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Abstract

Type XII minicollagen chain association was studied using baculovirus-directed insect cell
expression. Since insect cells contain low endogenous prolyl 4-hydroxylase activity, the mechanism
of the effect of prolyl hydroxylation on trimer formation in this collagen could be studied directly
by adding recombinant baculoviruses directing the synthesis of prolyl 4-hydroxylase. Prolyl 4-
hydroxylase was shown to be involved in the trimeric assembly process of type XII collagen
through its α subunit, and thus through its hydroxylase activity.

The transmembrane protein type XIII collagen was also characterized by means of insect cell
expression, for which purpose new antibodies against its non-collagenous domains NC2 and NC4
were generated, together with a pan-collagen antibody against collagenous sequences. Type XIII
collagen α chains were found to form disulphide-bonded homotrimers, and this was enhanced by
prolyl 4-hydroxylation. Analysis of the disulphide-bonding pattern of the eight cysteine residues of
the α1(XIII) chains revealed that some of the cysteines in the NC1 domain, and possibly the
cysteines at the junction of the COL1 and NC2 domains, are interchain-linked, while the cysteines
in the NC4 domain are intrachain-linked. The three collagenous domains of type XIII collagen were
shown to be in triple-helical conformation and have different thermal stabilities, i.e. 38°C for the
COL1 domain, 49°C for COL2 and 40°C for COL3.

Furthermore, it was shown that type XIII collagen is oriented in the plasma membrane of insect
cells so that its non-collagenous N-terminus is intracellular and its mostly collagenous C-terminus
is extracellular. Type XIII collagen was also found to be cleaved into the insect cell culture medium
by a furin-like protease. The expression of various type XIII collagen deletion variants suggested
that chain recognition and the association of type XIII collagen a chains into trimers occur in the N-
terminal portion of this molecule. An internal in-frame deletion of residues 63-83 immediately
adjacent to the transmembrane domain indicated that this short ectodomain sequence is necessary
for the formation of disulphide-bonded trimers. Since a sequence homologous with these deleted
residues was also found at the same plasmamembrane-adjacent location in other collagenous
transmembrane proteins, this points to common features in their chain association.

Keywords: prolyl 4-hydroxylation, secretion, trimerization
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Abbreviations

αx(a) collagen polypeptide; x: number of chain; a: number of
collagen

AcNPV Autographa californica nuclear polyhedrosis virus
BP bullous pemphigoid
C- carboxy-
C1q a collagen-like subcomponent of the first component of

complement, C1
cDNA complementary DNA
COL collagenous (domain)
EDA anhidrotic ectodermal dysplasia
ELISA enzyme-linked immunoisorbent assay
ER endoplasmic reticulum
FACIT fibril-associated collagens with interrupted triple helices
GAG glycosaminoglycan
kDa kilodalton
MARCO macrophage receptor with collagenous structure
MOI multiplicity of infection
mRNA messenger RNA
MSR macrophage scavenger receptor
N- amino-
NC non-collagenous (domain)
PAGE polyacrylamide gel electrophoresis
PBS phosphate-buffered saline
PCR polymerase chain reaction
PDI protein disulphide isomerase
SDS sodium dodecyl sulphate
Tm midpoint of thermal transition from helix to coil
wt wild-type
X (in Gly-X-Y) any amino acid
Y (in Gly-X-Y) any amino acid
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1 Introduction

The members of the collagen family of proteins have two distinct features that separate
them from any other proteins: they contain one or more characteristic triple-helical
domains consisting of three polypeptides with repeated Gly-X-Y amino-acid triplets, and
they function as structural components of the extracellular matrix. At the moment there
are 19 types of collagen known to exist in mammals, and at least 11 other proteins that
have collagen-like domains in their sequences and are part of the superfamily of
collagenous proteins. These molecules are not classified as collagens, however, since they
are not structural components of the extracellular matrix.

The collagens themselves are divided into fibril-forming and non-fibril-forming
groups depending on the polymeric structures they form. These characteristics are very
heterogeneous among the collagens belonging to the non-fibrillar group, on account of
which they are divided into several subgroups. Type XII collagen is a representative of
the FACIT collagens (fibril-associated collagens with interrupted triple helices). It is
demonstrated here that prolyl 4-hydroxylation of the type XII collagen α chains, a
modification performed by an active human enzyme, prolyl 4-hydroxylase, is required for
the assembly of disulphide-bonded trimers in insect cells. Type XIII collagen together
with type XVII collagen form a special subgroup called the transmembrane collagens.
These types are special in the sense that they both have a hydrophobic stretch of amino
acids in their N-terminus that fulfils the criteria for a transmembrane domain. It has been
shown recently that type XIII collagen molecules are located in the plasma membrane of
human tumor HT-1080 cells by transmembrane anchorage. Type XIII collagen is thought
to reside in the plasma membrane in ”type II” orientation, and therefore its molecule,
which is predicted to be composed of three collagenous domains (COL1-3) and four non-
collagenous ones (NC1-4), must have a short N-terminal cytosolic domain, a
transmembrane domain and a larger, mostly collagenous, extracellular domain. A striking
feature of type XIII collagen is that its precursor-mRNAs undergo complex alternative
splicing.

Until now type XIII collagen has been characterized at the cDNA and genomic levels
in man and the mouse, but its examination at the protein level has until recently been
hampered by both the low level of expression and difficulties in obtaining satisfactory
antibodies. To gain more information on type XIII collagen protein, it was expressed in
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insect cells using a baculovirus expression system and two polyclonal antibodies were
produced against synthetic peptides corresponding to part of NC2 domain of human type
XIII collagen, and to the C-terminal end of the COL3 domain and the whole of the NC4
domain. Furthermore, a novel pan-collagen monoclonal antibody was generated that can
recognize not only type XIII collagen in Western blotting, but also other collagen types.
The role of prolyl 4-hydroxylase in chain association in type XIII collagen was also
examined, and it was shown to enhance the formation of disulphide-bonded trimers. The
pan-collagen antibody was used together with type XIII collagen-specific antibodies to
characterize pepsin and trypsin/chymotrypsin-resistant fragments of recombinant type
XIII collagen, thereby demonstrating that type XIII collagen molecules produced in
insect cells are in triple helical conformation. Moreover, correct association of its
disulphide-bonded trimers was shown to occur through the N-terminal parts of the
polypeptide. Actually, a conserved association domain was identified in the ectodomain
part adjacent to the transmembrane domain in several collagenous transmembrane
proteins. Furthermore, immunofluorescence and immuno-EM staining of insect cells
expressing type XIII collagen demonstrated that type XIII collagen molecules are
anchored in the plasma membrane of insect cells in type II orientation. Strikingly, type
XIII was also found to be cleaved into the culture medium, possibly by a furin-like
protease.



2 Review of the literature

2.1 The superfamily of collagenous proteins

Proteins that contain one or more characteristic triple-helical domains consisting of three
polypeptides with repeated Gly-X-Y amino-acid triplets form the superfamily of
collagenous proteins. In this helical structure every third amino acid needs to be a glycine
residue, the smallest amino acid, which allows close packing along the central axis and
hydrogen bonding between the three chains. The other residues in the -Gly-X-Y-
sequence are frequently the imino acids proline and hydroxyproline, respectively. At the
moment the superfamily of collagenous proteins consists of 19 proteins classified as
collagens and several that contain triple-helical domains but are not regarded as collagens
because they are not structural components of the extracellular matrix. The collagens can
be divided into two groups, fibril-forming and non-fibril-forming collagens, depending
on their structural and functional characteristics (Table 1). The collagen types are denoted
by Roman numerals in the order in which they were discovered, whereas individual
polypeptide chains, i.e. α-chains, are assigned Arabic numerals. An additional 11 proteins
are known at present to contain triple-helical domains, out of which four are unique in
that they are known to be membrane-associated via a transmembrane domain. (For
reviews, see Hulmes 1992, Kielty et al. 1993, Prockop & Kivirikko 1995, Pihlajaniemi &
Rehn 1995, Bateman et al. 1996.)

While the fibril-forming collagens constitute a closely related group within the
collagen superfamily, the non-fibril-forming collagens are quite diverse in their structure
and assembly. Thus the latter are divided into six subgroups according to the polymeric
structures they form or related structural features: collagens that form network-like
structures (types IV, VIII and X), a collagen that occurs as beaded filaments (type VI),
collagens that adhere to the fibrils of fibril-forming collagens, or FACIT collagens (fibril-
associated collagens with interrupted triple helices, including types IX, XII, XIV, XVI
and XIX), a collagen that provides anchoring fibrils for basement membranes (type VII),
collagens with a transmembrane domain (types XIII and XVII), and two homologous
collagens that contain multiple triple-helical domains and interruptions (types XV and
XVIII). All the non-fibril-forming collagens contain one or more interruptions in the
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(Gly-X-Y)n sequence. The lengths of their triple-helical domains vary between 330 and
1400 amino-acid residues, and their C and N-terminal non-triple-helical domains are
highly variable in sequence and length; the former varying in length from less than 20
residues to several hundreds and the latter from 25 residues to more than 2700. (For
reviews, see Hulmes 1992, Kielty et al. 1993, Prockop & Kivirikko 1995, Pihlajaniemi &
Rehn 1995, Bateman et al. 1996.)

Table 1. Characteristics of the collagen types.

Collagen group Chain Tissue Major function

Collagen subgroup composition distribution

Collagen type

Fibril-forming collagens

I [α1(I)]2α2(I), Most connective tissues Provides tensile strength

[α1(I)]3 for connective tissue

II [α1(II)]3 Cartilage, vitreous humour, Provides tensile strength

intervertebral disc for connective tissue

III [α1(III)]3 Extensible connective tissues Provides tensile strength

e.g. skin, lung, vascular for connective tissue

system

V [α1(V)]3, Tissues containing collagen I, Controls the fibril

[α1(V)]2α2(V), quantitatively minor diameter

α1(V)α2(V)α3(V), component

other forms with

type XI

XI α1(XI)α2(XI)α1(II), Tissues containing collagen II Controls the fibril

other forms with diameter

type V

Non-fibril-forming

collagens

Network-forming

collagens

IV [α1(IV)]2α2(IV), Basement membranes Basement membrane

[α3(IV)]2α4(IV), structural component

α3(IV)α4(IV)α5(IV),

α3(IV)α5(IV)α6(IV),

other forms

VIII [α1(VIII)]2α2(VIII) Many tissues, ?

especially endothelium

X [α1(X)]3 Hypertrophic cartilage Calcium binding
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Table 1. continued.

Collagen group Chain Tissue Major function

Collagen subgroup composition distribution

Collagen type

FACIT collagens

IX α1(IX)α2(IX)α3(IX) Tissues containing collagen II Maintains structural

integrity of tissue

XII [α1(XII)]3 Tissues containing collagen I Controls the fibril

or II diameter

XIV [α1(XIV)]3 Tissues containing collagen I ?

or II

XVI [α1(XVI)]3 Many tissues ?

XIX ? Many tissues ?

Beaded filament-

forming collagens

VI α1(VI)α2(VI)α3(VI) Most connective tissues Bridging between

cells and ECM

Anchoring fibril-

forming collagens

VII [α1(VII)]3 Skin, oral mucosa, cervix Strengthens dermal-

epidermal junction

Transmembrane

collagens

XIII ? Many tissues ?

XVII [α1(XVII)]3 Hemidesmosomes in Cell adhesion

epithelium of cornea, lung,

skin etc.

Subgroup of type XV

and XVIII collagens

XV ? Many tissues ?

XVIII [α1(XVIII)]3 Many tissues ?

Compiled from the references mentioned in the text and from the following: Johansson et
al. 1992, Keene et al. 1995, Kahsai et al. 1997, Lamande et al. 1998, Sasaki et al. 1998.

2.1.1 Fibril-forming collagens

The classification of collagen types I-III, V and IX as fibril-forming collagens is due to
the fact that they all assembly into cross-striated fibrils in which the individual collagen
molecules are packed into staggered, overlapping arrangement. The resulting fibrils
provide the structural support for tissues. Many of these fibrils are heterotypic in vivo, i.e.
they contain two or more collagen types. All the fibril-forming collagens have a similar
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structure and size, being composed of a large, continuous central triple-helical domain of
about 1000 amino-acid residues flanked by a variable N-terminal domain of about 50-520
amino-acid residues and a highly conserved non-triple-helical C-terminal domain of
about 250 amino-acid residues. Since several molecules have been shown to be
heterotypic associations of chains from both type V and type XI, these two are no longer
regarded as distinct collagen types but as a single type which can be called type V/XI
collagen. (For reviews, see Kielty et al. 1993, Fichard et al. 1994, Prockop & Kivirikko
1995, Pihlajaniemi & Rehn 1995, Bateman et al. 1996.)

2.1.2 The FACIT collagens

Collagen types IX, XII, XIV, XVI and XIX belong to a subfamily named FACIT,
standing for fibril-associated collagens with interrupted triple helices (Mayne & Brewton
1993, Fukai et al. 1994). So far only the FACIT collagens IX, XII and XIV have been
demonstrated to associate with fibrils composed of fibril-forming collagens (Figure 1),
however, and not to form cross-striated fibrils on their own. FACIT collagens contain two
or more short, interrupted triple-helical domains connected and flanked by short, non-
triple-helical domains. All the FACIT α-chains display a remarkable homology in their
C-terminal triple-helical COL1 domains and in the first five residues of their non-triple-
helical NC1 domain. At the COL1-NC1 junction, two cysteines separated by 4 amino-
acid residues are strictly conserved. Thus the presence of such a domain in the C-terminal
end of the collagenous protein and the unique exon structure that encodes it are
considered a necessary and sufficient structural requirement for the inclusion of a
collagen in the FACIT subfamily. In addition, members of the FACIT group and also
collagen types V, XI, XV and XVIII, contain a homologous region in their N-terminal
non-triple-helical domain (the NC4 domain of the long form of the α1(IX) chain) which
is homologous to the N-terminal domain of thrombospondin-1 also referred to as PARP
(Bork 1992, Pihlajaniemi & Rehn 1995, Brown & Timpl 1995).

Figure 1. Schematic representation of the FACIT collagens. The figure is modified from that
presented by Hulmes (Hulmes 1992) and is reproduced here with permission from author,
1992, Essays in Biochemistry.  the Biochemical Society.

GAG
chain

IX XII,
XIV

IX

II fibril
100 nm
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Type IX collagen molecules are disulphide-bonded heterotrimers containing three triple-
helical domains (COL1-3) that are flanked by four non-triple-helical domains (NC1-4)
(Shimokomaki et al. 1980, Ninomiya & Olsen 1984, Ninomiya et al. 1985, van der Rest
et al. 1985, Har-el et al. 1992). The N-terminal NC4 domain of the α1(IX) chain is a
large globular domain of 266 amino acid residues (Vasios et al. 1988). Two forms of type
IX collagen exist, with major differences in the NC4 domain (Svoboda et al. 1988) arsing
from the use of two separate transcription start sites in the α1(IX) collagen gene
(Nishimura et al. 1989). The long form of type IX collagen, containing the full NC4
domain, is predominantly expressed in cartilage, whereas the short form, lacking nearly
all of the NC4 domain, occurs in the eye and in embryonic tissues (Nishimura et al. 1989,
Muragaki et al. 1990, Liu et al. 1993a). The α2(IX) chain of the molecule frequently
contains a glycosaminoglycan (GAG) chain (Bruckner et al. 1985, Konomi et al. 1986,
Ayad et al. 1991, Yada et al. 1992) composed of chondroitin sulphate (Huber et al. 1986)
and attached to the NC3 domain (McCormick et al. 1987, Huber et al. 1988). The size
and composition of this GAG chain is species and tissue-specific, so that type IX
collagen molecules in chicken cartilage, bovine cartilage and the bovine vitreous body,
for example, contain GAG chains of 15-60 kDa (Yada et al. 1990, Bishop et al. 1992),
whereas the type IX collagen molecules in the chicken vitreous body has GAG chains of
about 350 kDa (Yada et al. 1990). Type IX collagen molecules are associated with fibrils
containing type II collagen in cartilage and various other tissues, with a long arm
consisting of the C-terminal (COL1) and central (COL2) triple-helical domains running
along the fibrillar surface and a short arm consisting of the N-terminal triple-helical
domain (COL3) projecting into the perifibrillar space (van der Rest & Mayne 1988,
Vaughan et al. 1988, Wu et al. 1992). In order to obtain an insight into the function of
type IX collagen, transgenic mice with mutations in the type IX collagen gene have been
produced, which in itself suggests that type IX collagen is not critical for the
developmental assembly of cartilage but is important for the maintenance of cartilage
after birth (Nakata et al. 1993, Fässler et al. 1994, Hagg et al. 1997). This could be
because it forms molecular bridges between cartilage collagen fibrils or between these
fibrils and other components of the extracellular matrix (Shaw & Olsen 1991).

Type XII collagen is a homotrimer (Dublet et al. 1989) with two triple-helical domains
(COL1-2) and three non-triple-helical ones (NC1-3) (Gordon et al. 1989, Yamagata et al.
1991). In addition, the globular N-terminal domain (NC3) contains several distinct
subdomains homologous to domains found in other molecules, i.e. fibronectin type III
repeats (FN), von Willebrand factor A domains (vW), and the N-terminal globular
domain found in α1(IX) collagen (the NC4 domain of the long form of the α1(IX) chain).
These non-collagenous subdomains make up most of the total length of the type XII
collagen molecule, while the triple-helical domains contribute only about 7.7% of the
entire molecule. Like type IX collagen, type XII can be found in two forms, a large form
(type XIIA) and a small form (type XIIB), produced by alternative mRNA splicing at the
5’ end (Yamagata et al. 1991, Trueb & Trueb 1992, Lunstrum et al. 1992). These two
forms differ in their NC3 domain, with type XIIA containing 4 vW subdomains and 18
FN subdomains whereas type XIIB has 2 vW subdomains and 10 FN subdomains
(Yamagata et al. 1991, Trueb & Trueb 1992). Only type XIIA has glycosaminoglycan
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side chains attached to the NC3 domain (Dublet et al. 1989, Koch et al. 1992). This extra
region has also been shown to contain additional potential heparin-binding site(s),
making type XIIA a stronger heparin binder than type XIIB, which interacts weakly with
heparin (Koch et al. 1995). Furthermore, type XII collagen, probably in both of its forms,
can also interact with two small proteoglycans, decorin and fibromodulin (Font et al.
1996). Both forms of type XII collagen molecule have been shown by rotary shadowing
to have the structure of a cross consisting of one thin tail and a central globule from
which three thicker arms extend. The tail represents the NC1, COL1, NC2 and COL2
domains, whereas the central globule and the three arms are formed by the N-terminal
NC3 domains. (Dublet et al. 1989, Lunstrum et al. 1991, Koch et al. 1992, Lunstrum et
al. 1992.) The mature tissue form of collagen XII may contain homotrimers of either type
XIIA or type XIIB chains or heterotrimers of these chains (Koch et al. 1995). Type XII
collagen has been shown to be expressed mainly in dense connective tissues of tendons,
ligaments, dermis, cornea, blood vessel walls, meninges and developing membranous
bones containing type I collagen (Sugrue et al. 1989, Oh et al. 1993), but also in
connective tissue of cartilage containing type II (Lunstrum et al. 1991, Watt et al. 1992).
The type XII variants are expressed in a mutually exclusive fashion during embryonic
development, with type XIIA the predominant form at the early embryonic stages and
type XIIB the major form at the later stages, when type XIIA has a more restricted
distribution (Koch et al. 1995, Bohme et al. 1995, Gerecke et al. 1997). Type XII
collagen has been found by immunoelectron microscopy to be associated with interstitial
fibrils containing collagen types I, III and V (Keene et al. 1991), and thus it is thought to
associate in cartilage with interstitial fibrils containing types II, IX and XI (Watt et al.
1992).

Type XIV collagen, which is a homotrimeric molecule consisting of two short triple-
helical domains (COL1-2) and three non-triple-helical domains (NC1-3), is closely
related to type XII (Dublet & van der Rest 1991, Gordon et al. 1991, Gerecke et al. 1993,
Wälchli et al. 1993). In addition to domains homologous to the NC4 and COL1 domains
of type IX collagen, both the type XII and XIV collagen chains contain regions of
homology with von Willebrand factor A domains and fibronectin type III repeats. Type
XIV collagen has altogether 2 von Willebrand factor A domains and 8 fibronectin type III
repeats (Wälchli et al. 1993). According to cDNA cloning, both the 5’ and 3’ ends of the
α1(XIV) mRNA are affected by alternative splicing (Gerecke et al. 1993, Wälchli et al.
1993). Some of the type XIV collagen chains in cartilage have been shown to be sensitive
to chondroitinase digestion, suggesting that this collagen is also present in cartilage as a
proteoglycan, chondroitin sulphate being the major GAG component (Watt et al. 1992).
Furthermore, type XIV collagen can interact with GAG chains of other proteoglycans,
namely with the dermatan sulphate side chain of the small proteoglycan decorin (Font et
al. 1993), with the heparan sulphate chains of the basement membrane proteoglycan
perlecan and with heparin (Brown et al. 1993). In addition, type XIV collagen is also able
to bind to the small proteoglycan fibromodulin (Font et al. 1996) and to the triple-helical
domain of type VI collagen (Brown et al. 1993). A chodroitin/dermatan sulphate form of
CD44 has been identified as a type XIV collagen receptor on human skin fibroblasts
(Ehnis et al. 1996). Rotary shadowing electron micrographs of intact type XIV collagen
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show a cross-shaped structure similar to that demonstrated for intact type XII collagen
(Aubert-Foucher et al. 1992). Type XIV has been shown to be prevalently expressed in
the dermis, tendon, perichondrium, perimysium, the stroma of the lungs and liver, and in
blood vessels, and also in virtually every tissue containing collagen I (Castagnola et al.
1992, Wälchli et al. 1994), but also, as with type XII collagen, in cartilage tissue
containing type II (Lunstrum et al. 1991, Watt et al. 1992).

The functions of collagen types XII and XIV are currently unknown, but their
localization at the fibril surface (Keene et al. 1991) suggests that they mediate
interactions between fibrils or between fibrils and other matrix macromolecules or with
cells. Immunoelectron microscopy results suggest that the NC3 domains of these
molecules project into the interfibrillar spaces, while the triple-helical domains bind
directly to the fibril surface (Keene et al. 1991). In fact, according to in vitro studies,
collagen types XII and XIV mediate interactions between fibrils through their NC3
domains, and thus may modulate the biomechanical properties of tissues (Nishiyama et
al. 1994). Koch et al. (Koch et al. 1995) have demonstrated that intact type XII collagen
can be incorporated into collagen I fibrils during fibril formation, but not afterwards, and
they have also shown that removal of the triple-helical domains of type XII collagen
hampers its incorporation into collagen I fibrils. In summary, type XII collagen, and the
FACIT collagens in general, like the other minor collagens (Birk et al. 1990), may
influence fibril parameters such as their diameter during fibrillogenesis. Collagen I fibrils
formed in the presence of type XII collagen have been shown to have a smaller diameter,
for instance (Koch et al. 1995). These results together with the ligand binding properties
of collagen types XII and XIV, support the bridging hypothesis put forward by Shaw and
Olsen (Shaw & Olsen 1991).

The newest members of the FACIT collagens are types XVI and XIX. Type XVI has
been shown to form disulphide-bonded homotrimeric molecules containing 10 triple-
helical domains (COL1-10) and 11 cysteine-rich non-triple-helical domains (NC1-11)
(Pan et al. 1992, Yamaguchi et al. 1992, Tillet et al. 1995, Grassel et al. 1996), and to be
widely distributed in mouse tissues (Lai & Chu 1996). The polypeptide of the most novel
collagen - type XIX - consists of five triple-helical domains (COL1-5) and six non-triple-
helical domains (NC1-6) (Yoshioka et al. 1992, Myers et al. 1993, Myers et al. 1994,
Inoguchi et al. 1995). Although type XIX has been shown to be affected by alternative
splicing, yielding numerous alternatively spliced products at the mRNA level in two
tumour cell lines, multiple transcripts have not been detected in normal tissues or cultured
cells (Inoguchi et al. 1995, Sumiyoshi et al. 1997). Immunohistochemical analyses of
type XIX collagen have demonstrated that it is found in many human tissues, and a
restricted presence of the protein was shown in certain basement membrane zones (Myers
et al. 1997).
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2.1.3 Transmembrane collagens

Collagen types XIII and XVII form a subfamily of transmembrane collagens (Figure 2;
Pihlajaniemi & Rehn 1995). These are special in that they have a hydrophobic stretch of
amino acids in their N-terminus that fulfils the criteria for a transmembrane domain.

Figure 2. Schematic comparison of the polypeptide structures of transmembrane collagens
and membrane-associated proteins containing collagenous sequences. The numbering of the
non-collagenous and collagenous domains is indicated above the corresponding polypeptide.
NH2, aminoterminus; COOH, carboxyl terminus; black box, non-collagenous domain; white
box, collagenous domain; shaded box, transmembrane domain; striped box, coiled-coil
domain; vertical dashed line, plasma membrane; C, cysteine residue; N, potential N-
glycosylation site. The scale is shown below in amino acids. Compiled from references
mentioned in the text and from reference Petry et al. 1989.
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2.1.3.1 Type XIII collagen

The type XIII collagen molecule is composed of three collagenous domains (COL1-3)
and four non-collagenous ones (NC1-4), two of which separate the collagenous domains
and two are located at the N and C-terminal ends of the polypeptide (Pihlajaniemi et al.
1987, Tikka et al. 1988, Pihlajaniemi & Tamminen 1990, Tikka et al. 1991, Hägg et al.
1998). As the N-terminal NC1 domain of type XIII collagen contains a highly
hydrophobic transmembrane domain, and as this collagen is thought to reside in the
plasma membrane in ”type II” orientation, it is predicted to have a short N-terminal
cytosolic domain, a transmembrane domain and a larger extracellular, mostly
collagenous, ectodomain. It has been recently shown that type XIII collagen molecules
are located in the plasma membrane of human tumour HT-1080 cells by transmembrane
anchorage (Hägg et al. 1998).

The human α1(XIII) polypeptide chain is composed of an N-terminal non-collagenous
domain, NC1, that contains a 38-residue cytosolic domain, a 23-residue transmembrane
domain and the first 60-residues of non-collagenous extracellular sequences, and of the
following sequential extracellular domains: a 104-residue COL1, a 34-residue NC2, a
172-residue COL2, a 22-residue NC3, a 236-residue COL3 and a 18-residue NC4
(Pihlajaniemi et al. 1987, Pihlajaniemi & Tamminen 1990, Tikka et al. 1991, Hägg et al.
1998). The predicted structure for the mouse type XIII collagen chain has been shown to
be highly homologous. The total length of the human α1(XIII) chain is 707 amino acid
residues, and the corresponding molecular weight is 68.9 kDa. (Hägg et al. 1998.)

The human type XIII collagen mRNAs have been found to have a wide tissue
distribution, including at least foetal bone, cartilage, striated muscle, skin, colon,
intestine, kidney, and lung as well as placenta (Sandberg et al. 1989, Juvonen et al. 1992,
Juvonen et al. 1993). In fact all the tissues examined had low levels of type XIII collagen
mRNAs. A unique feature of this collagen is that its primary transcript undergoes
complex alternative splicing through ten exons of the human and mouse genes
(Pihlajaniemi & Tamminen 1990, Tikka et al. 1991, Juvonen et al. 1992, Juvonen &
Pihlajaniemi 1992, Juvonen et al. 1993, Peltonen et al. 1997, Kvist et al. 1999). This
alternative splicing is predicted to affect the structures of the COL1, NC2, COL3 and
NC4 domains of the human type XIII polypeptide, whereas only the COL1, NC2 and
COL3 domains of the mouse equivalent are thought to be affected (Figure 3). This is due
to the fact that some of the exons of the type XIII collagen gene that are spliced in human
mRNA are not spliced in mouse mRNA, and vice versa. Marked tissue-specific
differences occur only in the expression of variant NC2 exons, the same NC2-coding
exons being variable in human and mouse type XIII collagen.
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Figure 3. Structure of the mouse αααα1(XIII) collagen chain, indicating the lengths of the various
domains in nucleotides and the exons coding for the polypeptide. It is proposed that the
human exons should be numbered in a corresponding manner to the mouse exons (Kvist et al.
1999). The sizes of the human exons are indicated in parentheses under the corresponding
mouse exons if different. The numbering of the non-collagenous and collagenous domains is
shown above the polypeptide, with TER+3’UTR indicating a 3-bp termination codon and a
208-bp 3’ untranslated region. The size of the first exon corresponds to that of the coding
sequence of this exon. Grey box, non-collagenous domain; white box, collagenous domain;
black box, transmembrane domain; spotted box, mouse exon 31, which has not yet been
found in the human gene; filled arrowhead, alternatively spliced mouse exon; open
arrowhead, alternatively spliced human exon. Compiled from references mentioned in the
text.

Type XIII collagen has been shown to be concentrated in the focal adhesions of a number
of cultured human mesenchymal cell lines, coinciding with the known focal adhesion
components talin and vinculin. The role of focal adhesions is to maintain cell-
extracellular matrix adhesion under cell culture conditions, and thus they are regarded as
prototypes for integrin-based cell-extracellular matrix junctions. Cell-surface expression
of type XIII collagen in insect cells resulted in improved cell adhesion to selected
extracellular matrix components, i.e. fibronectin and type I collagen. Furthermore, type
XIII collagen is expressed in a range of integrin-mediated adherens junctions in mouse
tissues, including the myotendinous junctions and costamers of skeletal muscle and many
cell-basement membrane interfaces. Some cell-cell adhesions, most notably the
intercalated discs in the heart, were also found to contain type XIII collagen. (Hägg et al.,
manuscript submitted.) Furthermore, Peltonen et al. (Peltonen et al. 1999) have localized
type XIII collagen to the focal adhesions and intercellular contacts of cultured
keratinocytes and to the cell-cell and cell-basement membrane contact sites of the normal
human epidermis. Since type XIII collagen co-occurred with E-cadherin at cell-cell
contact sites, it was suggested that it may be a component of adherens junctions, whereas
its failure to co-occur with desmosomal components indicates that it is not one of these.
Interestingly, although double labellings with antibodies to both vinculin and type XIII
collagen localized these to cell-basement membrane contact sites in the epidermis, the
immunoreaction for type XIII collagen was clearly broader than that for vinculin. Type
XIII collagen could be also found in the culture medium of keratinocytes, indicating that
the extracellular part of type XIII collagen is cleaved and released into the culture
medium. (Peltonen et al. 1999.) Altogether, type XIII collagen is likely to function in the
adherence of cells to neighbouring cells and to the extracellular matrix.
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2.1.3.2 Type XVII collagen

Type XVII collagen is a type II-oriented transmembrane protein which contains
interrupted triple-helical domains in its C-terminal extracellular part, 15 in man and 13 in
mouse (Giudice et al. 1991, Giudice et al. 1992, Hopkinson et al. 1992, Li et al. 1993).
The type XVII collagen molecule is seen in rotary shadowing images as a quaver-like
structure consisting of a globular head, a central rod and a flexible tail. The central rod,
60-70 nm in length, probably corresponds to the largest triple-helical domain, which is
closest to the cell membrane, whereas the globular head and flexible tail may represent
the N-terminal cytoplasmic domain and the C-terminal interrupted triple-helical domains
of the extracellular part, respectively (Hirako et al. 1996). Type XVII collagen was
initially characterized as an autoantigen in blistering skin disease, bullous pemphigoid
(BP) (Labib et al. 1986, Diaz et al. 1990), and therefore is also called the 180-kD bullous
pemphigoid antigen, BP180 or bullous pemphigoid antigen 2, BPAG2. Type XVII
collagen protein has been localized to the epithelial cell-matrix junctions, i.e. the
hemidesmosomes, of the cornea, lung and skin, for example (Giudice et al. 1991, Li et al.
1991, Aho & Uitto 1999, Michelson et al. 2000). Multiple studies have recently been
conducted on the relationship of type XVII collagen and another hemidesmosomal
transmembrane protein, α6β4 integrin, indicating that type XVII collagen associates with
the α6 integrin subunit through their extracellular domains (Hopkinson et al. 1995,
Hopkinson et al. 1998) and with the β4 integrin subunit through their cytoplasmic
domains (Borradori et al. 1997, Aho & Uitto 1998, Schaapveld et al. 1998). The
cytoplasmic domain of type XVII collagen has also been shown to interact with the major
component of the hemidesmosome plaque, the 230-kDa bullous pemphigoid autoantigen
(BP230/BPAG1), which binds directly to the intermediate filaments of the cytoskeleton
that contain keratin (Hopkinson & Jones 2000). Other recent studies have indicated that
the cytoplasmic domain of type XVII collagen may also directly interact with keratin 18
(Aho & Uitto 1999). Type XVII collagen probably functions as a cell adhesion protein in
hemidesmosomes, since antibodies against the external domain of this cell surface protein
perturb epidermal cell adhesion (Klatte et al. 1989, Hopkinson et al. 1992, Liu et al.
1993b). On the other hand, since its cytoplasmic domain contains several potential
phosphorylation sites, type XVII collagen may also function as a signalling molecule
(Hopkinson et al. 1992, Li et al. 1993).

2.1.4 Other proteins containing collagenous sequences

The superfamily of collagenous proteins includes several that contain triple-helical
domains but are not structural components of the extracellular matrix, and are hence not
classified as collagens. These proteins include the class A macrophage scavenger
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receptors (MSRs [macrophage scavenger receptors] and MARCO [macrophage receptor
with collagenous structures]), C1q (a collagen-like subcomponent of the first component
of complement, C1), the collectins (molecules containing collagen-like domains whose
globular domain contains lectin-like carbohydrate recognition domains; i.e. mannan-
binding protein, conglutinin, collectin-43, lung surfactant protein SP-A and SP-D), the
ficolin family of proteins (molecules containing fibrinogen-like domains as well as
collagen-like domains) and Acrp30 (an adipocyte C1q-related protein) (Hulmes 1992,
Ichijo et al. 1993, Prockop & Kivirikko 1995, Pihlajaniemi & Rehn 1995, Elomaa et al.
1995, Scherer et al. 1995). These proteins are referred to collectively as “defence
collagens”, since they have been shown to induce some form of protective response
(Tenner 1999). The newest members of the superfamily of collagenous proteins are the
ectodysplasin-A (EDA) family of proteins (Srivastava et al. 1997).

2.1.4.1 Membrane-associated proteins containing collagenous sequences

Some of the proteins containing collagenous sequences that are not classified as collagens
are additionally type II transmembrane proteins, and hence are grouped together as
membrane-associated proteins containing collagenous sequences. These include the class
A macrophage scavenger receptors, the complement component C1q and the
ectodysplasin-A family of proteins (Figure 2).

Class A macrophage scavenger receptors, namely type I and II MSRs and MARCO,
are trimeric, integral membrane glycoproteins residing on the plasma membrane in type
II orientation (Kodama et al. 1988, Rohrer et al. 1990, Kodama et al. 1990, Elomaa et al.
1995). Type I and II MSRs, which are derived by alternative splicing of a single gene
(Freeman et al. 1990), are constitutively present in resident macrophages (Naito et al.
1991, Naito et al. 1992), whereas the expression of MARCO is limited to macrophages of
the spleen, lymph nodes and lung (Palecanda et al. 1999). Both MSR isoforms consist of
six structural domains, namely cytosolic, transmembrane, spacer, α-helical coiled-coil,
collagenous and a type-specific carboxyl terminus (Rohrer et al. 1990, Kodama et al.
1990). Thus MSRs of types I and II are otherwise structurally alike, except that type I
contains a highly conserved 110-amino acid scavenger receptor cysteine-rich domain
(SRCR), whereas in type II this domain is replaced by a relatively non-conserved 6-17
residue C-terminal truncated tail (Ashkenas et al. 1993). Both MSRs have an unusually
broad ligand binding property, thus being able to assist the scavenging of a variety of
negatively charged macromolecules, including modified forms of low density lipoprotein
(LDL; Goldstein et al. 1979, Krieger & Herz 1994), the bacterial surface lipids endotoxin
and lipoteichoic acid (Hampton et al. 1991, Dunne et al. 1994), advanced glycation end
products (AGE; Araki et al. 1995, Mori et al. 1995) and amyloid β-protein (Paresce et al.
1996, el Khoury et al. 1996). Consequently, type I and II MSRs have been implicated in
cell adhesion (Fraser et al. 1993), host defence mechanisms (Suzuki et al. 1997), the
development of atherosclerosis (Matsumoto et al. 1990) and Aβ deposition in
Alzheimer’s disease (el Khoury et al. 1996, Christie et al. 1996). A third alternatively
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spliced isoform, type III MSR, was recently cloned and shown to have a novel 47 amino
acid SRCR domain. This isoform couldn’t internalize modified LDL, although it has the
collagenous domain that mediates ligand binding of the type I and II isoforms (Acton et
al. 1993). Furthermore, the type III isoform acted as a dominant negative isoform by
reducing the modified LDL uptake function of the type I and II isoforms when co-
expressed in CHO cells, indicating that alternative splicing represents a potential
mechanism for regulating the MSR activity in macrophages. (Gough et al. 1998.) The
class A macrophage scavenger receptor MARCO resembles type I MSR in its overall
structure, differing in that its extracellular domain is longer and lacks an α-helical coiled-
coil domain (Elomaa et al. 1995). MARCO protein has been shown to be able to bind to
acetylated LDL, bacteria and unopsonized environmental particles (Elomaa et al. 1995,
Palecanda et al. 1999). The ligand binding region of MARCO protein has been mapped
to its cysteine-rich domain (Elomaa et al. 1998, van der Laan et al. 1999). Altogether, the
MARCO protein presumably plays an important role in the host defence system.

The complement subcomponent C1q is a glycoprotein complexed with proenzyme C1r
and C1s to yield the first component of the classical complement pathway C1. C1q
protein is composed of six heterotrimers, each containing an A, a B and a C chain, which
are formed of N-terminal signal peptides, collagenous domains and C-terminal globular
non-collagenous domains. (For a review, see Pihlajaniemi & Rehn 1995.) C1q protein has
been shown to be firmly located in the plasma membrane of guinea pig (Kaul & Loos
1993) and human (Kaul & Loos 1995) macrophages, from where it is released into the
environment. C1q protein is known to bind many ligands through its globular head
regions, the most important ligands being the immuno complexes (Hughes-Jones &
Gardner 1979). Also, a number of non-immune substances, such as DNA (Jiang et al.
1992a), C-reactive protein (CRP; Jiang et al. 1992b), serum amyloid P component (SAP;
Ying et al. 1993) and decorin (Krumdieck et al. 1992), are known to bind to C1q, and the
collagenous regions have also been implicated in these interactions. The complement
pathway will usually be activated subsequent to ligand binding, and thus the immune
system will be switched on. C1q protein also acts itself as a ligand for various cell-
surface receptors expressed in a number of cell types, with some of these interactions
triggering diverse immunological responses (Eggleton et al. 1998).

The proteins of the ectodysplasin-A family are trimeric type II transmembrane proteins
located in the plasma membrane (Kere et al. 1996, Ezer et al. 1999). EDA protein
contains six distinct domains, i.e. cytosolic, transmembrane, non-collagenous,
collagenous, tumour necrosis factor-like and cysteine-rich (Ferguson et al. 1997,
Srivastava et al. 1997, Bayes et al. 1998, Monreal et al. 1998, Ezer et al. 1999). As a
consequence of complex alternative splicing of the corresponding gene, several EDA
isoforms have been identified, with differences in the extracellular domains of the
predicted polypeptides, whereas the N-terminal domains are constant (Srivastava et al.
1997, Bayes et al. 1998, Monreal et al. 1998). Most EDA transcripts have a wide tissue
distribution and show differences in tissue expression pattern (Kere et al. 1996, Bayes et
al. 1998). Mutations in the EDA gene have been shown to lead to X-linked hypohidrotic
ectodermal dysplasia, which results in abnormal development of the teeth, hair and
eccrine sweat glands (Kere et al. 1996, Monreal et al. 1998). Thus EDA protein is
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considered to be important for ectodermal organogenesis, in that it mediates cell-cell or
cell-matrix interactions during the migration and movement associated with
differentiation (Kere et al. 1996). In support of this hypothesis, EDA protein has recently
been shown to promote cell adhesion to the extracellular matrix (Mikkola et al. 1999).

2.2 Collagen biosynthesis

The biosynthesis of collagen molecules is a complex, multi-step process which has been
most thoroughly studied in the case of the fibril-forming collagens (Figure 4; for reviews,
see Kielty et al. 1993, Prockop & Kivirikko 1995, Bateman et al. 1996). These collagens
are initially synthesized as larger precursor molecules called procollagens, the
biosynthesis of which starts within the nucleus by gene transcription and continues in the
endoplasmic reticulum, where the nucleus-derived collagen-encoding mRNAs are
translated into polypeptides. The signal peptides of preprocollagens are probably cleaved
off as they emerge into the lumen of the endoplasmic reticulum. The newly synthesized
procollagen chains then undergo complex enzyme-catalyzed post-translational
modifications, including hydroxylation of the Y-position proline and lysine residues to 4-
hydroxyproline and hydroxylysine, hydroxylation of a few X-position proline residues to
3-hydroxyproline, addition of galactose or both galactose and glucose to some of the
hydroxylysine residues, and addition of a mannose-rich oligosaccharide to one or both of
the propeptides. The 4-hydroxyprolyl residues are essential for the folding and stability of
the collagen triple helix at physiological temperatures, whereas the function of 3-
hydroxyproline is unclear. Certain hydroxylysine residues are needed for the stability of
intermolecular collagen cross-links, whereas the probable function of hydroxylysine-
linked carbohydrates is to alter the lateral packing of individual molecules within the
fibrils. Furthermore, the mannose-rich oligosaccharide is considered to function as a
targeting signal which directs clearance of the cleaved C-propeptide from the circulation.
Once the C-propeptides have folded into a conformation stabilized by intra-chain
disulphide bonds, the constituent chains of the trimer can associate in a type-specific
manner via interactions between the C-terminal propeptides. This allows the formation of
inter-chain disulphide bonds that stabilize the final propeptide assembly. Collagen
biosynthesis continues with nucleation of the helix, which then propagates in a C to N-
direction. The resulting triple-helical procollagen molecules are secreted and “true”
collagen molecules are formed through cleaving of the N and C-propeptides. Finally the
collagen molecules self-assemble into fibrils, followed by the formation of covalent
cross-links within and between the collagen molecules from specific lysyl and
hydroxylysyl residues. These cross-links are needed to provide collagen fibrils with
tensile strength and mechanical stability - properties that are essential to their structural
role.
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Figure 4. Schematic diagram of the assembly of a fibril-forming procollagen in the ER lumen.
The figure is adapted from that presented by McLaughlin & Bulleid (McLaughlin & Bulleid
1998) and is published here with permission.

2.2.1 Prolyl 4-hydroxylase

Prolyl 4-hydroxylase (EC 1.14.11.2) plays a critical role in collagen biosynthesis,
catalazing the hydroxylation of proline residues in Gly-X-Pro triplets, which is essential
for the formation of the collagen triple helix at body temperature. Vertebrate prolyl 4-
hydroxylase is an α2β2 tetramer in which the β subunit is protein disulphide isomerase
(PDI; EC 5.3.4.1). Prolyl 4-hydroxylase needs Fe2+, 2-oxoglutarate, O2 and ascorbate as
cosubstrates. (For reviews, see Kivirikko & Pihlajaniemi 1998, Kivirikko & Myllyharju
1998.)
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Most of the catalytic domain of prolyl 4-hydroxylase is located in the highly
conserved C-terminal region of the α subunit (for reviews, see Kivirikko & Pihlajaniemi
1998, Kivirikko & Myllyharju 1998). Site-directed mutagenesis studies of the human α
subunit have demonstrated that mutation of His-412 and His-483 to serine, and Asp-414
to alanine inactivates the enzyme completely but has no effect on tetramer formation.
These three residues located in the C-terminal region of the α subunit, were shown to
provide the three ligands required for the binding of Fe2+ to the catalytic site. (Lamberg et
al. 1995, Myllyharju & Kivirikko 1997.) On the other hand, the residue Lys-493 was
shown to be involved in the binding of 2-oxoglutarate, and therefore its mutation to
alanine also resulted in an inactive tetramer. Furthermore, there is a fifth critical residue,
namely His-501 at the catalytic site, that is thought to be involved in both the binding and
decarboxylation of the 2-oxoglutarate cosubstrate. (Myllyharju & Kivirikko 1997.)

The β subunit of prolyl 4-hydroxylase (PDI/β) functions as a chaperone, keeping the
catalytic α subunit in a soluble form (Vuori et al. 1992b, John et al. 1993). This is not the
only function β/PDI has in prolyl 4-hydroxylase activity, however, since coexpression of
the α subunit with BiP generates soluble α subunit-BiP complexes with no prolyl 4-
hydroxylase activity (Veijola et al. 1996). Another function is to keep the enzyme within
the lumen of the endoplasmic reticulum, since presence of the C-terminal –Lys-Asp-Gly-
Leu-sequence in the PDI/β restricts prolyl 4-hydroxylase to the ER (Vuori et al. 1992c).
Although PDI/β has retained its disulphide isomerase activity even when present in the
native prolyl 4-hydroxylase tetramer (Koivu et al. 1987), this activity is not needed for
assembly of the prolyl 4-hydroxylase tetramer nor for its hydroxylase activity (Vuori et
al. 1992c). This was shown by site-directed mutagenesis of the N and/or C-terminal -Cys-
Gly-His-Cys-sequences of human PDI/β, which represent two independently acting
catalytic sites of PDI activity (Vuori et al. 1992a, Vuori et al. 1992c). The PDI activity of
the prolyl 4-hydroxylase tetramer could be reduced to 5-10% of that of the free PDI/β
polypeptide by mutation of the C-terminal -Cys-Gly-His-Cys-sequence, whereas
mutations of both -Cys-Gly-His-Cys-sequences abolished the PDI activity completely
(Vuori et al. 1992c).

2.3 Biosynthesis of integral transmembrane proteins

Integral transmembrane proteins are characterized by long apolar segments that cross the
lipid bilayer. The endoplasmic reticulum (ER) of eukaryotic cells is a major site of their
biosynthesis, providing integral transmembrane proteins for the organelles of the
secretory pathway and for the plasma membrane. Biosynthesis takes place via an
orchestrated series of events, yielding functional proteins that are integrated correctly and
folded properly. (High & Laird 1997.)

Most naturally occurring integral transmembrane proteins adopt a particular
transmembrane orientation. This is dictated by the types of signal sequence that the
protein possesses and reflects its function. Consequently integral transmembrane proteins
are classified as type I membrane proteins if their N-terminus is translocated, with the C-
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terminus remaining in the cytosol, and as type II membrane proteins if their C-terminus is
translocated (Figure 5). Type I proteins, which constitute the large majority of all integral
transmembrane proteins, are synthesized with a N-terminal signal sequence, which is
removed early in biosynthesis, but they are retained in the membrane by a hydrophobic
sequence of amino acids close to the C-terminus, together with so-called ‘stop-transfer’
(charged) amino acids. On the other hand, the uncleaved signal-anchor sequence in type
II proteins functions as both the signal sequence and the transmembrane anchor, although
membrane proteins containing the signal-anchor sequence can also adopt type I
orientation. Which orientation a signal-anchor protein takes is dependent on the
distribution of charged amino acid residues that normally flank the hydrophobic core of
the signal-anchor sequence. Yet another class of single-spanning proteins are the tail-
anchored proteins, which have a hydrophobic transmembrane region towards the C-
terminus of the polypeptide. Polytopic or multispanning proteins have multiple
hydrophobic stretches of the protein embedded in the membrane. (High & Laird 1997,
Hooper et al. 1997.)

To begin with, ER integral transmembrane protein synthesis differs from the synthesis
of cytosolic proteins, in that the polypeptide is targeted to the ER membrane by a signal
sequence. This usually includes the supplying of a nascent, ribosome-bound polypeptide
chain to the ER, with the aid of a signal-recognition particle (SRP) and its receptor. This
SRP-dependent targeting cycle is adjusted by GTP binding and hydrolysis at both the
SRP and its receptor. When brought to the ER membrane, the nascent polypeptide is
inserted into the lipid bilayer. This provides that a region of the protein is translocated
across the membrane and into the ER lumen, and that the hydrophobic transmembrane
anchor is then inserted into the bilayer. The translocation occurs through an aqueous pore
called a translocon, which is a complex structure that also orchestrates the selection,
orientation, insertion, maturation and possibly degradation of nascent polypeptides.
Finally the transmembrane domain is released into the phospholipid bilayer of the ER in a
coordinated event mediated by specific proteins, yielding a fully integrated integral
transmembrane protein. (Andrews & Johnson 1996, High & Laird 1997.)
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Figure 5. Schematic representation of the integral transmembrane proteins. SP, the cleaved
signal peptide; SPase, signal peptidase. The figure is modified from that presented by High &
Laird (High & Laird 1997) and is reproduced here with permission from Elsevier Science.

Many integral transmembrane proteins, including some membrane receptors and receptor
ligands, ectoenzymes, cell adhesion molecules and others, exist in both membrane-bound
and soluble isoforms. So far two mechanisms have been found that are responsible for the
formation of these isoforms. First, the isoforms can be generated by separate biosynthetic
pathways, either by alternative pre-mRNA splicing of a common transcript or by the
transcription of closely related but distinct genes. The second mechanism involves
endogenous proteolytic cleavage of integral transmembrane proteins, which is limited to
those of the structure of type I or type II. The cleavage site is usually located close to the
membrane surface of the protein, so that the main part of the protein is released into the
extracellular space, often in a fully functional form. The cleavage generally happens at a
single, unique site determined by the specificity of the membrane protein secretase and
the topology of the protein substrate. There are several specific advantages to first
synthesizing a membrane-bound protein and then releasing it proteolytically. Specific
integral transmembrane proteins can be quickly released in a directed and regulated
manner, in order to produce a rapid alteration in the phenotype of the cell. Proteolytic
release is a fast, effective way of simultaneously removing a membrane-bound protein
and generating the soluble isoform. This is of general benefit for both receptors and cell
adhesion molecules, since cells are desensitized to the cognate ligand, which is also
simultaneously inactivated by binding to the released ectoplasmic domain, thus resulting
in a rapid cancelling of the receptor stimulation or cell adhesion event. Proteolytic release
also permits a quick switch from restricted, localized action of the membrane-bound
isoform to regional or systemic action of the soluble isoform. Furthermore, in situations
where there is an apparently constitutive release of membrane-bound proteins, this may
be a cost-effective means for the cells to produce a steady supply of membrane-bound
and soluble isoforms, in contrast to investing in the additional machinery needed to

Cytosol

Membrane

Lumen

Spase

Type I
(stop-
transfer)

Type I
(signal-
anchor)

Type II
(signal-
anchor)

Tail-
anchored

Polytopic Polytopic

MultispanningSingle-spanning

SP
NH2

COOH

NH2

COOH COOH

COOH

COOH

COOH

COOH

NH2

NH2

NH2

NH2

NH2



33

generate these isoforms by separate biosynthetic pathways. (Ehlers & Riordan 1991,
Hooper et al. 1997.)

2.4 Expression of proteins in insect cells using a baculovirus

expression system

Baculoviruses have been widely used for the overexpression of recombinant proteins in
insect cells (Smith et al. 1983, Miller 1993) or as biopesticides (Wood & Granados 1991),
and they have also been investigated recently as potential gene transfer vectors for use in
human gene therapy (Palombo et al. 1998).

Baculoviruses (family Baculoviridae) comprise a diverse group of invertebrate-
specific, circular, double-stranded DNA viruses with genome lengths of 80-200 kb. The
prototype and best-characterized member of the Baculoviridae family, the Autographa
californica Nuclear Polyhydrosis Virus (AcNPV), has a wide host range, infecting more
than 30 species of Lepidopteran insects. AcNPV gene expression following initial
infection can be broadly classified into three phases: early, late and very late. The very
late phase of infection is characterized by the production of polyhedrin protein, which
accumulates to very high levels within the nucleus, to comprise at least 50% of the total
infected cell protein, and self-assembles to form characteristic intranuclear polyhedrons.
Virions are occluded within the polyhedron structure, which is essential for the
dissemination of baculoviruses into the environment in vivo. There is an alternative route
of cell to cell transmission, however, which occurs without requiring the virions to be
occluded in polyhedrin. Since polyhedrin is non-essential for the life cycle of the
baculovirus in vitro, the majority of the expression vector systems have exploited the
polyhedrin transcriptional machinery to promote and terminate foreign genes placed in
lieu of the polyhedrin gene. (Luckow & Summers 1988, Vialard et al. 1995, Crossen &
Gruenwald 1998.)

The approach that is generally used to construct a recombinant baculovirus is to first
ligate a foreign gene into a suitable transfer vector that contains flanking sequences that
are homologues to the baculovirus genome. A transfer vector is needed, since the
baculovirus genome is too large for successful direct insertion of the foreign genes. To
obtain a recombinant baculovirus carrying the foreign gene, the recombinant transfer
vector is cotransfected into insect cells with the AcNPV DNA. The homologous
recombination takes place within the insect cells, between the homologous sequences of
the recombinant transfer vector and the viral DNA, resulting in replacement of the
polyhedrin gene of the wild-type viral DNA with transfer vector sequences containing the
foreign gene. (Summers & Smith 1987, Crossen & Gruenwald 1998.)

For a number of reasons, the baculovirus approach has become an important
eukaryotic expression system. In contrast to procaryotic expression systems, insect cells
are capable of carrying out a variety of post-translational modifications that are exhibited
by higher eukaryotes, including glucosylation, phosphorylation, acylation and amidation.
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Furthermore, the recombinant proteins can be correctly cleaved proteolytically, including
removal of the signal peptide, and assembled and targeted to their appropriate location.
Thus the resultant recombinant proteins are in most cases similar to their native
counterparts, both structurally and functionally. Compared to other higher eukaryotic
expression systems, the most notable feature of baculuvirus-directed insect cell
expressions, is its potential to achieve high expression levels of the desired recombinant
proteins. As mentioned before, polyhedrin protein ordinarily constitutes approximately
50% of the total infected cell protein, corresponding to about 1 g / 1×109 of infected cells,
which is also the highest expression level reported for recombinant protein expressed
using a baculovirus system. Furthermore, since no upper size limit is known for the
insertion of foreign sequences into the baculovirus genome, very large proteins can be
produced using this system. Although unspliced genes can theoretically be used for
expression purposes, since the insect cells are capable of performing exon/intron splicing,
a cDNA is preferred in practice in order to achieve high expression levels. Finally, two or
more foreign proteins can be expressed simultaneously from a single virus generated
using a preferred multiple promoter transfer vector. (Luckow & Summers 1988, Crossen
& Gruenwald 1998.)

2.4.1 Expression of collagens in insect cells

Recombinant collagen has been produced using yeast, insect cell, mammalian and
transgenic systems (Ala-Kokko et al. 1991, Lamberg et al. 1996, Vuorela et al. 1997,
John et al. 1999). Although collagen biosynthesis is known to require processing by up to
eight specific post-translational enzymes, only one enzyme is an absolute requirement,
namely prolyl 4-hydroxylase (Kivirikko et al. 1992, Prockop & Kivirikko 1995). Since
insect cells contain insufficient levels of prolyl 4-hydroxylase activity, it was
hypothesized that the production of collagens with triple helices that were stable at 37°C
would need the addition of an exogenous prolyl 4-hydroxylase to the insect cell system
(Veijola et al. 1994, Lamberg et al. 1996). Vuori et al. (Vuori et al. 1992b) have shown
that a fully active human prolyl 4-hydroxylase can be expressed in insect cells by
infecting them with two recombinant baculoviruses, one coding for the α subunit of
human prolyl 4-hydroxylase and the other coding for the β subunit. Subsequently,
Lamberg et al. (Lamberg et al. 1996) demonstrated that insect cells provide an excellent
system in which to produce native triple-helical human type III collagen when
coexpressed with human prolyl 4-hydroxylase subunits. The recombinant type III
collagen had similar properties to the corresponding non-recombinant protein, and the
highest expression level was 40 mg/l. Several other collagen types have now also been
expressed in insect cells, including types I, II and IX (Myllyharju et al. 1997, Nokelainen
et al. 1998, Pihlajamaa et al. 1999). Use of a single virus coding for both subunits of
human prolyl 4-hydroxylase has enhanced the proline 4-hydroxylase activity in insect
cells (Nokelainen et al. 1998), which probably results in more effective prolyl 4-
hydroxylation of all the simultaneously coexpressed collagen molecules. Thus insect cells
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represent an efficient expression system for producing recombinant collagens for
scientific and practical purposes.



3 Aims of the present study

Type XIII collagen is a novel transmembrane collagen that is localized to focal adhesions
and undergoes complex alternative splicing at the transcriptional level. At the time when
this work was initiated, it had been mainly characterized at the cDNA and genomic
levels, while studies at the protein level had been hampered by its low level of expression
and the lack of suitable antibodies. Type XII collagen, which is a representative of the
FACIT-subfamily of collagens, has been relatively well characterized, but its functional
role has nevertheless remained obscure. To gain more biochemical information on the
type XII and XIII collagen proteins, and to facilitate future functional analysis of these
molecules, the following aims were laid down for the present work:

1. to express type XII minicollagen together with various combinations of recombinant
viruses coding for the wild-type or mutant human prolyl 4-hydroxylase in insect cells
and to characterize the role of prolyl 4-hydroxylation in the formation of trimeric
molecules,

2. to produce antibodies against type XIII collagen and the parts of collagens containing
the Gly-X-Y- triplet for use in characterizing type XIII collagen protein, and

3. to express wild-type type XIII collagen and various deletion variants together with
various combinations of recombinant viruses coding for the wild-type or mutant
human prolyl 4-hydroxylase in insect cells in order to characterize the biosynthetic
and biochemical features of the recombinant collagen proteins.



4 Materials and methods

Detailed descriptions of the materials and methods are presented in the original papers I-
III.

4.1 Construction of recombinant baculoviruses (I, II, III)

In order to express type XII collagen in insect cells, the COL XII 23 cDNA (Figure 6)
coding for the signal peptide of the α1 chain of human type I collagen (COL1A1), a
tagging sequence corresponding to a twice-repeated short epitope of the human c-myc
protein and the last five amino acid residues of the NC2 domain and the entire COL1 and
NC1 domains of chicken type XII collagen was cloned into the transfer vector pVL1392
(Invitrogen). The recombinant pVL construct was cotransfected with modified
Autographa californica nuclear polyhedrosis virus DNA into Spodoptera frugiperda Sf9
insect cells using the BaculoGold transfection Kit (Pharmingen). Since the transfer vector
pVL1392 and AcNPV DNA contain homologuous sites, homologuous recombination
takes place inside the insect cells, transferring the heterologous gene from the vector to
the AcNPV DNA. The recombinant virus was collected, amplified and plaque-purified
(Gruenwald & Heitz 1993). The resulting recombinant virus was named COL XII 23.

To produce type XIII collagen in insect cells, a full-length cDNA called huXIII was
first constructed by linking a PCR-generated 5´ fragment covering nucleotides 1-272 of
the human type XIII collagen gene (Tikka et al. 1991) to the cDNA clone E-26
(Pihlajaniemi & Tamminen 1990), which contained all the coding sequences for the
human type XIII collagen α chain except for the beginning of the translation and the
alternatively spliced exons 4B, 13, 29 and 33 (Pihlajaniemi & Tamminen 1990, Hägg et
al. 1998). The huXIII cDNA was ligated into pVL1392, resulting in the construct
pVLwthumanXIII. The cDNA del1-38 was produced by PCR from the huXIII cDNA so
that it lacked the first 124 nucleotides and contained a new initiation methionine
replacing the original residue in position 39, at the junction of the cytosolic and
transmembrane domains. The cDNA del1-38 was cloned into pVL1392, and the resulting
construct was termed pVLdel1-38. Since the cDNA E-26 encoded an in-frame
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methionine at residue 84, this was also used directly for expression by inserting it into
pVL1392, resulting in the construct pVLdel1-83. The cDNA del63-83 was produced by
PCR, deleting nucleotides 197-259 from the huXIII cDNA. The cDNA del63-83 was
ligated into pVL1392, resulting in the construct pVLdel63-83. The construct pVLdel442-
668 was generated by first producing cDNA del442-668 by PCR, deleting all the
nucleotides proceeding nucleotide 1196 from huXIII cDNA. The resulting cDNA was
cloned into pVL1392. All the pVL constructs generated were separately cotransfected
into Spodoptera frugiperda Sf9 insect cells with modified Autographa californica nuclear
polyhedrosis virus DNA (Pharmingen) and the resulting recombinant viruses were
subsequently collected, amplified, plaque-purified, re-amplified and named
wthumanXIII, del1-38, del1-83, del63-83 and del442-668 (Figure 7).

A further virus coding for mouse type XIII collagen was also generated, namely
moXIII(689)HIS. First a cDNA designated as moXIII(689) was produced, consisting of
the clone 689 encoding the α1 chain of mouse type XIII collagen (Peltonen et al. 1997)
with 5’ nucleotides 466 to 857 and 3’ nucleotides 2350 to 2926, generated by PCR using
mouse cDNA clones as templates and ligated to the BbsI site and to the StuI site of the
clone 689. The moXIII(689) cDNA was subsequently cloned into the EcoRI/NotI site of
vector pFastBac1 (GibcoBRL, Life Technologies) with an extra nucleotide sequence
coding for six histidine residues just before the stop codon, resulting in the construct
pBacmoXIII(689)HIS. Next, the recombinant bacmid DNA was produced and transfected
into Spodoptera frugiperda Sf9 insect cells according to the BAC-TO-BAC Baculovirus
Expression System Instruction Manual (GibcoBRL, Life Technologies). Finally, the
ensuing recombinant virus moXIII(689)HIS was collected and amplified.

4.2 Analysis of recombinant proteins (I, II, III)

Insect cells (Sf9 or High Five, Invitrogen) were grown at 27-28°C in a 50:50 mixture of
two culture media, IPL 41 (Sigma) and Sf900 (Life Technologies, Inc.), containing 5%
foetal calf serum, in a TNM-FH medium (Sigma) supplemented with 10% foetal bovine
serum or in a serum-free HyQ CCM3 medium (HyClone). Cells were cultured at a
density of 6×105 to 1.5×106 cells/ml, either as monolayers or in suspension in spinner or
shaker flasks.

For the production of type XII collagen, insect cells were infected with the COL XII
23 virus either alone or together with different combinations of viruses for the α subunit
(virus α59; Vuori et al. 1992b) and β subunit of human prolyl 4-hydroxylase (virus β;
Vuori et al. 1992b), and viruses for the mutant α subunit (virus α-H412S; Lamberg et al.
1995) and mutant β subunit (virus PDI/βNC; Vuori et al. 1992c). The virus α-H412S
coded for a mutant α subunit in which a conserved histidine, His412, had been converted
to serine. These mutant α subunits were able to form tetramers with the wild type β
subunits, but the prolyl 4-hydroxylase activity was completely lost (Lamberg et al. 1995).
On the other hand, the virus PDI/βNC coded for a mutant β subunit in which the codons
of two cysteines (one located at the N-terminal catalytic site of the β subunit and the
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other at the C-terminal catalytic site) had been replaced by two codons for serine. These
mutant β subunits were able to form tetramers with the wild type α subunits that retained
their prolyl 4-hydroxylase activity even though these mutant β subunits had no PDI
activity (Vuori et al. 1992c).

In the type XIII collagen expressions the insect cells were infected separately with the
viruses wthumanXIII, del1-38, del1-83, del63-83 and del442-668 either with or without
viruses for the α (virus α59) and β subunits of human prolyl 4-hydroxylase (virus β), or
with a virus coding for both subunits (virus 4PHαβ; Nokelainen et al. 1998). Sometimes
a virus coding for a mutant α subunit was used in which a conserved aspartate, Asp414,
had been converted to alanine (virus αD414A; Myllyharju & Kivirikko 1997). Tetramer
formation between the Asp414Ala mutant α subunit and the wild-type β subunit was not
prevented, but the resulting tetramer was totally inactive (Myllyharju & Kivirikko 1997).

The collagen coding viruses were used in a 5-10-fold excess over those encoding
prolyl 4-hydroxylase. Ascorbate, when present, was added to the culture medium daily at
50-80 µg/ml. The cells and culture media were collected 48-72h after infection, and the
cells were washed, homogenized and centrifuged. In the case of the type XII expressions,
type XII collagen was recovered from the supernatants and media by
immunoprecipitation using protein G-Sepharose. The crude supernatants, pellets, media
and immunoprecipitates were analyzed by denaturing SDS-PAGE under reducing or non-
reducing conditions, followed by staining with Coomassie Brilliant Blue or Western
blotting. Aliquots of the supernatants and immunoprecipitates were treated with trypsin
for 2 min or 2 h at room temperature, and further aliquots of the supernatants of type XIII
collagen were digested with pepsin for 2 min, 5 min or 1 h at room temperature and the
thermal stability of the pepsin-resistant recombinant type XIII collagen was studied by
digestion with a mixture of trypsin and chymotrypsin at various temperatures.

4.3 Analysis of total amount of 4-hydroxyproline (II)

In order to analyze the total amount of 4-hydroxyproline in the recombinant type XIII
collagen, High Five insect cells were infected with the del1-83 virus alone or together
with separate viruses for the α subunit (virus α59) and β subunit of human prolyl 4-
hydroxylase (virus β). The del1-83 virus was used at MOI 5, whereas the α59 and β
viruses were used at MOI 0,1 or 1. The infected cells were grown and handled as above.
After centrifugation, the sample was hydrolyzed overnight and the total amount of 4-
hydroxyproline was examined in cell homogenates by a colorimetric method (Kivirikko
et al. 1967).
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4.4 Immunofluorescence staining (III)

For immunofluorescence staining, High Five insect cells were plated on culture dishes
containing poly-L-lysine-coated coverslips and were instantly infected with the
wthumanXIII virus or with the del1-83 virus together with the 4PHαβ virus, or else
infection was performed with the 4PHαβ virus alone. The infected cells were grown in
TNM-FH medium supplemented with 10% foetal bovine serum for 48 h, after which the
coverslips were taken for immunostaining and the remaining cells on the culture dishes
were used for the lysate preparations. Immunostaining for type XIII collagen was
performed on non-permeabilized cells, the coverslips being first rinsed extensively with
PBS, followed by fixation with 3% paraformaldehyde for 5 min at room temperature.
Subsequently the cells were rinsed 3 × 5 min with PBS, followed by incubation with 0.1
M glycine-PBS and blocking with 0.2% bovine serum albumin - PBS. The cells were
incubated for 1 h with the XIII/NC3-1 antibody, produced against a synthetic peptide
corresponding to the whole NC3 domain of human type XIII collagen (Hägg et al. 1998),
at a dilution of 1:200, after which they were extensively rinsed with PBS and incubated
with a secondary antibody, TRITC-conjugated swine anti-rabbit antibody (DAKO), at a
1:100 dilution for 1 h. The coverslips were then rinsed several times with PBS, mounted
in Immumount mounting medium (Shandon), examined under a Leitz Aristoplan
microscope and finally photographed on Kodak Ektachrome Elite II 400 ASA colour
slide film.

4.5 Immunoelectron microscopy (III)

For the purposes of immunoelectron microscopy, insect cells were infected with the
moXIII(689)HIS and 4PHαβ viruses or the 4PHαβ virus alone as described above,
washed with PBS 48 h post-infection and collected from the culture plates with vigorous
washing using 8% paraformaldehyde-0.2 M Hepes buffer, pH 7.4, centrifuged at 6000 x g
for 4 min into a pellet and fixed for total of 30 min at room temperature. The pellet was
freeze-protected in 2.3 M sucrose-PBS for 20-30 min, divided into 1mm2 specimens and
frozen in liquid nitrogen. The cell specimens were later cut into 60 nm sections on a Leiz
Ultracut cryomicrotome and placed on Formvar-coated nickel grids. The resulting
sections were blocked with 10% FCS-20 mM glycine-PBS for 10 min on an ice bath and
incubated for 45 min with the antibody XIII/NC3-1 diluted 1:200 with 5% FCS-20 mM
glycine-PBS at room temperature. They were then extensively washed with 20 mM
glycine-PBS, followed by incubation for 20 min with 10 nm AuroProbe protein A-gold
conjugate (Amersham), which had been diluted appropriately with 5% FCS-20 mM
glycine-PBS. After extensive washing with 20 mM glycine-PBS, the sections were post-
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fixed in 2.5% glutaraldehyde-PBS, pH 7.4, for 2 min, washed with distilled water,
counterstained and dry-protected with 0.3% uranyl acetate - 2% methyl cellulose for 10
min on an ice bath. Finally, the sections were viewed and photographed with a Philips
410LS electron microscope at an acceleration voltage of 60 or 80 kV.

4.6 Purification of recombinant proteins (I, II, III)

For the purification of type XII collagen, Sf9 and High Five cells were infected
simultaneously with the COL XII 23, α59 and β viruses and 60 ml of the culture medium
was applied 65 h post-infection to a Myc-9E10.2 affinity column made by immobilizing
the monoclonal antibody 9E10.2 on Avidgel (Avidchrom, Hydrazide Avidgel, Unisyn
Technologies). The beads of the gel were first equilibrated in PBS and then batch-
incubated with the medium of the infected cells for 1 h at 4 °C. The column was packed
and washed first with two volumes of PBS alone, followed by 20 volumes of PBS
containing 0.5 M NaCl at 4 °C. The antigen was then eluted from the column with 0.1 M
glycine, pH 2.3, and the corresponding fractions were immediately neutralized with 1 M
Tris/HCl, pH 8.0. Aliquots of these fractions were precipitated with 8% trichloroacetic
acid, dried, washed with acetone, dissolved in sample buffer and analyzed by denaturing
SDS-PAGE under non-reducing conditions, followed by staining with Coomassie
Brilliant Blue. The fractions containing type XII collagen were then pooled and aliquots
were treated with bacterial collagenase for 90 min at 33 °C.

In order to purify the del1-83 variant of type XIII collagen, Sf9 cells were infected
with the del1-83 virus at MOI 5 as described above, harvested 48 h post-infection,
washed, homogenized in a 13 mM CHAPS, 1 mM EDTA-Na2, 1 mM EGTA, 1 mM N-
ethyl maleimide, 0.01% phenylmethylsulphonyl fluoride and 0.05 M Hepes buffer, pH
8.0, and ultracentrifuged at 100,000 × g for 60 min. The resulting supernatant containing
10% glycerol was loaded onto a phosphocellulose column (P-11, Whatman) equilibrated
with buffer A (10% glycerol, 0.5 mM EDTA-Na2, 0.5 mM EGTA, 1 mM N-ethyl
maleimide, 0.02% Na azide and 0.05 M Hepes buffer, pH 8.0). The phosphocellulose
column was then washed with buffer A and eluted with a salt gradient from buffer B
(buffer A including 0.3 M Betaine) to buffer C (buffer B including 1 M NaCl). The
resulting fractions containing type XIII collagen were pooled and loaded onto a Resource
RPC column (Pharmacia) equilibrated in a 0.1% trifluoroacetic acid and 10% acetonitrile
buffer. The Resource RPC column was eluted with a 10-80% acetonitrile gradient in the
presence of 0.1% trifluoroacetic acid. The resulting fraction containing type XIII collagen
was evaporated to dryness and re-suspended in 25% acetonitrile and 0.1 M ammonium
acetate buffer, pH 5.0. Finally, the Resource RPC-purified type XIII collagen was
chromatographed on a Sephadex 75 column (Pharmacia) equilibrated and eluted with
25% acetonitrile and 0.1 M ammonium acetate buffer, pH 5.0.

To partially purify the secreted and membrane-bound del1-38 variant of type XIII
collagen, the del1-38 and 4PHαβ viruses were used to infect High Five cells. The cells
and culture media were collected 48 h post-infection and the culture media were
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centrifuged at 40 000 × g for 45 min. The resulting supernatant was batch-adsorbed to a
pre-equilibrated P-11 cation exchange matrix at pH 7.0 for 2 hours, followed by
sequential washing, elution and concentration of the fraction containing type XIII
collagen. Meanwhile the cells were homogenized in PBS containing CompleteTM

Proteinase Inhibitor (Boehringer) and centrifuged at 800 × g for 10 min. The resulting
pellet was treated with 500 mM Na2CO3 on ice for 2 hours and centrifuged at 40 000 × g
for 1.5 hours. It was then extracted with PBS containing 0.1% Triton, 10% glycerol and 2
M urea, and centrifuged at 16 000 × g for 20 min, followed by concentration of the
resulting supernatant.

4.7 N-terminal sequence analysis (II, III)

To determine the N-terminal sequence of the purified del1-83 α-chains, an aliquot of the
Resource RPC-purified type XIII collagen was electrophoresed on SDS-PAGE, followed
by electroblotting onto a ProBlott membrane (Perkin-Elmer). The ensuing band, which
was visualized by Coomassie Brilliant Blue staining and corresponding antibody
detection with antibody XIII/NC3-1, was cut down and loaded into a Procise 492 Protein
Sequencer (Applied Biosystems Inc.).

To analyze the N-terminal sequences of the partially purified secreted and membrane-
bound del1-38 variant of type XIII collagen, the corresponding concentrated samples
were run on SDS-PAGE and electroblotted onto a ProBlott membrane. The bands, which
were visualized by Coomassie Brilliant Blue staining and which corresponded to
antibody detection with antibody XIII/NC3-1, were cut down and loaded into a 477A
Protein Sequencer (Applied Biosystems Inc).

4.8 Study of the effect of decanoyl-RVKR-chloromethyl ketone (III)

The analysis of the effect of decanoyl-RVKR-chloromethyl ketone on the secretion of
recombinant type XIII collagen was started by infecting three plates of High Five cells
with the del1-38 virus together with the 4PHαβ virus. The infected cells were grown in
HyQ CCM3 medium, and 100 µM decanoyl-RVKR-chloromethyl ketone (Garten et al.
1994; Bachem, Basel, Switzerland), a corresponding volume of methanol or nothing was
added to the culture medium after 24 h. At 48 h post-infection the cells and the culture
media were collected and the cells were washed with PBS, followed by homogenization
and centrifugation. The cell supernatants, pellets and media were subsequently analyzed
by SDS-PAGE under reducing conditions, followed by Western blotting.
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4.9 Production and characterization of antibodies (II)

Monoclonal antibodies against the purified del1-83 variant of type XIII collagen were
generated and prescreened by ELISA commercially (DiaBor OY, Oulu, Finland). The
Resource RPC –purified type XIII collagen was used to immunize five mice, the sera of
all of which were shown to be positive in ELISA and Western blotting. One mouse was
then chosen for a final boost with gel filtration-purified del1-83 protein. Six of the
resulting culture media of the fused cells (95D1-6) were positive in ELISA, and the
fusion 95D1 was cloned further. Finally, three clones, 95D1A-C, were obtained, and the
IgG of clone 95D1A was purified.

For preliminary mapping of the epitope(s) of the resulting monoclonal antibodies, five
recombinant fragments covering the indicated regions of human type XIII collagen
(Figure 7) were produced in bacteria using the QIAexpressionist Kit (QIAGEN). These
recombinant fragments were analyzed by denaturing SDS-PAGE, followed by staining
with Coomassie Brilliant Blue or Western blotting with the resulting monoclonal
antibodies. Furthermore, recombinant type I, II and III procollagens produced in insect
cells (kind gifts from Johanna Myllyharju and Minna Nokelainen, Department of Medical
Biochemistry, University of Oulu) were analyzed by Western blotting using the
monoclonal antibody 95D1A. For further epitope mapping, a (Pro-Pro-Gly)10 peptide
(Peptide Institute INC, Japan) and seven synthetic peptides, GFPGFPGPIG and
GPQGQKGEKG, corresponding to residues 178-187 and 211-220 in the COL1 domain of
human type XIII collagen (Hägg et al. 1998), respectively, APPGPKGEAG,
corresponding to residues 403-412 in the COL2 domain, GPPGVKGENG and
GPAGPKGERG, corresponding to residues 530-539 and 646-655 in the COL3 domain,
respectively (INNOVAGEN, Sweden), ECLSSMPAALRSS, corresponding to residues
229-241 in the NC2 domain, and DYNGNINEALQEIRTL, corresponding to residues
454-469 in the NC3 domain (Department of Biochemistry, University of Oulu, Finland),
were used to block the reaction of the antibody 95D1A with the recombinant type XIII
collagen. In the antigen competition experiments 95D1A was incubated with an excess of
purified peptide or with PBS as a control overnight at 4 °C, followed by use in Western
blotting.

Antipeptide antibodies were prepared by synthesizing two peptides corresponding to
residues 137-149 (ECLSSMPAALRSS) in the NC2 domain and residues 588-611
(GAPGLDAPCPLGEDGLPVQGCWNK) in the COL3 and NC4 domains of human type
XIII collagen (Pihlajaniemi & Tamminen 1990) using an automated Applied Biosystems
433A peptide synthesizer (Department of Biochemistry, University of Oulu, Finland).
The ensuing peptides were purified by reversed-phase high pressure liquid
chromatography, followed by peptide sequencing (Applied Biosystems 477A).
Subsequently 5 mg of each purified peptide was conjugated to keyhole limpet
haemocyanin (Sigma) by a standard procedure employing glutaraldehyde (Harlow &
Lane 1988). For primary immunization, the coupled peptide solutions were emulsified in
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complete Freund’s adjuvant, followed by intradermal injection into four rabbits. Booster
injections with coupled peptide solutions emulsified in incomplete Freund’s adjuvant
were given at 4-week intervals, and the resulting sera were analyzed by ELISA
(Vectastain, Vector Labs) using the uncoupled peptide as an antigen, followed by analysis
of the ELISA-positive antisera by Western blotting of lysates from insect cells expressing
recombinant human type XIII collagen (wthumanXIII) and, as a negative control,
recombinant human prolyl 4-hydroxylase (4PHαβ). Finally, two sera were chosen and
termed antibody XIII/NC2-55 and antibody XIII/NC4-SO.

Antibody XIII/NC4-SO was then purified by affinity chromatography by coupling the
corresponding peptide to epoxy-activated Sepharose 6B according to the manufacturer’s
protocol (Amersham Pharmacia Biotech). The antibody was diluted 1:5 with a solution of
0.1 M NaCl and 0.02 M K2HPO4, pH 7.0 and applied to the column, followed by washing
with a solution of 0.5 M NaCl and 0.02 M K2HPO4, pH 7.0. Specific antibody molecules
were then sequentially eluted with 0.03 M glycine-HCl, pH 2.9, and 0.1 M triethylamine,
pH 11.0. Finally, the fractions containing protein were detected by absorbance at 280 nm,
immediately neutralized with 0.2 volumes of 2 M Tris-HCl, pH 7.5, pooled, and
concentrated to 0.5 mg/ml.

4.10 Sequence analysis of several collagenous transmembrane

proteins (III)

The sequences of types XIII and XVII collagen, MARCO, EDA, the macrophage
scavenger receptor and the A, B and C chains of C1q were aligned with GCG’s PILEUP
program, using default values (Version 10.0, 1999). The alignment was assembled into a
figure using BOXSHADE. Further analysis was performed using ANTHEPROT v.4.9
(Geourjon & Deleage 1995).



5 Results

5.1 Expression of chicken minicollagen XII in insect cells with or

without human prolyl 4-hydroxylase subunits and characterization of

the recombinant protein (I)

It has been shown previously using HeLa cells that the assembly of disulphide-bonded
trimers of minicollagen XII coding for the signal peptide of the α1 chain of the human
type I collagen (COL1A1), a tagging sequence corresponding to a twice-repeated short
epitope of the human c-myc protein and the last five amino acid residues of the NC2
domain and the entire COL1 and NC1 domains of chicken type XII collagen (Figure 6),
cannot occur under conditions that prevent the hydroxylation of proline residues, i.e. in
the absence of ascorbate or in the presence of αα’-dipyridyl (Mazzorana et al. 1993).
Ascorbate is an absolute requirement for active prolyl 4-hydroxylase, for although
enzyme can complete many catalytic cycles at essentially a maximum rate in its absence,
the prolyl 4-hydroxylation then ceases rapidly and ascorbate is required to reactivate it
(Kivirikko et al. 1992). On the other hand, αα’-dipyridyl chelates iron, which is another
cosubstrate of prolyl 4-hydroxylase, and therefore prevents hydroxylation (Dehm &
Prockop 1971).

Figure 6. Schematic structure of COL XII 23 cDNA coding for the minicollagen XII
polypeptide. The signal peptide (SP), the two tagging sequences (TS) and the numbering of
the non-collagenous and collagenous domains are shown below the polypeptide and the
lengths of the corresponding regions in amino acids are shown above it. Wavy box, signal
sequence; spotted box, the two tagging sequences; grey box, non-collagenous domain; white
box, collagenous domain.
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To study further the essential parameters needed for the biosynthesis of type XII collagen,
this protein was expressed in insect cells, which in contrast to HeLa cells, contain low
endogenous prolyl 4-hydroxylase activity. This can be considerably increased, however,
by infecting the cells with recombinant baculoviruses directing synthesis of the enzyme
(Veijola et al. 1994, Lamberg et al. 1996). Thus the hydroxylation of proline residues can
be more or less switched on or off in insect cells depending on the presence or absence of
functional exogenous prolyl 4-hydroxylase, respectively. With this in mind, SF9 cells
were infected with the COL XII 23 virus, which codes for minicollagen XII, with or
without viruses for the α (virus α59) and β (virus β) subunits of human prolyl 4-
hydroxylase. Upon the analysis of aliquots of the immunoprecipitated culture medium
samples 65 h later by denaturing SDS-PAGE under non-reducing conditions followed by
Western blotting, infection of the cells with the COL XII 23 virus alone was seen to result
in negligible amounts of trimeric molecules of minicollagen XII whereas co-infection
with the COL XII 23, α59 and β viruses produced clearly visible trimers. The results thus
indicate that hydroxylation of the COL XII 23 chains, accomplished by active prolyl 4-
hydroxylase, is necessary for the assembly of disulphide-bonded trimeric type XII
minicollagen molecules.

Under non-reducing conditions three bands corresponding to monomeric COL XII 23
α chains were visible in Western blot analysis. The fact that the presence of exogenous
prolyl 4-hydroxylase modified the migration of the two lower molecular mass forms,
promoting a shift towards the highest molecular mass form, suggests that the highest
molecular mass form contained more hydroxylated proline residues than the two lower
molecular mass forms. This shift in molecular mass may in addition reflect a change in
conformation. Also, dimeric assemblies of the monomeric COL XII 23 α chains could be
seen in variable amounts, particularly in the absence of exogenous prolyl 4-hydroxylase.

When the minicollagen XII expressed in the presence of the active prolyl 4-
hydroxylase was analyzed under reducing conditions, the trimers were shown to be
reducible. Since reduction did not increase the amount of a particular monomer, it was
impossible to pinpoint the monomers from which the trimers had been formed. In
addition, reduction increased the molecular masses of the three bands of monomers,
indicating that intrachain oxidation had taken place.

The addition of sodium ascorbate to the insect cell culture medium did not enhance the
formation of trimers, whereas the amounts of disulphide-bonded trimers formed in the
HeLa cells in the absence of sodium ascorbate were very low (Mazzorana et al. 1993).
Thus the amount of exogenous prolyl 4-hydroxylase present in the insect cells would
probably have been sufficient to hydroxylate the available minicollagen XII α chains
even in the absence of sodium ascorbate. The effect of αα’-dipyridyl on the formation of
disulphide-bonded trimers could not be tested, since the insect cells could not tolerate this
reagent and died.

The results obtained with the corresponding cell homogenates were almost identical to
the above ones applying to the media samples, the amount of trimeric protein present in
the homogenates of the cells infected simultaneously with the COL XII 23, α59 and β
viruses being similar to the amount secreted into the culture medium. Since trimers had
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not been seen in the HeLa cell homogenates, the rate of secretion of the recombinant
minicollagen XII seemed to be slower in the insect cells than in the HeLa cells.

To confirm the triple-helical nature of the recombinant type XII collagen produced in
the presence of exogenous prolyl 4-hydroxylase, the secreted, immunoprecipitated
minicollagen XII was digested with trypsin and analyzed under non-reducing conditions.
This resulted in the disappearance of the bands corresponding to the monomers and
trimers and the appearance of bands with molecular masses from 56 to 68 kDa, which
were considered to correspond to the undigested triple-helical COL1 domain of type XII
collagen with various fragments of the partially digested NC1 domain.

To study the respective roles of the α and β subunits of prolyl 4-hydroxylase in the
formation of trimeric molecules of minicollagen XII, Sf9 cells were infected with the
COL XII 23 virus in combination with wild-type or mutant α and/or β viruses. Although
the mutations in the catalytic sites of the α and β subunits result in the loss of
hydroxylase and protein-disulphide isomerase activities, respectively, the tetrameric
association of mutant α subunits with wild-type β subunits and vice versa is not
prevented (Vuori et al. 1992c, Lamberg et al. 1995). Infection of the Sf9 cells with the
viruses COL XII 23 and α59 resulted in trimeric molecules of minicollagen XII, in the
same manner as infection with all three viruses, whereas trimers of type XII collagen
were not present in the culture medium when the cells were infected with the viruses
COL XII 23 and β. The presence of trimers of minicollagen XII in the COL XII 23 / α59
infection, showed that sufficient amounts of an active prolyl 4-hydroxylase had been
formed by complementation of the human α subunit with the insect cell PDI (β subunit).
It has been shown previously that although expression of the α subunit alone in insect
cells results in the formation of mainly insoluble aggregates, some of the α subunits
remain soluble and associate with the insect cell PDI/β subunits to form small amounts of
active prolyl 4-hydroxylase (Vuori et al. 1992b, Veijola et al. 1994). When the cells were
co-infected with COL XII 23, mutant α and wild-type β viruses, no trimers of
minicollagen XII could be observed, whereas they could be observed upon co-infection
with COL XII 23, wild-type α and mutant β viruses. These results show that prolyl 4-
hydroxylase is an absolute requirement for the formation of disulphide-bonded trimers of
minicollagen XII through its α subunits, and thus through its hydroxylase activity.

In order to purify the minicollagen XII, the viruses COL XII 23, α59 and β were used
to infect Sf9 insect cells, the culture medium of which was collected 65 h post-infection
and applied to a Myc-9E10.2 affinity column. The minicollagen XII was mainly eluted in
the glycine-eluted fractions, so that the major bands corresponded to the disulphide-
bonded trimeric molecules of minicollagen XII and to the monomeric α minicollagen XII
chains, although a 69-kDa band was also seen, possibly representing bovine serum
albumin, in view of its apparent molecular mass and resistance to collagenase digestion.
The recovery of secreted minicollagen XII in the affinity chromatography was shown by
Coomassie Blue staining to be around 0.5 mg/l of cell cultures. To verify the bands
relevant to minicollagen XII, fractions containing minicollagen XII were pooled and an
aliquot was treated with bacterial collagenase, an enzyme specific to the repeated Gly-X-
Y amino-acid triplets characteristic of the helical parts of collagens. As a result, the
trimers and monomers of minicollagen XII disappeared, whereas the intact disulphide-
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bonded non-collagenous NC1 domain was clearly visible. Finally, since High Five cells
are known to be able to express higher levels of recombinant proteins than other insect
cells (Wickham et al. 1995, Lamberg et al. 1996), the amounts of minicollagen XII
produced in Sf9 and High Five cells were compared. As expected, when High Five cells
were infected and purified in the same manner as the Sf9 cells above, they synthesized
larger amounts of minicollagen XII than the latter, the recovery of affinity-purified
collagen being around 4 mg/l of cell culture medium. In addition, the trimeric assembly
of minicollagen XII was observed to be more efficient in High Five cells than in Sf9
cells, since the ratio between trimers and monomers was clearly higher.

5.2 Expression of human type XIII collagen in insect cells and

purification of the recombinant protein (II, III)

Since although type XIII collagen is widely expressed in tissues, but occurs in low
amounts in all cells that naturally synthesize it, a recombinant baculovirus expression
system was employed to produce feasible amounts for biosynthetic and biochemical
studies of this novel collagenous transmembrane protein. One question of interest was
whether the molecules are retained at the plasma membrane or possibly secreted. To
study this, the wthumanXIII, del1-38 and del442-668 viruses (Figure 7) together with the
4PHαβ virus were used to infect High Five cells. The cells and the culture media were
collected 48 h after infection, and the cells were homogenized in PBS containing protease
inhibitors and centrifuged. The supernatant and the pellet were separated, and the pellet
was extracted with a buffer containing Triton. The extracted pellet was centrifuged and
the resulting Triton-extracted cell supernatant was collected. Subsequently, aliquots of the
PBS-extracted cell supernatant, the Triton-extracted cell supernatant and the culture
medium were analyzed by SDS-PAGE under reducing conditions, followed by Western
blotting with the antibody XIII/NC3-1, produced against a synthetic peptide
corresponding to the whole NC3 domain of human type XIII collagen (Hägg et al. 1998,
Figure 8). As a result, a major product was observed with a molecular mass of 103 kDa in
the Triton-extracted supernatant fraction of full-length type XIII collagen (wthumanXIII),
while only minor products were seen in the corresponding PBS-extracted cell supernatant
and medium fractions. The C-terminally truncated type XIII collagen (del442-668) was
mostly seen in the cell fractions with a molecular mass of 65 kDa, whereas the N-
terminally truncated type XIII collagen (del1-38) could be seen both in the cell and
medium fractions. The observed molecular mass of the del1-38 protein in the cell
fractions was 83 kDa, whereas the medium fraction contained two lower molecular mass
bands. The calculated molecular masses of the wthumanXIII, del1-38 and del442-668 α
chains are 65 kDa, 56.5 kDa and 43.6 kDa, respectively. These size differences between
the calculated and observed molecular masses are probably attributable to the fact that
collagens have anomalous electrophoretic behaviour relative to globular proteins,
presumably due to their high imino acid content (Furthmayr & Timpl 1971).
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Figure 7. cDNAs coding for the human αααα1(XIII) collagen chain. A schematic structure for the
human type XIII collagen αααα chain is shown at the top, the various deletion constructs for type
XIII collagen in the middle and the fragments 1-5 used in the bacterial expressions at the
bottom. The numbering of the non-collagenous and collagenous domains is shown below the
polypeptide and the lengths of the corresponding domains in amino acids are shown above it.
Grey box, non-collagenous domain; white box, collagenous domain; black box,
transmembrane domain. The figure is modified from Figure 1 in paper II and is reproduced
here with permission.

It could be assumed in view of the slight size difference between the secreted and
membrane-bound N-terminally truncated type XIII collagen (del1-38) that the secreted
form was derived from the membrane-bound form through cleavage of the ectodomain.
The full-length type XIII collagen (wthumanXIII) and the C-terminally truncated type
XIII collagen (del442-668) were also secreted from the insect cells with slightly lower
molecular masses, although in lesser amounts, i.e. less than 10% of the total amount was
secreted, whereas roughly 50% of the del1-38 α chains were observed to be secreted.

To study the pepsin and trypsin/chymotrypsin resistance of the collagenous domains of
type XIII collagen, antibodies were needed against the triple-helical regions. Thus the
production of monoclonal antibodies against the del1-83 α chains was started, since these
chains mainly consist of collagenous sequences and were expected to be more easily
purified than the longer forms due to their lack of a transmembrane domain (Figure 7). To
begin with, Sf9 insect cells were infected with the del1-83 virus, harvested 48 h after
infection, washed, homogenized and centrifuged at 100 000 x g. Since the pI of the del1-
83 polypeptide was calculated to be 9.33, the resulting supernatant was fractionated by
cation exchange chromatography followed by reverse phase chromatography. The
ensuing fractions containing the del1-83 α chains were pooled and fractionated on a gel
filtration column. Subsequent SDS-PAGE analysis followed by Coomassie Blue staining
and Western blotting indicated that the purified protein was free from contaminants. In
addition, N-terminal sequencing of the purified protein showed it to be a mixture of two
polypeptides differing with respect to their N-terminal ends. The longer form started with
the sequence XVNQLLDEKX, which fits the sequence RVNQLLDEKW beginning at
residue 91 in the cDNA-deduced full-length polypeptide, whereas the slightly shorter
form started with the sequence SPGXNXPPGPP, which fits the sequence
SPGCNCPPGPP beginning at residue 114.
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5.3 Production of pan-collagen and type XIII collagen-specific

antibodies (II)

The purified del1-83 protein was used to produce mouse monoclonal antibodies, one of
which, termed 95D1A, was used for further studies. To map the epitope of 95D1A, five
recombinant fragments covering successive portions of the human type XIII α chain were
produced in bacteria (Figure 7). Antibody 95D1A recognized in Western blot analysis all
four fragments 2-5, which contained collagenous sequences, but not fragment 1,
corresponding to the non-collagenous NC1 domain. In addition, the affinity of 95D1A for
fragment 2, covering the COL1 and NC2 sequences, was much weaker than its affinity
for fragments 3-5. Thus the epitope recognized by 95D1A appeared to be collagenous in
nature and was probably not restricted to type XIII collagen. As expected, 95D1A also
detected recombinant collagen of types I, II and III in addition to recombinant type XIII
collagen, whereas cells expressing solely the recombinant prolyl 4-hydroxylase showed
negligible background staining. Therefore, since the monoclonal antibody 95D1A
recognizes several types of collagen, it can be thought of as a pan-collagen antibody.

To determine better the nature of the epitope of the antibody 95D1A, antigen
competition experiments were carried out using six peptides coding for collagenous
sequences and two coding for the NC2 and NC3 domains. It was thought at first that the
sequence Pro-Pro-Gly, occurring in all collagens, could have been included in the
epitope, but a (Pro-Pro-Gly)10 peptide could not block the 95D1A antibody reaction with
type XIII collagen in Western blotting. When comparing the amino acid sequences of the
three collagenous domains of type XIII collagen, the sequence KGE was found to occur
at least once in all of them. Subsequently, several peptides derived from the type XIII
collagen sequence were used in antigen competition experiments. The synthetic peptides
APPGPKGEAG and GPPGVKGENG derived from the COL2 and COL3 domains,
respectively, blocked the 95D1A antibody reaction, whereas the peptides
GPQGQKGEKG and GPAGPKGERG did not. These results indicate that the KGE
sequence is included in the epitope, but that adjacent sequences also affect the antibody
reaction. The greatest difference between the four peptides was the occurrence of a basic
residue following the conserved KGE triplet in the non-functional ones, which seemed to
adversely affect the affinity of the antibody 95D1A for these peptides. In addition, the
functional ones contained a PPG sequence preceding the KGE sequence, whereas the
corresponding sequence in the non-functional ones was PQG or PAG.

Furthermore, polyclonal antibodies were generated against two synthetic peptides, one
covering part of the non-collagenous NC2 domain of human type XIII collagen and
another covering two Gly-X-Y triplets of the COL3 domain and all of the NC4 domain.
The amino acid sequence of the NC2 peptide represents exon 12 and has low homology
with the corresponding mouse exon 12, whereas the sequence of the COL3/NC4 peptide
is completely conserved between these two species (Hägg et al. 1998). The specificities
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of the ensuing antibody XIII/NC2-55 and affinity-purified antibody XIII/NC4-SO were
tested by Western blotting of the recombinant type XIII collagen variants (wthumanXIII,
del1-38 and del1-83, Figure 7). The viruses coding for these variants were used
separately to infect High Five cells, which were also infected only with a virus coding for
the two subunits, α and β, of human prolyl 4-hydroxylase. The insect cell supernatants
were analyzed by SDS-PAGE under reducing conditions 48 h post-infection, followed by
Western blotting with antibody XIII/NC2-55 or XIII/NC4-SO. The antibodies yielded
virtually identical results, and the observed molecular masses for the wthumanXIII, del1-
38 and del1-83 α chains were 103 kDa, 83 kDa and 81 kDa, respectively, while the
corresponding calculated molecular masses are 65 kDa, 61.4 kDa and 56.5 kDa,
respectively. Antibody XIII/NC2-55 gave no staining of cells expressing solely prolyl 4-
hydroxylase, and XIII/NC4-SO gave only very faint background staining, suggesting that
they were specific to type XIII collagen.

To sum up, a monoclonal antibody strongly recognizing the COL2 and 3 domains and
weakly recognizing the COL1 domain and polyclonal antibodies against the NC2 and
NC4 domains were produced to help in the further characterization of the type XIII
collagen protein.

5.4 Analysis of the total amount of 4-hydroxyproline in insect cells

expressing recombinant type XIII collagen with or without prolyl 4-

hydroxylase (II, III)

Expression of the fibrillar collagen types I, II and III in insect cells has been shown to
result in translocation and post-translational modification of the α chains in the lumen of
the endoplasmic reticulum (Lamberg et al. 1996, Myllyharju et al. 1997, Nokelainen et
al. 1998). Since the wthumanXIII and del1-38 α chains contain a N-terminal
transmembrane domain, they were thought to be inserted into the membrane of the
endoplasmic reticulum when expressed in insect cells, and thus their ectodomains were
presumed to undergo the modifications that occur to collagen chains in the lumen of the
endoplasmic reticulum. The slower SDS-PAGE mobility of the del1-38 α chains when
expressed in combination with prolyl 4-hydroxylase proved this to be true (see below).
As the del1-83 α chains have a somewhat hydrophobic sequence at their N-terminus,
their possible translocation to the endoplasmic reticulum was assayed. This was done by
measuring the 4-hydroxyproline content of insect cells expressing this collagen. High
Five cells were first infected with the del1-83 virus at a 5-fold multiplicity of infection
(MOI 5), and the separate viruses α59  and β were added to some infections at MOI 0.1 or
1. After 72 h the cells were harvested to determine the 4-hydroxyproline content of their
hydrolyzed homogenates. The cells co-infected with the del1-83, α59 and β viruses
showed a clear increase in 4-hydroxyproline content, the extent of which depended on the
amounts of the α59 and β viruses added. The amount of 4-hydroxyproline increased 3-4
times relative to that in the cells infected only with the del1-83 virus at MOI 0.1 and 10
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times at MOI 1. The del1-83 α chains therefore seemed to be prolyl 4-hydroxylated, a
modification happening only in the endoplasmic reticulum. Furthermore, about half of
the del1-83 α chains were found to be secreted. Thus although the del1-83 α chains lack
a typical signal sequence, they appear in any case to behave like secreted proteins.

5.5 Prolyl 4-hydroxylation enhances trimer association of

recombinant type XIII collagen (II)

Since type XIII collagen α chains contain altogether eight cysteine residues in the NC1,
COL1, NC2 and NC4 domains (Figure 8), they are likely to form disulphide-bonded
trimers. To study the possible occurrence of interchain disulphide bonds, High Five cells
were infected separately with the wthumanXIII or del1-38 viruses (Figure 7) and aliquots
of the cell pellets, the cell supernatants and the culture media were analyzed 48 h post-
infection on SDS-PAGE under reducing or non-reducing conditions, followed by Western
blotting with the antibody XIII/NC3-1. As the full-length chains and the del1-38 variant
gave identical results, the del1-38 virus was used in further infections, because of its
more than 20-fold higher expression level. When the corresponding cell pellet was
analyzed under reducing conditions, an immunoreactive monomer of size 83 kDa could
be observed. Since this band was not seen when cells were infected only with a virus
coding for the two subunits of human prolyl 4-hydroxylase, it must have represented the
del1-38 variant. Analysis of non-reduced samples nevertheless indicated that only minute
amounts of trimeric disulphide-bonded type XIII collagen molecules had formed.

To study the possible effect of proline hydroxylation on the assembly of type XIII
collagen trimers, insect cells were co-infected with the del1-38 and 4PHαβ viruses.
Somewhat retarded migration and broadening of the del1-38 monomer band could be
seen, indicating that the α chains were hydroxylated. It could be seen from the non-
reduced gels that prolyl 4-hydroxylation of the del1-38 chains clearly enhanced trimer
formation. Use of the viruses α59 and β together with del1-38 also led to enhanced trimer
association of the α1(XIII) chains, but in a less effective fashion than with the 4PHαβ
virus. This may be due to the fact that in the case of a single virus encoding both subunits
(4PHαβ) all the infected insect cells start to express both types of subunit at the same
time, whereas when two separate viruses (α59 and β) are used, some cells can begin to
express one type of subunit before the other. In fact, previous studies have shown that
when insect cells are infected with a single virus encoding both subunits the level of
prolyl 4-hydroxylase activity is about 30% higher than that obtained with a similar
amount of two separate viruses (Nokelainen et al. 1998). Use of the virus coding for the
Asp414Ala mutant α subunit instead of that coding for the wild-type α subunit together
with that coding for the β subunit reduced the amount of trimeric type XIII collagen
observed to the same level as in infections where no viruses coding for prolyl 4-
hydroxylase were used. It has been shown before that a tetrameric enzyme is formed
between two Asp414Ala mutant α subunits and two β subunits but that this enzyme lacks
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any prolyl 4-hydroxylase activity (Myllyharju & Kivirikko 1997). Thus efficient
association of three type XIII collagen α chains into disulphide-bonded trimers requires
hydroxylation of proline residues.

5.6 Location of type XIII collagen on the plasma membrane of insect

cells in type II orientation (III)

Type XIII collagen is considered to be a type II transmembrane protein having an
intracellular N-terminus and an extracellular C-terminus, but this has not been
demonstrated at the protein level. In order to study the orientation of recombinant human
type XIII collagen on the plasma membrane of insect cells, High Five cells were infected
with the wthumanXIII or del1-83 virus (Figure 7) together with the 4PHαβ virus or with
the 4PHαβ virus alone and analyzed by Western blotting 48 h after infection,
demonstrating expression of type XIII collagen variants of the expected size, and by
immunofluorescence staining of non-permeabilized cells using the antibody XIII/NC3-1.
A clear punctate staining of the cell membrane could be seen on the cells expressing full-
length type XIII collagen (wthumanXIII), suggesting that this has a type II orientation in
the cell membrane. On the other hand, no surface staining was observed on cells
producing N-terminally truncated type XIII collagen (del1-83), which is in line with the
fact that the del1-83 α chains lack the transmembrane domain that could anchor them to
the plasma membrane. Cells infected only with the virus coding for both subunits of
human prolyl 4-hydroxylase (4PHαβ) likewise gave no cell surface staining. A similar
punctate staining pattern to that with full-length human type XIII collagen was also
obtained in non-permeabilized insect cells expressing full-length mouse type XIII
collagen tagged with a C-terminal HIS-tag (moXIII(689)HIS) and treated with
monoclonal anti-histidine tag antibody.

To study the orientation and localization of recombinant type XIII collagen more
precisely in insect cells, High Five cells were infected with the moXIII(689)HIS virus
together with 4PHαβ or with 4PHαβ alone, harvested 48 h post-infection and analyzed
by immuno-EM staining using antibody XIII/NC3-1. The cells producing
moXIII(689)HIS collagen showed strong intracellular staining resulting from the high
expression level. A clear accumulation of gold particles could be seen on the luminal side
of the intracellular vesicle membranes, suggesting that full-length type XIII collagen was
inserted into the vesicle membrane C-terminus facing the lumen. Furthermore, some gold
particles followed membranous ER structures. Staining was also observed on the
extracellular side of the plasma membrane, matching well with the immunofluorescence
results. Control cells expressing 4PHαβ showed only a minute amount of background
staining. Full-length type XIII collagen thus seems indeed to be in a type II orientation in
the various membranes of the insect cells that express it.
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5.7 N-terminal sequences as a necessary requirement for the

formation of disulphide-bonded trimers of type XIII collagen (III)

Type XIII collagen contains an N-terminal transmembrane domain, by virtue of which it
can be thought to remain inserted in the rough endoplasmic reticulum throughout its
biosynthetic phases. It was thus thought that chain assembly of type XIII collagen
molecules might differ from that described for fibrillar collagens in that the three
α1(XIII) chains first associate through their N-termina, followed by folding of the triple
helix in an N to C-terminus direction, i.e. in the opposite direction to that found in the
fibrillar collagens. To study the mechanism of association of the α1(XIII) chains into
trimeric molecules, SF9 cells were separately infected with the wthumanXIII, del1-83,
del1-38, del63-83 and del442-668 viruses (Figure 7) together with virus 4PHαβ and
collected, homogenized and centrifuged 48 hours post-infection, after which the cell
supernatants were removed and the cell pellets resuspended in 1% SDS. Aliquots of the
supernatants and pellets were analyzed by SDS-PAGE under reducing or non-reducing
conditions, followed by Western blotting with antibody XIII/NC3-1. The observed
molecular masses for the wthumanXIII, del1-83, del1-38, del63-83 and del442-668
monomers were 89.3 kDa, 79.3 kDa, 83 kDa, 86.3 kDa and 57.4 kDa, respectively, while
the corresponding calculated molecular masses were 65 kDa, 56.5 kDa, 61.4 kDa, 62.5
kDa and 43.6 kDa, respectively. Two lower molecular mass forms were also seen in the
Western blot for the del63-83 monomer. The middle-sized form recognized by antibody
XIII/NC3-1 is unspecific, since it is also present with the same intensity in cells
expressing only prolyl 4-hydroxylase.

In order to study the abilities of the different type XIII collagen α chain variants to
form disulphide-bonded trimers, the cell supernatants were analyzed under non-reducing
conditions. Wild-type type XIII collagen α chains were found to associate into
disulphide-linked trimeric molecules, whereas the N-terminally truncated del1-83 α
chains did not. Since the del1-83 α chains fail to contain most of the N-terminal NC1
domain, including the transmembrane domain, the role of the N-terminal sequences in the
formation of disulphide-bonded trimers of type XIII collagen was studied further. The N-
terminally truncated del1-38 α chains could effectively form disulphide-bonded trimeric
molecules, suggesting that the cytosolic part of type XIII collagen is not necessary for
trimer association or the formation of stabilizing inter-chain disulphide bonds. On the
other hand, del63-83 α chains lacking 21 amino acid residues in the ectodomain adjacent
to the transmembrane domain, could not form disulphide-bonded trimers. By contrast,
del442-688 α chains lacking the COL3 and NC4 domains were able to associate
effectively into disulphide-bonded trimers. Taken together, these results strongly suggest
that association of three α1(XIII) chains occurs through their N-terminal sequences.
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5.8 Conservation of the plasmamembrane-adjacent sequence needed

for type XIII collagen chain association in various collagenous

transmembrane proteins (III)

As the del63-83 α chains were unable to form disulphide-bonded trimers, the deleted 21-
residue sequence appeared to be important for α1(XIII) chain association. This raised the
question of whether the other collagenous transmembrane proteins had a similar
ectodomain sequence adjacent to their transmembrane domain. This was in fact shown to
be the case, since a homologous region was identified in several of the other molecules,
i.e. a sequence of 13 residues in the 21-residue type XIII collagen sequence is 70, 46 and
61% identical and 70, 54 and 69% homologous with corresponding sequences in type
XVII collagen, MARCO and EDA, respectively (Li et al. 1993, Bayes et al. 1998,
Elomaa et al. 1998). Otherwise their N-terminal non-collagenous domains did not show
significant homologies. In addition, the conserved sequence was not found in the
macrophage scavenger receptors or in the A, B and C chains of C1q.

5.9 Three stable triple-helical domains in recombinant type XIII

collagen (II)

Based on the primary structure of type XIII collagen, its structure is largely triple-helical,
with three collagenous domains. To confirm this, the viruses del1-38 and 4PHαβ were
used to co-infect High Five cells, which were harvested, homogenized and centrifuged 48
h later. The Triton X-100-soluble proteins in the cell supernatant were then digested with
pepsin for 2, 5 or 60 min at room temperature, after which the samples were analyzed by
SDS-PAGE under reducing condition, followed by Western blotting with various
antibodies (Figure 8). After 2 minutes of pepsin digestion the monoclonal pan-collagen
antibody 95D1A revealed five pepsin-resistant fragments, with observed molecular
masses of 26, 29, 30, 32 and 36 kDa. As pepsin digests non-triple-helical collagen α
chains while triple-helical sequences are resistant to it, the above fragments are likely to
be derived from the various triple-helical domains of this collagen. To identify these
fragments, additional Western blottings were performed with various type XIII collagen-
specific antibodies. Western blotting with antibody XIII/NC4-SO, produced against a
synthetic peptide corresponding to two Gly-X-Y triplets and the whole NC4 domain of
human type XIII collagen detected only the 36 kDa fragment, which was thus thought to
represent the COL3 and NC4 domains. Antibody XIII/NC3-1, produced against a
synthetic peptide corresponding to the whole NC3 domain of human type XIII collagen
(Hägg et al. 1998), recognized the 30 and 32 kDa fragments, which were thus considered
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to represent the COL2 and NC3 domains. Since only the 30 kDa fragment out of these
two resisted 5 minutes of pepsin digestion, it was considered to originate from the 32 kDa
fragment after digestion of part of the NC3 domain. Furthermore, the 30 and 32 kDa
fragments were also faintly visible after 2 min pepsinization with antibody XIII/NC2-55,
produced against a synthetic peptide corresponding to part of the NC2 domain of human
type XIII collagen, confirming that these fragments represent domains COL2 and NC3
and also include part of the NC2 domain. Antibody XIII/NC2-55 also detected the 26
kDa fragment and faintly the 29 kDa fragment, and these were also recognized with the
antibody XIII/NC1-Q610, produced against a bacterial fragment corresponding to the
NC1 domain of mouse type XIII collagen that excluded the transmembrane domain
(Hägg et al., manuscript submitted). These results suggest that the 26 and 29 kDa
fragments represent the COL1 domain of type XIII collagen and include parts of the NC1
and NC2 domains. The antibody XIII/NC1-Q610, but not 95D1A, recognized two
additional fragments of 19 and 22 kDa, which are likely to represent mainly the NC1
domain and possibly part of the COL1 domain. After 60 min pepsinization, only the
COL3 and NC4-derived 36 kDa fragment was detected with 95D1A and the antibody
XIII/NC4-SO.

Figure 8. Schematic representation of the antibodies used in characterization of recombinant
type XIII collagen. The locations of antigens with the names of the corresponding antibodies
are shown above the type XIII collagen polypeptide and the locations of cysteine residues (C)
and numbering of non-collagenous and collagenous domains are shown below the polypetide.

To study the reduction sensitivity of the pepsin-resistant fragments (2 min), their
mobilities were compared by SDS-PAGE under reducing and non-reducing conditions,
followed by Western blotting. When antibody 95D1A was used only the NC1-COL1-
NC2-derived 26 and 29 kDa fragments were observed to be reduction-sensitive.
Furthermore, these 26 and 29 kDa fragments disappeared in the non-reduced samples and
additional, more slowly migrating bands appeared when detected with antibodies
XIII/NC1-Q610 and XIII/NC2-55. The other three pepsin-resistant fragments had the
same mobility in the reduced and non-reduced samples, when detected using antibodies
XIII/NC3-1 and XIII/NC4-SO. The 19 and 22 kDa fragments detected with antibody
XIII/NC1-Q610 were also sensitive to reduction.

These pepsinization results indicate that recombinant type XIII collagen produced in
insect cells folds into a triple-helical conformation with pepsin-sensitive regions in the
non-collagenous domains. Furthermore, some of the cysteines in the NC1 domain, and
possibly those at the junction of the COL1 and NC2 domains, seem to be interchain-
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linked, whereas the two cysteine residues in NC4 are likely to form intrachain
disulphides. Since pepsin could have digested part of the NC4 domain, including the two
cysteine residues within it, additional experiments were conducted, in which the cell
supernatant containing the del1-38 variant was digested only with trypsin and the
products were analyzed as above. The results were the same as with the pepsin
digestions. Since there are no predicted cleavage sites for trypsin, i. e. arginine or lysine
residues, in the NC4 domain, these results confirm that the two cysteine residues within
this domain do not form interchain disulphide-bonds.

To confirm the triple-helical nature of the recombinant type XIII collagen and assay its
thermal stability, cell supernatant containing the del1-38 protein was first treated with
pepsin for 2 min, after which the pepsin was inactivated and the samples were heated at
24-70 °C and subsequently digested with a mixture of trypsin and chymotrypsin. When
aliquots of these samples were analyzed by SDS-PAGE under reducing conditions
followed by Western blotting with antibody 95D1A, seven resistant fragments were
observed, with apparent molecular masses of 23, 24, 25, 29, 31, 33 and 37 kDa after
preheating of the sample at 24 °C. Antibody XIII/NC2-55 detected one fragment of size
26 kDa, which could also be detected with antibody XIII/NC1-Q610, and is thus likely to
represent part of the NC1 domain, all of COL1 and part of NC2. The Tm value for the
COL1 domain was estimated to be 38 °C by densitometry of the intensity of the 26 kDa
fragment after preheating the sample at elevated temperatures. Antibody XIII/NC3-1, on
the other hand, detected 23, 24 and 25 kDa-resistant fragments, which thus appear to
represent parts of the COL2 and NC3 domains. The COL2 domain contains a potential
trypsin cleavage site, at a short imperfection in the repeating GXY sequences, which
appears to be used, since the pepsin-resistant 30-32 kDa fragments are degraded to 23-25
kDa fragments by trypsin-chymotrypsin treatment even at 24 °C. When the total intensity
of the 23-25 kDa fragments was measured, a Tm value of about 49 °C was obtained for
COL2. Antibody XIII/NC4-SO recognized a major 37 kDa fragment and minor 31 and 33
kDa fragments, which appear to represent the COL3 and NC4 domains. The Tm value for
COL3 was estimated to be about 40 °C by measuring the intensity of the 37 kDa
fragment.

5.10 Formation of the secreted recombinant type XIII collagen by

proteolytic cleavage at a putative furin cleavage site (III)

As SDS-PAGE analysis of the secreted and membrane-bound forms of full-length
(wthumanXIII), N-terminally truncated (del1-38) and C-terminally truncated (del442-
668) type XIII collagen pointed to a slight size difference between them, the N-termini of
the secreted and membrane-bound forms of del1-38, which had the highest expression
level, were sequenced in order to identify the possible cleavage site. High Five cells were
infected with the del1-38 and 4PHαβ viruses for 48 h and the culture medium and cells
collected, partially purified, fractionated by SDS-PAGE under reducing conditions and
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electroblotted onto a ProBlott membrane, where the total proteins were visualized by
Coomassie staining. To ensure that the right bands were cut out for sequencing, the
samples were also analyzed by Western blotting with antibody XIII/NC3-1. After this
confirmation, the Coomassie stained 83 kDa band, representing the membrane-bound
del1-38 α chains, and the two lower molecular mass bands, corresponding the secreted
del1-38 α chains, were cut out and sequenced.

The N-terminal sequencing results demonstrated that the membrane-bound del1-38 α
chains maintained their correct N-terminus, starting with the amino acid sequence
MLPSPGSCGL, where the LPSPGSCGL sequence represents the start of the
transmembrane domain sequence of type XIII collagen, beginning at residue 39. The
corresponding cDNA construct had been generated by deleting the cDNA sequence
coding for the first 38 amino acids of human type XIII collagen and generating a new
ATG translation start codon just before the cDNA sequence coding for the
transmembrane domain. On the other hand, N-terminal sequencing of the two medium
bands resulted in the same sequence for both, i.e. EAPKTSPGCN, which matches the
human type XIII collagen sequence beginning at residue 109. Thus the two secreted
forms of the del1-38 α chains seemed to have formed after proteolytic cleavage of the
membrane-bound del1-38 protein, removing part of the N-terminal NC1 domain from the
secreted forms, including the transmembrane domain. Since the N-termini of the two
secreted forms were identical, that with the lower molecular mass may have formed after
proteolytic cleavage of the C-terminus. This was not the case, however, since Western
blotting with antibody XIII/NC4-SO detected both forms. The two secreted forms of type
XIII collagen may thus represent alternatively glycosylated products, for instance.

The cleavage site of the secreted type XIII collagen is preceded by the amino acid
sequence RRRR, suggesting that a furin-like proteinase(s) performs the cleavage. A
family of seven mammalian proteinases has recently been identified that comprises the
proprotein convertases PC1/PC3, PC2, furin/PACE, PC4, PACE4, PC5/PC6 and
PC7/SPC7/LPC/PC8 (Seidah & Chretien 1997, Nakayama 1997). The selected cleavage
sites of these proteinases are found in one or more exposed segments of the precursor,
which generally contains the motif (R/K)-Xn-(R/K)↓ where n = 0, 2, 4 or 6 (amino acid
single letter codes, where X can be any amino acid except cysteine).

5.11 A furin-inhibitor of the proteolytic processing of type XIII

collagen (III)

Since secreted type XIII collagen was shown to be formed through proteolytic cleavage
at a putative furin cleavage site, the effect of a furin-specific inhibitor, decanoyl-RVKR-
chloromethyl ketone (Garten et al. 1994), on its secretion was assayed. High Five cells
were co-infected with the viruses del1-38 and 4PHαβ and 100 µM decanoyl-RVKR-
chloromethyl ketone or a corresponding volume of methanol was added to the culture
medium 24 h after infection or else the infected cells were left untreated. The cells and
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culture media were collected 48 h post-infection, the cells were homogenized and
centrifuged, and aliquots of the cell supernatants and the media were electrophoresed by
SDS-PAGE under reducing conditions, followed by Western blotting with antibody
XIII/NC3-1. Decanoyl-RVKR-chloromethyl ketone was shown to have no cytotoxic
effects on the infected insect cells, nor was the expression level of the membrane-bound
del1-38 α chains altered. The decanoyl-RVKR-chloromethyl ketone treatment did
prevent formation of the secreted form of the del1-38 α chains, however, whereas the
methanol treated and untreated infected cells could produce these chains. Thus a furin-
like proteinase indeed seems to be responsible for generating secreted type XIII collagen
forms in insect cells.



6 Discussion

Insect cells have been shown previously to contain a low level of endogenous prolyl 4-
hydroxylase activity (Veijola et al. 1994, Lamberg et al. 1996), which is a key enzyme in
the biosynthesis of collagens, since it stabilizes their triple-helical domains (Kivirikko et
al. 1989, Kivirikko et al. 1992, Prockop & Kivirikko 1995). When the pro-α1 chains of
type III collagen were expressed in insect cells, the pro- α1(III) chains formed triple-
helical molecules with a Tm of only about 32-34 °C. In order to increase the Tm, the
chains were co-expressed with the α and β subunits of human prolyl 4-hydroxylase,
whereupon a rise to about 40 °C was observed. (Lamberg et al. 1996.) It thus became
clear that recombinant expression of collagens in insect cells requires the addition of
recombinant prolyl 4-hydroxylase in order to generate correctly hydroxylated molecules.

Until now there has been very little protein-level data on type XIII collagen, since it is
expressed at low levels in various cultured cells and in tissues. In the present work this
problem was overcome by producing the collagen in insect cells. Since the full-length
type XIII collagen was shown to be produced at low levels in insect cells, studies of the
characteristics of type XIII collagen protein have mainly been conducted using a deletion
variant del1-38 in which the first 38 residues, encompassing the cytosolic domain, have
been deleted, since this is expressed in feasible levels in insect cells. This deletion does
not affect the formation of disulphide-bonded trimers of type XIII collagen molecules.

Coexpression of the del1-38 α chains with the α and β subunits of human prolyl 4-
hydroxylase increased the apparent molecular mass of the former, suggesting that the
recombinant type XIII collagen had been prolyl 4-hydroxylated by the recombinant
enzyme in the insect cells. Since the collagenous portions of the del1-38 α chains could
be prolyl 4-hydroxylated in the lumen of the endoplasmic reticulum, the α chains must
have had a type II transmembrane orientation despite the lack of any N-terminal cytosolic
domain. The prolyl 4-hydroxylation of collagens can be postulated to happen in the
lumen of the endoplasmic reticulum of the insect cells, since even in the yeast Pichia
pastoris the hydroxylation of the proα1(III) chains has been shown to take place in the
lumen of ER (Vuorela et al. 1997, Keizer-Gunnink et al. 2000). Surprisingly, when the
del1-83 α chains, which lack the cytosolic and transmembrane domains and part of the
extracellular non-collagenous domain, were produced in insect cells with or without
human prolyl 4-hydroxylase, the 4-hydroxyproline content of the crude cell homogenate
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increased relative to the expression of recombinant prolyl 4-hydroxylase. Thus the del1-
83 α chains also seemed to be translocated into the lumen of the endoplasmic membrane.
When the del1-83 α chains produced in insect cells were N-terminally sequenced, two
polypeptide forms appeared, one having the arginine at position 91 as its extreme residue
and the other the serine at position 114. It is not known whether the shorter form is
derived from the longer one or whether they represent del1-83 α chains present in the
endoplasmic reticulum and the cytosolic compartment, thus being subject to different
proteolytic processing. The amino acid residues adjacent to methionine-84 contain some
hydrophobic residues, however, and the occurrence of 4-hydroxylation of prolines
suggest that this internal sequence, although not fulfilling the criteria for a classic signal
peptide, may act as such at least in situations where the synthesis of full-length α chains
is prevented.

McLaughlin & Bulleid have recently shown that procollagen chain assembly in
fibrillar collagens can be considered a two-stage recognition event, i.e. association of the
chains driven by residues within the C-propeptide followed by nucleation and alignment
of the helix driven mainly by sequences present at the C-terminal end of the triple-helical
domain (McLaughlin & Bulleid 1998). Consistent with these results, previous studies
with inhibitors of prolyl 4-hydroxylase which prevent proline hydroxylation and triple
helix formation have indicated that chain assembly can be broken down into two distinct
steps, the formation of trimeric molecules by association at the C-propeptide, followed by
triple helix nucleation (Bächinger et al. 1981). The present work indicates, however, that
for collagen types XII and XIII the association and nucleation events are intimately
linked, since the effective association of the respective α chains is prevented when active
exogenous prolyl 4-hydroxylase is omitted from the infections. β subunits of prolyl 4-
hydroxylase that possess protein disulphide isomerase activity were unable alone to
promote the formation of disulphide-bonded trimers. In contrast, prolyl 4-hydroxylase
was shown to be involved in the trimeric assembly through its α subunit, and thus
through its hydroxylase activity.

It has been shown previously with full-length type XII collagen synthesized by WISH
cells that proper formation of interchain disulphide-bonded molecules requires prolyl
hydroxylation (Lunstrum et al. 1992). The FACIT collagens are devoid of the classical C-
propeptides present in fibrillar collagens, but since all the FACIT collagens contain a
highly conserved region comprising the extreme C-terminal triple-helical domain (COL1)
and two cysteines separated by four amino acid residues at the junction between this
COL1 and the C-terminal non-triple-helical domain (NC1) (Fukai et al. 1994), the COL1
and/or NC1 domains were thought to contain the information required for assembly of
the molecules. To test this hypothesis, a minicollagen XII construct containing sequences
coding for the COL1 and NC1 domains was expressed in HeLa cells, and these domains
were indeed shown to contain the information necessary for trimer formation. In addition,
as with full-length type XII collagen, the formation of disulphide-bonded trimers of
minicollagen XII was also dependent on hydroxylation. (Mazzorana et al. 1993.) In order
to further narrow down the region that is important for trimeric assembly of type XII
collagen, the sequence coding for most of the NC1 domain was deleted from the
minicollagen XII construct, resulting in a construct containing the entire COL1 domain
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and the first seven amino acid residues of the NC1 domain. Since these α chains could
also associate into disulphide-bonded trimers, the conserved COL1 domain and/or the
first seven residues constituting the main part of the conserved junction between the
COL1 and NC1 domains must be sufficient for the formation of trimeric disulphide-
bonded molecules. Furthermore, the possitive effect of hydroxylation on trimer formation
was again demonstrated. (Mazzorana et al. 1995.) The previous data concerning chain
recognition had been obtained using type XII collagen as a model, whereas the beneficial
effect of hydroxylation on the formation of disulphide-bonded trimers was evident for
both type XII and type XIII collagens. Studies on type IX collagen have shown that
fragments comprising COL1 and the cysteine-containing region of NC1, most of the NC1
domain being deleted, can assemble into disulphide-bonded trimeric structures
(Labourdette & van der Rest 1993). Further studies on synthetic peptides of the three
chains of type IX collagen, consisting of the C-terminal end of the COL1 domain (only
three residues) and the entire NC1 domain, have indicated that although these peptides
can form disulphide-bonded trimers, this is not dependent on hydroxylation, since no
triple helix formed (Mechling et al. 1996). Thus the following sequence of events can be
postulated as governing the trimeric assembly of type XII collagen: 1) recognition of the
three chains, occurring through information contained in the COL1/NC1 junction
(possibly a general rule for all FACITs), 2) nucleation of the last part of the triple-helical
COL1 domain, allowing the cysteine residues to come into close proximity and the inter-
chain disulphide bonds to form, and 3) triple-helical folding of the remaining collagenous
domains, propagating from the C to N-terminus of the molecule. The trimeric assembly
of type XIII collagen has certain additional features which will be considered later. The
beneficial effect of hydroxylation on the formation of inter-chain disulphides in the C-
terminus of the molecule has also been demonstrated recently for a fibrillar collagen, type
III collagen, since inter-chain disulphide bonds can only form within the C-telopeptide if
the triple-helical domain is hydroxylated (Bulleid et al. 1996).

Two novel type XIII collagen-specific polyclonal antibodies, one against part of the
NC2 domain and one against the C-terminal end of COL3 and all of the NC4 domain,
were produced here in order to permit the study of type XIII collagen in more detail at the
protein level. To study the pepsin and trypsin/chymotrypsin resistance of the collagenous
domains of the recombinant type XIII collagen, an antibody against the triple-helical
region of this collagen was also generated. For this purpose monoclonal antibodies were
raised against recombinant N-terminally truncated α-chains of human type XIII collagen,
which were mainly composed of collagenous sequences. The resulting monoclonal
antibody, 95D1A, was found to detect not only type XIII collagen but also several other
collagen types. Epitope mapping experiments showed that collagenous peptides with the
sequence KGE were able to block the antibody reaction. Because of its universal nature,
this monoclonal pan-collagen antibody has proved useful for detecting various types of
recombinant collagens and their fragments in Western blotting.

The monoclonal antibody 95D1A and type XIII collagen-specific antibodies were used
to detect and characterize pepsin and trypsin/chymotrypsin-resistant fragments of the
recombinant type XIII collagen. These Western blot analyses indicated that the three
collagenous domains of the del1-38 protein are in triple-helical conformation. The del1-
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38 protein contains altogether eight cysteine residues, two in the transmembrane domain,
two in the C-terminal end of the NC1 domain, two at the junction of the COL1 and NC2
domains, and two in the NC4 domain. The pepsin and trypsin-resistant fragments of the
del1-38 protein were analyzed under non-reducing conditions to determine the disulphide
bonding pattern of its cysteine residues. Inter-chain disulphide bonds could be located in
the NC1 domain, and possibly at the junction of COL1 and NC2, while the cysteine
residues in NC4 may be linked in an intra-chain manner.

Analyses of type XIII collagen mRNAs derived from numerous tissues and cultured
cells have indicated that they are generated by complex alternative splicing that affects
sequences coding for the COL1, NC2, COL3 and NC4 domains (Pihlajaniemi &
Tamminen 1990, Tikka et al. 1991, Juvonen et al. 1992, Juvonen & Pihlajaniemi 1992,
Juvonen et al. 1993, Peltonen et al. 1997). Thus these domains may vary greatly in size,
and since the same cell appears to synthesize several splice variants, both homotrimeric
and heterotrimeric type XIII collagen molecules may be formed. It is shown here that the
splice variant represented by the del1-38 α chains can form homotrimeric molecules with
stable triple helices. Furthermore, it is demonstrated that the Tm of the shortest
collagenous domain in these molecules, COL1, is 38 °C, that of the COL2 domain is 49
°C and that of the C-terminal COL3 domain is 40 °C. The Tm´s of the collagenous triple
helices are usually slightly above body temperature, e.g. those of the fibrillar collagen
types I-III are about 40-42 °C (Prockop & Kivirikko 1995). On the other hand, a Tm well
above body temperature has been observed for one of the three collagenous domains of
type IX collagen, namely 49.0 °C for the COL1 domain (Miles et al. 1998). The central
COL2 domain of type XIII collagen was also shown to have an unusually high Tm. It can
thus be speculated that the central portion of type XIII collagen has an important role in
the stability of the molecule, which is supported by the fact that this domain is not
affected by alternative splicing. In addition, the fact that the collagenous domains of the
del1-38 protein are resistant to trypsin and chymotrypsin confirms their triple-helical
nature. This could also be assumed from the pepsinization results but not verified, since it
has been shown recently that incorrectly aligned triple-helical molecules can also give
rise to pepsin-resistant fragments (Bulleid et al. 1998).

Chain recognition and the association of the three α1(XIII) chains was shown to occur
via their N-terminal regions. The fact that the C-terminally truncated type XIII collagen
del442-668 α chains, in which the COL3 and NC4 domains were missing, could
effectively associate into disulphide-bonded trimers clearly demonstrates that the C-
terminal part of type XIII collagen is not required for the formation of disulphide-bonded
trimeric molecules of type XIII collagen. These C-terminally truncated α chains were
able to form disulphide-bonded trimers as effectively as the wild-type full-length α
chains. Thus the sequences necessary for the recognition and association of type XIII
collagen chains must reside in the N-terminal part of the molecule. This was evidently the
case, since deletion of most of the N-terminal NC1 domain of type XIII collagen (del1-
83) abolished the formation of disulphide-bonded trimers. Further deletion studies
indicated that the first 38 residues preceding the transmembrane domain in the NC1
domain of type XIII collagen were not necessary for trimer formation, since N-terminally
truncated del1-38 α chains could form disulphide-bonded trimers. Similar results have
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been obtained with scavenger receptors, i.e. the cytoplasmic and transmembrane domains
in the full-length receptors are apparently not required for their assembly into trimers
(Resnick et al. 1993). On the other hand, internal deletion of the 21 amino acids after the
transmembrane domain of type XIII collagen again abolished the formation of
disulphide-bonded trimers, suggesting that this ectodomain sequence is necessary for
association of the three α1(XIII) chains into a disulphide-bonded trimer.

Immunofluorescence and immuno-EM staining studies of insect cells expressing full-
length type XIII collagen imply that type XIII collagen is oriented in the plasma
membrane with its N-terminus intracellular and its C-terminus extracellular. This type II
orientation has also been shown to apply to type XVII collagen (Giudice et al. 1992,
Hopkinson et al. 1992, Li et al. 1993, Nishizawa et al. 1993), the scavenger receptors
(Rohrer et al. 1990, Kodama et al. 1990), C1q (Kaul & Loos 1993, Kaul & Loos 1995),
MARCO (Elomaa et al. 1995) and EDA (Ezer et al. 1999) on the plasma membrane. It
can thus be hypothesized that chain assembly in the collagenous transmembrane proteins
takes place in the same manner as is postulated here for type XIII collagen, i.e.
association of the N-terminal parts of the three α-chains, followed by nucleation of the
first part of the triple-helical COL1 domain, allowing the cysteine residues to come into
close proximity and the inter-chain disulphide bonds to form, and formation of the triple-
helix in an N to C-terminus direction.

Consistent with the hypothesis that molecular assembly of other collagenous
transmembrane proteins must follow the same rules as shown here for type XIII collagen,
homologous sequences including 13 residues of a 21-residue sequence were found
adjacent to the transmembrane domains of type XVII collagen, MARCO and EDA. This
conserved domain thus seems to serve as a self-association sequence in several of the
collagenous transmembrane proteins, but not all, since it was not found in the scavenger
receptors or in the A, B and C chains of C1q. With the exception of this short conserved
putative association sequence, the N-terminal non-collagenous domains of the
collagenous transmembrane proteins are not homologous, and thus many possibilities
should exist for these chains to discriminate between each other, ensuring that each
collagenous molecule has the correct α chains in cells synthesizing more than one of the
collagenous transmembrane proteins. The chain association of fibrillar collagens has been
shown to occur through their highly homologous non-collagenous C-propeptides
(McLaughlin & Bulleid 1998). Furthermore, a short discontinuous recognition sequence
has recently been identified and shown to be involved in selective chain association of the
highly homologous proα chains of the type I, III and V procollagens (Lees et al. 1997).

Surprisingly, the conditioned medium of the insect cells expressing the del1-38 variant
of type XIII collagen was also found to contain type XIII collagen polypeptides.
Preliminary examination of the secreted type XIII collagen by Western blotting
demonstrated that it had a smaller molecular mass than the intact membrane-bound form.
This implied that the membrane-bound type XIII collagen molecules had been cleaved
off from the plasma membrane and released into the culture medium at a reduced size.
This was further confirmed by N-terminal amino acid sequencing of the membrane-
bound and secreted forms of type XIII collagen. As expected, the N-terminus of the
membrane-bound type XIII collagen was intact, whereas that of the secreted form began
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with the 109th amino acid of the full-length collagen (Tikka et al. 1991). The N-terminal
sequence of the secreted type XIII collagen is preceded by the amino acid sequence
RRRR in the intact type XIII collagen. Since the mammalian proprotein convertases
preferably cleave precursors containing the motif (R/K)-Xn-(R/K)↓ where n = 0, 2, 4 or 6
(Seidah & Chretien 1997, Nakayama 1997), the secreted recombinant type XIII collagen
seemed to have formed through release from the membrane-bound recombinant type XIII
collagen by a furin-like protease(s) cleaving the NC1 domain after four arginine residues.
In fact there are reports that imply that insect cells also contain a furin-like protease
(Kuroda et al. 1986, Wells & Compans 1990, Park et al. 1995). Furthermore, a
Spodoptera frugiperda analogue of the proprotein convertase furin has recently been
cloned and characterized, showing that this insect furin has an identical substrate
specificity and inhibitor profile to the mammalian furin (Cieplik et al. 1998). Since type
XIII collagen has also been shown recently to be secreted in vivo from cultured human
keratinocytes expressing type XIII collagen endogenously (Peltonen et al. 1999), the
proteolytic processing observed for type XIII collagen expressed in insect cells may
mimic the processing seen in cells naturally synthesizing this collagen. There are at least
two potential mammalian proprotein convertases that could cleave type XIII collagen,
namely furin/PACE and PC7/SPC7/LPC/PC8, for the following reasons: 1) they are
expressed in a broad range of tissues and cell lines, 2) they prefer to cleave precursors at
the general (R/K)-X-(R)-X-(R/K)-R↓ motif, where at least two of the residues in
parenthesis are present, and 3) they are both membrane proteins mainly localized in the
trans-Golgi network (TGN) but also occurring at the cell surface (Seidah & Chretien
1997). Treatment of the infected cells with a furin-specific inhibitor, decanoyl-RVKR-
chloromethyl ketone (Garten et al. 1994), actually prevented generation of the secreted
form of type XIII collagen, indicating that a furin-like protease is responsible for
cleavage of membrane-bound type XIII collagen to produce the secreted form.

Since secretion of the del1-38 protein, i.e. type XIII collagen lacking the cytosolic
domain, from the insect cells was found to be more effective than secretion of the full-
length collagen, it can be thought that the absence of the cytosolic domain from the type
XIII collagen molecule somehow exposes a cleavage site for a proteinase. The cytosolic
part of type XIII collagen thus appears to be important for its membrane attachment. The
cytosolic domain has one putative protein kinase C phosphorylation site (residues 5-8)
(Kennelly & Krebs 1991, Hägg et al. 1998), and it can be hypothesized that the
phosphorylation state of this site regulates the membrane attachment and secretion of
type XIII collagen.

Type XIII collagen has recently been shown to be localized in the plasma membranes
of human tumor HT-1080 cells (Hägg et al. 1998). This, together with
immunofluorescence and immuno-EM findings showing that recombinant type XIII
collagen is expressed in the plasma membranes of infected insect cells, implies that type
XIII collagen may have a role as an adhesion protein that connects cells to their
surrounding extracellular matrix, or as a receptor for soluble ligands. The purpose of
generating a soluble isoform of type XIII collagen could be to desensitize the cells to the
cognate ligand, thus leading to a rapid abrogation of cell adhesion or receptor stimulation.
In fact, virtually all types of membrane protein have been shown to exist as membrane-
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bound and soluble isoforms (Ehlers & Riordan 1991). Hirako et al. (Hirako et al. 1998)
have recently demonstrated the existence of a 120 kDa extracellular fragment of the 180
kDa type XVII collagen in the culture medium of keratinocytes and in the basement
membrane zone of the skin, implying that the cells cleave the type XVII collagen
molecules at their surfaces. This would indeed be practicable in wound healing and
stratification, for instance, when hemidesmosomes must be detached from the basement
membrane and transmembrane proteins separated from their ligands. Furthermore,
Schäcke et al. (Schäcke et al. 1998) have demonstrated that treatment of normal
keratinocytes with the furin-specific inhibitor decanoyl-RVKR-chloromethyl ketone
prevents production of the type XVII collagen-derived 120 kDa polypeptide, which may
therefore represent a specifically cleaved ectodomain of type XVII collagen produced
through furin-mediated proteolytic processing. As C1q is also known to be secreted (Kaul
& Loos 1993, Kaul & Loos 1995), it can be postulated that the secretion of collagenous
transmembrane proteins is of possible biological and clinical significance. There is recent
evidence to prove this point, since Shumann et al. (Schumann et al. 2000) have shown
that the authentic, soluble 120 kDa ectodomain of type XVII collagen is recognized as an
autoantigen by IgG and IgA autoantibodies in various human blistering skin diseases, and
that some autoantibodies preferentially react with this form of type XVII collagen.



7 Future directions

The insect cell expression systems created in the present work for collagen types XII and
XIII make additional biochemical studies of these proteins possible in the future.

Most of the type XIII collagen ectodomain was shown to be in triple-helical
conformation, which is distinct from the other known collagenous transmembrane
proteins that have short or highly interrupted triple-helical domains. Thus the type XIII
collagen molecule can be predicted to have an extensive rod-like ectodomain with
multiple potential interaction sites for different plasma membrane and matrix
components. Identification of the interaction partners of type XIII collagen and
characterization of its interacting domains will greatly assist in resolving its role in cell-
cell and cell-extracellular matrix interactions. In fact, recent interaction studies using
purified recombinant type XIII collagen ectodomain have shown that cells are able to use
α1β1 integrin but not α2β1 integrin to interact with type XIII collagen (Nykvist et al.
2000). These studies can be further extended using alternatively spliced molecules of type
XIII collagen, since the alternative splicing of transcripts can be expected to affect the
lateral interaction of type XIII collagen with other molecules of the extracellular matrix,
by changing the properties of type XIII collagen molecules.

The use of different deletion variants of type XIII collagen suggested that N-terminal
sequences, and more specifically the 21 amino acid residue ectodomain sequence
adjacent to the transmembrane domain (residues 63-83), are necessary for chain
recognition and the association of disulphide-bonded trimers of type XIII collagen. It is
thus convenient to assume that triple helix formation of type XIII collagen proceeds from
the N to the C-terminus of the trimeric molecule. This is contrary to the pattern
demonstrated for the fibrillar collagens, where the C-terminal sequences guide chain
association and propagation of the triple-helical domain occurs in a C to N-terminal
direction. The occurrence of a homologous ectodomain sequence adjacent to the plasma
membrane in other collagenous transmembrane proteins as well, namely in type XVII
collagen, MARCO and EDA, suggests that this ectodomain sequence could function as a
conserved association domain in several collagenous transmembrane proteins, and it
would be of interest to ascertain whether this is the case. Surprisingly, the N-terminally
truncated del1-83 type XIII collagen variant, which was unable to form disulphide-
bonded trimers, could be transported to the endoplasmic reticulum and was shown to
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have its COL2 and COL3 domains in triple-helical conformation (Snellman et al.,
unpublished results). Thus mutations affecting the N-terminal sequences of type XIII
collagen may lead to partially active molecules.

Type XIII collagen is located in a type II orientation on the insect cell plasma
membrane, most of the molecule being extracellular. Furthermore, the mostly
collagenous ectodomain can be released into the culture medium by a furin-like protease.
The secreted form of the collagen comprises nine-tenths of the ectodomain and four-fifths
of the entire full-length type XIII collagen. The physiological significance of the cleaving
and of the formation of a soluble isoform of type XIII collagen should be studied further
using cells that naturally synthesize this collagen type.

Since the secretion of type XIII collagen was enhanced in the absence of the cytosolic
domain, this domain seems to be important for its membrane attachment. Furthermore,
since the cytosolic domain of type XIII collagen contains a potential protein kinase C
phosphorylation site (Hägg et al. 1998), type XIII collagen may also function as a
signaling molecule transducing extracellular signals to intracellular signaling pathways.

All in all, characterization of type XIII collagen at the protein level helps us to
understand the molecular consequences of the various type XIII collagen-affecting
mutations generated in transgenic mouse lines. It should be possible in the future to
analyse the as yet unidentified human diseases that are caused by type XIII collagen
protein dysfunction once we have a basic knowledge of this protein.
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