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Abstract

Lysyl hydroxylase (EC 1.14.11.4, procollagen-lysine 2-oxoglutarate 5-dioxygenase, PLOD)
catalyzes the hydroxylation of lysine residues in collagens and other proteins. It occurs as a post-
translational event. The hydroxylysine residues participate in the formation of covalent cross-links
to stabilize the collagenous structure in tissues. The hydroxylysine residues can be glycosylated to
galactosyl- or glucosylgalactosylhydroxylysine residues.

Novel human lysyl hydroxylases, 2a, 2b and 3 isoforms, were characterized in this study.
Lysyl hydroxylases 2a and 2b are alternatively spliced forms of lysyl hydroxylase 2. Lysyl
hydroxylase 2b contains an additional exon of 63 nucleotides. The polypeptide size of lysyl
hydroxylase 2a is 737 amino acids, lysyl hydroxylase 2b is 758 amino acids and lysyl hydroxylase
3 is 738 amino acids. The putative signal peptide is 25 amino acids in lysyl hydroxylases 2a and
2b and 24 amino acids in lysyl hydroxylase 3. Lysyl hydroxylases 2a and 2b contain 7 possible N-
glycosylation sites and lysyl hydroxylase 3 contains 2 sites.

Tissue distribution of novel isoforms were studied on Northern blots. The expression of lysyl
hydroxylases 2a, 2b and 3 differ from the expression of previously characterized lysyl hydroxylase
1. Lysyl hydroxylase 1 is expressed constitutively in all tissues whereas the expression of novel
isoforms is more strictly regulated. Lysyl hydroxylase 2 is highly expressed in heart, placenta, liver
and pancreas. Lysyl hydroxylase 2b expression is highest in heart and skeletal muscle and lysyl
hydroxylase 3 expression is highest in heart, placenta and pancreas. Brain, lung and kidney
contain the lowest amounts of these isoforms.

Novel isoforms were expressed as recombinant proteins in baculovirus expression system in
vitro. All these novel isoforms were able to hydroxylate lysine residues in short collagenous
peptides. A more detailed kinetic analysis was performed on lysyl hydroxylase 2a and 2b in order
to find out if they differed from each other. The binding aff inity of ascorbate and peptide substrate
is different in lysyl hydroxylase 2a from 2b.

Chromosomal assignments were carried out on human lysyl hydroxylases 2 and 3. Lysyl
hydroxylase 2 was localized to chromosome 3q23-q24 and lysyl hydroxylase 3 to chromosome
7q36.

Keywords: collagen, PLOD, oxygenase



6



Acknowledgements

This study was carried out at the Department of Biochemistry, University of Oulu during
years 1994-1999.

I would like to express my warmest thanks to my supervisor Professor Raili Myllylä
for her guidance and support during this research. Her knowledge and optimistic attitude
towards science was crucial very often.

I am grateful to Professor Karl Tryggvason and to Professor Kalervo Hiltunen for
greating an excellent research facilities at the department of Biochemistry.

I wish to thank Professor Kalle Saksela and Docent Leila Risteli for valuable
comments and criticism for the manuscript.

All my collaborators and coauthors deserve my greatest thanks. Professor Szpirer is
acknowledged for eff ient work on chromosomal localization. I am grateful to Heli
Helander for sharing her knowledge and expertice on protein expression. I am indepted
to Maija Risteli for continuing the research so well. I thank all present and ex-members
of RM-team for greating a good atmosphere at our labs. I also thank the whole staff of
the department for helping me in so many ways.

I wish to thank all my friends at the department. I am grateful to Birgitta Pousi, Hinni
Papponen and Heli Ruotsalainen for coffee and lunch break companionship, for their
comments on whatever subjects and for their friendship. I especially want to thank Tuire
Salonurmi for being such a good and supporting friend over the years.

I thank my Mother and Father, Arja and Jussi, Juha and Marjo, Anne and my
Grandmothers Kerttu and Eeva for their support and interest during these years. I also
want to thank my friends outside the department for "keeping me in touch with the real
world" all this time.

Finally, I wish to thank my family, Jarmo and Onni. Onni has given us a new meaning
of li fe, a true happiness.

This work was supported by the Academy of Finland, University of Oulu and the
Sigrid Juselius Foundation.

Tampere, July 1999 Minna Valtavaara



8



Abbreviations

CLS core-specific lectin
DDR1 and 2 discoidin domain receptors 1 and 2
dEST database of expressed sequence tags
ECM extracellular matrix
EDS VI Ehlers-Danlos Syndrome type VI
FACIT fibril-associated collagens with interrupted triple helices
FISH fluorescence in situ hybridization
GAG glycosaminoglycans
Hyl hydroxylysine residue
IKG isoleucine-lysine-glycine
KDEL lys-asp-glu-leu
LH lysyl hydroxylase
PAGE polyacrylamide gel electrophoresis
PCR polymerase chain reaction
PH-4 prolyl 4-hydroxylase
PLOD gene name for lysyl hydroxylase
RACE rapid amplification of cDNA ends
SDS sodium dodecyl sulfate
3'UTR 3'untranslated region
X any amino acid
Y any amino acid
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1. Int roduction

Collagen is the most abundant protein in the human body. It is the main component of
connective tissue and it holds the body together. There are alot of unique co- and post-
translational modifications involved in collagen biosynthesis. Hydroxylation of lysine
residues is one of them. Hydroxylation takes place in the endoplasmic reticulum before
the formation of collagen triple helix. Lysyl hydroxylase (LH) catalyzes the
hydroxylation of lysine residues in X-Lys-Gly triplets. The active enzyme is a
homodimer and it is retained in the endoplasmic reticulum via weak electrostatic
interactions. The inability to hydroxylate the lysine residues leads to a disease called
Ehlers-Danlos syndrome type VI which is caused by the mutation in the gene for lysyl
hydroxylase 1.

Hydroxylysine residues have two important functions in collagen. They stabilize the
collagen by participating in the formation of covalent crosslinks in collagen and they
provide the attachment sites for carbohydrates galactose and glucosylgalactose. The
amount of hydroxylysine varies in different collagen types and in the same collagen type
from different tissues. Also some physiological and pathological states cause variation in
the amount of hydroxylysine.

There has been speculation about lysyl hydroxylase isoforms since the characterization
of lysyl hydroxylase. In this study three novel isoforms for lysyl hydroxylase were cloned
for the fi rst time. The cDNAs of lysyl hydroxylases 2a, 2b and 3 were cloned and
characterized and their tissue distribution was studied. Protein expression constructs
were prepared and kinetic analyses were done using these recombinant proteins. It was
shown by activity assay that these novel isoforms have lysyl hydroxylase activity and
therefore belong to the family of lysyl hydroxylases.



2. Review of literatu re

2.1. Collagen

Nineteen different collagen types, containing more than 30 genetically distinct α-chains
belong to the collagen superfamily. In addition, over ten proteins that have collagen-like
domains have been characterized. All collagens contain three α-chains consisting of
repeating Gly-X-Y sequences which are folded into a triple-helical structure. In some
collagens all α-chains are identical and in some collagens two or three different α-chains
form the triple helix. The presence of glycine in the collagen structure is essential
because it is small enough to fi t in the center of the triple helix. Collagens include a high
content of alanine, proline and lysine residues and extensive post-translational
modifications like hydroxylation of proline and lysine residues, various glycosylations
and formation of intermolecular cross-links through lysine and hydroxylysine residues.
The conformation of the triple helix places the side chains of amino acids in X- and Y-
positions on the surface of the molecule, which explains the ability of many collagens to
polymerize. The collagen triple helix is quite rigid. In many collagens there are globular
sequences within the triple helix which make the molecule more flexible. (Vuorio & de
Crombrugghe 1990, van der Rest & Garrone 1991, Kivirikko 1993, Prockop &
Kivirikko 1995, Kivirikko 1995).

2.1.1. Extracellular matrix and Connective Tissue

The extracellular matrix (ECM) consists of substances that are secreted by the cells in it.
In animals the main components are fibers generated by collagen and elastin, and an
amorphous, hydrated matrix of branched molecules that are usually glycoproteins,
proteoglycans or polysaccharides (Becker et al. 1996).

Animal connective tissue consists mostly of extracellular matrix. In connective tissues
long and rigid fibers of collagen and elastin provide the tensile strength of the tissue. The
cells producing collagen have different names in different tissues, they are called
fibroblasts in skin and some other tissues, chondrocytes in cartilage and osteoblasts in
bone. The space between fibers is filled with gels of polysaccharide and protein. They
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are mostly proteoglycans which are ECM proteins linked to glycosaminoglycans
(GAGs). There are three types of GAGs, hyaluronan, keratan sulfate and chondroitin
sulfate GAGs. Usually more than one GAG is linked to one core protein. The shape, size
and chemistry of proteoglycans varies. Glycosaminoglycans have some other functions
as well. They control the movement of molecules through ECM, bind growth factors and
other proteins and they influence cell migration (Albertset al.1994).

Integrins connect the extracellular matrix to cells through fibronectin and laminin
linkages. One part of the fibronectin is attached to the collagen in the ECM and the other
part to an integrin receptor on the surface of the cell. The other end of the integrin
molecule is anchored to the actin filaments inside the cell (Albertset al.1994).

The connective tissues in animals can be divided into two different types, loose and
dense connective tissue. Loose connective tissue forms the bedding on which most small
glands and epithelia lie and connects to the basal lamina around the cells. It is highly
cellular containing numerous fibroblasts, which synthesize most of the extracellular
matrix, and blood-born cells. Dense connective tissue can be found in organs to which
strength and flexibility are essential, such as bone, cartilage and tendon. Dense
connective tissue contains less cells than loose connective tissue and it mostly contains
fibrous extracellular matrix materials like collagens and other fibrous proteins
surrounded by glycoproteins and proteoglycans (Darnellet al.1996).

2.1.2. Collagen in human body

Collagens are the most abundant proteins in the human body and the major component of
connective tissue. Collagens maintain the structure of numerous tissues and organs, and
they are involved in early development and organogenesis, cell attachment, chemotaxis,
platelet aggregation and filtration through basement membranes (Kivirikko 1993). It has
also been suggested that collagens may directly serve as ligands for tyrosine kinases and
induce a cascade of phosphorylation in cells through this binding (Vogelet al. 1997,
Shrivastavaet al. 1997). Collagens can be found in all tissues, but bone, skin, tendon,
cartilage, ligaments and vascular walls are very rich in collagens (Kivirikko 1993).

2.1.3. Collagen biosynthesis

Collagen biosynthesis involves many co- and post-translational modifications, many of
which are unique to collagens or collagen-like molecules. Procollagens are large
precursors of the fibril-forming collagens synthesized on ribosomes of the endoplasmic
reticulum. The collagen biosynthesis can be divided into intracellular and extracellular
events. (see references Kivirikko & Myllyl‰ 1984, Kivirikko 1993, Kivirikko 1995,
Prockop & Kivirikko 1995)

Intracellular processing starts with the cleavage of a signal peptide during, or shortly
after, translocation across the membrane of the rough endoplasmic reticulum. The
hydroxylation of proline and lysine residues by prolyl 4-hydroxylase, prolyl 3-
hydroxylase and lysyl hydroxylase starts before the translation is complete. Galactose or
galactose and glucose are added to some hydroxylysine residues and mannose-rich
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oligosaccharide to one or both of the propeptides. The chain association, disulfide
bonding and triple helix formation is initiated from the C-terminal part of the molecule
and the formation of triple helical conformation prevents any further hydroxylations and
glycosylations. The triple helical procollagen molecule is secreted out of the cell, after
which the extracellular events take place (Kivirikko & Myllyl‰ 1984, Prockop &
Kivirikko 1995, Kivirikko 1993, Kivirikko 1995).

The extracellular events start with cleaving of the N- and C-propeptides by procollagen
N-proteinase and procollagen C-proteinase. After the cleavage of propeptides the
collagen self-assembles into fibrils and the fibrils are cross-linked by lysine and
hydroxylysine aldehyde derivatives. The extracellular processing of a nonfibrillar
collagen is similar to fibrillar collagen, but often the N- and/or C-terminal
noncollagenous domains are not removed and the supramolecular assemblies formed are
not fibrils (Kivirikko & Myllyl‰ 1984, Prockop & Kivirikko 1995, Kivirikko 1993,
Kivirikko 1995).

Hsp47 has been shown to function as a collagen-specific molecular chaperone in the
endoplasmic reticulum. It transiently associates with procollagen and is involved in
collagen processing under normal and stress conditions, in which it is part of the quality
control system for procollagen. It binds various types of procollagens and collagens
(Nagata 1996, Nagata 1998).

2.1.3.1. Enzymes in intracellular processing

Prolyl 4-hydroxylase (E.C. 1.14.11.2) catalyzes the hydroxylation of proline in the Y-
position of X-Y-Gly triplets of collagenous sequences to 4-hydroxyproline, prolyl 3-
hydroxylase (E.C. 1.14.11.7) catalyzes the formation of 3-hydroxyproline in some X-
position proline residues and lysyl hydroxylase (E.C. 1.14.11.4) catalyzes the formation
of hydroxylysine in Y-position lysine residues (Kivirikkoet al. 1992, Kivirikko &
Pihlajaniemi 1998).

The active prolyl 4-hydroxylase (PH-4) is anα2β2 tetramer. The molecular size of the
tetramer is about 240000 and the molecular sizes for monomers are 64000 (α-subunit)
and 60000 (β-subunit). Theα-subunit contributes most of the catalytic sites of the
enzyme and theβ-subunit is identical to protein disulfide-isomerase. The function of
prolyl 4-hydroxylase is essential for collagen producing cells because hydroxyproline is
necessary in the formation of collagen molecules with stable triple helices ( for recent
reviews see Kivirikkoet al. 1989, Kivirikko et al. 1992, Kivirikko & Myllyharju 1998,
Kivirikko & Pihlajaniemi 1998). Theβ-subunit of prolyl 4-hydroxylase has been shown
to be identical to the protein disulfide isomerase (Pihlajaniemiet al. 1987, Koivuet al.
1987, Tasanenet al.1988), a cellular thyroid hormone-binding protein (Chenet al.1987,
Yamauchiet al. 1987) and the smaller subunit of the microsomal triacylglycerol transfer
protein (Wetterauet al. 1990). Theβ subunit appears to have three different functions in
the folding of collagens. It catalyzes the formation of disulfide bonds, functions as a
subunit of PH-4 during proline hydroxylation and it also functions independently as a
molecular chaperone during chain assembly (Kellokumpuet al. 1997, Wilsonet al.
1998). The gene for theβ subunit of prolyl hydroxylase and the enzyme protein disulfide
isomerase has been assigned to chromosome 17q25 (Pajunenet al. 1988, Pajunenet al.
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1991). Two isoforms for prolyl 4-hydroxylaseα-subunit have been cloned. The human
α(I) subunit contains a mutually exclusively alternatively spliced exon whose function is
unknown. The gene coding forα(I) subunit is assigned to chromosome 10q21.3-23.1,
showing that it is not physically linked to that for theβ-subunit gene (Helaakoskiet al.
1989, Pajunenet al. 1989, Helaakoskiet al. 1994). The secondα-subunitα(II) was first
cloned from the mouse and shown to form anα2β2 tetramer with the protein disulfide-
isomerase/β-subunit (Helaakoskiet al. 1995) and after that from the human (Annunenet
al. 1997a). The humanα(II) subunit is three amino acids shorter than theα(I) subunit.
The α(II) subunit is expressed in various tissues, having a slightly different expression
pattern from theα(I) subunit. It was shown that theα(I) and α(II) subunits do not form
mixed α(I)α(II)β2 tetramers (Annunenet al. 1997a). The type I[α(I)]2β2 tetramer is the
main enzyme form in most cell types and tissues, whereas the type II[α(II) ]2β2 tetramer
is the main or only enzyme form in chondrocytes, cartilage and capillary endothelial
cells. The type II prolyl 4-hydroxylase is likely to play a major role in the development
of cartilages and cartilagenous bones, and also of capillaries (Annunenet al. 1997b). The
assembly of human prolyl 4-hydroxylase requires collagen expression. This has been
shown by expressing prolyl 4-hydroxylaseα- and β-subunits with or without collagen
expression in yeast cells, which do not have endogenous collagen synthesis. Also the
assembly of stable collagen requires prolyl 4-hydroxylase expression (Lamberget al.
1996, Vuorelaet al.1997).

The prolyl 3-hydroxylase activity is separate from prolyl 4-activity. It has been partly
purified from the chick embryo and rat kidney cortex (Risteliet al. 1977, Tryggvasonet
al. 1977). The molecular weight of the protein is 160000 in gelfiltration (Tryggvasonet
al. 1979). Prolyl 3-hydroxylase catalyzes the hydroxylation of proline residues in Gly-
Pro-4Hyp-Gly sequences (Tryggvasonet al. 1977). Prolyl 3-hydroxylase has not been
purified to homogeneity and its cDNA has not been cloned. Also the function of 3-
hydroxyproline is unknown.

Hydroxylysyl galactosyltransferase (GT; E.C. 2.4.1.50) and galactosylhydroxylysyl
glucosyltransferase (GGT; E.C. 2.4.1.66) catalyze the formation of the hydroxylysine
linked carbohydrate units. First GT transfers galactose to some hydroxylysine residues
and then GGT transfers glucose to some of the galactosylhydroxylysyl residues. GT is a
monomer but the detailed structure of GGT is not known (Kivirikko & Myllyl‰ 1979).
Neither of these enzymes have been cloned so far.

2.1.3.2. Enzymes in extracellular processing

The first extracellular processing step of fibrillar collagens is the cleavage of the
propeptides which is catalyzed by procollagen N-proteinase (E.C. 3.4.24.14) and
procollagen C-proteinase (E.C. 3.4.24). The cleavage of C-propeptides is an absolute
requirement for fibril formation, whereas partially processed molecules with intact N-
propeptides will form thin fibrils with diminished mechanical strength. Both procollagen
proteinases are endopeptides which need a neutral pH and a divalent cation such as Ca2+

(Kivirikko 1995). Both enzymes also belong to the super-family of over 200 zinc-
binding metalloproteinases (Prockopet al.1998).
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Two isoforms for N-proteinase probably exist since type I N-proteinase cleaves only
N-propeptides from type I and II procollagen but not from type III procollagen. Type I
N-proteinase also requires a native conformation for procollagen. The N-propeptide is
folded back in a hairpin conformation which is needed for N-proteinase cleavage. This
gives N-proteinase the opportunity to function as a quality control for fibril assembly
(Prockop et al. 1998). The molecular weight of N-proteinase is 500 kDa, which is
degraded to smaller active polypeptides according to Hojimaet al. (1989, 1992) and 107
kDa by Collige et al. (1995). cDNAs for proteins of 107 kDa and 70kDa have been
isolated by Coligeet al. (1997).

C-proteinase cleaves type I, II and III procollagen and also laminin 5 (Prockopet al.
1998) and lysyl oxidase (Panchenkoet al. 1996). A triple helical conformation is not
required for the cleavage. The molecular weight of the enzyme is 97-110 kDa by Hojima
et al. (1985) and 70 kDa by Kessler & Adar (1989). Open reading frames in cDNAs for
three proteins (Liet al. 1996, Kessleret al. 1996, Takaharaet al. 1994) were shown to
be the alternatively spliced variants of the same gene (Prockopet al.1998).

Lysyl oxidase (E.C. 1.4.3.13) is a copper-dependent amine oxidase which initiates
covalent crosslinking between and within the molecular units of elastin and collagen by
oxidative deamination of theε-amino group in certain lysine and hydroxylysine residues
into a reactive aldehyde. These aldehydes participate in the formation of two types of
collagen crosslinks, either by aldol condensation between two of the aldehydes or by
condensation between one aldehyde and oneε-amino group of an unmodified lysine,
hydroxylysine or glycosylated hydroxylysine residue. Lysyl oxidase is synthesized as a
preprotein, secreted as a 50 kDa, N-glycosylated proenzyme and then proteolytically
cleaved by C-proteinase to the 32 kDa, catalytically active, mature enzyme (Kivirikko
1995, Smith-Mungo & Kagan1998). Human lysyl oxidase cDNA was cloned in 1991 by
H‰m‰l‰inenet al. (1991).

2.1.4. Collagen types

The superfamily of collagens can be divided into three major groups, fibrillar collagens,
nonfibrillar collagens and proteins containing triple-helical domains that have not been
defined as collagens. Nonfibrillar collagens can be further divided into collagens that
form network-like structures, FACIT (fibril-associated collagens with interrupted triple
helices) collagens, the collagen that forms beaded filaments, the collagen that forms
anchoring fibrils for basement membranes, collagens with a transmembrane domain and
type XV and XVIII collagens which have not yet been fully characterized (Table 1, for
reviews see Vuorio & de Crombrugghe1990, van der Rest & Garrone 1991, Prockop &
Kivirikko 1995, Pihlajaniemi & Rehn 1995).
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Table 1. Collagen types, their distribution in tissues and chain composition.

Type Chains Chain composition Occurence

I α1(I), α2(I) [α1(I)]2α2(I), [α1(I)]3 Most connective tissues;

skin, bone, tendon,

ligament, cornea etc.

II α1(II) [α1(II)]3 Cartilage, vitreous

humour

III α1(III) [α1(III) ]3 Extensible connective

tissue, skin, vessels

IV α1(IV), α2(IV), α3(IV),

α4(IV), α5(IV), α6(IV)

[α1(IV)]2α2(IV), minor

forms

All basement membranes

V α1(V), α2(V), α3(V) [α1(V)]2α2(V),

α1(V)α2(V)α3(V),

[α1(V)]3

Tissues containing

collagen I, interstial

tissues, skin, bone,

tendon etc.

VI α1(VI), α2(VI), α3(VI) α1(VI)α2(VI)α3(VI) Most connective tissues,

soft tissues, vessels, skin,

etc.

VII α1(VII) [α1(VII) ]3 Anchoring fibrils

VIII α1(VIII), α2(VIII) unknown Many tissues,

endothelium,

mesenchyme

IX α1(IX), α2(IX), α3(IX) α1(IX)α2(IX)α3(IX) Tissues containing

collagen II, cartilage,

vitreous humour

X α1(X) [α1(X)]3 Hypertrophic cartilage

XI α1(XI), α2(XI), α3(XI)* α1(XI)α2(XI)α3(XI) Tissues containing

collagen II, cartilage,

vitreous humour

XII α1(XII) [α1(XII) ]3 Tissues containing

collagen I

XIII α1(XIII) unknown Many tissues

XIV α1(XIV) [α1(XIV) ]3 Tissues containing

collagen I, skin, tendon

XV α1(XV) Many tissues

XVI α1(XVI) Many tissues, fibroblasts,

keratinocytes

XVII α1(XVII) Skin hemidesmosomes

XVIII α1(XVIII) Many tissues, liver,

kidney

XIX Rhabdomyosarcoma cells
*α3(XI) is a post-translational variant ofα1(II) The table is modified after the tables presented by
Vuorio & de Crombrugghe 1990, van der Rest & Garrone 1991, Kivirikko, 1993, Kielty 1993,
Prockop & Kivirikko 1995.
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2.1.4.1. Fibrillar collagens

The collagen types I-III, V and XI belong to the fibril-forming class of collagens and
they provide structural support for the body in the skeleton, skin blood vessels, nerves,
intestines, and in fibrous capsules of organs (Table 1). They are named after their ability
to assemble into fibrils. They all are similar in size and they contain large triple-helical
domains with about 330 Gly-X-Y repeats per chain (Prockop & Kivirikko 1995). All
fibrillar collagens are synthesized as large precursors which are processed by cleavage of
N- and C-propeptides to collagens. After the cleavage of propeptides non-triple helical
11-19 residue N-telopeptide and 11-27 residue C-telopeptide remain attached to the
triple helical region of the molecule. The C-propeptides of fibrillar collagens are highly
conserved between different collagen types and between species. The size of the C-
terminal non-collagenous domains are about 250 residues and it contains the disulfide-
bonding cysteine residues which guide the correct assembly and formation of the triple-
helix (Vuorio & de Crombrugghe1990, van der Rest & Garrone 1991, Prockop &
Kivirikko 1995, Pihlajaniemi & Rehn 1995). The N-propeptides have much a more
variable length (50-520 residues) and domain structure than the rest of the polypeptide.
The amino-terminal propeptide consists usually of a signal peptide, a cysteine rich
globular domain, a short triple-helical region, and a short globular domain ending in the
N-telopeptide (Vuorio & de Crombrugghe1990, Pihlajaniemi & Rehn 1995).

2.1.4.2. Non-collagen proteins

Non-collagen proteins are a group of proteins which contain collagenous domains but are
not defined as collagens because they are not structural components of the extracellular
matrix. Such proteins are macrophage scavenger receptors types I and II, the MARCO
protein, C1q complement, the tail structure of acetylcholinesterase, pulmonary surfactant
proteins SP-A and SP-D, mannan binding protein, conglutinin, collectin-43, the bacterial
enzyme pullanase, ficolins, an adipose specific collagen-like factor apM1 and a src-
homologous-and-collagen (SHC) protein (Davis & Lachmann 1984, Pelicciet al. 1992,
Ichijo et al. 1993, Elomaaet al. 1995, Prockop & Kivirikko 1995, Rehn & Pihlajaniemi
1995, Thomaset al. 1995, Maedaet al. 1996, Matsushitaet al. 1996, Kivirikko &
Pihlajaniemi 1998).

2.2. Hydroxylysine

Most of the hydroxylysine residues can be found in collagens but they also exist in some
proteins which contain collagenous domains but are not defined as collagens. In a few
cases hydroxylysine can be found in proteins which do not contain collagenous domains.
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2.2.1. Hydroxylysine in collagens

Hydroxylysine occurs in collagens, usually in the triple helical region in X-Hyl-Gly
sequences but some hydroxylysine residues have been found from the nonhelical N-
terminal region of collagen molecules in X-Hyl-Ser and X-Hyl-Ala sequences. The
amount of hydroxylysine in different collagen types varies greatly (Table 2, Kivirikkoet
al. 1992).

Table 2. The amount of hydroxylysine in different collagen polypeptides.

Collagen type and
chain

Hyl Hyl + Lys Hyl %

I α1 10 37 27
α2 12 32 38

II α1 18 38 47
III α1 6 35 17
IV α1 49 56 88

α2 39 44 89
V α1 35 55 64

α2 24 42 57
α3 43 58 74

VI α1 48 59 81
α2 67 83 81
α3 48 69 70

VII α1 41 59 69
VIII α1/α2* 22 45 49
IX α1 33 53 62

α2 46 58 79
X α1 35 55 64
XI α1 37 56 66

α2 40 57 70
α3 21 36 58

*The value shown is the mean for two 50000 molecular fragments of the triple-helical protein. The
values are given per 1000 amino acids.
The table is modified after the table presented by Kivirikkoet al. (1992).

The hydroxylysine content of about 20 differentα-chains has been analyzed. Only
17% of the lysine residues in the Y position of X-Y-Gly triplets ofα1(III) chain are
hydroxylated, whereas almost 90% of the lysine residues inα1(IV) and α2(IV) chains
are hydroxylated (Table 2). The hydroxyproline content of differentα-chains show much
less variation, hydroxylation level being 40-60% in all collagens (Kivirikkoet al.1992).

The amount of hydroxylysine also varies within the same collagen type in different
tissues and even in the same tissue in different pathological and physiological states (for
references see Kivirikko & Myllyl‰ 1980). The hydroxylation of lysine residues seems
to be age-related so that hydroxylation of lysine residues is higher in embryonic tissues
than in adult tissues (Bailey & Shimokomaki 1971, Barneset al. 1974, Ryh‰nen &
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Kivirikko 1974a, Strawich & Glimcher 1983). Deficiency of vitamin D (Barneset al.
1973a, Tooleet al. 1972, Dicksonet al. 1979) and calcium ion (Barneset al. 1973b)
increases the amount of hydroxylysine. The amount of hydroxylysine is also increased in
osteoporosis (Baileyet al.1992, Knottet al.1995), osteosarcoma (Shapiro & Eyre 1982,
Lehmannet al. 1995b) and osteogenesis imperfecta (e.g. Trelstadet al. 1977, Kirschet
al. 1981, Cettaet al.1983, Raoet al.1989, Lehmannet al. 1995a).

2.2.2. Hydroxylysine in other proteins

Hydroxylysine occurs in some proteins which are not defined as collagens but which
contain collagenous domains. Collectin proteins contain collagenous regions linked to C-
terminal carbohydrate recognition domains common to the family of calcium-dependent
carbohydrate-binding proteins known as C-type lectins. At least mannan-binding protein,
conglutinin, the pulmonary surfactant proteins A and D and CL-43 belong to the group of
collectin proteins. They are oligomers of subunits, with each subunit being composed of
three polypeptides. The collagenous parts of the polypeptides coil together in a triple
helix, while the C-terminal sections form the C-type globular, carbohydrate-recognizing
domains (Holmskovet al.1993).

Mannan-binding protein or the core-specific lectin (CLS) is a soluble lectin which has
the ability to recognize features of the core region of asparagine-linked oligosaccharides
and to bind to yeast mannan. It displays a specificity for mannose and N-
acetylglucosamine residues (Maynard & Baenziger 1982). The polypeptide isolated from
rat liver consists of three regions: an amino terminal segment of 18-19 amino acids rich
in cysteine, a collagen-like domain consisting of 18-20 repeats of the sequence Gly-X-Y
and a carboxy terminal carbohydrate-binding domain of 148-150 amino acids
(Drickamer et al. 1986). The synthesis and secretion of CLS is not typical for the
majority of secretory proteins. After synthesis CLS requires 8-10 hours to be secreted. 10
minutes of this time is used in the rough endoplasmic reticulum and the rest in Golgi,
where some post-translational modifications take place (Brownellet al. 1984, Colley &
Baenziger 1987a). Both lysine and proline residues in the collagen-like domain are
hydroxylated to hydroxyproline and hydroxylysine. The hydroxylysine residues are
further glycosylated to produce GlcGalHyl (Colley & Baenziger 1987b). The CSL also
forms trimeric units linked together by disulfide bonds and later forms higher molecular
weight complexes, which may involve triple helix formation. These modifications take
place in the Golgi compartment (Drickameret al. 1986, Colley & Baenziger 1987a).
This differs from the collagen biosynthesis in which these modifications take place in the
endoplasmic reticulum. Inhibition of proline and lysine hydroxylation and hydroxylysine
glycosylation prevents the CLS secretion and attainment of binding activity for
hydrophobic matrices (Colley and Baenziger 1987c).

Bovine conglutinin is a collagen-like bovine serum protein (Davies and Lachmann
1984). The molecule has a multimeric structure in which disulfide-linked trimers of a
single subunit are associated to the multivalent macromolecule. Conglutinin is a calcium-
dependent, lectin like protein which binds to a yeast cell wall extract and immune
complexes. Conglutinin has a collagenous domain which contains hydroxylysine and
hydroxyproline residues in a sequence typical to collagens (Leeet al.1991).
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The complement component C1q consists of three polypeptide chains (A, B and C)
each containing a collagenous domain. The polypeptides are disulfide-linked to dimers
and assembled into a complex of 18 subunits which is a complex of six triple helical
structures. The collagenous domains contain hydroxylysine residues in Gly-X-Y triplets.
Some hydroxylysines are glycosylated ( Reid 1979, 1982, Reid and Thompson 1978).

A pulmonary surfactant is required for normal gas exchange and it may also have a
role in epithelial permeability and host defences. The surfactant is synthesized and
secreted by type II epithelial cells and it is comprised of specific phospholipids and
several surfactant-associated proteins (Perssonet al. 1989). Pulmonary surfactant
proteins A and D contain collagenous domains consisting of repeating Gly-X-Y
sequences with hydroxyproline and hydroxylysine residues in the Y position of the
sequence. Some of the hydroxylysine residues in SP-D are glycosylated (Perssonet al.
1989, Luet al.1992, Crouchet al.1994).

Bovine serum lectin CL-43 belongs to the group of collagen-like proteins. It contains
hydroxyproline and hydroxylysine residues in collagen like sequence (Holmskovet al.
1993).

Acetylcholinesterase interacts with mebmranes through collagenous sequences. It
consists of 12 subunits linked by disulfide bonds to three collagen-like tail polypeptides.
This protein is assembled and retained in the Golgi prior to transport to the cell surface.
The collagen-like tails of the acetylcholinesterase have been shown to be required for
association of acetylcholinesterase with membranes (Colley & Baenziger 1987c). The
collagenous domain contains high amounts of hydroxylysine and hydroxyproline
residues (Kivirikkoet al.1992).

Proteins containing collagenous sequence and potential lysyl hydroxylation sites
include ficolins (Ichijo et al. 1993), macrophage scavenger receptors types I and II
(Kodamaet al.1990, Rohreret al.1990), MARCO protein (Elomaaet al. 1995), adipose
specific collagen -like factor apM1 (Maedaet al. 1996) and Src-homologous-and-
collagen (SHC) protein (Pelicciet al.1992, Thomaset al.1995).

Some hydroxylysine residues are found in proteins which do not have collagenous
domains. Somatostatins are regulatory peptide hormones which are widely distributed
throughout thebody and they are an important regulator of endocrine and nervous system
function (OMIM 1999). Anglerfish somatostatin-28 contains one hydroxylysine in the
Trp-Lys-Gly sequence which is identical to hydroxylation sites in collagens. This is the
first observation of hydroxylysine in a potential regulatory peptide which does not
contain collagenous domains. The function of this hydroxylysine is not known (Andrews
et al. 1984, Spiess & Noe 1985). Human tissue plasminogen activator (rtPA), human
CD4 receptor (rCD4) and a related chimeric protein (rCD4-IgG) each contain one
hydroxylated lysine at surface-accessible X-Lys-Gly sites (Molonyet al.1995).

2.2.3. Function of hydroxylysine

The hydroxyl groups of hydroxylysine in collagen molecules have two important
functions: they serve as attachment sites for carbohydrates and they participate in the
formation of intra- and intermolecular crosslinks (Kivirikkoet al.1992).
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The carbohydrates attached to hydroxylysine can be the monosaccharide galactose or
the disaccharide glucosylgalactose. The structure of the disaccharide unit with its peptide
attachment is 2-O-α-D-glucopyranosyl-O-β-D-galactopyranosylhydroxylysine, involving
an unusualα1→2-O-glycosidic bond between glucose and galactose. The synthesis of
hydroxylysine linked carbohydrate units is catalyzed by two specific enzymes,
galactosyltransferase and galactosylglucosyltransferase. The amount of carbohydrate
units in collagens varies between genetically distinct collagen types and within the same
collagen type from various sources. Also the ratio of galactosylhydroxylysine to
glucosylgalactosylhydroxylysine shows some variation (Kivirikko & Myllyl‰ 1979).
The function of these carbohydrates attached to hydroxylysine is not clear. It has been
suggested that they may regulate the packing of collagen molecules into supramolecular
assemblies (Kivirikko 1995). It has been shown that there is an inverse relationship
between carbohydrate content and fibril diameter. Experiments on thede novo
generation of type I collagen fibrils from type I procollagen by enzymic cleavage of the
propeptides have demonstrated that this collagen with a high degree of lysine
hydroxylation and hydroxylysine glycosylation forms thinner fibrils than the same
protein with a normal degree of these modifications (Torre-Blancoet al. 1992, Kivirikko
1995). The other suggestion for the function of these glycosylations is related to a new
finding that collagens can serve directly as ligands for receptor tyrosine kinases. The
receptor tyrosine kinases play an important role in the control of cell growth,
differentiation, metabolism and cell migration among many other biological responses
(Schlessinger 1997). It has been shown that discoidin domain receptors 1 and 2 (DDR 1
and DDR2) bind specifically to different types of collagens. DDR1 receptor is activated
by collagen types I, II, III, V, and XI whereas the DDR2 receptor is activated mainly by
collagen types I and III. The native triple-helical structure of collagen is needed for this
activation (Shrivastavaet al. 1997, Vogelet al. 1997). It was also shown that DDR2
receptor activation is dependent on the glycosylations of the collagen molecules, since
the ability of deglycosylated collagen to activate the DDR2 receptor was reduced
significantly. The deglycosylation did not affect the ability of collagen to activate the
DDR1 receptor, however (Vogelet al.1997).

There are two pathways for cross-linking of the fibrillar collagens. The lysine aldehyde
pathway predominates in adult skin, cornea and sclera. The hydroxylysine aldehyde
pathway predominates in bone, cartilage, ligaments, most tendons and most major
internal connective tissue in the body and transiently in embryonic skin. In both pathways
lysine oxidase catalyzes the oxidative deamination of theε-aminogroup in telopeptidyl
lysine and hydroxylysine to corresponding aldehydes, allysine and hydroxyallysine. The
allysines and hydroxyallysines can react with other allysines and hydroxyallysine or with
lysine and hydroxylysine to form different kinds of covalent cross-links (Eyreet al.
1984, Eyre 1987, Kivirikkoet al. 1992, Kielty 1993). The cross-links formed by the
hydroxyallysine pathway are more stable than those from the allysine pathway (Kivirikko
1995).

Nokelainenet al. (1998) studied if the hydroxylysine or glycosylated hydroxylysine
content had any effect on the thermal stability of recombinant type II collagen. They
observed that type II collagen with, or without hydroxylysine, was equally heat resistant
(Nokelainenet al. 1998).
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2.3. Lysyl hydroxylase

Lysyl hydroxylase (E.C. 1.14.11.4) catalyzes the formation of hydroxylysine residues in
X-Lys-Gly triplets within the helical region of collagen molecules and in some other
proteins which contain collagenous domains (for reviews see Kivirikko & Myllyl‰
1980, Kivirikko & Myllyl‰ 1984, Kivirikko et al.1992, Kivirikko 1995).

Before it was possible to obtain highly purified lysyl hydroxylase protein it was
believed that proline and lysine hydroxylation was catalyzed by one enzyme (Kivirikko
& Prockop 1967a, Kivirikko & Prockop 1967b). There were many hints about the
presence of two enzymes or at least two separate active sites for hydroxylation
(Weinsteinset al. 1969, Rhoads & Udenfriend. 1970, Halmeet al. 1970) before it was
demonstrated that lysyl hydroxylase is different from prolyl hydroxylase (Miller 1972,
Kivirikko & Prockop 1972). Kivirikko and Prockop (1972) gave the first indication that
lysyl hydroxylase and prolyl hydroxylase are different enzymes although they have very
similar catalytic properties.

2.3.1. Molecular properties of lysyl hydroxylase

Lysyl hydroxylase was first partially purified from chick embryos by conventional
protein purification methods (Kivirikko & Prockop 1972, Popenoe & Aronson 1972,
Ryh‰nen 1976) and later by affinity chromatography on concanavalin A-agarose
(Turpeenniemiet al. 1977). Homogenous lysyl hydroxylase was isolated from chick
embryos by combining concanavalin A-agarose affinity chromatography to conventional
methods or to an affinity chromatography of collagen linked to agarose (Turpeenniemi-
Hujanenet al.1980). Human lysyl hydroxylase was purified to homogeneity by using the
same purification procedure using fetal and placental tissues as the starting material
(Turpeenniemi-Hujanenet al.1981).

The molecular weight for both chick and human enzyme is 190 000 by gel filtration
(Kivirikko & Prockop 1972, Popenoe and Aronson 1972, Ryh‰nen 1976, Turpeenniemi
et al. 1977, Turpeenniemi-Hujanenet al. 1980, Turpeenniemi-Hujanenet al. 1981). The
active enzyme is a homodimer, the size of one subunit being 85000 on SDS-PAGE
(Turpeenniemiet al. 1977, Turpeenniemi-Hujanenet al. 1980, Turpeenniemi-Hujanenet
al. 1981, Myllyl‰ et al.1988). There is also a larger complex of 550 000 by gelfiltration
which is probably an aggregate of dimers (Kivirikko & Prockop 1972, Popenoe and
Aronson 1972, Ryh‰nen 1976).

Lysyl hydroxylase is a glycoprotein which contains asparagine-linked mannosyl
residues. These carbohydrate units have been shown to be critical for maximal activity of
the enzyme (Ryh‰nen 1976, Turpeenniemiet al.1977, Myllyl‰ et al.1988).

Lysyl hydroxylase was first cloned from chick embryos. The chick mRNA is about 4.0
kb in size and it codes for a polypeptide of 710 amino acid residues and a 20 amino acid
residue signal peptide. It was a surprise to find that the primary structure of lysyl
hydroxylase was dissimilar to prolyl 4-hydroxylase despite the similarities in their
catalytical properties (Myllyl‰et al. 1991). mRNA for human lysyl hydroxylase is 3.2
kb in size. It contains a coding sequence which encodes a 727-amino acid polypeptide.
The mature polypeptide contains 709 amino acid residues and a signal peptide of 18
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residues (Hautalaet al. 1992a). Human lysyl hydroxylase is about 76% identical to chick
lysyl hydroxylase on the amino acid level and the identity of the carboxyterminal region
is even higher (Hautalaet al. 1992a). Both human and chick enzymes have four potential
attachment sites for asparagine-linked oligosaccharides (Myllyl‰et al. 1991, Hautalaet
al. 1992a).

Lysyl hydroxylase has also been cloned from rat tissues. The mRNA size is 3.2 kb and
it codes for a protein of 728 amino acid residues which probably contains an 18 amino
acid signal sequence. The identity between human and rat, and chick and rat lysyl
hydroxylases is 91% and 77% respectively at the amino acid level. The rat lysyl
hydroxylase also contains four potential glycosylation sites in the molecule (Armstrong
& Last 1995).

The gene for human lysyl hydroxylase (PLOD) has been assigned to chromosome
1p36.3-p36.2 (Hautalaet al. 1992a, van Royet al. 1993). The human gene for lysyl
hydroxylase is about 40 kb in size. It contains 19 exons whose size vary between 64 bp
and 887 bp. The sizes of introns vary from 350 bp to 12500 bp. Introns 9 and 16 contain
several Alu sequences which make these introns potential for recombinations of the gene
causing Ehlers-Danlos syndrome type VI (see chapter 2.3.4.). The gene contains a 5'
flanking region with characteristics shared by housekeeping genes (Heikkinenet al.
1994).

2.3.2. Localization of lysyl hydroxylase in the cell and in the tissues

Harwood et al. (1974) demonstrated that lysyl hydroxylase activity is associated with
rough endoplasmic reticulum fractions of tendon and cartilage cells. Later it was shown
that the hydroxylation reaction of lysine residues occur within the cisternae of the rough
endoplasmic reticulum. When the hydroxylation was inhibited during the biosynthesis of
collagen, the microsomal fraction contained a lysine-rich, hydroxylysine-deficient,
collagenase-digestible substrate that could be hydroxylated in the absence of detergent
(Guzmanet al. 1976). Another cell fractionation study showed that about 30% of the
lysyl hydroxylase activity in microsomes is free within the cisternae of the endoplasmic
reticulum and the rest is associated with the membranes through ionic bonds
(Peterkofsky & Assad 1979).

Although lysyl hydroxylase has been shown to localize to the endoplasmic reticulum, it
does not contain any known retention signal for endoplasmic reticulum, like KDEL or
double lysine (Myllyl‰et al.1991, Hautalaet al.1992a).

By using immunoelectronmicroscopical techniques and the fractionation of subcellular
organelles by sucrose density gradient centrifugation lysyl hydroxylase was shown to be
a luminally-oriented peripheral membrane protein which binds to the membrane via weak
electrostatic interactions. Stress treatment of the cells with tunicamycin also increased
both the enzyme activity and the amount of the enzyme protein which is typical for
luminal proteins in the endoplasmic reticulum (Kellokumpuet al.1994).

Lysyl hydroxylase is expressed constitutively in a variety of tissues. mRNA for lysyl
hydroxylase is present at least in the placenta, skin fibroblasts, aorta, lung, vein,
cartilage, artery, spleen, gall bladder, brain, liver and skeletal muscle (Heikkinenet al.
1994, Yeowellet al.1994).
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2.3.3. Reaction catalyzed by lysyl hydroxylase

Lysyl hydroxylase (E.C. 1.14.11.4.) belongs to the group of oxygenases which
stoichiometrically decarboxylate 2-oxoglutarate into succinate and CO2 (Kivirikko et al.
1972, Myllyl‰ et al.1984). Fifteen different enzymes with the same reaction mechanism
belong to this group E.C. 1.14.11.. These enzymes are oxidoreductases acting on paired
donors with incorporation of molecular oxygen with 2-oxoglutarate as one donor, and
incorporation of one atom. All these enzymes require 2-oxoglutarate, ferrous ion,
ascorbate and oxygen and the reaction produces succinate and CO2 (BRENDA 1999).
The most extensively studied enzymes are prolyl 4-hydroxylase andγ-butyrobetaine
hydroxylase.

The lysyl hydroxylation reaction occurs in the presence of the peptide substrate, 2-
oxoglutarate, Fe2+, O2 and ascorbate (Fig 1) (Kivirikkoet al.1992).
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Fig. 1. The hydroxylation reaction catalyzed by lysyl hydroxylase (Puistolaet al. 1980a). One
atom of oxygen is incorporated into the forming hydroxyl group and the other into 2-
oxoglutarate which is decarboxylated into succinate and CO2.

The reaction involves an ordered binding of Fe2+, 2-oxoglutarate, O2 and the peptide
substrate to the enzyme in this order and an ordered release of the hydroxylated peptide,
CO2, succinate and Fe2+, which does not have to leave the enzyme during each catalytic
cycle (Fig 2) (Puistolaet al. 1980a, Puistolaet al. 1980b). The order of the release of
hydroxylated peptide and CO2 and the order of binding of O2 and the peptide substrate
are uncertain. The enzyme is also able to catalyze decarboxylation of 2-oxoglutarate in
the absence of the peptide substrate (Fig 2 uncoupled decarboxylation). This reaction
requires the same cofactors as the reaction with the substrate, but it is much slower. This
was first observed with prolyl 4-hydroxylase (Tudermanet al. 1977) and then with lysyl
hydroxylase (Puistolaet al.1980b, Myllyl‰ et al.1984).
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Fig. 2. The mechanism of the lysyl hydroxylase reaction (Kivirikkoet al. 1992). The complete
hydroxylation reaction is presented in panel A. The uncoupled decarboxylation reactions are
presented in panels B and C. E denotes enzyme; 2-Og, 2-oxoglutarate; pept, peptide
substrate; pept-OH, hydroxylated peptide substrate, succ., succinate; asc, ascorbate; DA
dehydroascorbate.

The catalytical properties of lysyl hydroxylase are very similar to those of prolyl 4-
hydroxylase and they both require the same cosubstrates for maximal activity. Such
cosubstrates are 2-oxoglutarate, ascorbate, Fe2+and O2. Serum albumin, dithiotreitol and
catalase stabilize the enzymes inin vitro conditions (Hausmann 1967, Kivirikko &
Prockop 1967a, Kivirikko & Prockop 1967b, Kivirikko & Prockop 1972, Ryhänen 1976,
Puistolaet al. 1980a). Lysyl hydroxylase contains free thiol groups that are important for
the activity and these can be reactivated with dithiotreitol (Puistolaet al. 1980a,
Kivirikko et al. 1992). The need for albumin in the reaction is partly explained by a
"protein effect" which can be obtained with other proteins but it also contains many free
thiol groups (Ryhänen 1976, Miller & Varner. 1979, Puistolaet al. 1980a). The studies
with prolyl 4-hydroxylase (Kivirikko & Prockop 1967c, Kivirikkoet al. 1992), γ-
butyrobetaine hydroxylase (Blanchardet al. 1982) and also with lysyl hydroxylase
(Miller et al. 1979, Puistolaet al. 1980a) show that catalase destroys the peroxide which
is generated nonenzymatically by a solution of Fe2+, O2 and ascorbate and also
contributes to a nonspecific protein effect.
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2.3.3.1. Substrate of the reaction

Lysyl hydroxylase does not hydroxylate free lysine residues or the tripeptide Lys-Gly-
Pro, but a single tripeptide Ile-Lys-Gly is hydroxylated (Kivirikkoet al. 1972). Also
lysine vasopressin (Kivirikkoet al. 1972) and lysine-rich histones (Ryh‰nen 1975)
which contain X-Lys-Gly triplets are hydroxylated. A partially purified chick lysyl
hydroxylase also catalyzes the hydroxylation of lysine residues in arginine-rich histones
which do not contain X-Lys-Gly triplets but which do contain X-Lys-Ser, X-Lys-Thr and
X-Lys-Ala triplets (Ryh‰nen 1975). (For more about the occurrence of hydroxylysine
see sections 2.2.1. and 2.2.2.)

Both the amino acid sequence around lysine and the length of the peptide chain are
critical for hydroxylation. A denatured hydroxylysine-deficient collagen, or peptides
prepared from it, from the cuticle ofAscarisworms does not function as substrate for
lysyl hydroxylase, even though it contain several lysine residues (Kivirikkoet al. 1972).
Also a 99 amino acid peptide fragment from rat skin collagen, which contains two non-
hydroxylated Ala-Lys-Gly sequences is a very poor substrate for lysyl hydroxylase
(Kivirikko et al. 1973). In both these cases the amino acid sequence around the lysine
must inhibit the hydroxylations (Kivirikko & Myllyl‰ 1980). Hydroxylation is also
greatly facilitated by extending the peptide (Kivirikkoet al. 1972). Increasing the chain
length decreases the Km values. For example the Km value for (Ile-Lys-Gly)2 is 4 mM
and for type I procollagen it is 10-8 M (Ryh‰nen and Kivirikko 1974b, Kivirikkoet al.
1992).

Lysyl hydroxylase hydroxylates the lysine residues only in denatured collagen, not
native triple-helical collagen. The formation of triple helical structure inhibits further
hydroxylations (Kivirikko et al. 1973, Ryh‰nen & Kivirikko 1974b). The other
conformational requirement of lysyl hydroxylase may be a bent structure, aγ- or β- turn
with lysine in the second position of the turn (Jiang & Ananthanarayanan 1991).

2.3.3.2. Cosubstrates and inhibitors of the reaction

2-oxoglutarate is an absolute and specific requirement in the lysyl hydroxylase reaction
(Prockop et al. 1966, Kivirikko & Prockop 1967b). The 2-oxoglutarate is
stoichiometrically decarboxylated during hydroxylation reactions (Kivirikkoet al. 1972).
The Km value of 2-oxoglutarate for lysyl hydroxylase (100µM) (Puistolaet al.1980b) is
about five times higher than for prolyl 4-hydroxylase (22µM) (Myllyl‰ et al. 1977). 2-
oxoglutarate can, to some extent, be replaced by 2-oxoadiapinate, but the Km value for
2-oxoadiapinate is high (4.8 mM) (Majamaaet al. 1985). Many aliphatic and aromatic
compounds, which are the structural analogs of 2-oxoglutarate inhibit lysyl hydroxylase
competitively with respect to 2-oxoglutarate. The most potent inhibitor is pyridine-2.4-
dicarboxylate whose Ki value is 50µM (Majamaa et al. 1985). The most potent
inhibitors have structural domains that can bind to the iron at the subsite II of the 2-
oxoglutarate site (see text below) (Majamaaet al.1984).

The binding site of 2-oxoglutarate can be divided into two subsites: 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 and the subsite II consists of two cis-positioned
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coordination sites of the enzyme-bound Fe2+ and is chelated by the C-1-C-2 moiety
(Kivirikko & Pihlajaniemi 1998). The residue that binds the C-5 carboxyl group of 2-
oxoglutarate in lysyl hydroxylase is shown by in vitro mutation analysis to be arginine-
718 which is located in the conserved His motif of the enzyme (Fig 3) (Passojaet al.
1998a). This arginine is conserved in different oxygenases but not in prolyl 4-
hydroxylase.

His-1 Motif
656 658

hLH P H H D A S T F T
cLH P H H D A S T F T
rLH P H H D A S T F T
4-PH α(I) P H F D F A R K D
4-PH α(II) P H F D F S R N D
IPN synthase W H E D V S L I T

His-2 Motif
708 718

hLH H E G L P T T K G TR Y I A V S F V D P
cLH H E G L P T T K G TR Y I A V S F I D P
rLH H E G L P T T R G TR Y I A V S F V D P
4-PH α(I) H A A C P V L V G NK W V S N K W L H E
4-PH α(II) H A A C P V L V G CK W V S N K W F H E
IPN synthase H R V K W V N E ER Q S L P F F V N L

Fig. 3. Comparison of the amino acid sequences of the proposed His-1 and His-2 motifs, the
regions conserved in many oxygenases. The sequences shown are human lysyl hydroxylase
(hLH, Hautala et al. 1992), chicken lysyl hydroxylase (cLH, Myllyl‰ et al. 1991), rat lysyl
hydroxylase (rLH, Armstrong & Last 1995), prolyl 4-hydroxylase αααα(I) subunit (4-PH αααα(I),
Helaakoski et al. 1989), prolyl 4-hydroxylaseαααα(II) subunit (4-PH αααα(II), Annunen et al. 1997)
and isopenicillin N synthase from Penicillium chrysogenum (IPN, Carr et al. 1986).
Conserved amino acids are shown by block letters and numbering is according to the
polypeptide of human lysyl hydroxylase ( modified from Myllyl‰ et al.1992).

The Fe2+ is loosely bound to the enzyme by three different side chains (Kivirikkoet al.
1992). Myllyl‰ et al. (1992) suggested that two histidine residues (Fig 3) His-656 and
His-708 bind Fe2+ and it was shown to be true by mutating these histidines from lysyl
hydroxylase. These mutations inactivated the enzyme completely. The third residue was
shown to be aspartate-658 whose mutation also inactivated the enzyme (Pirskanenet al.
1996). These same residues bind the Fe2+ also in prolyl 4-hydroxylase (Lamberget al.
1995) and isopenicillin N synthase (Roachet al. 1995). As with prolyl 4-hydroxylase
(Tudermanet al. 1977, Nietfeldet al. 1982, G¸nzleret al. 1986) the Fe2+ does not have
to leave the enzyme after every catalytic cycle (Puistolaet al. 1980b). The Km values for
Fe2+ are about 3-4µM for both lysyl and proline hydroxylase (Myllyl‰et al. 1977,
Puistola et al. 1980b). Many bivalent cations inhibit the lysyl hydroxylase activity
competitively with respect to Fe2+. The most potent inhibitor is Zn2+, with a Ki value of
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about 1µM, Ca2+ and Mg2+ however do not seem to inhibit lysyl hydroxylase activity
(Ryh‰nen 1976, Anttinenet al.1980, Anttinenet al.1981).

Ascorbate is a specific requirement for lysyl hydroxylase (Puistolaet al. 1980a) like it
is for prolyl 4-hydroxylase, but the enzymes can catalyze their reaction for a short time at
a high rate in the complete absence of this vitamin (Myllyl‰et al. 1978, Nietfeld &
Kemp 1981). The hydroxylation ceases rapidly and ascorbate is needed to reactivate the
system (Myllyl‰ et al. 1978, de Jonget al. 1982). The ascorbate is not consumed
stoichiometrically in the hydroxylation reaction but it is consumed stoichiometrically in
uncoupled decarboxylation of 2-oxoglutarate (Myllyl‰et al. 1984). The uncoupled
decarboxylation takes place also, even if a saturated amount of the peptide substrate is
present. The main biological function of ascorbate is probably to serve as an alternative
oxygen acceptor in the uncoupled cycles (Fig 2) (Myllyl‰et al. 1984). The studies with
prolyl 4-hydroxylase show that the ascorbate reacts directly with the enzyme bound iron
and reduces it through the "inner sphere" mechanism (Myllyl‰et al. 1978, Majamaaet
al. 1986). The Km value for ascorbate is 240µM for lysyl hydroxylase (Puistolaet al.
1980b) which is about the same as for prolyl 4-hydroxylase (Myllyl‰et al.1977).

The oxygen needed for the lysyl hydroxylase reaction comes from the atmospheric O2

and it seems to be at least partly replaceable with water (Kikuchiet al. 1983). The Km
value for oxygen is 40-50µM in both lysyl and prolyl 4-hydroxylase (Myllyl‰et al.
1977, Puistola et al. 1980b). Lysyl hydroxylase activity can be inhibited by
superoxidedismutase active copper chelates. The inhibition is competitive with respect to
O2. These compounds dismutate⋅O2

- at the active site of the enzyme. This suggests that
⋅O2

- is the active form of O2 in the reaction (Myllyl‰et al.1979).
Minoxidil, a piperidinopyrimidine derivative, is an antihypertensive drug which

specifically suppresses fibroblast proliferation and inhibits lysyl hydroxylase synthesis in
the cells. The drug has no effect on lysyl hydroxylase activity when added to the enzyme
reaction in vitro (Murad & Pinnell 1987). It decreases the steady-state mRNA level of
lysyl hydroxylase (Yeowellet al. 1992, Hautalaet al. 1992b) and the amount of lysyl
hydroxylase protein (Hautalaet al. 1992b). Minoxidil is piperidinopyrimidine nitrooxide
that has an amino group on each side of the nitroxide oxygen. The enzyme-suppressing
effect is dependent on one of these two amino groups (Muradet al.1992).

2.3.4. Ehlers-Danlos syndrome type VI

Ehlers-Danlos syndrome type VI (EDS VI) was the first heritable disorder of collagen to
be characterized (Pinnellet al. 1972, Kraneet al. 1972). The EDS VI patients have
reduced lysyl hydroxylase activity and the hydroxylysine content of the collagen in skin
and other tissues is decreased. The disorder is inherited in an autosomal recessive mode.
The symptoms include joint laxity, moderate-to-severe kyphoscoliosis, muscle
hypotonia, and skin that is soft, distensible and easily bruised (Yeowell & Pinnell 1993,
Steinmannet al. 1993). Some patients also have corneal abnormalities (Cameron 1993)
and some have suffered arterial rupture (Wenstrupet al. 1989). The amount of
hydroxylysine in collagen from EDS VI patients varies considerably in different tissues.
Also the severity of symptoms does not correlate with the decrease in the amount of
hydroxylysine (Yeowellet al. 1993). The diagnosis of EDS VI is in most cases based on
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clinical findings which can be confirmed by the decrease of hydroxylysine and/or
reduced enzyme activity (Steinmannet al. 1993). Diagnosis can also be based on the
ratio of lysyl pyridinoline to hydroxylysine pyridinoline, which are the collagen
degradation products present in urine. The ratio is higher for EDS VI patients than for
normal controls (Steinmannet al.1995).

Several mutations in the gene for lysyl hydroxylase have been reported. The first
mutation reported was a homozygous single basepair substitution converting the CGA
codon (Arg319) to a TGA termination codon, resulting in a truncated protein and the low
activity for lysyl hydroxylase in skin fibroblasts of the patient (Hylandet al. 1992).
Hautala et al. reported in 1993 a large 6-9 kb duplication in the gene for lysyl
hydroxylase, the duplication corresponded to seven exons in the mRNA. This results
from Alu-Alu recombination in the gene (Pousiet al. 1994). Heikkinenet al. showed in
1997 that this is a common mutation in Ehlers-Danlos syndrome type VI families. About
20% of families studied contained this mutation (Heikkinenet al. 1997). Pajunenet al.
reported a homozygous insertion of two Ts at the 5' splice site consensus sequence of
intron 9 in the lysyl hydroxylase gene. This resulted in an inframe deletion of exon 9
(Pajunenet al. 1998). The first heterozygous mutation was reported in 1994 by Haet al.
They found mutations in which the other allele contained a triple base deletion resulting
in the loss of residue Glu532. The other allele contained a G to A change which mutated
Gly678 into Arg in a highly conserved region of the enzyme. Other heterozygous
mutations were found later. Yeowell & Walker found a mutation in which one allele
contained a mutation which changed Tyr 511 to a termination codon and the other allele
contained splice site mutations leading to skipping exon 5 and a premature stop codon at
the beginning of exon 7 (Yeowell & Walker 1997). A heterozygous deletion mutation
where one allele contained a deletion of the penultimate adenosine from the 3'end of
intron 15 resulting in skipping exon 16 from the transcript and the other allele contained
an Alu-Alu recombination with a deletion of about 3000 bp, including exon 17 was
reported by Pousiet al. (1998). Brinckmannet al. (1998) reported a substitution of
tryptophan by cysteine in the highly conserved C-terminal region of the enzyme
(W612C). The other allele probably contains a null mutation which makes the allele
nonfunctional (Brickmannet al.1998).

2.3.5. Does lysyl hydroxylase have isoforms

Isoenzymes can be determined as proteins with the same catalytic activity (Burtis &
Ashwood 1996, Beckeret al. 1996, Murrayet al. 1996). A classic isoenzyme concept
involves the enzymes which are produced from different genes (Burtis & Ashwood 1996,
Murray et al. 1996) but it can also be broadened to contain different proteins which arise
from the alternative splicing of mRNA from one and the same gene (Albertset al. 1994,
Beckeret al. 1996).

As long as the existence of lysyl hydroxylation has been known, there has also been a
debate about the existence of lysyl hydroxylase isoforms. Much evidence and
speculations concerning the matter have been reported during these years.

Hydroxylation of lysine residues varies in different developmental stages. In chick
embryos, the overall hydroxylation level of lysine residues was reduced greatly soon
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after hatching. Hydroxylation of lysine in the N-terminal non-helical telopeptide region
was relatively high in embryonic collagens. A rapid loss of hydroxylation was found in
these sites in skin collagen but not in bone and tendon collagens. The hydroxylation of
the N-terminal nonhelical telopeptide region lysine does not seem to be related to the
hydroxylation of the lysine residues in the helical region of collagen molecules. This
suggests that there might be two different enzymes for these hydroxylations (Barneset al.
1974). Royce & Barnes (1985) showed that highly purified lysyl hydroxylase was unable
to hydroxylate the lysine residues in X-Lys-Ser and X-Lys-Ala sequences in the non-
helical N-telopeptide region of the collagen molecule. Banket al. reported that lysine
residues in Bruck syndrome within the telopeptides of collagen type I in bone were
underhydroxylated, leading to aberrant crosslinking, but the lysine in the helical region
was hydroxylated normally. The cartilage and ligament had an unaltered telopeptide
lysine content. They concluded that there exists a bone telopeptide-specific lysyl
hydroxylase and they identified the locus to chromosome 17p12 (Banket al.1999).

Ryh‰nen (1975) found out that partially purified lysyl hydroxylase from chick
embryos is able to hydroxylate arginine-rich histones which do not contain X-Lys-Gly
triplets but do contain X-Lys-Ser, X-Lys-Ala and X-Lys-Thr triplets. X-Hyl-Ser and X-
Hyl-Ala are found also from the N-terminal non-helical telopeptide region of some
collagens. Because the enzyme they used was not pure they could not say if the same
enzyme hydroxylated both X-Lys-Gly triplets and lysine in arginine-rich histones or if
there was a separate enzyme with different specificity (Ryh‰nen 1975).

Risteli et al. (1980) found out that lysyl hydroxylase extracted from normal fibroblasts
hydroxylated skin type I collagen better than basement membrane type IV collagen. The
enzyme extracted from ED VI fibroblasts hydroxylated type IV collagen better than type
I collagen. They concluded that either the abnormal EDVI enzyme has changed so that it
binds type IV collagen better or there exist two different isoforms which have different
affinity for different collagen types.

Immunological studies were carried out by Turpeenniemi-Hujanen to establish if lysyl
hydroxylase isoforms which differ in their specific activities or immunological properties
existed. She concluded that only one immunological type of lysyl hydroxylase was
present in the chick-embryo. The same amount of polyclonal antibody for lysyl
hydroxylase was required to inhibit the same amount of lysyl hydroxylase activity units
from different tissues by 40% and in double immunodiffusion a precipitation line of
complete identity was seen between the antiserum and the enzyme from different sources
(Turpeenniemi-Hujanen 1981).

Puistola (1982) extracted crude preparations of lysyl hydroxylase from chick-embryo
tendons which synthesize mainly type I collagen, chick-embryo sterna which synthesize
mainly type II collagen and HT-1080 sarcoma cells which synthesize mainly type IV
collagen. The catalytic properties of these three crude enzyme preparations were
identical in respect of Km values for substrates and cosubstrates, so it was concluded that
there exists only one form for lysyl hydroxylase.

Lysyl hydroxylation of various types of collagens from type VI Ehlers-Danlos
syndrome fibroblasts were compared by Tajimaet al. (1983). They found no differences
in the level of hydroxylation, so they concluded that only one enzyme exists.

Ihmeet al. (1984) isolated different collagen types (I, II, III, IV and V) from different
connective tissues from EDVI patients and determined the degree of hydroxylation of
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lysyl residues. They found insufficient hydroxylation of lysyl residues in type I and III
collagen, whereas types II, IV and V showed a normal amount of hydroxylation. There
were variations between different tissues so that skin collagens completely lacked
hydroxylysine while bone, tendon, lung or kidney collagens were less affected. The data
suggested the presence of multiple isoenzymes. This same phenomenon, that the amount
of hydroxylysine varies in different tissues, was discovered already in 1972 by Pinnellet
al.



3. Outlines of the present study

There has been some evidence for the lysyl hydroxylase isoforms during past years. The
most convincing evidence has been observed from the Ehlers-Danlos syndrome type VI
patients who show no symptoms and no reduction of hydroxylysine residues in some
tissues which contain a lot of collagen, despite the fact that EDS VI has been shown to
arise due to deficiency in lysyl hydroxylase activity. At the beginning the main goal for
this work was:

1. To study if multiple forms for lysyl hydroxylase exist.

After it was shown that these enzyme isoforms do exist, the following goals for the work
were set:

2. To clone and characterize the cDNAs for human lysyl hydroxylase isoforms.
3. To determine the chromosomal localization of the lysyl hydroxylase genes to

human chromosomes.
3. To study the differential expression of isoforms in tissues.
4. To show their function as lysyl hydroxylase and to determine if their catalytic

activities differed from each other.



4. Material s and methods

More detailed descriptions of materials and methods are presented in original articles I-
IV.

4.1. Similarit y search by Blast-program (I,III)

BLAST (Basic local alignment search tool) is a set of similarity search programs
designed to explore all of the available sequence databases, regardless of whether the
query is protein or DNA. BLAST is also fast and it can detect distant sequence
relationships. The scores assigned in a BLAST search have a well-defined statistical
interpretation, making real matches easier to distinguish from random background hits. It
is able to detect relationships among sequences which share only isolated regions of
similarity (Altschul et al. 1990).

In this work BLAST was used to find homologous sequences to human lysyl
hydroxylase 1 (hLH1) and human lysyl hydroxylase 2 (hLH2) peptide sequences from
the database of expressed sequence tags (dEST). The BLAST search was also used to
check that there are no known matches for the λ-clones obtained from library screening
or for some PCR products.

4.2. Isolation and characterization of cDNA clones (I,III)

A PS1-PS2 fragment was generated by PCR from oligo(dT)-primed human kidney
cDNA using oligonucleotides PS1 and PS2, which were synthesized from ESTs
(T11367, T18569) showing high homology to hLH1. The fragment was subcloned
(SureClone, Amersham Pharmacia Biotech), sequenced and used as a probe for library
screening.

Fetal and adult human kidney libraries (λgt11, Clontech) and adult human pancreas
(λgt10, Clontech) cDNA libraries were screened by standard methods (Ausubel et al.
1989) using a random primed [α-32P] labeled PS1-PS2 fragment as a probe.
Hybridization was carried out for 16 h in 5 × SSPE, 5 × Denhardt's, 50% formamide,
0.01% SDS and 100 µg/ml denatured herring DNA at 42ÿC. The filters were washed
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twice in 2 x SSC, 0.05% SDS and once in 1 x SSC, 0.1% SDS for 15 min at room
temperature. cDNA clones obtained from library screening were subcloned to plasmid
vectors and sequenced, or directly sequenced fromλ-vector.

The M1-M15 fragment for human lysyl hydroxylase 3 (hLH3) was generated by PCR
using human kidney cDNA as a template and oligonucleotides M1 and M15 generated
from ESTs (AA250735, AA340606) which showed high homology to hLH1 or hLH2 as
primers. The M1-M15 fragment was subcloned and sequenced.

The 5' and 3' ends of cDNAs were obtained by rapid amplification of cDNA ends using
oligonucleotides generated from existing sequences as primers (Marathon cDNA
amplification kit, Clontech and 5'/3' RACE kit, Boehringer Mannheim). The
amplification products were subcloned and sequenced or sequenced directly.

Part of the cDNA of hLH2 containing an alternatively spliced exon was amplified with
human kidney cDNA as template and oligonucleotides PS7 and PS14 as primers.

4.3. Isolation and characterization of genomic DNA (IV)

Human genomic DNA was isolated from cultured fibroblasts by standard protocol
(Ausubelet al. 1989). The genomic DNA was used as a template and oligonucleotides
specific to cDNA of hLH2 (PS57-PS59, PS66-PS60) as primers in PCR reactions to
amplify with Dynazyme� II DNA polymerase (Finnzymes Oy) the introns surrounding
the alternative extra exon in hLH2b. The PCR products were subcloned and sequenced
or directly sequenced.

4.4. Nucleotide sequencing and sequence analysis (I,III,IV)

The plasmid DNA was isolated using Qiagen plasmid kit (Qiagen). The PCR products
were purified from agarose gel by a QIAquick gel extraction kit (Qiagen).λ-DNA was
isolated using the standard method (Sambrooket al.1989).

DNA sequencing was performed by a dideoxynucleotide sequencing system using a T7
sequencing kit (Pharmacia Biotech Inc.),∆Taq cycle sequencing kit (U.S. Biochemical
Corp.), PRISM� AmpliTaq Dye Terminator, dRhodamine terminator, or Big Dye
Terminator cycle sequencing ready reaction kit (Perkin Elmer) or Thermo Sequenase kit
(Amersham Pharmacia Biotech) manually or by using an Abi Prism 377 DNA sequencer
(Perkin Elmer).

The sequences obtained were analyzed by computer using the Blast-program or Fasta-
program.

4.5. Chromosomal localization (II,III)

The genes were assigned to human or rat chromosomes by use of somatic cell hybrids
segregating either human or rat chromosomes (Szpireret al. 1996b). The human genes
were then regionally localized by fluorescence in situ hybridization (FISH) (Pinkelet al.
1988, Stephanovaet al.1996).
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The probe used for the Southern blot analysis of the hybrids for hLH2 was the PS1-
PS2 fragment (350 bp) and for the FISH analysisλ-44 clone, a 2.3 kb cDNA clone
obtained from the screening of the human kidney library. The M1-M15 fragment (1.8 kb)
was used as a probe for the Southern blot analysis and for the FISH analysis for hLH3.

4.6. Northern analysis (I,III,IV)

Northern analysis was carried out by using ready made human multiple tissue Northern
blot (Clontech), which contained 2µg of poly(A) RNA from heart, brain, placenta, lung,
liver, skeletal muscle, kidney and pancreas. The blot was hybridized for 16 hours in 5×
SSPE, 10× Denhardt’s, 50% formamide, 2% SDS, 100µg/ml denaturated herring DNA
at 42°C using32P-labeledλ44 clone (hLH2) as a probe or 1 hour in Express Hyb solution
(Clontech) at 42°C using32P-labeled M1-M15 -clone (hLH3) as a probe. The blots were
washed in 2× SSC, 0.05% SDS at room temperature for 40 minutes and then in 0.1×
SSC, 0.1% SDS at 50°C for 30 minutes.

A human multiple tissue Northern blot was hybridized for 1 hour in Express Hyb
solution (Clontech) at 37ÿC using [γ-32P]ATP end labeled PS56 oligonucleotide
(hLH2b) as a probe. A mouse multiple tissue Northern blot (Clontech) containing 2µg of
poly(A) RNA from heart, brain, spleen, lung, liver, skeletal muscle, kidney and testis was
hybridized overnight at 37ÿC using [γ-32P]ATP end labeled HIIR23 oligonucleotide
(mLH2b) as a probe. Both blots were washed at room temperature first in 2× SSC,
0.05% SDS for 40 min and then in 0.1× SSC, 0.1% SDS for 30-40 min.

4.7. Recombinant protein expression in insect cells (I, III, IV)

4.7.1. Cell culture

Spodoptera frugiperdaSf9 cells were cultured as monolayers in TNM-FH medium
(Sigma) supplemented with 10% fetal bovine serum or as monolayers and in suspension
culture in Sf-900 II Serum Free Medium (Life Technologies, Inc.) at 27ÿC.

4.7.2. Construction of baculovirus expression vectors and generation of
recombinant baculoviruses

All recombinant protein expressions were carried out by baculovirus transfer vector in
the BAC-TO-BAC� Expression system (Life Technologies, Inc.).

PCR with Pfu DNA polymerase (Stratagene) was used to generate two different
constructs of hLH2 (I) and one construct of hLH3 (II) using human kidney cDNA as a
template. Construct 1 of hLH2 contained the nucleotides from 1 to 2272 (includes the
whole signal peptide) and construct 2 of hLH2 contained the nucleotides from 27 to 2272
(includes about 2/3 of the signal peptide). The hLH3 construct covered the nucleotides
from 214 to 2447 of the cDNA (includes the whole signal peptide).
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The BAC-TO-BAC� Expression system (Life Technologies, Inc.) transfer vector
pFastBacI was modified to contain human lysyl hydroxylase 1 signal peptide and
His6Tag (Fig 4) after which comes theBamHI restriction site for insertion of the desired
DNA. The multiple cloning site of pFastBacI was digested withBamHI and EcoRI
restriction enzymes and replaced with an adapter which contained the sites mentioned
above.

polyhedrin promoter---aaataagtattttactgttttcgtaacagttttgtaa

taaaaaaacctataaatattccggattattcataccgtcccaccatcgggcgcggatca

hLH1SP

atg cgg ccc ctg ctg cta ctg gcc ctg ctg ggc tgg ctg ctg ctg
M R P L L L L A L L G W L L L

His
6
Tag BamHI site

gcc gaa gcg aag ggc gac cac cat cac cat cac cat gga tcc
A E A ∆ K G D H H H H H H

Fig. 4. The modified pFastBacI vector. The pFastBacLH1SP contains the signal peptide for
LH1 (hLH1SP) and a six histidine tag (His6Tag).

The expression constructs were made for hLH2a and hLH2b (IV) by PCR using Pfu
DNA polymerase (Stratagene) and human kidney cDNA as template. The constructs
covered the nucleotides from 255 to 2405 to hLH1 (Hautalaet al. 1992) and nucleotides
from 76 to 2267 for hLH2a and hLH2b. hLH2b also contained an additional 63
nucleotides between nucleotides 1500 and 1501 to include the alternatively spliced extra
exon. All expression constructs were confirmed by sequencing.

The recombinant baculovirus transfer vectors were transfected in Sf9 insect cells by
Cellfectin (Life Technologies, Inc.). The virus was collected three days after transfection.
The Sf9 insect cells were infected with recombinant viruses. The cells were harvested 48
to 72 hours after infection. The cells were washed with PBS, pH 7.3, and homogenized
in a solution of 1% Nonidet P-40 (Sigma), 0.1 M glycine and 0.02 M Tris-HCl, pH 7.8
(Pirskanenet al.1996) and centrifuged at 10000 x g for 10 min.

The production of recombinant proteins was analyzed either directly by lysyl
hydroxylase activity assay (see next chapter) or by Western blot analysis using the
polyclonal antibody, produced in chicken, against a synthetic peptide of
NPRTLKILIEQNRKI (amino acids 399-413 of hLH2) and anti-chicken IgG peroxidase
conjugate (Promega) or using monoclonal anti-polyHistidine clone His-1 (Sigma) and
Anti-Mouse IgG peroxidase conjugate (Sigma) as antibodies against the His6Tag in the
proteins. The insect cell homogenates were fractioned in reducing conditions by
SDS/10% polyacrylamide gel electrophoresis, blotted onto an Immobilon membrane
(Millipore) and incubated with the antibodies according to the protocol for ECL�
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Western blotting (Amersham Life Science). Bound antibodies were visualized using the
ECL detection system and x-ray film (Eastman Kodak Co.).

4.8. Lysyl hydroxylase activity assay (I, III, IV)

The lysyl hydroxylase activity assay was performed by a method based on the
hydroxylation-coupled decarboxylation of 2-oxo-[1-14C]glutarate (Puistolaet al. 1980a,
Kivirikko & Myllyl‰ 1982). The substrates of the reaction were synthetic peptides L1

(ARGIKGIRGFSG) and L2 (IKGIKGIKG).



5. Results

5.1. Molecular cloning and characterization of human lysyl
hydroxylase isoforms 2a, 2b and 3 (I , III , IV)

The search for lysyl hydroxylase isoforms was initiated by screening the human fetal
kidney cDNA-library using hLH1 cDNA as the probe. Only clones containing hLH1
cDNA were found.

The first cDNA clone for human lysyl hydroxylase 2 (Fig 1, I) was obtained by PCR
using oligonucleotides generated from sequences of expressed sequence tags data bank
T11367 and T18568, which showed high homology to hLH1. This PCR fragment named
PS1-PS2 was about 300 bp in size, it covered the nucleotides from 1095 to 1453 of
hLH2 and it showed a high homology to hLH1. It was then used as a probe for screening
human kidney and pancreas cDNA libraries. Two positive clones were obtained, λ44
from the pancreas library and λ6 from the kidney library. λ44 covered the nucleotides
from 853 to 3198 and λ6 covered the nucleotides from 853 to 2920 of hLH2. λ44 was
used for further screening and four additional clones λ5, λ25, λ48 and λ86 were
obtained. All these clones started from nucleotide 498 of hLH2 and ended before the 3'
end of λ44. The missing 5' and 3' ends of the novel cDNA were obtained by the rapid
amplification of 3' and 5' ends using oliconucleotides specific for different λ clones.

The novel cDNA (Fig 1, I) obtained was about 3500 bp in size, which corresponds to a
4.2 kb band on the Northern blot (Table 3, Fig 2, I). The cDNA contains a coding
sequence of 2211 bp, which encodes a polypeptide of 737 amino acids, no non-coding 5'
region and an about 1290 bp non-coding 3' region. The cDNA contains two internal
EcoRI restriction sites, and two potential polyadenylation sites at the 3' non-coding
region. The polypeptide contains a putative signal peptide of 25 amino acids starting
with the first methionine and seven potential N-glycosylation sites. The calculated
molecular weight of the polypeptide is 84,659 including the signal peptide.

Several expressed sequence tags (AA250735, AA410941, AA010762, AA040561,
AA353120, AA411291, AA313622, AA340606, AA077166, W04357) similar to hLH1
and hLH2 were found using the Blast program. Oligonucleotides M1 and M15 were
synthesized from these sequences and used as primers in the PCR reaction with human
kidney cDNA as a template. The first cDNA clone, M1-M15, of hLH3 was about 1.9 kb
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in size and it covered the nucleotides from 447 to 2232 of the hLH3 cDNA (Fig 1, III).
Specific oligonucleotides to this clone were generated and used as primers in 5' and 3'
RACE to obtain the 5' and 3' ends of the cDNA. The full length cDNA of hLH3 (Fig 1,
III) is 2745 base pairs long corresponding to a 2.75 kb mRNA on Northern blot (Table 3,
Fig. 4, III), and it contains an open reading frame from nucleotide 217 to nucleotide
2433, a non-coding 5' region of 216 bp and a non-coding 3' region of 312 bp in size.
There is one poly(A) signal at the 3' end of the cDNA which precedes the poly(A) tale.
The open reading frame encodes a polypeptide of 738 amino acids. It has a putative
signal peptide of 24 amino acids starting from the first methionine. There are two
potential N-glycosylation sites in the polypeptide.

The overall identity of hLH2 to hLH1 (Hautalaet al. 1992), hLH1 to hLH3 and hLH2
to hLH3 is about 60% in all and similarity is about 80-85% at the amino acid level (Fig
1, III). The identity between all lysyl hydroxylases is 47%. There is a 62-amino acid
sequence of hLH2, at the middle part of the molecule, amino acids 414-475, which is
over 90% identical to human lysyl hydroxylase 1. There are several sequences which are
over 80% identical in three lysyl hydroxylases, mostly after the middle part of the
molecule. The carboxyterminus seems to be very conserved in these three human lysyl
hydroxylases and chicken lysyl hydroxylase (Myllyl‰et al. 1991). None of the potential
glycosylation sites is conserved in all lysyl hydroxylases. The largest mature polypeptide
is hLH3, 714 amino acids, when hLH1 is 709 amino acids (Hautala et al. 1992) and
hLH2 is 712 amino acids.

The PCR experiments revealed an alternative form of human lysyl hydroxylase 2,
which contained an alternatively spliced extra exon between nucleotides 1500 and 1501
in hLH2. Human LH2 sequence was used to find homologous expressed sequence tags
using the BLAST program. Several human clones, otherwise identical, but containing an
alternatively spliced exon in the sequence were found (N68601, AA027960, AA131546).
Also one mouse clone was found (AA125564) and ordered from Genome Systems Inc.
(Lennonet al. 1996). The alternatively spliced exon contains 63 nucleotides or 21 amino
acids both in human and mouse (Table 3, Fig. 2 and 3, IV). There is only one difference
in human and mouse sequences, the third nucleotide in human is T and in mouse C. This
does not alter the amino acid. The introns surrounding the alternatively spliced exon
were sequenced from the human gene (Fig. 3, IV). The preceding intron contains 1191
nucleotides and the intron following the extra exon contains 963 nucleotides. The
consensus sequences of introns are typical for most introns at their 5' and 3' ends and
there are no Alu or other repetitive sequences in introns.

Table 3. Molecular properties of human lysyl hydroxylase isoforms.

hLH11) hLH2a hLH2b hLH3

mRNA size (kb) 3.2 4.2 4.2 2.75
polypeptide size (aa) 727 737 758 738
putative signal sequence 18 25 25 24
glycosylation sites 4 7 7 2
1)Hautalaet al.1992



45

5.2. Chromosomal localization of human lysyl hydroxylase 2 and 3
(II, III)

Chromosomal localizations for human lysyl hydroxylase 2 and 3 were determined (Table
4). Lysyl hydroxylase 1 gene (PLOD1) has been previously localized to chromosome
1p36.3-36.2 (Hautalaet al. 1992, van Royet al. 1993). Human lysyl hydroxylase 2 gene
(PLOD2) was localized to chromosome 3 by use of somatic cell hybrids using PS1-PS2
fragment (Fig 1, I) as probe and regionally assigned by fluoresence in situ hybridization
(FISH) to 3q23-q24 using clonedλ 44 as the probe (Fig 1, I). The rat gene (Plod2) was
assigned to rat chromosome 8 (Fig 1 and 2, II). Human lysyl hydroxylase 3 gene
(PLOD3) was assigned to chromosome 7 by Southern blot analysis of 13 human X
rodent hybrid clones using cloned cDNA (M1-M15 clone, Fig 1, III) as the probe. The
regional position of PLOD3 gene was determined by fluoresence in situ hybridization to
the terminal band of 7q arm to 7q36 (Fig 3, III). The rat gene (Plod3) was localized to
rat chromosome 12.

Table 4. Chromosomal assignment of human lysyl hydroxylase isoforms.

hLH11) hLH2a hLH2b hLH3

chromosome 1p36.3-36.2 3q23-q24 3q23-q24 7q36
1)Hautalaet al.1992, van Royet al. 1993

5.3. Tissue distribution of human lysyl hydroxylases 2a, 2b and 3 and
mouse lysyl hydroxylase 2b (I, III, IV)

The expression of lysyl hydroxylase isoforms in different tissues was studied using ready
made human and mouse multiple tissue Northern blots, which contained mRNA
extracted from several tissues (Table 5).

The expression of human lysyl hydroxylase 2 was studied using a long cDNA fragment
(λ44) as a probe. Because of this the mRNA levels on the Northern blot contain both
hLH2a and hLH2b expression (Fig 2, I). The expression level was high in heart,
placenta, liver and pancreas, and it was almost absent in lung. hLH2b mRNA levels were
studied using a oligonucleotide generated from the alternatively spliced exon as the
probe (Fig 3A, IV). The mRNA levels were highest in heart and skeletal muscle, and
almost absent in brain and lung. The mouse lysyl hydroxylase 2b is highly expressed in
heart and kidney (Fig 3B, IV) as is mLH2a (Ruotsalainenet al. 1999). LH2b is almost
absent in the mouse lung and highly expressed in the mouse liver (Ruotsalainenet al.
1999). LH2b expression was also studied in different human cells. The expression of
hLH2b was found in fibrosarcoma (HT-1080) and osteosarcoma (MG-63) cells. Other
data show a high expression of hLH2 in these cells and also in hepatoblastoma (HepG2)
cells (Wanget al.1999) which did not contain hLH2b.

The expression pattern of human lysyl hydroxylase 3 (Fig 4, III) is almost identical to
the expression pattern of hLH2. It is highly expressed in heart, placenta and pancreas,
almost absent in brain, and expressed in very small amounts in lung and kidney.
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Table 5. Tissue distribution of human lysyl hydroxylase isoform mRNAs.

hLH1 hLH2 hLH2b hLH3

heart + ++ ++ ++
brain + + 0 0
placenta + ++ + ++
lung + 0 0 +
liver + ++ + +
skeletal muscle + + ++ +
kidney + + 0 0
pancreas + ++ + ++

0 denotes present barely detectable amounts, + denotes present in intermediate amounts and ++
present in high amounts.

5.4. Expression and characterization of human lysyl hydroxylase 2a,
2b and 3 with a baculovirus expression system (I, III, IV)

5.4.1. Enzyme activity of human lysyl hydroxylase 2a and 3 (I,III)

To show that the novel putative isoforms 2 and 3 function as lysyl hydroxylases,
recombinant baculovirus encoding for the cDNAs for the novel polypeptides hLH2a and
hLH3 were generated in insect cells. Two constructs were prepared for hLH2a. Construct
number 1 contained the whole coding sequence including the signal peptide and
construct number 2 contained the whole coding sequence and part of the signal sequence
so that the signal was missing the first nine amino acids. Only one construct was
prepared for hLH3 and it contained the whole coding sequence including the signal
peptide. Recombinant proteins were produced and the enzyme activity of cell extracts
were measured.
Both hLH2a recombinant proteins were able to hydroxylate the synthetic peptides
(IKGIKGIKG and ARGIKGIRGFSG) which were used as substrates in the lysyl
hydroxylase activity assay (Table I, I). The enzyme activity of the recombinant protein
produced with construct 2 was over two times the activity of the control cells. The
recombinant hLH3 was also able to hydroxylate IKGIKGIKG peptide in the activity
assay ( Fig 2, III) and the activity of this recombinant hLH3 was about 20 times higher
than the activity of the control cells. These results clearly showed that both these novel
cDNAs coded for proteins which had lysyl hydroxylase activity.

5.4.2. Km values for human lysyl hydroxylase 2a and 2b (IV)

In order to find out if the alternatively spliced exon of hLH2a and hLH2b affected the
binding affinity of the peptide substrate or co-substrates of the enzyme, the Km values
were determined for ferrous ion, 2-oxoglutarate, ascorbate and peptide substrate (Table
6). These kinetic analyses were carried out using His-tag constructs of hLH2a and
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hLH2b. The His-tag in front of the protein allowed a visualization of the protein on
immunoblot with His-tag antibodies.

Table 6 Km values for co-substrates and peptide substrate of the recombinant human
lysyl hydroxylase 2a and 2b proteins

Km (µM-1) hLH2aa Km (µM-1) hLH2ba

Fe2+ 4 ± 1 5 ± 1
2-oxoglutarate 190± 19 170± 44
ascorbate 470± 37 230± 20b

PEPTIDEIKGIKGIKG 420 ± 59 1200± 57B

aThe values are given as mean± S.D. of five experiments for both constructs
bThe value differs highly significantly (Student's t-test) from that obtained with LH2a

Km value for the synthetic collagenous peptide substrate is almost three times higher
for hLH2b than for hLH2a and for ascorbate the value is two times higher for hLH2a
than for hLH2b. The Km values for other co-substrates are identical. The affect of the
His-tag on lysyl hydroxylase activity was tested using a His-tag-LH1 construct. The His-
tag did not alter the kinetic values measured for LH1 (not shown).



6. Discussion

6.1. Molecular properties of human lysyl hydroxylase isoforms

Three novel lysyl hydroxylase isoforms, hLH2a, hLH2b and hLH3, were cloned and
characterized in this work. LH2a and LH2b are alternative splicing products of one gene
(PLOD2).

The cDNAs of lysyl hydroxylase isoforms were cloned. The mRNA for hLH1 is 3.2 kb
(Hautala et al. 1992), for hLH2a and 2b 4.2 kb and 2.75 kb for hLH3. Despite the size
difference in mRNAs, the size of the coding region is about the same in all isoforms
(about 2.2 kb). The size difference is caused by the untranslated regions of mRNA. The
3'-untranslated region (3'UTR) is especially long in hLH2 forms where it is 1290
nucleotides, when it is only 312 nucleotides in hLH3. The 3'UTR of hLH2 contains two
potential polyadenylation signals and only one in both hLH3 and hLH1 (Hautala et al.
1992). Whether both these polyadenylation signals are used is not known. The size
variation is also found in mouse isoforms (Ruotsalainen et al. 1999). It has been shown
that there exists some kind of relationship between the length of 3'UTR and the
translational efficiency. The 3'UTR is needed for translation but if it is extended too
much it slows down the translation (Tanguay & Gallie 1996).

The sizes of the mature polypeptide differ only by a few amino acids. hLH1 is 709
amino acids (Hautala et al. 1992), hLH2a is 712 aa, hLH2b is 733 aa and hLH3 is 714 aa
in size. hLH2a and hLH3 have lost some amino acids and gained some additional amino
acids when compared to hLH1 (Hautala et al. 1992). hLH2b differs from others because
it contains an additional exon which is not present in other forms. This exon is 63
nucleotides, 21 aa, in size and it is located between nucleotides 1500 and 1501 in hLH2.
The analysis of human genomic DNA shows that the additional sequence corresponds to
a exon sequence in the gene structure, and it is surrounded by introns. The gene structure
of LH2 has not been characterized, but data from the LH1 gene structure (PLOD1)
indicates that the exon is located in a region between exons 13 and 14 of the LH1 gene
(Hautala et al. 1992, Heikkinen et al. 1994). The length of the signal peptide varies in
different isoforms from 18 to 25 amino acids.

The similarity of lysyl hydroxylase isoforms is very high. The identity when comparing
the two isoforms is about 60% on the amino acid level and the similarity is about 80-85%
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respectively. The identical and similar amino acids are spread around the polypeptides
but there are some regions which are more conserved than others. One of those is the
region in the middle part of the molecule and the other is the carboxyl terminal part of
the lysyl hydroxylases. These regions are also very highly conserved in chick lysyl
hydroxylase (Myllyl‰ et al. 1992). The mouse lysyl hydroxylase isoforms have also
been cloned recently. The identity of human lysyl hydroxylase to corresponding mouse
lysyl hydroxylase is 91% at the amino acid level in all three cases (Ruotsalainenet al.
1999). One isoform in different species is more conserved than two isoforms in the same
species.

Some mutational studies to identify the active center and to understand the catalytical
structure of lysyl hydroxylase have been made. These studies have identified some
residues which are critical for the maximal catalytic activity. Histidine-656, histidine-
708, aspartate-658 and arginine-718 (Fig 3, numbering after hLH1) have been shown to
be important residues in binding ferrous ion and 2-oxoglutarate (Myllyl‰et al. 1992,
Pirskanenet al. 1996, Passojaet al. 1998a). All these critical residues are conserved in
all human lysyl hydroxylase isoforms.

The amount of possible sites for asparagine-linked oligosaccharide varies in different
isoforms. hLH1 contains four possible glycosylation sites (Hautalaet al. 1992), hLH2a
and 2b contain seven and hLH3 contains two possible glycosylation sites. It has been
shown that glycosylation of some sites is critical for the maximal activity in hLH1,
because treatment with endoglycosidase H reduces the catalytical activity (Myllyl‰et
al. 1988). Mutational studies with a recombinant protein produced in insect cells
demonstrate that only two of the potential glycosylation sites in hLH1 are glycosylated
and that the mutation of asparagine 197 reduces the enzyme activity down to 25%
(Pirskanenet al. 1996). This site is conserved in human and chick lysyl hydroxylase 1
(Hautalaet al. 1992) and also in human lysyl hydroxylase 2a and 2b, but not in hLH3.
There is also another site which is conserved in human and chick LH1 and hLH2a and
hLH2b forms, asparagine 686, which was not glycosylated in recombinant hLH1. There
are two sites which are conserved in hLH3 and hLH2, and hLH3 and hLH1, but none of
these sites is conserved in all isoforms.

6.2. Chromosomal assignment of human lysyl hydroxylase isoforms

Chromosomal localizations were determined for novel lysyl hydroxylase isoforms. All
lysyl hydroxylase isoform genes (except hLH2b) localized to different chromosomes.
Lysyl hydroxylase 1 gene has been previously localized to chromosome 1p36.3-36.2
(Hautalaet al. 1992, van Royet al. 1993). Lysyl hydroxylase 2 gene was localized to
chromosome 3q23-q24 and lysyl hydroxylase 3 gene to chromosome 7q36. These results
indicate that lysyl hydroxylase genes are not linked to each other. Phylogenetic analysis
done in another study, suggests that lysyl hydroxylase isoforms are derived from an
ancestral gene by two gene duplication events and that LH1 and LH2 are more closely
related and have been brought about by a more recent duplication than less closely
related LH3 (Ruotsalainenet al.1999).

The homologous rat genes were also mapped. Rat lysyl hydroxylase 2 gene mapped to
chromosome 8 and it is a new member of a group of syntenic genes shared by the human
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chromosome 3 and rat chromosome 8 (Yamadaet al. 1994, Szpireret al. 1996a). Rat
lysyl hydroxylase 3 gene mapped to chromosome 12. Human chromosome 7 and rat
chromosome 12 are partially homologous, they share seven genes showing conserved
synteny (Szpireret al. 1996a, RATMAP 1997, GDB 1997). Six of these genes map to a
proximal region other than 7q36, so it seems that PLOD3 defines a new region of
homology between rat chromosome 12 and human chromosome 7, located near the
telomeric region of 7q.

6.3. Distribution of human lysyl hydroxylase isoforms in tissues and
in cells

The expression of different lysyl hydroxylase isoforms was studied on the mRNA level
(Table 5). Heart, pancreas and placenta contained high amounts of hLH2a and hLH3
mRNAs. Lung, brain and kidney had very little of any lysyl hydroxylase isoforms on
these blots. hLH2b was mostly expressed in heart and skeletal muscle. It has been shown
previously that human lysyl hydroxylase 1 is expressed constitutively in all tissues
studied (Heikkinenet al. 1994, Yeowellet al. 1994) and that it contains regulatory
elements characteristic for housekeeping genes (Heikkinenet al. 1994). Our results
suggest that the expression of other isoforms is however highly regulated. It is possible
that more variation of hydroxylating collagenous peptides and other proteins with a
possible hydroxylation site and tissue specificity is achieved by these novel isoforms.
Similar results were obtained for hLH3 by Passojaet al. in a study which was published
shortly after our results (Passojaet al. 1998b). The high regulation of the expression of
different isoforms is also observed in mouse tissues, where the expression of all isoforms
including mLH1 is highly regulated (Ruotsalainenet al.1999).

The mRNA level of hLH2b was also studied in different human cell lines and the
expression was found in fibrosarcoma and osteosarcoma cells. Other data show a high
level of expression of hLH2 in these cell lines and also in hepatoblastoma cells which do
not contain hLH2b (Wanget al.1999).

Earlier studies have indicated that lysyl hydroxylase isoforms might function as
collagen type specific manner. Risteliet al. 1980 showed that lysyl hydroxylase which
was extracted from fibroblasts of Ehlers-Danlos type VI patients and therefor contained
lowered lysyl hydroxylase 1 activity, was able to hydroxylate more efficiently type IV
collagen than type I collagen. This suggests that lysyl hydroxylase 1 is collagen type I
specific and the other isoforms are specific to different collagen types. Kidney contains
lot of type IV collagen. The Northern blots made in this study show no specific isoform
expression in kidney. Also lung, bone and tendon collagens are less affected in EDVI
patients (Ihmeet al. 1984). Again the experiments made here do not point any specific
isoform to these tissues. Further studies conserning this matter are required.
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6.4. Catalytic properties of human lysyl hydroxylase isoforms

Recombinant lysyl hydroxylase 2a and 3 proteins were produced using a baculovirus
expression system in insect cells. First it was determined that these novel forms (hLH2a
and hLH3) function as lysyl hydroxylase. Synthetic peptides which contained X-Lys-Gly
sequences known to be hydroxylated by lysyl hydroxylase 1 were used as substrates for
the reaction. Significant amounts of activity were measured for both hLH2a and hLH3.
These results showed that both novel lysyl hydroxylase isoforms belong to the family of
lysyl hydroxylases.

Recombinant lysyl hydroxylase 2a and 2b proteins containing His6-tags were expressed
in insect cells. The His-tag was placed at the aminoterminus of the protein where it was
thought not to disturb the folding of the protein. It is thought that the conserved
carboxyterminus of lysyl hydroxylase isoforms participate in the formation of the active
center of the enzyme. LH2a and LH2b differ from each other so that LH2b contains an
additional exon between nucleotides 1500 and 1501. Kinetic analysis was done to these
enzymes in order to see if this additional exon in LH2b had any affect on its binding
affinity. Km-values were determined for one peptide substrate (IKGIKGIKG) and for
some co-substrates (ferrous ion, 2-oxoglutarate and ascorbate). There is a difference in
kinetic values for LH2a and LH2b (Table 7). This suggests that the additional exon in
LH2b modifies the active center of the enzyme. The Kmvalues also differ from the kinetic
values of recombinant lysyl hydroxylases 1 and 3, which have almost identical kinetic
values (Pirskanenet al. 1996, Passojaet al. 1998). The active centers of different lysyl
hydroxylase isoforms are probably very similar, but not identical, to each other. This
property of the active center gives the enzyme reaction its specificity.

Table 7. Kmvalues for co-substrates and one peptide substrate of the recombinant human
lysyl hydroxylase isoforms.

Co-substrate or
peptide Km (µM-1)

hLH11 hLH2a hLH2b hLH32

Fe2+ 2 4 5 2
2-oxoglutarate 100 190 170 100
ascorbate 350 470 230 300
peptide IKGIKGIKG 700 420 1200 800

1Pirskanenet al.1996,2Passojaet al.1998b

These His-tag constructs prepared in this work have many advantages for future
studies. The expression of these His-tagged proteins can be followed using commercially
available His-tag antibodies and the His-tag also allows the purification of the protein by
affinity chromatography.

6.5. Conclusions and future prospects
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Three novel lysyl hydroxylase isoforms were cloned and characterized in this study. It
was shown for the first time that multiple isoforms for lysyl hydroxylase exists. The
existence of multiple lysyl hydroxylase isoforms provides an explanation for the lack of
symptoms in some tissues which contain high amounts of normally hydroxylated
collagen, such as kidney, with Ehlers-Danlos type VI patients. It is not however yet clear
how these novel isoforms function. Our results indicate that they have some tissue and
probably substrate specificity but many more experiments are needed to clearly show the
function in vivo. It is known that lysyl hydroxylase 1 does not hydroxylate the lysine
residues in the non-helical telopeptide region of the collagen molecule (Royce & Barnes
1985). It is possible that one of these novel isoforms functions as a telopeptide-specific
enzyme. There is also some indication that an entirely different lysyl hydroxylase exists
to hydroxylate the telopeptide region lysines (Banket al.1999).

His-tagged expression constructs of lysyl hydroxylase isoforms were prepared in this
work. The kinetic analysis of recombinant lysyl hydroxylases 2a and 2b provided some
initial data on the specificity of the isoforms. These His-tag constructs are important in
future studies because the His-tag allows easy purification and detection of the proteins.
This makes it easier to study the kinetic properties and the expression of the isoforms.
More detailed kinetic studies concerning the binding properties and substrate specificity
of lysyl hydroxylase isoforms can now be done. Also the crystallization of some isoforms
should provide important knowledge on the active center of the enzyme.

The mutation in the gene for lysyl hydroxylase 1 (PLOD1) causes a defect in collagen
biosynthesis, Ehlers-Danlos type VI syndrome. It will be interesting to see what are the
effects of mutations in these new genes, PLOD2 and PLOD3, and what does a total
elimination of the activity of these enzymes cause. For this purpose, the corresponding
mouse isoforms have been cloned (Ruotsalainenet al. 1999) and transgenic mice will be
generated.

Lysyl hydroxylase 1 has been shown to localize to endoplasmic reticulum and the
hydroxylation of lysines in collagen polypeptides take place in the ER (Harwoodet al.
1974, Guzmanet al. 1976, Peterkofsky & Assad 1979, Kellokumpuet al. 1994). The
hydroxylation of lysine residues in for example mannan-binding protein takes place in
Golgi instead of ER (Drickameret al. 1986, Colley & Baenziger 1987a). Several
polyclonal antibodies to lysyl hydroxylase isoforms are generated in order to study the
localization of the isoforms inside the cells. A great posibility is that one of these
enzymes will prove to be specific to non-collagen proteins.
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