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Abstract
Lysyl hydroxylase (LH) catalyzes the post-translational formation of hydroxylysines in collagens
and collagenous proteins. Three lysyl hydroxylase isoforms, LH1, LH2 and LH3, have been
identified from different species. In addition, LH2 has two alternatively spliced forms, LH2a and
LH2b. The hydroxylysines have an important role in the formation of the intermolecular collagen
crosslinks that stabilize the collagen fibrils. Some of the hydroxylysine residues are further
glycosylated. 

In this thesis the substrate amino acid sequence specificities of the LH isoforms were analyzed
using synthetic peptide substrates. The data did not indicate strict amino acid sequence specificity
for the LH isoforms. However, there seemed to be a preference for some sequences to be bound
and hydroxylated by a certain isoform.

Galactosylhydroxylysyl glucosyltransferase (GGT) catalyzes the formation of
glucosylgalactosylhydroxylysine. In this study, LH3 was shown to be a multifunctional enzyme,
possessing LH and GGT activities. The DXD-like motif, characteristic of many
glycosyltransferase families, and the conserved cysteine and leucine residues in the N-terminal
part of the LH3 molecule were critical for the GGT activity, but not for the LH activity of the
molecule. 

The GGT/LH3 protein level was found to be decreased in skin fibroblasts and in the culture
media of cells collected from members of a Finnish epidermolysis bullosa simplex (EBS) family,
which was earlier reported to have a deficiency of GGT activity. In this study, we showed that the
reduction of enzyme activity is not due to a mutation or lower expression of the LH3 gene. Our
data indicate that the decreased GGT/LH3 activity in cells has an effect on the deposition and
organization of the key extracellular matrix components, collagen types VI and I and fibronectin,
and these changes are transmitted to the cytoskeletal network. These findings underline LH3 as an
important extracellular regulator. 

Keywords: collagen biosynthesis, collagen glycosyltransferase, cytoskeleton,
epidermolysis bullosa simplex, extracellular matrix, lysyl hydroxylase
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Abbreviations 

BM basement membrane 
DXD aspartate-any amino acid-aspartate 
C carboxy 
cDNA complementary DNA 
EBS epidermolysis bullosa simplex 
ECM extracellular matrix 
EDSVI Ehlers-Danlos syndrome type VI 
ER endoplasmic reticulum 
GGT galactosylhydroxylysyl glucosyltransferase 
GT hydroxylysyl galactosyltransferase 
Hyl hydroxylysine 
KDEL lysine-aspartate-glutamate-leucine 
Km the Michaelis constant 
LH lysyl hydroxylase 
mRNA messenger RNA 
N amino 
PCR polymerase chain reaction 
PLOD procollagen-lysine, 2-oxoglutarate, 5-dioxygenase, gene name for 

human lysyl hydroxylase 
SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis 
siRNA small interfering RNA 
SLRPs small leucine rich proteoglycans  
UDP uridine diphosphate 
Vmax maximum velocity 
X any amino acid 
Y any amino acid 
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1 Introduction 

Collagens are the most abundant proteins of the body. At present, the collagen 
superfamily consists of 28 different extracellular matrix proteins, which provide 
tensile strength and scaffolding for tissues and organs. The biosynthesis of 
collagens involves an unusually large number of co- and posttranslational 
modifications, including hydroxylation of lysine residues and glycosylation of 
certain hydroxylysine residues to galactosylhydroxylysine and 
glucosylgalactosylhydroxylysine. The hydroxylysines have an important role in 
the formation of intermolecular collagen crosslinks, which stabilize the collagen 
fibrils. The functions of hydroxylysine-linked carbohydrates are not fully 
understood. 

Lysyl hydroxylase (LH) catalyzes the post-translational formation of 
hydroxylysines in -X-Lys-Gly- sequences in collagens and collagenous proteins. 
Three lysyl hydroxylase isoforms, LH1, LH2 and LH3, have been identified from 
different species. In addition, LH2 has two alternatively spliced forms, LH2a and 
LH2b. The substrate specificity of the LH isoforms is not fully known. No clear 
differences have been found in their tissue expression and they seem to lack 
collagen type specificity. In this study it was shown that the LH isoforms also do 
not have an absolute amino acid sequence specificity. However, the LH isoforms 
seem to have a preference for some sequences as is also seen in diseases linked to 
the LH isoforms and in LH knockout models.  

Galactosylhydroxylysyl glucosyltransferase (GGT) catalyzes the formation of 
glucosylgalactosylhydroxylysine. In this study, LH3 was shown to be a 
multifunctional enzyme, possessing LH and GGT activities, and the amino acids 
critical for GGT activity were identified. The multifunctionality of LH3 
encouraged us to reexamine a Finnish epidermolysis bullosa simplex (EBS) 
family, which was earlier found to have decreased GGT activity. Our data 
indicated that LH3 protein levels and GGT activity were decreased in skin 
fibroblasts of the patients, and significantly reduced in the culture media of these 
cells. However, no mutations in LH3 cDNA were found, and the expression of 
LH3 was also normal. LH3 reduction in the EBS fibroblasts caused changes in the 
deposition and organization of extracellular matrix proteins, and similar changes 
were observed in mouse embryonic fibroblasts derived from heterozygous LH3 
knockout crosses.  
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2 Review of the literature 

2.1 Extracellular matrix 

The extracellular matrix (ECM) is a three dimensional network of heterogeneous 
macromolecules, which provides physical support to tissues and organs by 
occupying the space between cells. In addition, the ECM supports cell adhesion, 
communicates with cells via cellular receptors and serves as storage of growth 
factors. The ECM is present in all tissues, but in the connective tissue and 
basement membrane it is highly abundant (Aszodi et al. 2006, Aumailley & 
Gayraud 1998, Tanzer 2006). 

The molecular composition of the ECM varies greatly according to the 
physical properties needed in various connective tissues and is highly dynamic 
and under constant remodeling. In principle, the matrix consists of collagens and 
elastin, the fibrous polymers, embedded within an amorphous mixture of 
proteoglycans and noncollagenous glycoproteins. The ECM proteins are large 
molecules with many domains, enabling these proteins to form oligomers and 
interact with other matrix proteins. Furthermore, the proteins directly interact with 
cellular receptors, which activate intracellular signal cascades leading to the 
expression of genes necessary for cell differentiation, proliferation and survival 
(Aszodi et al. 2006, Aumailley & Gayraud 1998, Tanzer 2006).  

The basement membrane (BM) is a thin sheet of the specialized form of the 
extracellular matrix. It is present at the epithelial/mesenchymal interface of most 
tissues and surrounds muscles, peripheral nerves and fat cells. With few 
exceptions, the BM forms an impermeable barrier to cell migration. In addition, it 
influences other biological activities such as tissue development and repair. The 
BM consists mainly of laminins, type IV collagen, nidogen and perlecan, but the 
composition varies in different tissues and within the same tissue during 
development and repair (Aszodi et al. 2006, Erickson & Couchman 2000, Tanzer 
2006, Yurchenco et al. 2004).  

2.2 Collagens  

Collagens are the most abundant proteins in mammals. They are a family of 
extracellular matrix proteins that provide tensile strength and scaffolding for 
tissues and organs. Furthermore, they are involved in cell adhesion, chemotaxis, 
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migration and, together with cells, regulate tissue remodelling, differentiation, 
morphogenesis and wound healing. The collagen triple helix serves a ligand for 
cell receptors, proteases, other ECM proteins and glycosaminoglycans (GAGs) 
(Brodsky & Persikov 2005, Gelse et al. 2003, Kadler et al. 2007, Kielty & Grant 
2002, Myllyharju & Kivirikko 2004).  

All collagens consist of three polypeptides, called α chains, which are coiled 
into a unique rod-like triple helical structure, resistant to most proteases. The 
majority of collagens are homotrimers containing three identical α chains, but 
there are also heterotrimers consisting of two or even three different α chains. The 
amino acid sequences of collagens share two exceptional features: glycines as 
every third residue generating a repeating Gly-X-Y sequence and a high content 
of proline in the X position and hydroxyproline in the Y position in the sequence. 
In order to form a triple helix, each α chain adopts a polyproline II-like, left-
handed helix stabilized by proline and hydroxyproline. After that, the three α 
chains are supercoiled around a central axis in a right-handed manner to form the 
triple helix, held together by interchain hydrogen bonds. Glycine, the smallest 
amino acid, in every third position is essential for the close packing of the three 
chains within the triple helix. At least 6-7 Gly-X-Y repeats are needed for triple 
helix formation. The residues in X and Y positions of the Gly-X-Y sequence are 
exposed on the surface of the triple helix and thereby have the potential to interact 
with other molecules. Therefore, the triple helix is not just a structural motif, but 
it also serves as a ligand binding site (Brodsky & Persikov 2005, Brodsky & 
Ramshaw 1997, Gelse et al. 2003, Kadler et al. 2007, Kielty & Grant 2002, 
Myllyharju & Kivirikko 2004)  

2.2.1 Classification of collagen types 

Currently, the vertebrate collagen superfamily consists of 28 different collagen 
types with 43 distinct α chains (Veit et al. 2006). Each member of the collagen 
family contains at least one triple-helical domain and non-triple-helical N- and C-
terminal domains, which are often homologous to domains of other ECM proteins. 
The classification of collagens is partly contradictory, but in general, collagens 
are referred to as ECM proteins forming supramolecular aggregates. Based on the 
structure and supramolecular organization, collagens can be grouped into 
subfamilies (Gelse et al. 2003, Kadler et al. 2007, Kielty & Grant 2002, 
Myllyharju & Kivirikko 2004, Ricard-Blum & Ruggiero 2005).  
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Fibrillar collagens are the principal source of tensile strength in animal 
tissues. This subfamily comprises type I, II, III, V and XI collagens. In addition, 
two novel collagens, type XXIV and XXVII, are referred to as fibrillar collagens. 
Type I collagen is the most abundant collagen and is present in most connective 
tissues. Type III collagen forms heterotypic fibrils with type I collagen in skin, 
tendon and vessels. Type II collagen is the predominant component of hyaline 
cartilage. Types V and XI are located centrally in type I/III and II collagen fibrils, 
respectively, and thought to regulate the diameter of the fibrils. Type XXIV 
collagen is expressed in tissues containing type I/V collagen fibrils and type 
XXVII in cartilage containing type II/XI fibrils, but the function of these novel 
collagens is yet to be determined (Gelse et al. 2003, Kielty & Grant 2002, Ricard-
Blum & Ruggiero 2005). 

Fibril-associated collagens with interrupted triple helices (FACIT) is the 
largest subfamily of the collagen superfamily including type IX, XII, XIV, XVI, 
XIX, XX, XXI and XXII collagens. The FACIT collagens are not capable of 
forming fibrils or other supramolecular structures. Instead, type IX collagen is 
associated with the surface of type II collagen fibrils and type XII and XIV 
collagen with type I collagen fibrils. These collagens also interact with other 
extracellular matrix proteins. The functions of type XVI, XIX, XX, XXI and 
XXII collagens are still poorly understood (Canty & Kadler 2005, Kadler et al. 
2007, Kielty & Grant 2002, Ricard-Blum & Ruggiero 2005).  

Type IV, VIII and X collagens form networks. Type IV collagen is only found 
in BM, where it is the most important component. Type VIII and X collagens 
form hexagonal networks and are the major components of Descemet’s membrane 
and hypertrophic cartilage, respectively (Gelse et al. 2003, Kadler et al. 2007, 
Kielty & Grant 2002). 

Type VII collagen is one of the largest collagens in mammals. It is the major 
component of the anchoring fibrils underlying the BM of epithelia and so far the 
only representative of this subfamily. Type VI collagen forms microfibrillar 
networks in virtually all connective tissues (Gelse et al. 2003, Kadler et al. 2007, 
Kielty & Grant 2002). The type XXVIII collagen, a component of neural 
basement membranes, has a sequence similarity with type VI collagen and could 
be a member of the same subfamily (Veit et al. 2006).  

Type XV and XVIII collagens contain multiple triple helix domains with 
interruptions and comprise one of the collagen subfamilies. These collagens are 
found in most basement membrane zones. Cleavage of NC1 domains of type XV 
and XVIII collagens releases endostatins, which modulate cell proliferation and 
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migration, induce apoptosis, and inhibit angiogenesis and tumor growth (Kadler 
et al. 2007, Kielty & Grant 2002, Ricard-Blum & Ruggiero 2005).  

Transmembrane collagens, type XIII, XVII, XXIII and XXV, are type II 
transmembrane proteins, mediating cell-matrix and cell-cell contacts. Their 
extracellular collagenous domain can be released by shedding, thereby 
functioning as a soluble molecule (Kadler et al. 2007, Kielty & Grant 2002, 
Ricard-Blum & Ruggiero 2005).  

Type XXVI collagen, found in testis and ovary, is difficult to classify in any 
of the existing subfamilies, since it has more similarity with the Emu family of 
proteins, which contain a collagenous domain (Leimeister et al. 2002, Ricard-
Blum & Ruggiero 2005).  

2.2.2 Proteins with a collagenous domain 

The collagen triple helix is also present in a growing set of other proteins. These 
proteins are not considered as collagens, since they do not have a structural role in 
the extracellular matrix. However, the collagenous sequence clearly contributes to 
the structure and function of these proteins (Brodsky & Persikov 2005, Brodsky 
& Shah 1995, Kielty & Grant 2002). 

The C1q domain containing (C1qDC) proteins include molecules controlling 
inflammation, adaptive immunity and energy homeostasis. Genome analysis 
revealed that the human genome contains 31 C1qDC genes, and 23 of these also 
have a collagenous domain. The collagenous proteins encoded by these genes are: 
adiponectin, adiponectin like protein 1 and 2, the C1q subcomponent of 
complement activation, the C1qTNF proteins 1-3 and 5-8, EMILIN1 and 2, 
gliocolin1 and 2, otolin and CRF1 and 2. In addition, type VIII and X collagens 
are also members of this protein family (Tom Tang et al. 2005).  

Collectins and ficolins are collagenous proteins recognizing oligosaccharide 
structures on the surface of microorganisms. Collectins identified from humans 
are the mannan-binding lectin, surfactant proteins A and D and collectins L1, P1 
and K1. Furthermore, conglutinin, collectin-43 and collectin-46, detected only in 
bovine, are members of this protein family. The ficolin family consists of three 
members: H-ficolin, L-ficolin and M-ficolin (Keshi et al. 2006, Lu et al. 2002, 
van de Wetering et al. 2004).  

The human collagenous transmembrane protein family comprises type XIII, 
XVII, XXIII and XXV collagens, the class A macrophage scavenger receptors, 
the MARCO receptor, ectodysplasin A and collomin. These type II membrane 
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proteins are widely expressed and are involved in cell adhesion, epithelial-
mesenchymal interactions in morphogenesis, neuromuscular signaling and host 
defense (Franzke et al. 2005, Snellman et al. 2007).  

Besides these protein families, the asymmetric acetylcholinesterase has a 
collagenous tail, anchoring the enzyme in the basal lamina and localizing it into 
the neuromuscular junction (Deprez et al. 2000). 

2.2.3 Collagen biosynthesis 

The biosynthesis of collagens involves an unusually large number of co- and 
posttranslational modifications, many of which are unique to collagens and 
collagenous proteins. The biosynthesis of fibrillar collagens (types I, II, III, V and 
XI) has been the most thoroughly studied and can be regarded as a model, 
exemplifying the common features of the biosynthesis of collagens and 
collagenous proteins (Canty & Kadler 2005, Kielty & Grant 2002, Kivirikko 
1995).  

Formation of the triple helical molecule 

Fibrillar collagens are synthesized as soluble precursors, procollagens, which 
have propeptide extensions at both the N- and C-termini. Translation of the 
mRNA begins on free ribosomes with the synthesis of an N-terminal signal 
peptide, which helps to translocate the procollagen chain into the lumen of the 
rough endoplasmic reticulum (ER). The proline and lysine residues of the newly 
synthesized polypeptide are hydroxylated by prolyl 4-hydroxylase, prolyl 3-
hydroxylase and lysyl hydroxylase, respectively. Some of the hydroxylysines are 
further glycosylated by hydroxylysyl galactosyltransferase and 
galactosylhydroxylysyl glucosyltransferase to give rise to 
glucosylgalactosylhydroxylysine residues. These enzymatic modifications occur 
cotranslationally within the cisternae of the ER and continue posttranslationally 
until triple helix formation. The 4-hydroxyproline content of collagens is quite 
constant, while proline 3-hydroxylation and lysine hydroxylation and 
glycosylation are dependent on the amounts of active enzymes and the time 
available before triple helix formation (Canty & Kadler 2005, Kielty & Grant 
2002, Kivirikko & Myllylä 1979, Kivirikko et al. 1992, Kivirikko 1995).  

Folding and disulfide bond formation within the C-propeptides determine the 
chain selections and ensure association of the monomeric procollagen chains. 
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After this the triple helix folds in a zipper-like manner from the C- to the N-
terminus. The procollagen folding is assisted by molecular chaperones, such as 
HSP47, BiP, GRP94 and protein disulfide isomerase. The correctly folded 
procollagen molecules are secreted through the Golgi complex to the extracellular 
space (Canty & Kadler 2005, Hulmes 2002, Kielty & Grant 2002, Lamandé & 
Bateman 1999)  

Collagen fibril formation 

In tissues, fibrillar collagens occur as 67-nm D-periodic fibrils, where adjacent 
molecules overlap each other by 234 amino acid residues. The removal of the N-
propeptide and especially the C-propeptide by the ADAMTS family of proteases 
and procollagen C-proteinases, respectively, are the key steps in the formation of 
the typical collagen fibrils. There are data that indicate collagen fibrillogenesis 
starts already in cell surface structures, fibripositors, rather than solely in the 
extracellular space. Collagen molecules, without the propeptides, are able to self-
assemble into fibrils. However, this is probably not sufficient for the formation of 
the tissue-specific suprafibrillar architectures. Most likely, interactions with 
fibronectin and specific integrins are also required in collagen fibrillogenesis 
(Canty & Kadler 2002, Canty & Kadler 2005, Hulmes 2002, Kielty & Grant 2002, 
Trackman 2005).  

Collagen fibril growth is thought to occur by accretion and by lateral and 
end-to-end fusion. The telopeptide part of fibrillar collagens and the formation of 
heterotypic fibrils containing various collagen types, affect fibril growth. In 
addition, small leucine rich proteoglycans (SLRPs), located at the surface of 
collagen fibrils, control the fibril diameter. The FACIT collagens do not directly 
affect fibrillogenesis, but they appear to mediate interactions between collagen 
fibrils. The formation of intra- and inter-molecular crosslinks, initiated by lysyl 
oxidase, stabilizes collagen fibrils assembled into suprafibrillar architectures 
(Canty & Kadler 2002, Canty & Kadler 2005, Kielty & Grant 2002, Robins 1999).  

2.3 Lysine modifications 

Collagens and collagenous proteins contain hydroxylysine, 
galactosylhydroxylysine and glucosylgalactosylhydroxylysine, which involves an 
unusual α1-2-O-glycosidic bond between glucose and galactose. The lysine 
modifications are found in the Y position of the repeating –X-Y-Gly- sequence, 
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and thus are on the surface of the triple helix and available for interactions. 
Hydroxylysine is also found in the non-triple-helical, –X-Hyl-Ser- or –X-Hyl-
Ala-, sequences in collagen telopeptides (Kivirikko & Myllylä 1979, Kivirikko & 
Pihlajaniemi 1998, Kivirikko et al. 1992).  

2.3.1 Lysine modifications in collagens 

The hydroxylation and glycosylation of lysine residues are incomplete and 
different collagen types show a wide variation in the content of these 
modifications. The hydroxylysine content is reported only for type I-XI, XIII, 
XVII and XXV collagens and even less is known about the glycosylation content 
of these collagens (Table I). The lowest hydroxylysine content has been reported 
in type I and III collagens, in which 17-38% of all lysines are hydroxylated and 
only very few of them are further glycosylated. On the other hand, in type IV and 
VI collagens 70-89% of all lysines are hydroxylated and most of them are also 
glycosylated (Ayad et al. 1998, Kivirikko & Myllylä 1979, Kivirikko & 
Pihlajaniemi 1998, Kivirikko et al. 1992).  



 24 

Table 1. Hydroxylation and glycosylation of lysine residues in various collagen α 
chains 

Residues/1000 amino acids  Collagen type α chain 

Total Lys Hyl Glu-Gal-Hyl and 

Gal-Hyl 

References1 

I α1 37 10 0,9  

 α2 32 12 1,8  

II α1 38 18 9  

III α1 35 6 0,9  

IV α1 56 49 49 (Babel & Glanville 

1984, Schwarz et al. 

1986) 

 α2 44 39 39 (Babel & Glanville 

1984, Schwarz et al. 

1986) 

V α1 55 35 30-34 (Mizuno et al. 2001) 

 α2 42 24 8-14,2 (Mizuno et al. 2001) 

 α3 58 43 n.r.  

VI α1 59 48 48 (Chu et al. 1988) 

 α2 83 67 67 (Chu et al. 1988) 

 α3 69 48 48 (Chu et al. 1988) 

VII α1 59 41 n.r.  

VIII α1 and α2 45 22 n.r.  

IX α1 53 33 n.r.  

 α2 58 46 n.r.  

X α1 55 35 n.r.  

XI α1 56 37 n.r.  

 α2 57 40 n.r.  

 α3 36 21 n.r.  

XIII α1 40a 9,3a n.r. (Tu et al. 2002) 

XVII α1 27a 11,7a 0,18a (Areida et al. 2001) 

XXV  α1 38a 17,3a n.r. (Söderberg et al. 

2005) 
1Modified from (Kivirikko & Myllylä 1979, Kivirikko et al. 1992) if no other references shown. 

n.r.=not reported 
aresidues/molecule 

There is also a marked variation in the extent of hydroxylation and glycosylation 
of lysines within the same collagen type from different tissues and even in the 
same tissue in different physiological and pathological states (Kivirikko & 
Pihlajaniemi 1998, Kivirikko et al. 1992, Uzawa et al. 2003). It seems that the 
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extent of hydroxylation and glycosylation of lysine residues is age-dependent, 
being highest in the embryonic state (Barnes et al. 1974, Kivirikko & Myllylä 
1979, Ryhänen & Kivirikko 1974). A high degree of lysine hydroxylation has 
been seen in many diseases, for example in osteogenesis imperfecta (Brenner et al. 
1989), where the glycosylation of hydroxylysines is also increased (Tenni et al. 
1993), osteoporosis (Kowitz et al. 1997), osteoarthritis (Bank et al. 2002), 
chondrodysplasias (Murray et al. 1989) and osteosarcoma (Fernandes et al. 2007).  

The hydroxylysine residues of collagens have two important functions: they 
are essential for the stability of the intra- and intermolecular collagen cross-links 
and their hydroxyl group serves as an attachment site for carbohydrate units 
(Kielty & Grant 2002, Kivirikko & Pihlajaniemi 1998, Kivirikko et al. 1992). In 
addition, the positive charge of lysine or hydroxylysine residues is essential for 
the binding of SLRPs (Tenni et al. 2002, Viola et al. 2007) and in collagen fibril 
self-assembly (Tenni et al. 2006). However, it is not known, whether lysine 
hydroxylation modulates these interactions. Lysine hydroxylation and 
glycosylation also seem to reduce the efficiency of peptide bond hydrolysis by 
different peptidases (Molony et al. 1998, Wu et al. 1981). 

Collagen cross-links 

The covalent cross-links within and between collagen molecules provide the 
tensile strength and mechanical stability for the collagen fibrils. In general, 
fibrillar collagens (types I, II, III, V and XI) have four conserved cross-linking 
sites at equivalent positions in the molecule, one in both the N-telopeptide and C-
telopeptide and two in the triple-helical domain at or close to residues 87 and 930 
(Eyre & Wu 2005, Reiser et al. 1992, Wu & Eyre 1995). Lysine or hydroxylysine 
derived cross-links are also present in type IV and IX collagens (Eyre & Wu 2005, 
Vanacore et al. 2005). 

The formation of cross-links starts with the oxidative deamination of a 
telopeptide lysine or hydroxylysine residue. This conversion of lysine and 
hydroxylysine to the respective aldehydes, allysine and hydroxyallysine, is 
catalyzed by lysyl oxidase. The formation of the divalent cross-links and their 
maturation with time to the tri- and tetravalent cross-links occur spontaneously. 
The cross-links can also be glycosylated, if the participating helical hydroxylysine 
is glycosylated. The formation of the collagen cross-links through allysine and 
hydroxyallysine pathways is illustrated in Figure 1 (Eyre & Wu 2005, Eyre et al. 
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1984, Kielty & Grant 2002, Knott & Bailey 1998, Robins & Brady 2002, Robins 
1999, Yamauchi et al. 1987).  

 

Fig. 1. Schematic representation of collagen cross-links. For references, see text. 
Abbreviations: telo telopeptide, ald aldehyde, helix helical residue.  

The pathway of collagen cross-linking is more related to the type of tissue and its 
requirement for mechanical strength than to the type of collagen. The allysine 
pathway occurs primarily in adult skin, cornea and sclera, whereas the 
hydroxyallysine pathway predominates in bone, dentin, cartilage, ligament, 
tendon, embryonic skin and most internal connective tissues. Especially, the 
hydroxylation of telopeptide lysines affects the cross-linking pattern seen in 
different tissues. In skin the allysine pathway dominates, since telopeptide lysines 
are not hydroxylated. On the other hand, in cartilage telopeptide hydroxylation is 
almost complete and therefore only hydroxyallysine pathway derived 
pyridinolines are present. The hydroxyallysine pathway derived cross-links, 
pyrroles and pyridinolines, are found in bone, where telopeptides are partially 
hydroxylated. In addition, bone contains more lysylpyridinolines and immature 
divalent cross-links than the other internal connective tissues. These features are 
probably necessary for bone mineralization (Eyre & Wu 2005, Kielty & Grant 
2002, Robins & Brady 2002, Robins 1999).  
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Glycosylation of hydroxylysines 

The functions of the glycosylated hydroxylysines in collagens are not fully 
understood. The glycosylation of certain helical hydroxylysines can direct the 
formation of histidinohydroxylysinonorleucine (HHL) cross-links in skin, 
whereas tendon lacks particular glycosylations and thereby also HHL cross-links 
(Eyre & Wu 2005). Foremost, it has been suggested that glycosylated 
hydroxylysines have a role in the organization of collagen fibrils. Studies with 
overmodified type I collagen (Torre-Blanco et al. 1992) and recombinant type II 
collagen (Notbohm et al. 1999) showed that highly hydroxylated and 
glycosylated collagen molecules form thinner fibrils in vitro. Similar small 
diameter fibrils were present in fibrotic skin, with increased hydroxylysine 
glycosylation (Brinckmann et al. 1999). However, contradictory results were 
obtained in osteopenic bone, where there was no correlation between 
glycosylation and fibril diameter (Bätge et al. 1997). Studies with type V collagen 
suggest that the bulky glycosylated hydroxylysines would decrease the 
electrostatic and hydrophobic interactions between collagen molecules and 
thereby decrease interfibrillar interactions (Mizuno et al. 2001). There is also 
increasing evidence that assembly and secretion of type IV and VI collagens are 
dependent on the glycosylated hydroxylysines (Langeveld et al. 1991, Sipilä et al. 
2007).  

The glycosylation of hydroxylysines might modulate the interaction of 
collagens with cells. Melanoma cell adhesion, spreading and signaling is 
promoted by the binding of the CD44 receptor in the chondroitin sulfate 
proteoglycan form, to the 1263-1277 region in the type IV collagen α1 chain. 
Interestingly, the presence of the galactosylhydroxylysine residue at the position 
1265 dramatically decreased melanoma cell adhesion and spreading (Lauer-Fields 
et al. 2003). Various collagen types are ligands for discoidin domain receptor 
tyrosine kinases (DDRs). It has been shown that mouse tail collagen must be 
glycosylated in order to stimulate DDR2 (Vogel et al. 1997). The glycosylation of 
hydroxylysines seems also to have a role in arthritis. It has been shown that 
lysines at position 264 in type II collagen derived epitopes are completely 
glycosylated in normal cartilage, while arthritic cartilage contains both 
glycosylated and non-glycosylated epitopes (Dzhambazov et al. 2005). Probably 
the galactosylhydroxylysyl residue at position 264 is recognized by T cells in 
rheumatoid arthritis as was seen in mice with collagen induced arthritis (Corthay 
et al. 1998). 



 28 

2.3.2 Lysine modifications in collagenous proteins 

Four lysine residues in the collagenous domain of adiponectin, an adipocyte-
derived hormone, are known to be hydroxylated and glycosylated to 
glucosylgalactosylhydroxylysine (Wang et al. 2002). It has been suggested that 
the glycosylated hydroxylysines regulate the formation and secretion of the high 
molecular weight oligomeric complex of adiponectin and thereby contribute to 
the insulin sensitizing activity of adiponectin (Richards et al. 2006, Wang et al. 
2006).  

C1q, the key subcomponent of the classical pathway of complement 
activation, has been shown to contain 84 hydroxylysines (Shinkai & Yonemasu 
1979), which corresponds to the complete hydroxylation of lysines in the 
collagenous domains of the hexameric molecule (Sellar et al. 1991). Furthermore, 
it was found that over 80% of the hydroxylysine residues are glycosylated, mostly 
to glucosylgalactosylhydroxylysine (Shinkai & Yonemasu 1979). The C1q 
collagenous domain binds many ligands, like the C1r proenzyme (Illy et al. 1993), 
C1q receptor (Malhotra et al. 1993), serum amyloid P (Ying et al. 1993) and C-
reactive protein (Ying et al. 1993), leading to the activation of the classical 
complement pathway. The binding sites of these ligands may contain modified 
lysine residues, but the biological significance of the hydroxylysines and 
glycosylated hydroxylysines of the C1q molecule is not known.  

In mannan-binding lectin (MBL) that recognizes sugar structures of 
microorganisms, all four lysines in the collagenous domain are hydroxylated and 
in most cases fully glycosylated (Jensen et al. 2007). At least two of these 
glucosylgalactosylhydroxylysine residues are crucial; their absence leads to 
reduced MBL secretion, formation of high oligomers and activation of the 
complement pathway, causing an increased susceptibility to infections (Heise et 
al. 2000). The C1q receptor-binding site of MBL also contains one hydroxylysine 
that is probably glycosylated (Arora et al. 2001, Malhotra et al. 1993). 

Surfactant proteins A and D, the pattern-recognition molecules of pulmonary 
innate immunity, have been shown to contain hydroxylysine (Persson et al. 1989, 
Sano et al. 1987) and surfactant protein D also has glycosylated hydroxylysines 
(Crouch et al. 1994). The C1q receptor-binding site of surfactant protein A 
probably contains hydroxylysine residues (Arora et al. 2001, Malhotra et al. 
1993).  

The lysine residues in the collagenous domains of the bovine specific 
collectins, conglutinin and collectin-43, are fully hydroxylated and glycosylated 
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(Lee et al. 1991, Rothmann et al. 1997), but the functions of these residues are 
not known. 

The collagenous tail of the asymmetric acetylcholinesterase has a high 
content of hydroxylysines (Rosenberry & Richardson 1977). The collagenous tail 
binds to heparin in the basal lamina of the neuromuscular junction. The heparin 
binding site in the collagenous domain involves hydroxylysine residues (Deprez 
et al. 2000), but their function is unknown. 

Interestingly, hydroxylysine is also present in some non-collagenous proteins. 
The anglerfish somatostatin-28, the inhibitor of the wide range of endocrine 
secretions and a neurotransmitter and -modulator of the central nervous system, is 
present in two forms, one of them containing hydroxylysine in a –X-Hyl-Gly- 
sequence (Andrews et al. 1984, Spiess & Noe 1985). In addition, one surface-
accessible hydroxylysine has been found in –X-Hyl-Gly- sequences of 
recombinant human tissue plasminogen activator, CD4 receptor and a related 
chimeric protein (rCD4-IgG) (Molony et al. 1995).  

2.4 Lysyl hydroxylase 

Lysyl hydroxylase (LH, EC 1.14.11.4) is the enzyme catalyzing the formation of 
hydroxylysine in collagens and collagenous proteins. It belongs to the group of 2-
oxoglutarate dioxygenases, as do the two other enzymes of collagen biosynthesis: 
prolyl-4-hydroxylase and prolyl-3-hydroxylase (Kivirikko & Pihlajaniemi 1998, 
Kivirikko et al. 1992). 

2.4.1 Molecular characteristics of lysyl hydroxylase 

Lysyl hydroxylase was first purified as a homogenous protein from chick 
embryos (Turpeenniemi-Hujanen et al. 1980) and later from human placenta 
(Turpeenniemi-Hujanen et al. 1981). The active enzyme is a homodimer with a 
molecular weight of about 190,000, consisting of two monomers with a molecular 
weight of about 80,000-85,000 (Turpeenniemi-Hujanen et al. 1980, 
Turpeenniemi-Hujanen et al. 1981). The heterogeneity in the molecular weight of 
the monomers is due to differences in glycosylation (Myllylä et al. 1988).  

Lysyl hydroxylase was first cloned from chick, where the polypeptide 
consists of 710 amino acids and a signal peptide of 20 amino acids. The 
polypeptide contains four potential attachment sites for asparagine-linked 
oligosaccharides. There is no significant homology between the primary 
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structures of lysyl hydroxylase and prolyl-4-hydroxylases, despite the marked 
similarities in the kinetic properties (Myllylä et al. 1991). Later, the human lysyl 
hydroxylase was shown to consist of 709 amino acids and a signal peptide of 18 
amino acids. The overall identity between the human and chick lysyl 
hydroxylases is 76% at the amino acid level. The C-terminal region is especially 
conserved, with an identity of 94%, suggesting a functional significance of this 
region (Hautala et al. 1992a). Furthermore, the four potential attachment sites for 
asparagine-linked oligosaccharides are conserved (Hautala et al. 1992a) and some 
of them are essential for maximal enzyme activity (Myllylä et al. 1988, Pirskanen 
et al. 1996). 

2.4.2 Reaction catalysed by lysyl hydroxylase  

Lysyl hydroxylase, like the other 2-oxoglutarate dioxygenases, requires Fe2+, 2-
oxoglutarate and O2 in its reaction. This enzyme family catalyzes the coupled 
reaction of hydroxylation of a C-H bond in a substrate and oxidative 
decarboxylation of 2-oxoglutarate, leading to the release of succinate and CO2. 
One oxygen atom is incorporated as a hydroxyl group to the product and the other 
into a carboxylate group of succinate. (Hausinger 2004, Kivirikko & Pihlajaniemi 
1998).  

The reaction mechanism of lysyl hydroxylase involves an ordered binding of 
Fe2+, 2-oxoglutarate, O2 and peptide substrate and an ordered release of the 
hydroxylated peptide, CO2, succinate and Fe2+ (Puistola et al. 1980a, Puistola et 
al. 1980b). The order of the release of the hydroxylated peptide and CO2 is 
uncertain and Fe2+ may not leave the enzyme after each catalytic cycle (Puistola 
et al. 1980b). In addition, ascorbate is a specific requirement for lysyl 
hydroxylase, even if it is not consumed stoichiometrically in the catalytic cycle 
(Puistola et al. 1980a). 

Catalytic mechanism, co-substrates and inhibitors 

All 2-oxoglutarate dioxygenases contain a His1-X-Asp/Glu-Xn-His2 –motif, which 
is the Fe2+ binding site of the enzyme (Hausinger 2004). In human lysyl 
hydroxylase, the Fe2+ binding site involves histidines 656 and 708 and aspartate 
658 (Myllylä et al. 1992, Pirskanen et al. 1996). The 2-oxoglutarate binding site 
of the enzyme can be divided into two subsites. In the first site a positive side 
chain electrostatically interacts with the C5 carboxylate of 2-oxoglutarate, and in 
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the other site the C1 carboxylate and the C2 ketone of 2-oxoglutarate chelate Fe2+ 
(Hanauske-Abel & Günzler 1982, Hausinger 2004) The positive side chain 
stabilizing the 2-oxoglutarate binding in human lysyl hydroxylase is arginine 700 
(Passoja et al. 1998a). The molecular oxygen in the reaction comes from the 
atmosphere and enzyme bound oxygen atoms are exchangeable with water 
(Kikuchi et al. 1983). It is proposed that Fe2+ and O2 react to form a superoxo 
radical anion, which can attack the 2-oxy group of 2-oxoglutarate. This leads to 
the formation of CO2 and a reactive oxy-ferryl intermediate, which can 
hydroxylate a lysine residue in the peptide substrate, bound in proximity to the 
Fe2+. The hydroxylation renews Fe2+ and concludes the catalytic cycle (Hausinger 
2004, Kivirikko & Pihlajaniemi 1998, Kivirikko et al. 1992).  

Occasionally, lysyl hydroxylase can catalyze an uncoupled decarboxylation 
of 2-oxoglutarate, which does not include hydroxylation of a substrate. In this 
reaction, the reactive oxy-ferryl intermediate is probably converted to Fe3+ and O-, 
inactivating the enzyme. Ascorbate is needed to reactivate the enzyme by 
reducing the Fe3+. In the uncoupled reaction ascorbate is also consumed 
stoichiometrically (Myllylä et al. 1984). The binding site of the ascorbate might 
be partially identical to the 2-oxoglutarate binding site, consisting of two cis-
positioned coordination sites of the enzyme bound iron (Majamaa et al. 1986).  

Lysyl hydroxylase can be competitively inhibited with respect to the co-
substrates by many compounds. Zn2+ is the most potent competitive inhibitor of 
lysyl hydroxylase with respect to Fe2+. Superoxide dismutase active copper 
chelates inhibit lysyl hydroxylase by dismutating the active oxygen at the 
catalytic site (Kivirikko & Pihlajaniemi 1998, Kivirikko et al. 1992). Furthermore, 
lysyl hydroxylase can be efficiently inhibited by pyridine-2,4,-dicarboxylate, 
which is a 2-oxoglutarate analogue (Majamaa et al. 1985). Many peptides, 
malathion and malaoxon also competitively inhibit lysyl hydroxylase with respect 
to the peptide substrate (Kivirikko & Pihlajaniemi 1998, Kivirikko et al. 1992, 
Samimi & Last 2001).  

Peptide substrates 

The amino acid sequence surrounding the lysine residue, peptide length and 
peptide conformation affect the interactions of the peptide substrate with lysyl 
hydroxylase. Lysyl hydroxylase can not use free lysine as a substrate; the 
substrate has to contain at least the –X-Lys-Gly- triplet (Kivirikko & Pihlajaniemi 
1998, Kivirikko et al. 1972, Kivirikko et al. 1992). In addition, lysyl hydroxylase 
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is able to hydroxylate lysines in the sequences –X-Lys-Ser-, –X-Lys-Ala- and –X-
Lys-Thr-, which is in agreement with the presence of hydroxylysine in the –X-
Hyl-Ser- and -X-Hyl-Ala- sequences in the non-helical telopeptides of some 
collagens (Ryhänen 1975).  

The chain length of the peptide substrate seems to affect the Km-value of the 
reaction, whereas it has less influence on the reaction rate. The triple-helical 
conformation of the peptide substrate completely prevents lysine hydroxylation 
(Kivirikko & Pihlajaniemi 1998, Kivirikko et al. 1992). In addition, it has been 
suggested that the peptide substrate has to have a β- or γ-turn conformation in 
order to bind to the catalytic site of lysyl hydroxylase and a poly-proline II –type 
structure for effective interaction in the substrate binding site (Ananthanarayanan 
et al. 1992, Jiang & Ananthanarayanan 1991).  

2.5 Lysyl hydroxylase isoforms 

The existence of collagen type or tissue specific lysyl hydroxylase isoforms was 
debated for years. Data concerning the patients with Ehlers-Danlos syndrome 
type VI, a disease with deficiency of lysyl hydroxylase activity, initially suggested 
the presence of lysyl hydroxylase isoforms. The patients had a reduction in the 
hydroxylysine content in skin, but not in cartilage, and type I and III collagens 
were more affected than type II, IV and V collagens (Ihme et al. 1984, Pinnell et 
al. 1972, Risteli et al. 1980).  

The presence of lysyl hydroxylase isoforms was demonstrated, when two 
novel human enzymes, lysyl hydroxylase 2 (LH2) (Valtavaara et al. 1997) and 
lysyl hydroxylase 3, (LH3) (Passoja et al. 1998b, Valtavaara et al. 1998) were 
cloned. The lysyl hydroxylase cloned earlier was designated LH1. Later the 
presence of LH isoforms has been shown in mouse (Ruotsalainen et al. 1999), rat 
(Armstrong & Last 1995, Mercer et al. 2003) and zebrafish (Schneider & Granato 
2006, Schneider & Granato 2007). In addition, LH2 exists as two alternatively 
spliced forms, LH2a (short) and LH2b (long) (Valtavaara 1999, Yeowell & 
Walker 1999). 

2.5.1 Genes of lysyl hydroxylase isoforms 

Phylogenetic analyses of amino acid sequences suggest that lysyl hydroxylase 
isoforms have evolved as a result of two duplication events from an ancestral 
gene (Ruotsalainen et al. 1999). C. elegans has only one lysyl hydroxylase 
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enzyme (Norman & Moerman 2000) and it seems that LH3 is the oldest of the LH 
isoforms, since it shows a closer relation to the C. elegans LH than do the other 
isoforms. LH1 and LH2 are probably derived by more recent gene duplications 
from LH3 (Ruotsalainen et al. 1999). 

The gene structure has been characterized for human LH1 (PLOD1), mouse 
LH2 (Plod2), human and mouse LH3 (PLOD3 and Plod3) and for all zebrafish 
LH isoforms. LH1 and LH3 genes contain 19 exons, while LH2 genes contain 20 
exons, one being alternatively spliced (Heikkinen et al. 1994, Rautavuoma et al. 
2000, Ruotsalainen et al. 2001, Schneider & Granato 2006, Schneider & Granato 
2007). The size of the corresponding exons of the three LH isoforms is quite 
similar, but the first and last exons, coding for the 5’ and 3’ ends of the coding 
region and the untranslated regions of mRNA, show more variation in size. The 
intron size shows remarkable differences between isoforms, the LH3 gene 
containing shorter introns than the other isoforms, which is in agreement with the 
evolutionary age of LH isoforms (Ruotsalainen et al. 2001, Schneider & Granato 
2007). However, the LH2 introns 13 and 13A, surrounding the alternatively 
spliced exon, contain short identical sequences in human and mouse, suggesting 
their role in the control of the alternative splicing (Ruotsalainen et al. 2001). 

There seem to be no similarities in the nucleotide sequences of the putative 
promoters of the human and mouse LH genes, suggesting differences in the 
regulation of the gene expression. The putative promoters lack a typical TATAA 
box, revealing the housekeeping nature of these genes. The human LH1 and LH3 
and mouse LH3 genes contain several repetitive Alu- and retroposon-like 
sequences, respectively, which are potential recombination sites in these genes 
(Heikkinen et al. 1994, Rautavuoma et al. 2000, Ruotsalainen et al. 2001) 

The human LH genes have been mapped to different chromosomes: PLOD1 
to chromosome 1p36-p36.3 (Hautala et al. 1992a), PLOD2 to 3q23-q24 (Szpirer 
et al. 1997) and PLOD3 to 7q33 (Valtavaara et al. 1999). Similarly, the mouse 
genes localize to chromosomes 4, 9, and 5 (Sipilä et al. 2000) and rat genes to 
chromosomes 5q36 (NCBI), 8q31 and 12q12 (Mercer et al. 2003), respectively.  

2.5.2 Expression of lysyl hydroxylase isoforms 

The human LH mRNAs are expressed in several adult tissues. LH1 is detected 
from heart, brain, placenta, lung, liver and skeletal muscle and the signal was in 
the same range in all these tissues (Heikkinen et al. 1994). LH2 is highly 
expressed is skeletal muscle, placenta, heart and pancreas (Valtavaara et al. 1997), 
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while LH3 is expressed in placenta, pancreas, heart and spinal cord (Passoja et al. 
1998b, Valtavaara et al. 1998). The expression of the mouse LH isoforms shows 
more regulation than do the human LHs (Ruotsalainen et al. 1999), while the rat 
LH isoforms are more constitutively expressed than human LHs (Mercer et al. 
2003). In human tissues, LH2b seems to be the major form of LH2 and the only 
transcript in skin, dura, aorta and lung. LH2a is present, together with LH2b, in 
kidney, liver, spleen and cartilage (Yeowell & Walker 1999). In mouse tissues 
LH2b is the main form in muscle, spleen, heart and lung, whereas LH2a is the 
only form in kidney and testis (Salo et al. 2006a).  

All LH isoforms are widely expressed during mouse and zebrafish 
embryogenesis, but a variation in the levels of their transcripts suggests 
participation in specific developmental events (Salo et al. 2006a, Schneider & 
Granato 2006, Schneider & Granato 2007). The LH2 alternative splicing seems to 
be developmentally regulated in mouse embryos, since LH2a is predominant in 
early stages, whereas LH2b becomes dominant later in development (Salo et al. 
2006a). However, this differs from fetal human skin, where LH2b is the only form 
expressed throughout development (Yeowell & Walker 1999).  

These is also evidence that different cell types in some tissues are specialized 
to express different LH isoforms (Mercer et al. 2003, Salo et al. 2006a, Wang et 
al. 2000). In addition, the expression of LH1 and LH2 shows remarkable 
differences compared with LH3 in various cells lines. No correlation was found 
between the expression of the LH isoforms and the most abundant collagen types. 
However, the expression of LH1, LH2 and the α subunit of prolyl-4-hydroxylase, 
the marker of collagen synthesis, were correlated with each other, but not with the 
expression of LH3 (Wang et al. 2000).  

Many factors have been shown to regulate LH gene expression. The 
antihypertensive drug minoxidil decreases gene expression of LH1 and to a much 
lesser extent also the levels of LH2 and LH3 in skin fibroblasts (Hautala et al. 
1992b, Yeowell et al. 1992, Zuurmond et al. 2005). Hypoxia seems to increase 
the expression of LH1 and LH2 (Brinckmann et al. 2005, Hofbauer et al. 2003, 
Scheurer et al. 2004) and certain cytokines up-regulate LH2b mRNA levels 
(Brinckmann et al. 2005, van der Slot et al. 2005). Furthermore, the paired-bicoid 
homeodomain protein (PITX2) most likely induces the expression of human LH1 
and mouse LH2 genes (Brinckmann et al. 2005, Hjalt et al. 2001). The alternative 
spicing of LH2 can be regulated by cell density and cycloheximide treatment in 
cell cultures (Walker et al. 2005).  
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2.5.3 Molecular characteristics of lysyl hydroxylase isoforms 

The human LH1, LH2a and LH3 consist of 727, 738 and 738 amino acid residues, 
respectively, including a putative signal sequence (Hautala et al. 1992a, Passoja et 
al. 1998b, Valtavaara et al. 1997, Valtavaara et al. 1998). Furthermore, the 
alternatively spliced form of LH2, LH2b, contains 21 additional amino acids 
(Valtavaara 1999, Yeowell & Walker 1999). The length of the LH isoform 
polypeptides shows some variation in mouse, rat and zebrafish compared with 
human (Armstrong & Last 1995, Mercer et al. 2003, Ruotsalainen et al. 1999, 
Schneider & Granato 2006, Schneider & Granato 2007), but the length of the 
additional amino acid sequence of LH2b is conserved (Schneider & Granato 
2007).  

The similarity between the human LHs is 47% at the amino acid level and 
over 80% in the C-terminal end of the sequences (Valtavaara et al. 1998). The 
amino acid sequences of the LH isoforms are well conserved between different 
species, since the similarity of the mouse and rat isoforms to the corresponding 
human isoforms is over 90% (Armstrong & Last 1995, Mercer et al. 2003, 
Ruotsalainen et al. 1999). The additional amino acids of the mouse and rat LH2b 
are identical to human (Mercer et al. 2003, Valtavaara 1999). The zebrafish LH 
isoforms show less similarity to the human isoforms than those of the other 
species, the similarity being 65-70%. The additional amino acids of the zebrafish 
LH2b show 90% conservation with the human sequence (Schneider & Granato 
2006, Schneider & Granato 2007).  

The amino acid residues essential for the co-substrate binding of lysyl 
hydroxylase (Passoja et al. 1998a, Pirskanen et al. 1996) are conserved in the 
lysyl hydroxylase isoforms of all species characterized. In addition, all LH 
isoforms have nine conserved cysteine residues, probably important to enzyme 
activity (Yeowell et al. 2000), and several potential N-glycosylation sites, which 
are not conserved (Armstrong & Last 1995, Hautala et al. 1992a, Mercer et al. 
2003, Passoja et al. 1998b, Ruotsalainen et al. 1999, Schneider & Granato 2006, 
Schneider & Granato 2007, Valtavaara et al. 1997, Valtavaara et al. 1998). The 
glycosylation of one asparagine in human LH1 is essential for the full catalytic 
activity of the enzyme (Pirskanen et al. 1996). Nevertheless, the asparagine 
residue is only conserved in human LH2, but not in LH3, suggesting differences 
in the glycosylation requirements of the lysyl hydroxylase isoforms (Passoja et al. 
1998b, Valtavaara et al. 1998).  
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The human recombinant LH isoforms have been shown to be homodimers. 
Limited proteolysis experiments suggest that the polypeptides of the human LH 
isoforms fold to form three structural domains, of which the two C-terminal ones 
contribute to lysyl hydroxylase activity (Rautavuoma et al. 2002). The Km values 
for Fe2+, 2-oxoglutarate, ascorbate and the peptide substrate have been determined 
with recombinant human LH isoforms (Passoja et al. 1998b, Valtavaara 1999). 
The values for LH1 and LH3 are essentially identical (Passoja et al. 1998b), but 
the values for LH2a and LH2b differ from these. Furthermore, the additional 
amino acids of LH2b seem to modify the active site, especially the binding site of 
ascorbate and the peptide substrate, since differences were seen in the Km-values 
of LH2a and LH2b (Valtavaara 1999).  

2.5.4 Subcellular localization of lysyl hydroxylase isoforms 

The hydroxylation of lysine residues occurs co- and posttranslationally within the 
cisternae of the ER until triple helix formation (Kielty & Grant 2002). Lysyl 
hydroxylase has been localized to the rough ER membranes (Harwood et al. 1974, 
Peterkofsky & Assad 1979) as a peripheral protein associated with an unidentified 
constituent of the membrane via electrostatic interactions (Kellokumpu et al. 
1994). However, the cloning of chicken and human LH1 did not reveal neither the 
KDEL motif, the retention signal of soluble ER proteins, nor the double-lysine 
motif, the retention signal of ER transmembrane proteins (Hautala et al. 1992a, 
Myllylä et al. 1991). 

LH1 seems to be permanently localized to the ER, and is not recycled 
between the ER and the Golgi (Suokas et al. 2003). The 40 amino acid long C-
terminal peptide of LH1 contains the information needed for LH localization 
(Suokas et al. 2000). In particular, the retention motif of LH1 consists of 17 
amino acids that are part of the iron binding domain of the enzyme. The most 
critical amino acids are exposed on the surface of the protein and thereby 
accessible for membrane binding (Suokas et al. 2003). Furthermore, LH2 and 
LH3 have been localized as membrane associated molecules in the ER (Salo et al. 
2006a). The similarity of the 40 amino acid peptide in different LH isoforms is 
over 90% suggesting that all LH isoforms utilize this novel mechanism in their 
ER localization (Suokas et al. 2003).  
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2.5.5 Diseases associated with lysyl hydroxylase isoforms 

The deficiency of LH1 is associated with Ehlers-Danlos syndrome type VI and 
LH2 with Bruck syndrome. In addition, the overexpression of LH2b is linked to 
fibrotic conditions. Diseases associated with LH3 are not currently known. These 
disease models have increased our knowledge concerning the functions of the LH 
isoforms.  

Ehlers-Danlos syndrome type VI 

The Ehlers-Danlos syndrome (EDS) is a heterogeneous group of heritable 
disorders of connective tissue, affecting skin, ligaments, joints, blood vessels and 
internal organs. The EDS type VI or the kyphoscoliotic type of EDS is 
characterized by muscular hypotonia, joint laxity, progressive kyphoscoliosis, 
scleral fragility and rupture of the ocular globe and, in addition, by tissue fragility, 
easy bruising, arterial rupture, marfanoid habitus, microcornea and osteopenia 
(Steinmann et al. 2002). EDS VIA is caused by a deficiency of lysyl hydroxylase 
activity (Krane et al. 1972, Pinnell et al. 1972, Sussman et al. 1974), whereas the 
similar condition with normal LH activity is designated as EDS VIB (Judisch et 
al. 1976, Steinmann et al. 2002). Recently, lysyl hydroxylase 1 knockout mice 
were shown to exhibit the characteristics of EDS VIA (Takaluoma et al. 2007a).  

EDS VIA is inherited as an autosomal recessive trait, due to homozygous or 
compound heterozygous mutations of the LH1 gene (Steinmann et al. 2002, 
Yeowell & Walker 2000). Over 20 different mutations have been identified in the 
LH1 gene, which cause the LH deficiency and the clinical characteristics of EDS 
VIA (Giunta et al. 2005, Walker et al. 2005, Yeowell & Walker 2000). The most 
common mutation, seen with 18% frequency, is a seven exon duplication caused 
by the Alu sequences in introns 9 and 16 in the LH1 gene (Hautala et al. 1993, 
Heikkinen et al. 1997, Pousi et al. 1994, Yeowell et al. 2000, Yeowell et al. 2005). 
A second common mutation, probably originating from a single ancestral gene, is 
a point mutation producing a premature termination codon in exon 14 (Pousi et al. 
2000, Walker et al. 1999, Yeowell & Walker 1997, Yeowell et al. 2000). In 
addition, several other mutations of the LH1 gene have been characterized, 
including eleven other point mutations (Brinckmann et al. 1998, Giunta et al. 
2005, Ha et al. 1994, Hyland et al. 1992, Walker et al. 2005, Yeowell et al. 2000, 
Yeowell et al. 2000), four splice site mutations (Heikkinen et al. 1999, Pajunen et 
al. 1998, Pousi et al. 1998, Yeowell & Walker 1997), four deletions (Giunta et al. 



 38 

2005, Ha et al. 1994, Pousi et al. 1998, Yeowell et al. 2000, Yeowell et al. 2000), 
two insertions (Heikkinen et al. 1999, Yeowell et al. 2000) and an abnormal 
sequence of exon 17 (Heikkinen et al. 1997).  

The lysyl hydroxylase activity measured from the cultured skin fibroblasts of 
EDS VIA patients ranges from 2% to 50% of normal (Krane et al. 1972, 
Steinmann et al. 2002), leading to a reduced content of hydroxylysine. The 
amount of hydroxylysine compared to normal varies in different tissues, e.g. 5% 
in skin, 20% in fascia and 50% in bone, while the amount of hydroxylysine is 
normal in cartilage (Pinnell et al. 1972). The reduced content of hydroxylysine 
alters the collagen cross-linking pattern in skin, bone and, interestingly, cartilage, 
these tissues containing less dehydrohydroxylysinonorleucine and 
hydroxylysylpyridinoline cross-links (Acil et al. 1995, Eyre & Glimcher 1972, 
Eyre et al. 2002, Pasquali et al. 1997).  

The EDS VIA data suggest that lysyl hydroxylase 1 hydroxylates the helical 
lysines involved in cross-links. The helical cross-linking lysines are more 
markedly underhydroxylated than the other helical lysines in type I collagen of 
bone and in type II collagen of cartilage (Eyre et al. 2002). The type I collagen, 
produced by EDS VIA fibroblasts, contains much less hydroxylysine in the 
helical domain than is found in controls, whereas the hydroxylation level of 
telopeptides is normal (Uzawa et al. 2003). Furthermore, increased expression of 
LH1 is linked to a high hydroxylysylpyridinoline/lysylpyridinoline ratio, 
suggesting complete hydroxylation of the helical cross-linking lysines (Fernandes 
et al. 2007).  

The biochemical and molecular basis of EDS VIB is currently unknown, but 
it seems to be heterogeneous. The lysyl hydroxylase activity is normal in these 
patients with clinical manifestations of EDS VI (Judisch et al. 1976, Walker et al. 
2004). In some cases, the mRNA levels of LH2 or LH3 are decreased (Walker et 
al. 2004). In addition, there is contradictory data concerning the amount of 
hydroxylysine in the helical and telopeptide domains of type I collagen (Uzawa et 
al. 2003, Walker et al. 2004). 

Bruck syndrome 

Bruck syndrome (OMIM 259450) is an autosomal recessive disease resembling 
osteogenesis imperfecta. The disease is characterized by osteoporosis, joint 
contractures at birth, fragile bone and short stature. Analysis of the type I collagen 
in bone has revealed that patients have an underhydroxylation of the telopeptide 
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lysine residues, while hydroxylation of the helical cross-linking lysines is normal 
(Bank et al. 1999). Furthermore, the number of hydroxyallysine derived cross-
links might be decreased (Bank et al. 1999, Ha-Vinh et al. 2004).  

Three Bruck syndrome families have been shown to have mutations in exon 
17 of the LH2 gene, affecting the amino acids highly conserved between different 
LH isoforms (Ha-Vinh et al. 2004, van der Slot et al. 2003). Recently, Bruck 
syndrome has also been linked to chromosome 17p12, suggesting a 
heterogeneous basis of the disease (Bank et al. 1999). 

Bruck syndrome provides evidence that LH2 might be a telopeptide lysyl 
hydroxylase. Earlier in vitro studies have also suggested an association of LH2 
expression with telopeptide lysine hydroxylation and with the collagen cross-
linking pattern (Uzawa et al. 1999).  

Fibrotic conditions 

Fibrosis is a complex pathophysiological process characterized by the excessive 
deposition of collagen due to increased collagen synthesis and resistance to 
remodelling and degradation. Fibrotic changes can occur in all main tissues and 
organs, including skin, kidney, lung and liver (Trojanowska et al. 1998, Wynn 
2004). The overhydroxylation of lysine residues and the increased formation of 
hydroxyallysine derived cross-links have been seen in many fibrotic conditions 
(Brinckmann et al. 1999, Brinckmann et al. 2001, Last et al. 1990, Ricard-Blum 
et al. 1992, Ricard-Blum et al. 1993). Moreover, alteration of the collagen cross-
linking pattern may reduce the sensitivity of collagens to degradation (Bailey & 
Light 1985, Bailey et al. 1975, Last et al. 1990, Ricard-Blum et al. 1992, Ricard-
Blum et al. 1993, van der Slot-Verhoeven et al. 2005).  

The overexpression of LH2b has been shown to be a general fibrotic 
phenomenon (Brinckmann et al. 2005, Wu et al. 2006, van der Slot et al. 2003, 
van der Slot et al. 2004). These results confirm the function of LH2b as a 
telopeptide lysyl hydroxylase, since the increased expression of LH2b leads to the 
increased formation of the hydroxyallysine derived cross-links (Brinckmann et al. 
2005, Mercer et al. 2003, Wu et al. 2006, van der Slot et al. 2003, van der Slot et 
al. 2004). In addition, LH2b seems to stimulate the gene expression and synthesis 
of collagens (Wu et al. 2006). The critical role of LH2b in the determination of 
the collagen cross-linking pattern was further seen in osteoblastic cells 
overexpressing LH2b. In these cells, matrix mineralization was significantly 
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delayed due to the increased amount of hydroxyallysine derived cross-links 
(Pornprasertsuk et al. 2004, Pornprasertsuk et al. 2005).  

2.6 Collagen glycosyltransferases 

Hydroxylysyl galactosyltransferase (GT, EC 2.4.1.50) catalyzes the attachment of 
galactose to the hydroxyl group of a hydroxylysyl residue via a β-glycosidic bond. 
Galactosylhydroxylysyl glucosyltransferase (GGT, EC 2.4.1.66) can further add 
glucose to the C-2 of galactose in galactosylhydroxylysine to give rise to the 
glucosylgalactosylhydroxylysine residue, involving an unusual α1-2-O-glycosidic 
bond between glucose and galactose (Kivirikko & Myllylä 1979, Spiro 1967, 
Spiro 1969).  

2.6.1 Characteristics of collagen glycosyltransferases 

GT has been purified from chick embryos at about 1000-fold purification (Risteli 
et al. 1976) and GGT as a homogenous protein (Myllylä et al. 1977), but genes 
for these enzymes have not been characterized. In gel filtration, the partially 
purified GT activity appears in three different peaks with molecular weights of 
450,000, 200,000 and 50,000 (Risteli et al. 1976). The molecular weight of the 
chick GGT is about 72,000-78,000 by SDS-polyacrylamide gel electrophoresis, 
while a lower molecular weight was obtained in gel filtration (Myllylä et al. 
1977). Both enzymes seem to be glycoproteins and require free sulfhydryl groups 
at their active site (Myllylä et al. 1976, Myllylä et al. 1977, Risteli et al. 1976, 
Risteli 1978).  

The collagen glycosyltransferases have been localized to the membranes of 
the rough ER as is lysyl hydroxylase (Blumenkrantz et al. 1984). Furthermore, 
GGT has also been detected in the smooth ER, the Golgi apparatus, platelets, 
serum and at the cell surface (Anttinen 1977, Bauvois & Roth 1985, Bortolato et 
al. 1990, Bortolato et al. 1992, Menashi & Grant 1979).  

The collagen glycosyltransferase activities vary in different cells and tissues 
and in different physiological and pathological states. Their distribution agrees 
with the degree of collagen glycosylation, the amount of collagens and collagen 
synthesis. Enzyme activities are higher in embryos and young animals than in 
adults (Kivirikko & Myllylä 1979). Increased enzyme activities are found after 
experimental hepatic injury (Risteli & Kivirikko 1974). In addition, GGT activity 
is elevated, for instance, in experimental diabetes and liver carcinoma, and in sera 
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of patients with pulmonary fibrosis and with various rheumatic diseases (Anttinen 
et al. 1985, Bolarin 1991, Kivirikko & Myllylä 1979, Myllylä et al. 1989) 

2.6.2 Reactions of collagen glycosyltransferases 

The collagen glycosyltransferases require a corresponding UDP-glycoside and 
Mn2+ in their reactions (Kivirikko & Myllylä 1979, Kivirikko & Myllylä 1982). 
The reaction mechanism of the chick GGT involves an ordered binding of Mn2+, 
UDP-glucose and collagen substrate. The binding site of UDP-glucose is 
probably separate from the binding sites of Mn2+ and the substrate. The products 
are released by the enzyme in the order of glycosylated collagen, UDP and Mn2+, 
or Mn2+ may not leave the enzyme after each catalytic cycle (Myllylä 1976). 
Reaction mechanism studies have not been carried out with GT.  

GT can only galactosylate hydroxylysine residues in a peptide with a 
minimum molecular weight of 500-600 and longer peptides are better substrates 
(Risteli et al. 1976). GGT can glucosylate free galactosylhydroxylysine, but the 
enzyme has a higher affinity for longer substrates (Kivirikko & Myllylä 1979). 
The amino acid sequence around the hydroxylysine residue may also affect the 
interaction of the substrate with both enzymes. Furthermore, the substrates of 
both enzymes must contain a free ε-amino group of the hydroxylysine residue and 
molecules with a triple-helical conformation cannot serve as substrates (Kivirikko 
& Myllylä 1979, Kivirikko & Myllylä 1982). The preferential sugar donor for 
both enzymes is the corresponding UDP-glycoside, and UDP and several other 
nucleotides act as inhibitors. Mn2+ in both reactions can be replaced to some 
extent with other bivalent cations (Kivirikko & Myllylä 1979).  
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3 Aims of the present work 

Lysyl hydroxylase is an enzyme catalyzing the formation of hydroxylysine 
residues in collagens and collagenous proteins. Three lysyl hydroxylase isoforms, 
LH1, LH2 and LH3, have been identified from human, mouse, rat and zebrafish. 
In addition, LH2 has two alternatively spliced forms, LH2a (short) and LH2b 
(long). Earlier studies have revealed that LH isoforms do not have collagen type 
specificity or clear differences in their tissue expression. The aim of the present 
work was to: 

1. Study the substrate requirements of the human LH isoforms, and specifically 
to determine whether the amino acids in close proximity to the X-Lys-Gly 
sequences direct the substrate binding and lysine hydroxylation by the LH 
isoforms. 

The hydroxylysines can be further glycosylated to galactosylhydroxylysine and 
glucosylgalactosylhydroxylysine. Collagen galactosylhydroxylysyl glucosyltrans-
ferase activity was purified from chick embryos in the 1970’s, but gene coding for 
this activity was unknown. The other aims of the work were to: 

2. Measure the GGT activity of the LH isoforms.  
3. Identify the amino acids important for the GGT activity. 

The multifunctionality of LH3 encouraged us to reexamine a Finnish 
epidermolysis bullosa simplex family, which was earlier found to have decreased 
GGT activity, accompanied by a markedly decreased urinary excretion of 
glucosylgalactosylhydroxylysine. Therefore, the additional aims of the work were 
to: 

4. Characterize the LH3 cDNA and LH3 protein in this family. 
5. Study the effects of the decreased GGT/LH3 activity on the extracellular 

matrix proteins. 
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4 Materials and methods 

The materials and methods are described in more detail in the original articles  
(I–IV). 

4.1 Cell culture (I, II, III, IV) 

Sf9 (Spodoptera frugiperda) insect cells (I, II, III) for the production of the lysyl 
hydroxylase isoforms were grown in Sf-900 II serum-free medium (Gibco). 

COS-7 cells (II), human skin fibroblasts and mouse embryonic fibroblasts 
(Sipilä et al. 2007) (IV) were grown at 37°C, 5% CO2 in DMEM with Glutamax 

(Gibco) supplemented with 10% fetal calf serum (Promocell), penicillin-
streptomycin and 50 µg/ml ascorbic acid.  

4.2 Expression of the lysyl hydroxylase isoforms as recombinant 
proteins (I, II, III) 

The expression of the human LH isoforms in insect cells (I, II, III) was carried out 
by a baculovirus transfer vector pFastBacI in the BAC-TO-BACTM Expression 
system (Invitrogen). The vector was modified to contain the human LH1 signal 
peptide, a His6-tag, and a BamHI site for insertion of the desired cDNA 
(Valtavaara et al. 1997, Valtavaara et al. 1998). The construct of human LH1 
covered the nucleotides from 255 to 2405 (Hautala et al. 1992a). The construct of 
human LH2a and LH2b covered the nucleotides from 76 to 2267 (Valtavaara et al. 
1997), the LH2b containing the alternatively spliced exon sequence between 
nucleotides 1500 and 1501 (Valtavaara 1999, Yeowell & Walker 1999). The 
construct of human LH3 covered the nucleotides from 289 to 2455 (Valtavaara et 
al. 1998). The cells were harvested 48 h after infection and homogenized as 
described earlier (Valtavaara et al. 1998). 

Expression of the human LH3 cDNA was also carried out in a mammalian 
pCDNA3 expression vector (Invitrogen) and, as a GFP fusion protein, in a 
pEGFP-N1 vector (CLONTECH) (II). The constructs were transfected into COS-
7 cells using FUGENE6 (Roche). The transfected COS-7 cells were sonicated in a 
buffer containing 0.1% Triton X-100, 0.2 M NaCl, and 20 mM Tris-HCl, pH 7.5, 
for 10 s in ice, and centrifuged.  

The human LH3 and C. elegans LH cDNAs were ligated into a pQE30 vector 
(Qiagen) (III). The recombinant proteins contained the whole coding sequence 
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without the signal sequence, and a His6-tag at the amino terminus. The constructs 

were transformed into the E. coli XL1-Blue strain. The cells were lysed in a 
buffer containing 0.4 M NaCl, 0.5% Nonidet P-40, and 20 mM Tris-HCl, pH 7.8, 
and incubated in the presence of lysozyme (50 µg/ml) and RNase A (10 µg/ml) at 
room temperature for 30 min. Lysis was completed by sonication. The cell debris 
was removed by centrifugation and the supernatant was used in the measurements.  

For in vitro translation (II, III), the coding sequence of LH3 cDNA was 
cloned into the pCITE 4a vector (Novagen) under the T7 promoter. In vitro 
translation was performed with the single tube protein system 3 kit (Novagen) 
according to the manufacturer's protocol.  

The QuickChange site-directed mutagenesis kit (Stratagene) (II, III) was used 
to make point mutations or deletions to the LH3 cDNA sequence.  

4.3 Purification of His-tagged proteins (I, II) 

His-tagged recombinant proteins were purified by Ni-NTA-agarose (Qiagen) (I, II) 
using the batch purification protocol as described by the manufacturer. The 
agarose was equilibrated with 20 mM Tris-HCl, pH 7.8, 0.3 M NaCl, 5% glycerol, 
and 10 mM imidazole. Ni-NTA-agarose was mixed into the cell homogenate with 
additions of 5% glycerol, 0.3 M NaCl, and 10 mM imidazole, and the slurry was 
incubated for 45 min at 4°C on a rocking platform. The matrix was then washed 
in 20 mM Tris-HCl, pH 7.8, 0.3 M NaCl, 5% glycerol, and 20 mM imidazole. 
Elution was carried out stepwise, with elution buffers that contained 100, 200 and 
300 mM imidazole.  

4.4 Enzyme activity measurements (I, II, III, IV) 

LH activity was assayed by a method based on the hydroxylation-coupled 
decarboxylation of 2-oxo[1-14C]glutarate (Kivirikko & Myllylä 1982) with the 
synthetic peptide IKGIKGIKG used as a substrate (II, III). In the measurements 
of Km- and Vmax-values (I), the specific activity of 2-oxoglutarate was 74 x 105 
dpm/μmol. The peptide substrates were synthesized at the Department of 
Biochemistry, University of Oulu, using an ABI 433A Synthesizer and an Fmoc 
deprotection strategy.  

The GGT activity (II, III, IV) was assayed by the method based on the 
transfer of a tritium-labeled sugar from UDP-glucose (139 Ci/mol) to galactosyl 
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hydroxylysyl residues in a calfskin gelatin substrate (Kivirikko & Myllylä 1982, 
Myllylä et al. 1975).  

4.5 Pepspots analysis (I) 

The amino acid sequences chosen for the Pepspots analysis were obtained from 
the α chains of type I-XIX collagens (Ayad et al. 1998). The nine amino acid long 
peptides, corresponding to the XKG sequences and the triplets on both sides of 
the XKG sequence, were synthesized as spots (Frank 1992) onto polyethylene 
glycol-derivatized cellulose membranes (AIMS Scientific Products) using the 
peptide scanning instrument AutoSpot Robot ASP222 (Abimed Analysen-
Technik). 

For peptide interaction studies, the membrane was blocked with 5% non-fat 
milk powder in TBS-T and subsequently incubated with the baculovirus-
expressed and Nickel column purified LH isoform at a concentration of 5 μg/ml 
in the presence of 50 mM Tris-HCl-buffer, pH 7.8, 50 mM Fe2SO4 and 1 mM 
ascorbate. The bound LH isoform was electroblotted onto a PVDF membrane 
(Millipore) using a Semiphor transfer unit (Hoefer) as recommended by Jerini bio 
tools GMBH, and visualized on an x-ray film (Eastman Kodak Co) according to 
the protocol for ECLTM Western Blotting (Amersham biosciences) using the 
monoclonal anti-polyHistidine clone His-1 (Sigma) and horseradish peroxidase -
conjugated Anti-Mouse IgG (Zymed) antibodies. 

4.6 CD spectra of peptide substrates (I) 

The secondary structures of the collagenous peptides used in the activity 
measurements were studied with circular dichroism (CD) spectroscopy. The CD 
spectra were recorded with a Jasco J-715 spectropolarimeter equipped with a 
microprocessor for spectral accumulation and data manipulation. All 
measurements were made in 1 mm path length quartz cells. The peptide 
concentration was 0.5 mg/ml and the measurements were performed at room 
temperature. The ellipticity was converted to the mean residue molar ellipticity. 
Secondary structure percentages of peptides were calculated from the CD spectra 
using the CONTIN/LL method (Provencher & Glockner 1981) with the SP37A 
reference set of 37 soluble proteins (Sreerama et al. 2000), as provided by the 
CDPro software package (Sreerama & Woody 2000). 
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4.7 Biocomputing analysis (I) 

A Bayesian approach (Berry 1992) was chosen to analyze the Pepspots data in 
order to determine the qualities of the peptides promoting or inhibiting binding of 
LH isoforms to the Pepspots peptides. The binding probability of each set of 
peptides carrying a certain quality was compared against the binding probability 
of peptides that were not in the set. The binding probability of a set of peptides 
was defined as the probability that a Pepspots binding assay gives a positive result 
for a peptide sampled randomly from the set.  

A visualization tool called Sammon mapping (Agrafiotis 1997, Sammon 1969) 
was used to find more qualities related to the binding of the peptides. The 
Pepspots peptides were mapped onto a 2-dimensional map, where similar 
peptides were positioned close to each other and dissimilar peptides far apart. The 
sequence dissimilarity (WAC dissimilarity) was calculated using the WAC 
similarity matrix (Wei et al. 1997), based on physicochemical properties of the 
microenvironments created by amino acids. The G3PCX (Deb et al. 2002) 
evolutionary algorithm was used to optimize the Sammon map. 

The theoretical structures of the Pepspots peptides in water were solved using 
the biased probability Monte Carlo global optimization procedure with distance 
dependent electrostatics, as provided by the ICM software package (Abagyan & 
Totrov 1997). Various approaches were used to find correlations between the 
peptide structures and the Pepspots binding data. As a structural dissimilarity 
measure, the root mean square deviation (RMSD) of the coordinates of the 
corresponding backbone and Lys5 heavy atoms between all Pepspots peptide 
pairs were calculated and a Sammon map was created from the RMSD data. The 
dependency of binding probability on peptide solvation free energy was analyzed 
statistically. The solvation free energy was calculated using ICM software. The 
secondary structure analysis (Kabsch & Sander 1983) of the Pepspots peptides 
was carried out on the 3-D structures, in order to find a bent structure with lysine. 

4.8 RNA isolation and Northern analysis (IV) 

Total RNA was isolated from skin fibroblasts with TRIzol Reagent (Gibco). For 
Northern analysis, the RNA was fractionated in a 0.8% agarose gel containing 
0.22 M formaldehyde and transferred to a nylon membrane (Sambrook & Russel 
2001). The filter was hybridized with [32P]dCTP-labeled cDNA fragments of 
human LH3 and LH1 (Valtavaara et al. 1997, Valtavaara et al. 1998) in 
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ExpressHyb (BD Biosciences). β-Actin cDNA was used as a control probe to 
normalize the quantities of mRNA. Quantification of mRNA levels was 
performed with ImageQuant 5.2 software (Molecular Dynamics). 

4.9 Isolation of genomic DNA, cDNA synthesis, PCR amplification 
and sequence analysis (IV) 

Genomic DNA was isolated from cultured skin fibroblasts using proteinase K and 
phenol extraction (Sambrook & Russel 2001). mRNA was isolated from the cells 
with a Oligotex Direct mRNA mini kit (Qiagen) followed by first strand cDNA 
synthesis using AMV reverse transcriptase (Invitrogen) with an oligo (dT)15 
primer.  

PCR amplification of the LH3 promoter sequence was performed with 
promoter and exon 1 specific oligonucleotides (Rautavuoma et al. 2000) and 
cDNA was amplified with LH3 specific oligonucleotides (Passoja et al. 1998b, 
Valtavaara et al. 1998). The PCR fragments were directly sequenced using the 
DYEnamic ET terminator cycle sequencing premix kit (GE Healthcare) and a 
ABI Prism 377 sequencer (Perkin Elmer).  

4.10 Immunoblotting (II, III, IV)  

The recombinant LH isoforms were detected using the monoclonal anti-
polyHistidine antibody (Sigma) (II, III). The endogenous LH3 was partially 
purified with UDP-hexanolamine agarose (Sigma) and detected using anti-mouse 
LH3 antibody (Salo et al. 2006b) or PLOD3 antibody (ProteinTech, Inc). For 
collagen analysis, cells were homogenized into buffer containing 0.2 M NaCl, 0.1 
M glycine, 0.1% Triton X-100, 50 µM DTT, 10 mM EDTA, 20 mM Tris, pH7.5 
and proteins in serum-free culture medium were TCA precipitated. Collagens 
were detected with polyclonal rabbit anti-collagen type I (Rockland) and 
polyclonal rabbit anti-collagen type VI (Rockland) (IV). 

The proteins were separated on 7.5% or 10% SDS-PAGE and transferred to 
Immobilon-P PVDF-membranes (Millipore). The membranes were blocked with 
5% fat-free milk powder in TBS-T. The membranes were incubated with 
proprietary primary antibody and further with horseradish peroxidase -conjugated 
anti-rabbit IgG (P.A.R.I.S) or anti-mouse IgG (Zymed) secondary antibodies. 
Immunocomplexes were visualized by using ECL or ECL+ reagents (GE 
Healthcare) and x-ray film (Eastman Kodak Co). 
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4.11 Immunofluorescence staining (IV) and immuno-
electronmicroscopy (IV) 

For immunofluorescence staining, cells grown on glass coverslips were fixed with 
4% paraformaldehyde in PBS or with 95% ethanol/5% acetic acid. After blocking 
with 1% BSA, 0.1% saponin in PBS, the cells were incubated with monoclonal 
anti-vimentin (ABR), anti-vimentin (Sigma) or monoclonal anti-α-tubulin (Sigma) 
primary antibodies. In collagen and fibronectin experiments, cells were incubated 
with polyclonal rabbit anti-collagen type I (Rockland), polyclonal rabbit anti-
collagen type VI (Rockland) and anti-human fibronectin (Sigma) in the absence 
of saponin, and nuclei were stained with Hoechst 33258. AlexaFluor 488 
conjugated anti-rabbit IgG, anti-mouse IgG or anti-goat IgG (Molecular Probes) 
antibodies were used for secondary detection. For actin microfilament staining, 
the cells were permeabilized by 1% triton X-100 and incubated with AlexaFluor 
568 phalloidin (Invitrogen). The cells were then embedded in Immu-Mount 
(Thermo Shandon) and examined using an Olympus epifluorescence microscope 
or an Olympus Fluoview 1000 confocal microscope.  

For immuno-electronmicroscopy, the cells were fixed in 4% 
paraformaldehyde in a 0.1 M phosphate buffer pH 7.3, embedded with gelatin and 
immersed in 2.3 M sucrose. Thin cryo sections were incubated with PLOD3 
(ProteinTech, Inc) primary antibody and then with a protein A-gold complex. 
Sections were examined in a Philips CM100 transmission electron microscope.  
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5 Results 

5.1 Substrate specificity of lysyl hydroxylase isoforms (I) 

5.1.1 Amino acids present in the collagenous sequences of type I-
XIX collagens 

The α chains of type I-XIX collagens (Ayad et al. 1998) were analyzed for the 
occurrence of short sequence motifs XYG, XRG, and XKG (Fig. 3a1-3, I) as nine 
amino acid sequences, where G in the motif was constrained in position 6 to the 
maximal score. The relative frequencies of the amino acids in each position were 
calculated and the size of the amino acid symbols in Figure 3 (I) represents their 
abundance in a certain position. Our analysis revealed that proline is the most 
abundant amino acid in the X and Y position of the type I-XIX collagens α chains. 
In the triplet following the XKG motif, glutamate, aspartate, alanine, serine, and 
proline were the most abundant amino acids in the X position, while in case of the 
XRG motif, proline was again the most abundant amino acid in the X position. 
Furthermore, our hand-picked Pepspots peptide sequences (Fig. 3a4, I) 
corresponded well to the set of XKG sequences found by computer analysis. 

5.1.2 The collagenous peptides bound by lysyl hydroxylase isoforms 

The Pepspots membranes, containing 727 peptides representing the 
XYGXKGXYG sequences of collagen types I-XIX (Ayad et al. 1998), were used 
to study the sequence specificity of the LH isoforms. Each LH isoform was bound 
to approximately 200 Pepspots peptides. There was some overlap in the binding 
of peptides, and 46 of the peptides were bound by all isoforms. However, there 
were some peptides bound only by one LH isoform. The bound peptides were 
derived from various collagen types and there were some differences in the 
collagen types bound by each LH isoform. The net charge of the peptide strongly 
influenced the binding; a net charge of 2 or greater was usually associated with a 
high binding probability. Our data also indicated that some amino acids in certain 
positions in the XYGXKGXYG sequence affected binding of LH isoforms, for 
example Arg or Lys in position 8 of the peptide promoted the binding of all LH 
isoforms. Peptide characteristics affecting the binding probability of each LH 
isoform are summarized in Table 2. 
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Table 2. Peptide characteristics affecting the binding probability of each LH isoform 

Isoform Number of 

peptides 

bound 

Major collagen 

types of the 

peptides 

Peptide 

net 

charge 

Amino acids promoting 

binding (position in the 

sequence) 

Amino acids inhibiting 

binding (position in the 

sequence) 

LH1 196 XI, XII, XV, XVII ≥ 2 Arg, Lys (2), Glu (4), Asp, 

His (7), Arg, Lys (8) 

Gly (1), Ala, Asp, Pro (2), 

Gln, Ile (4), Glu (7), Ala, 

Glu, Pro (8) 

LH2a 195 VI, VII, XVII ≥ 3 Val (1), Arg, Lys (2), Leu, 

Lys (4), Asp (7), Arg, Lys 

(8) 

Ala (2), Ala, Glu (4), Glu 

(7), Ala, Met, Pro (8) 

LH2b 226 XI, XII ≥ 2 Arg, Lys (1), Arg, Lys (2), 

Ala (4), Arg, His, Ile, Lys, 

Ser (7), Arg, Lys (8) 

Glu (1), Asp (2), Gln, Ile 

(4), Asp, Glu (7), Asp, Glu, 

Gln, Pro, Val (8) 

LH3 242 VI,XI, XII ≥ 2 Arg, Lys (1), Ala, Thr (4), 

His, Lys, Ser, Tyr (7), Arg, 

Lys (8) 

Glu (1), Asp (2), Asp, Gln 

(4), Asp, Glu (7), Asp, Glu, 

Gln, Pro (8) 

Sammon maps (Fig. 2, I), based on the WAC dissimilarities of the Pepspots 
peptide sequences, were used to visualize peptide binding. The Sammon maps 
showed no absolute sequence specificity for the LH isoforms. However, a detailed 
analysis of the Sammon maps (Fig. 2, areas marked by 1–5, I) revealed some 
differences in the binding probability of LH isoforms in certain areas (Fig. 4, I). 
The analysis of the peptide sequences in those areas (Fig. 3b, 1–5, I) showed 
differences in amino acid frequencies compared with the general sequence.  

Furthermore, it was found that a low solvation free energy of the peptide, 
favorable for an aqueous environment, was associated with a high binding 
probability by all LH isoforms and a high solvation free energy was associated 
with a low binding probability. However, the solvation free energy was found to 
be strongly dependent on peptide net charge (Fig. 6, I), with both positively and 
negatively charged peptides preferring an aqueous environment. No increase in 
binding was found for peptides with a hydrogen bonded turn over Lys-5, as 
identified in the secondary structure analysis. The Sammon map based on 
structural root mean square deviation dissimilarities showed no significant 
aggregation of binding or non-binding peptides. 
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5.1.3 Pepspots peptides as substrates of lysyl hydroxylase isoforms 

Twenty-eight Pepspots peptides, representing the characteristics affecting the 
binding probability in Pepspots analysis, were selected for in vitro activity 
measurements in order to test whether they could serve as substrates of the LH 
isoforms. The Km and Vmax values of these peptides for the LH isoforms were 
measured, but no correlation was found between the Km values and binding of the 
peptide in the Pepspots. This could be due to the different reaction conditions in 
the activity assay and Pepspot analysis. 2-oxoglutarate was not present in the 
Pepspot analysis in order to prevent hydroxylation of peptide and subsequent 
release of the enzyme. Furthermore, peptides on the Pepspots were immobilized, 
while they were in solution in the activity assay. In addition, none of the 
secondary structures of the peptides, analyzed by CD spectroscopy, were found to 
correlate with the Km or Vmax values. However, our activity assays indicated that 
Pepspots peptides were bound to the active site of the LH isoforms. More peptides 
served as substrates of LH isoforms in the activity assay than were bound by LH 
isoforms in the Pepspots analysis suggesting that the activity assay was more 
sensitive than the Pepspots binding analysis. 

The Km and Vmax values of the different peptides for the LH isoforms are 
listed in Table III (I). The data indicated differences in the capacity of the various 
isoforms to hydroxylate peptides. Interestingly, none of the negatively charged 
peptides were hydroxylated by LH1, whereas most of them served as substrates 
for the other isoforms. All peptides with a positive charge were hydroxylated by 
the LH isoforms and increasing the amount of NaCl in the assay markedly 
reduced the activity, in agreement with the Pepspots analysis, suggesting that the 
net charge of the peptide is a key determinant for binding. Furthermore, the 
alternatively spliced forms of LH2, LH2a and LH2b, varied in their ability to 
hydroxylate collagenous peptides.  
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5.2 Characterization of the multifunctionality of human lysyl 
hydroxylase 3 and C. elegans lysyl hydroxylase (II, III) 

5.2.1 Galactosylhydroxylysyl glucosyltransferase activity of human 
lysyl hydroxylase 3 and C. elegans lysyl hydroxylase (II, III) 

When human LH3 cDNA constructs were expressed in Sf9 insect cells and in 
COS-7 mammalian cells, the GGT activity in the cells started to increase about 30 
h after transfection. At the same time, GGT activity was also secreted into the cell 
culture medium. In Sf9 cells, about 25 to 55% of the activity was secreted, 
whereas in COS-7 cells the corresponding value was about 80%. Antibodies 

against a synthetic peptide corresponding to the amino acids 283 to 297 of the 
human LH3 (Wang et al. 2000) and against the chicken glucosyltransferase 
(Myllylä 1981) partially inhibited the GGT activity of recombinant LH3 produced 
in insect cells and the GGT activity of skin fibroblasts. In addition, when the 
cDNA of C. elegans LH was expressed in E. coli, GGT activity was present in the 
soluble protein fraction. The human LH3 was also expressed as a GFP fusion 
protein in COS-7 cells. The fusion protein was located mainly in the endoplasmic 
reticulum, but in some cells, the protein also entered the Golgi complex, in 
agreement with the secretion of GGT. Furthermore, the other lysyl hydroxylase 
isoforms, LH1, LH2a and LH2b, were expressed in Sf9 cells under conditions 
identical to LH3. Although LH activity was present in the cells, none of these 
recombinant proteins had detectable GGT activity.  

The His-tagged LH3, expressed in insect cells, was purified with a nickel 
column and one major band was present on an immunoblot with a molecular 
weight corresponding to LH3. The purified protein had GGT activity, but no LH 
activity. It was shown that imidazole, a histidine analogue used in the elution of 
the nickel column, was a potent inhibitor of lysyl hydroxylase. The LH3 cDNA 
was also translated in a cell free system and the protein corresponding to LH3 was 
shown to possess GGT activity.  
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5.2.2 Amino acids important for the galactosylhydroxylysyl 
glucosyltransferase activity (II, III) 

The amino acid sequence alignment of the bovine, rat, chicken, mouse and human 
LH1, the mouse and human LH2, the mouse and human LH3 and C. elegans and 
Drosophila LH revealed 29 amino acids, which were conserved between the LH3 
sequences and the C. elegans sequence. The amino acids were scattered evenly 
throughout the molecule. In addition, 11 of these 29 amino acids were conserved 
in the Drosophila LH. In vitro mutagenesis combined with an in vitro translation 
system was used to determine which of the conserved amino acids were important 
for GGT activity in C. elegans LH. The conserved amino acids were mutated to 
amino acids present in LH1/LH2. The most inhibitory changes of C. elegans and 
one C-terminal change as a control were further tested with human LH3 in E. coli. 
Two mutations, C132I and L196I in the C. elegans and the corresponding amino 
acids C144I and L208I in human, inhibited GGT activity markedly in both species 
suggesting that these amino acids are important for the GGT catalytic activity. 
The alkylation study revealed that Cys144 does not form a disulfide bond and 
probably does not participate in the enzyme catalysis directly. 

The baculovirus expression system was used to determine whether mutations 
inhibiting the GGT activity of LH3 have an effect on the LH activity. Mutations 
C144I and L208I did not have any effect on the LH activity of LH3. On the other 
hand, a D669A mutation decreased LH activity dramatically, whereas it had no 
effect on the GGT activity. To determine whether the C-terminal portion of the 
molecule is required for the GGT activity, the translational stop codon was 
generated in different parts of the LH3 cDNA, and the GGT activities of the 
truncated LH3 molecules were assayed. None of the truncated molecules were 
able to hydroxylate lysine residues, whereas a 355 amino acid long N-terminal 
moiety still possessed low GGT activity. The amino acids of the truncated LH3 
molecules and their GGT activities are summarized in Table 3. 
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Table 3. GGT activity of the truncated LH3 molecules 

Amino acids of truncated LH3 molecules GGT activity % of normal 

Normal LH31: 33-738 100 

Mutation 1: 33-231 a frame shift2 and translation stop at 356 0,1 

Mutation 5: 33-389  10 

Mutation 7: 33-402  22 

Mutation 2: 33-521  23 

Mutation 4: 33-668 a frame shift2 and translation stop at 698 47 
1full lenght LH3, without a signal sequence, covering amino acids 33-738 
2one nucleotide deletion causing a frame shift in the sequence 

Many glycosyltransferase families have a so-called DXD motif in their sequence 
(Ünligil et al. 2000). There are at least three DXD-like motifs in the LH3 
sequence. A point mutation D392A indicated that the DXD-like motif at position 
392-394 of the human sequence is not important for GGT activity of the LH3. The 
analysis of the truncated molecules showed that the most C-terminal DXD-like 
sequence at the position 489-491 was not essential for the activity. A short 
conserved motif containing many aspartate residues is located in the sequence at 
position 187-191 and the mutation of residues to alanine eliminated the GGT 
activity of the LH3 (Fig.5, III).  

5.3 Decreased galactosylhydroxylysyl glucosyltransferase activity 
in a family with epidermolysis bullosa simplex (IV) 

5.3.1 GGT activity, LH3 protein level and analysis of LH3 gene and 
cDNA in the patients (IV) 

Skin fibroblast cultures were established from two patients of a Finnish 
epidermolysis bullosa simplex (EBS) family, which has been earlier reported to 
have a deficiency of GGT activity (Savolainen et al. 1981). This family also 
segregate a keratin 5 mutation (Dong et al. 1993). The mouse embryonic 
fibroblasts derived from heterozygous LH3 knockout crosses were used for 
comparison (Sipilä et al. 2007). The GGT activity of the patients’ skin fibroblasts 
was measured, and our results were consistent with previous results (Savolainen 
et al. 1981), showing decreased GGT activity for patient 10 and activity in the 
normal range for patient 22 (Fig. 1A, IV). When the GGT activity was measured 
from the culture medium, reduced values were obtained for both patient cell lines. 
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For comparison, the GGT activity was measured from cells and medium of 
heterozygous LH3 knockout mouse embryonic fibroblasts (MEFs+/-) (Fig. 1B, IV). 
The GGT activity in these cells was approximately 80% and in the culture 
medium only about 10% of the activity of the normal mouse embryonic 
fibroblasts (MEFs+/+).  

Sequencing of PCR fragments covering the entire coding region and most of 
the 5’- and 3’-untranslated regions of the LH3 cDNA, did not reveal any 
mutations in the EBS patients. In Northern analysis, the EBS patients had normal 
levels of LH3 and LH1 mRNA (Fig. 2A, IV) and the size of the LH3 mRNA was 
also equal to the control. In addition, only three polymorphic nucleotides, present 
also in healthy controls, were found in the promoter and exon 1 region of the LH3 
gene in EBS patients. However, the amount of LH3 protein was reduced in both 
patient cells and also in the culture media when analyzed by immunoblot (Fig. 2B, 
IV). Similarly, fewer gold particles representing LH3 were found in EBS cells 
than in controls in immuno-electronmicroscopy.  

5.3.2 Organization of the extracellular matrix and the cytoskeleton in 
cells with decreased GGT/LH3 activity (IV) 

Recent analyses of LH3 knockout mouse cells have indicated that the GGT 
activity of LH3 is crucial for the assembly and secretion of type VI collagen 
(Sipilä et al. 2007). Furthermore, it is known that type VI collagen controls the 
organization of fibronectin (Sabatelli et al. 2001), and, together with fibronectin, 
it plays a role in type I collagen fibrillogenesis (Li et al. 2003, Minamitani et al. 
2004). In both EBS patient cell lines, the arrangement of these proteins was 
abnormal in the extracellular immunofluorescence stainings. Type VI collagen 
formed a fine and slightly interconnected three-dimensional network in patients 
(Fig. 3B, IV), whereas a thick and heavily cross-linked network was observed in 
controls (Fig. 3A, IV). In patient cells, thin fibronectin fibrils were oriented 
parallel to the long axis of cells (Fig. 3F, IV) and formed fewer interconnections 
in the three-dimensional network than in the controls (Fig. 3E, IV). In addition, 
type I collagen fibrils were short and faint in patient cells (Fig. 3J, IV), differing 
from the type I collagen fibrils in controls (Fig 3I, IV). When immunostaining 
was carried out with the LH3 knockout MEFs+/- (Fig. 3D, H, L, VI), the findings 
were similar to those of the EBS patients.  

The metabolically labeled type VI collagen of the EBS fibroblasts formed 
tetramers, which were secreted from the cells with no obvious abnormalities when 
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compared with the controls. In immunoblot analysis, type VI and I collagen α 
chains of the EBS patient cells and the LH3 knockout MEFs+/- migrated normally 
on SDS-PAGE indicating no significant changes in lysine modifications. However, 
in both cell lines these collagen types were not normally deposited into 
extracellular matrix, since more soluble collagens were present in the medium of 
these cells compared to controls.  

At confluence, the patient cells appeared smaller and rounder, and they were 
not in such close contact with each other compared with the control cells. The 
major cytoskeletal components of fibroblasts, actin microfilaments, tubulin 
microtubules and vimentin intermediate filaments, were examined by 
immunofluorescence in order to visualize the differences in cell shape. In EBS 
patient fibroblasts (Fig. 4B, IV), actin stress fibers appeared tangled and thinner 
and did not always extend the whole long axis of the cell when compared with 
controls (Fig. 4A, IV). Microtubules were also faint in EBS cells (Fig. 4F, IV), 
and they appeared curlier than in controls (Fig. 4E, IV). The amount of vimentin 
intermediate filaments appeared lower in EBS cells (Fig. 4J, IV), and the 
filaments were shorter than those in control cells, covering only the area 
surrounding the nucleus. Interestingly, similar or even more dramatic changes 
were seen in the cytoskeletal stainings of the LH3 knockout MEFs+/- (Fig. 4D, H 
and L, IV). 
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6 Discussion 

6.1 Frequency of the charged amino acids is high in the triplets 
following the lysine residues  

The amino acid sequences of type I-XIX collagens (Ayad et al. 1998) were 
analyzed in order to determine which amino acids occupied the X and Y positions 
of repeating XYG sequences in close proximity to lysine residues. Our analysis 
revealed that proline is the most common amino acid in the X and Y position of 
the XYG triplets. This was expected, since a high content of proline and 
hydroxyproline is a unique feature of collagen triple helices (Brodsky & Persikov 
2005). When the frequencies of the amino acids surrounding the XKG motif were 
analyzed, more charged amino acids were found in the X and Y position in the 
triplet following the lysine than in the general triplet (Fig. 3a, I). Interestingly, 
when the frequencies of the amino acids surrounding the XRG motif were 
analyzed, no changes compared with general triplet were found. The comparison 
of lysine and arginine motifs, involving basic amino acids, revealed that evolution 
had to some extent changed the amino acid sequence surrounding the lysine 
residues and this might have some role in lysine hydroxylation. Other 
computational analyses have also indicated that XKGE/DY sequences are present 
at a greater frequency than expected in fibrillar collagens (types I, II, III, V and 
XI). This motif was suggested to be biologically important, probably by 
contributing to collagen triple helix stability (Persikov et al. 2005). A high content 
of XKGE/DY sequences is probably also a typical feature of the novel type XX-
XXIX collagens, at least this has been reported for type XXVIII collagen (Veit et 
al. 2006).  

6.2 Lysyl hydroxylase isoforms do not have absolute amino acid 
sequence specificity for their substrates 

The substrate specificity of the LH isoforms is not fully known. The 
hydroxylysine content of the various collagen types vary markedly and further 
variation is found in the same collagen type in different tissues and in the same 
tissue in different physiological and pathological states (Kivirikko & Pihlajaniemi 
1998, Kivirikko et al. 1992). This finding suggests that LH isoforms could be 
collagen type specific or tissue specific. However, earlier studies have revealed 
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that LH isoforms do not have collagen type specificity (Wang et al. 2000) or clear 
differences in their tissue expression (Heikkinen et al. 1994, Passoja et al. 1998b, 
Valtavaara et al. 1997, Valtavaara et al. 1998, Yeowell & Walker 1999).  

In this study, the sequence specificity of LH isoforms was tested using the 
Pepspots method, where nine amino acid long collagenous peptides were 
synthesized on the membrane and some of the peptides were also tested in 
activity assays. The peptides represented the XYGXKGXYG sequences in type I-
XIX collagens and altogether 727 peptides were analyzed. In general, the positive 
net charge of the peptide and specific amino acids in close proximity to the lysine 
residues were key determinants in the binding and hydroxylation of the peptide by 
LH isoforms. Our analysis did not reveal structural motifs that would affect the 
binding and hydroxylation, and thus our data disagrees with earlier data 
(Ananthanarayanan et al. 1992, Jiang & Ananthanarayanan 1991). However, we 
found that peptides with a strong preference for an aqueous environment were 
bound by LH isoforms with a high probability. These peptides typically had also a 
high net charge, which most likely is a cause of the high binding probability. The 
finding also suggests that the LH substrate binding site might be hydrophilic, not 
a deep hydrophobic pocket. 

The Pepspots data suggest that LH1, LH2a, LH2b and LH3 do not have 
absolute sequence specificity for the binding of peptides. There was an overlap in 
the binding of many peptides, but there were some peptides that were 
preferentially bound by a certain LH isoform. Our data also confirmed the earlier 
findings that LH isoforms lack collagen type specificity (Wang et al. 2000), since 
isoforms were able to bind and hydroxylate peptides representing various collagen 
types. Likewise, the overall substrate specificity of LH1, LH2b and LH3 for 
various synthetic peptides representing type I and IV collagens have been found 
to be mostly similar. All isoforms were also capable of hydroxylating the same 
amount of helical lysines of the full-length proα1(I) chain when coexpressed in 
insect cells (Takaluoma et al. 2007b).  

Based on our results, it is probable that LH isoforms can, to some extent, 
compensate for each other in tissues, but the compensation is dependent on the 
amount of the LH isoforms in tissues and also on the amino acids surrounding the 
lysine residue. The cross-linking sites in fibrillar collagens (I, II, III, V and XI) 
have a conserved positively charged sequence motif, usually including the 
sequence XKGHR (Eyre & Wu 2005). Interestingly, none of the negatively 
charged peptides in our activity assays were hydroxylated by LH1, suggesting 
that LH1 prefers positively charged sequences. Analyses of the LH1 deficient 
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EDS VIA patients (Eyre et al. 2002) and LH1 knockout mice (Takaluoma et al. 
2007a) have revealed that LH1 hydroxylates preferentially the helical lysines in 
collagen cross-linking sites and the other isoforms can not fully compensate for 
this hydroxylation in the absence of LH1.  

Our results further show that the alternatively spliced forms of LH2, LH2a 
and LH2b, have different abilities to bind and hydroxylate collagenous peptides 
suggesting that amino acids coded by the alternatively spliced exon participate in the 
substrate binding site or the active site of the enzyme. Although we and others 
(Takaluoma et al. 2007b) have shown that LH2b can hydroxylate collagenous 
sequences in vitro, disease models reveal that LH2b is the main LH isoform 
hydroxylating the telopeptide lysines (Brinckmann et al. 2005, van der Slot et al. 
2003, van der Slot et al. 2004). LH2b was unable to hydroxylate synthetic N- and 
C-telopeptides in vitro, but hydroxylated the N-telopeptide in the full-length 
proα1(I) chain when coexpressed in insect cells, confirming its function as a 
telopeptide lysyl hydroxylase (Takaluoma et al. 2007b). The function of LH2a is 
yet to be determined, but it probably has a function in embryonic development 
(Salo et al. 2006a).  

Studies with mice lacking the LH activity of LH3 have indicated that LH3 
preferentially hydroxylates type IV and VI collagen lysine residues, which are 
further glycosylated (Sipilä et al. 2007). The glycosylated hydroxylysines in type 
II, IV and VI collagens (Chu et al. 1988, Lauer-Fields et al. 2003, Van den Steen 
et al. 2004) and in some collagenous proteins (Jensen et al. 2007, Sellar et al. 
1991, Wang et al. 2002) are often present in the XKGE/D sequence suggesting 
that LH3 would prefer this sequence. Interestingly, in our activity assays, LH3 
was more sensitive to NaCl than the other isoforms, indicating that charged amino 
acids in the peptide are important for the LH3 substrate binding and 
hydroxylation. 

6.3 Lysyl hydroxylase 3 is a multifunctional enzyme 

The collagen glycosyltransferase activities were purified from chick embryos in 
the 1970’s (Myllylä et al. 1977, Risteli et al. 1976), but genes for these activities 
were unknown. In this study, human LH3 was shown to possess 
galactosylhydroxylysyl glucosyltransferase (GGT) activity. This was seen when 
LH3 cDNA was expressed in insect and mammalian cells. Even though the amino 
acid sequences of the LH isoforms are highly similar, LH3 was the only LH 
isoform possessing the GGT activity. The purification of recombinant LH3 
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protein and the cell-free translation experiments further supported the finding that 
LH and GGT activities are present in the LH3 protein. In all systems used, LH3 
had the molecular weight of about 85,000 indicating that no processing of LH3 is 
required to generate the GGT activity. In addition, LH of C. elegans, which has 
only one orthologue of the enzyme in the genome (Norman & Moerman 2000), 
was found to have LH and GGT activities. Later studies revealed that human LH3 
and C. elegans LH also have hydroxylysyl galactosyltransferase (GT) activity 
when recombinant proteins were analyzed in vitro (Wang et al. 2002). 
Furthermore, the disruption of LH3 by siRNA reduced GT and GGT activities in 
cells (Wang et al. 2008). Thereby the data suggest that LH3 is able to catalyze all 
the reactions required for the formation of a glucosylgalactosylhydroxylysine 
residue. The Km values for UDP-glucose and UDP-galactose of human LH3 were 
identical to the values determined from enzymes isolated from chick embryos. 
However, the recombinant LH3 worked most effectively as GGT (Wang et al. 
2002).  

Recent mouse studies have confirmed that LH3 is the main molecule 
responsible for GGT activity in vivo. The loss of LH3 in mice leads to early 
embryonic lethality due to the absence of basement membrane (Rautavuoma et al. 
2004, Ruotsalainen et al. 2006). Especially, the GGT activity of LH3 is essential 
for the formation of the functional BM during embryogenesis (Ruotsalainen et al. 
2006). Furthermore, the type I, IV and VI collagens produced by LH3 knockout 
cells lacked all the hydroxylysine-linked disaccharides indicating that LH3 has 
GT and GGT activities in vivo (Sipilä et al. 2007). Similarly, the absence of the 
multifunctional C. elegans LH has been shown to be embryonically lethal due to 
disrupted secretion of type IV collagen (Norman & Moerman 2000). In addition, 
the zebrafish LH3 is a multifunctional enzyme. The glycosyltransferase activities 
of LH3 have been shown to be essential to the motor growth cone migration into 
the periphery and a potential substrate of LH3 is type XVIII collagen (Schneider 
& Granato 2006). 

LH1 has been shown to be permanently localized into the rough ER 
membranes via the 40 amino acid long C-terminal peptide, which is highly 
similar in different LH isoforms (Suokas et al. 2000, Suokas et al. 2003). 
Nevertheless, when LH3 was overexpressed in insect and mammalian cells, it was 
found that GGT activity was secreted into the medium. In microscopy, the LH3-
GFP fusion protein was also found to enter the Golgi complex. However at that 
time, we concluded that overexpression of LH3 overloads the retention capacity 
of the ER, and therefore the protein starts to be secreted into the medium. Later 
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studies have confirmed that in fact LH3 is secreted from the cells in vivo. In 
addition to the ER localization, LH3 also has an extracellular localization in some 
tissues, like liver and pancreas (Salo et al. 2006a, Salo et al. 2006b). Furthermore, 
LH3 is present on the cell surface, the GGT activity of serum originates from 
LH3 protein and LH3 is able to modify proteins in the extracellular space (Salo et 
al. 2006b). More studies are required to analyze the functions of extracellular 
LH3.  

6.4 The glycosyltransferase active site is separate from the lysyl 
hydroxylase active site 

The amino acid sequence similarity between the human LHs is 47% and over 
80% in the C-terminal part of the molecule (Valtavaara et al. 1998). In addition, 
the amino acid residues that are essential for the co-substrate binding of LH1 
(Passoja et al. 1998a, Pirskanen et al. 1996) are conserved in the C-terminal part 
of the human LH isoforms (Valtavaara et al. 1997, Valtavaara et al. 1998). The 
amino acid sequence alignment of the LH isoforms of different species revealed 
29 amino acids that were conserved between the human and mouse LH3 
sequences and the C. elegans sequence, but not with LH1 and LH2. Two of these 
amino acids, Cys144 and Leu208 in the human sequence, were found to be 
important for the GGT activity of human LH3 and C. elegans LH. Cys144 was also 
found to be important for the GT activity of the human LH3 (Wang et al. 2002). 
However, mutations of these amino acids did not have any effect on the LH 
activity of LH3. These data suggest that the N-terminal portion of the LH3 
molecule is important for the GGT activity. This was further supported by the 
mutation of Asp669, which corresponds the residue involved in the Fe2+ binding 
site of LH1 (Pirskanen et al. 1996). As expected, this mutation decreased LH 
activity dramatically, whereas it had no effect on the GGT activity of LH3. This 
seems to be the case also in vivo, since the mouse line with an Asp669Ala 
mutation lacks the LH activity of LH3 (Ruotsalainen et al. 2006) and only some 
of the glycosylated hydroxylysines are missing suggesting that 
glycosyltransferase activities are normal in these mice (Sipilä et al. 2007).  

The location of the LH active site in the C-terminus and the GGT active site 
in the N-terminus were also demonstrated by truncation of the LH3 molecule. A 
338 amino acid fragment from the N-terminal part still retained some GGT 
activity, but LH activity was lost from all truncated molecules. Similarly, 
proteolytic digestion of the human LH3 revealed that the N-terminal fragment 
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possesses glycosyltransferase activities (Rautavuoma et al. 2002). However, the 
intact LH3 molecule seems to be crucial in vivo, even if the other isoforms partly 
compensate for loss of the LH activity of LH3 (Schneider & Granato 2006).  

Our data furthermore revealed that a DXD-like sequence, a motif 
characteristic of many glycosyltransferase families (Ünligil et al. 2000), is 
required for the GGT activity of the multifunctional LH3 molecule. The motif 
probably stabilizes the Mn2+ ion and thus indirectly binds the diphosphate moiety 
of the UDP-sugar (Gastinel et al. 2001, Ünligil et al. 2000). Mutation of the 
aspartates in positions 187-191 eliminated the GGT activity of the human LH3 
suggesting that this region might be the Mn2+ binding site of LH3. In addition, 
these aspartates are important for the GT activity of LH3, suggesting that the 
glycosyltransferase activities of LH3 are located in the same N-terminal part of 
the molecule (Wang et al. 2002). The same conserved aspartate motif is also 
important for the glycosyltransferase activities of the mouse (our unpublished 
data) and zebrafish LH3 (Schneider & Granato 2006). Furthermore, comparison 
of the LH amino acid sequences with the structural profiles of the 
glycosyltransferase families have revealed that only LH3 and C. elegans LH show 
similarity with the DXD motif containing glycosyltransferases in the N-terminal 
part of the molecule. However, all LH isoforms have some similarity with 
glycosyltransferases in the middle part of the molecule. The ordering of the LH 
sequences according to the confidence of the hits with the glycosyltransferase 
sequences gave the order C. elegans LH>LH3>LH2>LH1 (Myllylä et al. 2007), 
which is the same order as seen in the phylogenetic analysis (Ruotsalainen et al. 
1999).  

6.5 Decreased GGT activity and LH3 protein level in a family with 
epidermolysis bullosa simplex 

Epidermolysis bullosa simplex is a skin blistering disorder involving the basal 
keratinocytes in the epidermis (Uitto et al. 2007). A Finnish family with dominant 
EBS has been earlier reported to have decreased GGT activity in serum, skin and 
cultured fibroblasts, accompanied by decreased urinary excretion of 
glucosylgalactosylhydroxylysine (Savolainen et al. 1981). This EBS family was 
later shown to have a L462P substitution in keratin 5, an intermediate filament 
protein expressed in basal keratinocytes. This substitution completely 
cosegregated with the clinical phenotype and was suggested to be the underlying 
cause of the skin blistering seen above the basement membrane in this family 
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(Dong et al. 1993, Kero et al. 1982). However, Savolainen and coworkers (1981) 
reported that the decrease in GGT activity correlated with the severity of the 
disease.  

In the current study, we showed that the GGT activity and LH3 protein level 
are decreased in this EBS family. This was the first demonstration of a decreased 
amount of LH3 in humans. The amount of the extracellular LH3 was more 
severely reduced than the intracellular LH3 in cultures of EBS patient fibroblasts. 
A similar remarkable decrease of extracellular GGT/LH3 activity was observed in 
LH3 knockout MEFs+/- suggesting that even a slight decrease in the cellular 
GGT/LH3 level remarkably reduces the GGT/LH3 protein level in the 
extracellular space. The secretion pathway of LH3 is not yet known and therefore 
the EBS patient cells as well as the LH3 knockout MEFs+/- provide models for 
further investigation of the secretion of LH3. The reason for the reduced LH3 in 
EBS patient cells also remains unknown. It is possible that the LH3 is regulated 
by other cellular factors on the translation level. Recently, a patient with the 
progeroid type of Ehlers-Danlos syndrome, caused by mutations of the 
proteoglycan biosynthetic enzyme galactosyltransferase-1 (Faiyaz-Ul-Haque et al. 
2004), was demonstrated to have decreased expression of the LH2 gene. However, 
no mutations were detected in either the cDNA or promoter sequence of LH2 of 
this patient (Walker et al. 2004) suggesting the presence of other factors 
regulating the amount of LH isoforms.  

6.6 Decreased GGT/LH3 activity causes abnormalities in the 
organization of extracellular matrix and cytoskeleton 

Our results demonstrated that type VI collagen, fibronectin and type I collagen 
were abnormally deposited and organized into the extracellular matrix in EBS 
patient fibroblasts, as well as in the LH3 knockout MEFs+/- used for comparison. 
The recent results with LH3 knockout mice indicated that a total lack of 
glycosylated hydroxylysines prevented the tetramerization and secretion of type 
VI collagen. In addition, the underglycosylation of type VI collagen, in mice 
lacking the LH activity of LH3, led to abnormal distribution and aggregation of 
type VI collagen in the skin and muscle (Sipilä et al. 2007). The present study 
suggests that not all lysines of type VI collagen were hydroxylated and 
glycosylated normally in EBS patient fibroblasts and LH3 knockout MEFs+/−, 
since type VI collagen deposition into filament networks was disturbed in both 
cell lines. These results underline the crucial role of the LH3 dependent 
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glycosylation of type VI collagen in its normal assembly into the beaded 
microfibrillar network in the ECM. 

It has been shown that a dramatic reduction or total lack of expression of type 
VI collagen alters the organization of fibronectin fibrils in fibroblast cultures 
(Sabatelli et al. 2001). Our results suggests that even small changes in the type VI 
collagen network, due to small alterations in the glycosylation of hydroxylysine 
residues catalyzed by LH3, are enough to affect the organization of fibronectin 
fibrils in the ECM. It is possible that changes seen in type I collagen deposition in 
the EBS patient fibroblasts and LH3 knockout MEFs+/- are due to altered 
fibronectin organization (Li et al. 2003, McDonald et al. 1982, Velling et al. 
2002), but changes in the type VI collagen network could also directly affect type 
I collagen fibrillogenesis (Kirschner et al. 2005, Minamitani et al. 2004). Thereby, 
our data further establish the link between the organization of type VI collagen, 
fibronectin and type I collagen networks. 

The vital role of LH3 in the assembly of ECM is also clearly seen in the LH3 
knockout mice, where homozygous mice die at an early developmental stage due 
to the lack of basement membranes (Ruotsalainen et al. 2006). Heterozygous 
adult mice show ultrastructural changes in muscle and skin (our unpublished data), 
similar to those seen in the mouse line lacking the LH activity of LH3 (Sipilä et al. 
2007), indicating that the decreased GGT/LH3 activity also affects the 
development and organization of ECM in tissues. Therefore, our results could 
explain the more severe phenotype seen in patients with decreased GGT activity 
in this EBS family (Savolainen et al. 1981). In addition it is remarkable to note, 
that one member of this EBS family was reported to have an exceptionally poorly 
developed sympathetic nervous system, where only one rudimentally developed 
ganglion was found in the lumbar region (Sonck 1948). The GGT activity of LH3 
has recently been shown to be critical for motor growth cone migration in 
zebrafish (Schneider & Granato 2006), therefore it is tempting to speculate that 
the decreased GGT activity of this EBS family might be linked to this neuronal 
abnormality of the patient and would further establish the crucial role of the GGT 
activity of LH3. 

Analysis of cytoskeleton components revealed changes in the organization of 
actin microfilaments, tubulin microtubules and vimentin intermediate filaments in 
the EBS patient fibroblasts and LH3 knockout MEFs+/-. It has been shown that 
ECM polymerization regulates the organization of the cytoskeleton (Hocking et al. 
2000, Putnam et al. 2001). In addition, there is increasing evidence that the ECM 
transmits environmental signals via integrins and other cell receptors to the 
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cytoskeleton and these signals affect cell proliferation, differentiation and death 
(Aszodi et al. 2006, Geiger et al. 2001). Our data suggest that LH3 is a key 
enzyme in regulation of the deposition of ECM components, and thereby also in 
transmission of signals to the cytoskeleton. It is probable that the 
glycosyltransferase activities of LH3 are an especially important extracellular 
factor in the regulation of extracellular matrix and cytoskeletal arrangements in 
the EBS patient fibroblasts and LH3 knockout MEFs+/-. This is supported by 
recent data (Wang et al. 2008) indicating that the deficiency of LH3 
glycosyltransferase activities, especially in the extracellular space, results in 
abnormal cell morphology, abnormalities in the organization of cytoskeletal 
proteins, and arrest of cell growth followed by cell death. It would be interesting 
to further analyze, whether decreased GGT/LH3 activity affects the behavior of 
the EBS patient fibroblasts and LH3 knockout MEFs+/- in vivo. 
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7 Conclusions 

In this thesis study the effect of the amino acid sequence of the peptide substrate 
on the binding and hydroxylation of the peptide by different lysyl hydroxylase 
isoforms was analyzed. Although the data do not indicate strict sequence 
specificity for the LH isoforms, there seemed to be a preference for some 
sequences to be bound and hydroxylated by a certain isoform. Overall, the key 
factors promoting peptide binding of all isoforms were a positive charge of the 
peptide and specific amino acid residues in close proximity to the lysine. Based 
on our results, it is probable that the LH isoforms can compensate for each other 
to some extent in tissues. 

Lysyl hydroxylase 3 was also found to possess galactosylhydroxylysyl 
glucosyltransferase activity, in addition to lysyl hydroxylase activity. This is the 
first identification of a cDNA of GGT, an enzyme catalyzing the glucosylation of 
galactosylhydroxylysine residues in collagens and collagenous proteins. In 
addition, the lysyl hydroxylase of C. elegans was shown to be a multifunctional 
enzyme. Site-directed mutagenesis revealed that the GGT active site is separate 
from the C-terminal LH active site. The DXD-like motif, characteristic of many 
glycosyltransferase families, and two conserved amino acids in the N-terminal 
part of the LH3 and C. elegans LH were critical for the GGT activity and did not 
have an effect on the LH activity of the molecule.  

The LH3 protein level and GGT activity were found to be decreased in skin 
fibroblasts and in the culture media of cells, collected from members of a Finnish 
epidermolysis bullosa simplex (EBS) family, which has been earlier reported to 
have a deficiency of GGT activity. However, the reduction of enzyme activity was 
not due to a mutation or lower expression of the LH3 gene. The amount of 
extracellular LH3 was more severely decreased than the intracellular LH3 in the 
EBS patient fibroblasts as well as in the LH3 knockout MEFs+/- used for 
comparison in this study. The data indicate that the decreased GGT/LH3 activity 
in cells, probably followed by a change in the glycosylation of type VI collagen, 
has an effect on the deposition and organization of the key ECM components, 
types VI and I collagen and fibronectin, and these changes are transmitted to the 
cytoskeletal network. These findings underline LH3 as an important extracellular 
regulator, and could explain the more severe phenotype seen in patients with 
decreased GGT activity in this EBS family.  
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