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Abstract
Lysyl hydroxylase (EC 1.14.11.4, procollagen-lysine, 2-oxyglutarate, 5-dioxygenase, Plod) catalyzes
the hydroxylation of certain lysine residues in collagens and in other proteins with collagenous
domains. Three lysyl hydroxylase isoforms have been cloned from human and rat. The importance of
lysyl hydroxylase 1 in collagen biosynthesis is demonstrated by the heritable disorder, Ehlers-Danlos
syndrome type VI, which is characterized by joint laxity, progressive scoliosis, muscle hypotonia,
scleral fragility and rupture of the ocular globe. An alternatively spliced form of lysyl hydroxylase 2
seems to function as a telopeptide lysyl hydroxylase. Lysyl hydroxylase 3 has three enzyme activities,
lysyl hydroxylase, hydroxylysyl galactosyltransferase (EC 2.4.1.50), and galactosylhydroxylysyl
glucosyltransferase (EC 2.4.1.66) activities that have been demonstrated earlier with in vitro
experiments.
In this thesis study, the cDNAs of mouse lysyl hydroxylase isoforms 1, 2 and 3 were cloned and
characterized and the gene structures of lysyl hydroxylase 2, Plod2, and lysyl hydroxylase 3, Plod3,
were determined. Mouse lysyl hydroxylase isoforms were found to be highly homologous to the
corresponding human isoforms and they were approximately 60% identical with each other. The
mouse Plod3 gene has 19 exons as do the human PLOD1 and PLOD3 genes, and mouse Plod2, like
the human PLOD2, has 20 exons including one alternatively spliced extra exon. The mouse isoforms
were also found to have distinct tissue distributions. Phylogenetic analysis revealed that the lysyl
hydroxylase genes have evolved from an ancestral gene through two gene duplication events. Lysyl
hydroxylase 3 was demonstrated to be the oldest isoform, which is further supported by the
association of glycosyltransferase activities with lysyl hydroxylase 3 and with the only lysyl
hydroxylase of Caenorhabditis elegans.
The roles of the different enzyme activities of lysyl hydroxylase 3 were determined in vivo by
generating three genetically modified lysyl hydroxylase 3 mouse lines. The analysis of these mouse
lines demonstrated that lysyl hydroxylase 3 possesses at least lysyl hydroxylase and
glucosyltransferase activities in vivo and it functions as the main, if not the only glucosyltransferase
during embryogenesis. The absence of lysyl hydroxylase 3 and, especially, its glucosyltransferase
activity results in the abnormal glycosylation of type IV collagen, and thus causes a severe basement
membrane defect leading to death during early development. By contrast, lysyl hydroxylase activity
had no effect on embryonic development, but caused changes in the structure of the epidermal
basement membrane and changes in collagen fibril organization and probably in their interactions.

Keywords: basement membrane, gene structure, glycosyltransferase, isoenzymes,
phylogeny, procollagen-lysine 2-oxoglutarate 5-dioxygenase, transgenic mice
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Abbreviations
BAC

bacterial artificial chromosome

BM

basement membrane

cDNA

complementary DNA

DXD

aspartate-any amino acid-aspartate

ECM

extracellular matrix

EDS VI

Ehlers-Danlos syndrome type VI

EM

electron microscopy

ER

endoplasmic reticulum

ES cell

embryonic stem cell

EST

expressed sequence tag

KDEL

lysine-aspartate-glutamate-leucine

LH

lysyl hydroxylase

neo

neomycin resistance selection cassette

PCR

polymerase chain reaction

PLOD/Plod

procollagen-lysine, 2-oxoglutarate, 5-dioxygenase, gene name
for human/mouse lysyl hydroxylase

RACE

rapid amplification of cDNA ends

SDS-PAGE

sodium dodecyl sulfate polyacrylamide gel electrophoresis

UDP

uridine diphosphate

UTR

untranslated region

X

any amino acid

Y

any amino acid
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1 Introduction
Collagens are the most abundant proteins of the body. The collagen family is composed
of 27 collagen types that all share a unique structural feature: a characteristic triple helix
formed from three polypeptide chains. During collagen biosynthesis the polypeptide
chains are modified both co- and post-translationally in the cisternae of the endoplasmic
reticulum. One of the modifying enzymes is lysyl hydroxylase (LH, EC 1.14.11.4) that
catalyzes the hydroxylation of lysine residues. The hydroxylysine residues can be further
glycosylated to galactosyl hydroxylysine residues and glucosylgalactosyl hydroxylysine
residues by hydroxylysyl galactosyltransferase (EC 2.4.1.50) and by galactosylhydroxylysyl glucosyltransferase (EC 2.4.1.66), respectively. Hydroxylysine residues have
an important role in the stability of collagen cross-links, whereas the function of glycosylated hydroxylysine residues is still not fully understood.
Three lysyl hydroxylase isoforms, LH1, LH2 and LH3, have been cloned from human,
rat and, as presented in this thesis work, from mouse. The isoforms are very similar to
each other and all the catalytically important amino acids of lysyl hydroxylase activity
have been conserved in all isoforms. Human LH1 is evidently very important for lysine
hydroxylation as is demonstrated by the genetic disorder, Ehlers-Danlos syndrome type
VI. The LH2 gene produces two alternatively spliced forms, which have different tissue
specific expressions. LH2 containing the alternatively spliced exon seems to function as a
telopeptide lysyl hydroxylase. The third lysyl hydroxylase, LH3, is a multifunctional enzyme having three enzyme activities, lysyl hydroxylase, hydroxylysyl galactosyltransferase and galactosylhydroxylysyl glucosyltransferase activities, in vitro.
In this study, the roles of the different enzyme activities of LH3 were determined in
vivo by generating genetically modified mouse lines. In the first mouse line, the LH3
gene was disrupted, in the second the expression level of LH3 with a mutated lysyl hydroxylase activity was lowered and in the third one, only the lysyl hydroxylase activity of
LH3 was inactivated. The mouse lines were analyzed using biochemical, histological,
immunohistochemical and electron microscopic methods. The results indicated that LH3
possesses at least lysyl hydroxylase and galactosylhydroxylysyl glucosyltransferase activities in vivo. Furthermore it was found that galactosylhydroxylysyl glucosyltransferase
activity is essential for the formation of basement membranes during embryonic development.

2 Review of the literature
2.1 Extracellular matrix and basement membranes
The extracellular matrix (ECM) fills the space between the cells of connective tissue creating a scaffold for the cells and thus maintains the structural integrity of many connective tissues. In addition, the ECM maintains many cellular functions, for example cell
adhesion, proliferation and differentiation and serves as a reservoir of many growth factors (Aszodi et al. 1998, Alberts et al. 2002).
The molecules of the ECM are mainly produced and oriented by cells in the matrix. In
most connective tissues the proteins of the ECM are made by fibroblasts, but in more
specialized tissues such as bone and cartilage, the secreting cells are called osteoblasts
and chondroblasts, respectively. The ECM is primarily composed of proteoglycans and of
fibrous proteins, collagens, fibronectins, laminins and elastins. The highly hydrated proteoglycans form a ground substance, where the fibrous proteins and cells of connective
tissue are embedded (Aszodi et al. 1998, Aumailley & Gayraud 1998, Alberts et al.
2002).
Basement membranes (BM) are thin sheets of specialized ECM covering the basal
side of all epithelial and endothelial cells and they surround muscle, fat and peripheral
nerve cells. BMs have important roles in tissue formation and function, but it has become
evident that the individual components of BMs regulate biological activities such as cell
growth, differentiation, and migration, and have a role in the development and repair of
tissues (Erickson & Couchman 2000, McMillan et al. 2003, Sasaki et al. 2004, Yurchenco et al. 2004).
The composition and fine structure of BMs varies between different tissues and also
within the same tissue during development and tissue repair. BMs consist mainly of
laminins, type IV collagens, nidogens (also called entactins) and the heparan sulfate proteoglycan perlecan. The BM is currently postulated to be composed of two polymeric
networks, formed by laminin and type IV collagen that are connected via nidogen-1.
Other proteins are also often found in the BMs, such as agrin, SPARC/osteonectin, fibulins, fibronectin and the basement membrane zone proteoglycan collagen types XV and
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XVIII, type VII, XVII and XIX collagens (Aumailley & Gayraud 1998, Erickson &
Couchman 2000, Kalluri 2003, Sasaki et al. 2004, Yurchenco et al. 2004).

2.2 Collagens
Collagens have been defined as structural, extracellular proteins that are basically found
in all connective tissues of multicellular animals. Collagens have a major role in maintaining the structural integrity of tissues and organs, but in addition they also have many
other important functions in cell adhesion, chemotaxis, migration, development and organogenesis. The distribution and the amount of collagens vary greatly between different
tissues. In total, 27 different collagen types composing of 42 polypeptide chains belong to
the collagen superfamily (for reviews see Byers 2000, Kielty 2002, Gelse et al. 2003,
Myllyharju & Kivirikko 2004).
Collagen molecules are composed of three polypeptide chains, called α chains that
coil around each other to form a right-handed triple helix. If all three α chains are identical, the collagen molecule is called a homotrimer and if they are different, it is called a
heterotrimer. Collagen molecules contain at least one domain that has the characteristic
triple helical structure. These domains are referred to as collagenous domains. In addition
to collagenous domains, collagens contain at least two domains that are not collagenous.
These domains are referred to as non-collagenous domains. The sequence of collagenous
domains consists of X-Y-Gly amino acid triplets. Glycine as every third amino acid is a
prerequisite for the formation of the collagen triple helix. The X-Y-Gly triplets usually
contain proline in position X and 4-hydroxyproline in position Y. The 4-hydroxyproline is
essential for the stabilization of the triple helix. In addition, post-translationally modified
lysine residues, namely hydroxylysine, galactosyl hydroxylysine and glucosylgalactosyl
hydroxylysine, are found in the Y position. In the helix, the side chains of the amino acids
in the X and Y positions are found on the surface of the molecule enabling their participation in intermolecular interactions. These interactions are required e.g., for the aggregation of collagen molecules into fibrils (see for references Kielty 2002, Ottani et al. 2002,
Gelse et al. 2003, Myllyharju & Kivirikko 2004).

2.2.1 Collagen biosynthesis
Collagen biosynthesis is a very complex, multistep process from the intracellular co- and
post-translational modifications to the extracellular formation of collagen fibrils (Fig. 1).
The different steps of biosynthesis are best studied with fibril-forming collagens, especially with type I collagen (see for references Kivirikko 1995, Kielty 2002, Gelse et al.
2003).
Collagen coding mRNA encodes a signal sequence, which directs the synthesis of the
nascent polypeptide into the lumen of the rough endoplasmic reticulum (ER). After the
removal of signal peptide by signal peptidase, the co- and post-translational modifications
of certain proline and lysine residues begin and continue until triple helix formation begins. Prolyl 4-hydroxylase, prolyl 3-hydroxylase, lysyl hydroxylase (LH), hydroxylysyl

18
galactosyltransferase (galactosyltransferase) and galactosylhydroxylysyl glucosyltransferase (glucosyltransferase) catalyze the modifications of proline or lysine residues.
After that the α chains associate through electrostatic and hydrophobic interactions at
their C-propeptides. This globular structure is then stabilized with the formation of disulfide bonds that are catalyzed by protein disulfide isomerase. Subsequently, triple helix
formation is initiated from the C-terminus progressing towards the N-terminus in a zipper-like fashion. The rate of the folding also depends on the presence of peptidyl-prolyl
cis-trans-isomerase and the collagen-specific chaperone, Hsp47 (Kagan 2000, Canty &
Kadler 2002, Kielty 2002, Gelse et al. 2003).
The triple helical procollagen molecules are secreted from the ER through the Golgi
complex to the extracellular space. After secretion two specific enzymes, procollagen Nproteinase and procollagen C-proteinase, remove the N- and C-propeptides, respectively.
The collagen molecules produced then spontaneously associate and self-assemble into a
parallel array, where the molecules are staggered with respect to one another approximately one-quarter of their length. The fibrils are finally stabilized by covalent crosslinks (Kagan 2000, Canty & Kadler 2002, Kielty 2002, Gelse et al. 2003).

Fig. 1. The schematic representation of the intracellular and extracellular events in collagen
biosynthesis. Collagen polypeptides are synthesized into the lumen of ER, where the enzymatic modifications occur before triple helix formation. In the extracellular space the N- and
C-terminal propeptides are cleaved off from the procollagen molecules. After that the collagen molecules assemble into fibrils that are stabilized by covalent cross-links. –OH represents
proline and lysine hydroxylation, -O-Gal galactosylation of hydroxylysine residues and -OGal-Glu the glucosylation of galactosylhydroxylysine residues.
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The biosynthesis of nonfibrillar collagens differs in some respects from the above description (Prockop & Kivirikko 1995). In many collagens the N- and/or C-terminal
propeptides, are not removed. Moreover, the N-propeptides are not necessarily always
removed from the fibrillar type IIA collagen (Reardon et al. 2000). Some collagen types
are also N-glycosylated or at least have potential attachment sites for N-glycosylation.

2.2.2 Collagen subfamilies
The members of the collagen superfamily can be divided into several subfamilies according to their polymeric structures and other features. Generally, the collagens can be divided into fibrillar and nonfibrillar collagens. The first collagens found were the fibrillar
collagens, types I, II and III, which constitute the majority of collagens in the body. As a
quantitative minority, types V, XI, XXIV and XXVII also belong to the fibrillar collagen
family. The fibrillar collagens self-assemble into large fibrils that are highly ordered quarter-staggered arrays of collagen molecules (for reviews see Kielty 2002, Gelse et al.
2003, Myllyharju & Kivirikko 2004).
A common feature of nonfibrillar collagens is that they have one or more interruptions
in the collagenous domain. The largest subfamily of nonfibrillar collagens is the FACIT
(fibril-associated collagens with interrupted triple helices) collagens, which includes collagen types IX, XII, XIV, XVI, XIX, XX, XXI, XXII and XXVI. The FACIT collagens
are located on the surface of fibrillar collagens. They are proposed to mediate the interactions of collagen fibrils with other ECM components and to act as putative ligands for
cell adhesion receptors (Kielty 2002, Myllyharju & Kivirikko 2004). The subfamily of
transmembrane collagens, composed of collagen types XIII, XVII, XXIII and XXV, function as both cell surface receptors and as ECM molecules with structural and regulatory
roles (Franzke et al. 2003). Type VIII and X collagens belong to the subfamily of hexagonal network-forming collagens. Type VIII collagen forms hexagonal lattices found in
the Descemet’s membrane, while type X collagen lattices are found in the pericellular
regions of hypertrophic cartilage. A subfamily of microfibril-forming collagens is formed
by type VI collagen. It has been proposed that type VI collagen, assembled into beaded
filamentous structures, has a bridging role between cells and the ECM. Type IV collagens
form the subfamily of BM collagens. The filamentous networks of type IV collagen form
the essential, insoluble scaffold of BMs. Type VII collagens belongs to the subfamily of
anchoring fibrils that anchor the epithelial basement membrane to the stroma thus providing support to stromal ECM elements. To the subfamily of MULTIPLEXINS (multiple
triple-helix domains and interruptions) belong type XV and XVIII collagens. They are
both found in most BM zones with some differences in the tissue distribution, and they
may have functions in the structural and functional integrity of BMs (Kielty 2002, Gelse
et al. 2003, Kalluri 2003).
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2.2.3 Proteins with collagenous domain
Collagens are defined as structural proteins of the ECM thus excluding a heterogeneous
group of proteins that contain a collagenous domain, but are not considered to be components of the ECM (Kielty 1993, Kielty 2002, Myllyharju & Kivirikko 2004). The molecular structures of ectodysplasin A, the class A macrophage scavenger receptors and the
MARCO receptor resemble significantly the collagens of the transmembrane subfamily
(Franzke et al. 2003). A collagenous domain is also found in the novel C1q protein family
that consists of subcomponent C1q of complement, the hibernation proteins (HP-20, HP25, HP-27), CORS-26, adiponectin, saccular collagen and the two EMILINs (elastin microfibril interface-located protein) (Kishore et al. 2004). Collagen types VIII and X also
belong to this structurally homogenous family. Collectins (mannan-binding lectin, collectin liver 1, lung surfactant protein A and D, bovine conglutin and collectin-43) and
ficolins (H-ficolin, M-ficolin and L-ficolin/p35) that belong to the lectin superfamily of
the innate immune defense system are characterized by collagen-like sequences that lead
to highly oligomerized molecules (Lu et al. 2002). The asymmetric acetylcholinesterase
and butyrylcholinesterase both have a covalently associated tail forming collagenous
subunit ColQ that anchors the enzymes to the BM (Feng et al. 1999).

2.3 Hydroxylysine
Hydroxylysine is almost exclusively found in the Y position in the -X-Y-Gly- sequences
in collagens and in other proteins. In addition, in some collagen types one hydroxylysine
residue can be found in -X-Hyl-Ser- or -X-Hyl-Ala- sequences in the non-helical telopeptide region of the collagen molecule (Kivirikko et al. 1992, Kivirikko & Pihlajaniemi
1998) and also in the arginine-rich histones (Ryhänen 1975). Several proteins with a collagenous domain have been reported to contain hydroxylysine residues. For instance subcomponent C1q, acetylcholinesterase and mannan-binding lectin have all a high content
of hydroxylysine in their collagenous domains (Kivirikko et al. 1992). Surprisingly, a
single hydroxylysine has also been found in the anglerfish somatostatin-28 in a sequence
-Trp-Hyl-Gly- (Andrews et al. 1984, Spiess & Noe 1985), where the role of hydroxylysine is not known. Other proteins lacking collagenous sequences may also contain
hydroxylysine residues, such as human tissue plasminogen activator and the human CD4
receptor (Molony et al. 1995).
The hydroxylation level of lysine residues varies greatly between different collagen
types and even within the same collagen type between different tissues and even in the
same tissue in many physiological and pathological conditions. This is explained by the
incomplete hydroxylation of the lysine residues in -X-Lys-Gly- sequences (Kivirikko et
al. 1992, Kivirikko & Pihlajaniemi 1998). The extent of lysine hydroxylation and also the
glycosylation level of hydroxylysine are dependent on the amounts of the modifying enzyme and its co-substrates, and also on the synthesis rate of the collagenous polypeptides.
In addition, the modification levels depend on the time available before triple helix formation (Kivirikko et al. 1992). It has been shown that lysine hydroxylation is an agedependent event, where hydroxylation decreases with increasing age (Barnes et al. 1974,
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Ryhänen & Kivirikko 1974a, Uzawa et al. 2003). Increased hydroxylation of lysine residues is seen in some diseases, such as osteoarthritis (Bank et al. 2002), osteoporosis
(Knott et al. 1995, Lo Cascio et al. 1999), in some forms of osteogenesis imperfecta
(Brenner et al. 1989, Tenni et al. 1993, Lehmann et al. 1995a, Bank et al. 2000),
ostepenia (Bätge et al. 1997) and osteosarcoma (Lehmann et al. 1995b). In addition to
overhydroxylation, in osteosarcoma and in one form of osteogenesis imperfecta an overglycosylation of hydroxylysines has been reported (Tenni et al. 1993, Lehmann et al.
1995b). In severe vitamin D deficiency the lysine hydroxylation of bone collagen has
been reported to be increased in chicken (Strawich & Glimcher 1983).
The hydroxylysine content has been determined to vary from 6 to 67 per 1000 amino
acid residues in different collagen α chains (Table 1) (Kivirikko et al. 1992). The lowest
hydroxylysine amounts, 27% and 17% of all lysine residues, are found from the α1 chain
of type I collagen and from the α1 chain of type III collagen of fibrillar collagens, respectively. In the type IV collagen α1 and α2 chains nearly all of the lysine residues (~ 90%)
are hydroxylated. In type VI collagen all the lysine residues in the Y position in X-Y-Gly
sequence are hydroxylated and glycosylated (Ayad et al. 1998). Interestingly, the amount
of 4-hydroxyproline is much more constant in different collagen types showing only relatively small differences (Kivirikko et al. 1992).
Table 1. Hydroxylysine content in the collagenous domains of various collagen α chains
Collagen type and chain

Residues/1000 amino acid residues
Lys

#

% Hyl of Lys#

Hyl ¤

α1

37

10

27

α2

32

12

38

II

α1

38

18

47

III

α1

35

6

17

IV

α1

56

49

88

α2

44

39

89

α1

55

35

64

α2

42

24

57

α3

58

43

74

α1

59

48

81

α2

83

67

81

α3

69

48

70

VII

α1

59

41

69

VIII

α1/α2 *

45

22

49

α1

53

33

62

α2

58

46

79

X

α1

55

35

64

XI

α1

56

37

66

α2

57

40

70

α3

36

21

58

I

V

VI

IX

# The number of Lys residues contains both the lysine and hydroxylysine residues.
* The value shown is the mean for two 50000 molecular weight fragment of the triple helical protein.
The table is modified after the table presented by Kivirikko and co-authors (1992).
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2.3.1 Functions of hydroxylysine
The hydroxylysine residues have at least two important functions in collagen molecules:
they serve as attachment sites for the carbohydrate units, galactose and glucosylgalactose,
and they are essential for the stability of intermolecular collagen cross-links (Kivirikko &
Pihlajaniemi 1998).

2.3.1.1 Glycosylation of hydroxylysine
The extent of glycosylation in hydroxylysine residues and the ratio of hydroxylysine attached monosaccharides and disaccharides vary markedly between collagen types and
within the same type from different tissues in various physiological and pathological
states (for reviews see Kivirikko & Myllylä 1979, Kivirikko & Pihlajaniemi 1998). The
variation in the extent of glycosylated hydroxylysine residues is dependent on the alterations in the glycosyltransferase activities (Risteli 1977b), and in addition, on the time
available before the triple helix formation (Kivirikko & Myllylä 1979).
The carbohydrate unit attached to hydroxylysine is either galactose or glucosylgalactose and the sugar transfer is catalyzed by galactosyltransferase or by glucosyltransferase,
respectively (see Kivirikko & Myllylä 1979, Kivirikko & Pihlajaniemi 1998). Galactose
is attached to the OH-5 of hydroxylysine with a β-glycosidic bond and glucose is linked
with an unusual α-glycosidic bond to C-2 of the galactose. The structure of disaccharide
unit in its peptide attachment is 2-O-α-D-glucopyranosyl-O-β-D-galactopyranosylhydroxylysine (Spiro 1967, Spiro 1969).
The exact function of these hydroxylysine-linked carbohydrate units is still not fully
understood (Kivirikko & Pihlajaniemi 1998). In general, glycosylations may have important biological roles, e.g., they may function as recognition markers for a cell or have a
role in signal transduction or the alterations in glycosylation can affect the physical properties of the protein. It has been suggested that galactosylated and glucosylgalactosylated
hydroxylysine may have a role in fibril organization (Bätge et al. 1997, Notbohm et al.
1999). However, the results are somewhat contradictory. High levels of hydroxylysine
and glycosylated hydroxylysine residues led to very thin type II collagen fibrils in vitro
and the fibrils with low levels of these modifications were thick (Notbohm et al. 1999).
In contrast, the degree of glycosylation did not correlate with fibril diameter in the in vivo
fibril formation of bone type I collagen (Bätge et al. 1997). The studies on glycosylated
hydroxylysine residues of type II collagen have confirmed that the glycosylated peptides
can act as antigens in autoimmunity (Myers et al. 2004, Van den Steen et al. 2004). It has
been reported that the T-cell receptor interacts with type II collagen through the galactosylated Hyl-264 (Holm et al. 2003, Myers et al. 2004) and more specifically with the
OH-4 of galactose (Holm et al. 2003). In addition, it has been suggested that during an
inflammatory reaction the immunodominant epitope peptide containing hydroxylated and
glycosylated Lys-283 and Lys-289 may be released and may cause an autoimmune response against type II collagen as seen in rheumatoid arthritis (Van den Steen et al. 2004).
The galactosylation of Hyl-1265 in the α1 chain of type IV collagen has been reported to
prevent the adhesion of melanoma cells (Lauer-Fields et al. 2003). The glycosylated hy-
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droxylysine residues may also affect the function of proteins other than collagens. This is
clearly demonstrated with adiponectin, where the hydroxylations and glycosylations of
the four lysine residues in the collagenous domain may contribute to the insulinsensitizing activity of the protein (Wang et al. 2002c).

2.3.1.2 Collagen cross-links
The formation of covalent intermolecular cross-links stabilizes the collagen fibrils and
provides mechanical and tensile strength to the structure. The collagen cross-links connect the non-helical telopeptides to the helical regions of the adjacent molecules (for reviews see Knott & Bailey 1998, Robins 1999, Kielty 2002, Robins & Brady 2002).
The hydroxylation state of telopeptide lysine residues determines the cross-linking
pattern and as a consequence, the biomechanical properties of the tissue. The type of
cross-link formed is thus related to the tissue, not to the collagen type, and tissue distribution of cross-links is defined by the activity of the telopeptide LH (Robins 1999). In the
skin the cross-links are derivatives of lysine aldehydes, because of the virtual lack of telopeptide hydroxylysine. The opposite situation is found in the weight bearing tissues,
cartilage and bone, where most of the telopeptide lysines are hydroxylated favoring principally the formation of hydroxylysine aldehyde derived cross-links (Robins 1999, Robins & Brady 2002).
The fibrillar collagen molecules, types I, II and III, have four conserved homologous
cross-linking sites, two in the telopeptides and two in the triple helical region. In the triple helical region the cross-linking sequence, -Gly-X-Hyl-Gly-His-Arg-, is located symmetrically at each end of the molecule enabling the interaction of the telopeptide aldehyde to the adjacent helical region staggered by one quarter (Eyre et al. 1984, Knott &
Bailey 1998).
The formation of a cross-link begins with the oxidative deamination of the ε-amino
group of the telopeptide lysine or hydroxylysine residue to the corresponding aldehyde
(see Fig. 2). Lysyl oxidase catalyzes this initial reaction and after that the subsequent
steps proceed spontaneously (Knott & Bailey 1998, Kielty 2002). The telopeptide hydroxylysine and lysine aldehydes react with the helical hydroxylysine or lysine residue to
form intermediate di-functional cross-links, keto-imines or aldimines. The keto-imine
bonds derived from hydroxylysine aldehydes are more stable than the aldimine bonds
formed from the lysine aldehyde route (Knott & Bailey 1998, Robins 1999). The glycosylated hydroxylysine residues can also take part in di-functional cross-link formation and
moreover, mature glycosylated cross-links have been isolated (Eyre et al. 1984, Knott &
Bailey 1998). The pattern of glycosylated cross-links varies between different tissues.
Two lysine aldehydes can also condense to form an aldol condensation product, which
can form a histidino-hydroxymerodesmosine bond with hydroxylysine and histidine residues. This aldol compound forms an intramolecular cross-link between the chains of a
single collagen molecule (Knott & Bailey 1998, Robins 1999, Kielty 2002).
With age the level of di-functional cross-links decreases and they mature into more
stable tri-functional cross-links (Fig. 2). These mature cross-links explain the increased
insolubility and strength of older collagenous tissues. The most common mature cross-
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link is hydroxylysyl pyridinoline, a tri-functional 3-hydroxypyridinium compound that is
derived from the hydroxylysine aldehyde pathway. They are mainly found in tissues with
highly hydroxylated collagen, such as type II in cartilage. The corresponding lysyl pyridinoline is found primarily in bone. Another tri-functional cross-link, a pyrrolic compound, has been found in mineralizing tissues and tendon so far (Knott & Bailey 1998,
Robins 1999, Kielty 2002, Robins & Brady 2002). In the skin the mature cross-links are
histidine-containing compounds derived from the lysine aldehyde route (Robins 1999). It
has been suggested that the pyrroles link three and the pyridinolines two or three collagen
molecules (Knott & Bailey 1998, Robins & Brady 2002). On the other hand, pyrroles
could be interfibrillar and the pyridinolines intrafibrillar cross-links, but this is not yet
clear (Knott & Bailey 1998). Interestingly, the hydroxylysyl pyridinolines are located
both in the N- and C-termini, whereas the pyrroles and lysine pyridinolines are situated
preferentially at the N-terminus of the molecule, suggesting different functions for each
of these cross-links (Hanson & Eyre 1996).
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Fig. 2. Formation of collagen cross-links through lysine aldehyde and hydroxylysine aldehyde
pathways.
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Collagens contain also non-enzymatically formed cross-links that are derived from glycation of lysine and hydroxylysine residues (reviewed in Reiser et al. 1992, Knott & Bailey
1998). The glycation products are formed when a reducing sugar interacts with the εamino group of lysine or hydroxylysine (Reiser et al. 1992). In proteins with a slow turnover, such as collagen, these glycation products can react further to produce more stable
advanced glycation product (Reiser et al. 1992, Knott & Bailey 1998). The bestcharacterized advanced glycation product in collagens is a tri-functional pentosidine
(Reiser et al. 1992), which can be used as a biomarker to estimate the age and remodelling of the collagen structures (Bank et al. 1999b).

2.4 Lysyl hydroxylase
Prockop and co-workers (1966) observed that hydroxylysine is not incorporated into the
nascent collagen polypeptide during translation, but the lysine residues are posttranslationally hydroxylated. It was thought that prolyl 4-hydroxylase catalyzed the hydroxylation of both proline and lysine residues (Kivirikko 1967), but after a partial purification of the enzyme it became clear that a specific enzyme for lysine hydroxylation existed (Miller 1971, Kivirikko & Prockop 1972).
Lysyl hydroxylase (LH, EC 1.14.11.4) was first purified to homogeneity from chick
embryos (Turpeenniemi-Hujanen et al. 1980) and subsequently from human placenta
(Turpeenniemi-Hujanen et al. 1981). The molecular weight of the purified human placental enzyme was about 190 000 by gel filtration and it was composed of two α subunits
with molecular weights about 80 000 - 85 000 determined with SDS-PAGE, indicating
that the active enzyme was a homodimer (α2) (Turpeenniemi-Hujanen et al. 1981, Myllylä et al. 1988).
LH is a glycoprotein with a high affinity for concanavalin A (Ryhänen 1976, Turpeenniemi et al. 1977). Furthermore, its sensitivity to endoglycosidase H revealed that LH
contains N-acetylglucosamine linked mannosyl residues on at least one or more asparagine residues. As a consequence of the removal of the glycosylations, the molecular
weight of lysyl hydroxylase was reduced to 78 000 and its enzyme activity was also reduced. This indicated that the asparagine-linked oligosaccharides were needed for maximal LH activity (Myllylä et al. 1988). This finding has been confirmed with mutational
studies, in which changing the glycosylated asparagines to glutamines reduced the LH
activity to 25 % of the wild-type level (Pirskanen et al. 1996).

2.4.1 Subcellular localization of lysyl hydroxylase
The collagen propeptides are translated into the lumen of the rough ER, where the coand post-translational modifications, such as lysine hydroxylation, occur (Gelse et al.
2003). LH resides in the cisternae of the ER (Guzman et al. 1976, Peterkofsky & Assad
1979, Kellokumpu et al. 1994) as a peripheral membrane protein, which associates with
the ER membranes mainly by electrostatic interactions (Kellokumpu et al. 1994). The
cellular localization experiments have been done with lysyl hydroxylase 1 (LH1), but
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lysyl hydroxylase 3 (LH3) has also been confirmed to reside in the ER (Heikkinen et al.
2000).
Interestingly, the localization of LH to the ER is independent of the known KDELreceptor or COP I-mediated retrieval/recycling mechanisms. This is illustrated by the
unique localization mechanism of LH1 (Suokas et al. 2000, Suokas et al. 2003) together
with the lack of the ER-specific retention motifs (KDEL or dilysine KKXX) (Myllylä et
al. 1991, Hautala et al. 1992a). In fact, it seems that LH1 resides permanently in the luminal side of the ER membranes (Suokas et al. 2000, Suokas et al. 2003) This differs
from the prolyl 4-hydroxylase, which is located evenly in the lumen of the ER and retained in the ER by its β subunit, a KDEL-containing protein disulfide isomerase
(Peterkofsky & Assad 1976, Kellokumpu et al. 1994).
The last 32 C-terminal amino acids are enough for efficient ER retention of human
LH1. The charged amino acids in this region play only a minor role in retention and
membrane association. The retention is based on a 17 amino acid peptide in the localization region, which is part of the enzyme’s iron-binding domain. This segment forms an
extended loop within the domain and the critical amino acids are exposed on both sides
of the domain surface being accessible for binding. However, it is not known to which
specific molecule this 17 amino acid peptide region binds in the ER membrane (Suokas et
al. 2003). The localization region is unique to LH isoforms and they share approximately
90% homology in this area. Therefore, it can be presumed that all LH isoforms use the
same unique mechanism for their localization in the ER (Suokas et al. 2000, Suokas et al.
2003).

2.4.2 Reaction mechanism
LHs belong to the family of 2-oxoglutarate-coupled dioxygenases that all have a very
similar reaction mechanism. The reaction mechanism was studied using prolyl 4hydroxylase although analyzes and crystallization of isopenicillin N-synthase have also
provided insight into the catalytic site. All 2-oxoglutarate dioxygenases require the binding of co-substrates, Fe2+, 2-oxoglutarate, O2 and ascorbate to the catalytic site. In the
reaction 2-oxoglutarate is stoichiometrically decarboxylated as the peptide substrate is
hydroxylated and while one atom of molecular oxygen is incorporated into the succinate
and the other is incorporated into the hydroxyl group of certain residues (see reviews
Kivirikko et al. 1992, Kivirikko & Pihlajaniemi 1998). Based on the identical initial velocity patterns and the product inhibition patterns of lysyl hydroxylase and prolyl 4hydroxylase it can be assumed that the reaction mechanisms of these two enzymes are
identical (Myllylä et al. 1977b, Myllylä et al. 1978, Puistola et al. 1980b).
The reaction mechanism of LH involves ordered binding and release of the cosubstrates and peptide substrate (Fig. 3) (Puistola et al. 1980a, Puistola et al. 1980b).
Like other 2-oxoglutarate dioxygenases, LH can also catalyze the uncoupled decarboxylation of 2-oxoglutarate requiring Fe2+ and ascorbate in the absence of the peptide substrate (Fig. 3). The uncoupled reaction can take place even in the presence of a saturating
concentration of peptide substrate and moreover, certain non-hydroxylatable peptides
increase the rate of uncoupled decarboxylation (Kivirikko & Pihlajaniemi 1998). The rate
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of the uncoupled reaction is about 4 % of the normal reaction measured in the presence of
saturating concentrations of the peptide substrate (Puistola et al. 1980b).
In addition to the essential co-substrates, the hydroxylation reaction requires dithiotreitol, bovine serum albumin and catalase for maximal activity (Kivirikko & Prockop 1972).
The enzyme contains free thiol groups in the catalytic site, which probably are kept reduced by dithiotreitol. The effect of bovine serum albumin is also partly explained by the
thiol groups and partly by a protein effect. Catalase may play a role in peroxide destruction, and also act as a non-specific protein (Kivirikko et al. 1992).
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Fig. 3. Schematic representation of the mechanism for the LH reaction. In the complete hydroxylation reaction (A) the co-substrates are bound to the enzyme in the order of Fe2+, 2oxoglutarate, O2 and peptide substrate and they are released in the order of hydroxylated
peptide substrate, CO2, succinate and Fe2+ (Puistola et al. 1980a, Puistola et al. 1980b), although the order of release of the hydroxylated peptide and CO2 is uncertain (Puistola et al.
1980a). Fe2+ may remain bound between catalytic cycles. The uncoupled decarboxylation of 2oxoglutarate in the absence of peptide (B), where the reactive iron-oxo complex is probably
converted to Fe3+• O- (Puistola et al. 1980a, De Jong & Kemp 1984, Myllylä et al. 1984). LH,
lysyl hydroxylase; 2-Og, 2-oxoglutarate; -X-Lys-Gly-, lysine residue in peptide, -X-Lys(OH)Gly-, hydroxylated lysine in peptide, Succ, succinate; Asc, ascorbate; DA, dehydroascorbate.

2.4.3 Co-substrates and inhibitors
In the lysine hydroxylation reaction catalyzed by LH, the apparent Km and Kd values for
co-substrates, Fe2+, O2 and ascorbate, are almost identical with the corresponding values
of prolyl 4-hydroxylase. The only difference is seen with 2-oxoglutarate to which LH has
lower affinity (Puistola et al. 1980a).
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Fe is loosely bound to the enzyme and apparently located in a hydrophobic pocket
according to the stereochemical mechanism of prolyl 4-hydroxylase (Hanauske-Abel &
Günzler 1982, Kivirikko & Pihlajaniemi 1998). Site-directed mutagenesis studies have
revealed that His-638, His-690 and Asp-640 in the two conserved histidine motifs in the
C-terminus are essential for the human LH1 activity and that they bind the Fe2+ to the
catalytic site (Myllylä et al. 1992, Pirskanen et al. 1996). Based on the crystal structure
analysis of isopenicillin N synthase it seems likely that between the catalytical cycles the
Fe2+ is bound to water molecules and an additional protein ligand occupying coordination
sites involved in the subsequent binding of 2-oxoglutarate and O2 molecules (Roach et al.
1995). Many divalent cations function as competitive inhibitors of Fe2+, the most potent
inhibitor being Zn2+ (Ryhänen 1976).
The 2-oxoglutarate is an absolute and highly specific requirement for lysine hydroxylation reaction (see Kivirikko et al. 1992), where it is stoichiometrically decarboxylated
to CO2 and succinate (Kivirikko et al. 1972). The lower affinity of LH for 2-oxoglutarate
compared to prolyl 4-hydroxylase suggests that there may be some differences in its binding site between different collagen hydroxylases. Based on the stereochemical mechanism proposed for prolyl 4-hydroxylase, the binding site of 2-oxoglutarate can be divided
into two main subsites (Hanauske-Abel & Günzler 1982, Majamaa et al. 1984). In subsite
I, a positively charged Arg-700 of human LH1 in the histidine motif binds the C-5 carboxyl group of 2-oxoglutarate (Passoja et al. 1998a). The subsite II, which consists of
two cis-positioned coordination sites of enzyme-bound Fe2+, is chelated by the C-1-C-2
moiety of 2-oxoglutarate. Aromatic and aliphatic compounds that are structural analogues
of 2-oxoglutarate inhibit LH competitively with respect to 2-oxoglutarate. The most potent inhibitor of this class is pyridine-2,4-dicarboxylate (Majamaa et al. 1985). The citric
acid cycle intermediates have also been reported to competitively inhibit LH with respect
to 2-oxoglutarate (Puistola et al. 1980a).
In the lysine hydroxylation reaction the hydroxyl group is derived from the molecular
oxygen. The enzyme bound intermediate of oxygen appears to be exchangeable with the
oxygen atom of water (Kikuchi et al. 1983). In the catalytic site oxygen is thought to be
in an axial position bound end-on to the Fe2+ generating an activated intermediate, probably a dioxygen unit (Hanauske-Abel & Günzler 1982). The superoxide dismutase activated copper chelates, such as Cu(acetylsalicylate)2 and Cu(lysine)2, function as competitive inhibitors with respect to O2. It has been proposed that these substances dismutase
the activated form of oxygen at the catalytic site of LH (Myllylä et al. 1979).
Ascorbate is also a highly specific requirement for LH (Puistola et al. 1980b). The vitamin is not, however, consumed stoichiometrically in the complete hydroxylation reaction (Myllylä et al. 1978, Puistola et al. 1980b, Nietfeld & Kemp 1981). LH can catalyze
its reaction at a high rate for a short time in the complete absence of ascorbate, suggesting
that the reaction with ascorbate does not occur during each cycle. In the uncoupled decarboxylation of 2-oxoglutarate, however, the consumption of ascorbate is stoichiometric
(Myllylä et al. 1984). Ascorbate is probably required to reduce the enzyme-bound Fe3+oxo complex and thus to reactivate the enzyme after the uncoupled reaction (Fig. 3)
(Puistola et al. 1980a, De Jong & Kemp 1984, Myllylä et al. 1984). According to studies
with prolyl 4-hydroxylase, the binding site of ascorbate probably consists of two cispositioned coordination sites of the enzyme-bound iron, and is thus partially identical to
the binding site of 2-oxoglutarate (Majamaa et al. 1986).
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Minoxidil, an antihypertensic drug, specifically inhibits LH by decreasing its protein
level. This drug reduces the gene expression of LH at the pre-translational stage (Hautala
et al. 1992b, Yeowell et al. 1992). The organophosphate malathion and its oxidation
product malaoxon function as competitive inhibitors of LH with respect to the synthetic
collagenous peptide, partially uncompetitive with respect to Fe2+, and partially noncompetitive with respect to ascorbate (Samimi & Last 2001b, Samimi & Last 2001a).

2.4.4 Peptide substrate
The lysine residue has to be peptide bound in order to be hydroxylated by LH. Free lysine
residues or short triplets, Lys-Gly-Pro, do not serve as substrates. However, a single triplet of X-Lys-Gly is hydroxylated. This triplet serves as a minimum sequence requirement
of LH to recognize potentially hydroxylatable lysine residue in a peptide linkage
(Kivirikko et al. 1972). Hence, the residues around the lysine residue are important determinants in the hydroxylation (Kivirikko et al. 1972, Risteli et al. 2004). The positive
net charge on the peptide together with the specific residues in the vicinity of the lysine
residue in the X-Lys-Gly sequence promote the peptide binding of all LH isoforms
(Risteli et al. 2004).
Interestingly, the lysine-rich and arginine–rich histones both contain hydroxylysine
residues, but in the latter there is no X-Lys-Gly triplet. This indicates that lysine is also
hydroxylated in other sequences, such as X-Lys-Ser, X-Lys-Thr and X-Lys-Ala (Ryhänen
1975). The finding that LH can also hydroxylate sequences other than X-Lys-Gly is in
accordance with the fact that hydroxylysine is found in the X-Hyl-Ser and X-Hyl-Ala
sequences of the non-helical telopeptides of collagen (Kivirikko & Pihlajaniemi 1998).
The hydroxylation of lysine residues is not necessarily more efficient with increased
lenght of the peptide (Kivirikko et al. 1972, Jiang & Ananthanarayanan 1991), but the
conformation of the peptide substrate has a role in the hydroxylation reaction (Jiang &
Ananthanarayanan 1991). Bent structures, such as the γ or β turns, may be required in a
substrate peptide. The extended poly(L-proline) II like conformation of the substrate peptide may also promote effective binding to the active site of the LH. On the other hand, it
has also been demonstrated that the peptide binding of the LH isoforms is not dependent
on structural motifs of peptides in an aqueous environment (Risteli et al. 2004). The collagenous triple helix prevents the hydroxylation of lysine residues (Kivirikko et al. 1973,
Ryhänen & Kivirikko 1974b).
The analysis of the binding and hydroxylation of collagenous peptides revealed that
the peptides with a high net charge and low solvation free energy in water, bind to the LH
isoforms more often (Risteli et al. 2004). This finding suggests that the peptide-binding
site is not a deep hydrophobic pocket, but it is open and hydrophilic where acidic amino
acids affect the binding of the peptide.
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2.5 Lysyl hydroxylase isoforms
The proposal of the existence of LH isoforms came from the studies with Ehlers Danlos
syndrome type VI (EDS VI) patients. A normal hydroxylysine content in collagen types
II, IV and V in these patients had been reported in several cases suggesting the presence
of isoenzymes with varying specificity for the different collagen types (Pinnell et al.
1972, Risteli et al. 1980, Ihme et al. 1984).
The existence of isoforms was verified when the cDNA of the second lysyl hydroxylase, LH2, was cloned (Valtavaara et al. 1997) and a year after that the sequence of the
third isoform, LH3, was published (Passoja et al. 1998b, Valtavaara et al. 1998). The
gene coding for LH2 produces two alternatively spliced isoforms. LH2a is the originally
cloned LH2 and LH2b contains one alternatively spliced exon (Valtavaara 1999, Yeowell
& Walker 1999). The first characterized LH (Turpeenniemi-Hujanen et al. 1980, Turpeenniemi-Hujanen et al. 1981, Myllylä et al. 1991, Hautala et al. 1992a, Yeowell et al.
1992) has been called LH1 since the discovery of the other isoforms. All three isoforms
are cloned from human (Hautala et al. 1992a, Valtavaara et al. 1997, Passoja et al. 1998b,
Valtavaara et al. 1998) and rat (Armstrong & Last 1995, Mercer et al. 2003).
The properties of the LH isoforms are presented in Table 2. The size of the coding region in all human isoforms is approximately 2.2 kb (Valtavaara 1999). The variation in
the lengths of the untranslated regions is responsible for the differences seen in the
mRNA sizes of the human isoforms. All LHs presented in Table 2 contain a putative hydrophobic signal peptide in their N-terminus. The lengths of the polypeptides without the
signal peptide are remarkably similar between the corresponding isoforms in different
species as are the molecular weights. Moreover, there are only minor variations in the
polypeptide lengths between isoforms LH1, LH2a and LH3.
At the amino acid level the isoforms are approximately 58% identical with each other
and ~ 90% identical to the corresponding isoform from another species (Valtavaara et al.
1997, Valtavaara et al. 1998, Mercer et al. 2003). The most identical region is at the Cterminus of the molecules, where the catalytic center of lysyl hydroxylase activity is located (Myllylä et al. 1992). All the critical amino acids, the five histidines, the aspartate
(Pirskanen et al. 1996) and the arginine (Passoja et al. 1998a), for the enzymatic activity
are conserved between these isoforms (Hautala et al. 1992a, Armstrong & Last 1995,
Valtavaara et al. 1997, Passoja et al. 1998b, Valtavaara et al. 1998, Mercer et al. 2003).
These amino acids are also conserved in chicken (Myllylä et al. 1991) and in Caenorhabditis elegans (C. elegans) LH (Norman & Moerman 2000). All human isoforms contain
nine cysteine residues in conserved positions. In human LH1, five of the nine cysteine
residues are needed for the enzymatic activity based on in vitro mutation analysis. Moreover, in C. elegans two cysteine residues that were essential for the enzyme activity of
LH1 are conserved indicating the potential importance of these cysteines for the function
of all isoforms (Yeowell et al. 2000). The Cys-144 of human LH3, which is not conserved in the other isoforms, is important for the glycosylating activities of LH3 as described below. However, the potential attachment sites for asparagines-linked oligosaccharides are not conserved, even though all isoforms contain potential attachment sites
(Hautala et al. 1992a, Valtavaara et al. 1997, Passoja et al. 1998b, Valtavaara et al. 1998).
For human recombinant LH1 it has been shown that two of the four potential N-
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glycosylation sites might be efficiently used in vivo and that the carbohydrate unit linked
to Asn-197 may be needed for full catalytic activity (Pirskanen et al. 1996). The corresponding asparagine residue is present in human LH2 (Valtavaara et al. 1997) and in
chicken LH1 (Myllylä et al. 1991), but not in human LH3 or C. elegans LH (Passoja et
al. 1998b, Valtavaara et al. 1998). It is not known whether this asparagine is glycosylated
in LH2 or whether the putative glycosylation has the same effect on enzyme activity as it
has in LH1.
Table 2. Comparison of the properties of lysyl hydroxylase isoforms from different species
Species

Isoform

mRNA

Putative

Poly-

Calculated

Reference and GenBank

signal

peptide

molecular

database accession number

weight¤

peptide
Chicken

LH1

kb

aa

aa ¤

4.0

20

710

82 220

Myllylä and co-authors (1991),
NM_001005618

Human

LH1

3.2

18

709

81 570

Rat

LH1

3.2

18

710

81 646

Hautala and co-authors (1992a),
NM_000302
Armstrong and Last (1995),
L25331

Human

LH2a

4.2

25

712

82 007

Rat

LH2a

n.d.

27

710

81 760

Valtavaara and co-authors
(1997), NM_000935
Mercer and co-authors (2003),
AJ430861

Human

LH2b

4.4

25

733

84 442

Rat

LH2b

n.d.

27

731

84 173

Valtavaara (1999), Yeowell and
Walker (1999), NM_182943
Mercer and co-authors. (2003),
AJ430860

Human

LH3

2.75 –

24

714

82 380

3.0

Passoja and co-authors (1998b),
Valtavaara and co-authors
(2000), NM_001084

Rat

LH3

n.d.

27

714

82 242

Mercer and co-authors (2003),
NM_178101

C. elegans

LH

n.d.

16

714

84 400

Norman and Moerman (2000),
NM_063769

¤ calculated without the signal peptide. n.d. = no data.

LH1 has been purified to homogeneity and it has been demonstrated to be a homodimer
(Turpeenniemi-Hujanen et al. 1981, Myllylä et al. 1988). This is also the case with human recombinant LH isoforms 1, 2a and 3 (Rautavuoma et al. 2002). The LH isoforms
have two protease sensitive regions that divide the polypeptides into three fragments. The
C-terminal and middle fragments constitute the fully active enzyme, whereas the Nterminal fragment is not essential for lysyl hydroxylase activity (Rautavuoma et al.
2002).
The assumption that the LH isoforms would be collagen type specific (Risteli et al.
1980, Ihme et al. 1984) has turned out to be wrong. The mRNA levels of the isoforms do
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not correlate with individual collagen types (Wang et al. 2000) nor do the isoforms have
strict sequence specificity (Risteli et al. 2004). However, the isoforms have been shown
to preferentially bind and hydroxylate certain kind of peptide sequences more often than
others (Risteli et al. 2004). The expression levels of human LH1, LH2 and prolyl 4hydroxylase follow the stage of total collagen synthesis, whereas the expression of LH3
does not. This suggests differences in the regulation of the expression levels of these enzymes (Wang et al. 2000). It has also been reported that the production of the rat isoforms
in stably transfected CHO-K1 cells increases the total collagen synthesis (Mercer et al.
2003).

2.5.1 Expression of LH isoforms in tissues
The LH isoenzymes are expressed in a variety of tissues indicating that they are not tissue
specific (Heikkinen et al. 1994, Armstrong & Last 1995, Valtavaara et al. 1997, Passoja
et al. 1998b, Valtavaara et al. 1998, Mercer et al. 2003), even though the level of lysine
hydroxylation shows a wide variation between tissues in EDS VI (Kivirikko & Pihlajaniemi 1998). LH1 seems to be constitutively expressed in a variety of tissues both in
human and rat (Heikkinen et al. 1994, Yeowell et al. 1994, Armstrong & Last 1995). The
expression of human LH2 mRNA is high in heart as well as in placenta and pancreas,
while in lung, skeletal muscle, brain, liver and kidney it is expressed at lower levels
(Valtavaara et al. 1997). Human LH3 mRNA is expressed in a variety of tissues, the
strongest signals on Northern blot are seen from heart, placenta and pancreas (Passoja et
al. 1998b, Valtavaara et al. 1998). Rat LH3 mRNA is also reported to be constitutively
expressed in almost all cell and tissue types (Mercer et al. 2003). The mRNA expression
of human LH1 and LH2 varies considerably between different cell lines whereas the
variation of LH3 was only about two-fold. The preliminary data indicate that the differences between LH2 and LH3 at the mRNA level are generally reflected in the amount of
protein produced (Wang et al. 2000).

2.5.2 Genomic structure of lysyl hydroxylase isoform 1, 2 and 3 genes,
PLOD1, PLOD2 and PLOD3
In human and rat, the LH genes are all located on different chromosomes (Hautala et al.
1992a, Szpirer et al. 1997, Valtavaara et al. 1998). The gene name, procollagen-lysine 2oxoglutarate 5-dioxygenase, refers to the reaction mechanism of the enzyme and the gene
symbol is PLOD (Hautala et al. 1992a). The human LH1, LH2 and LH3 genes PLOD1,
PLOD2 and PLOD3 have been localized on chromosomes 1p36.31 (Hautala et al. 1992a,
Van Roy et al. 1993), 3q23-24 (Szpirer et al. 1997) and 7q22 (Valtavaara et al. 1998, Valtavaara et al. 2000), respectively. The corresponding rat genes reside on chromosomes
5q36 (Genbank accession number NM 053827), 8q31 (Szpirer et al. 1997, Mercer et al.
2003) and 12q12 (Valtavaara et al. 1998, Mercer et al. 2003), respectively.
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The exon-intron structure is well conserved between human LH1 and LH3 genes.
They both consist of 19 exons and all exon-intron boundaries follow the GT/AG consensus. The sizes of exons 2 to 18 range from 64 to 164 bp in both PLOD1 and PLOD3. Interestingly, both genes contain multiple transcription initiation sites causing variation in
the length of the 5’ untranslated region. The PLOD3 gene is short, only 11.6 kb when
compared to approximately 40 kb of PLOD1. The size difference is a consequence of the
shorter introns in the LH3 gene (Heikkinen et al. 1994, Rautavuoma et al. 2000). Characterization of human LH2 gene, PLOD2, has not been published, but the information is
available in the databases. Based on the comparison of the cDNA sequence of LH2 to the
genomic sequence, PLOD2 (GeneID 5352) has 20 exons, one of which is alternatively
spliced. The PLOD2 gene is 91.7 kb long being thus considerably larger than PLOD1 and
PLOD3.
The promoter regions of PLOD1 and PLOD3 have no nucleotide sequence similarity,
but they share one common feature: they both lack the TATAA motif. This is in agreement with the presence of multiple transcription initiation sites (Heikkinen et al. 1994,
Rautavuoma et al. 2000). In fact, the promoter regions of PLOD1 and PLOD3 resemble
those of many housekeeping genes and the housekeeping like nature of PLOD1 is supported by the constitutive expression of LH1 mRNA (Yeowell et al. 1994). In addition,
PLOD1 contains a CCAAT sequence, but this motif is not found in the 5’ untranslated
region of PLOD3 (Heikkinen et al. 1994, Rautavuoma et al. 2000). Several potential
transcription factor binding sites are found in the sequence of the PLOD3 promoter, e.g.
MAZ and Sp1 (Rautavuoma et al. 2000), whereas two potential Sp1 binding sites and one
potential CTF binding site are found in PLOD1 (Heikkinen et al. 1994). Based on these
findings it is assumed that these genes are regulated differently (Rautavuoma et al. 2000).
The introns of both genes contain many Alu retroposons. PLOD1 has five different
Alu sequences in intron 9 and eight in intron 16. These Alu elements contain many short,
identical and complementary sequences found in both introns 9 and 16 creating many
potential recombination sites (Heikkinen et al. 1994). This is demonstrated in EDS VI
were the homologous recombination of the 44 bp identical regions in introns 9 and 16
causes a large gene duplication, which is a common cause for the disease (Heikkinen et
al. 1997). Altogether 15 full length or partial Alu repeats are found in PLOD3 in introns
5, 6, 12, 15, 16 and 17, but it is not known whether possible recombinations of the these
Alu sequences cause genetic disorders (Rautavuoma et al. 2000).

2.5.3 Lysyl hydroxylase 1
LH1 was the first of the isoforms purified and cloned (Myllylä et al. 1991, Hautala et al.
1992a, Yeowell et al. 1992, Armstrong & Last 1995). Despite the similarities in catalytic
properties, LH1 does not have any significant overall sequence resemblance to prolyl 4hydroxylase (Hautala et al. 1992a). Nevertheless, the functionally important histidine
residues and surrounding residues are conserved in both LH1 and prolyl 4-hydroxylase
(Myllylä et al. 1992). The significance of LH1 is clearly demonstrated in EDS VI, where
the hydroxylation of the helical portion of type I collagen is impaired (Eyre & Glimcher
1972, Pinnell et al. 1972, Sussman et al. 1974, Krieg et al. 1979).
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2.5.3.1 Mutations in lysyl hydroxy1ase 1 gene cause Ehlers-Danlos
syndrome type VI (EDS VI)
Ehlers-Danlos syndrome (EDS) is an inherited, heterogeneous connective tissue disorder
comprising at least 10 different subtypes. The disease is characterized by joint hypermobility, skin hyperextensibility and skin fragility (Yeowell & Pinnell 1993, Byers 1994).
The nosology of EDS has been revised and the new classification of the syndrome is primarily based on the cause of each type (Beighton et al. 1998).
The EDS VI, the kyphoscoliotic type of EDS (OMIM 225400) is diagnosed by generalized joint laxity, progressive scoliosis from birth, severe muscle hypotonia at birth,
scleral fragility and rupture of the ocular globe (Beighton et al. 1998). EDS VI is inherited in an autosomal recessive manner (Krane et al. 1972, Pinnell et al. 1972, Sussman et
al. 1974).
The biochemical defect in EDS VI is the deficiency of LH activity (Krane et al. 1972,
Sussman et al. 1974, Steinmann et al. 1975, Ihme et al. 1983, Chamson et al. 1987, Wenstrup et al. 1989), which causes a marked reduction in the hydroxylysine content in the
helical region of type I (Eyre & Glimcher 1972, Pinnell et al. 1972, Sussman et al. 1974,
Krieg et al. 1979) and type III collagens in skin (Krieg et al. 1979). As a consequence,
the collagen cross-linking pattern is altered resulting in the clinical findings of the patients (Eyre & Glimcher 1972, Steinmann et al. 1995, Eyre et al. 2002). In addition, the
hydroxylysine levels vary considerably not only between different collagen types, but
also within the same collagen type in different tissues (Pinnell et al. 1972, Ihme et al.
1984). In some patients normal lysyl hydroxylase activity has been reported (Judisch et
al. 1976, Ihme et al. 1983, Royce et al. 1989) dividing EDS VI into EDS VIA with decreased lysyl hydroxylase activity and EDS VIB (OMIM 229200) with normal lysyl hydroxylase activity.
The characterization of LH1 cDNA (Hautala et al. 1992a) and the gene PLOD1
(Heikkinen et al. 1994) made it possible to define the genetic defects underlying EDS
VIA. The deficiency of lysyl hydroxylase activity is caused by a variety of mutations in
PLOD1. Duplication of seven exons is the most common cause of EDS VIA as discussed
earlier. The prevalence of this duplication allele among 35 EDS VI families is 19.6 %
(Heikkinen et al. 1997). Several splicing defects have also been demonstrated to decrease
the mRNA level of LH1 or to generate premature stop codons in the LH1 mRNA
(Pajunen et al. 1998, Pousi et al. 1998, Heikkinen et al. 1999, Pousi et al. 2000). Moreover, a single base mutation, a deletion, a triple base deletion and a nucleotide substitution have been characterized in PLOD1 as a cause of EDS VI (Hyland et al. 1992, Ha et
al. 1994, Yeowell & Walker 1997, Walker et al. 1999, Pousi et al. 2000, Yeowell et al.
2000).
The genetic basis of EDS VIB seems to be very heterogeneous (Walker et al. 2004a,
Walker et al. 2004b). In some EDS VIB patients and in one mixed EDS patient the
mRNA level of LH2 has been decreased and in some patients LH3 expression is decreased. In spite of this no direct cause has been found for EDS VIB suggesting that some
other factors are affected in addition to lysine hydroxylation of collagens.
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2.5.4 Lysyl hydroxylase 2 is an alternatively spliced isoform
LH2 has two alternatively spliced variants, LH2a and LH2b. LH2a is the originally
cloned isoform, whereas LH2b contains one extra exon that does not change the reading
frame of the cDNA (Valtavaara 1999, Yeowell & Walker 1999, Mercer et al. 2003). The
cDNA sequence of this alternatively spliced LH2b differs from LH2a by 63 nucleotides.
The alternatively spliced exon was located between exons 13 and 14 of LH2a, when the
LH2b cDNA sequence was compared to the gene structure of LH1 (Hautala et al. 1992a,
Heikkinen et al. 1994, Valtavaara et al. 1997, Valtavaara 1999, Yeowell & Walker 1999).
This exon, named 13A, codes for a 21 amino acid peptide that is fully conserved between
human and rat (Valtavaara 1999, Yeowell & Walker 1999, Mercer et al. 2003). As seen in
Table 2, the human and rat LH2b isoforms are very similar in their molecular properties.
The recombinant protein of LH2b is able to hydroxylate a collagenous substrate, but
the Km values of ascorbate and peptide substrate differ from the corresponding LH2a values (Valtavaara 1999). Moreover, the kinetic constants of both LH2 forms differ from the
corresponding values of LH1 and LH3 (Pirskanen et al. 1996, Passoja et al. 1998b,
Valtavaara 1999), which have practically identical catalytic constants (Passoja et al.
1998b). This suggests that the active center of the isoforms is not identical in spite of the
sequence similarity between them (Valtavaara 1999). The peptide encoded by the alternatively spliced exon 13A of LH2b is suggested to participate in the binding of the peptide
substrate to the active site, or to alter the three-dimensional structure of the active site
thus changing the binding properties of the enzyme (Risteli et al. 2004).
The expression of the LH2 variants has been shown to be tissue specific by using RTPCR of mRNA. LH2b is the major form in all tissues examined and the only transcript in
skin, lung, aorta and dura (Yeowell & Walker 1999). In Northern blot analysis LH2b gave
a strong signal in skeletal muscle and heart and less prominent signals in placenta, liver
and pancreas (Valtavaara 1999). Preliminary data indicate that only the LH2b transcript is
expressed in normal fetal skin at different stages of gestation suggesting that the alternative splicing is not developmentally regulated (Yeowell & Walker 1999).

2.5.4.1 Lysyl hydroxylase 2 – a putative collagen telopeptide
lysyl hydroxylase
The fibrillar collagen molecules can be divided into the triple helical domain and the nonhelical N- and C-terminal telopeptide domains. Royce and Barnes (1985) suggested that
separate LHs for telopeptide and helical regions could exist based on their study with the
lysine hydroxylation of type I collagen. The highly purified LH hydroxylated lysine residues only in the helical region, but not in the N-terminal telopeptide region. Supporting
data came from a study of hypertrophic tendon type I collagen, where the hydroxylation
of non-helical telopeptide lysines was increased whereas the hydroxylation of helical
region lysines was unaffected (Gerriets et al. 1993)
Uzawa and co-workers (1999) suggested that LH2 might function as a telopeptide LH
for the bone type I collagen. During the late stage of osteoblastic in vitro differentiation
the expression of LH2 was specifically up-regulated whereas LH1 and LH3 mRNAs did
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not show any changes. This elevation in LH2 expression coincided with the increase of
lysine hydroxylation in the telopeptides of type I collagen. Moreover, the amount of hydroxylysine-derived cross-links was also increased in the telopeptide regions (Uzawa et
al. 1999). In the Bruck syndrome, which is characterized by osteoporosis, joint contractures, fragile bones and short stature, the telopeptides of bone type I collagen are underhydroxylated while the triple helical region is not. The absence of the telopeptide hydroxylysine residues causes the deficiency of hydroxylysine-derived pyridinoline crosslinks, which generate the tensile strength of collagen fibrils in normal situations (Bank et
al. 1999a). In three Bruck syndrome families gene defects have been found in exon 17 of
the PLOD2 gene, thus identifying LH2 as a putative telopeptide LH. The mutations found
in exon 17, Thr608Ile, Gly601Val and Arg598His, are located very close to each other
suggesting that this region is functionally important for LH2 (van der Slot et al. 2003,
Ha-Vinh et al. 2004). In one of the Bruck syndrome families linkage was observed to
chromosome 17p12 (Bank et al. 1999a) that does not correspond with the chromosomal
location of PLOD2 on chromosome 3 (Szpirer et al. 1997) indicating the genetic heterogeneity behind the Bruck syndrome.
In fibrosis, collagen accumulation is related to increased levels of hydroxylysinederived pyridinoline cross-links that result from the over-hydroxylation of lysine residues
in the collagen telopeptides. In a wide variety of fibrotic disorders the increased formation of pyridinoline cross-links is due to the increased expression of LH2b, further supporting its role as a telopeptide LH (van der Slot et al. 2003, van der Slot et al. 2004).
This general fibrotic phenomenon has made LH2b an interesting target for slowing the
progression of fibrosis. The increase in the total amount of pyridium cross-links in CHOK1 cells expressing recombinant LH2b also supports the recent findings (Mercer et al.
2003). In addition, it has been shown that high levels of LH2b increase the level of hydroxylysine-derived cross-links, whereas at low LH2 levels the amount of lysine aldehyde derived cross-links is increased. Thus, LH2b regulates the pattern of collagen crosslinking (Pornprasertsuk et al. 2004) and moreover, the cross-link formation and quality in
different tissues is reflected in the tissue-specific expression levels of LH2b (van der Slot
et al. 2004). Surprisingly, LH2a has no role in telopeptide lysine hydroxylation (Mercer
et al. 2003, van der Slot et al. 2004).

2.5.5 Lysyl hydroxylase 3 is a multifunctional enzyme
During collagen biosynthesis some of the lysine residues of the nascent collagen polypeptides are hydroxylated, which can be further glycosylated by specific glycosyltransferases
(Kivirikko & Pihlajaniemi 1998). Hydroxylysyl galactosyltransferase (galactosyltransferase, EC 2.4.1.50) catalyzes the transfer of galactose from UDP-galactose and galactosylhydroxylysyl glucosyltransferase (glucosyltransferase, EC 2.4.1.66) transfers glucose
from UDP-glucose to hydroxylysine and galactosylhydroxylysine residues in collagen
polypeptide, respectively (Kivirikko & Myllylä 1979).
In addition to lysyl hydroxylase activity (Passoja et al. 1998b, Valtavaara et al. 1998),
human LH3 also possesses galactosyltransferase and glucosyltransferase activities
(Heikkinen et al. 2000, Wang et al. 2002a). The only ortholog of LH found in C. elegans
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(Norman & Moerman 2000) also has these three enzyme activities (Wang et al. 2002a,
Wang et al. 2002b), but the other human LH isoforms, LH1 and LH2, contain only the
lysyl hydroxylase activity (Heikkinen et al. 2000, Wang et al. 2002a). The observation
that LH3 contains these three enzyme activities was a giant leap in the studies of collagen
glycosyltransferases and sets the basis for further studies of these enzyme activities.
The glycosyltransferase active sites on LH3 and C. elegans LH are located in the Nterminal portion of the polypeptides (Rautavuoma et al. 2002, Wang et al. 2002a, Wang
et al. 2002b), which is separate from the active site of lysyl hydroxylase in the Cterminus (Myllylä et al. 1992, Pirskanen et al. 1996). The Cys-144 and Leu-208 of human LH3 and the corresponding amino acids in the C. elegans LH are important for the
glucosyltransferase activity as demonstrated by in vitro mutagenesis studies (Wang et al.
2002b). The same cysteine residue is also essential for galactosyltransferase activity
(Wang et al. 2002a). The Cys-144 is required for the functional integrity of glycosyltransferases but it is not disulfide bonded and probably does not directly participate in the
catalytic reactions. The glucosyltransferase active sites of C. elegans LH and human LH3
also differ to some extent. The mutations of Leu-124, Leu-125 and Ala-453 of C. elegans
LH had an inhibitory effect on glucosyltransferase activity, whereas the changes in the
corresponding leucine residues and in the alanine residue of human LH3 increased the
enzyme activity or had no effect on it, respectively (Wang et al. 2002b). A DXD-like motif is found in many glycosyltransferases (Wiggins & Munro 1998) and as expected it
also resides in human LH3 and C. elegans LH sequences. The galactosyltransferase and
glucosyltransferase activities can be abolished by mutating the DXD sequence to alanines
suggesting that this region participates in the catalytic reaction of both glycosyltransferases (Wang et al. 2002a, Wang et al. 2002b). In general, it has been proposed that the
DXD motifs of glycosyltransferases stabilize the Mn2+ binding and thus indirectly stabilize the binding of the diphosphate moiety of the UDP-sugar (Ünligil & Rini 2000,
Gastinel et al. 2001).

2.5.5.1 Characteristics of collagen glycosyltransferases
Previously, the collagen glycosyltransferases have been extensively studied at the protein
level (for review see Kivirikko & Myllylä 1979). The galactosyltransferase has been purified about 1000-fold (Risteli et al. 1976a) and the glucosyltransferase as a homogenous
protein from chick embryo extracts (Myllylä et al. 1977a), but neither of them was successfully cloned before the cloning of LH3. The molecular weight of the partially purified
chick galactosyltransferase in gel filtration falls into three fractions of about 450 000, 200
000 and 50 000 (Risteli et al. 1976b) and the glucosyltransferase, which probably consists of one polypeptide, has a molecular weight of about 72 000 - 78 000 by SDS-PAGE
(Myllylä et al. 1977a). Both glycosyltransferases are glycoproteins (Anttinen et al.
1977a, Risteli 1978). The molecular weight of recombinant human LH3 is about 81 000 85 000 on SDS-PAGE depending on the expression system used (Heikkinen et al. 2000,
Wang et al. 2002a). The variation in the molecular weight is probably due to differences
in glycosylation. This might also explain the difference observed in the molecular
weights of the chick glucosyltransferase purified to homogeneity and the recombinant

38
LH3. However, LH3 has not yet been identified in the chick, and thus its molecular
weight is unknown. It is also possible that other glucosyltransferases may exist in vivo.
Both the chicken glycosyltransferases and the human recombinant LH3 require the
presence of Mn2+ for activity (Myllylä et al. 1975a, Myllylä et al. 1977a, Heikkinen et al.
2000, Wang et al. 2002a). Moreover, the presence of free sulfhydryl groups is needed for
chick glycosyltransferase activities (Kivirikko & Myllylä 1979). The reaction of chick
glucosyltransferase involves the ordered binding of Mn2+, UDP-glucose and collagen to
the enzyme in this order, where the binding of Mn2+ occurs at thermodynamic equilibrium. The products are released sequentially in the order of glucosylated collagen, UDP
and Mn2+. The Mn2+ ion does not dissociate during every catalytic cycle (Myllylä 1976).
The galactosyltransferase activity for the highly purified chick enzyme is 0.88 µmol/mg/h
(Risteli et al. 1976a) and for human recombinant LH3 1.6 µmol/mg/h (Wang et al.
2002a) and the glucosyltransferase activities are 26 µmol/mg/h and 19.7 µmol/mg/h for
the enzymes isolated or highly purified from chick (Myllylä et al. 1977a) and for the human recombinant LH3 (Wang et al. 2002a), respectively. The activity values of chicken
glycosyltransferases and human LH3 glycosyltransferases activities correspond well with
each other. LH3 appears to function more efficiently as glucosyltransferase than as galactosyltransferase (Wang et al. 2002a) when measured in vitro using gelatinized calf skin
collagen as a substrate. The Km values of UDP-galactose and UDP-glucose have been
reported to be 20 - 30 µM and 5 - 30 µM, respectively, for corresponding chick glycosyltransferases (Kivirikko & Myllylä 1979), and 35 µM and 17 µM, respectively, for human
LH3 (Wang et al. 2002a).
The galactosyltransferase galactosylates hydroxylysine residues in peptides but not
free hydroxylysine residues (Spiro & Spiro 1971a, Myllylä et al. 1975a). However, the
free galactosyl hydroxylysine can act as a substrate for glucosyltransferase (Spiro &
Spiro 1971b). The free ε-amino group of hydroxylysine is essential for both transferases
(Spiro & Spiro 1971a, Spiro & Spiro 1971b, Kivirikko & Myllylä 1979). The sugar transfer is also affected by the chain length of the substrate (Spiro & Spiro 1971a, Spiro &
Spiro 1971b, Myllylä et al. 1975b, Risteli et al. 1976b), as in the lysine hydroxylation
reaction. Similarly, triple helix formation prevents the glycosylation reactions (Myllylä et
al. 1975b, Risteli et al. 1976b).
The glycosyltransferase activities vary significantly between different tissues and even
in the same tissue as a function of age (Spiro & Spiro 1971c, Anttinen et al. 1977b). The
highest glycosyltransferase activities have been detected during the embryonic development and they decrease with increasing age (Anttinen et al. 1977b). Variation in these
activities have been reported in special situations, such as after glucocorticoid administration (Oikarinen 1977, Risteli 1977a), in the uterus during pregnancy (Spiro & Spiro
1971c) and in experimental hepatic injury (Risteli & Kivirikko 1974, Risteli & Kivirikko
1976). Glucosyltransferase activity has also been detected in serum (Kivirikko & Myllylä
1979). Both glycosyltransferases have been localized to the ER, where their distribution
is similar to that of LH1. Most of the glycosyltransferase activities, 70 - 80%, are intramembraneous and the remainder is intracisternal (Blumenkrantz et al. 1984). Moreover,
LH3 has recently been localized to the ER (Heikkinen et al. 2000).
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2.6 Mouse models
The generation of animal models is an effective tool to study the function and expression
of newly discovered genes, and thus to understand the role of genes in molecular mechanisms and pathways during normal development and pathogenesis. One of the most frequently used mammalian model organisms is the mouse that resemble humans genetically, anatomically, physiologically and biochemically. Its short generation time, small
size and the well-established techniques to manipulate its genome have also enhanced its
popularity. In addition, almost all human genes have orthologous genes in the mouse genome and also large chromosomal segments have been conserved between humans and
mice. Using modern molecular biology techniques genes can be eliminated or overexpressed, DNA fragments can be introduced or deleted, and subtle mutations can be generated in genes. Genetically manipulated mouse lines can also model human diseases providing insight to the disease mechanisms and to the function of disease genes (van der
Weyden et al. 2002, Strachan & Read 2004).

2.6.1 Generation of a mouse model using homologous recombination
In homologous recombination, DNA introduced into a cell can locate and recombine with
a homologous DNA sequence at a specific chromosomal site. The exploitation of this
knowledge has made it possible to generate any type of mutation in a known gene with a
technique called gene targeting. This revolutionary technique has made it possible to
study the function of any known gene in an intact mammal (Hasty et al. 2000).
The combination of gene targeting with the pluripotent embryonic stem (ES) cell technology allows the generation of homologously recombined ES cells in vitro. ES cells are
derived from the inner cell mass of mouse blastocyst stage embryos and they have the
ability to develop into any embryonic tissue. The targeting construct with arms homologous to the gene of interest surrounding the selection marker is introduced into the ES
cells. The ES cell clones with the homologously recombined construct are selected using
the selection marker, e.g. neomycin-resistance gene, neo. These ES cells can then be introduced back to the preimplantation embryo, where they can contribute to all cell lineages of the chimeric animal (Torres & Kühn 1997, Matisse et al. 2000).
Most often the homologous recombination is used to inactivate a gene completely.
This can be done e.g., by deleting a part of the gene or by interrupting the coding region
with a positive selection marker. Also the introduction of the β-galactosidase gene in
frame with the 5’ region of the target gene is used to disrupt the gene. At the same time
the β-galactosidase is expressed under the control of the endogenous promoter and its
expression can be monitored with an enzymatic reaction (Mortensen 1999). In addition,
the insertion of the neo selection cassette into an intron can alter or distrupt gene expression leading to hypomorphic or null alleles. This is probably due to the cryptic splice sites
and polyadenylation signals in the cassette (Meyers et al. 1998).
Site-specific recombinase systems have made it possible to modify germline mutations
after a single gene targeting event. The system requires a recombinase, such as bacteriophage derived Cre that recognizes certain short DNA sequences, called loxP sites, which
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are introduced into the targeted gene. The combination of these two elements can delete,
insert, invert or translocate associated DNA (Dymecki 2000). In deciphering the full
function of the gene, it is sometimes important to make small changes at the nucleotide
level in both the coding and control regions. The Cre recombinase system can also be
exploited in the generation of these subtle mutations, where the selection marker used is
removed after the generation of the homologously targeted mutant allele (van der Weyden
et al. 2002). The selection marker has to be flanked with loxP sites in order to be removed with Cre recombinase. The subtle mutation in the targeted gene will remain untouched in the reaction and only a single short loxP site will remain in the gene. Most
often such gene targeting constructs are designed so that the remaining loxP site will be
located an innocuous site, such as an intron (van der Weyden et al. 2002).

3 Aims of the present work
Three LH isoforms have been cloned and characterized from humans. The importance of
LH1 is clearly demonstrated by the heritable disorder, EDS VI. LH2b seems to be responsible for the lysine hydroxylation in the collagen telopeptide region and it thus regulates the collagen cross-linking patterns. LH3 differs from other isoforms in possessing
three different enzyme activities, lysyl hydroxylase, galactosyltransferase and glucosyltransferase activities. Although much information is available, the differences between
these isoforms are not fully understood yet.
In order to understand the role of these isoforms in vivo attention was directed to the
mouse. The mouse resembles humans both physiologically and biochemically and the
generation of genetically modified mouse lines is a well-established technique. The
mouse LH isoforms were cloned and their tissue distribution was studied. In addition, the
genes of LH2 and LH3 were characterized. The multifunctional LH3 was an interesting
target for genetic modifications in order to elucidate the functions and biological roles of
lysyl hydroxylase and glycosyltransferase activities.
The specific aims of this study were to:
1. Clone and characterize the mouse isoforms LH1, LH2 and LH3.
2. Characterize the LH2 and LH3 genes.
3. Generate genetically modified mouse lines of LH3.

4 Materials and Methods
More detailed description of materials and methods are presented in the original articles
(I-III).

4.1 Isolation of cDNA clones (I) and determination of the
transcription start sites of LH2 and LH3 (II)
In order to isolate the cDNAs of the mouse LH isoforms a 17-day mouse embryo λ
cDNA library (Clontech) was screened with human LH31 (Hautala et al. 1992a) and λ44
(Valtavaara et al. 1997) cDNA clones by using standard protocols (Ausubel et al. 1989).
The expressed sequence tag (EST) database was also searched for mouse homologues
with the BLAST program. From the four clones found in the EST database, two were
homologous to human LH3 (clones AA124187, AA003290) and the other two to human
LH2 (clones AA474236, AA125564). Clones AA124187, AA003290 and AA125564
were purchased from Genome systems Inc. and sequenced. The missing regions in the
middle part of the novel mouse LH isoforms were amplified with PCR. The 5’ ends of
LH1 and LH2 and the 3’ end of LH2 were obtained using a Marathon cDNA amplification kit (Clontech) and a 5’/3’ RACE kit (Roche). Amplified PCR fragments were cloned
into a plasmid vector and sequenced.
In order to determine the transcription start sites, the 5’ ends of LH2 and LH3 transcripts were amplified using the 5’/3’RACE kit according to the instructions of the manufacturer. The PCR products were cloned into a plasmid and sequenced. The procedure
was repeated many times and about 20 cDNA clones were analyzed.
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4.2 Isolation and characterization of genomic clones
of Plod2 and Plod3 (II)
To characterize the Plod2 and Plod3 genes, the corresponding genomic clones were obtained using the BAC library screening services of Genomic Systems Inc. The PCR based
screening was done using oligonucleotide pairs HIIR46 - HIIR3 from exons 9 and 10 of
LH2 and HIIIR9 - HIIIR5 from exons 1 and 2 of LH3. One genomic BAC clone was obtained for LH2 (clone 23786) and two for LH3 (clones 23753, 23754). The introns sizes
were determined from BAC clones with PCR amplification of introns using primers selected from the cDNA sequence and the exon-intron boundaries were sequenced from the
PCR products. The promoter areas of LH2 and LH3 were sequenced from the BAC
clones. The shorter LH3 gene was sequenced completely.
The size of the Plod2 and Plod3 genes was determined by Southern blot (Ausubel et
al. 1989). The DNA of the genomic BAC clones was digested with 11 different restriction
enzymes, and the fragments separated by conventional or pulse field electrophoresis on
an 0.6-0.8 % agarose gel, transferred to a nylon membrane and hybridized with a radioactively labeled full-length LH2 or LH3 cDNA probe in Express Hyb solution (Clontech).

4.3 Sequencing (I, II, III)
DNA sequencing was done with the ABI PrismTM 377 DNA sequencer using the dRhodamine Terminator or Big Dye Terminator cycle sequencing ready reaction kits (Perkin
Elmer).

4.4 RNA isolation (II, III) and Northern blot analysis (I, II, III)
Total RNA was isolated from mouse embryos using the Trizol reagent (Invitrogen) and
mRNA was purified with Dynabeads oligo d(T) (Dynal) from total RNA or with an
Oligotex Direct mRNA mini kit (Qiagen).
The Northern blot analysis carried out in the articles I and II were done using mouse
and human multiple tissue Northern blot and mouse RNA master blot (Clontech) containing poly(A) RNA. To analyze the LH expression levels in the genetically modified embryos (III), the mRNAs were electrophoretically separated in a 0.8% agarose gel containing 0.22 M formaldehyde and transferred to a nylon membrane (Ausubel et al. 1989). The
Northern blots were hybridized with the radioactively labeled cDNA fragments of mouse
LH1, LH2 and LH3 (I, III) or with the oligonucleotide from the exon 13A of human and
mouse LH2b (II) in the Express Hyb solution (Clontech) according to the instructions of
the manufacturer.
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4.5 DNA and amino acid sequence analyzes (I, II)
DNA sequence homology searches and also DNA and amino acid comparisons were performed with the FASTA and BLAST programs. The identities of the 3’ untranslated regions of the LH isoforms were calculated using the ClustalX program (Thompson et al.
1994) and the RNA secondary structures were predicted using FoldRNA. The analysis of
repetitive elements in the Plod3 gene was done using the CENSOR program (Jurka et al.
1996). The transcription factor binding site consensus sequences were determined with
SIGSCAN version 4.05 (Prestridge 1991) and TESS, the transcription element search
software (Schug & Overton 1997).
For the phylogenetic analysis (I) the amino acid sequences of nine LHs from five different species were aligned with ClustalX. Part of the mouse LH3 sequence (residues 1-8
and 25-38) and gaps in the alignment in more than five sequences were excluded from
the analysis. C. elegans LH was used as the outgroup in the generation of the phylogenetic tree. In order to study the confidence of the branching order 1000 bootstrap replicates were performed. To further assess the topology of the tree, parsimony analysis was
performed including 1000 bootstrap replicates using the programs PROTPARS,
SEQBOOT and CONSENSUS of the PHYLIP package (Felsenstein 1993). Maximumlikehood analysis was performed with the PROTML option of the MOLPHY package
(Adachi & Hesegawa 1992). The tree was drawn with the DRAWTREE program of
PHYLIP. Branch lengths were calculated using the Neighbour-Joining method.

4.6 Generation of genetically modified LH3 mouse lines (III)
Different genomic fragments of the Plod3 gene were digested from the BAC clone and
subcloned into a modified pBluescript together with a selection marker for construction
of gene targeting vectors. The NotI linearized gene targeting constructs were electroporated into the R1 ES cells and the G418 positive ES clones were screened for homologous recombination by Southern blot (Fässler & Meyer 1995). The genomic DNA of
mouse line 1 (described below) was digested with EcoRV and DNA of mouse line 2 with
HindIII for Southern analysis. The ES cell clones with a homologously recombined targeting construct were injected into the C57BL/6 blastocysts and transferred into pseudopregnant females to generate male chimeric mice. The chimeras were mated with
C57BL/6 female to produce mice heterozygous for the manipulated LH3 allele.
Two different gene targeting constructs were designed to produce mouse lines with a
total knockout of LH3, with a reduced transcript level of mutated lysyl hydroxylase activity of LH3 and with a mutated lysyl hydroxylase activity of LH3 (Fig. 1A, III). In the
total knockout construct of LH3 (mouse line 1) the IRES-β-gal-polyA-neo cassette was
inserted into the BclI site of exon 2 and the ClaI site of intron 6 and it was flanked with a
2.8 kb 5’ arm and a 7 kb 3’ arm. The inserted cassette interrupts the Plod3 gene and also
changes the reading frame in case it is spliced during mRNA processing. The progeny of
the knockout mice were genotyped by PCR using primers from exon 6, exon 7 and the
neo gene.
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The lysyl hydroxylase activity of LH3 was destroyed by introducing a point mutation
Asp669Ala into exon 18 (mouse line 2). The gene targeting construct contained a 6.1 kb
5’ homologous arm with the point mutation, a floxed neo cassette in intron 18 and a 4.7
kb 3’ homologous arm. The mice were genotyped by PCR with primers from intron 18
and the neo cassette. The existence of the point mutation in the Plod3 gene was confirmed by amplifying exon 18 with PCR and subsequent sequencing of the amplified
product. Mouse line 3, which lacks the neo selection cassette in intron 18, was generated
by breeding heterozygotes of mouse line 2 (LH+/-, neo+/-) with a transgenic Cre-deletor
mouse line (Sakai & Miyazaki 1997). The offspring of mouse line 3 were genotyped by
PCR with primers from intron 18.

4.7 Protein isolation and Western blot analysis (III)
To analyze the LH3 protein level in the mouse line 3 with the mutated lysyl hydroxylase
activity of LH3, the LH3-/- neo-/- and wild-type embryos were homogenized and the soluble proteins that were bound to concanavalin A-Sepharose were separated by 7.5% SDSPAGE under reducing conditions. The separated proteins were transferred to a PVDFmembrane and incubated with Protein A-Sepharose purified polyclonal anti-mouse LH2
and LH3 antibodies (unpublished). The secondary antibody was horseradish peroxidase –
conjugated anti IgG (P.A.R.I.S). The bound secondary antibody was detected using the
ECL + system (Amersham Biosciences).

4.8 Enzyme activity measurements (III)
To verify the effect of the Asp669Ala mutation in LH3 the lysyl hydroxylase activity was
measured from the mouse line 3 and wild-type embryo pools. To separate LH3 from LH1
and LH2, it was partially affinity purified with UDP-hexanolamine agarose beads
(Sigma). The enriched LH3 was used in the lysyl hydroxylase activity assay which is
based on the decarboxylation of 2-oxo[1-14C]glutarate (Kivirikko & Myllylä 1982). In
the assay the synthetic peptide IKGIKGIKG was used as a substrate.
The glucosyltransferase activity measurements were done from the tissues and/or the
embryos of genetically modified LH3 mouse lines. The glucosyltransferase assay is based
on the transfer of tritium labeled sugar from UDP-glucose to galactosyl hydroxylysyl
residues in a calfskin gelatine substrate (Myllylä et al. 1975a, Kivirikko & Myllylä 1982).

4.9 Measurement of hydroxylysine residues and hydroxylysine
aldehyde derived cross-links (III)
To analyze the hydroxylysine content of the collagenous proteins in mouse line 3 and in
wild-type controls, the mouse tissues were extracted with pepsin digestion and the series
of NaCl precipitations (Miller & Rhodes 1982). The 0.7 M and 1.2 M NaCl fractions of
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collagenous proteins were acid hydrolyzed and freed amino acids were derivatized into
phenylthiocarbamyl amino acids, which were further separated by reverse phase chromatography and analyzed with an amino acid analyzer.
The collagen cross-links of skin and bone were measured as described previously
(Mercer et al. 2003). The samples were reduced with borohydride and acid hydrolyzed.
The hydroxylysine aldehyde derived cross-links were analyzed by reverse phase chromatography.

4.10 Histological staining, immunohistochemistry and transmission
electron microscopy (III)
To study the morphology of the genetically modified mice and embryos, tissues were
fixed with 4% paraformaldehyde or 10% neutral formalin and processed for paraffin embedding. Five-micrometer sections were stained with hematoxylin and eosin and observed under a light microscope.
For immunohistochemistry, embryos and tissue pieces were fixed with 95% ethanol5% acetic acid and processed for paraffin embedding. The 5 µm sections were stained
following standard procedures. For immunofluorescence detection the secondary antibody was Alexa Fluor 594 conjugated goat anti-rabbit IgG (Molecular Probes). The primary antibodies used were polyclonal rabbit anti-mouse collagen type I α2 chain, polyclonal rabbit anti-mouse collagen type III, rabbit anti-mouse collagen type IV (Chemicon) and type VI (Rockland), and rabbit anti-mouse laminin (Sigma).
For ultrastructural analysis the embryos of mouse line 1 and 2 and the tissues of mouse
line 3 were fixed in 1% glutaraldehyde and 4% formaldehyde in 0.1 M phosphate buffer
pH 7.4, postfixed in 1% osmium tetroxide, dehydrated in acetone and embedded in Epon
Embed 812. The thin sections were analyzed using a Philips CM100 transmission electron microscope. The thickness of the whole BM and lamina densa separately were
measured from the images captured with a CCD camera equipped with TCL-EM-Menu
version 3 from Tietz Video and Image Processing Systems GmbH. The measurements
were taken from the skin of 5 homozygous and wild-type newborn mice of mouse line 3,
127 and 124 measurements, respectively. Statistical analysis was done by Student’s t-test.

5 Results
5.1 Characterization of the cDNAs of mouse lysyl hydroxylase
isoforms 1, 2 and 3 (I)
The molecular characteristics of the novel mouse LH isoforms are presented in Table 3.
The mouse LH cDNAs vary in size from 2592 bp to 3436 bp including a short fragment
of the 5’ untranslated region (UTR) and the whole 3’ UTR that contains the polyadenylation signal and a stretch of the poly(A) tail. Different isoforms differ significantly in the
size of their 3’ UTRs. The size of the coding regions, approximately 2.2 kb, is very similar among the mouse isoforms, and among the human isoforms (Valtavaara 1999). The
encoded polypeptides vary in size from 710 to 714 amino acids when the putative signal
sequences are excluded.
Table 3. The characteristics of mouse lysyl hydroxylase isoforms
mRNA size (kb)
Size of the cDNA sequence (bp)

LH1

LH2

3.0

3.9

LH3
3.1

2891

3436

2592

Size of the 5’ UTR (bp)

27

8

75

Size of the 3’ UTR (bp)

677

1214

291

Polypeptide (aa) #

710

710

714

Putative signal sequence (aa)

18

27

27

81591

81704

82162

Calculated molecular weight #
# Without the putative signal sequence.

The cloned mouse LH isoforms were highly homologous to the corresponding human
isoenzymes (Table 1, I). The identity of the amino acid sequence and the nucleotide sequence in the coding region was 91 % and 86 – 87 %, respectively. The identity between
mouse LH1, LH2 and LH3 isoforms was approximately 60 % both at the amino acid and
at the nucleotide level of the coding region. The 3’ untranslated region (UTR) of the
mRNAs were ~ 46 % identical but presented no striking sequence homology. Between
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the corresponding mouse and human isoforms the identity was higher being about 60 %.
Interestingly, the predicted 3’ UTR secondary structures of mouse and human LH3
formed similar hairpin structures that thus seemed to be conserved during the course of
evolution.
The LH1, LH2 and LH3 cDNA probes hybridized on a Northern blot to mRNA transcripts with sizes of 3.0 kb, 3.9 kb and 3.1 kb, respectively (Fig. 1B-D, I). The expression
of these isoforms in tissues varied indicating distinct tissue distributions. The mRNA of
LH1 was expressed in high amounts in heart, liver, lung, skeletal muscle and kidney. LH2
had also a strong expression in heart, lung and kidney, and in addition to this, high
mRNA levels were detected in eye, uterus, and ovary by a dot blot analysis of 17 different tissues. The expression of LH3 was intense in heart, lung, liver and testis. The dot
blot analysis indicated that the expressions of LH1 and LH3 in various tissues were almost constant, whereas LH2 showed more variation.
The phylogenetic analysis of the nine LH amino acid sequences from five different
species suggests that the present members of the LH family have evolved as a result of
two gene duplication events from an ancestral gene (Fig. 4). LH3 seems to be the oldest
LH gene and most closely related to the C. elegans LH, whereas LH1 and LH2 are derived by a more recent gene duplication from LH3. This result was confirmed by evaluating three possible alternative topologies out of which two were significantly poorer in
statistical tests than the best one.
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Human LH2
Mouse LH2
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Mouse LH3
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Fig. 4. Phylogenetic tree for the lysyl hydroxylases. Bootstrap values for nodes are indicated
in the order distance / parsimony analysis, and topologies confirmed by the maximumlikehood method are indicated (•). The scale bar indicates the evolutionary distance as the
mean number of expected amino acid replacement per site.
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5.2 Characterization of the Plod2 and Plod3 genes (II)
The characterization of the mouse LH2 and LH3 genes, Plod2 and Plod3, respectively,
was necessary in designing of gene targeting constructs. The genomic BAC clones of
Plod2 and Plod3 were isolated by PCR based screening and the corresponding clones
contained the entire genes for LH2 or LH3. The gene sizes were determined by Southern
blot analysis using 11 different restriction enzymes. The results indicated that the Plod2
gene covers 31 to 77 kb of genomic DNA. A more accurate size of Plod2, ~ 65 kb, was
calculated from the Genbank genomic sequence (accession number NM_011961). Plod3
is considerably shorter, approximately 10 kb. The observation was confirmed by sequencing through the entire Plod3 gene. A Southern analysis of genomic DNA indicated that
both Plod2 and Plod3 are single copy genes, like the human PLOD1 (Heikkinen et al.
1994), PLOD2 (GeneID 5352) and PLOD3 (Rautavuoma et al. 2000) genes.
The exon-intron structure of Plod2 and Plod3 were determined by amplifying the introns with primers designed from the corresponding cDNA sequence and by sequencing
the whole PCR product or its ends. These sequences were compared to the cDNA sequences to determine the exact sizes of exons and the exon-intron boundaries. The Plod2
gene consisted of 20 exons and 19 introns. The sizes of exons 2 - 18 ranged from 63 to
164 bp, whereas exons 1 and 20 were longer, 308 bp and 1347 bp, respectively (Table 1,
II). The sizes of introns 2 - 19 varied from 0.19 to 4.0 kb, but intron 1 was estimated to be
over 10 kb based on the large size of the gene. One of the exons, 13A, was alternatively
spliced generating two LH2 variants, LH2a and LH2b, as has been described earlier for
the human LH2 (Valtavaara 1999, Yeowell & Walker 1999). Exon 13A resided between
exons 13 and 14, and it was 63 bp long corresponding to 21 amino acids. There is only
one nucleotide change in the exon 13A sequence between mouse and human LH2b and it
does not alter the amino acid sequence (Valtavaara 1999). The introns proceeding (intron
13) and following (intron 13A) exon 13A were sequenced and they were 1102 bp and 900
bp long, respectively. A comparison of these mouse and human intron sequences revealed
that they are highly homologous, 63% and 69% for introns 13 and 13A, respectively. The
aligned sequences of the corresponding introns contained eleven 13 - 22 bp long identical
sequences (Figure 1, II) that might have a role in the regulation of the alternative splicing
of exon 13A. The mouse Plod3 gene was composed of 19 exons, like the human LH1
(Heikkinen et al. 1994) and LH3 (Rautavuoma et al. 2000) genes. The exons spanned 64
to 432 bp and the introns 100 to 1368 bp (Table 2, II). The sizes of exons 2 - 18 were
identical with the corresponding human LH3 exon sizes (Rautavuoma et al. 2000). The
exon-intron boundaries of Plod2 and Plod3 followed the GT/AG rule.
The transcription initiation sites of Plod2 and Plod3 transcripts were estimated using
5’ RACE. The results indicated that both genes seemed to have multiple transcription
initiation sites. The main transcription start site of Plod2 by 5’ RACE was 202 bp upstream from the starting point of translation with minor sites situated downstream in positions 201, 198 and 125 from the ATG. The transcription of Plod3 mainly started 175 bp
upstream from the first ATG. Five minor initiation sites were located 204, 231, 306, 151
and 89 bp upstream from the beginning of the coding region.
The 5’ flanking regions of Plod2 and Plod3 were sequenced and the potential transcription factor binding sites were analyzed. Neither of them contained the TATAA box.
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Plod2 had several potential binding sites for transcription factors such as NF-1, MEP-1
and PU.1, and Plod3 had potential binding sites for e.g., AP-2, AP-1 and HES-1. In addition, the putative promoter areas of Plod2 and Plod3 contained three and one Sp1 sites,
respectively, and both of them contained one GATA-1 binding site that might have a synergistic effect on Sp1 gene expression (Merika & Orkin 1995). Both genes also had several other Sp1 binding sites in the first exon and intron. Plod3 contained two CAAT
boxes, one in the first exon and the other upstream in the 5’ flanking region, whereas the
CAAT box of Plod2 was located in the first intron.
Plod3 also contained many repetitive sequences, such as B1 and its old subfamily consensus B1F, long terminal repeats of retrovirus-like elements, SINE elements and a rat
Alu type III-like repeat. These repetitive elements were scattered in introns 6, 15, 16, 17
and 18, and one B1 element was found in the promoter region.

5.3 Generation of genetically manipulated LH3 mouse lines
(III)
To study the three enzyme activities of LH3 in vivo, two different gene targeting constructs were generated (Fig. 1, III). LH3 was knocked out (mouse line 1 knockout) by
interrupting the Plod3 gene with the IRES-β-gal-polyA-neo cassette, which also simultaneously replaced the region starting from exon 2 and ending with intron 6 (Fig. 5). In
order to study the consequences of the absence of lysyl hydroxylase activity in LH3, it
was destroyed by a point mutation Asp669Ala (Heikkinen et al. 2000) in exon 18, and in
addition the neo selection cassette was introduced into the following intron 18 (mouse
line 2 hypomorph, Fig. 5). The point mutation does not affect the galactosyltransferase
and glucosyltransferase activities of LH3 in vitro (Heikkinen et al. 2000). Both constructs
yielded several homologously recombined ES clones that were used to generate chimeric
mice with a germline transmission.
All the heterozygous mice born from mouse line 1 and 2 were fertile without any obvious abnormalities. Interestingly, neither of them generated homozygous offspring (Table 1, III). This led us to suspect a lethal phenotype during the embryogenesis. Homozygous mouse line 1 knockouts were dead before E10.5, whereas some of the homozygous
embryos of mouse line 2 hypomorphs lived longer and most of them died around E9.5 14.5. At E9.5 the homozygous embryos of mouse line 1 knockouts showed fragility of the
tissues and retarded growth seen as smaller size compared to wild-type littermates (Fig.
2, III). Also some of the homozygous mouse line 2 hypomorphs had similar anomalies at
E9.5. In both mouse lines, blood vessel dilatations were observed in the region of sinus
venosus at E9.5 (Fig. 2, III) and in addition, in some of the mouse line 2 homozygotes,
intracranial hemorrhage was detected at E12.5 - 13.5.
In order to separate the effects of the neo cassette and the mutated lysyl hydroxylase
activity on the phenotype, mouse line 3 was generated by removing the floxed neo cassette from mouse line 2 hypomorphs with the mutated lysyl hydroxylase activity of LH3.
After the removal of the floxed neo cassette, mouse line 3 mice contained only the
Asp669Ala point mutation in exon 18 and one lox P site in intron 18 (mouse line 3 mutant, Fig. 5). The breeding of the heterozygous mouse line 3 mutants generated a normal
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Mendelian distribution of the Plod3 alleles (Table 1, III) and the mice did not show any
obvious abnormalities.
Northern analysis of homozygous embryos of mouse line 1 knockouts and mouse line
2 hypomorphs demonstrated a reduction in the LH3 expression levels (Fig. 1B, III) that
correlated with the glucosyltransferase activity (Table 1, III). In lethal mouse line 1
knockouts no LH3 mRNA was detected and the glucosyltransferase activity was only 2%
of the wild-type at E9.5 (Fig. 5). The LH3 mRNA and protein levels in lethal mouse line
2 hypomorphic embryos were significantly reduced (Fig. 1B, III), as was the glucosyltransferase activity, which was 11 to 20% of the wild-type from E10.5 to 13.5, respectively (Fig. 5). In mouse line 2 hypomorphs with the mutated lysyl hydroxylase activity,
the neo cassette generated the hypomorphic alleles with the varying expression levels as
mentioned above. In mouse line 3 mutants, the mutated lysyl hydroxylase activity of LH3
did not affect the mRNA expression level of LH3 that was comparable to wild-type embryos (Fig. 5, Fig. 1B, III). Surprisingly, the glucosyltransferase activity was slightly decreased in the embryos (83% of the control) and in the adult mice the activity varied from
reduced to normal depending on the tissue. Normal activities were measured from liver,
kidney and heart, slightly decreased activities (80% of the control) from spleen, testis and
skin, and clearly reduced from lung (55% of the control).
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Fig. 5. A schematic presentation of the Plod3 gene, LH3 mRNA and protein of the LH3 mouse
line 1 knockouts, line 2 hypomorphs and line 3 mutants. In the right panel are indicated the
enzyme activities and the phenotypes of the corresponding mouse lines. Glucosyltransferase
activity was measured from mouse line 1 embryos at E8.5 and E9.5, mouse line 2 embryos at
E10.5 - E13.5, and mouse line 3 embryos at E10.5 and E13.5 and adult tissues. Only some of
the exons of Plod3 gene are numbered and the exons containing sequences for catalytically
important amino acids of glucosyltransferase activity are indicated (•). Exons encoding the
catalytic site of lysyl hydroxylase activity are indicated (*). The glucosyltransferase (•) and
lysyl hydroxylase (*) catalytic sites are indicated in the mRNA and protein molecules. Glucosyltransferase is abbreviated GGT and lysyl hydroxylase LH.
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The galactosyltransferase activity was also measured from the embryos of the different
mouse lines and the results demonstrated somewhat reduced activity in mouse line 1
knockouts and mouse line 2 hypomorphs. However, the galactosyltransferase activity
assay is not specific enough for tissue homogenate samples (Anttinen 1977, Kivirikko &
Myllylä 1982). Therefore, a more specific assay is needed to obtain reliable results.
The LH1 and LH2 mRNA expression levels in homozygous embryos of mouse line 2
hypomorphs and mouse line 3 mutants were comparable to control levels. In addition, the
protein level of LH2 was equal to the wild-type on a Western blot. Together the results
indicate that there is no marked compensatory increase in the amounts of LH1 and LH2
in mouse line 2 hypomorphs and mouse line 3 mutants with the mutated lysyl hydroxylase activity. Surprisingly, the mRNA levels of LH1 and LH2 were increased in homozygous embryos of mouse line 1 knockouts when compared to the wild-type levels. This
indicates that absence of LH3 mRNA up-regulates LH1 and LH2 expressions. The expression of the head to head positioned putative zinc finger HIT-1 gene was not altered as
a consequence of the LH3 manipulations, when analyzed by Northern blot.

5.3.1 Immunohistochemical and ultrastructural analysis of the lethal
embryos of mouse lines 1 and 2
Homozygous E9.5 embryos of the lethal mouse line 1 knockouts and mouse line 2 hypomorphs were collected for immunohistochemical analysis. In these mouse lines the staining pattern of type IV collagen was anomalous (Fig. 3A, III) and it varied according to
the amount of glucosyltransferase activity of the embryos. Interestingly, type IV collagen
staining was mainly intracellular in mouse line 1 knockouts, and in mouse line 2 hypomorphs it was partially intracellular and partially nearly normal, (Fig. 3A, III), while
laminin showed normal BM staining in both mouse lines (Fig. 3B, III). The mutated lysyl
hydroxylase activity of LH3 in mouse line 3 mutants did not affect the localization of
type IV collagen or laminin (Fig. 3A and 3B, III).
Transmission electron microscopy (EM) of the homozygous embryos of mouse line 1
knockouts at E9.5 revealed that the BM of neural tube and gut epithelia was absent, and
in mouse line 2 hypomorphs fragmented or discontinuous, while in mouse line 3 mutants
no abnormalities were observed (Fig. 3C, III). This correlates to the staining pattern of
type IV collagen. The endothelial BM was absent in the mouse line 1 knockouts, while
fragments of BM structures were detected in the wild-type littermates at E9.5. In mouse
line 2 hypomorphs the endothelial BM was usually absent, but some amorphous material
was observed in places. Moreover, in homozygous embryos of both lethal mouse lines
ruptures of endothelial cell layers were detected (Fig. 3D2, III). In the homozygous
mouse line 1 knockout embryos, an amorphous substance was occasionally observed near
the plasma membrane of neural tube cells. In addition, the neural tube cells of mouse line
1 homozygous embryos had dilated ER suggesting accumulation of proteins and the
amount of apoptotic nuclei detected was also increased.
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5.3.2 Analysis of the effects of mutated lysyl hydroxylase activity
on viable mouse line 3 mutants
In vitro, the Asp669Ala mutation in exon 18 of LH3 reduces the lysyl hydroxylase activity dramatically (Heikkinen et al. 2000). The effect of this mutation in mouse line 3 mutants was studied by measuring the lysyl hydroxylase activity from the homozygous embryos. The mutated LH3 was partially purified to separate it from other 2-oxoglutarate
decarboxylating enzymes, such as LH1 and LH2. Lysyl hydroxylase activity in the partially purified sample of homozygous mutant embryos was less than 9% of the wild-type
indicating that the mutation eliminates the lysyl hydroxylase activity of LH3 also in vivo.
The detected residual activity may be due to the other enzymes mentioned above in the
partially purified crude tissue extract.
The influence of the abolished lysyl hydroxylase activity on the lysine hydroxylation
in collagens was investigated. The amount of hydroxylysine residues was elucidated by
extracting a fraction of fibrillar collagens containing theoretically types I, II and III and a
fraction of type IV and V collagens from lungs and kidney of adult mouse line 3 mutant
mice. In the fraction of type IV and V collagens the hydroxylysine amount was reduced,
being approximately 70% of the control value, while in the fraction of fibrillar collagen
there was no change in the hydroxylysine content. Furthermore, the quality of the skin
and bone cross-links derived from hydroxylysine aldehydes were analyzed. The amount
of hydroxylysine aldehyde derived cross-links, hydroxylysyl pyridinoline and lysyl pyridinoline, were reduced in the skin of homozygotes, whereas they were normal in bone
(Table 2, III). The amount of collagenous proteins was not changed in skin and bone, as
demonstrated by the normal 4-hydroxyproline content.
In spite of the lack of lysyl hydroxylase activity in homozygous mouse line 3 mutants
no abnormalities were detected in the morphology of tissues. The immunohistochemical
analysis with type IV and VI collagen and with laminin antibodies was done from lung
and skin, which both had also reduced glucosyltransferase activity (55% and 80% of the
control, respectively). The staining patterns with these antibodies were comparable to
controls both in the newborn and in 15 - 17 week old adult homozygotes. Furthermore,
the staining of type I and III collagens was normal in the lungs of adult mouse line 3 mutant mice.
The ultrastructure of skin and lung tissues of homozygous mouse line 3 mutants was
studied to see if some minor changes have occurred due to the lack of lysyl hydroxylase
activity of LH3. The analysis of skin and lung tissues revealed changes that were more
obvious in the newborns than in the adult tissues. The measurement of the thickness of
epidermal BM from newborn homozygotes indicated a thinning of the lamina densa (Table 4). In addition, the collagen bundles were more loosely packed and more disorganized
in the skin and lungs of homozygotes (Fig. 4, III). A surprising finding was the detection
of amorphous material covering the collagen fibrils that was not observed in the controls.
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Table 4. The measurements of the epidermal BM from the homozygous mouse line 3
mutant newborns and their wild-type littermates.
BM (mean ± SD) / nm

lamina densa (mean ± SD) /nm

+/+

60.6 ± 13.9

31.2 ± 7.1

-/-

58.9 ± 12.5

23.1 ± 6.4

0.35

< 0.0001

Genotype

p value

6 Discussion
6.1 Comparison of the different lysyl hydroxylase isoforms
The cloned mouse LH1, LH2 and LH3 isoforms resemble the corresponding human LH
isoenzymes (Hautala et al. 1992a, Valtavaara et al. 1997, Passoja et al. 1998b, Valtavaara
et al. 1998). The homology of the mouse isoforms to the human counterparts was approximately 91% at the amino acid level, whereas the coding regions of the mouse LH
isoforms were about 60% identical with each other both at the nucleotide and at the
amino acid level. Even though the isoenzymes were so homologous with each other, they
did not cross-react in hybridization, which was probably due to the fact that the homologous nucleotides were scattered throughout the sequence and there were no long continuous stretches of identical nucleotides.
All the catalytically important amino acids for lysyl hydroxylase and glycosyltransferase activity of human LH isoforms were also present in the mouse isoforms. This suggests that the mouse LH isoforms have functions very similar to their human counterparts. The five histidine residues of catalytic importance including the two residues participating in Fe2+ binding to the catalytical site (Pirskanen et al. 1996) were found in the
mouse homologues of the human isoforms. Furthermore, the aspartate residue, part of the
Fe2+ binding site (Pirskanen et al. 1996) and asparagine residue in the 2-oxoglutarate
binding site (Passoja et al. 1998a) were found in the conserved positions in mouse LH1,
LH2 and LH3.
The cysteine residues in the mouse isoforms were also conserved in the nine positions
as reported for the human LH isoforms (Fig. 6) (Hautala et al. 1992a, Valtavaara et al.
1997, Passoja et al. 1998b, Valtavaara et al. 1998). Cys-113 of mouse LH2 and Cys-147
of mouse LH3 were found to be in conserved positions and these residues were not found
in any other mouse isoform. In addition, LH1 and LH2 had one cysteine residue in a conserved position that was not found in LH3. The Cys-144 and Leu-208 of human LH3 and
the corresponding amino acids in the C. elegans LH are critical for the glucosyltransferase activity of LH3 (Wang et al. 2002b). These amino acids were also conserved in
mouse LH3 (Cys-147 and Leu-211) that has the glucosyltransferase activity and in Drosophila LH, but it is not yet known if it functions as a glucosyltransferase (Wang et al.
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2002b). These critical amino acids for glucosyltransferase activity were not found in LH1
and LH2 (Wang et al. 2002b). The Cys-144, but not Leu-208, is required also for the galactosyltransferase activity of human LH3 (Wang et al. 2002a). Moreover, the DXD-like
motif was found in the mouse LH3 at the same position as in human LH3 and C. elegans
LH (Wang et al. 2002b) and probably has a role in the stabilization of Mn2+ binding
(Ünligil & Rini 2000, Gastinel et al. 2001).
It has been reported that in human LH1 two of the four potential N-glycosylation sites
might be used in vivo and one of the glycosylated asparagines (Asn-197) is required for
the catalytic activity (Myllylä et al. 1992, Pirskanen et al. 1996). There were three potential N-linked glycosylation sites in mouse LH1, which were found in the same positions
as in the human sequence (Fig. 6), including the asparagine (Asn-198) affecting the enzymatic activity. The same asparagine residue was also conserved in mouse and human
LH2 (Asn-209) (Valtavaara et al. 1997), but its effect on the enzyme activity or whether it
is glycosylated is not known. Mouse LH2 had altogether six potential N-glycosylation
sites, out of which five were found in human LH2 (Fig. 6). In mouse LH3 two of the
three N-glycosylation sites were conserved compared with human LH3 (Fig. 6), but they
were not conserved in the amino acid sequence of C. elegans LH. This suggests that the
asparagine-linked carbohydrates do not have a conserved role in the glycosyltransferase
activities of LH3.
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Fig. 6. Distribution of cysteine residues and potential N-glycosylation sites in the polypeptides
of human and mouse LH isoforms. The gray box represents the putative signal peptide, C
cysteine, N asparagine and N -♦ asparagine-linked glycosylation. The numbers of marked
amino acids are indicated.
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The identity of the 3’ UTRs between mouse and human LH cDNA sequences was also
quite high being approximately 60% (Table 1, I). The most striking similarity was found
in the predicted secondary structure of the 3’ UTR of mouse and human LH3 that formed
very similar hairpin structures. This implies that the function of the 3’ UTRs has been
conserved between these two species during evolution. It has been suggested that 3’
UTRs may have a function in translational control (Mazumder et al. 2003). Moreover,
they may contain elements that regulate the stability and the subcellular localization of
the transcripts.
The putative promoter areas including the 5’ UTRs of LH2 and LH3 shared no sequence similarity indicating that the regulation of the gene expression differs for LH2 and
LH3. As in human LH1 (Heikkinen et al. 1994) and LH3 (Rautavuoma et al. 2000),
mouse LH2 and LH3 lacked the TATAA box. The absence of TATAA box is typical for
the housekeeping genes, and the housekeeping-like nature of these genes was further indicated by the presence of multiple transcription initiation sites. Housekeeping gene
products are necessary for the function of all cells and they are expressed constitutively in
almost every tissue. The mouse LH1, LH2 and LH3 showed clear differences in the extent of expression in tissues, especially LH2 had very distinct expression pattern in different tissues. The expression of LH1 and LH3 was more constitutive, like the expressions of human and rat LH1 (Heikkinen et al. 1994, Yeowell et al. 1994, Armstrong &
Last 1995) and LH3 (Passoja et al. 1998b, Valtavaara et al. 1998, Mercer et al. 2003)
genes, whereas the expression of the human LH2 variants was more restricted to certain
tissues (Valtavaara et al. 1997, Valtavaara 1999, Yeowell & Walker 1999).
The mouse LH genes, Plod1, Plod2 and Plod3, reside as single copy genes in chromosomes 4, 9 and 5, respectively (Sipilä et al. 2000). The similarities in the gene structures
between mouse and human LH isoforms reflect the similarities in the mRNA and protein
molecules. Mouse Plod3, mouse Plod1 (GeneID 18822), human PLOD1 (Heikkinen et
al. 2000) and human PLOD3 (Rautavuoma et al. 2000) genes contain 19 exons, whereas
mouse Plod2 and human PLOD2 (Valtavaara 1999, Yeowell & Walker 1999) genes have,
in addition to this one extra exon, an alternatively spliced exon 13A. The preceding and
following introns of exon 13A contained several 13 to 22 bp fragments that were identical
in both mouse and human, and these might function in the regulation of the alternative
splicing. The exon sizes were well conserved between the different isoforms and between
mouse and human, the largest differences were seen in the lengths of the first and last
exon (Table 2, II). Thus the lengths of the coding regions of the LH mRNAs are very
similar in mouse and human (Valtavaara 1999), approximately 2.2 kb. However, the gene
sizes varied considerably from ~ 10 kb of Plod3 to ~ 65 kb of Plod2. This variation is due
to the differences in the intron sizes. In the oldest isoform, Plod3/PLOD3, the introns are
very short covering ~ 69-76 % of the genes, whereas in PLOD1 and Plod2 they are considerably larger, constituting approximately 91-92 % of the gene. Based on the data from
the phylogenetic tree (Fig. 4) and from the gene sizes, it can be proposed that the evolution of the LH isoforms is associated with the increasing length of the introns. Interestingly, the most ancient vertebrate isoform, LH3, and the LH of C. elegans both have the
glycosyltransferase activities in addition to the LH activity suggesting that LH1 and LH2
have lost these activities during evolution and have acquired more specialized functions.
Many Alu sequences have been found in the introns of PLOD1. The recombination of
Alu sequences in introns 9 and 16 of PLOD1 is a common cause for the heritable disor-
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der, EDS VI (Pousi et al. 1994, Heikkinen et al. 1997). PLOD3 contains also many Alu
retroposons that belong to the oldest Alu subfamilies (Rautavuoma et al. 2000). Similarly,
some of the repetitive elements of Plod3 are members of the old subfamilies, such as B1.
This further supports the fact that LH3 is the ancestral form of LH. So far no genetic diseases have been linked to human LH3, but it is possible that some of the many Alu sequences found in PLOD3 may acts as recombination sites.

6.2 Function of lysyl hydroxylase 3 in vivo
LH3 is a multifunctional enzyme having three different enzyme activities. Unlike LH1
and LH2 (Heikkinen et al. 2000, Wang et al. 2002a), it also possesses the galactosyltransferase (Wang et al. 2002a) and glucosyltransferase (Heikkinen et al. 2000) activities
demonstrated with in vitro experiments. Thus, it is able to catalyze three consecutive lysine modification steps in collagen synthesis that generate the unique hydroxylysinelinked sugar moieties of collagens, galactosyl hydroxylysine and glucosylgalactosyl hydroxylysine (Kivirikko & Pihlajaniemi 1998, Kielty 2002). The role of LH3 in the glycosylation of hydroxylysine residues is not yet fully understood. Likewise, the function of
the glycosylated hydroxylysine residues is not known.

6.2.1 Lysyl hydroxylase 3 is the main glucosyltransferase
in mouse embryos
To study the role of three activities of LH3, two different kinds of gene targeting constructs were designed to generate three genetically manipulated mouse lines. The hypothesis was that the hydroxylysine-linked glycosylations are essential for the function of
collagenous proteins, and knocking out LH3 will lead to a lethal phenotype. The mouse
line 1 LH3 knockout embryos died before E10.5, the LH3 mRNA was absent and as the
consequence, glucosyltransferase activity was a dramatically reduced in the E9.5 embryos (Table 1, III) confirming our hypothesis.
The role of the lysyl hydroxylase activity of LH3 in vivo was elucidated by generating
mouse line 2 with Asp669Ala mutation and with intronic neo cassette. In vitro, the point
mutation abolishes the lysyl hydroxylase activity of LH3 (Pirskanen et al. 1996), whereas
it has no effect on the glycosyltransferase activities (Heikkinen et al. 2000). Mouse line 2
homozygous offspring died during embryogenesis, around E9.5 to E14.5. The mRNA and
protein levels of LH3 were highly reduced in the homozygous embryos presenting a hypomorphic phenotype for mouse line 2 with the mutated lysyl hydroxylase activity. The
hypomorphic effect was due to the neo cassette in intron 18. The glucosyltransferase activity of mouse line 2 hypomorphic embryos varied from mean of 11% at E10.5 to 20% at
E13.5 indicating that the time of death followed the level of glucosyltransferase activity.
This indicates that embryos with higher glucosyltransferase activity survive longer despite the fact that lysyl hydroxylase activity is abolished.
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The floxed neo cassette was removed from mouse line 2 in order to generate a mouse
line 3 containing only the lysyl hydroxylase point mutation Asp669Ala. In mouse line 3
mutant embryos, the lysyl hydroxylase activity of LH3 was abolished indicating that the
Asp669Ala mutation has the similar effect in vivo as it has in vitro (Heikkinen et al.
2000), and as a consequence the hydroxylation of lysine residues of type IV and V collagens was found to be reduced. The mutated lysyl hydroxylase activity of LH3 did not
affect either the LH3 mRNA or the protein levels, but the glucosyltransferase activity
varied from somewhat reduced to normal. The lack of lysyl hydroxylase activity did not
disturb the normal development of homozygous embryos or the post-natal life of homozygous mouse line 3 mutants.
In mouse line 2 hypomorphs and mouse line 3 mutants, there was no compensatory increase in the expression levels of LH1 and LH2, while in the mouse line 1 knockouts an
increase was observed in the LH1 and LH2 mRNA levels. This suggests that complete
lack of the LH3 transcript causes the compensatory up-regulation of LH1 and LH2 expressions during early development. In spite of the resulting hydroxylysine compensation
in mouse line 1 knockouts, LH1 and LH2 are not able to compensate for the absence of
the glucosyltransferase activity of LH3 and thus, are not able to rescue the lethal phenotype of the embryos.
The analysis of lysyl hydroxylase and glucosyltransferase enzyme activities of the
mouse lines generated in this study indicates that LH3 functions both as lysyl hydroxylase and as glucosyltransferase in vivo. The simultaneous absence/reduction of the LH3
mRNA and glucosyltransferase activity demonstrates that LH3 functions as the main glucosyltransferase during embryonic development. Furthermore, the reduction of glucosyltransferase activity (more than 80%) is related to the lethality of the embryos, whereas
the lysyl hydroxylase activity of LH3 has no effect on embryonic development.

6.2.2 Lack of glucosyltransferase activity of LH3 leads
to basement membrane defects
In the lethal LH3 mouse lines the highly reduced glucosyltransferase activity most likely
causes the abnormal hydroxylysine glycosylation pattern of collagens. The glycosylations
might be fully absent or at least imcomplete causing defects in the structure and function
of collagens. This has been demonstrated in C. elegans, where the disruption of multifunctional LH (Wang et al. 2002a, Wang et al. 2002b) causes the accumulation of type IV
collagen inside the cells and leads to its absence in the BM (Norman & Moerman 2000).
In our lethal homozygous embryos type IV collagen staining was also detected mainly
inside the cells, whereas the laminin distribution was comparable to the controls. The
abnormal BM staining of type IV collagen was further elucidated with the ultrastructural
analysis that demonstrated the total absence (line 1 knockouts) or fragmentation and discontinuation (line 2 hypomorphs) of the BM. In fact, similar findings have been reported
for type IV collagen α1/α2 (Pöschl et al. 2004) and for collagen chaperon Hsp47 knockouts (Nagai et al. 2000, Marutani et al. 2004), suggesting that type IV collagen is essential for the mechanical strength of the BM in the fast growing embryo. The fact that the
knockouts of type IV collagen α1/α2 and Hsp47 die at least one day later (Nagai et al.
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2000, Marutani et al. 2004, Pöschl et al. 2004) than the homozygotes of mouse line 1
knockouts demonstrate that the hydroxylysine-linked glycosylations are essential also for
proteins other than type IV collagen, which is thus not the only substrate for the multifunctional LH3. Other collagen types or proteins with collagenous domains that are expressed during early development are therefore potential targets for the glycosylating
activities of LH3.
The blood vessel dilatations observed in lethal mouse lines are most probably due to
the absence of the endothelial BM. In the wild-type littermates BM formation is probably
enough to support the endothelial cell layer and thus to hinder the dilatation and rupture
of the blood vessel walls seen in the homozygotes of mouse line 1 knockouts and mouse
line 2 hypomorphs. The accumulation of misfolded or aggregated proteins causes ER
stress, which can, in severe cases, induce apoptosis (Kaufman 1999). This was observed
in the mouse line 1 knockouts, where the ER was dilated, probably due to the accumulation of type IV collagen, and also the number of apoptotic cells was increased. A similar
finding has also been reported for the Hsp47 knockouts (Marutani et al. 2004).
Recently published results confirm our findings. In a LH3 knockout producing a truncated transcript (Rautavuoma et al. 2004) type IV collagen was also accumulated intracellularly causing a BM defect and thus the early lethality of the embryos around E9.5.
Furthermore, we have been able to demonstrate by comparing our LH3 knockout mouse
line to the mutant mouse line lacking the lysyl hydroxylase activity of LH3 that the deficiency of glucosyltransferase, and thus the deficient glycosylation of hydroxylysine residues of collagen molecules causes a BM defect that is fatal for the developing embryo.

6.2.3 Consequences of the abolished lysyl hydroxylase
activity of lysyl hydroxylase 3
The effect of the destroyd lysyl hydroxylase activity of LH3 in mouse line 3 mutants to
the phenotype was mild when compared to the consequences of the total elimination of
the multifunctional LH3. Potentially, the glucosylations of hydroxylysine residues are
also defective to some extent due to the somewhat decreased glucosyltransferase activity
in some tissues. This probably results from the synergistic function of the LH3 enzyme
activities.
The lack of lysyl hydroxylase activity of LH3 caused some ultrastructural changes in
mouse line 3 mutants. The analysis of epidermal BM demonstrated the thinning of lamina
densa in the of newborn homozygotes, whereas there was no change in the total thickness
of the BM. Especially type IV collagen, which is the major component of lamina densa,
and also other collagen types (VII and XVII) located at the epidermal BM zone
(McMillan et al. 2003), are probably defective due to decreased hydroxylation and thus
their interactions with other molecules might be disturbed. It could also be speculated that
the thinning of lamina densa is due to the observed slight reduction of glucosyltransferase
activity, because its deficiency in mouse lines 1 knockouts and high reduction in mouse
line 2 hypomorphs caused a severe BM defect. The hydroxylysine aldehyde derived
cross-links were not absent in mouse line 3 mutants, suggesting that LH3 is not responsible for the hydroxylation of lysine residues involved in the cross-linking process. Inter-
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estingly, the amount of hydroxylysine aldehyde derived cross-links was found to be reduced in skin, but not in bone. This might be in connection with the observed looser
structure of collagen bundles and the slight disorganization of the collagen fibrils in the
skin and lung. In addition, an amorphous material that was not seen in controls, covered
the collagen fibrils. The deficient lysine hydroxylation by LH3, and probably the glycosylation, could affect the interactions between the collagens and the matrix proteins
bound to them. Many of these proteins, such as type VI and VII collagens, decorin, fibromodulin, and tenascin-X, affect the fibrillogenesis and the fibril organization
(Svensson et al. 1999, Keene et al. 2000, Minamitani et al. 2004, Nareyeck et al. 2004).
It would be interesting to identify the amorphous material covering the fibrils and to see
if its accumulation is due to a defect in protein-protein interactions.

7 Conclusions
In this thesis study, the mouse cDNAs for three LH isoforms, LH1, LH2 and LH3 were
cloned and the mouse genes for LH2, Plod2, and LH3, Plod3, were characterized. The
amino acid sequences of the mouse isoforms were found to be ~ 60% identical with each
other and 91% identical to the corresponding human LH. All the critical amino acids of
lysyl hydroxylase and glycosyltransferase activities were conserved in the mouse LHs
suggesting that there are no major differences between the functions of mouse and human
LH isoforms. LH1 and LH3 were more constitutively expressed, whereas the expression
of LH2 varied more between different tissues. The gene structure of mouse Plod3 was
highly similar to the human PLOD1 and PLOD3, whereas mouse Plod2, like the human
PLOD2, contained one alternatively spliced extra exon between exons 13 and 14. In addition, Plod3 gene was very short compared to Plod2. The phylogenetic analysis indicated
that LH genes have evolved from an ancestral gene through two gene duplication events,
LH3 being the oldest isoform. This is further supported by the glycosyltransferase activities of LH3 and C. elegans LH. LH1 and LH2 seem to have become more specialized and
lost the glycosyltransferase activities.
Genetically modified LH3 mice were generated to elucidate the role of the LH3 enzyme activities. The analysis of the LH3 knockout, the mouse line with mutated lysyl
hydroxylase activity of LH3 and the mouse line with highly reduced LH3 mRNA levels
with the mutated lysyl hydroxylase activity demonstrated that LH3 functions both as a
lysyl hydroxylase and as a glucosyltransferase in vivo. Furthermore, LH3 was found to be
the main glucosyltransferase during mouse embryogenesis. Highly reduced glucosyltransferase activity was associated with embryonic lethality, whereas the absence of lysyl
hydroxylase activity had no effect on embryogenesis. As a consequence of the highly
reduced glucosyltransferase activity the glucosylation of hydroxylysine residues is most
likely severely incomplete, if not totally absent. Supporting this assumption, type IV collagen, in which lysine residues are normally highly hydroxylated and glycosylated, was
localized mainly intracellularly. Consequently, the BM was severely defective. The abolished lysyl hydroxylase activity associated with the somewhat reduced glucosyltransferase activity caused the thinning of lamina densa of the epidermal BM. Furthermore,
changes in the collagen fibril organization, structure and in the interactions with other
proteins were detected in mouse line lacking the lysyl hydroxylase activity of LH3.
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