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Abstract

Collagens and collagenous proteins undergo several post-translational modifications that are
important for their structure and functions. Lysine hydroxylation produces hydroxylysines, which
are important for collagen cross-link formation and provide attachment sites for galactose and
glucosylgalactose. Glycosylated hydroxylysines are crucial for embryonic development and the
assembly of certain collagen types. They may also facilitate interactions between collagen and
adjacent molecules as well as control the diameter of collagen fibrils. Lysine hydroxylation is
catalyzed by three lysyl hydroxylases (LH1, LH2 and LH3). In addition to lysyl hydroxylase
activity, LH3 possesses collagen galactosyltransferase (GT) and glucosyltransferase (GGT)
activities. 

In this study, polyclonal antibodies against the lysyl hydroxylase isoforms were produced for
protein level studies to localize the expression and understand the functions of the different
isoenzymes. The results indicated ubiquitous expression during embryonic development
compared to the more restricted, cell and tissue specific expression patterns observed in adult
mouse tissues. Differences were seen also in the alternative splicing of LH2 during embryogenesis
and between tissue types. Analyses of the subcellular localization revealed that LH3 is also present
in extracellular space. Tissue and cell specific differences were noted in the distribution of LH3
between cellular compartments. Substrate analysis suggested an additional and novel role for LH3
as an enzyme catalyzing lysine modifications of collagenous proteins in the extracellular space. 

The importance of LH1 and LH2 has been highlighted in Ehlers-Danlos type VI and Bruck
syndromes, respectively. In this study, the lysyl hydroxylase 3 gene was linked to a heritable
disorder for the first time. Urinary screening revealed a patient that lacked a glucosylgalactosyl
derivative of a pyridinium cross-link. The GGT activity levels measured from the patient’s serum
and lymphoblastoid cells were also reduced, which suggested a defect in the lysyl hydroxylase 3
gene. Genetic analyses revealed two mutations, one in each allele of LH3 in this compound
heterozygous patient. Recombinant mutant proteins showed defects in lysyl hydroxylase and
collagen glycosyltransferase activities, respectively. In conclusion, it was shown that a defect in
LH3 catalyzed modifications leads to a novel disorder, which shares features with many other
connective tissue disorders. 

Keywords: Collagen, Collagen Glucosyltransferase, Connective Tissue, Connective
Tissue Diseases, Extracellular Matrix, Gene Expression, Glycosylation,
Glycosyltransferases, Lysyl Hydroxylase, Mutation, PLOD3, Procollagen-Lysine 2-
Oxoglutarate 5-Dioxygenase
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Abbreviations 

ADAMTS a disintegrin and metalloproteinase with thrombospondin motifs 
bp base pairs 
BSA bovine serum albumin 
C- carboxy(terminal)- 
E embryonic day 
EBV Epstein-Barr virus 
ECM  extracellular matrix 
EDS Ehlers-Danlos syndrome 
ER endoplasmic reticulum 
FACIT fibril associated collagens with interrupted triple helices 
FCS fetal calf serum 
Gal-Hyl galactosylhydroxylysine 
Glc-Gal-Hyl glucosylgalactosylhydroxylysine 
GGT collagen glucosyltransferase 
GT collagen galactosyltransferase 
Hyl hydroxylysine 
Hyp hydroxyproline 
IEM immunoelectron microscopy 
Km Michaelis constant 
LC/MS/MS liquid chromatography-tandem mass spectrometry 
LH lysyl hydroxylase  
N-    amino(terminal)- 
OI osteogenesis imperfecta 
P3H prolyl 3-hydroxylase 
P4H prolyl 4-hydroxylase 
PBS phosphate buffered saline 
PCR polymerase chain reaction 
PDI protein disulfide isomerase 
PFA paraformaldehyde 
PLOD procollagen lysine, 2-oxoglutarate 5-dioxygenase 
RP-HPLC reverse-phase high performance liquid chromatography  
PVDF polyvinylidene difluoride 
DMEM Dulbecco’s modified eagle’s medium 
X any amino acid 
Y any amino acid 
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1 Introduction 

The collagen family of proteins includes 28 different collagen types important for 
extracellular matrix structure and function. Collagen is composed of three 
polypeptide chains that form a triple helix. Proline and 4-hydroxyproline 
frequently occupy the X and Y positions, respectively, in repeating -X-Y-Gly- 
sequences. Hydroxylysine is post-translationally modified from lysine and can be 
found in the Y position in collagen chains. It is important for collagen cross-links 
and serves as a site for galactose and glucosylgalactose attachment. The role of 
hydroxylysine glycosylation is not fully understood, but it has been shown that 
these modified lysines are important for interactions of collagenous matrix 
proteins and they may contribute to the diameter of collagen fibrils. Glycosylation 
is also crucial for basement membrane formation and embryonic development. 
The hydroxylation of lysine and glycosylation of hydroxylysines are catalyzed by 
three lysyl hydroxylase (LH) isoenzymes. LH1 and LH2 possess lysyl 
hydroxylase activity, whereas LH3 also has also galactosyl- (GT) and 
glucosyltransferase (GGT) activities and thus is able to catalyze all three 
sequential reactions producing either hydroxylysine (Hyl), 
galactosylhydroxylysine (Gal-Hyl) or glucosylgalactosylhydroxylysine 
(Glc-Gal-Hyl). 

Since the expression patterns of the lysyl hydroxylase isoforms are not 
known in detail, one aim of this study was to produce antibodies to allow protein 
level studies of expression. Expression was studied during embryogenesis and in 
adult tissues in mouse using for example immunohistochemical staining and 
immunoelectron microscopy. 

Interestingly, LH3 was also found in the extracellular environment in vivo. 
Both the glucosyltransferase activity and LH3 protein were detected in serum and 
in tissues. The amount of LH3 in the intra- and extracellular compartments varied 
depending on the tissue- and cell type. The localization of LH3 thus differs from 
the endoplasmic reticulum localization of LH1 and LH2. Identification of 
expression patterns and characterization of the subcellular localization of the 
isoforms during embryonic development and in adult tissue provided insights into 
their role and functions. 

 The importance of LH1 can be identified in Ehlers-Danlos syndrome type VI 
(OMIM 225400) where mutations in the PLOD1 gene encoding LH1 are 
responsible for this disease. LH2 has been suggested to function as a telopeptidyl 
specific lysyl hydroxylase and mutations in its gene have been shown to cause 
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Bruck syndrome (OMIM 609220). In this study, a heritable congenital disorder is 
described for LH3. Mutations in the PLOD3 gene encoding multifunctional LH3 
result in symptoms that overlap with those of other connective tissue disorders.  
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2 Review of the literature 

2.1 Extracellular matrix 

The extracellular matrix (ECM) is a complex three-dimensional network of 
precisely organized macromolecules that provide scaffolding, support, and 
strength to cells and tissues. The molecular composition of the ECM has a major 
role in determining its physical and physiological properties. The main building 
blocks of the ECM are water, sugars and various protein components. The most 
abundant proteins are collagens, triple-helical proteins that form fibrous polymers 
and networks. The non-fibrous amorphous material in the ECM is predominantly 
proteoglycans. Other major groups of ECM proteins include glycoproteins and 
laminins. Many of the ECM molecules are complex, chimeric and share common 
domains. Cells are embedded in this tissue-specific meshwork of extracellular 
components. The ECM is dynamic and undergoes continuous remodeling. Matrix 
proteins directly interact with cellular receptors affecting cell behavior. Active 
interplay between cells and the ECM is demonstrated in intracellular signal 
transduction cascades that are initiated by an extracellular stimulus to regulate the 
expression of specific genes. Cell differentiation, proliferation and survival are all 
dependent on cell-matrix interactions (Aszodi et al. 2006, Aumailley & Gayraud 
1998). 

2.2 Collagens and collagenous proteins 

The collagen family of proteins are widespread throughout the body with multiple 
functions; they provide tissue scaffold and framework and influence, for example, 
cell adhesion and migration, angiogenesis, tissue morphogenesis and repair. They 
form rod like structures or networks of many kinds. A single collagen molecule is 
composed of three α-chains that form a collagen triple-helix. Tight packing of 
three chains places steric constraints on every third position, the amino acid 
glycine being the only one that fits in these positions. This creates a signature 
feature of the collagen triple-helix, the -X-Y-Gly- repeats. Furthermore, the amino 
acids at positions X and Y are largely solvent accessible. Post-translational 
modification of prolyl and lysyl residues is crucial for collagen stability and 
functions. 4-hydroxyproline, found at position Y, is needed for the stability of the 
triple helix. 3-hydroxyproline is found at the X position in -X-4Hyp-Gly- 
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sequences. Hydroxylysine is important for collagen cross-link formation and as a 
site for hydroxylysine glycosylation. Collagen triple helices exhibit an extended 
polyproline-II conformation, a right-handed supercoil around a common axis and 
a one-residue stagger between adjacent chains (Brodsky & Persikov 2005, Gelse 
et al. 2003, Kadler et al. 2007, Kivirikko et al. 1992, Vuorio & de Crombrugghe 
1990). 

Collagen molecules can be composed of the same or up to three different 
gene products forming homo- or heterotrimeric collagen molecules. In addition to 
triple-helical collagenous domains, non-collagenous domains form a crucial part 
of many collagen types. Interruptions and imperfections are found in some 
collagen triple helices. Membrane spanning domains and glycosaminoglycan side 
chains are found in some collagen types (Brodsky & Persikov 2005, Kadler et al. 
2007). 

The human collagen family contains 28 different collagen types (Myllyharju 
& Kivirikko 2004, Veit et al. 2006, Vuorio & de Crombrugghe 1990). The latest 
addition to the family, type XXIX collagen, has been reclassified as novel α-
chains of type VI collagen (Fitzgerald et al. 2008, Gara et al. 2008). These 
findings bring the number of collagen genes encoding individual α-chains to 45. 
In addition, there are also proteins that contain a collagenous domain, but are not 
classified as collagens. Adiponectin, the C1q subcomponent of complement, 
macrophage scavenger receptors, ectodysplasin A, acetylcholine esterase, emilins, 
surfactant proteins A and D, colmedins, and mannose binding protein are 
examples of this heterogenous group of proteins (Franzke et al. 2005, Myllyharju 
& Kivirikko 2004). In addition to vertebrates and a number of invertebrates, some 
bacteria and viruses also contain proteins that have collagen like domains with     
-X-Y-Gly- repeats (Brodsky & Persikov 2005, Rasmussen et al. 2003, Xu et al. 
2002). 

Collagens can be grouped according to their molecular properties. Fibrillar 
collagens (such as types I,II,III and V), fibril-associated collagens with 
interrupted triple-helices (FACIT, for example types IX, XII and XIV), network 
forming collagens (type IV), hexagonal network forming collagens (types VIII 
and X) transmembrane collagens (types XIII, XVII and XXV), endostatin 
producing collagens (types XV and XVIII), anchoring fibrils (type VII) and 
beaded filament forming collagens (type VI) are the subgroups forming the 
collagen family of proteins  (Kadler et al. 2007, Myllyharju & Kivirikko 2004). 

Fibril forming collagen consists of an approximately 300 nm long and 1.5 nm 
thick uninterrupted triple-helices. These form 67-nm D-periodic fibrils due to 
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staggering of the collagen molecules. Fibril diameters range from 12nm to 
>500nm, depending on tissue and stage of development. The short non-helical 
telopeptides at the ends of the processed collagen molecules are important for 
collagen cross-link formation. Type I collagen can be found in non-cartilaginous 
connective tissue, whereas type II collagen is a constituent of cartilage. Type III 
collagen co-distributes with type I collagen. Type IV collagen is one of the 
primary components of basement membrane and crucial for its function. Type VI 
collagen forms filaments virtually in all connective tissue except bone. Type VII 
collagen anchoring fibrils are needed in dermal-epidermal junctions. FACIT 
collagens are commonly found on the surfaces of collagen fibrils. Transmembrane 
collagens are wide-spread and involved in many cellular functions (Franzke et al. 
2005, Gelse et al. 2003, Hulmes 2002, Kadler et al. 1996, Kadler et al. 2007, van 
der Rest & Garrone 1991).   

2.2.1 Collagen biosynthesis 

Fibrillar collagens are synthesized as soluble procollagen precursor molecules and 
are further processed and assembled into insoluble collagen molecules in the 
extracellular space. A signal sequence directs procollagen into the endoplasmic 
reticulum (ER) and is then cleaved off. In the ER, procollagen undergoes several 
post-translational modifications that are crucial for its stability and functions 
(Canty & Kadler 2005, Hulmes 2002, Kivirikko et al. 1992, Myllyharju & 
Kivirikko 2004).  

Intracellular events 

Procollagen undergoes enzymatic hydroxylation of some proline and lysine 
residues. A subset of hydroxylysines is further glycosylated. These modifications 
occur post-translationally in the ER. In addition, several other enzymes are 
needed for the folding and assembly of collagen molecules (Canty & Kadler 2005, 
Kadler et al. 2007, Kivirikko et al. 1992, Lamandé & Bateman 1999, Myllyharju 
& Kivirikko 2004). 

Prolyl-4-hydroxylases (P4H) are α2β2 tetramers responsible for the catalytic 
formation of 4-hydroxyproline from peptidyl proline. Three isoforms of the 
catalytic α-subunit have been characterized from human, whereas the β-subunit is 
protein disulfide isomerase (PDI) in all three isoforms. In addition, the function of 
PDI is to catalyze the formation of intra- and interchain disulfide bonds and to act 
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as a chaperone that binds to nascent procollagen chains and prevents aggregation. 
The stability of collagen is largely regulated by the proline and especially the 
hydroxyproline content. The proline and hydroxyproline content is rather high 
compared to other amino acids, except glycine of course (Kivirikko & 
Pihlajaniemi 1998, Myllyharju 2003, Myllyharju & Kivirikko 2004, Pihlajaniemi 
et al. 1987). The functions of 3-hydroxyproline are not known in detail. Both 
stabilizing (Mizuno et al. 2008) and destabilizing (Jenkins et al. 2003) effects 
have been described. Three isoforms of prolyl 3-hydroxylase (P3H) have been 
found. Prolyl 3-hydroxylase 1 (P3H1) has been shown to form a complex with the 
cartilage associated protein (CRTAP) and cyclophilin B (CYPB) (Vranka et al. 
2004), a protein exhibiting peptidylproline cis-trans isomerase activity (Marini et 
al. 2007a, Price et al. 1991). P3H2 is suggested to modify type IV collagen in 
basement membranes (Tiainen et al. 2008). Three isoenzymes of lysyl 
hydroxylase (LH1, LH2 and LH3) are responsible for lysine hydroxylation. Lysyl 
hydroxylase 3 can also catalyze the formation of galactosylhydroxylysine and 
glucosylgalactosylhydroxylysine (Myllylä et al. 2007).  

Procollagen molecules associate into trimers via C-propeptides. Nucleation is 
followed by folding of the triple helix in a zipper-like manner from the C- to N-
terminus (Hulmes 2002). Molecular chaperones including BiP, GRP94 and PDI 
facilitate folding of procollagen molecules. They associate with newly 
synthesized procollagen chains (Lamandé & Bateman 1999). The collagen 
specific chaperone Hsp47 is suggested to bind triple-helical rather than unfolded 
chains (Tasab et al. 2000). Embryonic lethality has been described for knockout 
Hsp47 mice indicating an important role in collagen folding (Nagai et al. 2000). 
Hsp47 and CYPB are associated with collagen during the export to pre-Golgi 
intermediate vesicles (Smith et al. 1995). Both a vesicular transport model and a 
cisternal maturation model have been suggested for procollagen trafficking 
through the Golgi apparatus. Large procollagen molecules are efficiently secreted 
by many cell types, although collagen is too big for conventional small-diameter 
vesicles (Bonfanti et al. 1998, Canty & Kadler 2005). The concept of fibripositors 
has been suggested for fibril secretion and growth in chicken embryonal tendon. 
The tip of these plasma membrane protrusions is positioned at the site of collagen 
deposition, whereas the base of fibropositor is located within the cell and is the 
nucleation site of collagen fibrillogenesis (Canty et al. 2004). 
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Extracellular events 

During or following secretion, C- and N- terminal non-helical propeptides are 
cleaved by specific proteinases. C-propeptidases are members of the tolloid 
family of zinc metalloproteinases. This activity is possessed by bone 
morphogenetic protein 1 (BMP-1), mammalian tolloid (mTLD) and tolloid like 1 
(TLL-1). N-propeptidases ADAMTS2, ADAMTS3 and ADAMTS14 belong to 
the ADAMTS (a disintegrin and metalloproteinase with thrombospondin motifs) 
family.  The solubility of procollagen remains high as long as the C-propeptide 
remains attached, and its removal triggers collagen self-assembly (Canty & 
Kadler 2005, Hulmes 2002, Trackman 2005). Interestingly, recent evidence 
suggests that N-propeptide cleavage can occur already inside the cell (Canty et al. 
2004). 

Lysyl oxidase catalyzes the oxidative deamination of lysine and 
hydroxylysine residues in the extracellular space to generate lysine and 
hydroxylysine aldehydes. This modification allows the formation of di- tri- and 
tetrafunctional cross-links between amino acids (Kielty & Grant 2002). To date, 
five lysyl oxidase isoforms has been characterized (Mäki et al. 2001, Mäki 2009). 
Fibrillar collagens assemble spontaneously into fibrils. Several molecules, such as 
decorin and biglycan, bind to collagen molecules and regulate fibril growth 
(Ameye & Young 2002). The strength of the collagen matrix is controlled by the 
size of the fibrils, and also by the formation of covalent intra- and intermolecular 
lysine and hydroxylysine derived cross-links. Cross-link formation is facilitated 
by precise organization of collagen molecules within the fibril, governed by 
hydrophobic and electrostatic interactions (Canty & Kadler 2005, Kielty & Grant 
2002, Robins 2007). X-ray results of type I collagen structural analyses suggest 
that collagen fibers are packed together in groups of five molecules with a stagger 
in between (Hulmes 2002, Orgel et al. 2006).  

2.2.2 Hydroxylysine  

Free hydroxylysine cannot be incorporated into collagen molecules (Sinex et al. 
1959). Hydroxylysine is formed by the enzymatic hydroxylation of peptidyl 
lysine in a reaction that yields hydroxylysine residues with a hydroxyl group at 
carbon 5 of the amino acid. Hydroxylysine is found almost exclusively in 
collagens and in proteins with collagenous sequences in animals (Kivirikko et al. 
1992). A single hydroxylysine has been characterized in three non-collagenous 
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proteins, anglerfish somatostatin-28 (Andrews et al. 1984, Spiess & Noe 1985), 
recombinant human tissue plasminogen activator, and the CD4 receptor (Molony 
et al. 1995).  

Hydroxylysine is needed for the stability of certain collagen cross-links, and 
the hydroxyl group of hydroxylysine serves as an attachment site for galactose 
and glucosylgalactose. Hydroxylysine is found at the Y position in 
the -X-Y-Gly- repeating sequence of collagen, although some telopeptides also 
contain -X-Hyl-Ser- or -X-Hyl-Ala- sequences (Kivirikko et al. 1992). The 
S-hydroxylysyl-methionine cross-link of type IV collagen also has a 
hydroxylysine at an -X-Hyl-Ala- sequence (Vanacore et al. 2005). 

The amount of hydroxylysine, as well as the hydroxylysine to lysine ratio 
varies between collagen types. For example type IV collagen undergoes almost 
complete hydroxylation of lysines, whereas a much lower degree of 
hydroxylation is observed in fibrillar collagens. In type I collagen, about a third of 
the lysines become hydroxylated. The degree of hydroxylation may also vary in 
the same collagen type from different sources (Kivirikko et al. 1992).  

2.2.3 Galactosyl- and glucosylgalactosyl hydroxylysine 

Some hydroxylysyl residues are further processed to either 
galactosylhydroxylysines or glucosylgalactosylhydroxylysines. Gal-Hyl (O-β-D-
galactopyranosylhydroxylysine) has an O-glycosidic bond between galactose and 
hydroxylysine. In Glc-Gal-Hyl, glucose is glycosidically linked to the C-2 of 
galactose via an unusual α1,2-O-glycosidic bond producing the peptide linked 
disaccharide 2-O-α-D-glycopyranosyl-O-β-D-galactopyranosylhydroxylysine 
(Spiro 1967). Modified lysine amino acids are depicted in Fig. 1. 
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Fig. 1. Lysine modifications in collagens. Formation of hydroxylysine (A) is catalyzed 
by lysyl hydroxylases. Galactosylhydroxylysine (B) and glucosylgalactosyl-
hydroxylysine (C) formation is catalyzed by collagen galactosyltransferase and 
collagen glucosyltransferase, respectively.  

The degree of hydroxylysine glycosylation varies between different collagens. 
There is also heterogeneity in the degree of glycosylation within the same 
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collagen type between different tissues. Glycosylation may also vary under 
different physiological and pathological conditions (Kivirikko & Myllylä 1979).  

Complete or almost complete hydroxylysine glycosylation is observed in type 
IV (Babel & Glanville 1984, Schwarz et al. 1986) and in type VI collagens (Chu 
et al. 1988). In fibrillar collagens, type V collagen contains a much higher degree 
of glycosylation than types I, II and III collagens (Mizuno et al. 2001). Type IV 
and VI collagens have primarily Glc-Gal-Hyl residues, whereas Gal-Hyl is the 
predominant sugar modification in type I collagen. Type II collagen has almost 
equal amounts of Gal-Hyl and Glc-Gal-Hyl residues (Kivirikko & Myllylä 1979).  

The biological significance of hydroxylysine glycosylation is not fully 
understood. Gal-Hyl and Glc-Gal-Hyl residues on the surface of the collagen 
fibril would increase the hydrophilicity of the fibril. Glycosylated hydroxylysine 
is also bulkier than any other side chain. These factors suggest a decrease in 
electrostatic and hydrophobic interactions (Mizuno et al. 2001). An inverse 
relationship between carbohydrate content and fibril diameter has been shown for 
type II collagen (Notbohm et al. 1999, Yang et al. 1993), and for type I collagen 
(Torre-Blanco et al. 1992). This phenomenon has also been observed in the fibrils 
of fibrotic skin (Brinckmann et al. 1999). However, results from osteopenic bone 
show no correlation between fibril diameter and hydroxylysine glycosylation of 
type I collagen (Batge et al. 1997). Glycosylation has been suggested to influence 
intermolecular and interfibrillar interactions of type V collagen (Mizuno et al. 
2001). The interaction of melanoma cell chondroitin sulfate proteoglycan CD44 
with type IV collagen is modulated by ligand glycosylation (Lauer-Fields et al. 
2003). The glycosylation of hydroxylysine at position 264 of type II collagen is 
also a major determinant for T cell recognition and therefore a key player in the 
development of rheumatoid arthritis and murine model collagen induced arthritis 
(Bäcklund et al. 2002). This epitope appears to be glycosylated in healthy joint 
cartilage but to a lesser extent in arthritic conditions (Dzhambazov et al. 2005). 
Collagen glycosylation may also affect the interaction of collagen with the 
discoidin domain receptor 2 tyrosine kinase (Vogel et al. 1997) and decorin (Sini 
et al. 1997). Interesting results from mutant zebrafish suggest that hydroxylysine 
glycosylation of type XVIII collagen is required for motor axon migration in 
zebrafish. Data show involvement of glycosylated collagen as a ligand for 
neuronal signaling receptors (Schneider & Granato 2006). Transgenic mice 
demonstrate the importance of glycosylated hydroxylysines, suggesting they are 
essential for embryonic development and basement membrane formation 
(Rautavuoma et al. 2004, Ruotsalainen et al. 2006). Glycosylation is required for 
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the proper secretion, tissue distribution and assembly of type IV and VI collagens 
(Sipilä et al. 2007). Glycosylation has also been described for hydroxylysines that 
participate in cross-link formation (Eyre & Glimcher 1973, Henkel et al. 1976, 
Robins & Bailey 1974). 

Glycosylated hydroxylysines have also been characterized from many 
collagenous proteins including complement subcomponent C1q (Shinkai & 
Yonemasu 1979), mannan-binding lectin (Jensen et al. 2007) and core specific 
lectin (Colley & Baenziger 1987). Glycosylated hydroxylysines in the 
collagenous domain of adiponectin may contribute to its stability (Peake et al. 
2007) and insulin sensitizing activity (Wang et al. 2002), the high molecular 
weight form being more bioactive (Pajvani et al. 2004). This multimerization, i.e. 
formation of high molecular weight forms, is dependent on lysine hydroxylation 
and glycosylation (Richards et al. 2006, Wang et al. 2006).  

2.2.4 Collagen cross-links 

The first step in cross-link formation is the lysyl oxidase catalyzed formation of 
lysyl aldehyde (allysine) and hydroxylysyl aldehyde (hydroxyallysine). All the 
following reactions occur spontaneously by virtue of a proper alignment of 
collagen molecules. The current model of collagen fibril packing suggests that 
cross-links form between two collagen molecules; both participating telopeptides 
are from one molecule, and the helical participant from the other. It has also been 
suggested that the telopeptides are derived from two different collagen molecules 
and thus three triple-helices are linked together. In general, difunctional cross-
links are intermediates that mature into trifunctional cross-links (Eyre & Wu 2005, 
Eyre & Wu 2005, Eyre et al. 2008, Orgel et al. 2001, Reiser et al. 1992, Robins & 
Brady 2002, Robins 2007). The biochemical pathways of collagen cross-linking 
are represented in Fig. 2. 

Fibrillar collagens, or at least types I, II and III collagens, contain four cross-
linking sites, two in the triple helix and one in each telopeptide. N-terminal 
telopeptides bind to C-terminal helical lysine or hydroxylysine and C-terminal 
telopeptides to their N-terminal helical counterpart (Hanson & Eyre 1996). 
Intermolecular difunctional collagen cross-links form initially between a 
telopeptide and the helical part of an adjacent molecule. An aldol condensation 
product (ACP) is formed when a telopeptidyl allysine reacts with a second 
telopeptidyl allysine in an adjacent polypeptide chain. ACP can react further with 
a helical histidine to form aldol histidine, which can react with lysine to form 
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tetrafunctional histidinohydroxylmerodesmosine (HHMD). Telopeptidyl allysine 
can also react with a helical lysine or hydroxylysine yielding the divalent 
intermediates dehydro-lysinorleucine (deH-LNL) and dehydro-
hydroxylysinorleucine (deH-HLNL), respectively (Reiser et al. 1992, Robins & 
Brady 2002). deH-HLNL can react further with helical histidine to produce 
histidinohydroxylysinorleucine (HHL) (Yamauchi et al. 1987). 

The hydroallysine pathway forms an intermediate bond between telopeptidyl 
hydroxyallysine and helical lysine or hydroxylysine. These difunctional bonds 
undergo spontaneous amadori rearrangements to form more stable keto-imines 
lysino-5-ketonorleucine (LKNL) and hydroxylysino-5-ketonorleucine (HLKNL), 
respectively. They mature by the addition of another telopeptidyl lysine or 
hydroxylysine into the cross-link. Lysyl pyrrole, hydroxylysyl pyrrole, 
hydroxylysyl pyridinoline or lysyl pyridinoline are formed (Knott & Bailey 1998, 
Reiser et al. 1992, Robins & Brady 2002). Only divalent cross-links have been 
found from peptides of type XI collagen in cartilage with no evidence for 
pyridinoline cross-links (Wu & Eyre 1995).  

In general, the allysine pathway predominates in loose connective tissue, such 
as skin and tendon, whereas hydroxyallysine initiated cross-links predominate in 
stiff connective tissue such as bone and cartilage. Essentially complete 
hydroxylation of telopeptides is present in cartilage, whereas the absence of 
telopeptide hydroxylation is characteristic for skin. The hydroxylation of helical 
lysines controls the formation pyridinolines and pyrroles (Robins & Brady 2002).  

In addition to fibrillar collagens, type IX collagen has been shown to use a 
lysyl oxidase mediated pathway. Type IX collagen is found on the surfaces of 
type II collagen fibrils, and is also cross-linked with them (Eyre et al. 2004). An 
S-hydroxylysyl-methionine cross-link has been discovered in type IV collagen, 
where it connects hydroxylysine 211 and methionine 93 of trimeric NC1 domains 
of two adjoining triple-helical protomers (Vanacore et al. 2005).  

Glycosylated hydroxylysines can also be incorporated into cross-links. 
Pyridinoline cross-links in bone have been shown to contain helical 
galactosylhydroxylysine at a C-telopeptide to N-helix site, but no sugar at the 
N-telopeptide to C-helix site (Hanson & Eyre 1996). The reducible intermediate 
cross-link deH-HLNL has been shown to contain glycosylated (mainly 
glucosylgalactose) helical hydroxylysine in α1 of type I collagen of rabbit skin, 
but not in tendon. This also provides indirect evidence that glycosylation may 
play a role in HHL formation. Partial glycosylation with equal amounts of 
galactose and glucosylgalactose was observed in HLKNL of rabbit bone (Eyre & 
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Wu 2005, Henkel et al. 1976). Glycosylation of pyrrolic cross-links has not been 
found (Brady & Robins 2001). 

 

Fig. 2. Allysine (A) and hydroxyallysine (B) pathways of collagen cross-linking. Lysyl 
oxidase catalyzes oxidative deamination of lysine (Lys) and hydroxylysine (Hyl) to 
form the aldehydes allysine (Lys-ald) and hydroxyallysine (Hyl-ald), respectively. 
Further reactions occur spontaneously. The keto-imines lysino-5-keto-norleucine 
(LKNL) and hydroxylysino-5-keto-norleucine (HLKNL) are formed by virtue of amadori 
rearrangements from Hyl-ald and Lys/Hyl difunctional cross-links (not shown). ACP, 
aldol condensation product; deH-HHMD, dehydro-histidinohydroxymerodesmosine; 
deH-LNL, dehydro-lysinorleucine; deH-HLNL, dehydro-hydroxylysinorleucine; HHL, 
histidinohydroxylysinorleucine; d-PRL, deoxypyrrole; PRL, pyrrole; PYD, hydroxylysyl 
pyridinoline; DPD, lysyl pyridinoline. * denotes glycosylation observed in helical 
hydroxylysines. Amino acids at telopeptide (telo) or helical (helix) regions are 
indicated. 
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2.3 Enzymes modifying lysine residues in collagens 

Enzymatic modification of lysine residues in collagen and collagenous proteins is 
catalyzed by specific enzymes, namely lysyl hydroxylase and collagen galactosyl- 
and glucosyltransferase. Lysyl hydroxylase (EC 1.14.11.4) is a 2-oxoglutarate 
dependent dioxygenase that catalyzes hydroxylation of peptidyl lysine residues of 
collagenous sequences (Kivirikko et al. 1992, Myllylä et al. 2007). Collagen 
galactosyltransferase (EC 2.4.1.50), catalyzes galactosylation of peptidyl 
hydroxylysine forming galactosylhydroxylysine residues in collagens. Collagen 
glucosyltransferase (EC 2.4.1.66) uses peptidyl galactosylhydroxylysine as a 
substrate in the reaction to produce glucosylgalactosylhydroxylysine (Kivirikko & 
Myllylä 1979, Myllylä et al. 2007).  

2.3.1 Lysyl hydroxylase isoforms 

Lysyl hydroxylase was initially purified from chicken embryos as a homogenous 
protein. It was shown to be a dimer with two similar 85 kDa subunits 
(Turpeenniemi-Hujanen et al. 1980). Lysyl hydroxylase purified from human 
placental tissue as a homogenous protein showed kinetic properties and a 
molecular size similar to those of the chick enzyme (Turpeenniemi-Hujanen et al. 
1981). Further studies showed that human placental lysyl hydroxylase contains 
asparagine-linked oligosaccharides, which are needed for maximal activity 
(Myllylä et al. 1988). Lysyl hydroxylase was first cloned from chick (Myllylä et 
al. 1991) and shortly afterwards from human (Hautala et al. 1992).  

The existence of lysyl hydroxylase isoenzymes was a possibility that was 
discussed for a long time (Ihme et al. 1984, Risteli et al. 1980, Tajima et al. 1983, 
Turpeenniemi-Hujanen 1981). A lysyl hydroxylase isoenzyme was eventually 
found, cloned and characterized (Valtavaara et al. 1997). To date, three lysyl 
hydroxylase isoforms (LH1, LH2 and LH3) has been characterized from various 
species including human (Hautala et al. 1992, Passoja et al. 1998b, Valtavaara et 
al. 1997, Valtavaara et al. 1998), mouse (Ruotsalainen et al. 1999, Yeowell & 
Walker 1999), rat (Armstrong & Last 1995, Mercer et al. 2003) and zebrafish 
(Schneider & Granato 2006, Schneider & Granato 2007). The nematode 
Caenorhabditis elegans has only one lysyl hydroxylase homologue (Norman & 
Moerman 2000). Sequence identity at the amino-acid level between the human 
isoenzyme and its mouse counterpart is 91% in all three isoforms. The homology 
at the amino acid level between isoforms of the same species is about 60% in both 
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mouse and human. The identity is 47% between all human isoforms. The highest 
identity is seen in carboxy-terminal areas of the molecules (Ruotsalainen et al. 
1999, Valtavaara et al. 1998). Human LH1 and LH2 share eight conserved 
cysteines, seven of those are also conserved in LH3. Histidines and asparagines 
required for enzymatic activity are also conserved between the isoforms 
(Pirskanen et al. 1996, Valtavaara et al. 1997, Valtavaara et al. 1998).  

The properties of human (Homo sapiens), mouse (Mus musculus), zebrafish 
(Danio rerio) and a worm (C. elegans) have been listed in table 1. The amount of 
of asparagine linked oligosaccharides varies between isoforms. Recombinant 
isoenzymes produced in insect cells have been shown to be homodimers 
(Rautavuoma et al. 2002). 

Table 1. Lysyl hydroxylase isoforms. 

Gene Source Gene Product Polypeptide size* N-Glycan 

sites** 

Chromosomal 

localization*** 

PLOD11 human LH1 727 4 1p36 

PLOD22,3,4 human LH2a / LH2b 737 / 758 7 3q23-q24 

PLOD35,6 human LH3 738 2 7q22 

Plod17,8 mouse LH1 728 3 4 

Plod27,8 mouse LH2a / LH2b 737 / 758 6 9 

Plod37,8 mouse LH3 741 3 5 

lh19 zebrafish LH1 730 3 n.d. 

lh29 zebrafish LH2a / LH2b 733 / 754 5 n.d. 

diwanka9,10 zebrafish LH3 730 5 23 

let-26811 C.elegans LH 730 n.d. II 

*Number of amino acids including N-terminal signal sequence, **Number of putative N-glycosylation 

sites, ***Chromosomal localization of the gene, 1(Hautala et al. 1992), 2(Valtavaara et al. 1997) 3(Yeowell 

& Walker 1999), 4(Szpirer et al. 1997), 5(Valtavaara et al. 1998), 6(Passoja et al. 1998b), 7(Ruotsalainen 

et al. 1999), 8(Sipilä et al. 2000), 9(Schneider & Granato 2007), 10(Schneider & Granato 2006), 11(Norman 

& Moerman 2000), n.d. denotes no published data available 

Lysyl hydroxylase 1 

Lysyl hydroxylase was initially cloned from chick embryos. The gene was shown 
to encode a polypeptide of 730 amino acids where the first 20 amino acids 
represent a signal peptide (Myllylä et al. 1991). The human lysyl hydroxylase was 
cloned from a placental cDNA library. The polypeptide encoded by the PLOD 
gene was shown to consist of 727 amino acids including a signal peptide of 18 
amino acids (Hautala et al. 1992). Human lysyl hydroxylase was renamed lysyl 
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hydroxylase 1 (and the gene PLOD1) after the discovery of the second lysyl 
hydroxylase enzyme (Valtavaara et al. 1997). There is no significant sequence 
homology between lysyl hydroxylase and prolyl 4-hydroxylase subunits (Myllylä 
et al. 1991) despite the fact that they share similar catalytic properties 
(Turpeenniemi-Hujanen 1981).   

Lysyl hydroxylase 2 (2a and 2b) 

The second cloned human lysyl hydroxylase isoform LH2 is the only one where 
alternative splicing has been characterized. LH2 is expressed as a short (LH2a) 
and as a long form (LH2b). There is 63 bp exon 13A incorporated between exons 
13 and 14 in the mRNA of LH2b. Likewise, the protein encoded by LH2b gene is 
21 amino acids longer than LH2a (Valtavaara 1999, Yeowell & Walker 1999).  

The role of this alternative splicing has been demonstrated in terms of 
substrate specificity. LH2 splice variants have different kinetic parameters and 
they bind differentially to collagenous peptides (Risteli et al. 2004). LH2b has 
been shown to be a lysyl hydroxylase responsible for the hydroxylation of 
collagen telopeptides (Bank et al. 1999, Takaluoma et al. 2007b, Uzawa et al. 
1999, van der Slot et al. 2003) and consequently an important player in the 
pathogenesis of fibrosis (van der Slot et al. 2003, van der Slot et al. 2004, van der 
Slot-Verhoeven et al. 2005). 

The splicing mechanism for the inclusion of exon 13A has been shown to 
require a newly synthesized protein factor (Walker et al. 2005). Later, it was 
shown that RNA binding splicing proteins TIA-1 and TIAL1 are needed for the 
regulation of this alternative splicing of LH2 (Yeowell et al. 2009).  

Lysyl hydroxylase 3 

The third human lysyl hydroxylase is termed lysyl hydroxylase 3 (Passoja et al. 
1998b, Valtavaara et al. 1998). It was characterized to have, in addition to lysyl 
hydroxylase activity, also collagen glucosyltransferase (Heikkinen et al. 2000) 
and galactosyltransferase (Wang et al. 2002a) activities. Altogether, LH3 has all 
the activities necessary to build hydroxylysine, galactosylhydroxylysine or 
glucosylgalactosylhydrosylysine, whereas LH1 and LH2 can only catalyze the 
formation of hydroxylysine (Heikkinen et al. 2000, Wang et al. 2002a). The 
amino acids required for the glycosyltransferase activity are located at the N-
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terminal part of the molecule, whereas the C-terminal part is responsible for the 
lysyl hydroxylase activity (Rautavuoma et al. 2002, Wang et al. 2002b). 

2.3.2 Collagen glycosyltransferases 

Collagen glycosyltransferase activities have been demonstrated in many tissues of 
various species (Kivirikko & Myllylä 1979). Partially purified collagen 
galactosyltransferase from chicken embryos was shown by gel filtration to form 
two major species with apparent molecular weights of 450kDa and 200kDa and 
one minor species of about 50 kDa (Risteli et al. 1976). Collagen 
glucosyltransferase has been isolated from chicken embryos as a homogenous 
protein with a molecular weight of 72 -78 kDa analyzed by SDS-PAGE (Myllylä 
et al. 1977).  

Heikkinen et al. (2000) discovered that human lysyl hydroxylase 3 possesses 
collagen glucosyltransferase activity in addition to lysyl hydroxylase activity. 
Later it was also shown to galactosylate hydroxylysines in vitro. The Km-values 
for UDP-sugars and the capacity to transfer UDP-sugars corresponded to the 
values reported for enzymes purified from chicken embryos (Wang et al. 2002a). 

The single LH isoform in C.elegans resembles LH3 from higher species, 
possessing lysyl hydroxylase and collagen glycosyltransferase activities (Norman 
& Moerman 2000, Wang et al. 2002a, Wang et al. 2002b). Recently, two novel 
galactosyltransferases GLT25D1 and GLT25D2 have been found and 
characterized. The enzymes were shown to be type II membrane proteins with ER 
retention signals, and possessing collagen galactosyltransferase activity in vitro. 
These transferases do not exhibit collagen glucosyltransferase activity. GLT25D1 
is widely expressed in fetal and adult human tissues, whereas expression of 
GLT25D2 is restricted to nervous system at low levels (Schegg et al. 2009). Data 
from transgenic mice suggest that LH3 is also a glycosyltransferase in vivo. The 
activities of LH3 are crucial for embryonic development and basement membrane 
formation. The results also suggest that LH3 is the main molecule, if not the only 
one, responsible for collagen glucosyltransferase activity at least in embryonal 
mouse tissues (Ruotsalainen et al. 2006). Furthermore, collagens produced by 
LH3 knock-out cells migrate faster on SDS-PAGE compared to controls, which 
suggests they lack glycosylated hydroxylysines (Sipilä et al. 2007). 
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2.3.3 Expression of lysyl hydroxylase isoforms 

Lysyl hydroxylase isoenzymes are expressed in a variety of tissues. Expression 
levels differ between tissues, as well as between the same tissues in different 
organisms. The expression of lysyl hydroxylase isoforms in selected cell lines and 
tissues is shown in table 2. 

Table 2. Expression of lysyl hydroxylase isoforms in cells and adult tissues 

Source of mRNA  LH1 LH2 LH3 

Human cell lines1    

K-3 normal skin fibroblast ++ + + 

HT-1080 connective tissue  fibrosarcoma  + ++ + 

MG-63 bone osteosarcoma ++ ++ + 

CCD19LU normal lung fibroblast + + + 

HepG2 liver hepatocellular carcinoma ++ +++ + 

HeLa cervix adenocarcinoma epithelial  + + + 

JAR  placenta choriocarcinoma + + + 

BxPC-3 pancreas adenocarcinoma + + + 

ACHN kidney adenocarcinoma + + + 

Human Tissues2,3,4,5    

Heart ++ ++ ++ 

Brain ++ + + 

Placenta ++ ++ ++ 

Lung ++ - + 

Liver ++ ++ + 

Skeletal muscle ++ ++ + 

Kidney ++ + + 

Pancreas ++ ++ ++ 

Mouse Tissues6    

Heart ++ ++ ++ 

Brain - - + 

Spleen - - - 

Lung ++ ++ ++ 

Liver ++ - ++ 

Skeletal Muscle ++ + + 

Kidney ++ ++ + 

Testis - + ++ 

- no, + weak,  ++ intermediate, +++ strong expression. In tissues, the expression levels are comparable 

only within the same isoform. In cell lines, levels are comparable between isoforms and between cell 

lines. 1(Wang et al. 2000), 2(Heikkinen et al. 1994), 3(Valtavaara et al. 1997), 4(Passoja et al. 1998b), 
5(Valtavaara et al. 1998), 6(Ruotsalainen et al. 1999) 
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In addition, human LH1 expression has also been demonstrated in aorta, lung, 
vein, cartilage, arteries and to a lesser extent in spleen and gall bladder. 
Diaphragm, dura, esophagus and intestine exhibit little or no LH1 expression 
(Yeowell et al. 1994). LH2 is expressed in two alternatively spliced forms. 
Human skin, dura, aorta and lung express only the longer transcript (LH2b). Both 
alternatively spliced forms are expressed in kidney, liver, spleen, cartilage, frontal 
lobe of the brain, chorionic villus and placenta. Of these tissues, the highest short 
transcript (LH2a) expression is in kidney and the lowest in chorionic villus and 
cartilage (Yeowell & Walker 1999). The expression of LH3 has been 
demonstrated in spinal cord, thyroid, adrenal gland, stomach, lymph node, bone 
marrow and trachea, the expression level being the highest in spinal cord and 
decreasing respectively (Passoja et al. 1998b). The expression of all isoforms has 
also been detected in human and rat pancreatic islets (Fallon & MacDonald 2008). 
LH2 expression is also demonstrated in rat ovaries (Saha et al. 2005). LH1 and 
LH2 expression have been shown at E7 in mouse fetal tissue. Later stages show 
different expression profile for LH1 and LH2 (Hjalt et al. 2001). 

X-Gal stainings, where the mouse Plod3 promoter drives β-galactosidase 
reporter expression, have been made from various tissues. Expression was seen in 
mesenchyme, neuroepithelium and endothelial cells in E9.5 embryos. Intense and 
ubiquitous expression was found to become more restricted at later stages. Adult 
heterozygous LH3 knockout mice show β-gal expression in chondrocytes, 
capillary walls and perimysia of the muscles, and alveolar capillaries and blood 
vessel walls of the lungs. Vascular poles and mesangia of the glomeruli were 
stained in kidney with weaker staining in tubules. Staining was also seen in many 
parts of the eye, in adrenal glands and in single hepatocytes (Rautavuoma et al. 
2004). 

2.3.4 Genes and transcriptional control 

Genes encoding mouse, human and zebrafish lysyl hydroxylase isoforms are all 
located in different chromosomes. Chromosomal localization is reported in table 
1. Phylogenetic analyses of lysyl hydroxylases from different species suggest two 
gene duplication events from the ancestral gene, LH3 being the oldest, whereas 
LH1 and LH2 are more closely related and are derived from more recent 
duplications. C.elegans LH most closely resembles the isoform LH3 
(Ruotsalainen et al. 1999). In addition to vertebrates and invertebrates, Mimivirus 
genomic analysis revealed a number of open reading frames for proteins with 
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characteristic collagen triple-helix repeats. Interestingly, a predicted lysyl 
hydroxylase was also found in the study (Raoult et al. 2004).  

The human lysyl hydroxylase 1 gene, PLOD1, contains 19 exons (Heikkinen 
et al. 1994). Mouse Plod2 has 20 exons including the alternatively spliced exon 
13A. It spans about 50 kb of genomic DNA, whereas Plod3 has 19 exons and 
spans a smaller 10 kb area of the genome (Ruotsalainen et al. 2001). The human 
PLOD3 gene, which is quite similar to the mouse Plod3, is 11.6 kb in size and 
also contains 19 exons (Rautavuoma et al. 2000).  

PLOD1 and PLOD3 have been shown to contain multiple Alu-repeats 
(Heikkinen et al. 1994, Rautavuoma et al. 2000). Alu-Alu recombination is a 
cause for gene rearrangements of PLOD1, which are responsible for some cases 
of the Ehlers-Danlos type VI syndrome (Heikkinen et al. 1994).  

Putative promoter areas of lysyl hydroxylase genes lack the TATAA box. This 
is a typical feature of housekeeping genes. There is no similarity between 
promoter regions, which suggests differences in regulation (Heikkinen et al. 1994, 
Rautavuoma et al. 2000, Ruotsalainen et al. 2001). The Pitx2 transcription factor 
has been shown to bind multiple bicoid elements on PLOD1 and Plod2 promoter 
regions. Genes encoding LH3 have not been studied (Hjalt et al. 2001). 

PLOD1 and PLOD2 gene expression is upregulated by hypoxia in many cell 
lines (Hofbauer et al. 2003, Scheurer et al. 2004). In human umbilical vein 
endothelial cells, PLOD1 and PLOD2, but not PLOD3, were upregulated by 
hypoxic conditions probably via putative hypoxia responsive elements at the 
promoter regions (Scheurer et al. 2004).  

TGF-β isoforms have been shown to increase LH2b mRNA levels in skin 
fibroblasts, and thus increase pyridinoline cross-links (van der Slot et al. 2005). 
An increase in the LH2 mRNA level has also been described for interleukin-4 
treatment (Brinckmann et al. 2005). The active form of Vitamin D, 1,25(OH)2D3 
has been shown to increase LH1 and LH2b, but not LH3, mRNA levels in 
MC3T3-E1 osteoblastic cells (Nagaoka et al. 2008). Minoxidil decreases mainly 
LH1, but also LH2 and LH3, mRNA levels (Zuurmond et al. 2005). A 
hypothyroid condition causes an increase in LH2, but decreases in LH1 and LH3 
gene expression in rat ovaries (Saha et al. 2005). 

2.4 Lysine hydroxylation  

Lysine hydroxylation of collagen and collagenous proteins is catalyzed by three 
isoenzymes of lysyl hydroxylase. These hydroxyl groups serve as attachment sites 
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for subsequent glycosylation and are important for collagen cross-link formation 
(Myllyharju & Kivirikko 2004, Myllylä et al. 2007, Robins 2007). 

2.4.1 Subcellular localization 

Both lysyl hydroxylase and prolyl 4-hydroxylase activities have been localized in 
the microsomal fraction of chick tendon and cartilage cells.  Activity assays of 
submicrosomal fractions have shown enzyme activities in the rough endoplasmic 
reticulum fraction (Harwood et al. 1974). Further studies indicated membrane 
association for lysyl hydroxylase activity (Peterkofsky & Assad 1979). 

Sequencing of the lysyl hydroxylase 1 gene revealed the absence of well 
characterized ER-retention signals such as KDEL or a dilysine motif (Hautala et 
al. 1992, Pelham 1991). Nevertheless, LH1 was shown to localize in the ER as a 
luminally oriented peripheral membrane protein (Kellokumpu et al. 1994). 
Further studies showed KDEL or dilysine-independent retention, which is 
mediated by a motif within a 40 amino acid segment at the C-terminal end of LH1 
(Suokas et al. 2000, Suokas et al. 2003). In contrast, prolyl 4-hydroxylase is 
retained in the ER via a KDEL-motif in its PDI-subunit (Vuori et al. 1992). No 
recycling between the ER and the Golgi apparatus has been detected for LH1 
(Suokas et al. 2003). 

2.4.2 Lysyl hydroxylase reaction 

Lysyl hydroxylase requires 2-oxoglutarate, Fe2+, O2 and ascorbate. 2-oxoglutarate 
is stoichiometrically decarboxylated in the hydroxylation of lysine residues. One 
molecule of O2 is incorporated into the hydroxyl group formed, while the other 
atom reacts with 2-oxoglutarate to form succinate and carbon dioxide (Hausinger 
2004, Kivirikko et al. 1992). Reaction is also shown in Fig. 1. 

In the reaction, Fe2+, 2-oxoglutarate, O2 and the peptide substrate are bound 
to the enzyme in this order. Hydroxylated peptide and CO2 are released first, the 
order of these is not known. Succinate is released next, whereas Fe2+ does not 
leave between catalytic cycles (Puistola et al. 1980a, Puistola et al. 1980b). 
Decarboxylation of 2-oxoglutarate most likely leads to the formation of ferryl ion 
that acts as an active intermediate in the oxygen transfer to the substrate lysyl 
residue (Hanauske-Abel & Gunzler 1982). Oxygen is derived from the 
atmosphere and is exchangeable with water (Kikuchi et al. 1983). Many catalytic 
cycles can be completed without the involvement of ascorbate, but eventually 
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ascorbate is needed to reactivate the enzyme by reduction of iron (de Jong et al. 
1982, Myllylä et al. 1978). Occasionally, lysyl hydroxylase catalyzes an 
uncoupled decarboxylation of 2-oxoglutarate without a subsequent hydroxylation 
of the peptide. Ascorbate serves as an alternative oxygen acceptor in this reaction 
and is stoichiometrically consumed (Myllylä et al. 1984, Puistola et al. 1980a).  

Histidines at positions 656 and 708, and aspartate at position 658 of the 
human lysyl hydroxylase 1 (including the ER signal sequence) provide the amino-
acid side-chains for binding of Fe2+ to the catalytic site. In addition, three other 
functionally important histidines have been characterized (Pirskanen et al. 1996). 
All these histidines are conserved between isoforms (Valtavaara et al. 1997, 
Valtavaara et al. 1998). Arginine-718 of LH1 (i.e. arginine 700 of processed 
polypeptide) is suggested to bind the C-5 carboxyl group of 2-oxoglutarate 
(Passoja et al. 1998a).   

A number of compounds have been found to inhibit lysyl hydroxylase activity. 
Several metals are competitive inhibitors, Zn2+ being the most effective (Puistola 
et al. 1980b). Many structurally related aromatic and aliphatic compounds inhibit 
LH activity competitively with respect to 2-oxoglutarate (Majamaa et al. 1985). 
Superoxide dismutase active copper chelates are competitive inhibitors of LH 
activity with respect to oxygen (Myllylä et al. 1979). Also many peptides inhibit 
with respect to the peptide substrate (Kivirikko et al. 1992). Other inhibitors 
include the organophosphates malathion and malaoxon (Samimi & Last 2001). 

2.4.3 Substrate specificity 

Lysyl hydroxylation occurs only in peptide linkages, free lysine cannot be 
hydroxylated by lysyl hydroxylases. Studies with purified lysyl hydroxylase 
suggest that the minimum sequence requirement for lysyl hydroxylation is 
fulfilled by an -X-Lys-Gly- triplet (Kivirikko et al. 1992). Other sequences such 
as -X-Lys-Ser-, -X-Lys-Ala- may also serve as substrates (Ryhänen 1975). The 
chain length of the peptide substrate affects the Km-value, which seems to 
decrease with increasing chain length (Kivirikko & Pihlajaniemi 1998).  

There are also structural and conformational requirements for lysyl 
hydroxylation. A folded β-turn is suggested to be the structural determinant of the 
peptide substrate at the catalytic site (Ananthanarayanan et al. 1992) and an 
extended polyproline II conformation at the binding site (Jiang & 
Ananthanarayanan 1991). Triple-helical collagenous peptides do not serve as 
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substrates for lysyl hydroxylase (Kivirikko & Pihlajaniemi 1998, Ryhänen & 
Kivirikko 1974)  

Risteli et al. (2004) studied the binding of lysyl hydroxylase isoforms with 
nine amino acid synthetic peptides bound to a Pepspot membrane. Hydroxylation 
was studied by activity assays. The data revealed no structural motifs that would 
have affected the binding. It was suggested that the peptide binding site is not a 
deep hydrophobic pocket but is open and hydrophilic where acidic amino acids 
play an important role in the binding.   

No collagen type specificity has been observed between isoforms (Wang et al. 
2000). Also, no strict sequence specificity can be seen between different 
isoenzymes for lysine hydroxylation of peptides (Risteli et al. 2004, Takaluoma et 
al. 2007b). However, there seem to be some preferences. LH1 favors positively 
charged residues in the proximity of the hydroxylated lysine and LH3 favors 
peptides derived from highly glycosylated collagen types IV and VI (Risteli et al. 
2004). 

 Evidence from Ehlers-Danlos type VI fibroblasts suggests that LH1 is 
particularly important for the hydroxylation of helical lysines that participate in 
cross-link formation (Eyre et al. 2002). Apparently other isoforms can also 
hydroxylate lysines at the helical region of collagens (Eyre et al. 2002, 
Takaluoma et al. 2007a).  

Several studies have indicated that the telopeptidyl lysyl hydroxylase is a 
different enzyme from the lysyl hydroxylase purified from chicken embryos or 
from LH1 (Bank et al. 1999, Eyre et al. 2002, Royce & Barnes 1985, Uzawa et al. 
1999). Recent studies have provided evidence that isoform LH2 is the telopeptide 
specific lysyl hydroxylase (Mercer et al. 2003, Pornprasertsuk et al. 2004, 
Takaluoma et al. 2007b, van der Slot et al. 2003).  

Transgenic mice with the LH activity of LH3 inactivated appear normal but 
have some ultrastructural abnormalities, reduced hydroxylysine content and an 
abnormal distribution of type IV and VI collagens in tissues. Pyridinium cross-
link content was not reduced in bone, suggesting LH3 is not the main molecule 
responsible for lysine hydroxylation of these cross-links. However, reduced 
pyridinium cross-link content was measured in skin (Ruotsalainen et al. 2006, 
Sipilä et al. 2007). 
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2.5 Hydroxylysine glycosylation 

Hydroxylysine glycosylation is suggested to have roles in molecular interactions 
between extracellular molecules and in collagen fibril formation (Myllylä et al. 
2007). LH3 possesses two collagen glycosyltransferase activities, which are 
crucial for embryonic development and basement membrane formation in mouse. 
The data suggest further that LH3 is the main, possibly the only, molecule 
responsible for glucosyltransferase activity in embryonic tissues (Ruotsalainen et 
al. 2006). In addition to the galactosyltransferase activity of LH3 (Wang et al. 
2002a), a recent study has introduced two novel galactosyltransferases in vitro 
(Schegg et al. 2009). 

2.5.1 Subcellular localization  

The activities of two collagen glycosyltransferases have been determined in 
various fractions of chick tendon and cartilage cells. Most of the activities were 
detected in microsomal fractions of rough endoplasmic reticulum (Harwood et al. 
1975). This localization within the microsomal membrane is similar to the 
localization of lysyl hydroxylase activity (Blumenkrantz et al. 1984). Collagen 
glycosyltransferase activities have also been demonstrated in serum (Anttinen 
1977, Barber & Jamieson 1971a) and in platelets (Anttinen et al. 1977, Leunis et 
al. 1980) of various species (Menashi & Grant 1979).  

2.5.2 Glycosyltransferase reactions 

Hydroxylysine galactosylation employs UDP-galactose as a donor in the reaction 
where galactose is transferred to the hydroxylysine substrate. Glucosylation of 
galactosylhydroxylysine uses a similar reaction mechanism where glucose is 
transferred from UDP-glucose to the galactosylhydroxylysine. The specificity of 
these glycosyltransferases is very high (Kivirikko & Myllylä 1982). Reactions are 
also introduced in Fig. 1. 

Manganese is required for the reactions. It is interchangeable with some other 
divalent cations such as Mg2+ and Co2+ but with lower efficiency (Myllylä et al. 
1975a, Spiro & Spiro 1971). In the glucosyltransferase reaction, the binding of 
substrates and co-substrates proceeds in the order of Mn2+, UDP-glucose and the 
collagen substrate. They are released in the reverse order, although Mn2+ does not 
necessarily leave the enzyme during each catalytic cycle (Myllylä 1976). It is 
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suggested that an enzyme-manganese complex in needed for UDP-glucose 
binding (Anttinen & Kivirikko 1976).  

Amino acids important for the GGT activity of LH3 are located at the amino-
terminal part of the enzyme. The amino acids cysteine-144 and leucine-208 are 
important for the GGT activity of human LH3. They are conserved in C. elegans 
LH and mammalian LH3, but not in LH1 and LH2 (Wang et al. 2002b). Positions 
187-191 are occupied by a DxD-like motif, which is characteristic for many 
glycosyltransferases (Qasba et al. 2005). Mutagenesis of the aspartates of this 
motif reduced GGT activity dramatically (Wang et al. 2002b). Data from GT-
activity measurements of human LH3 suggest that the same amino acids are 
important for both GT and GGT activities (Wang et al. 2002a).  

Several divalent cations have been shown to inhibit GGT activity. These 
include Zn2+ ,Cu2+ ,Cd2+ ,Ni2+ and Ca2+ (Myllylä et al. 1979). UDP-galactose and 
UDP-glucuronate serve as competitive inhibitors with respect to UDP-glucose. 
The reaction product, UDP and several other nucleotides also inhibit collagen 
glycosyltransferase activities (Kivirikko & Myllylä 1979, Kivirikko & Myllylä 
1982). 

2.5.3 Substrate requirements 

Peptidyl hydroxylysine is a substrate for collagen galactosyltransferase activity, 
whereas peptidyl galactosylhydroxylysine is a substrate for collagen 
glucosyltransferase activity. The chain length of the substrate peptide affects the 
affinity of glucosyltransferase for the substrate. Km values have been shown to be 
highest with free galactosylhydroxylysine, intermediate with 
galactosylhydroxylysine in small peptides and lowest with various collagens 
(Kivirikko & Myllylä 1979). The triple-helical conformation of fibrillar collagens 
has been shown to prevent glucosylation of galactosylhydroxylysine (Myllylä et 
al. 1975b).  

2.6 Collagen-linked disorders 

Mutations in extracellular matrix genes cause a wide range of connective tissue 
disorders. Mutations cause dysfunctions by different mechanisms, for example by 
reduced secretion or by structural mutations that can cause cellular retention or 
degradation. Secretion of mutant protein can disturb ECM interactions, structure 
and stability. More than a thousand individual mutations have been described for 
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collagen genes alone. In addition, many mutations in genes encoding proteins 
needed for collagen biosynthesis and assembly have been reported (Bateman et al. 
2009, Myllyharju & Kivirikko 2001, Myllyharju & Kivirikko 2004).  

Hydroxylysine containing collagen cross-links and glycosylated 
hydroxylysines in urine and blood have been used as biomarkers, for example, to 
measure bone turnover rate and to detect bone related disorders (Bettica et al. 
1992, Risteli & Risteli 2002, Simsek et al. 2004). Serum GGT activity has also 
been utilized as a biomarker for various diseases (Anttinen et al. 1981, Anttinen et 
al. 1985, Anttinen et al. 1986, Myllylä et al. 1989). 

Lysine overhydroxylation has been reported in several disorders. 
Overmodification can be due to increased lysyl hydroxylase expression (van der 
Slot et al. 2003) or to a slower folding rate and consequent overmodification 
(Murray et al. 1989). Increased hydroxylysine content has been reported in 
chondrodysplasias (Murray et al. 1989), osteoporosis (Kowitz et al. 1997), 
osteoarthritis (Bank et al. 2002), osteogenesis imperfecta (Bank et al. 2000), and 
in osteosarcomas and osteofibrous dysplasias (Lehmann et al. 1995). An 
increased Glc-Gal-Hyl to Gal-Hyl ratio has been reported for osteogenesis 
imperfecta (Cetta et al. 1983, Tenni et al. 1993), whereas an increase in the level 
of Gal-Hyl has been measured in the urine of postmenopausal osteoporotic 
women (Lo Cascio et al. 1999). Increased GGT activity has been measured in 
patients with rheumatoid arthritis and osteoarthritis (Myllylä et al. 1989).  

Fibrosis is a complex process characterized by an excessive accumulation of 
collagen (Wynn 2008). Fibrotic lesions contain collagens with a high increase in 
pyridinoline cross-links (Brinckmann et al. 2001, Ricard-Blum et al. 1992, van 
der Slot et al. 2003). An increased expression of LH2b has been associated with 
fibrotic phenomena (van der Slot et al. 2004, Wu et al. 2006) due to elevated 
pyridinoline cross-link levels (van der Slot et al. 2005). The type of cross-link, 
allysine or hydroxyallysine, is an important factor for the outcome of the fibrotic 
process (van der Slot-Verhoeven et al. 2005). 

2.6.1 Mutations in collagen genes 

Most of the mutations in collagen genes are substitutions in which glycine is 
replaced with a bulkier residue causing folding defects or interruptions in the 
triple-helix. In general, substitutions closer to the C-terminus produce a more 
severe phenotype as triple helix formation is propagated in a C- to N-terminal 
direction. Most of the amino-acid substitutions in X and Y positions cause a 
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milder phenotype or have no effect. Mutations that cause structural alterations in 
the triple-helix usually cause more severe phenotypes than mutations that lead to 
heterozygous null alleles or prevent triple-helix formation. Most of the mutations 
are dominantly inherited (Myllyharju & Kivirikko 2001, Myllyharju & Kivirikko 
2004, Prockop & Kivirikko 1995). Some of the collagen mutations with their 
major clinical manifestations are described in table 3.  

Most cases of osteogenesis imperfecta (OMIM 166210) are caused by 
mutations in the genes encoding type I collagen (COL1A1 and COL1A2). Over 
800 independent mutations have been characterized. More than six hundred of 
those are substitutions that replace glycines in the triple helical domain, whereas 
150 mutations alter a splice site. One third of the mutations of the COL1A1 gene 
are lethal. Two exclusively lethal regions align with major ligand binding regions 
(Marini et al. 2007b). The mutations are generally autosomal dominant and, in 
many cases, are sporadic. Mosaicism has also been reported (Kuivaniemi et al. 
1997, Myllyharju & Kivirikko 2004).  

Mutations in COL2A1 and COL2A2 genes encoding type II collagen cause 
Stickler syndrome type I (OMIM 108300), and mutations in the COL11A1 gene 
cause Stickler syndrome type II (OMIM 604841). The type II syndrome is very 
similar to type I but without ophthalmological abnormalities. Early onset hearing 
loss is also characteristic for the type II disease (Snead & Yates 1999). As with 
type I collagen, most mutations are substitutions that replace glycine with a 
bulkier amino acid. Other, and more severe, disorders caused by COL2A1 gene 
mutations include several chondrodysplasias and osteoarthrosis (Kuivaniemi et al. 
1997, Myllyharju & Kivirikko 2004). 

Ehlers-Danlos syndrome (EDS) is a genetically and clinically heterogeneous 
group of heritable disorders characterized in general by joint hypermobility, tissue 
fragility, and hyperelasticity of skin (Callewaert et al. 2008, Steinmann et al. 
2002). The most severe is EDS IV (vascular type of EDS, OMIM 130050) caused 
by mutations in the COL3A1 gene (Germain 2007, Steinmann et al. 2002). 
Ehlers-Danlos syndrome type I (Classical types of EDS, OMIM 130000) is 
mainly caused by mutations in the genes encoding type V collagen. Ehlers-Danlos 
syndrome type II (OMIM 130010) is a mild form of the classical type of EDS, 
and is also caused by mutations in type V collagen genes (De Paepe et al. 1997, 
Steinmann et al. 2002).  

Mutations in the alpha chains of genes encoding type IV collagen underlie 
several genetic and acquired diseases such as Alport syndrome (301050) and 
Goodpasture syndrome (OMIM 233450) (Khoshnoodi et al. 2008). Mutations in 
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genes encoding α1, α2 and α3 chains of type VI collagen have been shown to 
cause muscular dystrophies, namely Bethlem myopathy (OMIM 158810) and 
Ullrich congenital muscular dystrophy (OMIM 254090) (Jobsis et al. 1996, 
Lampe & Bushby 2005).  

Epidermolysis bullosa is a diverse group of disorders characterized by 
blistering and erosions of the skin and mucous membranes. About 30 subtypes 
have been recognized. The dystrophic subtype (OMIM 131750) is a result of 
mutations in the COL7A1 gene. It can be inherited in either an autosomal 
dominant or autosomal recessive pattern (Uitto & Richard 2004).  

Table 3. Examples of collagen related disorders 

Disorder Gene(s) affected Major clinical manifestations 

Osteogenesis imperfecta type I1 COL1A1,  

COL1A2 
Bone fragility, blue sclerae 

Stickler syndrome type I2 COL2A1 Ophthalmological, orofacial and articular 

manifestations 

Stickler syndrome type II2 COL11A1 Orofacial and articular manifestations, early onset 

hearing loss 

Ehlers-Danlos syndrome type IV3 COL3A1 Joint and dermal manifestations, proneness to 

spontaneous rupture, easy bruising, translucent 

skin, facial dysmorphy 

Ehlers-Danlos syndrome type I4 COL5A1,  

COL5A2,  

COL1A1 

Skin hyperextensibility and fragility, joint 

hypermobility 

Bethlem myopathy5 COL6A1 Contractures of multiple joints, generalized muscle 

weakness and wasting 

Dystrophic epidermolysis bullosa6 COL7A1 Extensive scarring as a result of skin blistering 
1(Marini et al. 2007b), 2(Snead & Yates 1999), 3(Germain 2007), 4(Steinmann et al. 2002), 
5(Lampe & Bushby 2005), 6(Uitto & Richard 2004) 

2.6.2 Mutations in biosynthetic pathways of collagen 

The importance of lysine hydroxylation is emphasized in two heritable disorders, 
Ehlers-Danlos syndrome type VI (EDS VI) and Bruck syndrome, which are 
caused by mutations in the PLOD1 and PLOD2 genes, respectively. Major 
clinical symptoms of these syndromes and some other heritable disorders linked 
to collagen biosynthesis are introduced in table 4.  
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Table 4. Examples of disorders related to collagen biosynthesis  

Disorder Gene affected Major clinical manifestations 

Ehlers-Danlos syndrome type VI1 PLOD1 Neonatal kyphoscoliosis, joint laxity, skin 

fragility, muscle hypotonia  

Bruck syndrome 2,3 PLOD2 Fragile bones, osteopenia, fractures and joint 

contractures , pterygia 

Brittle cornea syndrome,5 ZNF469 Blue sclerae, corneal rupture after minor trauma, 

keratoconus or keratoglobus, hyperelasticity of 

the skin, and hypermobility of the joints 

Osteogenesis imperfecta type VIII6 LEPRE1 Severe osteoporosis, shortened long bones, soft 

skull with wide open fontanel 

Spondylocheirodysplasia7 SLC39A13 Hyperelastic and thin skin, hypermobility of small 

joints, protuberant eyes with bluish sclerae, 

platyspondyly, osteopenia 

Ehlers-Danlos syndrome type VIIC8 ADAMTS2 Redundant and fragile skin, prominent herniae, 

joint laxity and dysmorphic features 
1(Yeowell & Walker 2000), 2(Berg et al. 2005), 3(McPherson & Clemens 1997), 4(Abu et al. 2008), 
5(Al-Hussain et al. 2004), 6(Cabral et al. 2007), 7(Giunta et al. 2008), 8(Colige et al. 1999) 

The kyphoscoliotic form of Ehlers-Danlos Syndrome type VI (EDS VIA) has 
been characterized as a deficiency in the hydroxylysine content (Pinnell et al. 
1972) in collagen. Further studies revealed a reduction in lysyl hydroxylase 
activity (Krane et al. 1972) and eventually the cause of this syndrome was found 
to be mutations in PLOD1 encoding lysyl hydroxylase 1 (Hyland et al. 1992). 
Several other mutations have been identified including point mutations, insertions, 
deletions and splicing defects. EDS VI is recessively inherited, patients have 
compound heterozygous or homozygous mutations (Salavoura et al. 2006, Walker 
et al. 2005, Yeowell & Walker 2000). The Nevo syndrome (OMIM 601451) is 
allelic with EDS VIA (Giunta et al. 2005). To date, over 20 different mutations in 
PLOD1 have been characterized, the most common being the duplication of 
exons 10-16 (Hautala et al. 1993, Heikkinen et al. 1997, Pousi et al. 1994). The 
second most common is a nonsense mutation p.Y511X (Yeowell & Walker 2000). 
Both mutations may originate from a single ancestral gene (Yeowell et al. 2000). 

Biochemical analyses have shown a reduction of LH activity in skin 
fibroblasts from EDS VIA patients. Generally, LH activity is less than 25%, and 
can be as low as 5%, compared to unaffected fibroblasts (Yeowell & Walker 
2000). Interestingly, in bone and in cartilage, the amount of hydroxylysine was 
measured to be about 50% and 90% of control values, respectively (Eyre & 
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Glimcher 1972). A mouse model of the disease, LH1 knockout mice, also shows 
differential hydroxylation of lysines in tissues (Takaluoma et al. 2007a).  

Low lysyl hydroxylase activity also has an effect on pyridoline cross-links. 
The ratio of hydroxylysyl pyridinoline/lysyl pyridinoline (Pyd/Dpd) cross-links in 
urine is reversed from about 3:1 in controls to 1:6 in patients (Beardsworth et al. 
1990, Steinmann et al. 1995). A more recent study revealed a ratio of 5:1 as the 
control value (Kraenzlin et al. 2008). Similar changes in pyridinoline cross-link 
ratios have also been observed in fibroblasts from EDS VI patients (Pasquali et al. 
1997).  

A chromosomal locus of 17p12 was initially suggested for Bruck syndrome 
and consequently for telopeptidyl specific lysyl hydroxylase (Bank et al. 1999). 
Later, mutations in Bruck syndrome patients were found in the PLOD2 gene in 
chromosome 3q23-q24 (van der Slot et al. 2003). However, not all Bruck patients 
harbor mutations in PLOD2, thus Bruck syndrome has been classified as type I 
(OMIM 259450), without PLOD2 mutations, or as type II with PLOD2 mutations. 
No phenotypic differences have been observed between the two types. Bruck 
syndrome resembles OI but can be distinguished by the absence of hearing loss 
and dentinogenesis imperfecta, and congenital joint limitations (Berg et al. 2005, 
McPherson & Clemens 1997, van der Slot et al. 2003). 

No diseases linked to the PLOD3 gene have been described, although a 
lowered GGT activity with a reduction in urinary 
glucosylgalactosylhydroxylysine has been measured in one Finnish family with 
dominant epidemolysis bullosa simplex (OMIM 131880) (Savolainen et al. 1981).  

Ehlers-Danlos syndrome type VIB (OMIM 229200), also known as Brittle 
cornea syndrome, shares some features with Ehlers-Danlos syndrome type VIA. 
However, patients with type EDS VIB have no mutations in the PLOD1 gene.  In 
addition, EDS VIB patients have normal LH activity levels and pyridinoline 
cross-link ratios. Moreover, no alterations in the electrophoretic migration of 
collagens have been observed (Al-Hussain et al. 2004), and no correlation 
between cross-link pattern and changes in mRNA levels of lysyl hydroxylases 
have been detected. The disease is thought to be genetically heterologous and 
unrelated to decreased lysine hydroxylation (Walker et al. 2004). A recent study 
has suggested that mutations in Zinc-Finger 469, a putative transcription factor 
encoding gene, underlie Brittle cornea syndrome (Abu et al. 2008). Ehlers-Danlos 
syndrome type VIIC (OMIM 225410) is autosomal recessive and caused by 
mutations in the procollagen N-terminal proteinase gene ADAMTS2 (Colige et al. 
1999).   
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Prolyl 3-hydroxylase 1 deficiency has been found in patients with an 
osteogenesis imperfecta like bone dysplasia without mutations in type I collagen 
genes (OMIM 610915). Mutations in the LEPRE1 gene encoding prolyl 3-
hydroxylase have been found to be responsible for this type VIII of osteogenesis 
imperfecta (Cabral et al. 2007, Willaert et al. 2008). CRTAP forms a complex 
with prolyl 3-hydroxylase 1 and mutations in the CRTAP gene also cause 
Osteogenesis Imperfecta type VII (OMIM 610682) (Barnes et al. 2006).  

Patients with a recently characterized spondylocheirodysplasia 
(spondylocheirodysplastic form of Ehlers-Danlos syndrome, OMIM 612350) 
were shown to have an abnormal ratio of urinary pyridinoline cross-links. The 
Pyd/Dpd ratio was decreased from about 5:1 in controls to about 1:1 in patients. 
Both lysyl and prolyl residues were also underhydroxylated. A genome wide scan 
identified a homozygous deletion in the SLC39A13 gene, which encodes a 
membrane-bound zinc transporter. This suggests that an increase in Zn2+ 
concentration in the endoplasmic reticulum competes with Fe2+ (Fukada et al. 
2008, Giunta et al. 2008). SLC39A13 knockout mice also develop generalized 
skeletal and connective tissue abnormalities (Fukada et al. 2008).  
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3 Aims of the present work 

Lysyl hydroxylase isoforms LH1, LH2 and LH3 catalyze the formation of 
hydroxylysine in collagens. In addition, LH3 is multifunctional having also the 
glycosyltransferase activities required to build galactosylhydroxylysine and 
glucosylgalactosylhydroxylysine. 

At the time this work started, the importance of LH1 in vivo had been 
demonstrated in Ehlers-Danlos syndrome type VI, which is caused by mutations 
in the PLOD1 gene. The functions of LH2 and LH3 were poorly understood. 
Only limited data existed concerning the expression of the isoforms due largely to 
a lack of suitable antibodies that prevented studies at the protein level.  The initial 
aim of the present work was: 

1. To produce antibodies against the lysyl hydroxylase isoforms and study 
expression patterns in mouse mainly at the protein level using immunoblot 
analyses and immunohistochemistry to determine the relationships between 
the isoforms. 

In this study LH3 was found to be present also in the extracellular space. This 
finding set an additional goal for this work: 

2. To characterize LH3 in novel compartments and to study differences between 
its roles in the endoplasmic reticulum and in the extracellular space. 

Urinary screening of patients revealed a patient lacking glycosyl residues in 
collagen crosslinks. LH3 was a prime candidate to resolve the genetic and 
molecular basis of this disease. A further aim of the work, therefore, was: 

3. To analyze the patient for mutations in the PLOD3 gene and to show the 
correlation between genotype and phenotype in this novel connective tissue 
disorder. 
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4 Materials and methods 

Experimental procedures are described in more detail in the original articles 
(I-III). 

4.1 Production of antibodies (I, II) 

Mouse cDNAs coding for the amino-terminal part of LH2 corresponding to 
amino acids 28-227 or the full length LH3 coding region without the signal 
peptide (Ruotsalainen et al. 1999) were cloned into a pQE30 vector (Qiagen) for 
production of recombinant antigens with N-terminal polyHis tags. 

Antigens were produced in Escherichia coli and purified using Ni-NTA 
affinity (Qiagen) chromatography under denaturing conditions. Further 
purification was performed by separating the antigen fractions with SDS-PAGE 
and eluting the antigen from the gel (Prussak et al. 1989). SDS was precipitated 
with KCl and the antigen was dialyzed into PBS pH 7.4. Finally, rabbits were 
immunized with the antigen (Davids Biotechnologie). 

Antibodies were purified from rabbit serum with protein A-sepharose 
(Amersham Biosciences) or with an antigen-affinity chromatography using the 
antigen coupled to CNBr-activated sepharose 4B (Amersham Biosciences).  

4.2 Immunohistochemistry (I,II) 

Fresh mouse tissues were harvested and subsequently fixed with 4% PFA in PBS 
pH 7.4 and processed into paraffin sections using standard procedures. Sections 
on glass slides were rehydrated. Endogenous peroxidase activity was quenched by 
treatment with 0.3% H2O2 for 15 min. Treatment in 8 M Urea for 40min or 
heating in 0.1 M citrate buffer pH 6.0 for 12 min using a microwave oven was 
used for antigen retrieval. Non-specific binding was blocked with 3% BSA. 
Antigen-affinity purified primary antibodies against LH2 and LH3 were used. 
Biotinylated goat anti-rabbit IgG (DAKO) was used with a Vectastain ABC-kit 
(Vector laboratories) for secondary detection and signal amplification. Finally, 
staining was done using 0.5 µg/ml 3,3’diaminobenzidine with 0.006% H2O2. 
Sections were embedded in Immu-Mount (Thermo Shandon). 
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4.3 Immunoelectron microscopy (I,II) 

Fresh mouse tissues were harvested, cut into small, approximately 1 mm2, pieces 
and fixed for 2h in 4% PFA in 0.1 M phosphate buffer pH 7.4 containing 2.5% 
sucrose. Tissue pieces were immersed in 2.3 M sucrose and frozen in liquid 
nitrogen. Thin cryosections were cut with an Ultracut UCT microtome (Leica). 
The sections were first incubated in 0.05 M glycine in PBS followed by 
incubations in 5% BSA with 0.1% CWFS (cold water fish skin) gelatine (Aurion) 
in PBS. All washing and incubations were carried out in 0.1% BSA-CWFS 
supplemented PBS pH 7.4. Sections were incubated with primary antibody for 60 
min and then for 30 min with protein A-gold complex (Slot & Geuze 1985). 
Primary antibody was excluded from the control. 

Sections were then embedded in methylcellulose and examined in a Philips 
CM100 transmission electron microscope (FEI Company). Images were captured 
by a CCD camera equipped with TCL-EM-Menu version 3 (Tietz video and 
Image Processing Systems GmbH). 

4.4 Northern analysis (II) 

A mouse embryo multiple tissue Northern blot (Clontech) was hybridized with 
[32P]dCTP-labeled cDNA fragments of mouse LH1, LH2 and LH3 (Ruotsalainen 
et al. 1999) in Express Hyb solution (Clontech) using the manufacturers protocol. 
Human β-actin cDNA was used as a control probe. 

4.5 Whole-mount in-situ hybridization (II) 

Whole mount in situ hybridization was performed based on standard procedures 
(Wilkinson 1992). The embryos were stained using BM-Purple substrate 
(Boehringer Mannheim) with alkaline phosphatase conjugated Anti-Digoxigenin 
Fab fragments (Boehringer Mannheim). Sense and antisense probes for mouse 
LH1, LH2 and LH3 (nucleotides 979-1986, 565-1601 and 786-1976, respectively) 
were cloned into pBluescript® II SK (Stratagene) vector. Digoxigenin probes 
were transcribed using T7 and T3 RNA polymerases with a Digoxigenin RNA 
Labeling Kit (Boehringer Mannheim). The probes were used at a concentration of 
approximately 1 µg/ml. 
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4.6 Analysis of alternative splicing of LH2 (II) 

Total RNA was extracted from mouse embryos and tissues with Trizol reagent 
(Invitrogen). mRNA was purified with Dynabeads oligo-d(T) (Dynal). cDNA was 
prepared with a Cloned AMV First-Strand cDNA Synthesis kit (Invitrogen) in 
oligo-d(T) primed synthesis. Oligonucleotides corresponding to nucleotide 
sequences in the exons 9 and 14 were used to amplify part of the LH2 gene with 
or without the alternatively spliced exon 13A. The PCR products were analyzed 
on an agarose gel. 

4.7 Cell culture (I, III) 

HT-1080, Cos-7, 3T3 and Non55 (locally established human skin fibroblasts) 
were cultured in glutamax containing DMEM medium (Gibco) supplemented 
with 10% FCS (Promocell), penicillin-streptomycin (Sigma) and 50µg/ml 
ascorbate. An EBV-transformed lymphoblastoid cell line from the proband was 
cultured in RPMI medium (Gibco) supplemented with 10% FCS (Promocell) and 
penicillin-streptomycin. Cells were maintained at 37°C with 5% CO2. 

Sf9 insect cells were cultured in suspension in penicillin-streptomycin 
supplemented HyQ SFX-Insect MP (HyClone) medium at 28°C under constant 
stirring. Infections were carried out using cells grown as monolayers. 

4.8 Glycosyltransferase activity assays (I, III) 

Glucosyltransferase and galactosyltransferase activities were measured by a 
method based on the transfer of [3H]glucose or [3H]galactose from a respective 
UDP-[3H]sugar donor (139 Ci/mol) to a calf skin gelatine substrate. Specific 
detection of the reaction products glucosylgalactosylhydroxylysine or 
galactosylhydroxylysine was performed after alkaline hydrolysis and Dowex X8 
(Sigma) chromatography (Kivirikko & Myllylä 1982).  

HPLC Chromatography (Bank et al. 1997) was used to analyze the end 
product of the GGT reaction. The GGT reaction mixture was precipitated and 
hydrolyzed in 2 M NaOH at 105°C overnight (Kivirikko & Myllylä 1982). The 
hydrolysate was neutralized and fluorescent FMOC labeled amino acids were 
analyzed by Nova-Pak C18-HPLC column (Waters). 

GGT activity from the cell surface was measured with a modified assay in 
24-well plates. Reaction components in a volume of 100 µl were added to 
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adherent cells after PBS washes. After incubation 45 min at 37°C, the 
measurement was done as described earlier. The cells were also treated with 3U 
of bacterial collagenase (Sigma, C0773) in 50 mM Tris pH 7.5, 5 mM CaCl2, 2 
mM N-ethylmaleimide and 0.12 M NaCl at 37°C for 15 min or 30min. After 
washing, the GGT reaction was performed as described earlier.  

Galactosylhydroxylysine and glucosylgalactosylhydroxylysine measurements 
were conducted using serum and medium proteins as a substrate. The enzyme 
used in the assay was a 30 kDa His-tagged amino-terminal fragment (amino acids 
25-290) of human LH3 with GGT and GT activities (Heikkinen et al. 2000, Wang 
et al. 2002a, Wang et al. 2002b) produced in E. coli and purified with Ni-NTA 
agarose and ion exchange chromatography to over 95% purity. The substrate was 
incubated with the LH3 fragment (50 and 500 ng/ml), UDP[3H]-sugar (7 µM, 566 
Ci/mol), and 5mM MnCl2 for 4 h at 37°C. The native structure of the substrates 
was not destroyed by heating as in the standard procedure. The amount of labeled 
glucosylgalactosyl hydroxylysine and galactosylhydroxylysine was assayed after 
alkaline hydrolysis and Dowex chromatography (Kivirikko & Myllylä 1982). 

4.9 Lysyl hydroxylase activity assay (I,III) 

Lysyl hydroxylase activity was measured based on the hydroxylation coupled 
decarboxylation of 2-oxo[1-14C]glutarate (Kivirikko & Myllylä 1982). The 
synthetic peptide IKGIKGIKG was used as a substrate. When medium proteins 
were used as a substrate, they were added to the reaction without destroying the 
native structures by heating. The amount of hydroxylysine in the medium proteins 
was analyzed by amino acid analysis after overnight acid hydrolysis in 6 M HCl 
at 110°C. 

4.10 Western analysis (I, II, III) 

Fresh tissues from adult mice were homogenized using a Teflon-glass 
homogenizer with 0.1 M glycine, 0.02 M Tris-HCl, pH 7.8, 1% Igepal CA-630 
and sonicated 3 × 5 sec. The 14,000g supernatant was used in the assay. A 
Bradford protein assay (Bio-Rad) was used to determine the protein content in the 
soluble fractions.  

A UDP-hexanolamine agarose (Sigma) affinity method was used to enrich 
LH3 from cell culture media and from human and mouse sera. Affinity beads 
were washed twice with PBS and incubated at 4°C overnight with the proteins, 
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supplemented with 15 mM MnCl2. The agarose beads were then washed at least 
three times and subjected to immunoblot analyses. Concanavalin A Sepharose 4B 
(GE Healthcare) was used to affinity purify material from tissue and cell 
homogenates.  

Proteins were separated by SDS-PAGE and transferred to Immobilon-P 
(Millipore) or Hybond LFP (GE Healthcare) PVDF membranes. Unspecific 
binding was blocked by incubation in 5% non-fat milk powder in TBST. 
Incubation with primary antibody was followed by washing with TBST, 
secondary antibody incubation and final washes. For chemiluminescent detection, 
ECL or ECL+ (GE Healthcare) was used together with Biomax XAR film 
(Kodak). The fluorescent signals were detected with a Typhoon 9400 (GE 
Healthcare) instrument and quantified using ImageQuant TL 7.0 software (GE 
Healthcare).  

Anti-c-myc 9E10 (Santa Cruz), anti-PLOD3 (Proteintech group) and rabbit 
polyclonal antibodies produced in this study were used as primary antibodies. 
Horseradish peroxidase conjugated goat anti-rabbit-IgG (P.A.R.I.S Biotech) and 
AlexaFluor488 conjugated goat anti-mouse-IgG antibodies (Molecular Probes) 
were used for secondary detection. 

4.11 Endoglycosidase assays (I, III) 

Soluble or UDP-hexanolamine agarose bound proteins were cleaved with 50U 
Endoglycosidase H (NEB) or 50U PNGase F (NEB) under denaturing conditions. 
The beads were suspended in a sample loading buffer and proteins were analyzed 
by Western blot. 

4.12 Collagen cross-link analysis (III) 

Pyridinium cross-links were analyzed from urine of the proband and age-matched 
healthy controls (Pratt et al. 1992). Hydroxylysine glycosides were analyzed by 
LC/MS/MS with multiple reaction monitoring using an ABI QTRAP 3200 
instrument (Casetta et al. 2000). After prefractionation of the urines by partition 
chromatography on cellulose columns, the cross-linked components were 
separated by RP-HPLC and quantified by their natural fluorescence (ex. 295/em 
400 nm) in relation to the internal standard deoxypyridinoline. 
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4.13 Genotyping (III) 

Total RNA was extracted with a TRIzol Plus RNA Purification system 
(Invitrogen). cDNA was synthesized using a Cloned AMV First-Strand cDNA 
Synthesis kit (Invitrogen) with Dynabeads (Dynal) purified mRNA as a template 
in an oligo(dT)-primed synthesis. PCR amplified fragments of the cDNA were 
used for direct sequencing. LH3 cDNA specific oligonucleotides were used in the 
reaction. 

Genomic DNA was extracted from lymphoblastoid cells with a QIAamp 
DNA Blood Maxi Kit (Qiagen). PCR amplification of fragments located in the 
PLOD3 promoter region and in the region corresponding to the 3’UTR region of 
the PLOD3 gene, as well as areas containing the mutations, were used for direct 
sequencing. For the in vitro carrier test, genomic DNA fragments containing 
mutations were digested with BbvCI or NarI (New England Biolabs) and resolved 
with an agarose gel. DNA sequencing was done with a DYEnamic ET terminator 
cycle sequencing premix kit (GE Healthcare) and an ABI Prism 377 sequencer 
(Perkin Elmer).  

4.14 Production of recombinant proteins in insect cells (III) 

Mutant LH3 proteins were produced in Sf9 insect cells using a BAC-TO-BAC™ 
expression system (Invitrogen). LH3 without the putative signal sequence (amino-
acids 25-738) was cloned in frame after a signal sequence from LH1 and c-myc 
epitope tag in a pFastbacI vector (Invitrogen). Mutations were generated using a 
QuikChange II site-directed mutagenesis kit (Stratagene). Cells were harvested 
72h post-infection and homogenized into nonidet buffer (0.1M glycine, 1% Igepal 
CA-630, and 20 mM Tris pH 7.4). The cells were sonicated, centrifuged at 
15000g and the resulting supernatant used for activity assays and immunoblot 
analyses.  
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5 Results 

5.1 Production of antibodies against mouse LH2 and LH3 (I,II) 

Polyclonal antibodies were produced in rabbits to study the expression and 
localization of mouse lysyl hydroxylase isoforms. The LH2 antigen was a 30kDa 
amino terminal fragment, whereas the LH3 antigen was the full length protein. 
Antigens were produced in E.coli and subsequently purified. Immunizations 
resulted in high antibody titers and the antisera collected recognized the 
respective antigens on Western analysis.  

Despite the rather high about 60% homology in amino acid sequences 
between the LH isoforms, the antibodies were isoform specific showing no cross-
reactivity against other recombinant isoenzymes on Western blots. Isoform 
specificity was also observed in the histological analysis of mouse tissues. The 
LH2 protein can be distinguished from LH1 and LH3 by its clearly higher 
molecular weight in Western analysis. The results indicated that the LH2 antibody 
recognized only the LH2 protein from Concanavalin-A purified tissue 
supernatants. A single band was also observed with the LH3 antibody. UDP-
hexanolamine agarose is a widely used affinity material for glycosyltransferases, 
and due to the glycosyltransferase activities of LH3, we were able to use UDP-
hexanolamine agarose to separate LH3 from LH1 and LH2. No immunoreactive 
bands were observed from homogenates after removal of LH3. The antibodies 
also recognized the corresponding human isoenzyme. Furthermore, preincubation 
of antibody with its antigen blocked immunoreactivity in immunohistochemistry.  

5.2 Expression of lysyl hydroxylase isoforms in mouse (I,II) 

5.2.1 Expression during embryonic development (II) 

The expression levels of LH1, LH2 and LH3 were studied during mouse 
embryonic development by Northern analysis. The data (Fig. 1, II) showed that 
all LH isoforms were expressed throughout development. LH1 was expressed at a 
high level at all time points studied (E7, E11, E15 and E17). The expression 
levels of LH2 and LH3 were high at E7, and decreased at later stages. The 
expression level of LH2 remained low at all later time points studied, whereas the 
expression of LH3 was increased at E15. The data demonstrate differences in the 
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expression profiles between the different LH isoforms during embryonic 
development.  

The expression of LH1, LH2 and LH3 in E7.5, E9.5 and E11.5 embryos was 
studied in more detail by whole mount in situ hybridization. The embryonic 
mesoderm of E7.5 embryos exhibited a similar expression for all LH isoforms 
(Fig. 2, II).  However, the LH3 gene was expressed more broadly in the gastrula 
stage embryo and also in extraembryonic tissues, especially in differentiating 
trophoblast cells. The expression pattern of the isoforms was similar in E9.5 and 
E11.5 embryos (Fig. 2, II). Staining was visible in tail bud, somites, dorsal aorta, 
branchial arches, particularly in the mandibular and maxillary components of the 
first branchial arch, hindbrain and forebrain. The expression of the isoforms could 
also be seen in the limb buds of E11.5 embryos.  

5.2.2 Expression levels and glucosyltransferase activity (I) 

The expression of LH2 and LH3 was studied in adult mouse tissues, heart, spleen, 
lung, liver, skeletal muscle, kidney, testis and brain. The crude tissue extracts 
were enriched by concanavalin A affinity chromatography and analyzed by 
Western blot using LH2 and LH3 antibodies. 

The LH2 antibody recognized a band (Fig. 3, II) with a molecular weight of 
approximately 89 kDa in heart, spleen, lung and muscle, whereas a band with a 
molecular weight of approximately 86 kDa was observed in kidney and testis. No 
band above background was detected in liver. The LH3 antibody recognized a 
band in all tissues studied, although the highest expression level was seen in lung, 
spleen and testis. 

GGT activity was measured from the same tissues (Table 1, I). The results 
indicated that lung, spleen, and testis tissues had high levels of GGT activity, 
whereas the levels detected in kidney and heart were low. Quantification of LH3 
protein bands from Western blots revealed a good agreement between these two 
assays (Fig. 1B, I). Furthermore, our data from mouse embryos indicated that 
high values for GGT activity in embryonic tissues were associated with high 
amounts of LH3 protein.  

5.2.3 Alternative splicing of lysyl hydroxylase 2 (II) 

RNA was extracted from mouse embryos, reverse transcribed into cDNA and the 
alternatively spliced region of LH2 (exon 13A) was amplified with LH2-specific 
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oligonucleotides to determine the alternative splicing of LH2. Two bands were 
generated (Fig. 3C, II). The size difference between these (792 bp and 729 bp) 
bands corresponded to the size of the alternatively spliced exon 13A. The upper 
band represented the longer form, LH2b, and lower band the shorter form, LH2a. 
The intensity of the bands indicated that LH2a was the major LH2 isoform 
expressed earlier during development at E7.5 and E9.5, whereas at E11.5, the 
expression of LH2a and LH2b was approximately at the same level. LH2b was 
more prominent later at E13.5.  

PCR analysis was also carried out to study the alternative splicing of LH2 in 
adult mouse tissues and to determine if differences in splicing could explain the 
differences in the molecular weights of the LH2 protein bands in Western blots. 
The results indicated that (Fig. 3B, II) LH2b was the predominant form in heart, 
spleen, lung and muscle, whereas kidney and testis expressed exclusively LH2a. 
Both alternatively spliced forms were seen only in brain and muscle. LH2a was 
the prominent form in brain. No band was obtained from liver, data in agreement 
with the Western blot results. 

5.2.4 Immunohistochemistry of adult tissues (I,II) 

Immunohistochemical analyses were performed to study the expression of LH2 
and LH3 in adult mouse tissues. The expression level of LH2 differed from that of 
LH3 in brain. Purkinje cells (Fig. 4A, II) exhibited strong LH2 staining. 
Pyramidal cells were also stained but with a lower intensity. A faint LH3 staining 
was observed in Purkinje cells compared to a strong staining in pyramidal cells 
(Fig. 4B, II). Smooth muscle cells surrounding bronchioles (Fig. 4C) were stained 
by the LH2 antibody in lung, whereas alveolar type II pneumocytes were positive 
for the LH3 antibody (Fig. 4D). In spleen, cells of the red and white pulp border 
were stained with the LH2 antibody (Fig. 4E), whereas the LH3 antibody stained 
cells in the red pulp area (Fig. 4F). In the kidney, LH2 immunostaining was seen 
in epithelial cells of the areas of distal and collecting tubules (Fig. 4G, II). LH2 
staining of the cells was not evenly distributed however, and a stronger signal was 
present on the basal side of the cells. The epithelial cells of Bowman's capsulae 
were also stained. The strongest LH3 staining was observed at the distal part of 
renal tubules (Fig. 4A). In addition, a faint staining was present throughout the 
kidney with the exception of the glomeruli, which were not stained. 

A faint LH2 expression was identified in embryonic liver, but no signal from 
the adult liver was observed. Prominent LH3 immunostaining was seen in the 
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sinusoidal space of the liver (Fig. 4D, 4E, I). The strongest staining was observed 
in the portal area, whereas near the central vein the staining was substantially 
weaker. Strong staining was also found around the bile canaliculi. In pancreas of 
adult mice, LH3 staining was seen in between or surrounding exocrine cells (Fig. 
4H, II).  

5.2.5 Subcellular localization of lysyl hydroxylases (I,II) 

Immunoelectron microscopy (IEM) analysis showed LH2 in the lumen of the ER, 
lining the ER membrane in mouse kidney (Fig. 5A, II). Analyses showed that 
LH3 was mainly associated with the ER membranes of the distal tubules, but 
some of the gold particles were also seen in the extracellular space, in the 
basement membrane zone of the tubules. Interestingly, LH3 localization in liver 
was discovered between hepatocytes and the endothelium in the space of Disse 
(Fig. 4F, I) suggesting extracellular localization. A few gold particles were also 
located on the side of the endothelium facing the sinusoidal space, but no gold 
particles were found in the ER of hepatocytes or any other cells in liver. In 
contrast, only an intracellular localization for LH3 was seen in the liver of mouse 
embryos at E13.5 and E15.5 (Fig. 6A, 6B, II). No LH2 staining was observed in 
adult mouse liver, in agreement with immunoblot results (Fig. 3A, 3B, I). In 
skeletal muscle, both LH2 and LH3 were detected near t-tubes in Z-band areas 
(Fig. 5B, 5C, II). In addition, LH3 was also observed extracellularly. Gold 
particles representing LH3 were also observed inside a blood vessel. (Fig. 4G, I). 
Many gold particles were seen attached to amorphous material, most probably 
representing serum, in the lumen of blood vessel of the tissue. 

5.3 Lysyl hydroxylase 3 is also extracellular (I) 

5.3.1 Extracellularity in cell culture conditions (I) 

Immunohistochemical and immunogold studies suggested an extracellular 
localization for LH3. Biochemical analyses were conducted to confirm these 
findings and to produce more evidence for the presence of LH3 in the 
extracellular space. GGT activity, a tool to measure the amount of LH3, was 
assayed in the cell media of three transformed (HT-1080, 3T3 and Cos7) and one 
non-transformed (human skin fibroblasts) cell lines. The data showed GGT 
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activity in the culture media. These results indicated that LH3 is secreted from the 
cells under normal growing conditions.  

To verify the presence of LH3 in the cell culture medium, a UDP-
hexanolamine agarose affinity column was used to bind the GGT activity detected 
in the 3T3 cell medium. Proteins bound to the affinity matrix were analyzed by 
Western blot using an LH3 antibody. An immunoreactive band of 91 kDa was 
obtained from the medium, compared to an LH3 band of 86 kDa from cell lysates 
(Fig. 2, I). The 86 kDa band was not seen in the medium, excluding a possible 
artifact caused by leakage of LH3 from inner cell compartments.  

In order to determine whether the difference in molecular weight between 
LH3 in the medium and in cell lysates was due to differences in glycosylation, 
endoglycosidase H and PNGase F were used to remove the N-linked carbohydrate 
moieties. Western analysis (Fig. 2, I) performed after PNGase F treatment showed 
similar mobilities of the two LH3 bands suggesting a similar molecular size for 
the protein core. The appearance of this 82kDa band indicated that the difference 
in molecular size results from different N-glycosylation patterns. 
Endoglycosidase H treatment showed that LH3 from the medium is resistant to 
digestion and indicates that the carbohydrate chains were processed in the 
secretory pathway. 

To establish how the secreted GGT activity is distributed between the cell 
surface and the medium, activity was measured from the cell lysate, from the cell 
surface and from the medium. About 50–60% of the activity in 3T3 cells was 
found inside the cells, about 35–40% on the cell surface, and the rest in the 
medium. The distribution of the activity on the cell surface of human skin 
fibroblasts was about 35% and in the medium about 6%. The corresponding 
values in HT-1080 cells were 20% and 15%, respectively.  

To determine whether LH3 is associated with triple-helical collagen 
molecules on the surface of the cells, cells were treated with highly purified 
bacterial collagenase, which digests the triple-helical structures and is 
substantially free of proteases. The results showed a reduction of GGT activity on 
the cell surface (table 2, I) suggesting that LH3 is associated with triple-helical 
collagens or other proteins having collagenous sequences. Proteins released with 
collagenase were analyzed by Western blot using an LH3 antibody (Fig. 3, I). An 
LH3 about the same size as LH3 from cell lysates was recognized in the analysis. 
In order to exclude the possibility that the LH3 resulted from leakage from the 
intracellular compartments of damaged cells, the cells were stained with Trypan 
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blue. Our data revealed this source unlikely as less than 1% of the cells were 
damaged.  

5.3.2 LH3 in serum (I) 

GGT activity was measured from mouse and human sera (Table 3, I). GGT 
activity was present in both sera, but was about three times higher in mouse 
serum. However, the activity in serum, when expressed as dpm/µg soluble protein, 
was much lower than the activity measured in 3T3 cells. Based on the specific 
activity of purified human recombinant LH3 (Wang et al. 2002a), the estimated 
amount of LH3 present in human and mouse sera corresponded to about 20 and 
70 ng/ml, respectively.  

UDP-hexanolamine agarose was shown to bind LH3 and GGT activity 
effectively from serum and thus it was used to partially purify LH3. From the 
affinity purified material, LH3 specific antibodies recognized a band with a 
molecular weight of about 91 kDa, a size similar to that in the medium from 
mouse 3T3 cells (Fig. 2, I). PNGase F treatment reduced the molecular weight of 
the band from mouse serum to about 82 kDa. As in the case of LH3 from the 
culture medium, Endo H had no effect on the mobility of the band.  

To study the origin of GGT activity in serum, the activity was measured from 
adult heterozygous knockout mice, where one LH3 allele has been deleted from 
the genome. The activity was reduced to about 50% compared to wild type. This 
indicated that the GGT activity in serum is derived from the LH3 protein. 

5.3.3 Extracellular substrates of LH3 (I) 

Extracellular proteins were added to LH3 catalyzed reactions to study whether 
they could serve as substrates for lysyl hydroxylase and collagen 
glycosyltransferase reactions. Proteins secreted from the cells were incubated 
with lysyl hydroxylase cofactors and full-length recombinant LH3 produced in a 
baculovirus system. The hydroxylysine/lysine ratio of the proteins was 
determined by amino acid analysis. The data showed an increase in the 
hydroxylysine/lysine ratio of extracellular proteins. In the 3T3 cell medium, the 
ratio was increased 1.4 fold from 0.0083 to 0.0116 after 4 h incubation with LH3. 
Similar results were obtained with HT1080 cell medium.  

The formation of galactosylhydroxylysyl and glucosylgalactosylhydroxylysyl 
residues in extracellular proteins was also measured. Serum proteins, secreted 
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proteins in culture medium or proteins on the cell surface were incubated in the 
presence of manganese and radioactively labeled UDP-sugar. A purified 30kDa 
recombinant amino-terminal LH3 fragment produced in E.coli was used as an 
enzyme in the reaction. 

The amount of end product formed was measured after alkaline hydrolysis by 
ion exchange chromatography (Kivirikko & Myllylä 1982). When incubations 
were carried out with radioactively labeled UDP-galactose, no increase or only a 
very small one (<5%) was found for galactosylhydroxylysyl residues. This might 
be due to inactivation of the GT activity, which is consistent with our 
observations of GT activity measurements in vitro. However, LH3 was able to 
increase the amount of glucosylgalactosylhydroxylysyl residues in all the 
substrates used (Fig. 5, I). Similar results were obtained with a full-length LH3 
produced in a baculovirus system. An increase was also found in HT1080 cell 
medium.  

The end product of the glucosyltransferase reaction was analyzed by HPLC 
(Bank et al. 1997). The results indicated that the reaction product eluted from the 
column corresponded to the glucosylgalactosylhydroxylysine standard (Fig. 6, I) 
suggesting that LH3 is associated with GGT activity and the end product formed 
is glucosylgalactosylhydroxylysine. These data indicate that LH3 is able to 
modify extracellular proteins in their native conformation. 

5.4 Connective tissue disorder with mutations in PLOD3 (III) 

5.4.1 Cross-link analysis (III) 

Pyridinium cross-links in urine were analyzed from patients having connective 
tissue disorders. A single patient was detected who lacked a glucosylgalactose 
moiety in these cross-links (Fig. 1, III). Normally, 15% of the free pyridinium 
cross-links in urine contain this disaccharide (Robins et al. 1990). No 
compensatory increase of Gal-PYD was detected. Further analysis also revealed 
an abnormality in hydroxylysine glycosides. The Glc-Gal-Hyl to Gal-Hyl ratio 
was decreased from 1.3 in two age-matched controls to 0.8 in the patient. The 
total hydroxyproline measured in urine was within the normal range at 287 
µmol/mmol creatinine. These data suggested a defect in the enzyme glycosylating 
hydroxylysine residues in collagens. LH3 was a prime candidate. 
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5.4.2 Clinical manifestations (III) 

The proband is female and the fourth live born infant of a healthy non-
consanguineous couple of European descent. Intrauterine growth retardation was 
observed. Postnatal growth was delayed. The patient had a flat facial profile as 
well as skeletal problems including bilateral talipes equinovarus and flexion 
contractures in some fingers. The knee joints appeared prominent. Scoliosis 
progressed from the age of seven. Osteopenia and healed fractures of the left 
clavicle, right femur, and right humerus were seen. Skeletal muscle bulk was poor. 
Profound bilateral sensorineural deafness was observed. Eye abnormalities included 
shallow anterior chambers, flat retinae and cataracts. Myopia was also observed. Skin, 
nail and hair abnormalities presented in the first year of her life. Spontaneous vascular 
ruptures occurred in the second decade. At the age of 11, a spontaneous cerebral 
arterial hemorrhage presented with hemiplegia. A spontaneous rupture of a right 
popliteal aneurysm presented with pain and swelling at age of 14. A subsequent CT 
angiography showed gross dilatation of the internal carotids. Development was 
globally delayed.   

A male sibling of the proband was stillborn at 28 weeks gestation. 
Intrauterine growth retardation complicated pregnancy. A porencephalic cyst with 
dilatation was revealed in autopsy. He had facial, finger and toe abnormalities. 
Extensive petechial hemorrhages were seen on the skin. A normal chromosomal 
pattern was observed. Genetic material was not available at the time of this study, 
and thus PLOD3 analyses were not made. 

5.4.3 Biochemical and genetic analyses (III) 

GGT activity was measured from the serum and cell supernatant prepared from 
lymphoblastoid cells of the patient (Fig. 4, III). Activity was decreased in both 
cases. Western analysis from lymphoblastoid cells also showed very low 
expression of the LH3 protein. This suggested a defect in the PLOD3 gene. 

Total RNA and genomic DNA were extracted from the lymphoblastoid cells 
of the patient for genotype analysis. LH3 cDNA analysis revealed two 
heterozygous changes in the coding region. These are a nucleotide transition 
c.668A->G which results in the amino acid substitution p.Asn223Ser, and a one 
nucleotide deletion c.2071delT that causes a translational frame-shift and 
premature stop-codon formation p.Cys691AlafsX9. The mutations were localized 
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to areas important for glycosyltransferase and lysyl hydroxylase activity, 
respectively. 

Both mutations generated new restriction sites. A carrier analysis was 
performed to test the mother and father of the patient. Genomic DNA was 
amplified with PCR and restriction enzymes were used to digest the amplified 
fragment. Restriction analysis with BbvCI indicated the c.668A->G mutation was 
inherited from the father and digestion with NarI indicated c.2071delT was 
inherited from the mother. 

5.4.4 Characterization of recombinant mutant proteins (III) 

In vitro mutagenesis was used to create mutations. Mutant proteins were then 
expressed in Sf9 insect cells using a baculovirus expression system. Activity 
assays (Fig. 8, III) indicated that Asn223Ser dramatically reduced the 
glycosyltransferase activities, whereas p.Cys691AlafsX9 abrogated LH activity of 
the recombinant LH3. 

The mutation c.668A->G resulted in a protein with a higher molecular weight 
than non-mutated LH3. The difference was not observed when proteins were 
treated with Endoglycosidase H prior to Western blot. The Asn223Ser amino acid 
change produced a new site for asparagine linked oligosaccharides. 
The -Asn-X-Asn- sequence was changed to -Asn-X-Ser- in the patient. This 
resulted in N-glycosylation of Asn221, i.e. at position -2 to the Asn223Ser 
mutation. A GGT activity assay performed after EndoH digestion showed the 
Asn223Ser amino acid change to be responsible for the reduced specific activity 
of the protein. The extra N-glycan chain did not affect the GGT activity of LH3. 
Mutation c.2071delT resulted in an LH3 protein that was truncated by 40 amino 
acids and contained 8 amino acids at the C-terminus of the molecule that differed 
from those of the wild-type.  
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6 Discussion 

6.1 Production of antibodies 

The mouse LH2 fragment and full length LH3 were expressed in E.coli and 
subsequently purified to produce antigens. Immunization of rabbits resulted in 
high antibody titers in their sera. The LH2 and LH3 antibodies recognized mouse 
LH2 and LH3 respectively, and also the human counterparts. Despite the high 
homology between the lysyl hydroxylase isoforms (Ruotsalainen et al. 1999), no 
cross-reactivity was observed, which indicated the antibodies were suitable for 
protein level studies of the lysyl hydroxylase isoforms. 

6.2 Expression and localization of lysyl hydroxylase isoforms 

The expression of lysyl hydroxylase isoforms was studied during development 
and in adult tissues in mouse to further understand functions of these enzymes. 
Antibodies against mouse lysyl hydroxylase isoforms were successfully used in 
experiments to show the corresponding protein localization and expression levels. 
The protein A purified IgG fraction was used in immunoblots, whereas antigen 
affinity purified antibody was needed for immunohistochemistry and 
immunoelectron microscopy. mRNA expression was studied in Northern analysis 
and in whole mount in situ hybridizations.  

6.2.1 Ubiquitous expression at embryonic stages 

Results from whole mount in situ hybridization showed widespread and 
prominent staining for all isoforms, which suggested an important role during 
embryonic development. The expression patterns of the isoforms were highly 
similar during development at embryonic stages. Rautavuoma et al. (2004) has 
also described ubiquitous expression for LH3. In contrast to expression patterns, 
expression levels varied between the isoforms at different stages. All lysyl 
hydroxylase isoforms were strongly expressed already at E7.5, whereas the 
expression of fibril forming collagens I and III starts at E8.5 (Niederreither et al. 
1995). In contrast, for example type IV collagen expression has been detected 
already in E3 embryos (Leivo et al. 1980). 
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LH3 has been shown to be crucial for embryonic development as LH3 knockout 
mice die early in development, around E9.5. Data from the mice also indicate that 
basement membrane formation is dependent on LH3 catalyzed 
glycosyltransferase reactions (Ruotsalainen et al. 2006). LH3 knockout mice 
actually die at an earlier stage than type IV collagen (Col4a1/2-/-) (Poschl et al. 
2004) and Hsp47 knockout mice (Hsp47-/-) (Marutani et al. 2004) highlighting the 
importance of LH3 and collagen glycosylation early in development. LH1 seems 
to be the most highly expressed isoform during development. This might be due 
to its role in hydroxylation of the helical lysines of the major type I collagen 
(Eyre et al. 2002, Steinmann et al. 1995, Yeowell & Pinnell 1993). Distinct 
developmental roles have also been suggested for zebrafish lysyl hydroxylase 
isoenzymes (Schneider & Granato 2007).  

6.2.2 Glucosyltransferase activity corresponds to LH3 levels 

The glucosyltransferase assay is very sensitive and specific due to the presence of 
the unusual α1,2-O-glycosidic bond between glucose and galactose in  
glucosylgalactosylhydroxylysine (Kivirikko & Myllylä 1982). The assay was 
used to measure GGT activity from various mouse tissue supernatants. LH3 
protein levels in the tissues were measured by Western blot using the LH3 
antibody produced in this study. Quantification of LH3 bands showed strong 
correlation between GGT activities from the same tissues indicating that the GGT 
activity of mouse tissues is associated with LH3. This is in agreement with studies 
made with knockout LH3 mice (Rautavuoma et al. 2004, Ruotsalainen et al. 
2006). Antibodies against human LH3 have also been shown to partially inhibit 
the GGT activity of skin fibroblasts. Furthermore, antibodies against purified 
GGT partially inhibited the GGT activity of LH3 (Heikkinen et al. 2000). All this 
data suggest that LH3 is responsible for GGT activity in vivo. The data also 
suggest that GGT activity is a very useful and sensitive tool to measure LH3 
levels even from crude tissue lysates. 

6.2.3 Tissue and cell specific expression in mouse tissues 

Immunohistochemical experiments indicated that some cells produce both LH2 
and LH3. These include skeletal muscle cells, reticular cells of the spleen and 
Purkinje and pyramidal cells of brain. In contrast, some cells produced either LH2 
or LH3. Type II pneumocytes in lung were heavily stained with the LH3 but not 
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with the LH2 antibody. Smooth muscle cells of lung bronchioles and cells in the 
border of white and red pulp areas of the spleen were stained with the LH2 
antibody. The data revealed a cell-specific production of LH isoforms in some 
tissues.  

Immunoelectronmicrocopy of adult liver revealed LH3 solely in the 
extracellular space. Most of the gold particles were found in the space of Disse, a 
space between the hepatocytes and the endothelial cells. Some labeling was also 
seen near the endothelium on the sinusoidal side. Areas with many microvillae 
revealed the strongest staining. No staining was seen inside liver cells. 
Extracellular LH3 may thus have a role in the fenestrated basement membrane in 
the space of Disse in liver. Embryonic liver, however, showed intracellular LH3 
staining. This suggests that LH3 is needed in the biosynthesis of collagens in a 
fast growing embryo, and that its function in liver tissue may change later. 
Interestingly, immunohistochemistry, immunoelectron microscopy, Western 
analysis, as well as PCR did not show any LH2 expression in mouse liver. In 
contrast, human liver has been shown to express LH2 (Valtavaara et al. 1997). 
The absence of staining in mouse liver with the LH2 antibody also further 
confirms the isoform specificity of the antibody. An extracellular localization for 
LH3 was also seen in kidney. Although most of the gold particles were ER 
associated, some particles were seen at the basement membrane zone. Combined 
intra and extracellular localization has been demonstrated also in spleen and 
muscle. Data suggest that LH3 in pancreas is solely extracellular. LH3 staining of 
pancreas resembled LH3 staining in liver. 

In conclusion, the expression patterns of the lysyl hydroxylase isoforms were 
more distinct in the adult compared to the ubiquitous expression at embryonic 
stages. Western analysis showed that LH2 production varied more than LH3 
production between tissues. This data is in agreement with previously established 
mRNA levels (Ruotsalainen et al. 1999). Similarly, large variations in LH2, but 
not in LH3, levels have also been reported between different types of cultured 
cells (Wang et al. 2000). Some collagens have also been reported to have a more 
restricted expression pattern in the adult compared to embryonic stages (Cheah et 
al. 1991, Niederreither et al. 1995). The specific expression patterns in the adult 
may also suggest that the isoforms have specific substrates.  
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6.2.4 Tissue and stage specific alternative splicing of LH2  

LH2 has been characterized to have two differentially spliced variants, a shorter 
LH2a and a longer LH2b. The role of this alternative splicing is not known but it 
is shown that the extra 21 amino acids corresponding to the alternatively spliced 
exon 13A affect the substrate binding to LH2. Splicing may thus play a role in 
peptide binding to the active site or it may change the binding properties by 
altering the conformation of the active site (Risteli et al. 2004). The alternative 
splicing can be regulated by cell density and is also altered by cycloheximide 
treatment, which suggests that a newly synthesized protein factor is needed for 
exon 13A inclusion (Walker et al. 2005). TIA nuclear proteins have been shown 
to regulate the splicing (Yeowell et al. 2009). Data are also emerging that indicate 
LH2b is the enzyme responsible for the hydroxylation of collagen telopeptides, 
and thus is a key enzyme of collagen cross-link formation and regulation of tissue 
properties (Ha-Vinh et al. 2004, Takaluoma et al. 2007b, Uzawa et al. 1999, van 
der Slot et al. 2003). Increased expression of LH2b has been identified with 
increased pyridinoline cross-links in a variety of fibrotic disorders (van der Slot et 
al. 2004). The function of LH2a is not known.  

In this study, LH2 splicing was shown to be developmentally regulated. LH2a 
was shown to be the predominant form until E11.5 when the expression of the 
longer splice variant LH2b started. This may indicate that LH2b expression starts 
at later stages when more stable telopeptide hydroxylysine cross-links are needed 
as more support is required for the growing embryo. LH2 splicing is also under 
strict tissue specific control in adult mouse tissues. LH2b was the predominant 
form in most tissues studied, but, interestingly, LH2a was the only LH2 form in 
kidney and in testis. LH2a is also the predominant form in human (Yeowell & 
Walker 1999) and rat (Mercer et al. 2003) kidney. The data are in good agreement 
with the suggestion that LH2b is responsible for the hydroxylation of telopeptidyl 
lysine residues and thus for the formation of more stable cross-links, and is up-
regulated in tissues where more mechanical support is needed.  

6.3 Extracellular localization of Lysyl hydroxylase 3  

Lysyl hydroxylase expression was studied using immunohistochemical stainings 
and gold labeling in immunoelectron microscopy. Data from immunogold 
labeling showed strong extracellular staining in liver compared to mainly ER 
staining in some other tissues. This suggested a novel localization for LH3. 
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Earlier studies have also indicated an extracellular localization as GGT activity 
has been measured from serum and in platelets (Anttinen et al. 1977, Anttinen 
1977, Barber & Jamieson 1971a, Barber & Jamieson 1971b, Bolarin et al. 1984, 
Kuutti-Savolainen et al. 1979, Kuutti-Savolainen 1979).  

GGT activity was found in the media of many cultured cells. The existence of 
the LH3 protein in media was then demonstrated by Western analysis using LH3 
antibodies produced in this study. The amount of secretion of LH3 varied in 
different cells, for reasons that are not yet known. The secreted form of LH3 was 
higher in molecular weight than the intracellular LH3. The removal of 
carbohydrates from both forms with PNGase F produced non-glycosylated 
protein cores of similar molecular weights, which suggests that the size 
differences reflect differences in glycosylation. Extracellular LH3 exhibited Endo 
H resistance and this combined with PNGase F sensitivity suggested asparagine-
linked oligosaccharides were processed during the secretory pathway. The data 
also imply that proteolytic cleavage of a putative retention motif is not associated 
with secretion. The extracellular localization of LH3 was further confirmed by its 
presence in serum using Western analysis. This data together with results from 
immunogold experiments indicated that LH3 is extracellular also in vivo. The 
molecular weight and sensitivity to glycosidase digestion of LH3 in the serum 
corresponded to LH3 in the medium.  

Bacterial collagenase was used to extract collagen from cell surfaces. Both 
GGT activity and LH3 protein were released upon treatment. About half of the 
GGT activity could be removed from the cell surface by collagenase. Western 
analysis indicated that LH3 on the cell surface had a molecular weight similar to 
that inside the cells. Possibly soluble LH3 and LH3 on the cell surface are 
secreted via different pathways, but this is only speculation. Earlier studies have 
also reported collagen glycosyltransferase activities on the surface of malignant 
fibroblasts and platelets (Barber & Jamieson 1971a, Barber & Jamieson 1971b, 
Bauvois & Roth 1985). Further studies are needed to solve the functions of these 
two extracellular LH3 pools. 

The GGT activity measured in the serum of heterozygous LH3 knockout 
mice (Plod3+/-) was found to be reduced to about 50% compared to wild type. 
This suggested that GGT activity in the extracellular environments is derived 
from LH3 protein. Furthermore, data from transgenic mice suggest that LH3 is 
the sole source of GGT activity at least in embryonic stages (Ruotsalainen et al. 
2006). 
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There are no classical ER retention motifs, such as KDEL or a dilysine motif, 
in any of the LH isoforms. However, membrane association involving the 
C-terminal part of the molecule has been shown to keep LH1 in the ER (Suokas et 
al. 2000, Suokas et al. 2003). There is high homology between the isoforms, 
especially at the C-termini (Ruotsalainen et al. 1999, Valtavaara et al. 1998), 
suggesting a similar retention mechanism for all isoforms. No extracellular LH2 
was detected by immunogold studies in various tissues. Studies of LH1 in human 
embryonic skin fibroblasts have also not revealed any enzymatic activity or LH1 
protein in 5-day-old culture media (Kellokumpu et al. 1994). Intracellularly, both 
LH2 and LH3 were shown to be membrane associated, similar to the localization 
established earlier for LH1.   

  Earlier studies have indicated that the triple-helical conformation of collagen 
prevents further glucosylation of collagen in fibrillar collagens (Myllylä et al. 
1975b). However, data obtained in this study indicates that serum and medium 
contains proteins that can act as a substrate for LH3 in the extracellular space. 
Data also showed that the end product is glucosylgalactosylhydroxylysine in a 
LH3 catalyzed glucosyltransferase reaction using serum or medium proteins as a 
substrate. All the co-factors required for LH3 reactions have been reported also 
from the extracellular environment. UDP-glucose (Lazarowski et al. 2003) has 
been found extracellularly, and a receptor for it has also been characterized 
(Chambers et al. 2000). The lysyl hydroxylase co-factor 2-oxoglutarate has been 
identified from plasma (Martin et al. 1989). Ascorbate and metals are derived 
from diet. 

In addition to fibrillar collagens, there are several other types of collagen and 
collagenous proteins that may serve as substrates for LH3 in the extracellular 
space. There is increasing evidence that collagen is more dynamic than previously 
thought and can undergo “microunfolding” at physiological temperatures (Leikina 
et al. 2002, Miles & Bailey 2001, Persikov & Brodsky 2002). It is tempting to 
speculate that this local melting and refolding could provide targets for LH3. 
Unwinding of the collagen triple helix has been reported as a result of collagenase 
action (Chung et al. 2004). It is also possible that collagens with interruptions in 
the collagenous domain adopt a more relaxed conformation than fibrillar 
collagens and thus may serve as acceptors for lysine modifications. Many proteins 
also contain very a short collagenous domain that might be a potential substrate 
for LH3. Interestingly, there are reports indicating that type IV collagen also 
exists in a non-helical conformation (Kajimura et al. 2004, Yoshikawa et al. 2001). 
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In addition to LH3, many other proteins have also been characterized in both 
intra- and extracellular environments (Radisky et al. 2009). Novel compartments 
and functions have also been suggested for enzymes of collagen biosynthesis. For 
example, propeptide cleavage of collagen may start already in post-Golgi 
compartments (Canty et al. 2004). Collagen prolyl-4-hydroxylase has also been 
shown to have a novel type of target. The cytoplasmic Argonaute 2 protein of 
RNA interference has been shown to undergo hydroxylation of a proline residue 
(Qi et al. 2008).  

Several studies have indicated crucial roles for hydroxylysine glycosylation 
and that even a single hydroxylysine linked glycan can be important for 
physiological action (Bäcklund et al. 2002, Lauer-Fields et al. 2003). Interestingly, 
the glycosyltransferase activities of lysyl hydroxylase 3 in the extracellular space 
have been shown to be important for cell growth and viability (Wang et al. 2008). 
Although the actual substrates of extracellular LH3 have not yet been identified, 
LH3 in the extracellular space, and its ability to modify extracellular proteins, 
provides an alternative mechanism for lysine modification. To meet physiological 
needs, catalysis in the extracellular space is rapid and economical, compared to 
the degradation and resynthesis of new polypeptides.  

6.4 Connective tissue disorder caused by mutations in PLOD3 

Patients with connective tissue disorders were screened for collagen cross-link 
defects. One patient was detected that did not have glucosylgalactosyl residues in 
pyridinium cross-links. Normally this glycosylated derivative, Glc-Gal-Pyd, 
comprises about 15% of total free pyridinolines. No increase in the amount of 
Gal-Pyd was observed. Urinary Glc-Gal-Pyd has been suggested as a marker for 
synovial tissue breakdown in arthritic disease (Garnero et al. 2002), but other 
studies indicate that this component is a bone degradation product (Young-Min et 
al. 2007). A decreased Glc-Gal-Hyl to Gal-Hyl ratio was also detected. The ratio 
of urinary Pyd/Dpd was within the normal range, however, which suggests 
normal LH1 function. LH3 was characterized as a candidate gene for the defect, 
as it is a major source for GGT activity and possibly the only isoform possessing 
this activity (Ruotsalainen et al. 2006).  

Analyses of serum and lymphoblastoid cells from the patient showed a 
reduction in collagen glucosyltransferase activities. A low concentration of LH3 
compared to controls was also detected on immunoblots. This suggested further 
that defects in the LH3 gene might underlie this disorder. 
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Sequencing of the cDNA revealed two heterozygous mutations in the coding 
region of the LH3 gene PLOD3; a point mutation p.Asn223Ser, and a 
p.Cys691AlafsX9 frameshift combined with premature translational stop-codon 
formation.  Both mutations were shown be inherited, one from the mother and the 
other from the father. 

This compound heterozygous patient represents the first case where 
mutations in the PLOD3 gene are linked with a human disorder. Recombinant 
proteins harboring the mutations were produced in insect cells to show the 
genotype phenotype correlation. The p.Asn223Ser and p.Cys691AlafsX9 
mutations reduced the specific activities of glycosyltransferase and lysyl 
hydroxylase, respectively. This is as expected since the mutations are located in 
areas important for these activities (Myllylä et al. 2007). Asparagine 223 is highly 
conserved among different species. In the other allele product, the conserved 
histidine 719 and arginine 729 important for lysyl hydroxylase activity (Passoja et 
al. 1998b, Valtavaara et al. 1998) are absent due to the deletion in the C-terminal 
region. The reduction of GGT activity by p.Cys691AlafsX9 is in agreement with 
previous data concerning C-terminally truncated LH3 molecules (Heikkinen et al. 
2000, Wang et al. 2002b). 

Asn223Ser also generates a second alteration in the protein produced. Asn221 
becomes N-glycosylated as the -Asn-X-Asn- sequence is converted 
to -Asn-X-Ser-, a well-known N-glycosylation motif (Helenius & Aebi 2004). 
However, the data indicated that the decrease in activity is due to the p.Asn223Ser 
mutation rather than an extra N-linked glycan chain.  

The importance of LH3 catalyzed reactions has been shown previously for 
types IV and VI collagen in mice. On the basis of results from transgenic mice 
(Ruotsalainen et al. 2006, Sipilä et al. 2007), it seems probable that the phenotype 
is due to reduced glycosylation rather than to reduced lysyl hydroxylase activity. 
Unfortunately skin fibroblasts of the patient did not become available for more 
detailed study of individual collagen chains. 

Interestingly, many Stickler syndrome like features, including flat facial 
profile, myopia, prominent knee joints and profound sensorial deafness, were 
seen in the patient, which shows that mutations in lysyl hydroxylase 3 and type II 
collagen genes can produce similar phenotypes. Similarities with Stickler 
syndrome were noted already at an early age.  

In addition, the patient characterized in this study shares features from many 
other connective tissue disorders. Arterial rupture and osteopenia are both features 
of EDS VI. In contrast, scoliosis in the patient progressed from age 7 compared to 
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congenital scoliosis in EDS VI patients. Joint contractures and fractures are 
features of Bruck syndrome. Skin blistering and nail abnormalities have been 
reported for the dystrophic type of epidermolysis bullosa. However, the global 
developmental delay of the proband is not a feature of collagen related disorders 
discussed here. There is also some overlap with the spondylocheiro dysplastic 
form of EDS. Hand appearances are similar with small joint contractures. Broad 
large joints and thin skin with poor healing and easy bruising are also similar. 
Osteopenia and talipes equinovarus are described in both conditions. Cerebral 
hemorrhage is also characterized in a small-vessel disease with hemorrhage 
(OMIM 607595), which is a human COL4A1 linked disorder (Gould et al. 2006). 

Embryonic lethal PLOD3 knockout mice have a defect in basement 
membrane formation due to type IV collagen undermodification (Ruotsalainen et 
al. 2006, Sipilä et al. 2007). There are certain similarities between the phenotypes 
of LH3 knockout mice and the proband. For example, a blister in the head of 
knockout LH3 mice has been reported, as well as blood vessel dilatations, 
hemorrhages and developmental delay (Ruotsalainen et al. 2006).   

A male sibling of the proband was stillborn at 28 weeks gestation. Although 
the inavailability of genomic material prevented analysis of PLOD3, based on 
clinical observations it is likely that the phenotype was due to mutations in this 
gene. 

This study describes a heritable disorder of connective tissue caused by 
mutations in the gene for lysyl hydroxylase 3, and shows deficiency in LH3 
catalyzed reactions. The data suggest that analysis of cross-link glycosylation and 
measurement of GGT activity in serum provide on efficient tool to screen patients 
for LH3 mediated defects.  
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7 Conclusions 

This thesis study concerns expression and localization of lysyl hydroxylase 
isoenzymes and describes a heritable disorder caused by mutations in the PLOD3 
gene encoding lysyl hydroxylase 3. In this study, polyclonal antibodies against 
mouse LH2 and LH3 were produced. The antibodies were shown to be isoform 
specific and were used in expression studies of the isoforms. Ubiquitous 
localization of all isoforms was observed during embryogenesis, although 
differences in expression levels were noted. LH2 and LH3 showed more cell and 
tissue specific expression in adults compared with embryonic stages. The 
alternative splicing of LH2 was also shown to be developmentally regulated. 

LH3 was also found in the extracellular space in vivo, a localization that 
differs from LH1 and LH2, which are found only in the endoplasmic reticulum. 
The distribution of LH3 between extracellular and intracellular compartments was 
shown to be tissue specific. For example in liver, LH3 was solely extracellular, 
whereas in kidney LH3 was mostly localized in the lumen of the ER. It was also 
shown that extracellular proteins could function as substrates for LH3 catalyzed 
reaction. The extracellular localization suggests a novel means for lysine 
modification in addition to post-translational modification in the ER. 

In this study, a patient with defective glycosylation of pyridinoline cross-link 
was studied. Clinical features of the patient include flat facial profile, deafness, 
myopia, prominent knee joints, arterial rupture, osteopenia, joint contractures and 
fractures, nail and hair abnormalities and skin blistering. Hemorrhage and arterial 
dilatation have also been observed. These symptoms overlap with several other 
connective tissue disorders including Stickler syndrome, Ehlers-Danlos syndrome 
type VI and Bruck syndrome. Reduced GGT activity was measured in serum and 
from lymphoblastoid cells of the patient. Genetic analyses revealed two 
heterozygous mutations in the coding region of the PLOD3 gene encoding LH3. 
These changes (p.Asn223Ser and p.Cys691AlafsX9) were located in the areas 
important for glycosyltransferase and lysyl hydroxylase activities, respectively. 
Recombinant mutant proteins showed reduced specific enzyme activities linking 
these mutations with defects in enzyme activity and defective glycosylation of 
collagens in this compound heterozygous patient. Pleiotropic effects described 
here may suggest that LH3 aberrations may contribute more commonly to 
connective tissue disorders than are currently recognized. Methods used in this 
study provide an efficient way to screen for LH3 linked deficiencies in patient 
materials. 
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