences
between them (Valtavaara, M., Risteli, M., Ruotsalainen H., Wang, C. and Myllylä, R.,
unpublished data). The Km of lysyl hydroxylase 2b for a synthetic peptide substrate has
been reported to be three times higher than that of lysyl hydroxylase 2a, and that for
ascorbate twice as high (see Table 4 in section 6.2). Recent measurements of mRNA
levels and immunoblotting experiments have suggested that lysyl hydroxylase 2 is
coregulated together with total collagen synthesis but not with specific collagen types
(Wang et al. 2000).
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2.2.3.2 Telopeptide lysyl hydroxylase(s)
The telopeptides are short non-triple-helical regions located at the ends of the collagen α
chains, each α chain having an N-terminal and a C-terminal telopeptide region (Hulmes
1992, Kielty et al. 1993). Many studies have demonstrated the possible existence of one
or more telopeptide-specific lysyl hydroxylases, which could also be responsible for the
variations found in collagen crosslinking. Conclusive evidence is nevertheless lacking.
A detailed study of the extent of lysine hydroxylation in the N-terminal telopeptides of
type I collagen as a function of age in different chick tissues indicated that variations at
these sites were unrelated to variations in the corresponding triple-helical domains
(Barnes et al. 1974). Moreover, a highly purified chick lysyl hydroxylase preparation was
reported to fail to hydroxylate lysine residues in the telopeptide regions of type I collagen
in vitro even though it did hydroxylate lysine residues in the triple-helical domain of
collagen I (Barnes et al. 1974, Royce & Barnes 1985). It also seems that a specific
increase in the hydroxylation of lysine residues of type I collagen in hypertrophic tendon
occurs only in the N- and C-terminal telopeptide regions, whereas the extent of
hydroxylation of lysine residues in the triple-helical regions is not affected (Gerriets et al.
1993). Similar results have been reported in rats with experimentally induced pulmonary
fibrosis (Gerriets et al. 1996); suggesting that hydroxylation of telopeptide lysine residues
may be under separate enzymatic control.
Bank et al. (1999) recently reported that lysine residues within the telopeptides of type
I collagen in bone are underhydroxylated in patients with Bruck syndrome, an autosomal
recessive disease with characteristics of fragile bones, joint contractures, scoliosis and
osteoporosis (Brenner et al. 1993), leading to aberrant crosslinking. Lysine residues in the
triple-helical region are normally modified in these patients, indicating that the
hydroxylation defect is limited to the telopeptides. On the other hand, cartilage and
ligament show an unaltered telopeptide hydroxylysine content (Bank et al. 1999). These
results together with earlier observations thus provide evidence for the existence of a
telopeptide lysyl hydroxylase with tissue-specific forms. According to Bank et al. (1999),
the lysyl hydroxylase 1 and 2 genes can be excluded as candidate genes for Bruck
syndrome because they are located on different chromosomes from its gene, which has
been mapped to chromosome 17 (Bank et al. 1999).
Results partly differing from those of Bank et al. (1999) have been reported by Uzawa
et al. (1999), who studied the expression patterns of different lysyl hydroxylase
isoenzymes during the in vitro differentiation of human bone marrow stromal cells and
skin fibroblasts. A 6-fold increase in the level of lysyl hydroxylase 2 mRNA was found in
the course of progression from undifferentiated to fully differentiated bone marrow
stromal cells, whereas no such increase was observed in skin fibroblasts. Since the
increase in lysyl hydroxylase 2 mRNA level coincided with the onset of matrix
mineralization and the increase in lysine hydroxylation of the non-triple-helical region in
the α chains of type I collagen, the authors suggested that lysyl hydroxylase 2 may be
involved in processing of the telopeptide domains of bone type I collagen (Uzawa et al.
1999).
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2.2.4 Structure of the lysyl hydroxylase 1 gene
The lysyl hydroxylase 1 gene is located in the region 1p36.2→1p36.3 on human
chromosome 1 and is not physically linked to the genes for prolyl 4-hydroxylase
(Pajunen et al. 1988, Popescu et al. 1988, Pajunen et al. 1991, Hautala et al. 1992a,
Helaakoski et al. 1994). It is 40 kb in size and contains 19 exons (Heikkinen et al. 1994).
The 5´ flanking region and the first exon are rich in G+C nucleotides, the G+C content of
the 5´ untranslated region of the mRNA being 75 % while that of the coding region is
only 59 %. The promoter region of the gene lacks a TATAA box, which is a typical
promoter element in highly regulated genes. Results obtained by S1 nuclease mapping
and primer extension show the presence of multiple transcription initiation sites, the size
of the 5´ untranslated region varying from 49 to 136 bp. The main transcription initiation
sites are located 55-65 bp upstream of the ATG codon. A CCAAT sequence, which is a
possible binding site for the CTF/NF transcription factor is present 370 bp upstream of
the main transcription initiation site. This sequence is usually located 80 bp upstream of
the transcription initiation site, but it can also function at different distances. The gene
contains GGGCGG sequences, which are potential Sp1 transcription factor binding sites
and typical of genes with multiple transcription initiation sites. Two such Sp1 binding
sites are present in the coding strand of the promoter region, one potential Sp1 binding
site also being found in the non-coding strand and one at the 5´ end of the first intron.
Overall, the 5´flanking region of the human lysyl hydroxylase 1 gene ressembles the
promoters of many housekeeping genes (Heikkinen et al. 1994).
The 19 exons of the human lysyl hydroxylase 1 gene represent only 7 % of its total
size (see Table 1). The extreme 3´ exon is the largest one, being 887 bp in length and
containing a 732 bp 3´ untranslated sequence and the polyadenylation signal, while exons
1 to 18 vary in size from 64 to 164 bp. Exons 2, 5 and 7 begin with the second base of a
codon, exons 4,11,12 and 13 with the third base and all the others with the first base. The
consensus sequence CAG-exon-GT(G/A) is found at the boundaries throughout, except
for exon 13, as intron 13 begins with a sequence GTC instead of GT(G/A) (Heikkinen et
al. 1994).
The sizes of the introns in the lysyl hydroxylase 1 gene vary more than those of the
exons. The first intron, 12 500 bp, is by far the largest and intron 12, 350 bp, the
smallest. The average size of an intron is nevertheless over 1 kb. Introns 9,15 and 16 have
been sequenced completely, because of their involvement in gene rearrangements in
patients with Ehlers-Danlos syndrome type VI (see section 2.3) (Heikkinen et al. 1994).
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Table 1. Exon-intron structure of the human lysyl hydroxylase 1 gene
Exon/intron
number

Exon
size(bp)

Intron
size(bp)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

49-136
92
134
164
113
64
98
102
132
122
105
126
142
114
66
105
147
126
887

12,500
1,800
480
2,200
2,100
2,000
820
540
1,987
2,600
650
350
780
670
665
3,578
2,100
1,500

( Heikkinen et al. 1994, OMIM 2000)

2.2.4.1 Alu sequences
Short interspersed elements (SINEs) are ubiquitous repetitive elements occurring in
mammalian genomes. The most common human SINEs are 0.5-1.1 ×106 Alu sequences,
which represent about 6-13 % of the human genomic DNA. These occur at an average
rate of one every 3-6 kb, although their distribution within the human genome is not
uniform (Schmid & Maraia 1992, Makalowski et al. 1994, Mighell et al. 1997, Schmid
1998). Alu sequences are characterically found in the intronic regions of protein-coding
genes in primates, and are typically located in clusters separated by up to a few hundred
basepairs of non-Alu DNA. Consensus Alu sequences are approximately 280 bp in length
and consist of two homologous but distinct monomers rich in G+C nucleotides, forming
right and left subunits that are connected by an adenine-rich region. Alu sequences
typically end in a 3´ A–rich region resembling a polyadenyl tail (Makalowski et al. 1994,
Mighell et al. 1997).
It has been postulated that Alu sequences are inserted into the human genome by a
retrotransposition mechanism involving a single-stranded RNA intermediate generated by
RNA polymerase III. The progenitor of the human Alu elements is probably the 7SL
RNA, an essential component of the signal recognition particle (SPR), a nucleoprotein
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that targets certain proteins to the endoplasmic reticulum (Mighell et al. 1997). The rate
of Alu amplification seems to have reached a maximum between 35 and 60 million years
ago, and they are currently amplifying only at 1 % of the maximum rate (Deininger &
Batzer 1999). Alu repeats may be further grouped into subfamilies by reference to the
great variation found in their consensus sequences. At least 12 subfamilies have now been
characterized, the Alu-J subfamily being probably the oldest one and the Alu-Y subfamily
the youngest (Makalowski et al. 1994, Batzer et al. 1996). Alu sequences are involved in
most human gene rearrengements that occur by homologous recombination, thus leading
to genetic disorders such as haemophilia, but also to the regulatory variation needed in
the course of evolution (Rüdiger et al. 1995, Britten 1996, Brosius 1999, Deininger &
Batzer 1999).
At least introns 9 and 16 of the lysyl hydroxylase 1 gene contain Alu sequences. Intron
9, 2.0 kb in length, contains five of them, and intron 16, 3.6 kb in length, eight. The Alu
repeats present in these introns seem to belong to the Alu-Sp, Alu-Sx or Alu-Sc
subfamilies, or else they represent truncated forms of Alu repeats (Heikkinen et al. 1994).
The large number of Alu repeats generates a marked homology between these two
introns, the longest identical sequence being 44 nucleotides in length. This appears to
explain the large gene duplication which is one of the most common mutation found in
families with Ehlers-Danlos syndrome type VI (see section 2.3) (Hautala et al. 1993,
Heikkinen et al. 1994, Pousi et al. 1994, Heikkinen et al. 1997).

2.2.5 Intracellular site of lysine hydroxylation
The lysine hydroxylation reaction occurs as an intracellular event during collagen
biosynthesis. While nascent procollagen polypeptide chains are being synthesized on the
ribozomes, the hydroxylation of lysine and proline residues and the glycosylation of
hydroxylysine residues occur as cotranslational modifications and continue as posttranslational modifications within the cisternae of the rough endoplasmic reticulum, until
collagen triple helix formation prevents any further modification (Kivirikko & Myllylä
1984, Kivirikko 1993, Kivirikko & Pihlajaniemi 1998).
Results obtained in the 1970´s by assays of lysyl hydroxylase activity after subcellular
fractionation of embryonic chick tendon and sternal cartilage cells indeed showed the
highest enzyme activity to occur in the microsomal fraction. Subsequent fractionation of
this microsomal fraction by discontinuous gradient centrifugation revealed that the
enzyme is located almost exclusively in the rough endoplasmic reticulum fraction of both
tendon and cartilage cells (Harwood et al. 1974). Lysyl hydroxylase was also shown by a
variety of techniques to reside within the cisternae of the rough endoplasmic reticulum
(Guzman et al. 1976, Ryhänen 1976, Peterkofsky & Assad 1979). Approximately 30 % of
the total lysyl hydroxylase activity was found to exist freely within the cisternae, the
remainder being associated with the membrane through ionic bonds (Peterkofsky &
Assad 1979).
Cloning and sequencing of chick and human lysyl hydroxylase cDNAs indicated,
however, that they lacked any ER-specific retention motifs in their primary structure
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(Myllylä et al. 1991, Hautala et al. 1992a). Although the enzyme is thought to be located
in the ER, it contains no KDEL–like sequence or double-lysine motif, signals necessary
for the retention of a number of proteins in the lumen of the ER or its membrane (for
reviews, see Pelham 1992, Pelham 1996, Teasdale & Jackson 1996). A 40 amino acid Cterminal peptide segment of lysyl hydroxylase has recently been identified as the
determinant necessary for its membrane association and localization in the ER, as this
segment seems to be able to convert cathepsin D, normally a soluble lysosomal protease,
into a membrane-associated protein (Suokas et al. 2000). The immunofluorescence
studies of Kellokumpu et al. (1994) indicated that lysyl hydroxylase is co-located with
protein disulphide isomerase, a protein with the KDEL retention signal, and seems to
reside in the same subcompartment of the ER in which the proteins containing KDEL
reside. Moreover, the enzyme appears to be present only in association with the ER
membrane, as a luminally-oriented peripheral membrane protein binding to it via weak
electrostatic interactions. Stress treatment with tunicamycin seems to increase the enzyme
activity and the amount of the enzyme protein (Kellokumpu et al. 1994).

2.3 Ehlers-Danlos syndrome type VI
Ehlers-Danlos syndrome is a group of connective tissue disorders with heterogeneous
clinical characteristics such as hyperextensive skin, excessive bruising, muscular
hypotonia and joint hypermobility. This autosomally recessively inherited syndrome has
been divided traditionally into 10 subtypes (Krane et al. 1972, Kivirikko 1993, Steinmann
et al. 1993, Yeowell & Pinnell 1993, Byers 1994). A more recent, simplified classification
divides it into six major types, based primarily on the cause of each type (Beighton et al.
1998).
Ehlers-Danlos syndrome type VI, or the kyphoscoliotic type, was the first subtype in
which the biochemical abnormality was characterized (Krane et al. 1972, Sussman et al.
1974). It is very uncommon, and only approximately two dozen patients have been
identified (Byers 1994). These have the general characteristics of the Ehlers-Danlos
syndrome but also some specific properties of this subtype, such as kyphoscoliosis and
ocular manifestations: spontaneous retinal detachments, rupture of the globe after minor
trauma and microcornea (Beighton 1970, Krane et al. 1972, Sussman et al. 1974,
Steinmann et al. 1993). The biochemical abnormality involved in subtype VI in most but
not all cases is a deficiency in lysyl hydroxylase activity (Eyre & Glimcher 1972, Krane
et al. 1972, Pinnell et al. 1972, Quinn & Krane 1976, Beighton P 1993, Steinmann et al.
1993, Byers 1994, Prockop & Kivirikko 1995). The type VI variant has thus been divided
biochemically into subtypes VIA and VIB, having similar clinical characteristics
(McKusick 1992) but differing in that patients with subtype VIB have a normal level of
lysyl hydroxylase activity while those with subtype VIA show clearly decreased activity
levels, less than 25 % of normal when measured in skin fibroblasts (Krane et al. 1972,
Judisch et al. 1976, McKusick 1983).
Molecular cloning of human lysyl hydroxylase 1 (Hautala et al. 1992a, Yeowell et al.
1992) and its gene (Heikkinen et al. 1994) has made it possible to characterize in detail
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the mutations responsible for Ehlers-Danlos syndrome type VI. At least sixteen mutations
have been characterized in patients with this disease, the defects in the mutant alleles
being either heterozygous or compound homozygous. The first mutation reported in one
family with two affected siblings was a homozygous single basepair substitution in the
lysyl hydroxylase 1 gene, converting the codon of arginine (Arg319) to a translation
termination codon and leading to an almost complete absence of lysyl hydroxylate
activity in skin fibroblasts. The healthy parents and two of their three healthy siblings
were heterozygous carriers of the mutation (Hyland et al. 1992). A common mutation,
with a prevalence of 20 % among families studied, is a large homozygous duplication
involving seven exons in the lysyl hydroxylase 1 gene (Hautala et al. 1993, Heikkinen et
al. 1997) caused by an Alu-Alu recombination (Pousi et al. 1994). Pajunen et al. (1998)
reported a patient with a homozygous insertion of two thymidines at the 5´splice site of
intron 9 in the lysyl hydroxylase 1 gene, leading to an in-frame deletion of sequences
coded by exon 9 in the mRNA. Cells extracted from the patient possessed only 12 % of
the activity detected in unaffected cells (Pajunen et al. 1998). A homozygous single base
substitution in exon 14, generating a premature termination codon (Tyr511X), was
identified by Walker et al (1999), and a homozygous insertion of a single C nucleotide in
a group of 4 C nucleotides in exon 16 has recently been described in a North American
patient (Yeowell et al. 2000a).
The first example of a compound heterozygous patient was reported by Ha et al
(1994). This patient had a triple base deletion which resulted in the loss of residue
Glu532 in one allele and a single base substitution which converted Gly678 to arginine in
the other allele. Lysyl hydroxylase activity had decreased to 24 % (Ha et al. 1994).
Another patient has also been identified who is compound heterozygous for the same
mutation of a premature stop codon (Tyr511X) in the exon 14 sequence in one allele and
a splice site-mediated exon 5 deletion generating a premature stop codon in the other
(Yeowell & Walker 1997). Recently, a heterozygous patient with a deletion of the
penultimate adenosine from the 3´end of intron 15 followed by skipping of the exon 16
sequence in one allele has been identified by Pousi et al. (1998). The other allele had a
deletion of exon 17 generated by an Alu-Alu recombination (Pousi et al. 1998). A novel
point mutation resulting in the replacement of tryptophan (Trp612) by cysteine in the
highly conserved C-terminal region has been reported in one allele of a new patient
studied, the other being a functionless null allele (Brinckmann et al. 1998). A null-mutant
lysyl hydroxylase gene has also been reported in a heterozygous British patient, with one
nucleotide deletion in the acceptor splice site of intron 4 in one allele and an insertion of
a C nucleotide in exon 2 in the other (Heikkinen et al. 1999), and the same study pointed
to several exon-deleted splicing variants of lysyl hydroxylase mRNA not only in the
affected cells but also in small amounts in normal human skin fibroblasts (Heikkinen et
al. 1999). The previously reported non-sense mutation (Tyr511X) in exon 14, resulting in
a reduction in the mRNA level as well as a skipping of exon 14 sequences in the mRNA,
has now been described in one allele of a British patient, the second allele being
operationally null (Pousi et al. 2000). A 15-bp deletion in exon 11 in one lysyl
hydroxylase allele coding for amino acids 367-371 has been reported in two unrelated
compound heterozygous patients with the syndrome. The mutations in their other alleles
were a Cys1119Thr change in exon 10 and a predicted Gln49X in exon 2. It seems likely
that the loss of cysteine 369 in the deleted sequence may have contributed to the
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diminished enzyme activity, as individual mutation of Cys369 by site-directed
mutagenesis followed by expression in a baculovirus system virtually eliminated lysyl
hydroxylase activity (Yeowell et al. 2000b). Three novel point mutations that code for
premature termination codons, Gln327X, Tyr142X and Arg670X, have also been
identified recently in compound heterozygous patients. The Gln327X mutation in exon
10 was also reported as a homozygous mutation in another patient (Yeowell et al. 2000a).
Of the sixteen lysyl hydroxylase gene mutations characterized so far, four have been
shown to occur in more than one unrelated patient. These include the large seven exon
duplication (Hautala et al. 1993, Pousi et al. 1994, Heikkinen et al. 1997), the Tyr511X
mutation in exon 14 (Yeowell & Walker 1997, Walker et al. 1999, Yeowell & Walker
1999b, Pousi et al. 2000), the 15 bp deletion in exon 11 (Yeowell et al. 2000b) and the
Gln327X mutation in exon 10 (Yeowell et al. 2000a). These may therefore be considered
common mutations in type VI of the Ehlers-Danlos syndrome.

3 Outline of the present research
Lysyl hydroxylase plays an important role in the biosynthesis of all collagens, by
hydroxylating certain lysine residues to hydroxylysine. The resulting hydroxylysine
residues are essential for the stability of collagen crosslinks and are also needed for the
glycosylation of collagen molecules. The critical role of hydroxylysine residues in
collagens is demonstrated by the marked changes in the mechanical properties of various
tissues seen in patients with the type VI variant of the Ehlers-Danlos syndrome, a
molecular disease caused by a deficiency in lysyl hydroxylase activity.
In spite of extensive research into lysyl hydroxylase and the Ehlers-Danlos syndrome,
little was known about the catalytic and structural properties of human lysyl hydroxylase.
Expression as a recombinant protein in insect cells by means of a baculovirus system had
made it possible to study the amino acid residues that play critical roles at the catalytic
2+
site of the enzyme. Residues responsible for the binding of the Fe atom to the catalytic
site had previously been characterized by site-directed mutagenesis in our laboratory. It
was therefore a natural choice to continue this work by studying the binding sites for the
other cofactors. The specific goal was:
1. to identify the positively charged amino acid residue that binds the C-5 carboxyl
group of 2-oxoglutarate, an essential cofactor for the hydroxylation reaction.
Many previous studies have suggested that lysyl hydroxylase may have isoenzymes, and
one such isoenzyme, termed lysyl hydroxylase 2, had recently been cloned by another
laboratory. The specific goals were thus:
2. to attempt to identify, clone and characterize an additional human lysyl hydroxylase
isoenzyme. Subsequent goals were to study expression of the mRNA for this novel
isoenzyme in human tissues and to produce a recombinant protein in insect cells to
show the function of the cloned polypeptide as a lysyl hydroxylase and to
characterize its catalytic properties.
3. to study the exon-intron organization of the novel human lysyl hydroxylase
isoenzyme gene and the sequence of its promoter region and to compare these results
with those for the gene for isoenzyme1.

4 Materials and methods
More detailed descriptions of the materials and methods are presented in the original
papers I-III.

4.1 Site-directed mutagenesis studies of human lysyl hydroxylase 1 (I)
The cDNA for human lysyl hydroxylase 1 (Hautala et al. 1992a) was modified by
converting the codons for Arg697, Arg700 and Ser705 individually to codons for alanine,
and that for Arg700 also to one for lysine. The mutagenesis steps were performed in a
pBluescript vector (Stratagene) containing the full-length lysyl hydroxylase 1 cDNA by
means of an oligonucleotide-directed in vitro system based on the unique site elimination
procedure (Pharmacia Biotech Inc.).

4.2 Isolation and characterization of cDNA and genomic
clones (II, III)
In order to obtain a probe for cDNA library screening (II), PCR primers F1 and R3 were
designed based on the finding of an EST sequence (AA 340 606) and used to obtain a
236-bp product from an adult human kidney λgt-10 cDNA library (Clontech). The
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purified PCR product was labelled with P and used to screen foetal (λgt-11) and adult
(λgt-10) human kidney and human placenta (λgt-11) cDNA libraries (Clontech). This
resulted in five positive clones being obtained from the two kidney libraries and 16 from
the placenta library. Seven of these were isolated and characterized in detail.
To obtain the 5’ end of the cDNA, two new probes were amplified by PCR using the
human placenta library as a template. These probes were further used for rescreening, as
a result of which eight positive clones were obtained, four of which were characterized in
detail. As an independent approach, rapid amplification of the 5´ cDNA ends was
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performed from pooled human placenta cDNAs (Marathon-Ready cDNA, Clontech)
using oligonucleotides generated from existing sequences as primers.
To characterize the structure of the human lysyl hydroxylase 3 gene (III), two P1
genomic clones, 18050 and 18051, were obtained from the P1 Human Library screening
services (Genome Systems, Inc.) using a lysyl hydroxylase 3 cDNA specific sequence
corresponding to nucleotides 2135-2516 as a probe. The QIAGEN Plasmid Midi Kit was
used to isolate the P1 DNA. Sequencing was performed directly on the P1 DNA in the
case of most of the introns, but the sizes of the three largest introns (6, 15 and 16) were
determined by PCR with a forward primer corresponding to the 3’ end of an exon and a
reverse primer corresponding to the 5’ end of the next exon. The sizes of the PCR
products, and thus those of the introns, were further analyzed with a 1 % agarose gel. All
the PCR products were also isolated, cloned into pUC18 (Pharmacia) and sequenced with
vector and cDNA-specific primers.

4.3 Construction of baculovirus transfer vectors and generation of
recombinant viruses (I, II)
After the generation of plasmids containing the mutant lysyl hydroxylase 1 cDNAs (I),
these were digested with EagI and EcoRI and the resulting fragments further cloned to
the EagI-EcoRI -digested baculovirus transfer vector pVL1392. All sequences were
verified by dideoxynucleotide sequencing (Sanger et al. 1977).
Two pairs of sequence-specific primers were designed in order to construct the fulllength lysyl hydroxylase 3 cDNA (II), LH3-5’B and LH3-5’N contained an artificial
BamHI site and a natural NarI site, and correspondingly LH3-3’X and LH3-3’N
contained an artificial XbaI site and a natural NarI site (Figure 4). The 5’ end of the
cDNA (nucleotides 37-1360) was amplified with the first pair of primers and the 3’ end

Figure 4. Amplification of the lysyl hydroxylase 3 cDNA in two parts by PCR. The 5´part
contained an artificial BamHI site and a natural NarI site and the 3´part a natural NarI site
and an artificial XbaI site. The arrows indicate the locations of the oligonucleotide primers
used in the amplification.
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(nucleotides 1361-2317) with the second pair. The 5’ PCR product was digested with
BamHI and NarI and the 3’ product with NarI and XbaI, the resulting fragments were
further ligated to the BamHI-XbaI site of the baculovirus transfer vector pVL1393
(Luckow et al. 1993) and the whole construct was sequenced using Abi Prism 377.
Recombinant viruses were generated by culturing Spodoptera frugiperda Sf9 cells
(Invitrogen) as monolayers in TNM-FH medium (Sigma) supplemented with 10 % foetal
bovine serum (Gibco) at 27 °C. The recombinant baculovirus transfer vectors were then
cotransfected into Sf9 cells with a modified Autographa californica nuclear polyhedrosis
virus DNA (BaculoGold, Pharmingen) by calcium phosphate precipitation (Gruenwald &
Heitz 1993). The resulting viral pool was collected four days later and amplified twice.

4.4 Expression and analysis of recombinant proteins (I, II)
High Five insect cells (Invitrogen) were cultured as monolayers in TNM-FH medium
supplemented with 10 % foetal bovine serum (Life Technologies) at 27 °C, infected at a
multiplicity of 5, harvested 24-72 h after infection and washed with a solution of 0.15 M
NaCl and 0.02 M phosphate, pH 7.4. They were then homogenized in a solution of 1 %
Nonidet P-40, 0.1 M glycine and 0.02 M Tris-HCl, pH 7.8 (termed Nonidet P-40 buffer)
and centrifuged at 10.000 x g for 10 min. The insoluble pellets were further homogenized
in a 50 % glycerol, 0.6 M NaCl, 1 % Nonidet P-40, 0.1 M glycine, 100 µM dithiothreitol
and 0.06 M Tris-HCl buffer, pH 7.8 (glycerol buffer) and then incubated on ice for 30-60
min and centrifuged at 10,000 x g for 20 min. The pellets remaining after centrifugation
were further solubilized in 1 % SDS.
Aliquots of the supernatants and remaining SDS pellets were analyzed by 8 % SDSPAGE under reducing conditions using Coomassie blue staining.

4.5 Enzyme activity assays (I, II)
Lysyl hydroxylase activity was measured by a procedure based on the hydroxylation14
coupled decarboxylation of 2-oxo[1- C]glutarate with 0.75 mg/ml of (Ile-Lys-Gly)3 as
the peptide substrate (Kivirikko & Myllylä 1982). Pooled soluble fractions of the cell
homogenate were used as the source of enzyme. Km values were determined by varying
the concentrations of one substrate in the presence of a fixed concentration of the second
substrate in the presence of an excess of the other substrates (Kivirikko & Myllylä 1982).
Protein concentrations were determined with a Bio-Rad protein assay kit (Bio-Rad). The
expression levels of the wild-type and mutant lysyl hydroxylases (I) were compared by
densitometry of the Coomassie blue stained bands in SDS-PAGE using a BioImage
instrument (BioImage, Millipore).
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4.6 Nucleotide sequencing (I, II, III)
DNA sequencing was performed mostly using dRhodamine terminator or Big Dye
Terminator cycle sequencing ready reaction kit (Perkin Elmer) with an Abi Prism 377
automated sequencer (Applied Biosystems). Some sequences were determined manually
with a dideoxynucleotide sequencing system (Sanger et al. 1977) using a T7 sequencing
kit (Pharmacia Biotech).

4.7 The BLAST program and other sequence analyses (I, II, III)
The BLAST (Basic local alignment search tool) program is a fast and readily available
tool for searching protein and DNA databases for sequence similarities. It can detect
distant sequence relationships and make it easier to distinguish real significance from
statistical similarities (Altschul et al. 1990, Altschul et al. 1994, Heikkinen & Mattila
2000). The BLAST program was used here to search the database of human expressed
sequence tags (EST) (Marra et al. 1998) with the lysyl hydroxylase 1 cDNA sequence
(Hautala et al. 1992a) in order to obtain part of the cDNA sequence of human lysyl
hydroxylase 3 (II). It was also used during the cDNA library screening to check the new
sequence (II) and to detect Alu repeats when analyzing the gene for human lysyl
hydroxylase 3 (III).
DNASIS and PROSIS version 6.00 software (Pharmacia Biotech) were used to
analyze the nucleotide sequence data after sequencing (I, II, III). Transcription Factor
Data Base using the TESS (Transcription Element Search Software on the WWW),
Version 3.2, and the MatInspector, Version 2.2, programs were used when searching the
consensus sites for the binding of transcription factors in the human lysyl hydroxylase 3
gene (III).

4.8 Isolation of RNA and Northern blot analysis (II)
Total RNA was isolated from cultured adult human skin fibroblasts and human Saos-2
osteosarcoma cells with the RNeasy Midi Kit (Qiagen). Samples of 15 µg of total RNA
were separated out electrophoretically on a 1 % agarose gel containing 2 M
formaldehyde, transferred to a nitrocellulose membrane and immobilized by baking.
Otherwise Northern blot analysis was carried out using the ready-made human
multitissue Northern blots I and III and the foetal blot II (Clontech), each containing 2 µg
of poly(A) RNA per sample. The tissues analyzed in these blots included heart, brain,
placenta, lung, liver, skeletal muscle, kidney, pancreas, stomach, thyroid, spinal cord,
lymph node, trachea, adrenal gland and bone marrow, and also foetal brain, lung, liver
and kidney. The hybridization was carried out in ExpressHyb solution (Clontech) under
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the stringent conditions recommended by the manufacturer, using a 352-bp P-labelled
PCR fragment from the 3’ end of the novel cDNA as a probe.
32

4.9 Nuclease S1 assay (III)
In order to localize the transcription initiation site of the lysyl hydroxylase 3 gene, S1
protection experiments were performed as described previously (Pihlajaniemi & Myers
1987, Sambrook et al. 1989). A 637-bp PCR fragment (nucleotides –598 to +39 relative
to ATG) was used as a probe after 5’ end-labelling with T4 polynucleotide kinase (USB
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Corp.) and [γ- P]ATP (3000 Ci/mmol, Amersham Corp.). The double-stranded probe was
hybridized to 50 µg of human placental total RNA (Clontech) in the appropriate buffer at
65 oC for 16 h. After the hybridization, 300 µl of S1 buffer was added and the mixture
was digested with 800 units of S1 nuclease (Boehringer Mannheim) at room temperature
for 15 min. The protected fragments were further analyzed on a 6 % polyacrylamide
sequencing gel using yeast tRNA as a negative control. The exact sizes of the protected
fragments were determined by comparing them with adjacent dideoxynucleotide
sequencing reactions (Sanger et al. 1977) for lysyl hydroxylase 1 cDNA.

5 Results
5.1 Characterization of the 2-oxoglutarate binding site in human lysyl
hydroxylase 1 (I)
5.1.1 Identification of amino acid residues playing a potential role in
2-oxoglutarate binding
As discussed in section 2.2.2.2, 2-oxoglutarate is known to be a highly specific
requirement for the hydroxylation reaction (Kivirikko & Pihlajaniemi 1998). Its binding
site in human lysyl hydroxylase 1 is assumed to consist of two main subsites (HanauskeAbel & Günzler 1982, Majamaa et al. 1984, Hanauske-Abel 1991), of which subsite I is
believed to comprise a positively charged side-chain of the enzyme which binds the C-5
carboxyl group of 2-oxoglutarate, while subsite II covers two coordination sites of the
2+
enzyme-bound Fe (Hanauske-Abel & Günzler 1982, Majamaa et al. 1984, HanauskeAbel 1991). In spite of the critical role of 2-oxoglutarate in the hydroxylation reaction, no
detailed study has yet been made of its binding site in lysyl hydroxylases.
Recent site-directed mutagenesis studies of prolyl 4-hydroxylase have shown that the
residue which binds the C-5 carboxyl group of 2-oxoglutarate is a lysine residue situated
2+
in position +10 with respect to the Fe -binding histidine residue in the His-2 motif of the
α subunit (Myllyharju & Kivirikko 1997). Meanwhile it has been demonstrated that the
carboxyl group of valine in the tripeptide substrate of isopenicillin N-synthase becomes
2+
bound to Arg279 and Ser281, while the three Fe binding ligands are His214, Asp216
and His270 (Roach et al. 1997). Comparison of the sequences of the His-2 motifs present
in these enzymes with the three human lysyl hydroxylase isoenzymes shows a
considerable degree of identity (Figure 1 in I and Figure 5). Two arginine residues and
one serine are present in the lysyl hydroxylase 1 sequence in this region, but no lysine or
histidine. The residue in lysyl hydroxylase 1 corresponding to Lys493 in the α subunit of
human type I prolyl 4-hydroxylase is Arg700, which is conserved between the three lysyl
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hydroxylase isoenzymes, and which was therefore chosen for the mutagenesis studies.
Another arginine, Arg697, is not conserved between the members of the lysyl
hydroxylase enzyme family, and was thus not likely to be involved in binding of the 2oxoglutarate but could instead be used as a control. The only serine present between
His690 and the C-terminus is the conserved residue 705, which was also studied further.

690

697

700

705

LH1

H E G L

⋅

P T T R G T R Y

I

A V S F V D P

term

LH2

H E G L

⋅

P V K N G T R Y

I

A V S F

D P

term

LH3

H E C L

⋅

P T T W G T R Y

I

M V S F V D P

term

α4PH1

H A A C

⋅

P V L V G N K

⋅

⋅ W V S N K W L

α4PH2

H A A C

⋅

P V L V G C K

⋅

⋅ W V S N K W F

IPNS

H R V K W ⋅

⋅

⋅

⋅

V N A E R

⋅

I

Q S L P F F

Figure 5. Comparison of the amino acid sequence extending from His690 (His 2 motif) to the
C-terminus of human lysyl hydroxylase 1 (LH1) (Hautala et al. 1992a) with corresponding
sequences in the other human lysyl hydroxylase isoenzymes (LH2-3) (Valtavaara et al. 1997,
Valtavaara et al. 1998), two human prolyl 4-hydroxylase α subunit isoforms (α
α4PH1 and 2)
(Helaakoski et al. 1989, Annunen et al. 1997) and isopenicillin N synthase from Aspergillus
nidulans (IPNS) (Roach et al. 1995). Gaps (⋅⋅) are introduced for alignment. Conserved amino
acids are shown with black letters (modified from Fig.1 in paper I).

5.1.2 Identification of the amino acid residue involved in 2-oxoglutarate
binding by site-directed mutagenesis
To study the function of the two conserved amino acid residues Arg700 and Ser705, these
were converted individually to alanine. Arg697 was likewise changed to alanine as a
conrol. After preliminary experiments, Arg700 was also converted to lysine. The effects
of the various mutations were investigated by expressing the mutant polypeptides as
recombinant proteins in High Five insect cells. The cells were harvested and
homogenized as described in Materials and Methods (see 4.4) and the proteins soluble in
the glycerol buffer were analyzed by SDS-PAGE.
No differences in mobility were found between the various mutant lysyl hydroxylase
polypeptides in SDS-PAGE (Figure 2 in I). Only very minor differences were found in
the amounts of the polypeptides in the glycerol buffer extracts when comparing the
intensities of the Coomassie blue stained bands corresponding to the variably
glycosylated lysyl hydroxylase polypeptides. These bands were further studied by
densitometry. The amounts of the various mutant enzymes were calculated as percentages
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of the amount of the wild-type enzyme and these percentages were then used to correct
the enzyme activities of the various mutants for the very minor differences in expression
levels.
Assays of lysyl hydroxylase indicated that mutation of Arg700 to alanine inactivated
the enzyme completely, whereas mutation of Arg697 to alanine had only a minor effect
(Table 1 in I). Mutation of Ser705 to alanine had a slightly larger effect than the
Arg697Ala mutation, the activity level being 67 % of that of the wild-type enzyme. The
effect of this mutation was still very minor relative to that of the Arg700Ala mutation,
however. The Arg700Lys mutant enzyme was not completely inactive, but the activity
level obtained in assays using 100 µM 2-oxoglutarate was only about 7 % of that of the
wild-type enzyme. When the 2-oxoglutarate concentration in the in vitro hydroxylation
reaction was increased to 300 µM, the relative activity of the Arg700Lys mutant
increased to about 14 %, suggesting impaired binding of 2-oxoglutarate.
To study the effects of the Arg700Lys and Ser705Ala mutations in more detail, Km
values for 2-oxoglutarate were determined for the wild-type enzyme and these mutants.
That of the Arg700Lys mutant enzyme was found to have increased from 100 to 1000
µM, i.e about 10-fold (Table 2), whereas that of the Ser705Ala mutant was found to be
identical to that of the wild-type enzyme. The Vmax obtained with the Arg700Lys enzyme
was the same as with the wild-type enzyme.

Table 2. Km values of the wild-type and Arg700Lys and Ser705Ala mutant lysyl
hydroxylases for 2-oxoglutarate
Enzyme

a

Km (µM)
a

Wild-type

100±25

Arg700Lys

1000±160

Ser705Ala

100

The values are given as mean ± S.D., n=8 for the wild-type lysyl hydroxylase, n=11 for Arg700Lys, and n=1
for Ser705Ala.

5.2 A novel isoenzyme, lysyl hydroxylase 3 (II, III)
5.2.1 Molecular cloning and characterization of the cDNA (II)
To find out whether human lysyl hydroxylase 1 has additional isoenzymes, the database
of human expressed sequence tags (EST) was searched using the lysyl hydroxylase 1
sequence (Hautala et al. 1992a) as a probe. This resulted in the identification of a 343-bp
sequence in a foetal kidney database showing 81 % identity to the 3’ end of the coding
region of lysyl hydroxylase 1 cDNA and 77 % identity to the 3’ end of the coding region
of lysyl hydroxylase 2a cDNA at the nucleotide level. PCR amplification from an adult
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human kidney cDNA library gave a product corresponding to the EST sequence, and this
product was then used to screen foetal and adult human kidney and placenta cDNA
libraries. Seven of the 21 clones obtained were characterized further, but none of them
contained the 5´ end of the cDNA. Finally the 5´ end was obtained by rescreening the
placenta library with two new PCR probes and simultaneous 5’-RACE analysis with
pooled human placental cDNAs.
The cDNA clones for human lysyl hydroxylase 3 cover 61 nucleotides of the 5’
untranslated sequence, the whole coding region corresponding to 738 amino acid
residues, and 295 nucleotides of the 3’ untranslated sequence. The 3’ untranslated
sequence contains the canonical polyadenylation signal AATAAA, which is accompanied
11 bp downstream by a poly(A)+ tail of 46 nucleotides. The N-terminus of the coded
polypeptide has a putative signal peptide, the size of which is 24 amino acid residues
according to the computational parameters of von Heijne (von Heijne 1986). Thus the
most likely first amino acid residue of the mature polypeptide 714 amino acids in size is a
serine. The overall amino acid sequence identity between the human lysyl hydroxylases 3
and 1 is 59 %, and that between the human lysyl hydroxylases 3 and 2a 57 %, whereas
the identity between the human lysyl hydroxylase 3 and the C. elegans lysyl hydroxylase
is only 45 %. The 87 extreme C-terminal residues are 72 % identical between human
lysyl hydroxylases 3 and 1, 69 % identical between lysyl hydroxylases 3 and 2, and 64 %
identical between human lysyl hydroxylase 3 and the C. elegans lysyl hydroxylase, and
thus the identity is clearly highest within the catalytically important C-terminal region
(Pirskanen et al. 1996, Kivirikko & Pihlajaniemi 1998). All the critical amino acid
2+
residues required for the binding of the Fe atom (Pirskanen et al. 1996) and the C-5
carboxyl group of 2-oxoglutarate are conserved in all these polypeptides, the residues
being His643, Asp645, His695 and Arg705 in lysyl hydroxylase 3.
All lysyl hydroxylase isoenzymes have potential attachment sites for asparaginelinked oligosaccharides. Human lysyl hydroxylase 3 has two such sites, lysyl
hydroxylases 1 and 2 have four and seven sites, respectively, whereas the C. elegans lysyl
hydroxylase has only one site. Lysyl hydroxylase 3 cDNA contains ten cysteine residues,
six of them being conserved in all five polypeptides (Figure 1 in II).

5.2.2 Expression in various human tissues (II)
Northern hybridization with a cDNA probe for lysyl hydroxylase 3 indicated the presence
of only a single mRNA of about 3.0 kb in size, which is expressed in a variety of tissues
(Figure 2 in II). This mRNA is slightly smaller than the 3.2 kb mRNA for isoenzyme 1
(Hautala et al. 1992a) and considerably smaller than the 4.2 kb and 4.4 kb mRNAs for
isoenzymes 2a (Valtavaara et al. 1997) and 2b (Valtavaara, M., Risteli, M., Ruotsalainen
H., Wang, C. and Myllylä, R., unpublished data). The highest expression levels among
the tissues studied were found in the placenta, pancreas, spinal cord and heart. Some
foetal tissues such as the lung, kidney and liver seemed to have higher expression levels
than the corresponding adult tissues. High expression levels were also detected in human
Saos-2 osteosarcoma cells and fibroblasts, the level being considerably higher in the
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former. In earlier studies the mRNAs for lysyl hydroxylase 1 and 2 were found to be
expressed in a variety of human tissues, the highest expression levels of the isoenzyme 1
mRNA being obtained in the liver and skeletal muscle (Heikkinen et al. 1994), whereas
those for isoenzyme 2 mRNA were highest in the pancreas, placenta, heart and skeletal
muscle (Valtavaara et al. 1997).

5.2.3 Expression in insect cells and characterization of the recombinant
protein (II)
In order to study the catalytic properties of human lysyl hydroxylase 3, a baculovirus
coding for this isoenzyme was generated and used to infect High Five cells. The cells
were harvested 24-72 h after infection, homogenized as described in Materials and
Methods (section 4.4) and analyzed in SDS-PAGE under reducing conditions followed by
Coomassie blue staining. The infected cells expressed a new 80-85 kDa polypeptide not
seen 24 h after infection (Figure 3 in II). This was present in all three fractions, i.e. the
Nonidet P-40 and glycerol buffer extracts and the samples solubilized with 1 % SDS. The
protein was most abundant in the SDS-soluble fraction. As has previously been shown for
the recombinant isoenzyme 1 (Pirskanen et al. 1996), the novel polypeptide also migrated
in multiple bands, probably due to heterogeneity in glycosylation.
The Nonidet P-40 and glycerol buffer extracts were analyzed for lysyl hydroxylase
activity with an assay based on hydroxylation-coupled decarboxylation of
14
2-oxo[1- C]glutarate (Table 1 in II). The Nonidet P-40 buffer extract was found to give a
14
high
2-oxo[1- C]glutarate decarboxylation rate even in non-infected cells. A slight
increase in enzyme activity level was seen in both extracts 24 h after infection. The
activity in the Nonidet P-40 extract reached its maximum value at 48 h, whereas that in
the glycerol extract continued to increase throughout the 72 hours of the experiment.
2+
Km values for Fe , 2-oxoglutarate, ascorbate and two peptide substrates with soluble
cell extracts as sources of the enzyme were 2, 100, 300, 600 and 800 µM, respectively
(Table 2 in II). All these values are essentially identical to those reported for recombinant
human lysyl hydroxylase 1 (Pirskanen et al. 1996).

5.2.4 Organization of the gene (III)
Two P1 genomic clones for human lysyl hydroxylase 3 were obtained from the P1
Human Library screening services. Clone 18051 was found to contain only the 3’ end of
the gene, whereas clone 18050 spanned the entire gene. The exon-intron organization of
the gene was studied by sequencing with cDNA-specific primers and comparing the
sequence obtained with the previously published human lysyl hydroxylase 3 cDNA
sequence. All the exons and introns, except for introns 6, 15 and 16, were characterized
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by direct sequencing of clone 18050. Because introns 6, 15 and 16 were difficult to
sequence, they were amplified using PCR before sequencing.
The overall size of the human lysyl hydroxylase 3 gene is only 11.6 kb, and it contains
19 exons, ranging in size from 64 to 454 bp (Table 1 in III). Exon 1 is 358-444 bp in size
and contains 109 bp of a translated sequence. Exons 2-18 vary in size from 64 to 164 bp.
The last exon, number 19, is clearly the largest, 454 bp, and contains 156 bp of the coding
region and the entire 3’ untranslated region. The sizes of the exons are well conserved as
compared with those of the human lysyl hydroxylase 1 gene (Heikkinen et al. 1994), but
the introns are markedly shorter. They range from 83 to 1883 bp, intron 6 being the
largest. The boundaries of all the exons and introns follow the AG-exon-GT consensus
rule.
In order to study the existence of Alu sequences in the human lysyl hydroxylase 3
gene, the sequence obtained was analyzed further using the BLAST program. A total of
15 full-length Alu retroposons, or partial Alu fragments of more than 100 bp, were found
in the gene. The longest intron, number 6, of size 1883 bp, contains two full-length Alu
repeats and one partial one in the coding strand and one additional full-length Alu repeat
in the non-coding strand (Figure 1 in III). Intron 12, 916 bp in size, contains two fulllength Alu repeats in the coding strand. Introns 5, 15 and 17, ranging in size from 673 to
1136 bp, each contain one full-length Alu repeat and three partial ones; all situated in the
coding strand. Intron 16 contains one full-length Alu sequence in the coding strand and
two partial ones, the corresponding intron in the human lysyl hydroxylase 1 gene having
been shown earlier to contain eight Alu sequences (Heikkinen et al. 1994).

5.2.5 Determination of the transcription initiation site and analysis of
the 5´ flanking region (III)
The transcription initiation site of the lysyl hydroxylase 3 gene was determined by S1
nuclease protection analysis as described in Materials and Methods (see section 4.9).
After S1 nuclease digestion, nine protected bands ranging in size from 288 to 374 bp
were found. Comparison of the protected fragments with the adjacent dideoxynucleotide
sequencing reactions indicated the presence of one major transcription initiation site and
several minor ones (Figure 2 in III). Thus the length of the 5’untranslated region in the
human lysyl hydroxylase 3 mRNA ranges from 249 to 335 nucleotides, the 311nucleotide form being the most abundant.
The 5’ flanking region of the lysyl hydroxylase 3 gene was found to show no
nucleotide sequence similarity to that of the human lysyl hydroxylase 1 gene (Heikkinen
et al., 1994). Both genes lack a typical TATAA box (Figure 3 in III), and the lysyl
hydroxylase 3 gene also lacks a CCAAT box in the 5´ flanking region. The sequence of
the lysyl hydroxylase 3 gene at the transcription start site does not contain the loose
consensus sequence of known promoter initiator (Inr) elements (Javahery et al. 1994), but
two MAZ binding sites were found, one of them in the 5’ flanking region and the other in
the 5’ untranslated sequence. The factors binding to the MAZ sites interact with Sp1
transcription factors and may function as important regulators of TATA-less promoters
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(Parks & Shenk 1996, Parks & Shenk 1997). Three potential binding sites for the
transcription factors Sp1, one for PEA-3, one for NF-1, one for USF and two for AP-1
were found in the 5’ flanking region, while two additional Sp1, one NF-1, one AP-1, one
AP-2 and one USF binding sites were present in the 5’ untranslated sequence. The first
intron of the gene contains one further Sp1 site, one AP-1 site and one MAZ site.

6 Discussion
6.1 Identification of the residue that binds the C-5 carboxyl group of
2-oxoglutarate in the lysyl hydroxylases
The reaction catalyzed by lysyl hydroxylase requires Fe , 2-oxoglutarate, O2 and
ascorbate (see 2.2.2) (Kivirikko & Pihlajaniemi 1998). The binding site of 2-oxoglutarate
in human lysyl hydroxylase 1 was characterized in paper I of the present work, thus
extending the basic knowledge on the catalytic site of the enzyme reported from our
laboratory (Pirskanen et al. 1996). A positively charged side-chain of the enzyme had
been believed to play a central role in this binding site (Hanauske-Abel & Günzler 1982,
Majamaa et al. 1984, Hanauske-Abel 1991), but no investigations into this residue had
been carried out previously. One reason for the lack of information on the catalytic site of
lysyl hydroxylase may be related to difficulties in the expression and purification of the
enzyme, which easily forms insoluble aggregates. Recent site-directed mutagenesis
studies on prolyl 4-hydroxylase have made it possible to locate the residue responsible
for the binding of 2-oxoglutarate in that enzyme, too (Myllyharju & Kivirikko 1997).
The data reported in paper I strongly suggest that Arg700 is the positively charged
residue that binds the C-5 carboxyl group of 2-oxoglutarate in human lysyl
hydroxylase 1. Mutation of this residue to alanine inactivated the enzyme completely,
while mutation to lysine increased the Km for 2-oxoglutarate about 10-fold. Ser705 and
Arg697, the two other residues studied, appeared to play no role in this binding.
An arginine residue corresponding to Arg700 is conserved in the sequences of almost
all 2-oxoglutarate dioxygenases studied so far (Figure 1 in I), and when present, it is
likely to have a similar function among the members of the enzyme group concerned
here. However, the α subunits of prolyl 4-hydroxylases from all sources studied have a
lysine in the corresponding position instead of an arginine (Helaakoski et al. 1989,
Helaakoski et al. 1995, Annunen et al. 1997). Mutation of this lysine in prolyl 4hydroxylase to arginine increased the Km for 2-oxoglutarate about 15-fold with no change
in the Vmax (Myllyharju & Kivirikko 1997). The Km values of the lysyl hydroxylases and
prolyl 4-hydroxylases for 2-oxoglutarate (Helaakoski et al. 1995, Pirskanen et al. 1996)
2+

51

differ considerably, as do the inhibition constants of these enzymes for 23 different 2oxoglutarate analogues (Majamaa et al. 1985). The results presented in paper I thus
indicate that these two collagen hydroxylases, which have very similar catalytic
mechanisms, clearly have a different requirement with respect to the residue that binds
the 2-oxoglutarate.

6.2 Human lysyl hydroxylase 3 – a new member of the lysyl
hydroxylase family
A novel member of the lysyl hydroxylase family, termed lysyl hydroxylase 3, was cloned
and characterized in this work. The processed novel polypeptide of 714 amino acid
residues is very similar in size to the corresponding human lysyl hydroxylases 1 (Hautala
et al. 1992a), 2a (Valtavaara et al. 1997) and 2b (Yeowell & Walker 1999a) and to that of
C. elegans (Wilson et al. 1994), which consist of 709, 712, 733 and 714 amino acid
residues, respectively (Fig. 1 in II and Table 3). The longest of these polypeptides is lysyl
hydroxylase 2b, which contains 21 extra amino acid residues (Yeowell & Walker 1999a).
Unlike the sizes of the processed lysyl hydroxylase polypeptides, the sizes of the
corresponding mRNAs show major variation, ranging from the 3.0 kb transcript for lysyl
hydroxylase 3 to the 4.4 kb transcript for lysyl hydroxylase 2b (Valtavaara, M., Risteli,
M., Ruotsalainen H., Wang, C. and Myllylä, R., unpublished data). This is mainly due to
variation in the lengths of the untranslated regions. The 3´UTR of an mRNA is known to
play a role in the regulation of translation in some cases (for reviews, see Jackson 1993,
Wilhelm & Vale 1993), and according to some studies there is a relationship between the
length of the 3´ UTR and translational efficiency (Tanguay & Gallie 1996).
The overall amino acid sequence identity between polypeptides of all four human
lysyl hydroxylases is about 47 %. The degree of identity is about 60 % and similarity
about 85% when any two of the human isoenzymes are compared. The C-terminal region,
2+
which contains the amino acid residues involved in the binding of Fe and 2oxoglutarate, is particularly well conserved, the overall identity between the human
isoenzymes in this region being about 68 % and the highest identity, between lysyl
hydroxylases 1 and 3, reaching about 82 %. The recently characterized mouse
isoenzymes are 91 % identical to the corresponding human enzymes (Ruotsalainen et al.
1999), the similarity between the corresponding isoenzymes in the two mammalian
species thus being higher than that between two isoenzymes in the same species.
All human lysyl hydroxylase polypeptides contain 9 cysteine residues in conserved
positions, but lysyl hydroxylases 1 and 2 also contain an additional cysteine conserved
between them but not in lysyl hydroxylase 3. Still another unique cysteine is found in
lysyl hydroxylases 2 and 3. The C. elegans lysyl hydroxylase contains 7 cysteine
residues, 6 of which are conserved in the polypeptides of all four human enzymes, while
its extreme N-terminal cysteine is conserved only in human lysyl hydroxylase 3. The 6
cysteines that are conserved in all human lysyl hydroxylases and that of C. elegans may
form structurally important disulphide bonds (for reviews, see Freedman et al. 1998,
Debarbieux & Beckwith 1999). Recent site-directed mutagenesis studies on the ten

52

cysteine residues in lysyl hydroxylase 1 showed that mutation of residues Cys369,
Cys375, Cys552 and Cys687 eliminated enzyme activity (Yeowell et al. 2000b), these
cysteines being also found in conserved positions in the sequences of all human lysyl
hydroxylase isoenzymes. On the other hand, mutation of Cys267, Cys270 and Cys680 in
lysyl hydroxylase 1 had an intermediate effect on the enzyme activity, and mutation of
the other three cysteines did not cause any loss of activity. It thus seems that although
disulphide bond formation may affect the relative contribution of each cysteine to the
enzyme activity, catalytic activity does not appear to be directly related to dimerization of
the enzyme (Yeowell et al. 2000b). The cysteine residues in α subunits of prolyl 4hydroxylases form two intrachain disulphide bonds that are essential for the subunits to
maintain the structure needed for tetramer assembly (John & Bulleid 1994, Lamberg et
al. 1995).
Besides cysteine residues, the numbers of potential attachment sites for asparaginelinked oligosaccharides also vary between isoenzymes (see Table 3). Site-directed
mutagenesis studies have indicated that glycosylation of the second site present in human
lysyl hydroxylase 1 may be required for full enzyme activity (Pirskanen et al. 1996). This
position also has a potential N-glycosylation site in lysyl hydroxylase 2, but surprisingly,
not in human lysyl hydroxylase 3 or the C. elegans enzyme. It thus seems possible that
the various lysyl hydroxylase isoenzymes may have different glycosylation requirements
for their catalytic activity.

Table 3. Molecular properties of the human lysyl hydroxylase isoenzymes.
LH1
a

size (aa)
putative signal sequence (aa)
mRNA size (kb)
cysteine residues
N-glycosylation sites

1)

709
18
3.2
10
4

LH2a
712
25
4.2
11
7

2)

LH2b
733
25
4.4
11
7

3)

LH3
714
24
3.0
10
2

a

size of the polypeptide after cleavage of the signal peptide
(Hautala et al. 1992a)
2)
(Valtavaara et al. 1997)
3)
(Yeowell & Walker 1999a, Valtavaara, M., Risteli, M.,
Ruotsalainen H., Wang, C. and Myllylä, R., unpublished data)
1)

The relative expression level of the lysyl hydroxylase 3 mRNA in the adult human
liver was much lower than that of lysyl hydroxylase 1 mRNA, and its expression was
much lower than that of isoenzyme 2 mRNA in the skeletal muscle (Heikkinen et al.
1994, Valtavaara et al. 1997). The level of lysyl hydroxylase 1 mRNA has previously
been shown to be practically the same in several human tissues (Heikkinen et al. 1994),
but expression of lysyl hydroxylases 2 and 3 seems to be more tightly regulated both in
man and in the mouse (Valtavaara et al. 1997, Ruotsalainen et al. 1999). The lysyl
hydroxylase 3 mRNA level has been shown to be high in mouse heart, lung, liver and
testis (Ruotsalainen et al. 1999). Expression of lysyl hydroxylase 1 also seems to be
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highly regulated in the mouse, suggesting that there may be some differences in
regulation between the two species (Ruotsalainen et al. 1999). Expression of the different
isoenzymes at the mRNA level has so far been studied mainly in tissues that are not very
rich in collagens, as tissues containing large amounts of collagen, like bone, cartilage,
skin and tendons, have not been analyzed. It should also be noted that comparison of
mRNA levels in whole tissues does not take account of the possibility of major
differences between certain cell types. Preliminary studies at the cell level indicate that
lysyl hydroxylase 1 is the major form in skin fibroblasts, pancreatic adenocarcinoma cells
and placental trophoblastic tumor cells, whereas lysyl hydroxylase 2 is the major lysyl
hydroxylase form in fibrosarcoma, osteosarcoma and hepatoblastoma cells. Lysyl
hydroxylase 3 seems to be a major isoenzyme in kidney adenocarcinoma cells (Wang et
al. 2000).
Since its introduction in the 1980s, the baculovirus expression system has become
established as an efficient and frequently used means of producing various recombinant
proteins. It possesses many advantages over other expression systems, such as safety,
high expression levels and the ability of insect cells to carry out most post-translational
modifications (for reviews, see Miller 1993, Volkman 1995, Bonning & Hammock 1996,
Jarvis et al. 1996). Human lysyl hydroxylase 1 has previously been successfully
expressed in baculovirus systems ( Krol et al. 1996, Pirskanen et al. 1996), making this
system a natural choice for lysyl hydroxylase 3 as well. Our first purpose was to verify
that the novel enzyme cloned by us does indeed function as a lysyl hydroxylase. This
aspect was studied using synthetic peptides known to be hydroxylated by lysyl
hydroxylase 1 in vitro. A definitive lysyl hydroxylase activity level was demonstrated in
these experiments, considerably higher than the level obtained in another study on the
same isoenzyme, probably due to differences in the expression methods used (Valtavaara
et al. 1998). The recombinant protein was found to migrate in multiple bands in SDSPAGE, which suggests utilization of the potential N-glycosylation sites found in the
cDNA sequence. The expression data obtained in this work differ from those obtained in
similar experiments with a virus coding for lysyl hydroxylase 1, in that little, if any, of
the lysyl hydroxylase 1 could be extracted with the Nonidet P-40 buffer and only about
10 % was soluble in the glycerol buffer 72 h after infection, 90 % being found in the 1 %
SDS-soluble portion at that point in time. By contrast, significant amounts of the lysyl
hydroxylase 3 polypeptide were found in the Nonidet P-40 extracts, as has also been
reported for the lysyl hydroxylase 2 polypeptide (Valtavaara et al. 1997). These results
indicate the presence of definite differences in solubility between the isoenzymes, lysyl
hydroxylase 3 being solubilized more readily than lysyl hydroxylase 1. This finding may
partly explain the earlier data that show a marked heterogeneity in lysyl hydroxylase
solubilization from various cells and tissues (Ryhänen 1976, Peterkofsky & Assad 1979,
Kellokumpu et al. 1994).
The Km values of lysyl hydroxylase 3 for the cosubstrates and peptide substrates
determined here were essentially identical to those for the recombinant human lysyl
hydroxylase 1 (Pirskanen et al. 1996). Recent preliminary studies have shown, however,
that lysyl hydroxylase 3 mRNA levels do not correlate with those of the other lysyl
hydroxylase isoenzymes or that of the α subunit of type I prolyl 4-hydroxylase (Wang et
al. 2000), thus suggesting that differences may exist in the functions of lysyl hydroxylase
3 and the other isoenzymes in spite of the similarities in their Km values. Examination of
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the Km values of all members of the human lysyl hydroxylase family characterized so far
indicates that the largest differences are seen in those for the peptide substrate (IKG)3,
which vary from 420 to 1200 µM (Table 4). It thus appears that the catalytic properties of
the lysyl hydroxylase isoenzymes operate to the same effect but are not completely
identical.
The data in Table 4 do not exclude the possibility that there may be differences
between lysyl hydroxylase isoenzymes with respect to the hydroxylation of various
collagen types. Ihme et al. (1984) reported that lysine residues in type II, IV and V
collagens are hydroxylated in patients with Ehlers-Danlos syndrome type VI to the same
extent as in healthy subjects. This may be due to the existence of collagen type-specific
isoenzymes (Ihme et al. 1983). Furthermore, the residual lysyl hydroxylase activity in
cells from patients with this syndrome was reported to preferentially hydroxylate lysine
residues in type IV collagen (Risteli et al. 1980). However, comparison of the mRNA
levels of the different lysyl hydroxylase isoenzymes with those of the most abundant
collagen types, I, III, IV and V, in various tissues nevertheless showed no significant
correlations (Wang et al. 2000), the results thus indirectly arguing against any collagen
type specificity in lysine hydroxylation.

Table 4. Km values of the recombinant human lysyl hydroxylase isoenzymes for
cosubstrates and two peptide substrates
Cosubstrate or
peptide substrate
2+

Fe
2-oxoglutarate
Ascorbate
Peptide substrate (IKG)3
*
Peptide substrate L-1

Km, µM
LH1

1)

2
100
350
700
500

LH2a
4
190
470
420
n.r

2)

LH2b
5
170
230
1200
n.r

3)

LH3
2
100
300
800
500

(Pirskanen et al. 1996)
(Valtavaara et al. 1997)
(Valtavaara et al. 1998)
*
Ala-Arg-Gly-Ile-Lys-Gly-Ile-Arg-Gly-Phe-Ser-Gly
n.r = not reported
1)
2)
3)

In order to gain more information on the human lysyl hydroxylase 3 isoenzyme, its
gene was isolated and the exon-intron structure determined. The gene had already been
mapped to chromosome 7q36 (Valtavaara et al. 1998), while the lysyl hydroxylase 1 gene
is located on chromosome 1p36.2-36.3 (Hautala et al. 1992a, Van Roy et al. 1993) and
the lysyl hydroxylase 2 gene on chromosome 3q23-q24 (Szpirer et al. 1997). The lysyl
hydroxylase isoenzyme genes are thus not linked to each other.
The human lysyl hydroxylase 3 gene was found to consist of 19 exons dispersed in a
relatively small region of 11.6 kb, smaller than the average length of a gene in mammals,
which is about 16.6 kb (Lewin 1994), and considerably smaller than the lysyl
hydroxylase 1 gene, 40 kb (Heikkinen et al. 1994). However, both genes contain the
same number of exons, 19, which is more than in a typical mammalian gene, which has
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seven exons on average (Lewin 1994). The exons of the LH3 gene are well conserved in
terms of size as compared with those of the lysyl hydroxylase 1 gene, the average size
being about 150-160 bp in both. The exons represent altogether only about 7 % of the
size of the lysyl hydroxylase 1 gene, however, but as much as about 25 % in the case of
the lysyl hydroxylase 3 gene. The exon-intron boundaries are well conserved between the
isoenzymes, the only boundary that differs by six nucleotides being the exon-intron
boundary of intron 8. The consensus GT/AG sequences at the exon-intron boundaries are
also found in both genes.
Both genes have multiple Alu sequences in their introns. The lysyl hydroxylase 3 gene
contains at least 15 full-length or partial Alu repeats dispersed among six introns, while
the lysyl hydroxylase 1 gene contains at least 13 Alu repeats in two introns. The Alu-Sx
subfamily accounts for nearly half of the Alu copies present in DNA (Mighell et al.
1997), and Alu repeats belonging to this subfamily were also found in the lysyl
hydroxylase 3 gene. Another Alu subfamily found extensively in the lysyl hydroxylase 3
gene is Alu-J, which is estimated to be about 55 million years old, while the Alu-Sx
subfamily is about 40 million years old (Makalowski et al. 1994). Alu repeats resembling
the consensus sequences for the Alu-Sp, Alu-Sq and Alu-Sc subfamilies were also found
in the lysyl hydroxylase 3 gene, as were sequences resembling the Alu-Sb subfamily,
which provides an example of a more recently amplified repeat found only in humans and
the great apes (Makalowski et al. 1994). As discussed in section 2.2.5.1, Alu repeats are
involved in many gene rearrangements that have occurred by homologous recombination
(Rüdiger et al. 1995, Strout et al. 1998) leading to diseases such as neurofibromatosis,
haemophilia and breast cancer (for a review, see Deininger & Batzer 1999). An Alumediated homologous recombination is the most commonly found mutation in the lysyl
hydroxylase 1 gene in Ehlers-Danlos syndrome type VI, a disease that is attributable to
lysyl hydroxylase deficiency (see 2.3) (Heikkinen et al. 1994, Pousi et al. 1994,
Heikkinen et al. 1997). It is currently unknown whether any heritable disorder is brought
about by recombination of any of the Alu repeats present in the human lysyl hydroxylase
3 gene.
The 5´ flanking region of the lysyl hydroxylase 3 gene shows no nucleotide sequence
similarity to that of the lysyl hydroxylase 1 gene (Heikkinen et al. 1994). The length of
the 5’ untranslated region in its mRNA ranges from 249 to 335 nucleotides, a 311nucleotide form being the major species, whereas this length in the lysyl hydroxylase 1
mRNA is shorter, 60-70 nucleotides. The lysyl hydroxylase 3 and 1 genes both lack a
TATAA or related sequence and share a high G+C nucleotide content in their 5´ flanking
regions, these features being characteristic of genes utilizing multiple transcription
initiation sites, such as housekeeping genes. Both genes also lack a core promoter
element, called an initiator (Inr), the function of which is analogous to that of TATAA in
that it is capable of determining the precise site of transcription initiation (Kaufmann &
Smale 1994). The 5´ flanking region of the lysyl hydroxylase 3 gene also lacks a CCAAT
sequence, as is found in the isoenzyme 1 gene. The lysyl hydroxylase 3 gene contains
binding sites for several other transcription factors, but the functional significances of
these possible regulatory elements remain to be determined.
According to phylogenetic analyses, lysyl hydroxylase 3 is the oldest form of lysyl
hydroxylase (Ruotsalainen et al. 1999), and our findings concerning the origin of its Alu
sequences are consistent with this as the majority of its Alu sequences seem to belong to
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the oldest Alu subfamilies. It seems likely that all lysyl hydroxylase isoenzymes are
derived from an ancestral gene through two gene duplication events, lysyl hydroxylases 1
and 2 having been brought about by a more recent duplication than the less closely
related lysyl hydroxylase 3. As the oldest lysyl hydroxylase enzyme, lysyl hydroxylase 3
has been thought to be evolutionarily less closely related to the others (Ruotsalainen et al.
1999). At least a considerable heterogeneity is seen when examining the overall similarity
between the 5´ flanking regions of the human lysyl hydroxylase 1 and 3 genes, not only
at the nucleotide level but also when comparing the potential binding sites for different
transcription factors, which suggests the existence of major differences in the regulation
of the expression of these two genes. Our results are also consistent with recent findings
published by Wang et al. (2000) showing differences between the expression of lysyl
hydroxylase 3 mRNA and that of mRNAs for other isoenzymes and prolyl 4-hydroxylase.

7 Future perspectives
Altogether three lysyl hydroxylase isoenzymes have been characterized in human tissues
(Valtavaara et al. 1997, Valtavaara et al. 1998, paper II of the present study) and in the
mouse (Ruotsalainen et al. 1999). Following this demonstration that lysyl hydroxylase
indeed has multiple isoenzymes, the next important aim will be to point out the functional
differences between them. The presence of lysyl hydroxylase isoenzymes probably
explains the great variability in the extent of lysine hydroxylation between collagens from
different tissues in healthy subjects and in patients with Ehlers-Danlos syndrome type VI.
Preliminary investigations into the tissue distribution of mRNAs for the members of the
lysyl hydroxylase enzyme family have already been published (Valtavaara et al. 1997,
Valtavaara et al. 1998, Ruotsalainen et al. 1999, Wang et al. 2000, paper II of the present
study), but no clear or significant differences between them have been reported so far.
Monoclonal and polyclonal antibodies prepared against these isoenzymes should provide
more information about their tissue distribution, and especially their expression in various
cell types. Also, experiments are in progress to generate knock-out mice for studying the
roles of the different isoenzymes. It will be of interest to see the phenotypes of the knockout mice for the various isoenzymes and to learn the degrees of compensation that the
other isoenzymes are capable of achieving. More research will also be needed to
determine the differences in catalytic properties between the lysyl hydroxylase
isoenzymes, at least with regard to their substrate specificity. It seems possible that none
of the isoenzymes characterized so far is collagen type-specific (Wang et al. 2000), but
instead it may be the amino acid sequences surrounding the individual lysine residues
that are important for determining which lysyl hydroxylase isoenzyme catalyzes the
hydroxylation reaction. It is also possible that one of the isoenzymes may turns out to be
specific to non-collagenous proteins. Many findings suggest the presence of a
telopeptide-specific lysyl hydroxylase, and it is possible that none of the isoenzymes
characterized so far may be able to fulfil this function. One study has suggested that the
gene for a telopeptide-specific lysyl hydroxylase isoenzyme may be located on
chromosome 17 (Bank et al. 1999), whereas the genes for the three isoenzymes
characterized so far have been mapped to chromosomes 1, 3 and 7 (Hautala et al. 1992a,
Van Roy et al. 1993, Szpirer et al. 1997, Valtavaara et al. 1998). Thus a further search for
additional lysyl hydroxylase isoenzymes would appear to be justified.
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The recombinant human lysyl hydroxylase 1 produced in insect cells have a high
tendency to form aggregates, and thus this recombinant protein does not seem to be an
ideal target for crystallization experiments. Identification of distinct domains in the
human lysyl hydroxylase polypeptides should provide a mean for structural studies in the
future, whereupon it would seem possible to resolve the three-dimensional structures of
these enzyme domains by means of NMR and crystallization.
The decreased lysyl hydroxylase activity observed in patients with Ehlers-Danlos
syndrome type VIA is known to be due to mutations in the gene for lysyl hydroxylase 1,
and it will be of interest to learn whether any heritable disorder is caused by mutations in
the gene for lysyl hydroxylase 3. The large number of Alu sequences found in the human
lysyl hydroxylase 3 gene should provide many possibilities for Alu-mediated homologous
recombination. The exon-intron organization of the gene characterized in this work
provides the necessary information for further considerations of this aspect and may thus
contribute to the diagnosis of diseases and even to the devising of forms of gene therapy
in the long run. Potential diseases associated with lysyl hydroxylase 2 are likewise of
great interest.
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