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Abstract

Lysyl hydroxylase (EC1.14.11.4, LH) catalyzes post-translationally the hydroxylation of lysyl
residues in collagens and other proteins with collagenous domains. Hydroxylysyl residues may also
be glycosylated by hydroxylysyl galactosyltransferase (EC 2.4.1.50, GT) or galactosylhydroxylysyl
glucosyltransferase (EC 2.4.1.66, GGT) to form galactosylhydroxylysyl or
glucosylgalactosylhydroxylysyl residues, structures unique to collagen.

Three LH isoenzymes (LH1, LH2a/2b, LH3) have been characterized so far. We analyzed mRNA
levels of these isoforms, as well as the mRNAs of the main collagen types (I, III, IV, V) and the α
subunit of PH-4 in different human cell lines. Large variations were found in mRNA expression of
LH1 and LH2 but not LH3. The mRNA levels of LH1, LH2, and the α subunit of PH-4 showed
significant correlation with each other whereas LH3 correlated with none. No correlation was
observed between the LH isoforms and individual collagen types.

Three human LH isoforms were expressed in different expression systems. The purified
recombinant protein produced by LH3 cDNA was found to be the only one possessing LH, GT and
GGT activities. The molecular weight of the partially purified LH3 expressed in Sf9 or Cos-7 cells
corresponded to about 85 kDa whereas that in E.coli cells was about 81 kDa probably due to a
deficiency of glycosylation in bacterial cells. The recombinant protein of C. elegans LH cDNA was
expressed in a cell-free translation system and in E.coli cells. The data indicated that the
glycosyltransferase activities, GT and GGT, were also associated with this gene product.

The sequence alignment of LH isoforms from different species revealed that there are 29 amino
acids conserved between human LH3, mouse LH3 and C. elegans LH sequences and scattered evenly
in the molecule, but differing from those of LH1 and LH2. In vitro mutagenesis data showed that the
amino acids important for the glycosyltransferase activities were located at the amino-terminal part
of the molecule, being separate from the LH active site. Mutation of a conserved LH3 specific, non-
disulfide linked cysteine to isoleucine caused a dramatic reduction in GT and GGT activity but had
no effect on LH activity. Mutations of the amino-terminal DxD motif (D187-191) characteristic of
many glycosyltransferases eliminated both GT and GGT activities, showing the importance of this
motif for collagen glycosyltransferases and suggesting that it might serve as the Mn2+ binding site in
the molecule.

Keywords: collagen biosynthesis, collagen glycosyltransferase, lysyl hydroxylase, post-
translational modification
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 Abbreviations 

cDNA   complementary DNA 
DEAE   diethylaminoethyl 
DHFR   dihydrofolate reductase 
DPM   disintegrations per minute 
DTT   dithiothreitol 
DxD   aspartate-any amino acid-aspartate 
EDS VI   Ehlers-Danlos syndrome type VI 
ER   endoplasmic reticulum 
Gal   galactose  
GFP   green fluorescent protein 
GGT   galactosylhydroxylysyl glucosyltransferase 
Glc   glucose  
GT   hydroxylysyl galactosyltransferase 
Hyp   hydroxylprolyl residue 
Hyl   hydroxylysyl residue 
IPTG   isopropyl-β-D-thiogalactopyranoside 
kDa   kilodalton(s) 
KDEL   lysine-aspartate-glutamate-leucine 
LH   lysyl hydroxylase 
mRNA   messenger RNA 
NTA   nitrilotriacetic acid 
PAGE   polyacrylamide gel electrophoresis 
PBS   phosphate-buffered saline 
PCR   polymerase chain reaction 
PH-4   prolyl 4-hydroxylase 
PLOD   gene name for human lysyl hydroxylase 
Plod   gene name for mouse lysyl hydroxylase 
SDS   sodium dodecyl sulfate 
UDP   uridine diphosphate  
X   any amino acid 
Y   any amino acid 
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1 Introduction 

Collagens are a superfamily of glycoproteins, which are found in the extracellular matrix 
of almost all tissues of the body. They play an important role in maintaining the structures 
of various tissues and organs, and in regulating cellular behavior.     
    The biosynthesis of collagen is a multi-step process that involves a large number of 
post-translational modifications, including the hydroxylation of lysyl residues and 
glycosylation of certain hydroxylysyl residues to galactosylhydroxylysyl and 
glucosylgalactosylhydroxylysyl residues. The enzymes catalyzing these reactions are 
lysyl hydroxylase (EC 1.14.11.4, LH), hydroxylysyl galactosyltransferase (EC 2.4.1.50, 
GT), and galactosylhydroxylysyl glucosyltransferase (EC 2.4.1.66, GGT). The reactions 
take place within the endoplasmic reticulum. 
    The number of free or glycosylated hydroxylysyl residues varies greatly among 
different collagen types and within the same collagen type in different tissues and even 
within the same tissue in different physiological and pathological states. Three isoforms 
of lysyl hydroxylase (LH1, LH2, LH3) have been identified so far from human and 
mouse tissues. The expression patterns of the isoforms in different tissues differ from 
each other. GT and GGT have been purified from chicken embryos and their catalytic and 
molecular properties have been characterized as well. However, the genes or cDNAs have 
not yet been cloned. 
    In this work, the mRNA expression levels of the LH isoforms together with the major 
collagen types I, III, IV, V and the α subunit of prolyl 4-hydroxylase were studied in 
different human cells and the correlation coefficients between them were analyzed. Both 
the human LH isoform, LH3, and the C. elegans LH were found to be multifunctional, 
possessing also GT and GGT activities. These enzymes were characterized and the amino 
acids critical for GT and GGT activities associated with the human LH3 were identified. 



 

2 Review of literature 

2.1  Collagens 

Collagens constitute a highly specialized family of extracellular matrix proteins. In 
addition to the maintenance of the architecture of tissues, they also have other important 
functions, for instance, in early development and organogenesis, and in the regulation of 
cell behavior (van der Rest & Garrone 1991, Kielty et al. 1993, Kivirikko 1993, 
Pihlajaniemi & Rehn 1995, Prockop & Kivirikko 1995). More than twenty collagen types 
containing altogether at least 38 distinct polypeptide chains have now been identified, and 
their genes are dispersed among at least fifteen chromosomes. In addition, there are more 
than fifteen other proteins that have collagen-like domains (Ayad et al. 1998, Myllyharju 
& Kivirikko 2001). 

2.1.1  Structure of collagen triple helix 

All collagen molecules are built up from three polypeptide (α) chains, each with a left-
handed helical conformation, that are coiled around each other to form a characteristic 
right-handed collagen triple helix. In addition, they all contain noncollagenous sequences 
at their termini, and some collagens also have these sequences as interruptions separating 
adjacent triple-helical regions to make the molecules more flexible. All collagen α chains 
have repeating -Gly-X-Y- sequences. The occurrence of glycine in every third position is 
an absolute requirement as glycine is the only residue with a side-chain small enough to 
fit the restricted space in the center of the triple helix. Proline is frequently in the X-
position and Hyp in the Y-position. These residues are required for the correct 
conformation of the helix because they limit rotation of the polypeptide chains, and their 
hydrophobic and charged side-chains are located on the surface of the molecule making 
collagens polymerize into precisely ordered structures. Hyp is also essential for the 
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thermal stability of the helix (van der Rest & Garrone 1991, Kielty et al. 1993, 
Pihlajaniemi & Rehn 1995, Prockop & Kivirikko 1995). 

2.1.2  Collagen types 

The collagen superfamily can be divided into two major classes, fibrillar collagens and 
nonfibrillar collagens, based on the assemblies and other features. There is also a group 
of proteins called noncollagen proteins that have collagen-like domains but are not 
defined as collagens. 

2.1.2.1  Fibrillar collagens 

Collagen types I, II and III are the classical fibril-forming collagens and account for 80-
90% of all collagens in the human body. Type V and XI collagens are also classified as 
fibrillar collagens on the basis of their homology with type I-III collagens (Ayad et al. 
1998). The fibrillar collagens have the same overall molecular structures. They all 
comprise a large triple-helical domain of about 1,000 amino acids, a highly conserved 
noncollagenous C-terminus and a variable noncollagenous N-terminus. By forming 
highly ordered quarter-staggered structures, these collagens provide the major mechanical 
strength for the body in the skeleton, skin, blood vessels, nerves, intestines, and in the 
fibrous capsules of organs (Vuorio & Crombrugghe 1990, Pihlajaniemi & Rehn 1995). 
Research suggests that these major collagens can exist as heterotypic fibrils with I and III 
forming copolymers, and with type V and XI collagens copolymerized largely on the 
inside of type I and II collagen fibrils, respectively (Ayad et al. 1998). 

2.1.2.2  Nonfibrillar collagens 

Collagen types IV, VI-X, and XII-XIX do not form fibrils, therefore are defined as 
nonfibrillar collagens. They exhibit great heterogeneity in structure, tissue distribution, 
macromolecular organization, and function. One common feature is that they all have one 
or more imperfections in the collagenous sequences in the triple helical domains which 
vary in length between about 330 and 1,530 amino acid residues, the shortest being in 
type VI and the longest being in type VII. Both noncollagenous C- and N- terminal ends 
are highly variable in sequence and length (Pihlajaniemi & Rehn 1995, Prockop & 
Kivirikko 1995). 
    Network-forming collagens include collagen types IV, VIII and X. Type IV collagen is 
only expressed in basement membranes where it is the major component. It aggregates to 
form three dimensional networks, participates in tissue integrity and filtration. Type VIII 
and X are very different in structure from type IV but similar to each other. They both 
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form hexagonal networks and belong to short-chain collagens approximately half the size 
of the fibrillar collagens (van der Rest & Garrone 1991, Kielty et al. 1993, Pihlajaniemi 
& Rehn 1995, Prockop & Kivirikko 1995). 
    FACITs are fibril associated collagens with interrupted triple helices, which include 
type IX, XII, XIV, XVI, and XIX collagens. They contain one or two collagenous 
domains that attach to the surface of preexisting fibrils of fibrillar collagens. Type IX 
collagen is expressed in cartilage and usually found to be covalently linked to the major 
fibrillar collagen type II in the same tissue in antiparallel orientation. Types XII and XIV 
are found not only in tissues rich in type I collagen, but are also present in tissues 
containing type II collagen. Types XVI and XIX show similarities in structure to the 
FACITs, and therefore are classified in this subgroup. Type XVI collagen has a broad 
tissue distribution, being localized predominantly in heart, kidney, smooth muscles, 
intestine, ovary, testis, eye, and arterial walls. Type XIX is expressed in human 
rhabdomyosarcoma and fibroblast cell lines (Pihlajaniemi & Rehn 1995, Prockop & 
Kivirikko 1995, Ayad et al. 1998). 
    Collagen type VI, present in most connective tissues, is the only one known as a 
beaded filament-forming collagen. The protein contains a rather short unique triple 
helical domain that accounts for less than half of the total mass of the protein. Another 
feature is the assembly of collagen type VI monomers into well-defined oligomers which 
are the building blocks of microfibrils found in tissues and cell cultures and are the best-
characterized microfibrillar structures existing in the extracellular matrix (Mayne & 
Burgeson 1987, van der Rest & Garrone 1991, Prockop & Kivirikko 1995).  
    Collagen type VII, one of the largest known collagens, forms anchoring fibrils that link 
the basal surface of epithelial cells with the underlying dermis. This network may provide 
a special trans-basement-membrane route for the transmission of information from the 
dermis to the epithelial cells or vice versa (Mayne & Burgeson 1987). 
    MACITs are the membrane-associated collagens with interrupted triple helices, 
including collagen types XIII and XVII (Pihlajaniemi & Rehn 1995). Type XIII collagen 
is found in many tissues and is a transmembrane component of focal adhesion sites (Hägg 
et al. 2001). Type XVII collagen is located in hemidesmosomes connecting epithelial 
cells to the matrix in skin, cornea and lung. It is identified as the autoantigen associated 
with the blistering skin disease bullous pemphigoid as well as bullous diseases of other 
epithelia including cornea and mucous membranes (Giudice et al. 1991, Tajima & 
Tokimitsu 1995, Gordon et al. 1997, Aho et al. 1999, Aho & Uitto 1999, Michelson et al. 
2000)  
    Both collagen type XV and XVIII have a highly interrupted triple helix together with 
large globular domains at both N- and C-termini. They contain several potential 
attachment sites for serine-linked glycosaminoglycans and asparagines-linked 
oligosaccharides. They are widely expressed in the basement membrane zones of most 
tissues, but type XVIII collagen is found at a much higher level in the liver (Pihlajaniemi 
& Rehn 1995, Prockop & Kivirikko 1995). Type XV collagen is a structural component 
of the extracellular matrix needed for stabilizing skeletal muscle cells and microvessels 
(Eklund et al. 2001) whereas type XVIII collagen is needed for the normal development 
of the eye (Fukai et al. 2002). The C-terminal proteolytic fragment of the type XVIII 
collagen, endostatin, has been reported being an endogenous inhibitor of angiogenesis 
and tumor growth (O’Reilly et al. 1997).  
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2.1.2.3  Recent discoveries 

Currently complete cDNA sequences for four additional collagen polypeptide chains are 
available, expanding the collagen superfamily to over 20 members. They encode a fibril-
forming collagen-like chain, two FACIT collagen-like chains, and a type XIII collagen-
like chain (Koch et al. 2001, Myllyharju & Kivirikko 2001). Furthermore, there are at 
least fifteen other proteins containing triple helical collagenous domains but not defined 
as collagens. These include the subcomponent C1q of complement, the tail structure of 
acetylcholinesterase, the pulmonary surfactant proteins SP-A and SP-D, mannan-binding 
protein, collectin-43, conglutinin, the ficolins, type I and II macrophage scavenger 
receptor, MARCO protein, an adipose-specific collagen-like factor apM1, a src-
homologous-and-collagen (SHC) protein, aggretin and ectodysplasin (Beck & Brodsky 
1998, Kivirikko & Pihlajaniemi 1998, Chung et al. 1999, Ezer et al. 1999, Kraal et al. 
2000, Myllyharju & Kivirikko 2001). 

2.1.3  Collagen biosynthesis 

Collagen biosynthesis is a multistep process that starts with the transcription and 
translation of the individual collagen gene (Kivirikko & Myllylä 1984, Kielty et al. 1993, 
Kivirikko 1993). It is characterized by the presence of a large number of co- and post-
translational modifications, many of them being unique to collagens or collagen-like 
proteins. (Kivirikko & Myllylä 1982, Kivirikko & Myllylä 1984, Kielty et al. 1993, 
Kivirikko 1993, Prockop & Kivirikko 1995).  
    The fibril-forming collagens are synthesized as procollagens on the ribosomes of the 
rough ER (see Figure 1). The intracellular modifications occur when the procollagens are 
translocated across the ER membrane into the lumen. These modifications include the 
removal of signal peptides; hydroxylation of prolyl and lysyl residues to 4-Hyp, 3-Hyp, 
and Hyl residues; glycosylation of certain hydroxylysyl residues to 
galactosylhydroxylysyl and glucosylgalactosylhydroxylysyl residues; glycosylation of a 
mannose-rich oligosaccharide on one or both of the propeptides; chain association; 
disulfide bonding; and formation of a triple helix (Table 1, for reviews see Kivirikko & 
Myllylä 1982, Kivirikko & Myllylä 1984, Kielty et al. 1993, Ayad et al. 1998). The 
mechanism of procollagen secretion is poorly understood, but it is known that 
procollagen follows the classical secretion route for extracellular proteins, passing 
through the Golgi complex to the extracellular space (Kielty et al. 1993). Extracellular 
modifications consist of removal of large peptides from both N- and C-termini of the 
procollagen, ordered aggregation, and crosslink formation. These events convert the 
procollagens to collagens and incorporate the collagen molecules into stable cross-linked 
fibrils or other supramolecular aggregates (Kivirikko & Myllylä 1984, Kielty et al. 1993, 
Kivirikko 1993, Prockop & Kivirikko 1995, Myllyharju & Kivirikko 2001). 
    The processing and assembly of other collagens basically follow the same steps as for 
fibrillar collagens but with some exceptions. For example, the N- and/or C-terminal 
propeptides of many collagens are not cleaved; some collagens undergo N-glycosylation 
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or have additional processing steps such as the addition of glycosaminoglycan side chains 
(Prockop & Kivirikko 1995, Myllyharju & Kivirikko 2001). 
 
 
 

               
 

Fig. 1. Biosynthesis of a fibrillar collagen. Procollagen polypeptide chains are synthesized on 
the ribosomes of the rough ER and secreted into the lumen, where the chains are modified by 
hydroxylation of certain prolyl and lysyl residues and glycosylation before chain association 
and triple helix formation. The procollagen molecules are secreted into the extracellular 
space where the N and C propeptides are cleaved by specific proteases. The collagen 
molecules then assemble into fibrils that are stabilized by the formation of crosslinks 
(Modified from Myllyharju and Kivirikko 2001 with permission of Taylor & Francis AB). 
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Table 1. General steps in collagen biosynthesis and the post-translational processing 
enzymes 

            Biosynthetic step                                               Enzyme                             Biological significance 

A. Transcription and translation 

1. Biosynthesis of pre-mRNA                                                                          Formation of translatable mRNA 

2. Translation                                                                                                    Formation of primary structure 

 

B. Intracellular modifications 

1. Cleavage of signal peptide of pre-proα chain    Signal peptidase               Membrane translocation 

2. 4-Hydroxylation of proline                                Prolyl 4-hydroxylase        Essential for triple helix at 37°C 

3. 3-Hydroxylation of proline                                Prolyl 3-hydroxylase        Unknown 

4. Hydroxylation of lysine                                     Lysyl hydroxylase            Essential for glycosylation of 

                                                                                                                         hydroxylysine and crosslinks 

5. O-glycosylation of hydroxylysine                    GT                                     Unknown 

6. O-glycosylation of galactosylhydroxylysine    GGT                                  Unknown 

7. Chain association and disulfide bonding          Protein disulfide                Essential for triple helix formation 

                                                                        isomerase 

8. Triple helix formation                                                                                 Essential for secretion and later 

                                                                                                                         molecular function 

9. Translocation and secretion of procollagen                                                Transport 

 

C. Extracellular modifications 

1. Conversion of procollagen to collagen          Procollagen N-proteinase     Essential for normal fibril 

                                                                           Procollagen C-proteinase      formation 

2. Ordered aggregation                                                                                    Formation of fibrils or other 

                                                                                                                         native structures 

3. Crosslink formation                                       Lysyl oxidase                       Essential for stability of native 

                                                                                                                         structure 

Modified from the tables presented by Kivirikko and Myllylä 1984 and Kielty and coauthors 1993 
with permissions from Elsevier Science and Wiley-Liss, Inc., respectively. 

2.2  Hydroxylysine 

Hydroxylysine is found only in animal proteins and mostly in collagens. The hydroxyl 
groups of hydroxylysine residues have two important functions: they serve as attachment 
sites for carbohydrates and they play a crucial role in stabilizing intra- and intermolecular 
crosslinks. Hydroxylysine also exists in collagen-like domains of several other proteins 
that are not defined as collagens. (Kivirikko et al. 1992, Kivirikko & Pihlajaniemi 1998).  
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2.2.1  Hydroxylysine in collagens and other proteins 

The content of hydroxylysine in the triple-helical domains of collagen peptide chains 
varies from 6 [α1(III)] to 67 [α2(VI)] residues per 1,000 amino acids. Only 17% of the 
lysyl residues are hydroxylated in collagen type III, whereas almost 90% are 
hydroxylated in collagen type IV and about 80% in collagen type VI. Additional 
variations are found in hydroxylysine content within the same collagen type and even in 
the same tissue under different physiological and pathological conditions (Kivirikko & 
Myllylä 1980, Kivirikko et al. 1992, Kivirikko & Pihlajaniemi 1998). 
    Hydroxylysine is typically found in triple-helical regions almost exclusively in the Y 
positions of the repeating -X-Y-Gly- sequences in various collagens. In some collagens it 
is found from the short nontriple-helical regions at the ends of the α chain as -X-Hyl-Ala- 
or -X-Hyl-Ser- (Kivirikko & Myllylä 1980, Kivirikko et al. 1992).  
    The hydroxylation of many lysyl residues in the Y position is not complete and many 
of them are not hydroxylated at all in some collagens. This explains the differences 
observed in hydroxylysine content within the same collagen type from various sources, 
and also partly explains the differences found among various collagen types. The latter 
may also be due to the differences in total amounts of lysyl residues incorporated per 
1,000 amino acids and in the distribution of incorporated lysyl residues between the X 
and Y positions (Kivirikko & Myllylä 1980, Kivirikko et al. 1992, Kivirikko & 
Pihlajaniemi 1998).  
    It seems evident that lysyl residues are more readily hydroxylated in certain triplets 
than in others. It has been reported that embryonic tissues contain much more 
hydroxylysine than adult tissues (Kielty et al. 1993, Bateman et al. 1996). There is also 
evidence that hydroxylation of lysyl residues in collagens is associated with the 
mineralization of fibrils, the high hydroxylation level preventing a deposit of minerals 
between fibrils (Wassen et al. 2000). Lysine hydroxylation seems to be increased as well 
in some diseases, for example, lipodermatosclerosis (Brinckmann et al. 1999), 
osteoporosis (Köwits et al. 1997, Lo Cascio et al. 1999), and osteogenesis imperfecta 
(Brenner et al. 1989, Tenni et al. 1993, Lehmann et al. 1995, Bank et al. 2000).  
    Hydroxylysine has also been identified in some ‘noncollagen’ collagens, such as the 
C1q subcomponent of complement, acetylcholinesterase, mannose binding proteins, type 
I and II macrophage scavenger receptors and bovine conglutinin (Kivirikko et al. 1992). 
Angerfish somatostatin-28 contains a single hydroxylysyl residue in the sequence -Trp-
Hyl-Gly- (Andrews et al. 1984, Spiess & Noe 1985). It has been reported that the full-
length adiponectin produced from mammalian cells acts functionally as an insulin 
sensitizer. The four lysyl residues conserved in all species within the collagenous domain 
are all hydroxylated and sequentially glycosylated. It is suggested that the hydroxylation 
and glycosylation might contribute to the insulin-sensitizing activity of adiponectin with 
respect to the inhibition of hepatic glucose production (Wang et al. 2002). 
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2.2.2  Glycosylation of hydroxylysine in collagens and other proteins 

The glycosylation of hydroxylysyl residues occurs as a post-translational event in 
collagen biosynthesis. The carbohydrates linked to hydroxylysyl residues are either a 
monosaccharide galactose or a disaccharide glucosylgalactose. The formation of 
hydroxylysine linked carbohydrate units is catalyzed by two specific enzymes called 
hydroxylysyl galactosyltransferase (EC 2.4.1.50, GT) and galactosylhydroxylysyl 
glucosyltransferase (EC 2.4.1.66, GGT) (details see 2.4). The extent of glycosylation of 
the hydroxylysyl residues and the ratio of galactosylhydroxylysine to 
glucosylgalactosylhydroxylysine vary considerably among different collagen types and 
within the same collagen type from various sources (Kivirikko & Myllylä 1979, 
Kivirikko & Myllylä 1984, Kivirikko et al. 1992). Hydroxylysyl residues in the Y 
position of -Gly-X-Y- triplets in collagen type VI are fully glycosylated (Ayad et al. 
1998). The chains of collagen type II and IV are also highly glycosylated from 6% in 
α1(II) to almost 15% in α1(IV) whereas the chains of collagen type I and III contain very 
low levels of hydroxylysyl-linked carbohydrate, being only 0.5-1% (Kivirikko & Myllylä 
1979, Kivirikko & Myllylä 1984). The function of the hydroxylysyl-linked carbohydrate 
units remains poorly understood. It has been suggested that they may play a role in the 
control of the organization of the fibrils. Studies on fibrillar collagens have indicated that 
an increase content of glycosylated hydroxylysyl residues is associated with a decrease of 
fibril diameter both in vivo and in vitro (Brinckmann et al. 1999, Notbohm et al. 1999). 
Adiponectin, the fat-derived hormone, has recently been shown to be able to decrease 
hyperglycemia and to reverse insulin resistance (Berg et al. 2001, Fruebis et al. 2001, 
Yamauchi et al. 2001). The endogenous adiponectin secreted by adipocytes is post-
translationally modified to eight different isoforms and, six of them are glycosylated. The 
glycosides linked to the four conserved hydroxylysyl residues in the collagenous domain 
are probably the glucosylgalactosyl group. In vitro mutagenesis data has demonstrated 
that hydroxylation and glycosylation of the conserved hydroxylysyl residues are required 
for its insulin-sensitizing action (Wang et al. 2002). 

2.2.3  Crosslinks in collagen 

Crosslinking takes place in at least two stages. The initial reaction catalyzed by peptidyl 
lysyl oxidase is oxidative deamination of ε-amino groups of specific lysyl and 
hydroxylysyl residues in telopeptide regions of collagens to form reactive aldehydes 
(allysine and hydroxyallysine). These aldehydes subsequently participate in the formation 
of the various crosslinks, either by aldol condensation of two of the aldehydes or by 
condensation between one aldehyde and one ε-amino group of a second lysyl, 
hydroxylysyl, or glycosylated hydroxylysyl residue. The crosslinks formed from 
hydroxylysine-derived aldehyde are more stable than those formed from lysine-derived 
aldehyde (Kivirikko & Myllylä 1984). The lysine aldehyde pathway occurs primarily in 
adult skin, cornea, and sclera whereas the hydroxylysine aldehyde pathway predominates 
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in bone, cartilage, ligament, most tendons, embryonic skin, and most major internal 
connective tissues of the body (Eyre 1987, Kielty et al. 1993). 

2.3  Lysyl hydroxylases 

Lysyl hydroxylase (EC 1.14.11.4, LH) catalyzes the hydroxylation of lysyl residues in 
collagens and some other proteins with collagenous domains (Kivirikko & Myllylä 1980, 
Kivirikko & Myllylä 1984, Kivirikko et al. 1992, Kielty et al. 1993).  
    At an early stage it was suggested that the same enzyme, protocollagen hydroxylase, 
catalyzed the hydroxylations of proline and lysine in collagens since they require the 
same substrates and cofactors (Hausmann 1967, Kivirikko & Prockop 1967, Kivirikko et 
al. 1968). It was found out later that both enzymatic activities were located at least in 
different sites in the enzyme (Weinstein et al. 1969). Lysyl hydroxylase was first partially 
purified from chick embryos and was demonstrated to be a separate enzyme from prolyl 
hydroxylase by DEAE cellulose chromatography (Kivirikko & Prockop 1972, Popenoe & 
Aronson 1972). The enzyme was further purified up to several hundred- or thousand-fold 
from chick embryos and chick embryo cartilage (Ryhänen 1976). By using a procedure 
involving (NH4)2SO4 fractionation, affinity chromatography on concanavalin A-agarose, 
affinity chromatography on a collagen-agarose column and gel filtration (Turpeenniemi et 
al. 1977), lysyl hydroxylase  was finally purified as a homogeneous protein from chick 
embryos (Turpeenniemi-Hujanen et al. 1980) and from human fetal and placenta tissues 
(Turpeenniemi-Hujanen et al. 1981). 

2.3.1  Molecular properties of lysyl hydroxylase 

The active lysyl hydroxylase is a dimer with a molecular weight of about 190 kDa by gel 
filtration, which consists of only one type of monomer with a molecular weight of about 
85 kDa seen in SDS-PAGE (Turpeenniemi-Hujanen et al. 1980, Turpeenniemi-Hujanen et 
al. 1981, Myllylä et al. 1988). It is a glycoprotein containing asparagine-linked 
carbohydrate units that are essential for maximal enzyme activity (Myllylä et al. 1988, 
Kivirikko et al. 1992, Kivirikko & Pihlajaniemi 1998).  
    Lysyl hydroxylase was first cloned from chick embryos (Myllylä et al. 1991). The 
mRNA is 4.0 kb in size and the cDNA encodes a polypeptide of 710 amino acid residues 
with a signal peptide of 20 amino acids at the N-terminus. Surprisingly there is no 
significant homology in the primary structures between lysyl hydroxylase and the two 
types of subunit of prolyl 4-hydroxylase, despite the fact that both enzymes share much 
similarity in their catalytic properties (Myllylä et al. 1991). Molecular cloning and 
nucleotide sequencing have been reported later for the human (Hautala et al. 1992, 
Yeowell et al. 1992) and rat lysyl hydroxylases (Armstrong & Last 1995). The mRNA of 
human lysyl hydroxylase is 3.2 kb. Its subunit consists of 709 amino acid residues and a 
signal peptide of 18 amino acids. The overall identity between the sequences of human 
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and chick lysyl hydroxylase is 76% at the amino acid level. The carboxytermini are very 
well conserved between the two enzymes. The human sequence contains 10 cysteine 
residues, 9 of which are conserved in the chick sequence. The gene for human lysyl 
hydroxylase (PLOD) is mapped to chromosome 1p36.2-36.3 (Hautala et al. 1992). The 
mRNA of rat lysyl hydroxylase is 3.2 kb in size. It encodes a protein consisting of 728 
amino acid residues, which might contain a signal peptide of 18 amino acids. The 
complete cDNA of rat lysyl hydroxylase is 91% and 77% identical to those of human and 
chick at the amino acid level (Armstrong & Last 1995). The chick, human and rat lysyl 
hydroxylase all contain four potential attachment sites for asparagine-linked 
oligosaccharides (Myllylä et al. 1991, Hautala et al. 1992, Armstrong & Last 1995). 

2.3.2  Reaction catalyzed by lysyl hydroxylase 

Lysyl hydroxylase belongs to the group of 2-oxoglutarate dioxygenases. It requires Fe2+, 
2-oxoglutarate, O2 and ascorbate in the reaction, and decarboxylates 2-oxoglutarate, one 
atom of the O2 molecule being incorporated into the succinate while the other is 
incorporated into the hydroxyl group of the substrate (Kivirikko & Myllylä 1984, 
Kivirikko et al. 1992).  

 
 
 

                                            COOH 
                                             |                  COOH 
                                            CH2                                                                                                | 
                                             |                   Ascorbate                               CH2  
                  Substrate-H   +  CH2  +  O2  →  Substrate-OH  +  |           + CO2 
                                             |                       Fe 2+                                    CH2 
                                            CO                                                               | 
                                             |                                                                  COOH 
                                            COOH 
 

Fig. 2. Hydroxylation reaction catalyzed by lysyl hydroxylase. One atom of oxygen is 
incorporated into the hydroxyl group of the lysyl residue in the peptide substrate and another 
one into 2-oxoglutarate, which is decarboxylated to form succinate and liberates CO2. 

 
    The hydroxylation reaction involves an ordered binding of Fe2+, 2-oxoglutarate, O2 and 
the peptide substrate to the enzyme, and an ordered release of the hydroxylated peptide, 
CO2, succinate, and Fe2+, in which Fe2+ may not necessarily leave the enzyme during each 
catalytic cycle (Puistola et al. 1980a, 1980b). Lysyl hydroxylase is also able to catalyze 
the uncoupled decarboxylation of 2-oxoglutarate in the presence of the same cofactors 
but in absence of the peptide substrate. The reaction rate, however, is only 4% of the one 
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observed in the presence of a saturating concentration of the peptide substrate (Puistola et 
al. 1980a, 1980b, Myllylä et al. 1984). 

2.3.2.1  Peptide substrates 

The minimum sequence requirement for lysyl hydroxylase is fulfilled by the -X-Lys-Gly- 
triplet, but the enzyme purified from chick embryos can also hydroxylate arginine-rich 
histone, which does not contain any -X-Lys-Gly- triplet but the sequence such as -X-Lys-
Ser-, -X-Lys-Ala-, and -X-Lys-Thr- (Ryhänen 1975). This agrees with the presence of the 
sequences -X-Hyl-Ser- and -X-Hyl-Ala- in the short noncollagenous domains at the end 
of the α-chains in some collagens (Kivirikko & Myllylä 1980, Kivirikko et al. 1992). It is 
not yet known whether one single enzyme hydroxylates both -X-Lys-Gly- and other 
triplets or whether these reactions are catalyzed by different LH isoenzymes in vivo 
(Ryhänen 1976, Royce & Barnes 1985, Bank et al. 1999). 
    The interaction with lysyl hydroxylase is also influenced by the amino acid sequence 
around the lysyl residue, the peptide chain length and the peptide conformation. Lysyl 
hydroxylase does not act on a -Lys-Gly-Pro- tripeptide whereas -Ile-Lys-Gly- can be 
hydroxylated. The peptide chain length appears to influence only the Km, which 
decreases with the increasing chain length, whereas the V of the reaction seems to be 
unaffected (Kivirikko & Myllylä 1980, Kivirikko et al. 1992).  The triple-helical 
conformation of the substrates completely prevents lysine hydroxylation (Kivirikko & 
Myllylä 1980, Kivirikko et al. 1992). An extended polyproline-II conformation in the 
peptide substrate may interact at the binding site on lysyl hydroxylase, while a ‘bent’ 
structure such as the γ- or β-turn in the -Lys-Gly- segment may be necessary for 
hydroxylation at the catalytic site (Jiang & Ananthanarayanan 1991, Ananthanarayanan et 
al. 1992). 

2.3.2.2  Cofactors 

The hydroxylation reaction catalyzed by lysyl hydroxylase requires Fe2+, 2-oxoglutarate, 
O2 and ascorbate as essential cofactors in an ordered mechanism that leads to the release 
of a hydroxylated lysyl residue in the procollagen polypeptide, CO2, and succinate 
(Kivirikko & Myllylä 1980, Puistola et al. 1980b, Kivirikko et al. 1992, Kivirikko & 
Pihlajaniemi 1998). The Km values of the cofactors for lysyl hydroxylase are: 2 µM for 
Fe2+, 100 µM for 2-oxoglutarate, 45 µM for O2 and 350 µM for ascorbate (Turpeenniemi-
Hujanen et al. 1981, Pirskanen et al.1996, Kivirikko & Pihlajaniemi 1998). The Km 
values for Fe2+, O2 and ascorbate in the case of lysyl hydroxylase is essentially the same 
as that of prolyl 4-hydroxylase whereas that for 2-oxoglutarate is five times higher than 
prolyl 4-hydroxylase (Kivirikko & Pihlajaniemi 1998). 
    The Fe2+ is loosely bound to the enzyme by three side chains (Kivirikko et al. 1992). It 
doesn’t have to leave the enzyme after every catalytic cycle (Puistola et al. 1980b). 
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Sequence alignment analysis of several 2-oxoglutarate dioxygenases and a related 
enzyme, isopenicillin N synthase, demonstrates a weak homology within two histidine-
containing motifs, His-1 and His-2, located about 50-70 amino acids apart being the 
residue 656 and 708 in human lysyl hydroxylase. Aspartate residue 658 is also conserved 
in all enzymes compared (Myllylä et al. 1992). Site-directed mutagenesis studies show 
that mutations of the conserved His656 to serine, Asp658 to alanine in His-1, and His708 to 
serine in His-2 completely inactivates human lysyl hydroxylase (Pirskanen et al. 1996), 
suggesting that the three Fe2+ binding ligands in human lysyl hydroxylase are His656, 
Asp658, and His708 (Kivirikko & Pihlajaniemi 1998). 
    2-oxoglutarate is a very specific requirement for the hydroxylation reaction (Kivirikko 
& Myllylä 1980, Kivirikko et al. 1992, Kivirikko & Pihlajaniemi 1998). However, it can 
be replaced by 2-oxoadipinate although the Km value is significantly higher for the latter 
(4.8 mM) (Majamaa et al. 1985). The Km value of 2-oxoglutarate for lysyl hydroxylase is 
much higher than that of other collagen hydroxylases, implying differences in the 
structures of the 2-oxoglutarate binding sites, which consist of three distinct subsites. 
Subsite I is supposed to be a positively charged side chain on the enzyme which binds the 
C5 carboxyl group of the 2-oxoglutarate. Subsite II is assumed to comprise 2 cis-
positioned coordination sites of the enzyme-bound Fe2+, which is chelated by the C1-C2 
moiety. Subsite III might involve a hydrophobic binding site in the C3-C4 region of the 
cofactor (Kivirikko & Pihlajaniemi 1998). Site-directed mutagenesis studies suggest that 
the residue forming subsite I in human lysyl hydroxylase is Arg718 , which is also located 
in the His-2 motif of the enzyme and binds the C5 carboxyl group of 2-oxoglutarate 
(Passoja et al. 1998a). 
    The molecular oxygen needed for the hydroxylation reaction comes from the 
atmosphere. The oxygen atoms present in an enzyme-bound intermediate can be 
exchanged with water (Kikuchi et al. 1983). The first activated intermediate is a dioxygen 
unit bound to the Fe2+ of the enzyme whereas the final active intermediate carrying out the 
hydroxylation reaction is probably a ferryl ion (Kivirikko et al. 1992). 
    Lysyl hydroxylase can complete many catalytic cycles at a maximal rate in the 
complete absence of ascorbate. Hydroxylation then stops very quickly, however, and 
ascorbate is required to reactivate the enzyme (Puistola et al. 1980a, Kivirikko et al. 
1992, Kivirikko & Pihlajaniemi 1998). Occasionally lysyl hydroxylase catalyzes 
uncoupled reactions even in the presence of the peptide substrate. In these reactions the 
reactive iron-oxo complex is probably converted to Fe3+.O-, making the enzyme 
unavailable for new catalytic cycles until reduced by ascorbate. It is very possible that the 
main biological function of ascorbate in vivo is to be an alternative oxygen acceptor after 
such uncoupled cycles (Myllylä et al. 1984). Ascorbate can be replaced by cysteine or 
dithiothreitol to a minor extent (Puistola et al. 1980a). The studies with prolyl 4-
hydroxylase reveal that the ascorbate binding site of the hydroxylation enzyme is partially 
identical to the binding site of 2-oxoglutarate, and modifications of the ring atoms of 
ascorbate that abolish the capacity to bind iron destroy the cofactor activity, as in L-
galactono γ-lactone and 3-methoxy-L-ascorbate (Majamaa et al. 1986, Kivirikko et al. 
1992, Kivirikko & Pihlajaniemi 1998). 
    Dithiothreitol, bovine serum albumin, and catalase are also needed for lysyl 
hydroxylase in order to obtain maximal activity in vitro (Kivirikko & Myllylä 1980). The 
stimulatory effect by dithiothreitol suggests that the catalytic site contains free thiol 
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groups essential for the enzyme activity. The action of bovine serum albumin is partly due 
to the nonspecific ‘protein effect’, but more likely it is because of the presence of many 
free thiol groups on this protein. Catalase is probably to act partly by destroying peroxide 
generated non-enzymatically from Fe2+, O2 and ascorbate, and partly by a nonspecific 
protein effect as well (Kivirikko & Myllylä 1980, Kivirikko et al. 1992). 

2.3.3  Lysyl hydroxylase isoforms 

Many findings suggest that lysyl hydroxylase may have tissue-specific or collagen type-
specific isoenzymes (Ryhänen 1975, Risteli et al. 1980, Turpeenniemi-Hujanen 1981, 
Puistola 1982, Puistola & Anttinen 1982, Tajima et al. 1983, Ihme et al. 1984, Royce & 
Barnes 1985). During the past few years, two novel isoenzymes, termed lysyl 
hydroxylase 2 (LH2) and lysyl hydroxylase 3 (LH3), have been characterized from 
human (Valtavaara et al. 1997, Passoja et al. 1998b, Valtavaara et al. 1998) and mouse 
(Ruotsalainen et al. 1999) tissues. The previous known main isoform is now 
correspondingly termed lysyl hydroxylase 1 (LH1). In addition, LH2 occurs in two 
alternatively spliced forms, LH2a and LH2b, in which LH2b contains an additional exon 
of 63 bp to the LH2a sequence (Valtavaara 1999, Yeowell & Walker 1999a).  
    The mRNA of human LH2 is 4.2 kb in size. LH2a cDNA encodes a protein of 737 
amino acids that includes a signal peptide of 25 residues at the N-terminus whereas LH2b 
cDNA encodes a protein of 758 amino acids, of which 21 amino acids are encoded by the 
additional exon 13A (Valtavaara et al. 1997, Valtavaara 1999, Yeowell & Walker 1999a, 
Yeowell 2002). The overall similarity of amino acid sequence between LH1 and LH2 is 
over 75%, being even higher at the C-terminus of the molecules. LH2 has ten cysteine 
residues that are all conserved in LH1, and seven potential N-glycosylation sites 
(Valtavaara et al. 1997, Yeowell & Walker 1999a). The corresponding gene (PLOD2) has 
been localized to chromosome 3q23-24 (Szpirer et al. 1997). 
    The mRNA of human LH3 is 2.8 kb, smaller than that of LH1 and LH2. The cDNA 
encodes a polypeptide of 738 amino acids including a signal peptide of 24 residues at the 
N-terminus (Passoja et al. 1998b, Valtavaara et al. 1998, Yeowell 2002). The amino acid 
sequence shows high identity to LH1 and LH2, both being 59%. The C-terminus is highly 
conserved in all isoforms. Nine out of ten cysteine residues conserved between LH1 and 
LH2 are also conserved in LH3. There are only two potential N-glycosylation sites in the 
molecule. The gene (PLOD3) is localized to chromosome 7q22 (Valtavaara et al. 1998, 
Valtavaara et al. 2000).   
    The mRNAs of mouse LH1, LH2, LH3 are 3.0 kb, 3.9 kb, and 3.1 kb, respectively. The 
cDNA for mouse LH1 encodes a 728 amino acid polypeptide including a putative 18 
amino acid N-terminal signal peptide. The mouse LH2 cDNA encodes a protein of 737 
amino acids including a putative signal peptide of 27 amino acids. The cDNA of mouse 
LH3 encodes a polypeptide of 741 amino acids with the first 27 amino acids forming a 
signal peptide at the N-terminus. The amino acid sequences are approximately 60% 
identical between the mouse LH isoforms and 91% identical to the corresponding human 
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enzymes (Ruotsalainen et al. 1999). The genes encoding mouse LH isoforms (Plod1, 
Plod2, Plod3) map to chromosome 4, 5, and 9, respectively (Sipilä et al. 2000). 
    The complete gene structures for human LH1 (Heikkinen et al. 1994) and LH3 
(Rautavuoma et al. 2000), and for mouse LH2 and LH3 (Ruotsalainen et al. 2001) have 
been characterized so far. Although they basically all have 19 exons and 18 introns, the 
LH3 genes (Plod3 and PLOD3) are much smaller than PLOD1 and Plod2 due to the 
existence of many shorter introns in the sequences. Plod2 is the largest gene with an extra 
exon 13A being alternatively spliced in the processing of mRNA. The sizes of exon 1 and 
exon 19, which cover most of the 5’ and 3’ ends of the coding regions and the 
untranslated regions of mRNAs, are very different among these LH isoforms whereas the 
sizes of the other exons are very similar to each other. The introns of Plod3/PLOD3 
constitute only 69-76% of the gene sequence whereas PLOD1 and Plod2 are about 91-
92% (Ruotsalainen et al. 2001). 

2.3.4  Subcellular localization and distribution of LH isoforms in tissues 

LH1 has been demonstrated by a variety of techniques to reside within the lumen of the 
ER. It appears to be a luminally oriented peripheral membrane protein that associates 
with the membrane by weak electrostatic interactions (Kivirikko et al. 1992, Kellokumpu 
et al. 1994, Kivirikko & Pihlajaniemi 1998). Interestingly LH1, as a resident of the ER, 
does not contain either of the two previously characterized ER-specific retention signals 
(KDEL or the double lysine motif) in its primary structure (Myllylä et al. 1991, Hautala 
et al. 1992). It is shown later that cathepsin D, a soluble lysosomal protease, is able to be 
converted into a membrane-associated protein by tagging a 40-amino acid C-terminal 
peptide segment of LH1 into the molecule. The first 25 amino acids seem to play a 
crucial role in terms of membrane association and ER localization. The data thus reveals 
a novel retrieval mechanism by which the ER lumen can retain its specific protein 
components from the bulk flow (Suokas et al. 2000). No data is available thus far 
concerning the subcellular localization of LH2 and LH3.  
    The human LH1 gene is expressed constitutively in many tissues such as placenta, skin 
fibroblasts, aorta, lung, vein, artery, cartilage, spleen, gall bladder, brain, liver and skeletal 
muscle (Heikkinen et al. 1994, Yeowell et al. 1994). Human LH2a is mainly expressed in 
placenta, pancreas, heart, liver, brain, kidney, skeletal muscle and spleen (Valtavaara et al. 
1997, Yeowell & Walker 1999a) whereas LH2b is widely expressed at variable levels in 
different tissues (Valtavaara 1999, Yeowell & Walker 1999a). LH3 is strongly expressed 
in heart, placenta and pancreas (Valtavaara et al. 1998). The expression of mouse LH1 is 
extremely high in liver and heart, as well as in skeletal muscle, kidney and lung 
(Ruotsalainen et al. 1999). The mouse LH2a and LH2b genes are highly expressed in 
heart and kidney (Ruotsalainen et al. 1999, Valtavaara 1999) whereas LH3 expression is 
higher in heart, liver, lung and testis (Ruotsalainen et al. 1999). 
    The phylogenetic analysis of nine LH sequences from five species suggests that the LH 
isoforms are derived from one ancestral gene by two duplication events. LH1 and LH2 
result from more recent duplications and are more closely related to each other whereas 
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LH3 appears to be the ancestral gene and resembles the C. elegans LH more than the 
other isoforms (Ruotsalainen et al. 1999). 

2.3.5  Ehlers-Danlos syndrome type VI 

The Ehlers-Danlos syndrome (EDS) is a heterogeneous group of disorders characterized 
clinically by joint hypermobility, skin fragility and hyperextensibility and other signs of 
connective tissue involvement. At least ten different subtypes of EDS have been classified 
based on genetic, biochemical, and clinical characteristics. The type VI variant of EDS is 
a recessively inherited connective-tissue disorder with specific features such as muscular 
hypotonia, kyphoscoliosis, and ocular manifestations (Krane 1984, Steinmann et al. 1993, 
Yeowell & Pinnell 1993, Byers 1994, Kivirikko & Pihlajaniemi 1998). Patients with EDS 
VI are biochemically divided into two subclasses: those with a low LH1 activity 
classified as EDS VIA (Krane et al. 1972, Pinnell et al. 1972, Sussman et al. 1974, 
Steinmann et al. 1975, Chamson et al. 1987, Wenstrup et al. 1989), and those with 
normal LH1 activity classified as EDS VIB (Judisch et al. 1976, Ihme et al. 1983, Royce 
et al. 1989, Steinmann et al. 1993).  
    Molecular cloning of the human LH1 has made it possible to characterize mutations 
responsible for this disorder in detail (Yeowell & Walker 2000). The first mutation 
leading to a deficiency in LH1 activity in EDS VI patients was reported by Hyland and 
his coworkers (Hyland et al. 1992). Two patients in a family had a homozygous single 
base substitution in the LH1 gene that converted the CGA codon for Arg319 to a translation 
termination codon TGA (R319X). The parents and three healthy siblings of the patients 
were found to be heterozygous carriers of the same mutation (Hyland et al. 1992). The 
most common mutation seems to be a large seven exon duplication resulting from 
recombination of Alu-sequences in the LH1 gene. This has been found in approximately 
19% of 35 EDS VI families studied (Hautala et al. 1993, Pousi et al. 1994, Heikkinen et 
al. 1997). Three other mutations have been shown to occur in more than one unrelated 
EDS VI patient. These include the Y511X mutation in exon 14 (Yeowell & Walker 1997, 
Walker et al. 1999, Yeowell & Walker 1999b, Pousi et al. 2000), the 15-bp deletion in 
exon 11 (Yeowell et al. 2000a), and the Q327X mutation in exon 10 (Yeowell et al. 2000b). 
Other mutations identified so far include Y142X, R670X, the insertion of a single C 
nucleotide in exon 16 (Yeowell et al. 2000b), a homozygous splice-site mutation that 
induces the skipping of exon 9 (Pajunen et al. 1998), and some compound heterozygous 
mutations, for example, a point mutation (exon 19) and a triplet deletion (exon 15) in the 
two alleles (Ha et al. 1994), a deletion of exon 17 in one allele and a splicing defect 
resulting in the skipping of exon 16 in the other allele (Pousi et al. 1998), a point 
mutation in exon 17 of one allele and an unidentified mutation in the other allele 
(Brinckmann et al. 1998), a nucleotide deletion in the acceptor splice site of intron 4 in 
one allele, and an insertion of a C nucleotide in exon 2 of the other allele (Heikkinen et 
al. 1999). 
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2.4  Collagen glycosyltransferases 

Grassman and his coworkers proved in 1957 that neutral sugars are covalently linked to 
collagen. Butler, Cunningham, and many others in the late 60’s and early 70’s 
demonstrated the covalent linkage of the sugars to hydroxylysine, and the carbohydrate 
units turned out to be either a monosaccharide galactose or a disaccharide 
glucosylgalactose. These are the only sugars found in the triple helical region of 
collagens (Myllylä 1976, Kivirikko & Myllylä 1979, Kielty et al. 1993, Prockop & 
Kivirikko 1995, Bateman et al. 1996). These hydroxylysyl glycosides have also been 
identified in the C1q subcomponent of complement that contains collagen-like amino 
acid sequences (Kivirikko & Myllylä 1979). The structure of 2-O-α-D-glycopyranosyl-O-
β-D-galactopyranosylhydroxylysine involving an unusual α1→2-O-glycosidic linkage 
between glucose and galactose is shown in Figure 3. 

 
 

                   
 

Fig. 3. The structure of the collagen-specific carbohydrate Glc-Gal-Hyl in peptide linkage. 
The carbohydrate unit may also consist only of the Gal portion (Modified from Kivirikko & 
Myllylä 1979 with permission of Academic Press). 

 
 
    The carbohydrate units are transferred to collagen as posttranslational modifications 
catalyzed by two specific enzymes; hydroxylysyl galactosyltransferase (EC 2.4.1.50, 
GT), transfers galactose to hydroxylysyl residues, and then galactosylhydroxylysyl 
glucosyltransferase (EC 2.4.1.66, GGT), transfers glucose to galactosylhydroxylysyl 
residues. Both enzymes have been demonstrated to exist in a number of tissues (Kivirikko 
& Myllylä 1979).  The extent of glycosylation varies between collagen types and within 
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the same collagen type in different tissues and at different ages (Risteli 1977, Anttinen et 
al. 1977b, Kivirikko & Myllylä 1979, Kivirikko & Myllylä 1982, Kielty et al. 1993). 

2.4.1  Purification and molecular properties of collagen 

glycosyltransferases 

2.4.1.1  Hydroxylysyl galactosyltransferase (GT) 

Partial purification of this enzyme has been achieved from guinea-pig skin, rat kidney 
cortex, and human platelets (Kivirikko & Myllylä 1979, Kivirikko & Myllylä 1982). 
From chick embryo extract, a method, consisting of six conventional protein purification 
steps yielded about a 50- to 150-fold increase in specific activity (Risteli et al. 1976a). 
GT has not yet been isolated as a homogeneous protein, the highest degree of 
purification, up to about 1000-fold, having been obtained from chick embryo extract by 
using a procedure consisting of ammonium sulfate fractionation, affinity chromatography 
on collagen-agarose, and gel filtration (Risteli et al. 1976b). The major problem in the 
enzyme purification is its marked tendency to be inactivated during purification and in 
many cases the specific activity decreases during steps in which the purity of the enzyme 
protein clearly increases (Risteli et al. 1976a, Risteli 1978).  
    The molecular weight of GT is not known as no homogeneous protein has been 
isolated and the gene or cDNA for the enzyme has not yet been cloned. The activity of the 
partially purified enzyme is found by gel filtration to fall into two major peaks with 
molecular weights of about 450 and 200 kDa, and one minor species with a molecular 
weight of about 50 kDa (Risteli et al. 1976a). It is not known whether they represent an 
aggregate of the enzyme alone or the enzyme with some other proteins. 
    GT is a glycoprotein as its activity can be inhibited by concanavalin A, and the 
inhibition can be reduced by methyl α-D-mannoside, methyl α-D-glucoside, mannose, 
fructose, and glucose (Risteli 1978, Kivirikko & Myllylä 1979). The enzyme binds to 
concanavalin A coupled to agarose and can be eluted with a buffer containing methyl 
glucoside and ethylene glycol (Risteli 1978). 

2.4.1.2  Galactosylhydroxylysyl glucosyltransferase (GGT) 

Partial purification of GGT has been achieved from guinea-pig skin, rat kidney cortex, 
chick embryo cartilage, bovine arterial tissue, human fetal tissues, plasma and platelets 
(Kivirikko & Myllylä 1979, Kivirikko & Myllylä 1982). Purifications of over 2000-fold 
from whole chick embryos and about 160-fold from chick cartilage have also been 
reported using six conventional protein purification steps (Myllylä et al. 1976). GGT has 
been isolated as a homogeneous protein from chick embryos by two affinity column 
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methods. The first procedure includes ammonium sulfate fractionation, collagen-agarose 
and UDPglucose-derivative-agarose affinity chromatographies, and two gel filtrations 
(Myllylä et al. 1977). The second one consists of ammonium sulfate fractionation, 
concanavalin A-agarose, collagen-agarose, and UDPglucose-derivative-agarose affinity 
chromatographies, and one gel filtration (Anttinen et al. 1978). 
    The molecular weight of GGT from chick embryos is about 72 – 78 kDa seen in SDS-
PAGE, and it may consist of only one polypeptide chain (Myllylä et al. 1977). Gel 
filtration gives a lower and variable molecular weight, probably due to partially 
adsorption of the molecule to the columns (Anttinen et al. 1977a, Myllylä et al. 1977).  
    Amino acid analysis indicates that the chick GGT is rich in Glu, Gln, Asp, Asn, Gly, 
and Ala (Anttinen et al. 1978). It is a glycoprotein having a high affinity for concanavalin 
A-agarose, and this affinity can be reduced by methyl α-D-mannoside (Anttinen et al. 
1977a). The chick GGT is capable of generating strong hydrophobic interaction, probably 
being part of the explanations for adsorption to gel filtration columns and a marked 
tendency to form aggregates when concentrated (Anttinen et al. 1977a). Antibody against 
the pure chick embryo GGT inhibits the transferase activity from different tissues, and 
gives a single precipitation line of identity with the enzyme from many chick embryo 
tissues in immunodiffusion (Myllylä 1981). However, the gene or cDNA of GGT has not 
been cloned so far. 

2.4.2  Catalytic properties of collagen glycosyltransferases 

GT catalyzes the synthesis of galactosylhydroxylysine by transferring galactose from 
UDP-galactose to hydroxylysyl residues in peptide linkages. GGT catalyzes the 
formation of glucosylgalactosylhydroxylysine by transferring the glucose from UDP-
glucose to galactosylhydroxylysyl residues (see Figure 4). Both enzymes require a 
bivalent cation, preferably Mn2+ (Kivirikko & Myllylä 1979).   
    The free ε-amino group of the hydroxylysyl residue and a nonhelical polypeptide 
conformation are the absolute requirements for GT and GGT, as the N-acetylation or 
deamination of the free ε-amino group completely inhibits both reactions, and the triple 
helical conformation of the substrate prevents the interactions with both transferases 
(Kivirikko & Myllylä 1984, Kielty et al. 1993). The glycosylation reactions are also 
affected by the amino acid sequence of the peptide, and the peptide chain length 
(Kivirikko & Myllylä 1979, Kivirikko & Myllylä 1984). The number of -X-Hyl-Gly- 
sequence in a polypeptide chain play a key role in the overall glycosylation (Anttinen & 
Hulkko 1980) whereas the amino acid sequences adjacent to the hydroxylysyl residue 
may be a minor factor. Longer peptides are more effective substrates for the transferases 
(Kivirikko & Myllylä 1979, Kivirikko & Myllylä 1984).  
    The specificity of GT and GGT for their glycosyl acceptors is very high. GT only 
attaches galactose to hydroxylysyl residues in peptide linkage, and does not attach a 
second galactose to galactosylhydroxylysyl residues or a galactose to 
glucosylgalactosylhydroxylysyl residues. Free hydroxylysine does not act as the sugar 
acceptor. However free hydroxylysine in high concentration and free 
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galactosylhydroxylysine can inhibit the glycosylation reactions (Kivirikko & Myllylä 
1979, Kivirikko & Myllylä 1982). GGT does not attach glucose to a number of 
carbohydrates, glycopeptides or glycoproteins, in which the galactose is linked to other 
sugars or to amino acids other than hydroxylysine. This enzyme also fails to attach 
glucose to hydroxylysyl residues or glucosylgalactosylhydroxylysyl residues. 
Galactosylsphingosine is one exception in that it can act in vitro as a good glucosyl 
acceptor for GGT, probably due to its structural similarity to galactosylhydroxylysine 
(Kivirikko & Myllylä 1979, Kivirikko & Myllylä 1982). 

 
 
 

 

Fig. 4. Glycosylation reactions catalyzed by peptidyl GT and GGT (Modified from Kivirikko 
& Myllylä 1984 with permission of Elsevier Science). 

 
 
 
    The preferential glycosyl donor for GT or GGT is the corresponding UDP glycoside. 
The Km of UDP-galactose for GT is about 20-30 µM whereas the Km of UDP-glucose 
for GGT is about 5-30 µM depending on the source from which the enzyme was isolated. 
The reaction product, UDP, and several other nucleotides (UTP, UMP, ATP, ADP, AMP, 
CDP etc.) act as inhibitors of both enzymes (Kivirikko & Myllylä 1979, Kivirikko & 
Myllylä 1984). 
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    The pH optimum for both glycosyltransferases is about 7-7.4. The optimal Mn2+ 
concentration is 0.2-2 mM for partially purified GGT, and this enzyme binds at least two 
Mn2+ having the Kd values of 3-5 µM (site I) and 50-70 µM (site II) (Myllylä et al. 1979). 
The Kd value for Mn2+ at site II is probably much higher than the physiological 
concentration. It is not known whether this site has any significance in vivo (Kivirikko & 
Myllylä 1984). Fe2+(Kd 5-7 µM) and Co2+ (Kd 30 µM) are the only other metals that can 
activate GGT at low concentration. They can, however, inhibit the enzyme when the 
concentration is high (Myllylä et al. 1979). Several bivalent cations are inhibitors of the 
Mn2+-activated hydroxylysyl glycosyltransferase (Kivirikko & Myllylä 1982). There are 
no corresponding data available for GT. 
    The mechanism (shown in figure 5) of the GGT reaction has been investigated in detail 
with the enzyme purified from chick embryos by analyzing the initial velocity and 
inhibition kinetics (Myllylä 1976). The data agree with an ordered binding of Mn2+, UDP-
glucose, and collagen to GGT, and an ordered release of the glycosylated collagen, UDP, 
and Mn2+, in which Mn2+ does not need to leave the enzyme between the catalytic cycles 
(Myllylä 1976). Some kinetic studies have also been carried out on GGT from human 
platelets (Smith et al. 1977). The data are consistent with the scheme described for chick 
embryo GGT. No detailed kinetic data is available for GT (Kivirikko & Myllylä 1979, 
Kivirikko & Myllylä 1982, Kivirikko & Myllylä 1984). 

 
 
 

 

Fig. 5. Schematic representation of the mechanism proposed for the GGT reaction. At high 
Mn2+ concentrations, GGT probably binds two Mn2+ ions successively before binding to UDP-
glucose. Due to the high Kd value at site II, this situation may not occur in vivo and therefore 
is not shown. Mn2+ need not to leave the enzyme between the catalytic cycles. GGT: 
galactosylhydroxylysyl glucosyltransferase; UDPglc: UDP-glucose; Glc-pept: glucosylated 
peptide (Modified from Kivirikko & Myllylä 1984 with permission of Elsevier Science). 

2.4.3  Intracellular sites of collagen glycosylations 

It was proposed earlier based on work using isolated Hela cell membrane fractions that 
the glycosyltransferases were located only in the plasma membrane, and that the 
glycosylations occurred immediately before secretion of procollagen from the cells 
(Hagopian et al. 1968, Bosmann 1969). The assays used, however, were nonspecific, and 
more evidence accumulated later that suggested the glycosylations take place in a 
different intracellular location (Kivirikko & Myllylä 1979). The activities of GT and GGT 
in most cases were found to be associated with the rough ER  (Kivirikko & Myllylä 
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1979), but it was also found to be present in the smooth ER (Harwood et al. 1975b). It 
has been shown by Blumenkrantz and his coworkers that the distribution of both 
glycosyltransferases within purified chick embryo bone microsomes is similar to that of 
LH. About 70-80% of their activities are intramembranous with the remainder 
intracisternal. The common location of the major portion of LH, GT and GGT activities 
suggested that they might form a multienzyme complex to preferentially modify certain 
lysyl residues in nascent procollagen chains as they pass across the membrane of the ER 
(Blumenkrantz et al. 1984). It has been also demonstrated by Bortolato et al. in the early 
90’s that the GGT specific to collagen is located in the rough ER, smooth ER, and Golgi 
apparatus in the chick embryo liver (Bortolato et al. 1990, Bortolato et al. 1991, 
Bortolato et al. 1992).  
    Brownell & Veis (1975) and Harwood et al. (1975b) found galactosylhydroxylysyl and 
glucosylgalactosylhydroxylysyl residues in nascent polypeptide chains, suggesting that 
glycosylations are initiated while the polypeptide chains are still under assembly on the 
ribosomes. Oikarinen et al. (1976a) studied the time course of the glycosylation of 
hydroxylysyl residues in chick embryo cartilage cells, and demonstrated that there was no 
lag between the hydroxylation of lysyl residues and the glycosylation of hydroxylysyl 
residues. They also found that after a 5-minute pulse-label with 14C-lysine, the reactions 
continue for about 10 minutes during the chase period in the chick embryo tendon cells 
(Oikarinen et al. 1976b) and about 20 minutes in the cartilage cells (Oikarinen et al. 
1976a). The triple helix is formed in both cell types at about the same time points 
(Harwood et al. 1975a), thus suggesting that the glycosylations continue until triple helix 
formation of the pro-α chains. This conclusion was also reached in the studies, which 
showed that if the triple helix formation is inhibited, the glycosylations are prolonged, 
and if it is accelerated, the extent of modification is less (Oikarinen et al. 1976b, 
Oikarinen et al. 1977). These results agree with the data on hydroxylysyl galactosylation 
(Risteli et al. 1976a) and galactosylhydroxylysyl glucosylation (Myllylä et al. 1975) in 
vitro, as the two enzymes do not catalyze reactions with triple helical substrates. The 
triple helices of procollagen form before they move from the cisternae of the rough ER to 
the Golgi apparatus, indicating that the hydroxylysyl glycosylations are completed within 
the cisternae of rough ER (Kivirikko & Myllylä 1979, see Figure 6). 
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Fig. 6. Schematic representation of the events in collagen biosynthesis that occur within the 
cisternae of the rough ER. The propeptide is removed during the translocation across the 
membrane and hydroxylation of lysyl residues and glycosylation of hydroxylysyl residues are 
initiated while the polypeptide chains are still being assembled on the ribosomes. The 
reactions continue after the synthesis of complete pro α-chains until the triple helix is formed. 
LH: lysyl hydroxylase; GT: hydroxylysyl galactosyltransferase; GGT: galactosylhydroxylysyl 
glucosyltransferase; Gal: galactose; Glu: glucose (Modified from Kivirikko & Myllylä 1984 
with permission of Elsevier Science). 

2.4.4  Collagen glycosyltransferase activities in physiological, 

pathological, and experimental conditions 

Considerable differences are found in hydroxylysyl glycosyltransferase activities between 
different tissues, and in the same tissue under different conditions. Both were found to 
vary with age, being higher in embryonic than in adult tissues (Anttinen et al. 1977b, 
Kovanen & Suominen 1989). The developmental patterns of both glycosyltransferase 
activities were also studied in chick embryos (Risteli 1977). GT and GGT increased up to 
the 16th day and decreased thereafter, the highest activities being found in the leg tendons 
of the 16-day-old chick embryos, and the activities in cartilage were higher than in skin 
or skull (Risteli 1977). During cartilage and bone formation induced by demineralized 
bone matrix in rats, both activities rose dramatically from day one to reach the highest 
values on day nine and dropped down slowly afterwards (Myllylä et al. 1981). PH-4, 
GGT and other enzymes in human serum are often regarded as biomarkers of collagen 
biosynthesis. It has been reported that prolonged or concentric exercise causes an increase 
in the activity of GGT in human serum. The most likely explanation is that the prolonged 
heavy exercise results in protein leakage from muscles and probably from the collagen-
synthesizing cells of the connective tissue (Takala et al. 1986, Takala et al. 1989, Virtanen 
et al. 1993).  
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    It has been shown under experimental conditions that GT and GGT activities increase 
in lung of hamsters with bleomycin-induced pulmonary fibrosis (Bolarin et al. 1984a), in 
liver of CF1 female mice with hepatic murine Schistosomiasis mansoni (Bolarin et al. 
1985), and in rat liver with carbon tetrachloride-induced fibrosis (Bolarin et al. 1987) 
whereas both activities decrease in transformed human and chick-embryo cells (Myllylä 
et al. 1981), and in isolated chick-embryo tendon cells after the administration of cortisol 
acetate to the chick embryo (Oikarinen 1977).  
    The GGT activity increases in many pathological conditions, for example 
dermatological disorders (Kuutti-Savolainen 1979, Kuutti-Savolainen & Kero 1979, 
Oikarinen et al. 1982a, Oikarinen et al. 1982b, Ala-Kokko et al. 1987), human breast 
cancer (Bolarin 1983a), human primary hepatocellular carcinoma (Bolarin 1983b), acute 
viral hepatitis, cirrhotic liver (Bolarin et al. 1984b) and experimentally-induced primary 
liver carcinoma (Bolarin 1991). The level of GGT is higher than normal in acute 
myocardial infarction and during subsequent collagen scar formation (Anttinen et al. 
1981). GGT activity significantly increases in injured porcine intervertebral discs (Kääpä 
et al. 1994) or degenerated discs (Kääpä et al. 1995). Increased serum or tissue GGT 
activity has been also found in fibrosing lung diseases (Anttinen et al. 1985, Anttinen et 
al. 1986, Poole et al. 1985, Poole et al. 1989), various rheumatic diseases (Myllylä et al. 
1989), neuromuscular disorders (Myllylä et al. 1982), and even the adult respiratory 
distress syndrome (Farjanel et al. 1993). The increase of GGT in these diseases might 
result from the accelerated collagen biosynthesis or collagen metabolism.  
    Savolainen et al. (1981) have shown that members of a family with dominant 
epidermolysis bullosa simplex have a deficiency of GGT. The enzyme activity was low in 
serum, skin tissue, and cultured skin fibroblasts whereas other intracellular enzymes of 
collagen biosynthesis showed no abnormality. No molecular biological data is available 
from the patients. 



 

3 Aims of the present work 

Many data suggest that LH may have collagen type-specific or tissue-specific isoforms. 
Considerable differences are found in the extent of lysyl hydroxylation between different 
collagen types, and even within the same collagen type from different tissues. Lysines in 
collagen types II, IV, and V are hydroxylated normally in Ehlers-Danlos syndrome type 
VI patients (Ihme et al. 1984) and the residual lysyl hydroxylase activity of EDS VI cells 
seems to preferentially hydroxylate lysines in type IV collagen (Risteli et al. 1980). Some 
data, however, still argue against the existence of collagen type-specific isoenzymes. No 
differences are observed between the molecular and catalytic features of lysyl 
hydroxylase purified from various sources (Turpeenniemi-Hujanen et al. 1980, 
Turpeenniemi-Hujanen et al. 1981, Myllylä et al. 1988) and the catalytic properties of 
lysyl hydroxylase in crude extracts from cells synthesizing different collagen types 
(Puistola 1982). It has also been shown that there is a relative excess of lysyl hydroxylase 
activity in chick-embryo tendon and cartilage compared with skin and bone, implying 
that the differences in the extent of lysyl hydroxylation could result from differential 
regulation of a single lysyl hydroxylase (Puistola & Anttinen 1982). Immunological 
identification of chick lysyl hydroxylase does not support the existence of collagen type-
specific or tissue-specific isoforms (Turpeenniemi-Hujanen 1981). During the past few 
years, two new isoenzymes (LH2 and LH3) for lysyl hydroxylase have been identified 
from human and mouse tissues, and the previous known isoform is now correspondingly 
termed LH1. LH2 and LH3 are highly expressed in certain tissues. These tissue-specific 
isoenzymes may show differences with respect to hydroxylation of various collagen 
types. However the biological significance of the presence of lysyl hydroxylase isoforms 
remains unknown. The first aim of the study was 
 
1. To study the mRNA expression patterns and the collagen type specificities of 

different LH isoforms in various human cells. 
 
    It was demonstrated that all LH isoforms lack collagen type specificity and the mRNA 
levels of LH1, LH2, and the α-subunit of prolyl 4-hydroxylase correlate significantly 
with each other whereas no correlation was observed between mRNA levels of LH3 and 
those of the others. As lysyl hydroxylase and glycosyltransferases are the enzymes 
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required for catalyzing three consecutive reactions within the ER in building the unique 
carbohydrate structures in collagens, we started to test the glycosyltransferase activities 
with all LH isoforms. Surprisingly, LH3 was found to be the only isoform possessing 
glycosyltransferase activities. The following more specific goals were then set: 
 
2. To characterize the multifunctionality of human LH3 and C. elegans LH, and to 

study the intracellular distribution of human LH3. 
3. To identify the amino acids important for collagen glycosyltransferase activities 

associated with human LH3. 



 

4 Materials and Methods 

More detailed descriptions are present in the original articles I-IV. 

4.1  Cell culture and transfection (I, II) 

The following human cell lines were used in the study: human skin fibroblasts (K-3), HT-
1080 fibrosarcoma cells (ATCC CCL-121), MG-63 osteosarcoma cells (ATCC CRL-
1427), CCD-19LU cells from lung (ECACC 90112708), HepG2 heptoblastoma cells 
(ATCC HB-8065), Hela epitheloid carcinoma cells (ATCC CCL2), JAR-727 cells (ATCC 
HTB144), pancreas adenocarcinoma cells (ATCC CRL-1687), and ACHN renal 
adenocarcinoma cells (ECACC 88100508).  
    Cells above were cultured in MEM, DMEM, RPMI (GIBCO BRL) respectively, 
supplemented with 10% fetal calf serum, 50 µg/ml ascorbate, 100 µg/ml streptomycin 
and 100 U/ml penicillin. Cells were incubated on tissue culture petri plates at 37°C with 
5% CO2  in air atmosphere until confluent, washed with 1× PBS and stored at -70°C until 
used. 
    Cos-7 cells were grown at 37°C / 5% CO2 in DMEM containing 10% newborn calf 
serum. 8×105 cells per 100 mm dish or 1×105 cells per 35 mm dish were plated one day 
before transfection. Cells were transfected by plasmid DNA using FUGENE6 
(Boehringer Mannheim). After incubation for 0-48 hours, the cells were harvested and 
washed with PBS. 

4.2  RNA isolation and Northern blot analysis (I) 

Total RNA was isolated from cells by Trizol (GIBCO BRL) reagent or using a guanidine 
isothiocyanate method (Sambrook et al. 1989, Ausubel et al. 1989). The probes used in 
Northern analysis were listed in Materials and Methods in publication I. The RNA was 
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fractionated in a 0.8% agarose gel containing 0.22 M formaldehyde at 30V overnight, 
transferred to a nylon membrane and fixed by UV cross-linking. The filter was hybridized 
at 68 °C for 2 hours with a radioactively labeled probe in ExpressHyb solution 
(Clontech), washed first with 2 × SSC, 0.05% SDS for 40 min at room temperature and 
then with 0.1 × SSC, 0.1% SDS for 40 min at 50°C. The probe was removed from the 
blot by incubating with 0.5% SDS in H2O at 90°C for 10 min. The filter was then re-
equilibrated in the ExpressHyb solution and reprobed with a new sequence. The 
hybridization signals were quantitated by scanning the autoradiograms with a laser 
densitometer, PhosphoImager (Molecular Dynamics), and normalized to the quantity of 
β-actin mRNA and the specific activity of different probes. 

4.3  Production of antibodies (I, II) 

Polyclonal antibodies against human LH2 and LH3 were produced in chickens. The 
sequence of antigen corresponds to amino acids 284-464 for LH2 (Valtavaara et al. 
1997), and amino acids 283-297 for LH3 (Valtavaara et al. 1998). The LH2 antigen was 
produced as a GST fusion protein in E. coli, purified by Glutathione sepharose 4B matrix, 
and injected into chickens together with Freund’s complete adjuvant (50% V/V). The 
injection was repeated 3 times with 2 weeks intervals with incomplete adjuvant. The LH3 
antigen was a synthetic peptide coupled via a cysteine residue to keyhole limpet 
hemocyanin. 

4.4  Microscopical study (II) 

Cos-7 cells, transfected with the pEGFP-N1-human LH3 plasmid DNA, were grown on 
coverslips. Forty-eight hours after transfection, the cells were washed with PBS and 
briefly rinsed in distilled water. The coverslips were mounted on slides using Immuno-
mount (Shandon). The expression of the LH3-GFP fusion protein was visualized directly 
by fluorescence microscopy (Nikon). In order to see the subcellular localization of LH3-
GFP protein and compare with protein disulfide isomerase (PDI), the transfected cells 
were fixed with 4% paraformaldehyde in PBS, pH 7.4 for 20 min, blocked for 1 hour in 
0.05% saponin, 0.1% bovine serum albumin in PBS pH 7.4 (IF buffer), followed by a 1-
hour incubation at room temperature with a monoclonal antibody (1:100) against PDI 
(DAKO). Coverslips were washed 3 times with IF buffer and incubated for a further 1-
hour at room temperature with a 1:100 dilution of anti-mouse IgG tetramethylrhodamine 
B isothiocyanate (TRITC) conjugate. After 3 washes with PBS and one brief rinse in 
distilled water, the coverslips were mounted on slides with Immuno-mount, and the 
double staining was observed by fluorescence microscopy. 
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4.5  Immunoprecipitation (II) 

Cos-7 cells transfected with the pEGFP-N1-human LH3 construct or the vector alone 
were lysed with 5 mM EDTA, 0.5% Triton X-100 in 1 × PBS for 30 min at +4°C. The 
crude cell lysates were pretreated with protein A-Sepharose CL-4B (Amersham 
Pharmacia Biotech) to remove non-specific binding and then immunoprecipitated with a 
monoclonal anti-GFP antibody (Clontech). The precipitated proteins were separated by 
SDS-PAGE and detected by immunoblotting. 

4.6  Immunoblotting (I, II, III, IV) 

The proteins separated by SDS-PAGE were electroblotted onto Immobilon-P transfer 
membrane (Millipore). Detection of the proteins was carried out first by incubating with 
the primary antibody, and then with the secondary antibody coupled to horseradish 
peroxidase. The recognized epitopes were detected by an enhanced chemiluminescence 
detection system (Amersham Pharmacia Biotech). 

4.7  In vitro translation (II, III, IV) 

The in vitro translation was performed with the single tube protein system 3 kit, STP 3 
(Novagen). For transcription, 200 ng of plasmid were mixed with 3.2 µl of transcription 
mix in a total volume of 4 µl and incubated at 30°C for 15 min. For translation, 1.0 µl of 
[35S] methionine (10 mCi/ml, Amersham Pharmacia Biotech) or 0.8 µl of cold methionine 
in the kit and 12 µl of translation mix were added to the transcription reaction and 
incubated at 30°C for 1 hour. The products were analyzed by SDS-PAGE and 
autoradiography. GGT activity was directly measured from the reaction mixture 
containing unlabeled methionine. 

4.8  Site-directed in vitro mutagenesis (II, III, IV) 

The QuickChange site-directed mutagenesis kit (Stratagene) was used to introduce site-
specific point mutations into cDNA. PCR reactions were performed using a supercoiled, 
double stranded DNA as a template with two synthetic oligonucleotide primers 
containing the desired mutation encoding a mutated amino acid residue in the protein 
molecule. PfuTurbo DNA polymerase was used to replicate both DNA strands with high 
fidelity. 
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4.9  Expression and purification of the recombinant LH3 proteins (II, 

III, IV) 

4.9.1  Constructs 

Commercially available baculovirus transfer vector pFastBacI in the BAC-TO-BACTM 
expression system (Life Technologies, Inc.) was modified to contain the human LH1 
signal peptide (Hautala et al. 1992), a His6 tag, and a BamHI restriction site for insertion 
of the desired cDNA. The inserts cover the nucleotides from 255 to 2405 for LH1 
(Hautala et al. 1992), 76-2267 for both LH2a and LH2b, in which the LH2b construct 
also contains the alternatively spliced exon sequence between nucleotides 1500 and 1501 
(Valtavaara et al. 1997, Valtavaara 1999, Yeowell & Walker 1999a), and the nucleotides 
from 289 to 2455 for LH3 (Valtavaara et al. 1998).  
    LH1, LH2a, LH2b, LH3 coding sequences without signal peptides were also cleaved 
with BamHI/HindIII from pFastBacI constructs (Valtavaara 1999) and subcloned into the 
same sites in the E. coli expression vector pQE30 (Qiagen) containing a His6 tag at the 
amino terminus. The insert for C. elegans LH covering the amino acids 14-730 (Wixon et 
al. 2000) was generated by PCR and ligated into the SacI/PstI site of the pQE30 vector. 
Constructs were transformed into the E. coli XL1-Blue strain.  
    Human LH3 cDNA coding for the amino acid 25-738 (Valtavaara et al. 1998) and C. 
elegans LH cDNA coding for the amino acid 17-730 (Wixon et al. 2000) were subcloned 
at NdeI/BamHI sites and NdeI/XhoI sites, respectively, into a pET-15b expression vector 
(Novagen). Both constructs contain a His6 tag at the amino terminus and were 
transformed into E. coli BL21(DE3)pLysS cells. 

4.9.2  Protein expression 

4.9.2.1  Human LH isoforms in insect cells 

Sf9 (Spodoptera frugiperda) insect cells were grown in Sf-900 II serum-free medium 
(Life Technologies, Inc.). Expression of recombinant protein was carried out by the 
baculovirus transfer vector pFastBacI in the BAC-TO-BACTM expression system (Life 
Technologies, Inc.). The cells were harvested 0-72 hours after infection and homogenized 
according to protocol described for human lysyl hydroxylase (Pirskanen et al. 1996). 
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4.9.2.2  Human LH isoforms and C. elegans LH with pQE30 vector in 
E.coli XL1-Blue cells 

E. coli XL1-Blue cells transformed with the human LH1, LH2a/2b, LH3-pQE30 or C. 
elegans LH-pQE30 constructs, respectively, were grown in LB medium in the presence of 
ampicillin (100 µg/ml) to an OD600 of 0.6-0.7 at 37°C with vigorous shaking. Protein 
expression was induced by addition of 1 mM IPTG to the cultures and incubation at 30°C 
for 5 hours. The cells were washed, harvested and stored at +4°C. The cells were 
suspended at room temperature for 30 minutes in lysis buffer containing 0.4 M NaCl, 
0.5% Nonidet P-40 and 20 mM Tris-HCl, pH 7.8 at 20°C in the presence of 50 µg/ml 
lysozyme, 10 µg/ml DNase I and RNase A. Lysis was completed by sonication and the 
soluble proteins were collected by centrifugation.  

4.9.2.3  Human LH3 and C. elegans LH with pET-15b vector in E. coli 
BL21(DE3) pLysS cells 

E. coli BL21(DE3)pLysS cells transformed with the human LH3-pET-15b or C. elegans 
LH-pET-15b construct were grown in M9ZB-medium in the presence of ampicillin (100 
µg/ml) and chloramphenicol (34 µg/ml) to an OD600 of 0.7-0.9 at 25 °C. Protein 
expression was induced by addition of 0.3 mM IPTG and incubation at 18°C overnight, 
after which the cells were washed, harvested and stored at +4°C. The cells were lysed in 
lysis buffer containing 50 mM Tris-HCl, pH 8.4 at +4°C, 5% glycerol, 0.5% triton X-100, 
1 mM DTT, in the presence of one proteinase inhibitor cocktail tablet, 200 µg/ml 
lysozyme, 20 µg/ml DNase I and RNase A. Lysis was completed by freezing the cells at -
70°C over an hour and thawing at 30°C for 40 minutes. The soluble proteins were 
collected by centrifugation. 

4.9.3  Purification of His-tag protein by Nickel-NTA-Agarose 

Recombinant proteins containing a His-tag at the N-terminus were purified on a Nickel-
NTA agarose column (Qiagen). For the LH-pFastBacI constructs, the homogenate was 
mixed with Ni-NTA agarose equilibrated with 20 mM Tris-HCl, pH 7.8, 0.3 M NaCl, 5% 
glycerol, and 10 mM imidazole at +4°C for 45 min. Washing was carried out in a buffer 
containing 20 mM imidazole, and elution in a buffer containing 100 mM, 200 mM, and 
300 mM imidazole, respectively. For the LH-pQE30 constructs, the agarose was mixed 
with the soluble fraction of the E. coli homogenate and incubated for 45 min at +4°C with 
a solution containing 20 mM Tris-HCl, pH 7.8, 0.4 M NaCl, 1% glycerol, and 5 mM 
imidazole. Elution was carried out in an elution buffer containing 100 mM imidazole. For 
the LH-pET-15b constructs, the Nickel-NTA beads were mixed with the cleared cell 
lysates for 2 hours at +4°C in a buffer containing 50 mM Tris-HCl, pH 8.4, 5% glycerol, 
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0.5% Triton X-100, 1 mM DTT and 5 mM imidazole. Elution was performed with the 
elution buffer containing 250 mM imidazole. 

4.9.4  UDP-glucuronic acid affinity chromatography 

UDP-glucuronic acid affinity matrix (Uridine 5’-diphosphoglucuronic acid immobilized 
on cross-linked 4% beaded agarose, Sigma) was equilibrated in the lysis buffer 
containing 50 mM Tris-HCl, pH 8.4 at +4°C, 5% glycerol, 0.5% Triton X-100 and 1 mM 
DTT. The fractions eluted from the nickel column were mixed with the matrix for 2 hours 
at +4°C. The affinity matrix was washed 6 times with 2ml of buffer containing 0.3 M 
NaCl, 10 mM MnCl2 in the lysis buffer. The elution was carried out by 1 ml of buffer 
containing 50% ethylene glycol, 0.5 M NaCl, 5 mM UDP-glucuronic acid sodium salt, 10 
mM MnCl2, 0.1 M citrate buffer, pH 6.4, by mixing the matrix with the buffer overnight 
at +4°C. A PD-10 column (Pharmacia) was used to remove UDP-glucuronic acid, and the 
purified human LH3 protein was concentrated by Centricon® Centrifugal Filter Devices 
YM-10 (Millipore) column. 

4.10  GT and GGT activity measurements (II, III, IV) 

The activities were measured by a method based on the transfer of radioactively-labeled 
(tritium) sugar from a UDP-sugar to hydroxylysyl or galactosylhydroxylysyl residues in a 
calf skin gelatin substrate, respectively. The amount of UDP-sugar in the reaction was 66 
µM and the specific activity 139 Ci/mol. The specific detection of the reaction products 
(dpm counting of ion exchange chromatography elution) was performed after alkaline 
hydrolysis.  

4.11  Software (I, III) 

The correlation coefficients analysis was carried out by using SPSS 8.0 for Windows. The 
ClustalX program was used to align 11 amino acid sequences of the LHs from 7 species 
(see Figure 1 in publication III). 



 

5 Results 

5.1  Messenger RNA expression levels of LH isoforms and major 

collagen types I, III, IV, V in different human cell lines (I) 

Total RNAs isolated from confluent cultures of nine human cell lines were first 
hybridized with cDNA probes for different LH isoforms. The LH1 probe hybridized with 
a 3.2 kb mRNA, LH2 with a 4.2 kb mRNA, and LH3 with a 2.8 kb mRNA. Three lysyl 
hydroxylase isoenzymes are present in all cells tested. LH1 is mainly expressed in normal 
skin fibroblasts, HepG2, and MG-63 cells. LH2 is expressed at very high levels in 
HepG2, MG-63, and HT-1080 cells. The amount of LH3 is lower than that of the other 
isoforms in all cell lines, the highest levels being in HT-1080 cells and normal skin 
fibroblasts. The immunoblotting results with antibodies against LH2 and LH3 roughly 
reflect the data obtained from the hybridization analysis. 
    The mRNA levels of the main collagen types I, III, IV, V and the α subunit of prolyl 4-
hydroxylase were measured in the same cells. The probe for type I collagen, α1(I), 
hybridized with mRNAs of 4.7 kb and 6.0 kb in MG-63, normal skin fibroblasts, and 
CCD-19LU cells. Hybridization with an α1(III) probe revealed mRNAs of 5.6 kb and 4.6 
kb in MG-63 cells, and weak signals in normal skin fibroblasts and CCD-19LU cells. 
Hybridization with an α2(IV) probe revealed one mRNA band of 6.5 kb in HT-1080, 
ACHN, Hela, JAR-727, CCD-19LU, and MG-63 cells. A probe for α1(V) cDNA 
hybridized with three mRNAs of 8.3 kb, 7.2 kb, and 6.5 kb, which were mainly observed 
in Hela, and MG-63 cells. The probe for the α subunit of prolyl 4-hydroxylase hybridized 
with one mRNA of about 3 kb in size in all cells, and higher mRNA levels were detected 
in HepG2, MG-63, and HT-1080 cells.  
    After quantitation of the hybridization signals, expression levels of the LH isoforms 
were compared with those of prolyl 4-hydroxylase, another post-translational enzyme of 
collagen biosynthesis, and with those of collagens. Correlation coefficient analysis 
showed that the enzyme mRNAs did not correlate with collagen mRNAs, and that the 
mRNA levels of LH1, LH2 and the α subunit of prolyl 4-hydroxylase significantly 
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correlated with each other whereas no correlation was observed between mRNA levels of 
LH3 and those of LH1, LH2, and the α subunit of prolyl 4-hydroxylase. 

5.2  Characterization of the multifunctionality of human LH3 and C. 

elegans LH (II, III, IV) 

5.2.1  Human LH3 is a multifunctional protein possessing GGT activity 

(II) 

Sf9 insect cells and Cos-7 cells were transfected with human LH3 cDNA constructs. The 
GGT activity measurements were carried out 72 hours after transfection in Sf9 cells and 
48 hours in Cos-7 cells. The GGT activity was about 2.0 × 106 dpm/plate in Sf9 cell 
lysates and 1.2 × 106 dpm/plate in medium over the background. One plate corresponded 
to about 10 × 106 cells. The activity in mammalian expression system was about 2 × 105 
dpm/plate in Cos-7 cell lysates and 1.1 × 106 dpm/plate in medium over the background. 
One plate corresponded to about 1.4 × 106 cells. LH3 was expressed in Sf9 cells as a 
protein with a His-tag at the amino terminus. Sixty percent of the GGT activity was 
bound to the nickel column and all activity could be eluted from the column by 
imidazole. The eluate was analyzed by SDS-PAGE and immunostained by anti-His-tag 
antibodies on a Western blot. One major band was present corresponding to the molecular 
weight of about 85 kDa. 
    A cell-free translation system was also used to study whether the GGT activity was 
linked to human LH3. Only one protein was found when human LH3 cDNA was added to 
the incubation mixture. The molecular weight corresponded again to that of LH3. The 
GGT activity was about 34,000 dpm/translation mixture supplemented with LH3 cDNA. 
    Human LH3 peptide antibodies and antibodies against highly purified chicken GGT 
were used to study whether the antibody binding inhibits the catalytic activity of the GGT 
produced by the His-tagged LH3 cDNA construct in Sf9 cells. Both antibodies partially 
inhibited the GGT activity whereas no inhibition was observed when tested with His-tag 
antibody and antibodies against human Dpb11 protein used as a control.  
    The other lysyl hydroxylase isoforms, human LH1, LH2a, and LH2b, were expressed 
in Sf9 cells under identical conditions to those used for LH3. Although LH activity was 
present in all cell lysates, none of these recombinant proteins had detectable GGT 
activity. 
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5.2.2  Human LH3 is the only isoenzyme possessing GT activity (IV) 

A baculovirus system was first used to express all human LH isoforms and test for GT 
activity. There was a reasonably high endogeneous GT activity in Sf9 cells, about 80,000 
dpm/mg. LH3 cDNA expression generated additional GT activity, varying from 50,000 to 
170,000 dpm/mg, over the background in different experiments. No additional GT 
activity over background was found when human LH1, LH2a, and LH2b were expressed 
in insect cells.  
    The LH3 protein was also produced in an in vitro translation system. A small but 
reproducible amount of GT activity over the background was detected (550 
dpm/translation mixture), but only after adding dog pancreas microsomes to the 
incubation mixture. 
    Two LH3 cDNA constructs were prepared in E. coli cells. The pQE30 vector and XL1-
Blue strain were first used to produce a His-tagged LH3 protein. After Nickel-NTA 
purification, both GT and GGT activities were bound to the nickel column. Elution was 
carried out by 100 mM imidazole. Analysis of the nickel-column beads and the eluates by 
immunoblotting using His-tag antibody revealed one major protein band with a molecular 
weight of 81 kDa, corresponding in size to full length LH3. Activity measurements 
showed a good recovery of GGT and a lower recovery of GT in the elution fractions. In 
order to confirm that the full length LH3 is responsible for both activities, the pET-15b 
expression vector and BL21(DE3) pLysS cells were then used to produce recombinant 
protein on a large scale. Pure LH3 protein was achieved with a yield of about 1 mg 
soluble LH3 in a 200 ml E. coli cell culture after optimizing the expression conditions. 
The His-tagged recombinant LH3 protein was first purified by a nickel column and eluted 
by 250 mM imidazole. Further purification by UDP-glucuronic acid column 
chromatography revealed a pure LH3 on SDS-PAGE. The activity measurements 
demonstrated that the purified LH3 possessed not only LH, GGT, but also GT activities, 
with the specific activity of 1.5 × 105 dpm/mg, 1.2 × 109 dpm/mg and 2.72 × 107 dpm/mg 
respectively. The Km value of the purified LH3 was 35 µM for UDP-galactose and and 
17 µM for UDP-glucose. One milligram of the pure recombinant LH3 was able to 
transfer 1.6 µmoles of galactose and 19.7 µmoles of glucose, respectively, from 
corresponding UDP-sugar in one hour at 37°C in the glycosylation reactions when the 
activity values were corrected to a saturating concentration of citrate soluble collagen. 
These values are similar to those reported earlier (Myllylä et al. 1976, Kivirikko & 
Myllylä 1979). Similarly, one milligram of the pure LH3 with LH activity was able to 
decarboxylate 0.8 µmoles of 2-oxoglutarate, the decarboxylation linked to hydroxylation 
of lysyl residues, in the reaction when the activity value was corrected to saturating 
substrate and cosubstrate concentrations. 
    The human LH1, LH2a, and LH2b isoforms were expressed in E. coli cells as well. 
Immunostaining by His-tag antibodies indicated the presence of the LH isoforms in the 
supernatant fraction. However, no GT or GGT activity was obtained from any of these 
recombinant proteins, showing again that LH3 is the only isoform with 
glycosyltransferase activities among the human LH isoforms. Very low LH activity was 
detected in the crude cell extracts of all these LH isoforms in bacteria system. 
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5.2.3  GT and GGT activities are associated with C. elegans LH (III, IV) 

There is only one gene for lysyl hydroxylase in the C. elegans genome. Two cDNA 
constructs, C. elegans LH-pQE30 in E. coli XL1-Blue cells and C. elegans LH-pET-15b 
in E. coli BL21(DE3)pLysS cells, were prepared in order to express the protein in 
bacterial cells and to determine whether the LH gene product possesses the GT and GGT 
activities. Control E. coli XL1-Blue cells, containing only the pQE30 vector, as well as 
cells expressing DHFR have only very low residual GT or GGT activity, less than 300 
dpm/mg soluble protein. When C. elegans LH cDNA was expressed, both GT and GGT 
activities were present in the supernatant. Due to different expression levels, the activities 
varied in different experiments. The C. elegans LH-pET-15b construct transformed in E. 
coli BL21(DE3)pLysS cells was also used to express the recombinant protein. The His-
tagged protein was first partially purified on a Ni-NTA column and then both GT and 
GGT activities were analyzed. The enzyme activity assays showed GT activity in the 
recombinant C. elegans LH, 2.84 × 104 dpm/mg, the corresponding value for GGT was 
4.76 × 106 dpm/mg. 
    A cell-free translation system was used as well to test if GT and GGT activities are 
associated with the C. elegans LH gene product. Only one protein corresponding to full 
length LH was synthesized and GGT activity was present in the translation mixture. GT 
activity was not detectable. However, the addition of dog pancreas microsomes to the 
incubation mixture revealed a small but reproducible amount of GT activity over 
background in the reaction mixture (2,300 dpm/translation mixture, the corresponding 
value for GGT was 23,800 dpm/translation). 

5.3  The intracellular distribution of human LH3 (II) 

A cDNA construct for the human LH3-GFP fusion protein was prepared, in which GFP 
was inserted into the carboxy-terminal end of human LH3. Cos-7 cells were transfected 
with the construct and produced a fluorescent protein that can be visualized directly by 
fluorescence microscopy. Forty eight hours after transfection most of the fusion protein 
was located in the ER whereas a small fraction of the fluorescent protein entered the 
Golgi complex, in agreement with the findings that a part of the expressed protein was 
secreted due to overexpression. GGT activity measurement was carried out with the cells 
collected at forty eight hours after transfection, and showed a 2-3-fold increase in the 
activity, suggesting the correct three-demensional conformation of the human LH3-GFP 
fusion protein for catalysis in the enzyme reaction. This result that LH3 is retained in the 
ER in most cells is similar to the data reported earlier for LH1 (Kellokumpu et al. 1994), 
and is in good agreement with the hydroxylation and glycosylation sites in collagen 
biosynthesis (Kivirikko & Myllylä 1979, Kivirikko & Pihlajaniemi 1998) 
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5.4  Identification of the amino acids important for catalytic activities 

of GT and GGT associated with human LH3 and C. elegans LH (III, 

IV) 

5.4.1  Active sites of GGT in human LH3 and C. elegans LH (III) 

Sequence alignment of LH isoforms from bovine, rat, chicken, human, mouse, C. elegans 
indicated that there are 29 amino acids conserved between the LH3 and C. elegans 
sequences (LH3-C. elegans specific amino acids), but differing from those of LH1 and 
LH2 (see figure 1 in publication III). These amino acids are scattered evenly throughout 
the molecule. In vitro mutagenesis combined with a cell-free translation system was first 
used to study the importance of these amino acids for GGT activity. The LH3-C. elegans 
specific amino acids were mutated in the C. elegans LH sequence. The most inhibitory 
changes and one as a control from carboxy-terminal area were tested further with human 
LH3. The data was then confirmed with human LH3 in an E. coli system.  
    The LH3-C. elegans specific amino acids were mutated to the ones present in LH1 
and/or LH2. Mutations at the amino-terminal end of the molecule caused an inhibition of 
GGT activity, whereas mutations at the carboxy-terminal end of the molecule had no 
effect. Two mutations, the Cys144Ile and Leu208Ile in the human LH3 sequence, and 
Cys132Ile and Leu196Ile in C. elegans LH sequence, inhibited GGT activity markedly in 
both species. Some differences exist between human and C. elegans. For example, the 
Leu124Val and Leu125Val changes in the C. elegans LH inhibited GGT activity whereas the 
corresponding changes in human LH3 increased the activity. Furthermore, a mutation of 
Ala453Ile in the C. elegans LH caused a remarkable inhibition of GGT activity whereas the 
corresponding changes in human LH3 had no effect on the activity. The most effective 
mutations of human LH3, i.e. Cys144Ile and Leu208Ile, were studied further in a baculovirus 
expression system to determine whether these changes have an effect on LH activity. 
Similar inhibitory results were obtained for GGT activity in the mutated molecules 
whereas no inhibitory effects on LH activity were observed.  
    The human Cys144 was investigated further to determine if this cysteine is disulfide-
linked by using an alkylating agent, iodoacetamide, to block free sulfhydryl groups in the 
molecule. The His-tagged human LH3 and three Cys mutants, Cys144Ile, Cys494Ser, and 
Cys577Ser, were expressed in E. coli XL1-Blue cells. The alkylated proteins purified on a 
nickel column were then analyzed under non-reducing and reducing condition by SDS-
PAGE combined with Western blotting. Based on the mobility shift on the gel, the results 
suggest that Cys144 is not disulfide-linked whereas Cys494 and Cys577 seem to be disulfide 
bonded amino acids in human LH3. Alkylation of Cys144 does not reduce GGT activity. 
    The truncated molecules of human LH3 were generated in order to determine if the 
carboxy-terminal part of human LH3 is required for GGT activity. The amino acids from 
the C-terminal portion were removed by creating a translation stop codon in different part 
of human LH3. The data indicate that a 355 amino acid long portion of the N-terminal 
moiety is still able to generate a low GGT activity whereas none of the truncated 
molecules were able to hydroxylate lysyl residues. 
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    There are at least three DxD like motifs in the human LH3 sequence. In vitro 
mutagenesis result and the data from the shortened molecules indicate that the DxD 
motifs at positions 392-394 and 489-491 are not important for GGT activity. Mutations of 
the short conserved motif containing five aspartate residues at position 187-191 
eliminated GGT activity.  
    Mutation analyses were used to determine whether LH1 and/or LH2 would possess 
GGT activity if some of LH3-C. elegans specific amino acids were introduced into their 
structure. Single Cys, single Leu, or Cys plus Leu were introduced respectively into LH1, 
or LH2a, or LH2b molecules (corresponding to the change Cys144Ile or Cys144Leu between 
LH3 and LH1/LH2, and Leu208Ile between LH3 and LH1/LH2). The mutated proteins 
were expressed in E. coli XL1-Blue cells and the activity measurements showed that no 
GGT activity was regained after these mutations. 

5.4.2  Active sites of GT in human LH3 (IV) 

The same strategy was utilized to search for the amino acids critical for catalytic activity 
of GT associated with human LH3. The LH3-C. elegans specific amino acids were 
mutated to the ones present in LH1 and/or LH2. Potential DxD motifs were also mutated 
by in vitro mutagenesis. The LH3 and its mutants with pET-15b vector were expressed in 
E. coli BL21(DE3)pLysS cells and GT activity was measured from partially purified 
enzyme eluates after nickel purification. GGT activity was measured for comparison. The 
data indicate that the mutations of Cys144Ile, and aspartates at position 187-191 reduced 
the GT activity remarkably whereas the mutations at carboxy-terminal end of the 
molecule and the DxD motif at position 392-394 had no effect on GT activity. The 
Leu208Ile mutation inhibited GT activity slightly (see figure 2 in publication IV). Similar 
results were obtained in GGT activity measurements as well. 



 

6 Discussion 

6.1  Lack of collagen type specificity for lysyl hydroxylase isoforms (I) 

The mRNA expression levels of three LH isoforms (LH1, LH2, and LH3) have been 
studied in several different human cell lines. They were present in all human cells tested. 
There is a five-fold variation in the LH1 mRNA levels and a 20 to 30-fold variation in 
LH2 mRNA levels, whereas the variation for LH3 is only two-fold among different 
human cells. LH1 is the major isoform in skin fibroblasts, pancreas adenocarcinoma cells, 
and placenta trophoblastic tumor cells, being about 50% of the total lysyl hydroxylases. 
This explains the finding that the hydroxylysine content of collagens is most noticeably 
reduced in the skin when tissue samples are analyzed from patients with EDS VI, a 
disease caused by a LH1 gene defect (Hyland et al. 1992, Hautala et al. 1993, Ha et al. 
1994, Heikkinen et al. 1997, Yeowell & Walker 1997, Brinckmann et al. 1998, Pajunen et 
al. 1998, Pousi et al. 1998, Heikkinen et al. 1999, Walker et al. 1999, Yeowell & Walker 
1999b, Pousi et al. 2000, Yeowell et al. 2000a, Yeowell et al. 2000b). LH2 is the major 
form in fibrosarcoma, osteosarcoma, and hepatoblastoma cells, constituting about 60% of 
total LH in those cells. LH3 is a major form in kidney adenocarcinoma cells, about half 
of the LH within these cells being LH3. Todate no heritable disorders have been reported 
associated with a gene defect in LH2 and/or LH3. 
    The hydroxylysine content varies in the triple-helical regions of different collagen 
types. Type III and type I collagens contain only 6-10 hydroxylysyl residues per 
polypeptide chain, whereas type V and type IV contain a three- to five-fold higher amount 
of hydroxylysine (Kivirikko et al. 1992, Kielty et al. 1993). The initial suggestion for the 
existence of collagen type-specific LH isoforms was based on the findings that lysines in 
collagen type II, IV, V were hydroxylated normally in EDS VI patients (Ihme et al. 1984), 
and that the residual LH activity of EDS VI cells appears to preferentially hydroxylate 
lysines in type IV collagen (Risteli et al. 1980). The mRNA levels of LH isoforms and the 
α subunit of prolyl 4-hydroxylase, another enzyme involved in collagen biosynthesis 
were compared with the mRNAs of the most abundant collagen types (I, III, IV, V). The 
data do not indicate any significant correlation between individual collagen types and LH 
isoforms or the α subunit of prolyl 4-hydroxylase, arguing against collagen type 
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specificity in the enzyme reactions. The amino acid sequences surrounding the individual 
lysyl residues, rather than collagen type, are probably more important for determining 
which lysyl hydroxylase isoform catalyzes the hydroxylation reaction. Prolyl 4-
hydroxylase activity has been widely used to estimate the rate of total collagen synthesis 
in many experimental models and in patients with various diseases (Kivirikko et al. 1992, 
Kielty et al. 1993, Prockop & Kivirikko 1995). The mRNA levels of LH1, LH2, and the α 
subunit of prolyl 4-hydroxylase are significantly correlated with each other in various 
human cell lines, suggesting that LH1 and LH2, together with prolyl 4-hydroxylase are 
coregulated with total collagen synthesis. It is remarkable that the mRNA levels of LH3 
do not correlate with those of LH1, LH2, and the α subunit of prolyl 4-hydroxylase, 
implying a difference in their substrates and in the regulation of their gene expression. 
According to the phylogenetic analysis, LH3 is the oldest form and the others result from 
more recent duplication events (Ruotsalainen et al. 1999). It is highly possible that LH3 
acts on other types of sequences in vivo in addition to collagenous sequences. 

6.2  Characterization of GT and GGT activities associated with 

human LH3 and C. elegans LH (II, III, IV) 

6.2.1  Human LH3 is a multifunctional protein possessing LH, GT and 

GGT activities (II, IV) 

Both LH and GGT activities were observed when human LH3 cDNA was expressed in 
baculovirus and mammalian expression systems. The activities appeared simultaneously 
without any lag, suggesting the expression of human LH3 resulted in the simultaneous 
induction of the GGT activity. GT activity was also found when human LH3 was 
expressed in insect cells although the endogenous GT activity was higher. Purification of 
the recombinant protein in insect cells and in E. coli cells with nickel column 
chromatography demonstrated that the GT and GGT activities bound to the column and 
could be eluted by imidazole, indicating that the GT or GGT activity is present on a 
protein having a His-tag in its structure. Results from in vitro translation experiments 
further support the finding that both GT and GGT activities are associated with human 
LH3, as only one protein, corresponding in size to the full length LH3, is translated in the 
mixture supplemented with LH3 cDNA, and this protein has glycosyltransferase 
activities.  
    Immunoblot analysis of the eluates by using anti-His-tag antibody demonstrated the 
recombinant protein with molecular weight of about 85 kDa in a baculovirus system and 
about 81 kDa in an E. coli system, corresponding to the full size of human LH3. The 
lower molecular weight in the E. coli system is probably due to a deficiency of 
glycosylation in bacterial cells. GGT has been reported earlier to be purified from chick 
embryos, having a molecular weight of 78 kDa (Myllylä et al. 1976) whereas GT has 
never been isolated as a homogenous protein due to a marked tendency to lose activity 



53 

(Kivirikko & Myllylä 1979). It is not clear whether there are more than one GT and GGT 
in vivo, and whether the molecular weight of the enzymes differs in different species. It 
should be noticed that the glycosyltransferase activities with LH3 correspond to the 
activity levels of the enzymes isolated or highly purified from chick embryos (Kivirikko 
& Myllylä 1979), and the Km values for UDP-sugars are similar as reported earlier to the 
enzymes of chick embryos (Kivirikko & Myllylä 1979). 
    Human LH3 polyclonal antibodies were raised against a synthetic peptide 
corresponding to the amino acids 283-297 of human LH3 sequence (Valtavaara et al. 
1998), a region that is highly dissimilar between LH isoforms. GGT antibodies were 
prepared earlier against chick glucosyltransferase isolated as a homogenous protein from 
chick embryos (Myllylä 1981). Both LH3 and GGT antibodies were tested with the 
protein produced by human His-tagged LH3 cDNA in insect cells and with the GGT 
protein in human fibroblasts. Similar inhibitions of GGT activities were observed in both 
cases. The result provides evidence for similar behavior of fibroblastic and LH3 derived 
GGT. Furthermore, GGT antibodies behaved similarly in binding to chicken (Myllylä 
1981) and human GGT. 
    A trifunctional character for a protein is a remarkable feature. It is found in enzymes 
involved in lipid metabolism, as well as in purine and pyrimidine metabolism (Kan et al. 
1993, Iwahana et al. 1996, Eaton et al. 2000). Protein disulfide isomerase is also an 
example of a multifunctional protein. By association with different proteins it acts as a 
chaperone, as a protein thiol oxidoreductase and as a subunit for prolyl 4-hydroxylase and 
the microsomal triglyceride transfer protein (Noiva 1999). It should be noted that the 
activity measurements of GT and GGT in vitro do not necessarily correspond to the full 
activity in vivo. It is known that many post-translational modifications, for instance 
phosphorylation and glycosylation, are defective in E. coli cells. Therefore the 
recombinant LH3 protein produced in bacterial system may not represent the enzyme 
with maximal activities. It has been reported that treatment of LH1 with endoglycosidase 
H (Myllylä et al. 1988) and mutation of the glycosylated asparagines of LH1 (Pirskanen 
et al. 1996) reduced the enzyme activity, indicating the N-glycosylation is probably 
important for LH activity. Other factors may affect the activities measured in vitro. This is 
seen for example by the addition of microsomes in cell-free translation system. A small, 
reproducible GT activity was detectable only when dog pancreas microsomes were added 
to the incubation mixture, suggesting additional factor(s) present in microsomes increases 
GT activity. 

6.2.2  C. elegans LH is multifunctional possessing also 

glycosyltransferase activities (III, IV) 

The genome of C. elegans, a primitive eukaryotic organism, was the first animal genome 
to be completely sequenced (Wixon et al. 2000). It contains only about 19,000 genes, and 
is widely used in studies concerning gene expression and gene silencing. C. elegans has 
only one gene for LH, which is an ortholog with the vertebrate LH isoforms, LH1, LH2, 
and LH3 (Norman & Moerman 2000, Wixon et al. 2000). All three activities, 
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hydroxylation-galactosylation-glucosylation, which are associated with human LH3 as 
indicated above, are also associated with the C. elegans LH gene. The phylogenetic data 
have shown that LH3 is more closely related to C. elegans LH than the other isoforms 
(Ruotsalainen et al. 1999), suggesting that LH1 and LH2 have lost the glycosylating 
functions during evolution although they have still retained the LH activity. It is not 
known whether they have acquired any other functions during evolution. 

6.3  Identification of the amino acids important for the 

glycosyltransferase activities associated with human LH3 and C. 

elegans LH (III, IV)  

6.3.1  Active sites of GGT in human LH3 and C. elegans LH (III) 

The data from site-directed mutagenesis combined with in vitro translation and E. coli 
expression system revealed that the active sites of GGT are located in the amino-terminal 
parts of the molecule in C. elegans LH and human LH3. There are evolutionary changes 
between C. elegans LH and human LH3, the active sites are not identical in these species 
although GT and GGT activities are present in both molecules. C. elegans LH seems to 
be more sensitive to the LH3-C. elegans specific amino acid mutations, as more 
inhibitory changes were found at the amino-terminal part of the molecule for C. elegans 
LH, and the inhibitions were more effective compared with that of human LH3. Two 
mutations, the Cys144Ile and Leu208Ile in human LH3 sequence, decreased GGT activity 
dramatically but had no effect on LH activity. The shortening of the carboxy-terminal 
portion of LH3 eliminates LH activity, but only reduces GGT activity. These findings 
provide further evidence that LH and GGT active sites are separated on the LH3 
molecule. This is consistent with the earlier data obtained from LH1 that the amino acids 
responsible for LH activity are located in the carboxy-terminal portion of the molecule 
(Pirskanen et al. 1996, Passoja et al. 1998a), the most conserved region among LH 
isoforms (Hautala et al. 1992, Valtavaara et al. 1997, Passoja et al. 1998b, Valtavaara et 
al. 1998, Ruotsalainen et al. 1999). This result is also confirmed by a recent study in 
which LH3 was produced as a secreted form in baculovirus system (Rautavuomo et al. 
2002). Our data indicated that the Cys144  is not disulfide linked whereas the Cys494 and the 
Cys577 used as controls are disulfide bonded. Furthermore our data suggest that although 
the Cys144  is required for the functional integrity of GGT, it probably does not participate 
directly in the enzyme catalysis. 
    Sequence alignments and X-ray crystal structures have indicated a so-called DxD motif 
in many glycosyltransferases, and it has been found in different glycosyltransferase 
families (Ünligil et al. 2000). This motif is thought to stabilize the Mn2+ and thus 
indirectly stabilize the binding of the diphosphate moiety of the UDP-sugar (Ünligil et al. 
2000, Gastinel et al. 2001). At least three DxD motifs exist in the LH3 molecule. Only 
the mutations of the most amino-terminal DxD motif, which consists of five aspartates at 
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position 187-191, eliminated GGT activity, indicating that this region is important for 
GGT activity and might act as a Mn2+ binding site in the molecule. However, this needs to 
be verified by crystallization of LH3 protein. 
    The replacement of the two most conserved amino acids among the LH3-C. elegans 
specific amino acids, the Cys144 and Leu208, in the LH1 and LH2 structures is not sufficient 
to restore GGT activity to these isoforms, suggesting that LH1 and LH2 have diverged so 
much during evolution from the ancestral LH3 (Ruotsalainen et al. 1999) that single 
amino acid changes are not sufficient to restore glycosyltransferase activity. 

6.3.2  Active sites of GT in human LH3 (IV) 

The search for GT active sites was carried out by in vitro mutagenesis combined with 
protein expression in E. coli BL21(DE3)pLysS cells with the pET-15b vector. The data 
indicate that the mutations of Cys144Ile, and aspartates at position 187-191 reduced the GT 
activity remarkably whereas the mutations at the carboxy-terminal end of the molecule 
and the DxD motif at position 392-394 had no effect on GT activity. The results thus 
suggest that the amino acids located at the amino-terminal part of the molecule, important 
for GGT activity, are also required for GT activity. The data indicate similar results for 
GT and GGT. More in vitro mutagenesis studies are needed to see whether GT active site 
is identical to that of GGT. 



 

7 Conclusions 

The collagen type specificity of the LH isoforms in different human cell lines was first 
investigated in this study. The mRNA expression levels of the LH isoforms do not 
correlate with those of any major individual collagen type (I, III, IV, V), indicating a lack 
of collagen type specificity among the LH isoforms. The mRNA expression level of LH1, 
LH2 and the α-subunit of prolyl 4-hydroxylase showed a high correlation with each other 
whereas LH3 mRNA did not show any correlation to the mRNA levels of LH1, LH2 or 
the α-subunit of prolyl 4-hydroxylase. This suggests that LH3 may act on a different 
substrate in vivo. More studies are required to make clear the difference in substrate 
specificity of the LH isoforms. 
     It was also demonstrated in this study that the full length LH3 and C. elegans LH are 
multifunctional proteins, possessing LH, GT and GGT activities, which are able to 
catalyze three consecutive steps in building the unique hydroxylysine linked carbohydrate 
units in collagens. It reveals for the first time the cDNA sequence of GT and GGT, which 
enables us to search for the gene mutations in abnormal glycosylation-related diseases, 
although no heritable disorders related to this gene have been reported so far.  
    Subcellular localization of human LH3 was also studied in this work. It is located 
mainly in the ER whereas some is found in the Golgi complex probably due to 
overexpression, being similar to human LH1. This is in good agreement with the known 
intracellular sites of hydroxylation and glycosylation of lysyl residues in collagen 
biosynthesis. No corresponding data are available for human lysyl hydroxylase isoform 2 
(LH2a and LH2b). The functions of human LH2a and LH2b remain to be elucidated. 
    The amino acids important for the catalytic activity of glycosyltransferases associated 
with human LH3 have been shown in this study to be localized at the amino-terminal part 
of the molecule, separate from the active site of LH. This enables us to design a knock 
out or transgenic study to manipulate LH and glycosyltransferase activities separately in 
mice to see if these activities associated with LH3 have the functions in vivo. 
Furthermore, the studies may lead to the elucidation of the functions of the glycosylation 
of hydroxylysyl residues in vivo. 
    The His-tagged constructs of the LH isoforms were expressed in E. coli or insect cells. 
Purification was carried out easily and conveniently by Nickel-NTA-Agarose 
chromatography. UDP-glucuronic acid affinity chromatography resulted in pure 
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recombinant LH3/C. elegans LH protein. This approach will facilitate crystallization of 
human LH3 and C. elegans LH to study in detail the molecular structure of these 
multifunctional proteins. 
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