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ABSTRACT
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Bikunin, a chondroitin sulfate-containing protein of 25 kDa, has protease inhibitory
activity and occurs in the plasma in free and complexed form. In inter-α-inhibitor
(IαI) and pre-α-inhibitor (PαI) it is covalently linked through its chondroitin sulfate
(CS) chain to two or one other polypeptide of about 80 kDa – heavy chains 1 and 2
(H1, H2) and heavy chain 3 (H3) – respectively. Bikunin and the heavy chains are
synthesized as precursors, which are proteolytically cleaved and assembled into IαI
and PαI in the secretory pathway. The C-terminal extension (CTX) of the heavy
chains seems to mediate its own cleavage and the assembly of the complexes. The
heavy chains of the IαI family become transferred to hyaluronan during ovulation and
inflammation.
In this thesis, the biosynthesis of PαI, the plasma clearance of bikunin and the binding
of IαI to collagen were studied. We found that in H3, a short segment on the N-
terminal side of the CTX cleavage site is required for cleavage. Furthermore, the H3
could become linked to free CS chains primed by a xyloside, showing that the bikunin
protein core is not needed for coupling. We also identified His649 as a residue essential
for coupling, but not for cleavage.
Bikunin labelled with a residualizing agent, 125I-tyramine cellobiose, was injected into
mice to identify tissues involved in its uptake. Half of the radioactivity was recovered
in the kidneys, 10% in the liver, and the rest distributed in other tissues. We
determined the half-life of bikunin in rat plasma using two independent methods:
injection of 125I-bikunin, or hepatectomy followed by assessing the rate of
disappearance of endogenous bikunin. Both methods yielded half-time values of 5-7
minutes. Removal of the CS chain did not affect the clearance rate of bikunin.
IαI   and its heavy chains were found to bind to collagen with dissociation constants
greater than 2 µM and 0.4-0.6 µM, respectively and this binding was independent of
divalent metal ions. We suggest that the interaction of IαI with collagen may play a
modulatory role in cell migration or in remodelling of the extracellular matrix.
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Abbreviations
α1-µ α1-microglobulin
cDNA complementary deoxyribonucleic acid
COC cumulus cell-oocyte complex
CS chondroitin sulfate
CTX C-terminal extension of the heavy chains
ECM extracellular matrix
ER endoplasmic reticulum
ERGIC endoplasmic reticulum-Golgi intermediate compartment
fMLP formylmethionyl-leucyl-phenylalanine
GAG glycosaminoglycan
H1, H2 heavy chains 1, 2 of inter-α-inhibitor
H3 heavy chain of pre-α-inhibitor
HA hyaluronan
HUVEC human umbilical cord vein endothelial cells
IαI inter-α-inhibitor
IL-1, IL-8 interleukin-1, -8
kb kilo base
kDa kilo Dalton
LPS lipopolysaccharide
mRNA messenger ribonucleic acid
PαI pre-α-inhibitor
PG proteoglycan
PGP protein-glycosaminoglycan-protein link
PMN polymorphonuclear cells
RT-PCR reverse transcriptase – polymerase chain reaction
SDS PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis
SPC subtilisin-like proprotein convertase
TGF transforming growth factor
TGN trans-Golgi network
TNF tumor necrosis factor
TSG-6 tumor necrosis factor-stimulated gene 6
uPA urokinase-type plasminogen activator
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Introduction
When the ribosome in the cell joins individual amino acids into a polypeptide chain – the
life of a protein starts. Yet it may require several additional events before the newly
synthesized molecule reaches its final destination and becomes ready to perform its
function. The proteins studied in this thesis are made in liver cells and then secreted into
the blood plasma. To mature they must undergo modifications typical for secreted
proteins: glycosylation and limited proteolysis. Furthermore, they assemble into
complexes of a unique architecture, which involve crosslinking through a long acidic
polysaccharide, chondroitin sulfate. In human plasma, the main characters of this story
are in the company of hundreds of other proteins. The pool of plasma proteins is kept at a
relatively stable concentration in normal conditions, although a fraction of each protein
species is constantly removed and replaced by newly synthesized ones. The rate of
removal depends on the function performed by the protein, its size and stability. These
properties are unique for each protein and therefore the time that different proteins reside
in circulation varies greatly.

Finally, although the proteins studied in this thesis have been known for several
decades, it is not clear what physiological functions they have. Evidence from in vitro
experiments hints at several interesting traits, but it is only within the last decade that
these proteins have been set in a physiologically relevant context: they seem to influence
the extracellular matrix dynamics during ovulation and inflammatory processes.

The work presented in this thesis was done in an attempt to clarify three aspects of the
life of the plasma proteins that belong to the inter-α-inhibitor family: firstly, the
mechanism underlying their biosynthesis, secondly, their behavior in the circulation and
finally, their interactions with extracellular matrix components. Additionally, in the
search for clues that might reveal their physiological importance, an effort was made to
generate a mouse strain with inactivated expression of one of the members of the family.

Protein processing in the secretory pathway

Proteolytic cleavage
Proteins destined for secretion contain a signal peptide – a short N-terminal extension,
which directs them to the endoplasmic reticulum and which is subsequently
proteolytically removed [1]. Some secretory proteins have to undergo further proteolytic
cleavage to achieve full biological activity. Their precursors are named proproteins and
the fragments that are cleaved off are called propeptides. Proteolytic processing was first
described for the insulin precursor [2] and since then several enzymes, hormones,
neuropeptides, growth factors, receptors, adhesion molecules and plasma proteins have
been shown to be processed in a similar way. Cleavage occurs usually next to a dibasic
sequence and is effected by proteases that belong to a class of subtilisin-like proprotein
convertases (SPCs) [3]. Since the discovery in yeast of the first member of this family,
kexin, seven other convertases have been identified in mammals, and of these, furin is the
most studied. The SPCs are located in the trans-Golgi and in secretory granules [4].

There are few examples of secretory proteins that are processed by enzymes other
than the SPCs [5], or in pre-Golgi compartments of the secretory pathway [6, 7]. Correct
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proprotein processing seems to be crucial in the development [8], fertilization [9] and
endocrine/neural functions [10, 11].

Glycosylation
The attachment of carbohydrate moieties to polypeptide chains is the most common
modification of secretory proteins. The large variety of possible glycan structures and
attachment sites is one of the major reasons for protein heterogeneity in vertebrates.
Based on the mode of attachment to the polypeptide chain, two main types of glycans can
be distinguished: one in which the reducing terminal sugar is bound to the amide group of
asparagine – N-linked, and another in which the attachment occurs via the hydroxyl
group of a serine or threonine residue – O-linked. These two types of glycans also differ
in their biosynthesis and structure.
Glycans can affect the biological properties of their core protein by modulating enzyme
activity, receptor affinity or half-life. They mediate many physiological processes relying
on endogenous lectin-ligand interactions, such as leukocyte adhesion and homing, blood
group determination and host-pathogen interactions [12, 13]. The physicochemical
properties of the proteins are also affected by glycans, the main effect being an increase
in solubility and stability. N-linked oligosaccharides are a crucial element of the
intracellular protein folding quality control system – the calnexin/calreticulin cycle, as
well as lysosomal targeting of proteins [14]. The biological significance of glycosylation
in development is undoubtedly proven by the lethal effect on embryonic or perinatal mice
with targeted inactivation of the genes for enzymes involved in glycan synthesis.
Furthermore, several human congenital diseases are caused by mutations in these genes
[15].

N-glycosylation
N-glycosylation occurs cotranslationally through the transfer of a preassembled branched
polymannose oligosaccharide from a dolichol-linked precursor to the nascent
polypeptide. The peptide recognition pattern for this glycan attachment is Asn-X-Thr/Ser,
where X can be any amino acid with the exception of proline, which completely inhibits
glycosylation. Additionally, aspartic and glutamic acid residues are not favorable in this
position [16]. The subsequent modifications of the originally attached structure involve
the action of several glycosidases and sugar transferases in the ER and the Golgi
apparatus and lead to the formation of highly diverse structures that are referred to as
high mannose, hybrid or complex type.

O-glycosylation
O-linked glycosylation relies on the addition of single monosaccharides, and does not
involve processing by glycosidases. It is initiated in the compartment located between the
ER and the Golgi (ERGIC) or in the cis-Golgi, by the formation of the GalNAc-α-
Ser/Thr bond [17]. No consensus sequence for this type of modification has been
identified, which might reflect the fact that nine GalNAc-transferases with different
specificities are involved in its formation [17]. O-glycans are generally less branched
than N-glycans, but can form long structures characterized by a similar variability of the
termini. They are characteristic for mucins, on which they occur in clusters [12].

Less common modifications include short oligo- or monosaccharides initiated by
fucose-α-Ser/Thr or Glc-β-Ser, which are present in the EGF modules of various



9

proteins, e.g. coagulation factors, and mono- or disaccharide modifications of
hydroxylysine with a Gal-β-Hyl attachment in collagens [16].

Glycosaminoglycans
Glycosaminoglycans (GAGs) are long unbranched polysaccharide chains that consist of
repeated disaccharide units composed of an acidic and amino sugar residue. Depending
on the sugar composition of the repeat, they are classified as chondroitin/dermatan
sulfate, heparin/heparan sulfate, keratan sulfate and hyaluronan (see Table 1). Of these,
only hyaluronan is synthesized in a free form. The others become attached to core
proteins as a part of proteoglycans (PGs).

Glycosaminoglycan Disaccharide units

Chondroitin sulfate GlcAβ1�3GalNAcβ1�4

Dermatan sulfate GlcA/IdoAβ1�3GalNAcβ1�4

Heparan sulfate GlcAβ /IdoAα1�4GlcNAcα1�4

Hyaluronan GlcAβ1�3GlcNAcβ1�4

Keratan sulfate Galβ1�4GlcNAcβ1�3

Table 1. Classification of glycosaminoglycans. A disaccharide unit composition is shown.
GlcA – glucuronic acid, GalNAc – N-acetylgalactosamine, IdoA – iduronic acid, GlcNAc –
N-acetylglucosamine, Gal – galactose.

In proteoglycans, the GAGs are attached to a serine residue in the protein core through a
tetrasaccharide linker sequence: GlcA-Gal-Gal-Xyl-Ser. The exception is keratan sulfate,
which can also be linked to asparagine and has a different linker region. A consensus
motif for the attachment site of GAGs is Gly-Ser-Gly or repetitive (Ser-Gly)n segments
surrounded by a cluster of acidic residues [18, 19]. However, other parts of the protein
core are also involved in the determination of the GAG type synthesized and its
attachment site [19]. It is possible to induce production of free chondroitin/dermatan
sulfate in cells by incubation with certain xylose derivatives [20]. The synthesis of the
proteoglycan GAGs is initiatied in the pre-Golgi compartment [21] – ER [22] or ERGIC
[23], whereas the chain elongation occurs in the Golgi apparatus. In contrast, hyaluronan
is synthesized by enzymes localized in the plasma membrane and is released directly into
the extracellular space [24]. Whereas other GAGs are usually sulfated to different
extents, hyaluronan occurs exclusively in a non-sulfated form.

Proteoglycans (PGs) constitute a ubiquitous group of proteins, many members of
which have important roles in various physiological and pathological processes. The high
content of acidic and sulfated residues gives the GAGs an overall negative charge. A
large water binding capacity makes them particularly apt to buffer pressure changes in
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tissues. Modules of GAGs characterized by distinct modification patterns may have
specific functions, such as the binding of growth- [25] or coagulation factors [26, 27] that
modulate their activity.

 Plasma protein clearance and uptake

Half-life of plasma proteins
The half-life of plasma proteins varies greatly, from minutes to several days. It is
apparent that this time reflects the function of the protein and its stability. The half-lives
of most peptide hormones are related to the time scale of the actions induced by these
molecules and are determined largely by their structure. Thus the half-life for insulin and
glucagon is 3-6 minutes, whereas that of erythropoietin is 4.5-11 h [28]. Hormones,
however, occur in plasma in the role of “temporary passengers”, and as such they are not
classical plasma proteins [29]. Generally, the level of proteins resident in plasma is
relatively stable. However, certain situations may lead to changes in their concentration,
for example in the case of acute phase proteins in response to inflammation. All plasma
proteins undergo “normal” turnover, but also may be taken up and degraded by tissues as
a consequence of performed function. An example of a long-lived plasma protein is
albumin, acting mostly as an agent supporting colloidal osmotic pressure of the blood and
as a transporter of different small molecules. In healthy adults, albumin has a half-life of
approximately 20 days [30]. Plasma contains a pool of reactants activated in particular
situations, which encompasses many protease zymogens: components of the coagulation
cascade, as well as of the thrombolytic and complement systems. These zymogens are
relatively long-lived, with half-times ranging from a few hours to several days. To avoid
accidental degradation of tissues, the action of the proteases in plasma has to be strictly
controlled. This is effected by a group of other crucial plasma proteins – protease
inhibitors. These proteins turn over slowly when in free form, but when in complexes
with a protease, they are quickly taken up by specific receptors. The abundant plasma
protease inhibitor, α2-macroglobulin, has a half-life of several hours, but with a protease
bound to it, it is cleared with a half-time of 2-4 minutes [31]. For serpins, which
inactivate proteases through covalently blocking their active sites, the half-times of the
free form are about 80 minutes and 2-20 minutes when complexed with the enzyme [32].

Glomerular filtration and tubular reabsorption
A major route of protein clearance from the circulation is glomerular filtration. It is size
selective and concerns a fraction of proteins that are the size of albumin or smaller. Most
peptide hormones, for example, are cleared and metabolized in the kidney [33]. Virtually
all protein that passes through the glomerular barrier is reabsorbed by proximal tubular
epithelial cells through receptor mediated pinocytosis, and subsequently degraded in the
lysosomes. In the case of albumin, it has been shown that part of the filtered protein is
returned through transtubular transport back to the blood in intact form [34]. Two broad
specificity receptors that are involved in the uptake of proteins by the tubular epithelium
have been identified: megalin and cubilin [35].
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Receptor-mediated uptake

Proteins are taken up from the plasma in different parts of the body by means of
receptors. Normal turnover of proteins involves uptake that occurs through receptors that
recognize some general features of “worn out” proteins, for example proteins with an
altered glycan structure. Receptors specific for a given protein are necessary for
“messenger” molecules, such as peptide hormones. Such receptors act as signal
transducers and their presence identifies a target tissue for a given ligand. In the above
cases, binding to the receptor is usually associated with internalization and lysosomal
degradation of the ligand. However some carrier proteins, such as transferrin, an iron ion
transporter, release their ligand after internalization and then recycle back to the plasma
[30].

For protease inhibitors, different receptors seem to mediate the uptake of free- and
protease-complexed inhibitor. A common receptor on the hepatocyte surface is
responsible for the uptake of several protease-exposed serpins: antithrombin III, α1-
antitrypsin, α1-antichymotrypsin and heparin cofactor II [32, 36]. It was denoted as
putative serpin receptor 1 in contrast to a different protein, serpin receptor 2, which
mediates hepatocyte uptake of α2-antiplasmin. However, the identity of these receptors is
not resolved, although several candidates have been proposed, among them low-density
lipoprotein receptor-related protein discussed below, and megalin [37]. A receptor for the
clearance of complexes of α2-macroglobulin with proteases was identified as low-density
lipoprotein receptor-related protein (LRP/α2M-R), which has a broad range of ligands
[38]. The uptake of the α2-macroglobulin-protease complexes is mostly effected by
hepatocytes [39], but binding by Kupffer cells, macrophages [40] and monocytes [41],
fibroblasts [42] and adipocytes [43] was also reported.

Free hemoglobin, which may have a toxic effect on the host organism, is specifically
bound by haptoglobin and the complex has a half-life of about 5 minutes [44], in contrast
to 5 days for the free haptoglobin [30]. Recently, a receptor that mediates uptake and
endocytosis of haptoglobin-hemoglobin complexes was identified as the CD136 protein,
which is present exclusively on macrophages and monocytes and also acts as a
differentiation antigen for these cells [45]. The scavenger receptor superfamily, to which
this protein belongs, is responsible for uptake and internalization of many different
ligands, among them chemically modified or denatured proteins, such as oxidized or
acetylated lipoproteins and advanced glycation end product (AGE) modified proteins [46-
48].

The normal turnover of plasma proteins may be associated with their structural
modifications. Thus, proteins with desialyated glycans are cleared from the plasma very
rapidly upon injection and have a high affinity for the asialoglycoprotein receptor
(ASGP-R), which is present on hepatocytes. Together with the lability of sialic acid
linkages, these results were the basis for the hypothesis that the ASGP-R system is a main
mechanism of normal plasma protein turnover. However, different proteins have been
shown not to become desialyated in vivo and the clearance of normal proteins is not
affected by saturation of ASGP-R [49-51]. Further, no accumulation of
asialoglycoproteins in plasma was observed in mice with disrupted genes for the two
subunits of ASGP-R, although clearance of injected desialyated ligands was completely
abolished in these animals [52-54]. Other receptor systems may therefore be responsible
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for the normal metabolism of the plasma proteins. This issue is discussed in a recent
review [55].

Extracellular matrix
The space between cells in connective tissue is filled by a substance referred to as the
extracellular matrix (ECM). Initially it was considered to be an inert material providing
support, cohesion and mechanical strength for the tissue. However, much evidence now
exists for the functional importance of the ECM in various biological processes, such as
development, angiogenesis, blood coagulation, wound healing, inflammatory response
and tumor invasion [56]. At the molecular level, the ECM is characterized by a large
number of multicomponent interactions both in the matrix itself and with cell surface
molecules. The latter can actively influence cell motility, attachment, survival and protein
synthesis. Additionally, bioactive substances are known to be stored bound to ECM
proteoglycans [57, 58]. This complex nature of the ECM makes it an important target for
therapies to various pathological conditions.

Proteins and glycosaminoglycans are the major solid components of the ECM.
Among the proteins, collagen is the most abundant. The remainder consists of
proteoglycans, other non-collagenous proteins and a free glycosaminoglycan –
hyaluronan. The proportions and the organization of these components vary greatly
between different tissues. The ECM can therefore assume forms as diverse as the
mineralized substance of bone and enamel, the highly organized fibrous matrix of
tendons or the amorphous matter of the soft connective tissues. The basement membrane
is a specialized form of the ECM, which as thin (20-200 nm) continuous sheets underlies
all epithelia of the body and surrounds nerves, muscle and adipose cells (reviewed in [59,
60]). The proteins studied in this thesis are implicated in the formation of a particular
kind of matrix, characterized by a high content of hyaluronan. These are the extracellular
matrices of the cumulus cell-oocyte complex (COC) [61], of cartilage [62], and of the
coats surrounding certain cell types [63, 64].

Collagens
Collagens are homo- or heterotrimeric proteins, consisting of subunits (α chains), which
are encoded by distinct genes. More than 20 different combinations of α chains have so
far been identified. Their common feature is the presence of stretches of a triple-helical
structure formed by the three α chains tightly wound around each other in a coiled-coil
conformation: the collagenous motif. A glycine residue is present at every third position
in the amino acid sequence of the α chains. At the other positions, proline and lysine are
the most common, and these are frequently hydroxylated. A variety of structural domains
other than the collagenous motif, of which many are shared with other protein families, is
the reason for the large heterogeneity of the collagen group. According to the content of
the collagenous motif and the type of supramolecular structure formed, the group is
traditionally divided into fibrillar and non-fibrillar collagens [65]. The former are
characterized by a predominance of triple helical structure. The inter-molecular
interactions of these collagens lead to the formation of fibrils, fibers and fiber bundles
that provide support and mechanical resistance to connective tissues. They also serve as
an attachment site for other proteins – constituents of the matrix, cell surface receptors or
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the blood plasma proteins of the coagulation system. This class comprises types I, II, III,
V and XI collagens.

Non-fibrillar collagens form a structurally and functionally heterogenous group
characterized by the presence of one or more non-collagenous motifs in addition to the
triple helical regions. The number and type of these allow further division into network-
forming (types IV, VIII and X), microfibrillar (type VI), fibril-associated collagens with
interrupted triple helix (FACIT, types IX, XII, XIV, XVI and XIX-XXI) and multiplexins
(types XV and XVIII). Among the non-collagenous motifs are the von Willebrand type
A-domains (in collagen types VI, XII and XIV), fibronectin type III repeats and Kunitz-
type protease inhibitor modules, in addition to other domains found only in collagens
(NC domains). Collagen type XVII is anchored in the plasma membrane through its
transmembrane domain. FACIT collagens IX, XII and XIV bear a glycosaminoglycan
chain and can therefore be considered as proteoglycans.

Collagen type IV and basement membranes
Type IV collagen is a non-fibrillar collagen, which, in addition to a long triple helical
motif, contains a C-terminal NC1 domain and an N-terminal cysteine-rich region (7S)
(see Figure 1, A) [66]. A characteristic feature of this type of collagen is the ability to
form supramolecular plane meshwork structures, which, besides the laminin network,
constitute the main support element of basement membranes. Two interactions are crucial
for the formation of this structure: dimerization via the NC1 domains and tetrameric
binding of the 7S modules in paralell/antiparalell reciprocal orientation [67-69].
Additionally, the triple helical regions of two or three molecules can associate laterally in
a supertwisted fashion. Structures formed by collagen IV are shown in Figure 1, B.

Collagen IV contains binding sites for other components of the basement membrane
(nidogen, perlecan and collagen VII) [59] and for integrins (α1β1, α2β1, α10β1, α11β1)
[70] or CD44 in the cell plasma membrane [71]. The integrins connect the extracellular
matrix to the actin filaments in cells, and contain intracellular domains able to activate
signaling cascades. Through these interactions, the basement membrane can influence
several aspects of cellular behavior: polarisation, differentiation, locomotion, gene
expression and apoptosis. During embryonic development, the basement membrane is the
first extracellular matrix, appearing at the blastocyst stage [72]. The glomerular
membrane in the kidneys is a basement membrane specially adapted to fluid filtration
[73].

Soluble NC1 domains of collagen IV or peptides derived from them have been shown
to inhibit angiogenesis, proliferation and migration of certain cell types, as well as to
promote adhesion of endothelial cells and induce apoptosis (reviewed in [74]).

Collagen I
Fibrillar collagen type I is the most abundant of the collagens in the body, predominating
in the skin, bone, tendon, and cornea [75]. With the exception of short terminal fragments
(telopeptides) the entire molecule of this collagen has a triple helical structure (shown in
Figure 1, A). The properties of the fibrils are influenced by other types of collagens and
non-collagenous proteins, like small leucine-rich proteoglycans (decorin, fibromodulin
and biglycan), and may differ between tissues [56]. In addition to mechanically enforcing
the tissues, collagen fibrils promote cell adhesion and in bone, provide the scaffold for
apatite mineralization [76]. A variety of mutations in collagen α(I) genes causes diseases
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that affect the structure of bone, skin and tendon, as well as impair hearing – osteogenesis
imperfecta and Ehlers-Danlos syndrom [65]. The disruption of collagen I expression in
mice results in embryonic lethality [77].

NC1 domain7S domain

collagenous domain
telopeptides telopeptides

Collagen type I

Collagen type IV

A

B

dimer

tetramer
network

Figure 1. A, Schematic structure of collagen type I and type IV; B, supramolecular structures
of collagen IV. Dimers are formed through interacton of C-terminal NC1 domains, and
tetramers through interaction of N-terminal 7S domains, resulting in a plane irregular network
with additional stretches of supertwisting between collagenous domains. Adapted from [59].

Collagen binding
Collagens interact with several different protein ligands both in the extracellular matrix
and on the surface of the cells. The best characterized of these interactions is the binding
mediated by the type A-domain of the von Willebrand factor or by the homologous I-
domain of integrins [78]. These structures consist of about 200 amino acid residues and
recognize triple helical regions of native collagens. The I-domains of integrins, in
contrast to the von Willebrand factor A-domains, require divalent metal ions for binding
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to collagen [79]. The ion is coordinated by the amino acid residues of the metal ion-
dependent adhesion site (MIDAS) motif. The A- and I-domains recognition sites in
collagens are formed by stretches of amino acid residues on one α chain [80] or by
residues located on each of the three α chains of collagen [81].

The cellular ligand specificity and response may depend on the conformational state
of the collagen molecule. Certain integrins recognize in collagen the Arg-Gly-Asp (RGD)
peptide motifs that become unmasked by denaturation or proteolytic cleavage – one such
site was found to be required for angiogenesis in vivo [82]. This interaction is not
mediated by the I-domain. Similarly, binding may be dependent on certain collagen
modifications, e.g. glycosylation of hydroxylysine residues in collagen type IV abrogates
its binding to CD44 [83]. The binding of von Willebrand factor to interstitial collagen
exposed by wounding is crucial for hemostasis [84].

Proteins of the inter-α−inhibitor family

The inter-α-inhibitor (IαI) family is a group of plasma protease inhibitors of hepatic
origin, which are formed by the polypeptide products of four different genes. Three of the
polypeptides, which are homologous, have a molecular mass of 75-85 kDa and are
designated heavy chain 1, 2 and 3 (H1-3). The fourth one, the light chain or bikunin, of
25 kDa, confers protease inhibitory activity. Bikunin bears a chondroitin sulfate chain,
which serves as the site of attachment for the heavy chains, thus leading to the formation
of the high molecular mass members of the IαI family. In man these are inter-α-inhibitor
and pre-α-inhibitor, the former being a complex of bikunin, H1 and H2, and the latter of
bikunin and H3 (shown in Figure 3). Different combinations from those found in man
occur in other species, e.g. bovine plasma contains complexes that consist of bikunin and
H2 or bikunin, H2 and H3 [86]. Bikunin also occurs in free form and as such was first
isolated from urine, where it accounts for most of the trypsin inhibitory activity [85]. This
protein is therefore frequently referred to as the urinary trypsin inhibitor (UTI).

Affinity links
The cDNA coding for bikunin has been cloned from several vertebrate species, including
man [87], rat [88], mouse [89] and plaice [90] and has been shown to also encode for α1-
microglobulin (α1-µ). This protein, unrelated to bikunin, belongs to the family of
lipocalins, carriers of small hydrophobic molecules in plasma [91]. α1-microglobulin can
modulate immune reactions and has been found to form high molecular weight
complexes with other plasma proteins  [92]. A comparison of the predicted amino acid
sequences of bikunin from several species indicates a high degree of evolutionary
conservation. The identity between the bikunin sequences from human and plaice is 48%
[90].

The amino acid sequences deduced from the cDNAs for heavy chains 1, 2 and 3 from
human are 85% identical to their mouse counterparts. There is also 55% identity between
H1 and H3 and 40% identity between H2 and the two other chains from the same
organism [93]. These findings, together with chromosomal localization studies [94, 95]
led to the conclusion that the heavy chain genes are derived from a common ancestor and
that divergence between H2 and H1/H3 occurred earlier than the separation of H1 and
H3. Another polypeptide related to the heavy chains has been identified in man and
named heavy chain 4 (H4) or IαI family heavy chain-related protein (IHRP) [96, 97].



16

However, its sequence differs substantially from that of the other three heavy chains and
there is no evidence that it can form complexes with bikunin.

Structure

Bikunin protein core
The polypeptide chain of bikunin folds into two protease inhibitory domains of the
Kunitz type [98]. This kind of domain spans about 50 amino acid residues, has a
molecular weight of about 7 kDa, and is constrained by three disulfide bridges (schematic
structure of a bikunin molecule is shown in Figure 2). Several other known proteins
contain different number of Kunitz domains, e.g. bovine pancreatic trypsin inhibitor
(BPTI), tissue factor pathway inhibitor (TFPI), an alternatively spliced variant of the
Alzheimer amyloid β-protein precursor (APP), snake venom basic protease inhibitors and
the C-terminal parts of the α-chains of type VI and type VII collagens. As revealed in a
crystallographic study [98], in bikunin a short connecting peptide holds the two
ellipsoidal Kunitz domains close together at one end of their long axes. The protease
recognition loops are located at the opposite ends of the domains, at the apices of the V-
shaped molecule.

The N- and C-terminal extensions beyond the Kunitz domains are 10-25 amino acid
residues long. The N-terminal peptide has a chondroitin sulfate chain attached to the Ser10

residue [99-101] and is susceptible to proteolytic cleavage, as is often apparent during
purification of the protein [102-104].

NH2

COOH

Kunitz domain II

Kunitz
domain I

Chondroitin sulfate chain

Figure 2. Schematic structure of rat bikunin. Circles and hexagons indicate amino acid and
carbohydrate residues, respectively. Amino acid residues that belong to Kunitz domains and
sulfated sugar residues are in black.

Bikunin carbohydrates
The chondroitin sulfate chain of bikunin has a molecular mass of 7-8 kDa [105-107] and
consists of 15±3 disaccharide units [108]. About one third of the GalNAc residues is
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sulfated at the C4 position, and these are located mostly close to the site of attachment to
the polypeptide [106, 108]. The structure of the linkage region is similar to that present in
other proteoglycans: GlcA-Gal-Gal-Xyl-Ser. However, in bikunin [107], and IαI [109]
but not in PαI [110] the second Gal residue is sulfated at the C4 position. This kind of
modification has been observed in chondroitin sulfates from different sources, but not in
heparin or heparan sulfate, and its function is unclear [107]. Additionally, the Asn45

residue, located in the N-terminal Kunitz domain of bikunin, bears a typical biantennary
oligosaccharide, which can be sialyated to different degrees [111].

The carbohydrate residues of bikunin have a great influence on the hydrodynamic
properties of the molecule. The determination of the apparent molecular mass of this
protein by different methods therefore yields varying results [112]. The value obtained by
summing the masses of the polypeptide and of the carbohydrate moieties is 25-26 kDa,
whereas the mobility upon SDS-PAGE corresponds to an apparent mass of 35-45 kDa.
The elution volume in gel permeation chromatography suggests a size similar to that of
serum albumin, i.e. 67 kDa [103, 113]. The molecular weight determined by
ultracentrifugation is close to the calculated mass and shows that bikunin occurs as a
monomer in solution [114]. Due to the heterogeneity in the length of the chondroitin
sulfate chain and the degree of sulfation [108, 115], bikunin often appears as a diffuse
band upon SDS PAGE.

Heavy chains
Our present knowledge about the structural features of the heavy chains comes mainly
from biochemical analysis and sequence comparisons with other proteins. Isolated heavy
chains of human IαI have been shown to behave like extended proteins upon gel
filtration. Limited proteolysis and electron microscopy experiments suggest that the N-
terminal part of the polypeptide chain forms a globular domain, whereas the remaining
part has a rod-like shape and disordered structure [116]. On the basis of pattern searches
against computer databases, a region similar to a von Willebrand factor type A domain
has been identified in the central part of all heavy chains [93]. This kind of structure is
present in many extracellular matrix proteins, as well as in integrins (under the name of I-
domain) and can interact with a variety of ligands, e.g. collagens, adhesion molecules and
heparin [78] (a more general review on the distribution and evolution of von Willebrand
factor type A domains can be found in [117]).

The heavy chains are both N- and O-glycosylated. H1 has two typical biantennary
oligosaccharides attached to Asn251 and Asn554 and one trisaccharide (of the structure
GalNac-Gal-NeuA) linked to a threonine residue close to the C-terminus of the
polypeptide. Similarly, H2 has a biantennary residue in the N-terminal region and a
cluster of four O-linked trisaccharides in the C-terminal region [118, 119].

Both heavy chains of IαI contain disulfide bridges, but only in H1 one of them is
utilized to join distant parts of the polypeptide. The remaining disulfide bridges, one in
H1 and two in H2, link cystein residues that are located next to each other or that are only
two residues apart [118, 120]. A Cys side chain in the N-terminal region of H1 bears an
incompletely defined carbohydrate residue [118].

Complexes
The bikunin-heavy chain complexes are linked covalently through the chondroitin sulfate
chain of bikunin, which was first apparent from the fact that the polypeptide chains can
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be released by treatment with chondroitinase [121]. The structure of the link was later
identified by mass spectrometry, first for PαI [110] and then for IαI [122]. It involves the
α-carboxyl group of the C-terminal aspartic acid of the heavy chain polypeptide, which
forms an ester linkage with the C6 hydroxyl group of an N-acetylgalactosamine in the
chondroitin sulfate chain of bikunin (see insert in Figure 3). This type of linkage is
unique to the IαI family and was named the protein-glycosaminoglycan-protein link
(PGP). The disruption of the PGP link can be achieved by mild alkaline treatment, which
can be used as an alternative to enzymatic treatment for the dissociation of PαI [110] and
IαI [123] into free polypeptide chains. The attachment site of the heavy chains has been
located to the non-sulfated region of the CS moiety that is distal from the bikunin core
protein. In IαI the two heavy chains are arranged on the glycosaminoglycan in close
proximity to each other [108]. Schematic structure of IαI and PαI is shown in figure 3.

Chondroitin sulfate

Polypeptide
chain of
heavy chain 3

Heavy chain 1

Heavy chain 2

Inter- -inhibitor

Bikunin

Heavy chain 3

Pre- -inhibitor

Bikunin

Figure 3. Schematic representation of complexed forms of bikunin, IαI and PαI. The heavy
chains are linked covalently to the chondroitin sulfate chain of bikunin. The insert shows the
chemical structure of the link in pre-α-inhibitor: C-terminal aspartic acid of the heavy chain is
connected through an ester bond (in circle) to an N-acetylgalactosamine residue of the
chondrotin sulfate chain. In inter-α-inhibitor the heavy chains are linked to chondroitin
sulfate in similar way. Hexagons indicate sugar residues.
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In addition to IαI and PαI, a complex of bikunin with the heavy chain 2, named inter-
α-like inhibitor (IαIL), has been proposed to exist in human serum [124]. It has also been
shown to contain the same PGP type of linkage as PαI and IαI [125]. However, IαIL was
not detected among the proteins secreted by hepatocytes in culture [126]. Consistent with
the susceptibility of the C-terminal part of the heavy chains to proteolytic cleavage, it
might represent a product of proteolytic degradation of IαI.

Biosynthesis
All polypeptides of the IαI family are synthesized as precursors containing a signal
sequence and additional extensions that are proteolytically released during the course of
maturation. The biosynthetic processing and assembly of the complexes have been
studied in primary hepatocyte cultures, hepatoma cell lines and with recombinant protein
expression systems. It seems that the complexes secreted from hepatoma cells have an
abnormal composition and in spite of an apparently correct maturation of bikunin, the
processing of the heavy chains is nevertheless aberrant [126-130]. Therefore, in addition
to the experiments with hepatocytes, most knowledge about the biosynthetic fates of IαI
proteins comes from studies on cell lines transfected with expression vectors for each
component separately or in combinations.

Proteolytic processing and glycosylation of bikunin precursor
The bikunin precursor constitutes a unique example of two unrelated proteins encoded in
one gene and synthesized as one polypeptide from a single mRNA species [87]. α1-
microglobulin, which occupies the N-terminal part of the precursor, is separated from
bikunin by a basic tetrapeptide Arg-X-Arg-Arg, a typical recognition site for subtilisin-
like proprotein convertases. However, the enzyme that processes bikunin precursor in
vivo has not yet been identified. Furin-deficient cell lines can process the precursor,
although the cleavage is more efficient in cells expressing recombinant furin [131]. The
cleavage takes place late in the secretory pathway, probably in the trans-Golgi network
(TGN) or in secretory vesicles [132, 133].

The chondroitin sulfate chain of bikunin is synthesized on the serine residue Ser10 in
the N-terminal extension. Bikunin was found to be the best of several tested substrates for
xylosyltransferase (the enzyme initiating GAG synthesis on a protein core). The whole
protein was a better acceptor than an isolated peptide, suggesting that other parts of the
bikunin molecule also play a role in GAG attachment [19].

Proteolytic processing of heavy chain precursors
In addition to a signal sequence, heavy chain precursors also contain N- and C-terminal
extensions, which are removed before the proteins are secreted. The role of the short N-
terminal propeptides, present in H2 and H3, is not known [93]. Their cleavage sites are
located next to dibasic sequences likely to be recognized by the proprotein convertases.
The cleavage however, takes place in the endoplasmic reticulum [126, 134], whereas the
convertases are active in the TGN and/or the secretory vesicles.

The C-terminal extension (CTX) is present in all three heavy chains and has a
molecular mass of about 30 kDa [135, 136]. It is cleaved between an Asp and a Pro
residue in the consensus sequence Val-Asp/Glu-X-Asp-Pro-His-Phe-Ile-Ile where X is
Thr, Gly or Asn [93]. So far, no enzyme has been identified that specifically recognizes
such a sequence. Truncation and amino acid substitution experiments have indicated that
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the integrity of the C-terminal extension of the H3 is crucial for its release [134, 137].
The cleavage of the CTX of H3 expressed in COS cells occurs with about 50%
efficiency, but can be induced by acidic pH and seems to be autocatalytic [137]. In the
case of two other heavy chain C-terminal extensions, however, the processing might be
dependent on the presence of bikunin [138]. These observations were made in a
recombinant expression system, and it is possible that processing of the CTX in
hepatocytes might be effected in another way. Indeed, a protein that is immunoreactive
with IαI antibodies was detected in the plasma of bikunin-null mice, its apparent
molecular mass indicating that it might be a heavy chain precursor [139]. Thus, it seems
that in hepatocytes, the processing of the heavy chains requires the presence of bikunin.

H3 precursor Bikunin precursor

Chondroitin
sulfate

CTX

1-microglobulin

Pre- -inhibitor

ER

Golgi
complex

Secretory
vesicles

Figure 4. Intracellular assembly of pre-α-inhibitor. Bikunin and heavy chain (H3) are
synthesized as precursors containing N-and C-terminal extensions (white rectangles),
respectively. The N-terminal part of bikunin precursor is α1-microglobulin. In the Golgi
complex this precursor acquires a chodroitin sulfate chain (CS), and the C-terminal
propeptide of H3 (CTX) is cleaved off. The newly formed C-terminus of H3 becomes linked
to the bikunin precursor through the CS and finally, α1-microglobulin is released by a
proteolytic cleavage just before the secretion of the protein.
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Coupling of heavy chains to bikunin
In PαI [110], IαIL [125] and IαI [122] the heavy chains are linked to the chondroitin
sulfate chain of bikunin through their C-terminal aspartic acid α-carboxyl group. The link
(PGP link) can therefore be formed only after the α-carboxyl group of the Asp residue
becomes available, which requires prior cleavage of the CTX. In COS cells the coupling
of H3 cannot occur when the CTX has been removed from the precursor by cDNA
engineering or even when the CTX is co-expressed with bikunin and a mature part of H3
as a free polypeptide [134]. It is therefore possible that CTX cleavage and coupling are
linked. Most of the tested mutations of the CTX, in addition to preventing its cleavage,
also exclude coupling. The PGP link is formed in the trans-Golgi [140] or trans-Golgi
network [127] before α 1-microglobulin is released from the bikunin precursor. The
assembly of PαI is depicted in Figure 4.

Remarkably, for a propeptide as large and evolutionary conserved as CTX, no
specific function has so far been identified. The CTX has not been detected as a free
polypeptide in hepatocytes or their secretions [126], where all the heavy chains produced
appear to be linked to bikunin. However, the processed fraction of H3 expressed alone in
COS cells retains the CTX attached non-covalently to the mature part of protein [134].
This suggests that CTX conveys the activity responsible for linkage of heavy chains to
chondroitin sulfate. The CTX of H1-3 contains regions similar in sequence to a
multicopper oxidase domain and a putative nucleotide binding site [93], but whether
these regions play any role in the processing of the CTX or the coupling reaction is not
known.

In hepatocytes the processing of the heavy chain precursors and their coupling seems
to be complete, so no free precursor or mature heavy chains are secreted [126]. On the
other hand, about half of the bikunin produced is secreted in free form [126, 140].

Body distribution

Expression patterns in healthy organisms
Early attempts to identify the sites of synthesis of the IαI protein family through Northern
blotting indicated the liver as the major site of expression of all the polypeptides [88, 93,
141]. This observation is in agreement with the presence of liver-specific regulatory
elements within the gene coding for the bikunin precursor [142]. The transcription is
controlled by a weak promoter with ubiquitous activity and a strong enhancer positioned
almost 3 kb upstream from the transcription start and containing a cluster of 9 binding
sites for hepatocyte-enriched nuclear factors: HNF-1, 3 and 4 [143, 144]. Similarly, the
tissue specificity of H1 gene transcription might be due to the presence of binding sites
for the hepatocyte nuclear factor HNF-5 [145]. All four genes are likely to contain similar
regulatory elements, since a mutant mouse strain (albino) deficient in some liver-specific
transcription factors exhibits weak expression of all of them [146]. However, as shown
by transient transfection studies in different cell lines, the activity of the H3 gene
promoter is not liver-restricted [147]. Using a microarray analysis, the H3 gene
expression in a neuroepithelial cell line has been found to be regulated by sonic hedgehog
(Shh) - a secreted signaling protein implicated in development and in the pathogenesis of
cancer and congenital diseases [148]
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In addition to the liver, transcripts of H1-3 and bikunin have been detected in other
organs, albeit at much lower levels. The results of these studies are summarized in table
2.

Bikunin H1 H2 H3

Kidney + (rodent1, 2, man2, 3) + (rodent5) + (man3)

Testes + (rodent1, 2, man2, 3) + (man3) + (rodent5)

Heart + (man2, 3) + (man3)

Pancreas + (man2, 3) + (man3)

Adrenal gland + (rodent4) + (man3) + (man3)

Stomach + (rodent5) + (rodent5) + (rodent5)

Intestine + (rodent5) + (rodent5)

Lung + (man2, 3, 6) + (man2, 3, 6) + (man2, 3, 6) + (man2, 3, 6)

Uterus + (man3)

Peripheral leukocytes + (man3)

Brain + (rodent1, 5, 7, 8) + (man3) + (rodent1, 5, 7, 8)

Table 2 Transcription of the IαI family mRNAs in different tissues. The species in which
transcripts were detected are indicated in parentheses. The numbers indicate the references, as
follows: 1[141], 2[149], 3[150], 4[151], 5[152], 6[153], 7[146], 8[93]

Interestingly, the expression map of bikunin precursor in the brain does not overlap
with the pattern for heavy chains. The expression of the H3 mRNA has been more
precisely located to the hypothalamus, amygdala, pontine area, optic tectum, and
cerebellum [152]. Bikunin transcripts were undetectable by RT-PCR in these locations,
but were present in hippocampus, cerebral cortex and pituitary [151]. The same authors
identified neurons as the cell type expressing bikunin mRNA in primary cultures isolated
from the cerebral cortex and meninges of newborn rats.

In body fluids and secretions in health and disease
The total concentration of bikunin in human and rat plasma is 4-7 µM (0.1-0.17 mg/ml),
of which 2-10% is in free form [113]. In man the concentration of PαI is about a third of
that of IαI [154], whereas PαI is more abundant than IαI in rodent plasma [113]. In urine,
the average bikunin concentration is 0.03-0.05 µM (0.75-1.25 µg/ml), whereas the level
of complexed bikunin is negligible [112]. IαI immunoreactivity was also detected in
bronchial mucus [155, 156] and seminal plasma [157], where fragments of bikunin were
present [158]. The bikunin levels in rat lymph and bile are 18% and 0.1%, respectively,
of that of the plasma concentration, and that of free form, 5% and 30%, respectively
[113].
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The level of urinary bikunin may be increased up to severalfold in various
pathological conditions, such as inflammatory diseases [159], bacterial infections [159],
tumors [159, 160], rheumatoid arthritis (10-fold increase) [161], lung emphysema [162],
after surgery (15-fold increase) [163] and psoriasis [164]. A seven-fold increase in
urinary bikunin level was observed in pregnancy [165] and based on studies with
pregnant rats, was attributed to decreased tubular reabsorption in the kidneys [166].

Bikunin has long been assumed to be a positive acute phase protein, because its level
in plasma seemed to increase in inflammatory conditions [159, 167, 168] whereas that of
IαI decreased [159]. It was later shown, however, that the expression of bikunin, as well
as that of H2 is actually down-regulated in these conditions [152, 169]. The concomitant
up-regulation of H3 transcription leads to a change in the proportions of free bikunin and
its complexes in the plasma: the free bikunin and IαI levels decrease, whereas that of PαI
increases. No change was observed in H1 transcription. Accordingly, an increased
concentration of PαI was observed in the sera of patients with inflammatory diseases
[170]. The earlier results may be explained by the fact that before PαI had been
identified, it was probably measured as free bikunin [152]. Similar changes at the
transcriptional level were observed in cultured human hepatoma cell lines Hep3B and
HepG2 (in this cell line an up-regulation of H1 expression was also observed) [169, 171]
after stimulation with the pro-inflammatory cytokines IL-1 and IL-6. No significant
change in bikunin mRNA level was observed in guinea pig liver during inflammation
[172] or in parasite-infected mice with severe mastocytosis (except 8 days post-infection)
[89]

Distribution in other locations in the body
The distribution of IαI and related proteins in the body has been extensively studied
using immunohistochemical methods through the use of antibodies directed against
different components of the family. Bikunin was detected in human lung
bronchoepithelial mucous cells [153, 173] in which staining for the heavy chains of IαI
was also observed [174]. In the gastrointestinal tract bikunin was detected in the lamina
propria of the stomach and colon [173], along the surface of pancreatic acinar cells [149]
and in liver Kupffer cells [175]. Kupffer cells were also stained positively for IαI heavy
chains [174]. IαI staining was detected in the mucosa of the colon (enterocytes and
lamina propria), in the gall bladder and as a granular pattern on the hepatocyte surface
[156]. Heavy chains were specifically detected in epithelial cells of the intestine [174].

Bikunin protein was also detected in kidney [175] and was more specifically located
to the distal tubules in the mouse kidney [176]. IαI immunoreactivity found in the
proximal convoluted tubuli of human kidney [156, 173] has been interpreted to indicate
sites of reabsorbed protein [177]. However, since H3 and bikunin mRNA were detected
in cultured renal proximal epithelial cells [178], these proteins might have been produced
locally. Other immunohistochemical studies have shown that the heavy chains of IαI are
found in the same location [174].

Immunodetection with bikunin antiserum was observed in human skin [179] on the
cell boundary in basal and spinous cell layers [180], and with IαI antiserum in epidermal
and dermal layers [156]. IαI heavy chains were immunolocalized in epidermal
keratinocytes and skeletal muscle [174].
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Bikunin was present in the connective tissue of the oviduct and in zona pellucida of
the oocyte [181], in placenta, amnion and umbilical cord [182]. Additional locations of
IαI immunostaining were found in the basal layer of seminiferous tubules in the testes
[156], in human [174] and pig [183] endometrium and in human placenta [184]. The
heavy chains were detected in the cells surrounding mature follicles and around the
cumulus cells at the ovulatory stage [174].

In mouse brain [185] bikunin was immunolocalized in the cerebral cortex,
hippocampus, hypothalamus, mesencephalon, corpus striatum, medulla oblongata and
cerebellum. At the cellular level, bikunin was present in glial cells of the cerebrum [173].
With IαI antibodies, the staining was observed in neurons and glial cells of the
cerebellum and more weakly in the cerebrum [156]. Heavy chain-specific staining was
found in nerve fibers and astrocytes [174].

Bikunin immunostaining was also present in human and rat mast cells from
subcutaneous connective tissue [179, 186], lung [153] and other locations [177, 181] but
the mRNA was not detected with RT-PCR in cultured human mast cells [179].
Additionally, H1 was detected in lung mast cells, while H2, H3 and bikunin were
detected in granulocytes [153].

In pathologically changed tissues
In human malignant tumors, bikunin immunoreactivity was observed in the stroma and in
the connective tissues around the tumor invasion sites, whereas no immunoreactivity was
detected in the malignant cells themselves [173]. On the other hand, highly differentiated
cancerous cells in human lung adenocarcinoma and squamous cell carcinoma displayed
strong intracytoplasmic staining with H1 and bikunin antiserum [153]. No H3-related
protein could be detected in these cancer cells.

Increased levels of bikunin and its free second domain were observed in ascitic fluid
from ovarian carcinoma patients and no mRNA for bikunin could be detected in the
carcinoma tissues or cell lines [187]. Bikunin immunoreactivity was found around the
cells of brain metastatic tumors, in the cytoplasm of interstitial cells, reactive astrocytes
and macrophages and on the glial processes, while no staining of the neuronal cells was
observed [188]. Certain tumor cell lines of non-hepatic origin were shown to secrete
bikunin [189].

Bikunin also seems to be associated with other pathologies of the brain. Strong
immunostaining for bikunin was detected in senile plaques and in reactive astrocytes in
the areas of loss of neurons in the brains of patients with Alzheimer type dementia [190].
Further, the cerebrospinal fluid of dementia patients was shown to contain significantly
less bikunin than that of a control group [191]

Mechanical lesioning of the cerebral cortex or hippocampus in mouse induced a rapid
and intense appearance of bikunin immunoreactivity in the neuronal cells of injured sites
[185]. Conditioned fear-stress induction caused a reversible increase in the level of a
bikunin-like immunoreactive substance in the hippocampus.

An increased number of bikunin-laden mast cells was observed in the follicular
eruptions and chronic skin lesions in atopic dermatitis [192].

Changes in transcription and protein patterns during development
The liver-specific transcription of H1-3 and bikunin genes increases during the course of
fetal development and peaks at the perinatal stage in both mouse [146] and pig [193]. All
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four genes follow the same pattern of temporary change [146]. In addition to the liver,
strong expression of the bikunin precursor mRNA was observed in pancreas, intestinal
epithelium and more weakly in the vessels of the umbilical cord, kidney and vertebral
bodies. The protein was detected in these locations and in cardiac muscle, nervous system
microvasculature, connective tissue, brain mesenchyme and meninges by
immunostaining [194].

Functions of bikunin and its complexes

Protease inhibition
Kunitz-type protease inhibitors non-covalently interact with the enzyme according to a
classical “lock and key” mechanism. The reactive site loop of the inhibitor resembles the
protease substrate and competitively blocks the activity of the enzyme by binding to its
active site [195]. Human bikunin has been shown to inhibit several different serine
proteases: trypsin and chymotrypsin from different species [196, 197], human
granulocyte elastase [198], cathepsin G [199], plasmin [200] and acrosin [201]. The
reported dissociation constant values are in the range 10-6-10-10 M, with those for bovine
and porcine trypsin being the lowest [197, 202]. In addition to the serine proteases,
bikunin was shown to inhibit, both in vivo and in vitro, cathepsin B and H, lysosomal
thiol proteases involved in the activation of digestive enzymes in pancreatitis [203].

The inhibitory activity of bikunin against human granulocytic elastase depends in part
on the presence of chondroitin sulfate [199], which is in agreement with the reported
antielastase activity of free chondroitin sulfate [204]. On the contrary, chondroitinase
treatment enhances the antiplasmin activity of bikunin [199].

The inhibition specificities of the two Kunitz domains of bikunin are different and
seem to depend on the amino acid substitution in the position of the reactive loop that is
primarily involved in the interaction with the protease. The arginine residue (Arg92 in the
human protein) in this position of the C-terminal domain (domain II) is conserved among
mammals, whereas more variability exists in the N-terminal domain (domain I). As
shown through selective chemical modifications of these residues in human inhibitor, the
C-terminal domain is responsible for the inhibition of all proteases against which the
intact molecule is effective, whereas the N-terminal domain accounts for part of the total
activity against cathepsin G and elastase [205]. The manner in which the amino acid
substitution affects the specificity of the inhibitor can be illustrated by comparison of the
human and bovine inhibitors. Leucine, in the critical position in domain I of bovine
bikunin conveys a high inhibitory activity against bovine pancreatic elastase, whereas the
human inhibitor, which contains methionine at this position, is completely inert [198,
202]. Additionally, chymotrypsin inhibition, for which the C-terminal domain is
responsible in the human inhibitor, is effected in its bovine counterpart by the N-terminal
domain [202].

Structural studies indicate that the N-terminal domain is freely accessible to proteases,
while the interaction with the second domain may be sterically hindered by domain I,
especially in the case of large enzymes [98]. This result agrees with the earlier
observation that free domain II, whether recombinant or obtained by limited proteolysis,
inhibits coagulation factor Xa and plasma kallikrein 20- and 7-fold more efficiently,
respectively, than the intact inhibitor [206].
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A low molecular weight serine protease inhibitor, trypstatin, was isolated from rat
peritoneal mast cells [207] and later shown to be identical to the C-terminal Kunitz
domain of bikunin [208]. Bikunin immunoreactivity was also colocalized with that of
tryptase in human dermal mast cells [192]. This bikunin fragment seems to be taken up
from the plasma, because no mRNA for bikunin was detected either in rat [208] or human
mast cells [179]. Trypstatin from rat can inhibit rat tryptase and chymase, the two mast
cell granule-specific proteases [207]. However, neither human bikunin nor its isolated C-
terminal domain has this property against the human counterparts of these enzymes
[209].

Bikunin has been shown to inhibit a number of proteases in vitro. However, none of
them seem to be its physiological target, in part because plasma contains other inhibitors
that bind these proteases more avidly than bikunin [197]. Although complexes of purified
urinary bikunin with human leukocyte elastase or human trypsin were stable for up to 24
h [210, 211], they dissociated rapidly upon addition of human serum or purified α1-
proteinase inhibitor [210]. Subsequently, the proteases were found associated with α1-
proteinase inhibitor or α2-macroglobulin [210]. Similar observations were made in vivo,
with IαI, leukocyte elastase and plasmin [212]. A potential physiological importance can
be attributed to the inhibition of a T- and natural killer cells serine protease, granzyme K.
Granzymes are implicated in the cytotoxic defense reactions of these cells. Bikunin and
IαI have been shown to inhibit granzyme K with a dissociation constants about 50 nM
and to be the only relevant inhibitors of this enzyme in plasma [213].

The inhibitory properties of IαI seem to be identical to those of bikunin [197, 202,
214]. IαI is also proteolytically cleaved by the proteases that it inhibits [211]. This
cleavage occurs in the heavy chains, or in the terminal extensions of bikunin and as a
result bikunin or its fragment with preserved inhibitory activity is released [214, 215].
Furthermore, the inhibition parameters are affected by the interaction of IαI with the
TSG-6 protein. TSG-6 is a product of the TNF-α  stimulated gene 6 and is secreted by
fibroblasts, chondrocytes and peripheral blood mononuclear cells upon stimulation with
inflammatory cytokines. It has been shown to form a stable complex with IαI, and to
enhance its anti-plasmin activity [216]

Inhibition of tumor invasion and metastasis
The activity of the cell surface-associated plasmin/plasminogen activation system is one
of the factors contributing to the invasiveness and metastatic potential of tumor cells
[217]. Bikunin has been shown to inhibit the cell-bound plasmin activity of tumors, while
physiologically relevant plasmin inhibitors, α2-antiplasmin and α2-macroglobulin were
not effective [218]. Bikunin also seems to reduce the invasive potential of tumor cells in
vivo [218] and in vitro [219]. A peptide containing the inhibitory site from the second
Kunitz domain of bikunin was shown to confer this activity [220]. Based on these
observations, the inhibition of tumor cell-bound plasmin has been proposed as an anti-
invasive mechanism mediated by bikunin. However, plasmin inhibition by bikunin seems
to depend on the substrate tested – no inhibition was observed with a natural plasmin
substrate, fibrin [200].

Cancer cell motility correlates with the increased expression of urokinase-type
plasmin activator (uPA) and its receptor (uPAR) on cell surfaces [221]. Bikunin has been
implicated in the suppression of TNF-stimulated uPA and uPAR production in
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promyeloid leukemia cells (and also in endothelial cells) [222], as well as of PMA-
stimulated uPA [223, 224] and uPAR expression [225] in human chondrosarcoma and
ovarian cancer cells. A requirement for the presence of bikunin in the tissue culture
medium was demonstrated, since blocking secretion of the protein in cells stably
transfected with bikunin abolished the effect [225]. Treatment with bikunin could also
down-regulate the constitutive expression of TGFβ, which is a major apo- and paracrine
growth regulator secreted by cancer cells, and which can stimulate production of uPA
[226]. The increase of intracellular calcium concentration induced by TGFβ  and
subsequent phosphorylation of Src and ERK could also be suppressed by bikunin. The
IC50 for these effects was 0.1 µM [226], which is close to the physiological level of free
bikunin in the plasma of a healthy person. In an in vivo model, ovarian carcinoma cells
stably expressing bikunin disseminated significantly less upon injection and caused less
mortality than control cancer cells [224]. Similar results were obtained upon injection of
human lung carcinoma cells stably expressing bikunin to athymic nude mice [227].
Additionally, H1 and H3 also seemed to decrease metastasis in vivo and to enhance cell
attachment in an in vitro assay [227].

These effects of bikunin apparently result from interference with a receptor-effector
interaction upstream of the protein kinase C-dependent pathway [228] that leads to the
suppression of the phosphorylation of proteins involved in the MEK1/ERK2 and c-Jun
signaling cascades [223]. A possible mechanism for this process is the prevention of
clustering of certain variants of CD44 expressed by cancer cells by interaction with
bikunin/bikunin receptor complex [229]. Bikunin has also been suggested to act on non-
voltage sensitive calcium channels [226].

Growth factor
Bikunin isolated from the medium of a hepatoma cell line [230, 231] and of certain tumor
cell lines of non-hepatic origin [189] has been identified as a factor supporting growth of
endothelial cells (from human umbilical cord vein, HUVEC) in serum-free conditions.
This property seems to be physiologically relevant, since the half-maximal effect could
be observed at the concentration of 5-9 nM [231] that corresponds to about 10% of the
plasma level of free bikunin. Bikunin also proved, at higher concentrations (10-100 nM)
to be mitogenic for human fibroblasts [232] although cell proliferation was inhibited by
0.1-10 µM bikunin. This biphasic effect was explained by the existence of two different
receptors on the cells, one of high affinity, later identified as a protein of 250 kDa, and
the second of low affinity and molecular mass of 50 kDa [233]. Binding of bikunin at
mitogenic concentrations seemed to induce intracellular calcium mobilization [233]. A
negative effect of bikunin on cellular growth (50% inhibition at 3 nM bikunin) was also
observed in vitro in the case of a Burkitt’s lymphoma cell line that synthetized IL-1 as an
autocrine growth factor [234]. Additionally, bikunin was found to increase the number of
colony forming units of mouse myelocytes in culture, suggesting that it might promote
hematopoiesis [235].

Regulation of cytokine and growth factor synthesis
Bikunin seems to modulate the synthesis of pro-inflammatory cytokines and the function
of immune cells. It has been shown to inhibit the release of reactive oxygen species [215,
236], production of granulocyte-elastase and suppressed lipopolisaccharide (LPS)-
formylmethionyl-leucyl-phenylalanine (fMLP)- and IL-8 stimulated expression of
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prostaglandin H2 synthase in neutrophils [237-239]. A reduction of IL-8 production in
vascular endothelial cells by bikunin was also reported [237, 238] as well as that of IL-8
expression and protein secretion induced in vitro by neutrophil elastase in bronchial
epithelial cells [240]. The inhibitory effect of bikunin on the production of prostaglandin
synthase in neutrophils was also observed in vivo, during the acute phase of Kawasaki
disease, an inflammatory disease that causes panvasculitis [241]

Furthermore, when monocytes from different species were stimulated with LPS or
phorbol esters, bikunin inhibited the production of TNFα, IL-1 and thromboxane B2 [215,
242, 243]

The endothelial damage associated with different acute inflammatory conditions
contributes substantially to organ injury and dysfunction [244]. Owing to its effects on
the production of pro-inflammatory mediators and on the activation of neutrophils and
monocytes, bikunin has been proposed to protect endothelial cells from neutrophil-
mediated injury [245]. Accordingly, in septic shock induced by E.coli in dogs, bikunin
markedly ameliorated the clinical symptoms and increased survival [246]. Similar effects
were observed with IαI and PαI [247]. Bikunin also reduced postischemic brain edema in
experimental focal brain ischemia in cats [248] and had a protective effect on the liver
after experimental ischemia-reperfusion in rats [239]. In Japan, bikunin purified from
human urine is used in the treatment of acute circulatory insufficiency associated with
sepsis, hemorrhage, trauma and burns.

Activation of inflammatory cells has been implicated in the pathogenesis of arthritis.
In addition to the inhibitory effects on cytokine synthesis and oxidative burst, bikunin has
been found to reduce the degradation of cartilage extracellular matrix by modulating
proteoglycan synthesis [236] and release [249], as well as by regulating proteolytic
activity. Bikunin suppressed IL-1 and plasminogen-induced activation of matrix
metalloproteinases [249] possibly by plasmin inhibition, but also through the suppression
of uPA [250]. The latter effect might be analogous to that observed in tumor cells as
described above. On the basis of these observations, the efficacy of intra-articular
injection of bikunin in the treatment of patients with rheumatoid arthritis was tested and
was found to have positive effects [250].

The potential involvement of bikunin in allergic reactions is indicated by its ability to
reduce IgE-mediated release of preformed (histamine) and newly synthesized
(leukotriene) mediators from peritoneal mast cells [251]. Cells stimulated with phorbol
ester or calcium ionophore were not sensitive, indicating a distinct activation pathway.

The molecular mechanism of these actions of bikunin has been associated with the
inhibition of intracellular calcium mobilization caused by a region corresponding to the
trypsin inhibitory region in the C-terminal domain [252]. Alternatively bikunin may
function by chelating calcium ions via its chondroitin sulfate [253]. The effect of bikunin
on the production of TNFα by LPS-stimulated monocytes did not involve a change in
TNFα gene expression [254]. Since the precursor of this factor is a transmembrane
protein and active TNFα is released by proteolytic shedding, it is likely that bikunin
affects the activity of the respective secretase (TACE or ADAM17), although this
mechanism is unclear. It has also been suggested that bikunin may influence the signaling
pathways at the level of receptor-effector coupling by decreasing the fluidity of the cell
membrane [251]. Such effects on the membrane fluidity were observed in the context of
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signaling in mast cells, as well as in renal lysosomal membranes [255] and in
erythrocytes [239].

Bikunin in pregnancy
Possible regulatory properties have been suggested for bikunin in relation to pregnancy.
An increased level of bikunin is present in neonatal urine and amniotic fluid [182] and
has been shown to decrease at term [256]. An even larger increase, accompanied by a
higher bikunin level in maternal and fetal sera, was also observed in association with
certain pregnancy abnormalities [257]. Positive effects of bikunin treatment were
observed in patients with a premature labor risk associated with certain abnormalites of
the fetal membrane [258].

These observations may reflect the ability of bikunin to exert a protective effect on
amniotic cells. The pro-inflammatory cytokines, IL-1 and TNFβ induce the increase of
intracellular calcium in amniotic cells and synergize in the stimulation of the PGE2

production by the amnion at the onset of parturition. Bikunin has been shown to suppress
these effects [182]. Similarly, the synthesis of prostaglandins induced by hyaluronan
fragments (35 kDa) in amniotic cells isolated from human term fetal membranes was
inhibited by bikunin with the half-maximal effect at micromolar concentrations [259].

Preincubation with bikunin completely abolished uterine smooth muscle cell
contraction induced with oxytocine, prostaglandin F2 and LPS; this effect coincided with
the inhibition of intracellular Ca2+ influx [260]. In a rabbit model, bikunin also inhibited
cervical ripening induced by IL-8 [261].

The level of granulocytic elastase in amniotic fluid increases at full term pregnancy
and it is possible that this enzyme contributes to the rupture of the amniotic membrane by
promoting degradation of collagen, and that bikunin might control this activity [262].
Taken together, it seems that by its effects on uterine contractility, elastase activity and
the action of cytokines, bikunin may maintain the uterus in a state of quiescence during
pregnancy [256]. Therefore, a decrease of the bikunin level in the amniotic fluid is likely
to play a role in regulating the onset of parturition.

Interestingly, the inhibition of contraction by bikunin was also observed for vascular
smooth muscle cells stimulated with noradrenaline or endothelin-1 and was apparently
mediated by the suppression of intracellular calcium mobilization [263]

Inhibition of renal stone formation
Normal urine is supersaturated with respect to calcium and oxalate and contains factors
that prevent precipitation of solid oxalate salts. A proteoglycan showing structural
similarity to bikunin was isolated from urine and shown to efficiently inhibit calcium
oxalate (CaOx) crystallization and aggregation in vitro [264, 265]. Since removal of
chondroitin sulfate from bikunin did not have a major effect on these properties [265,
266], the mechanism is not due to the calcium chelating properties of this
glycosaminoglycan. However, according to other authors, both plasma or urinary
bikunin, as well as IαI, or isolated H1 and H2 at physiological concentrations, weakly
inhibit CaOx crystallization in vitro [267]. Thus, this property of bikunin remains
controversial, although some association of the IαI family of proteins with kidney stone
disease seems to exist, as suggested by the following observations. The mRNAs of H3
and bikunin were detected in cultured renal proximal epithelial cells [178] and that of
bikunin was apparently up-regulated in response to oxalate exposure [268] and in the



30

kidneys of rats with experimentally induced urolithiasis [269]. The level of bikunin in the
urine of stone forming patients however was decreased [270]. The analysis of the organic
extracts of the renal stones identified the presence of H1 and H2 in 9 out of 10 stones
whereas bikunin was found in one only [271].

In addition to crystal formation, the pathogenesis of renal stone disease includes the
retention of crystals in the kidneys, caused by their adherence to the tubular epithelium
[272]. Bikunin has been shown to inhibit adhesion of CaOx crystals to cultured renal
tubular cells [273]. Furthermore, it may protect these cells from the nephrotoxic effects of
oxalate by stabilizing the renal lysosomal membranes [255]

IαI in ECM – interaction with hyaluronan

Since the observation that IαI is bound to hyaluronan in the synovial fluid of patients
with rheumatoid arthritis but not in that of healthy persons [274], appreciation of the
importance of IαI interactions with extracellular matrix has increased. The heavy chains
linked covalently to hyaluronan were isolated from cultured mouse dermal fibroblasts
[275], synovial fluid [276] and sera of rheumatoid arthritis patients [277], as well as from
the hyaluronan-rich cumulus oocyte (COC) matrix [278]. IαI has been identified as the
serum factor stabilizing and supporting the formation of hyaluronan-rich matrices of the
COC [279, 280], fibroblasts and mesothelial cells [64, 275]. Interestingly, the heavy
chains are the only proteins identified to date that can covalently bind hyaluronan.

Oocyte maturation
In the preovulatory stage the mammalian oocyte is surrounded by a mucoelastic structure
that consists of cumulus cells and a hyaluronan-rich extracellular matrix. This complex
expands its volume several-fold upon the ovulatory stimulus. The underlying mechanism
is associated with increased synthesis of hyaluronan by hyaluronan synthase 2 (HAS2)
specifically up-regulated in the cumulus cells by the gonadotropin stimulation. The
expansion of the COC is essential for the maturation of the oocyte, its detachment from
the follicular wall, capture by the oviduct and for successful fertilization. It is possible to
achieve the expansion of this structure by COCs cultured in vitro in the presence of
serum, and IαI has been identified as the essential serum factor [280]. However, in spite
of the same morphological characteristics, the complexes expanded in vivo are more
elastic and resistant to shear stress [278]. The difference seems to be due to differences in
the interaction between IαI and hyaluronan. In COCs expanded in vitro the binding is
based on stereospecific charge interactions mediated by stretches of positively charged
residues in the heavy chains [281]. In vivo, on the other hand, the attachment of the heavy
chains to hyaluronan is covalent, mediated apparently by a factor released by follicular
granulosa cells [278].

IαI appears in the follicle only after the ovulatory stimulus and originates from blood
plasma [280]. Its appearance is associated with an increased permeability of follicular
wall blood vessels induced by the gonadotropin surge and probably mediated by nitric
oxide [282].

The interaction of IαI with HA in COC, as shown by its disruption following
intravenous injection with HA oligosaccharides in mice, is needed for proper COC
expansion, ovulation and maintenance of oocyte viability in the oviduct [283]. This
observation was confirmed by effects of targeted disruption of bikunin gene expression in
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mice [139, 284]. The lack of bikunin and therefore also of its complexed forms in the
plasma of homozygous animals led to impaired oocyte maturation and severe infertility,
which could be rescued by intravenous injection of purified Iα I [139]. Furthermore,
normally developed COCs were observed in the ovaries of bikunin-null mice after
transplantation to wild type animals [284].

Interaction with hyaluronan
The heavy chains are linked to hyaluronan through an ester bond similar to the PGP
linkage in PαI and IαI [276, 278]. Its formation has been proposed to occur through a
trans-esterification reaction, since it results in the release of bikunin [278]. Formation of
these complexes in vitro upon incubation of hyaluronan with serum of different species
was reported and found to be Ca2+-dependent [275]. Other authors postulate however that
the reaction requires other protein factors, which are present in the follicular fluid but not
in normal serum [285], one being TSG-6 protein [286]. The release of the heavy chains
from IαI seems to be the rate-limiting factor, since the reaction occurred slowly with
intact IαI, whereas the linkage of free heavy chains was immediate.

TSG-6

Inter- -inhibitor

Plasma
membrane

Hyaluronan
chains

Released
bikunin

Figure 5. Proposed mechanism for stabilization of hyaluronan-rich extracellular matrices by
inter-α-inhibitor (IαI). Some hyaluronan molecules are linked to cell surface receptors. The
heavy chains of IαI are transferred to hyaluronan and become covalently linked to an N-
acetylglucosamine residue. TSG-6 and probably an additional unidentified factor mediate this
transfer. Bikunin is released as a result of the reaction. TSG-6 becomes attached to the heavy
chains and can bind other hyaluronan molecules.

The stabilization of the hyaluronan-rich ECM by IαI seems to involve complex cross-
interactions with other hyaluronan-binding proteins. In two cases in which IαI-
hyaluronan interaction has been shown to occur in vivo – during ovulation and in arthritic
joints – the action of inflammatory cytokines induces production of protein TSG-6. The
ovulatory stimulus also induces the granulosa cells to produce the link protein (LP) [287],
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a component of normal cartilage that stabilizes high molecular weight proteoglycan-
hyaluronan complexes. TSG-6 and link protein are related and both contain link modules
mediating their binding to hyaluronan [288].

TSG-6 has been shown to form covalent complexes with IαI, apparently by binding to
chondroitin sulfate and displacing one of the heavy chains; this reaction occurs also in
vitro upon incubation of purified TSG-6 and IαI at 37°C [289]. In the COC matrix, TSG-
6 can occur either in free form or in ternary complexes with hyaluronan and IαI heavy
chains [290]. In the latter case, strength of the interaction suggests a possibility of
covalent crosslinking of the complex [290]. A proposed mechanism for the formation of
the complexes between IαI, TSG-6 and hyaluronan resulting in stabilization of
hyaluronan-rich extracellular matrix is shown in Fig. 5. Recently, a mouse knock-out of
TSG-6 was generated and the observed phenotype was similar to that of the bikunin-null
mouse [291].

In the follicular fluid, in addition to the complexes with hyaluronan and TSG-6, heavy
chains have been found attached to the chondroitin sulfate of versican, another
hyaluronan binding protein [292]. Macroaggregates composed of HA, IαI and cartilage
LP are present in gonadotropin-stimulated granulosa-lutein cell extracts [293] and the
expansion of isolated COCs in the presence of IαI was enhanced by LP [287].

Receptors for bikunin
Several tumor cell lines have been shown to have receptors for bikunin. At least three
apparently different binding proteins were described, with molecular masses of 40, 45
and 110 kDa [294, 295]. One of these (40 kDa) was identified as the cartilage link protein
[296, 297]. The region of bikunin that binds cellular receptors was located to the N-
terminal extension with chondroitin sulfate and the first Kunitz domain [298]. Binding to
the 45 kDa protein is chondroitin sulfate-dependent [295] and the complex has been
shown to interact with a CD44 isoform specifically expressed by chondrosarcoma cells.
This interaction suppresses CD44-mediated signaling, leading to the induction of uPA
expression [229].

Bikunin binding by other, non-transformed cells, has also been described. Vascular
smooth muscle cells bound bikunin but not IαI [260]. Fibroblasts are proposed to have
two receptors of different affinity for bikunin, a high affinity 250 kDa protein that
mediates the mitogenic effect, and a low affinity, 50 kDa protein suggested to be a
protease. Binding to the latter receptor seems to confer a growth inhibitory signal on the
fibroblasts [233].

Human uterine myometrial cells and fibroblasts also have two bikunin-binding
proteins on their surfaces. One is the link protein and the other, not yet identified, binds
bikunin in a Ca2+/Mg2+- and hyaluronan-dependent way [299, 300]. The latter protein
also seems to be responsible for the internalization of bikunin by these cells. Although
binding is mediated by the N-terminal part of bikunin, only the C-terminal domain could
be detected in the cells [299].

Plasma clearance of bikunin
Intravenously injected radiolabeled bikunin has been shown to be cleared from the
bloodstream with a half-life ranging from 4 to 42 minutes [168, 301-303]. High
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molecular weight complexes of bikunin seem to be cleared more slowly – the reported
half-life for IαI was 0.5-1 hour [304].

The kidneys were identified as a major site of bikunin uptake [301-303], and this
result could be accounted for by glomerular filtration and tubular reabsorption [114].
During pregnancy, decreased reabsorption is the reason for increase of bikunin
concentration in urine [166]. The urine of pregnant women is therefore often used as a
source of the protein for laboratory investigations.

Interestingly, bikunin seems to be filtered more efficiently than one would expect
from its hydrodynamic size and negative net charge [114]. Although bikunin behaves like
a globular protein the size of albumin, the presence of the polysaccharide moiety endows
it with a rather elongated shape. Thus, under the flow conditions in the kidneys, bikunin
presumably passes through the glomerular pores with its long axis in the direction of the
liquid flow [305].

Renal dysfunction causes an accumulation of free bikunin in plasma [301, 306]. Since
the resulting levels are several-fold higher than normal, it has been proposed that the non-
renal uptake of bikunin is mediated by receptors, which are saturated under normal
conditions [301].

Aims of this thesis
First members of the IαI protein family have been isolated in 1955 [85], but their biology
is still enigmatic. The unique structure of these proteins is especially interesting. No other
protein complexes are known that are crosslinked through the polysaccharide-linkage
bond. Studies of the biosynthesis of this linkage are gaining additional importance in
view of the fact that this feature of the IαI family also seems to be crucial for the function
of these proteins in their interactions with the extracellular matrix. The recognition of the
protective character of the interaction of the heavy chains with hyaluronan in
inflammation-related processes calls for the identification of other possible ligands in the
extracellular matrix. Proteins of the IαI family occur predominantly in the plasma, but
their activity seems to be triggered by inflammatory stimuli and to be localized to the
ECM. Thus, studying their turnover in plasma and identifying the sites of uptake might
aid in resolving their role in the organism. In consideration of the above, the work
presented in this thesis was aimed at:

1. Elucidation of the mechanism of biosynthesis of Pα I, particularly the
identification of the elements of the H3 precursor required for its proteolytic
processing, and of the bikunin precursor, required for the assembly of the
complex;

2. Assessing the plasma half-life of bikunin and the influence of its chondroitin
sulfate chain;

3. Identification of the tissues involved in the uptake of bikunin through the use of
the protein labeled with a residualizing agent;

4. Measuring the interaction of IαI and its heavy chains with different collagens.
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Present investigations

Paper I: Intracellular coupling of the heavy chain of PαI to chondroitin sulfate

Bikunin and the heavy chain of PαI are synthesized as precursors that are proteolytically
processed and glycosylated during their secretory transport. Bikunin shares a common
polypeptide precursor with α1-microglobulin, a protein that belongs to the lipocalin
family. Before the release of α1-microglobulin, the precursor acquires a 7 kDa
chondroitin sulfate chain within the N-terminal region of bikunin. In PαI the heavy chain
(H3) becomes covalently linked to bikunin through an ester bond between the α-
carboxyl group of the C-terminal residue of the heavy chain and a hydroxyl group of an
N-acetyl glucosamine residue of the chondroitin sulfate chain of bikunin. H3 is
synthesized with a C-terminal extension (CTX), which has to be cleaved off before the
linkage with bikunin is formed. Previous studies in our laboratory have shown that pre-α-
inhibitor can be assembled in cultured COS-1 cells that have been co-transfected with rat
cDNA for bikunin and the H3 precursors. The coupling reaction seemed to be mediated
by CTX of the heavy chain.

In the present paper we studied the role of the part of the heavy chain precursor (pH3)
corresponding to the mature protein in the proteolytic processing of the precursor. To this
end, a set of fusion constructs was prepared, in which N-terminal segments of different
length from the precursor were replaced by cDNA for mouse albumin. We then assessed
the degree of cleavage of the CTX of the resulting chimeric proteins in COS-1 cells. We
found that a minimal segment of about 8 amino acid residues on the amino-terminal side
of the cleavage site is required for this reaction.

It has also been shown previously in our laboratory that several conserved amino acid
residues in the CTX cleavage site region are crucial for the cleavage process. In this
investigation we co-expressed cDNA for bikunin and the mutated H3 precursors and
assessed the degree of coupling of the secreted proteins. We found that mutation of His649

in the CTX, which affected cleavage only to a low degree, completely abolished
coupling.

We also assessed which parts of the bikunin precursor are important for coupling to
heavy chain 3. To test the role of the α1-microglobulin domain, we deleted the relevant
coding sequence from the precursor and co-expressed the remainder with cDNA for the
heavy chain precursor in COS-1 cells. We found that α1-microglobulin is not necessary
for bikunin to be coupled to the heavy chain. To test the hypothesis that coupling to the
heavy chain may be controlled by determinants in the polypeptide chain of bikunin, we
co-expressed cDNA for decorin with the heavy chain precursor in the same expression
system. Decorin is a small leucine-rich chondroitin sulfate proteoglycan that binds to
collagen and is ubiquitously distributed in the interstitial extracellular matrix. To our
surprise, we found that decorin became coupled to the heavy chain. We therefore decided
to check whether the heavy chain can become coupled to free chondroitin sulfate chains.
In normal cells all chondroitin sulfate becomes attached to a polypeptide core and
secreted as a proteoglycan. The synthesis of free chondroitin sulfate may be induced by
the incubation of the cells with the synthetic derivative of xylose, p-nitrophenyl-β-D-
xylopyranoside (pNPXP). After treatment with this compound of the COS-1 cells
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expressing the heavy chain precursor, we found that the heavy chain became linked to
free chondroitin sulfate chains.

This work brings an important contribution to unraveling the mechanism of
biosynthesis of the complexed forms of bikunin. It more precisely locates the parts
required for the proper processing of H3 to the CTX and the region closest to the
cleavage site. By the identification of the single amino acid residue principally involved
in coupling to CS, it also suggests that cleavage and coupling, although they seem to
occur concomitantly, might be separate processes. This and previous studies strongly
suggest that the CTX probably aids these two processes as a kind of molecular chaperone
and/or possesses the necessary intrinsic enzymatic activity itself. The finding that the
main determinants for coupling H3 to bikunin seem to be located in the heavy chain
precursor suggests the possibility that in vivo, other chondroitin sulfate-containing
proteins can become linked to the heavy chains. However, no such proteins have been
identified so far, suggesting the existence of an additional mechanism that selectively
promotes linkage of the heavy chains to bikunin. Alternatively, the expression patterns of
the possible candidates for making complexes with the heavy chains do not overlap with
their tissue-specific expression.

Paper II: Uptake sites and plasma half-life of free bikunin
To aid the elucidation of the function of bikunin, we studied the plasma clearance of 125I-
bikunin and the resulting tissue distribution. Earlier experiments from our laboratory
showed that the kidneys were a major site of uptake of the radiolabeled protein. However,
125I-bikunin injected into rats in these studies was rapidly degraded and the radioactive
degradation products redistributed throughout the body. In this study we have used
bikunin labeled with 125I-tyramine cellobiose for the determination of tissue distribution.
This tracer has been shown to remain in cells after uptake and lysosomal degradation of
the protein to which it was coupled. After intravenously injecting 125I-tyramine
cellobiose-bikunin into mice, we found that the kidneys accounted for about half of the
uptake and the liver for about 10%. Other tissues that had higher specific radioactivity
than expected from their blood content were the lungs, salivary glands, epididymal fat
and abdominal fat.

We also investigated the role of the chondroitin sulfate chain of bikunin in its
clearance. To this end, 125I-labelled bikunin that had been treated with chondroitinase was
injected into rats. The half-life was found to be essentially the same as that of the intact
protein, 5±1 minutes. Further, both forms of bikunin had similar rates of uptake in rats
with surgically ligated kidneys. Thus, removal of the chondroitin sulfate chain did not
result in increased renal filtration or decreased non-renal uptake. These results support
our earlier observation that the shape of the bikunin molecule is elongated because of the
chondroitin sulfate chain, and that under the flow conditions in the kidneys it rapidly
passes through the pores in the glomerulus along the extended axis of the molecule.

Intravenously injected 125I-bikunin has previously been shown to be cleared from the
bloodstream with a half-life ranging from 4 to 42 minutes. This variation might be due to
the heterogeneity of the chondroitin sulfate chain of bikunin and the use of different
methods for the isolation of the protein. Virtually all plasma bikunin is produced in the
liver. Based on this fact, we determined the blood plasma half-life of endogenous bikunin
by measuring the rate at which the plasma level of this protein decreases following
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hepatectomy. These data suggested a half-life of 7±2 minutes, essentially the same as that
obtained with the radioactively labeled protein.

Why bikunin should be so rapidly removed from plasma is enigmatic. Most bikunin
in plasma occurs in the form of high molecular weight complexes, pre- and inter-α-
inhibitor, both of which have half-lives at least ten times longer than free bikunin. At
sites of inflammation, bikunin seems to be released as a result of transfer of the heavy
chains to hyaluronan molecules or because of proteolytic cleavage of the heavy chain.
Possibly, free bikunin has an inflammation-related function and therefore, its normal
concentration in unaffected tissues should be low. In hepatocytes, there are less heavy
chains synthesized than bikunin, and all heavy chains secreted are linked to bikunin.
Thus, it may be so that the major role of bikunin in plasma is to act as a carrier of the
heavy chains.

Paper III: Inter-α-inhibitor binds to collagens I and IV

IαI has been shown to stabilize the extracellular matrix of various cells, apparently by
transferring the heavy chains to hyaluronan molecules. The physiological role of this
process, except for ovulation, is not known but it seems to be related to inflammation. In
this study we tested if IαI binds to selected protein components of the extracellular
matrix. Using a solid phase-binding assay we have found that IαI and its isolated heavy
chains bind to collagen types I and IV. The heavy chains bound to collagen IV with
affinity dissociation constants in the range 0.4–0.6 µM. The affinity of intact IαI was
weaker (KD>2 µM). The binding of the heavy chains was not affected by the presence of
free chondroitin sulfate. We suggest that the reason for the lower affinity of intact IαI for
collagen might be that the binding sites for collagen IV are not fully accessible in the
intact protein. Bikunin did not show any significant binding to collagen IV.

Based on sequence comparison, the heavy chains seem to contain a von Willebrand
factor A domain. This, as well as a similar structure present in integrins, the I-domain,
has been shown to mediate binding of these proteins to collagens. For integrins, divalent
metal ions are necessary for this interaction. The binding to collagen IV that we observed
for the heavy chains did not require metal ions, and addition of Mg2+, Mn2+ or Ca2+ did
not influence the affinity. IαI has been shown to bind Zn2+ ions, but the presence of this
ion did not affect binding either.

Fibroblasts and mesothelial cells have been shown in vitro to contain IαI heavy
chains in their hyaluronan-rich pericellular matrices. The production of large amount of
hyaluronan has been associated with a migratory and proliferative potential in various
cell types. Collagen IV is a basement membrane-specific protein and thus, the interaction
with Iα I may play a modulatory role in cell migration and in remodelling the
extracellular matrix.

To test the possibility that the heavy chains and IαI have a general affinity for the
triple-helical collagenous motif, we performed solid-phase binding assays on plates
coated with collagen I. This type of collagen is almost entirely formed by the triple
helical structure in contrast to collagen IV, which contains additional non-collagenous
domains. Neither IαI nor the heavy chains bound in the conditions in which binding to
collagen IV had been observed. In a buffer containing calcium phosphate however,
binding of both IαI and heavy chains occurred with KDs of between 30 and 60 nM. We
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tested if calcium phosphate was essential for binding to collagen I by performing the
binding step in Tris buffer with CaCl2 or in phosphate buffered saline without CaCl2. No
binding was observed under either condition.

Collagen I fibers have been shown to provide a template for the deposition of
hydroxyapatite during bone mineralization. Furthermore, IαI has been localized in the
hypertrophic zone of the growth plate in mouse limb. Together, these findings suggest
that calcium phosphate mediated binding of heavy chains and IαI to collagen that we
have observed may reflect a genuine physiological process.

Approach to generate bikunin-null mouse
In addition to protease inhibition, bikunin has been implicated in a variety of biological
processes, such as regulation of cell proliferation, cancer invasion and inhibition of
kidney stone formation. However, most of these studies were conducted in vitro and/or
the observed in vivo effects were relatively weak. To aid the identification of the
physiological function of bikunin, we decided to generate a mouse strain with inactivated
bikunin expression. The task was complicated by the fact that in its 5’ region, the bikunin
gene also codes for α1-microglobulin. Therefore, the strategy for the targeting had to be
suited to selectively inactivate bikunin and preserve the correct expression of α1-
microglobulin. The structure of the mouse bikunin/ α1-µ gene was described previously
[307] and was shown to contain 6 exons coding for α1-µ followed by 4 exons for bikunin.
The intron separating these two groups is larger than those between the remaining exons.
Exon 6 also codes for a tetrapeptide that separates α1-µ from bikunin in their common
polypeptide precursor. We decided to use the homologous recombination technique to
specifically delete the exons coding for bikunin, while preserving the native stop codon
and the 3’-untranslated region. The targeting strategy is summarized in Figure 6.

The genomic fragment containing the sequences coding for bikunin was obtained
from a commercial source (mouse embryonic stem cell genomic BAC clones, Genome
Systems, Inc., St. Louis, USA). A 12.5 kb HindIII fragment was subcloned and analyzed
by restriction mapping with selected enzymes and partial sequencing. To delete the 1.9
kb fragment containing bikunin-coding exons, the flanking sequences were first
amplified in two separate PCR runs, using a proofreading thermostable polymerase (Pfu).
A subcloned BamHI-SmaI fragment was used as a template. The primer extensions were
complementary to the short sequences flanking the designed deletion, so that the two
fragments could be joined in a third, combined PCR. The final product of this procedure
was cloned and sequenced to confirm that the modification was correct and that no
random mutations arose from the PCR. The presence of even a single basepair
substitution could adversely influence the frequency of the homologous recombination in
subsequent steps.
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Figure 6. Strategy for targeting bikunin gene. Top - structure of isolated genomic fragment
containing part of the bikunin/α1-µ gene. Exons 7-10 code for bikunin and exon 6 belongs to
the α1-µ part. Restriction sites are as follows: A, AvaI; B, BamHI; H, HindIII; S, SmaI; X,
XbaI. Bottom – targeting construct. Exons 8 and 9, as well as part of exon 7 and 10 were
deleted; as a result, the sequence from exon 7 coding for a peptide connecting bikunin and α1-
µ (the amino acid sequence underlined) was joined to the native stop codon from exon 10. A
neomycin resistance gene (Neo) was inserted in the XbaI site indicated by a circle. TK
denotes thymidine kinase gene. Crossed dotted lines indicate expected regions for
homologous recombination. Grey area indicates an additional homology region (600 bp)
between the deletion site and the neomycin gene. In our actual experiment this region might
have directed the recombination instead of the left homology arm.

The targeting construct was prepared by the insertion of the selection cassette –
neomycin resistance cDNA under the control of a mouse phosphoglycerate kinase gene
promoter into an XbaI site of the engineered fragment – and then assembled to
reconstruct the 5’ and 3’ arms from an AvaI to an XbaI site. The homologous arms were
2.7 kb long at the 5’-end and 5.6 kb at the 3’-end. Finally the thymidine kinase selection
cassette was inserted outside the whole insert. After linearization, this construct was
electroporated into ES cells and G-418-resistant clones were isolated. Genomic DNA
from these clones was digested with HindIII and screened for the correct modification by
Southern hybridization with the 0.8 kb genomic XbaI-HindIII fragment (XH probe)
corresponding to the sequence just outside the 3’ homology arm. Another tested probe
(HA probe), incorporating a 1.1 kb fragment flanking the 5’ homology arm, could not be
used, since it apparently contained repetitive sequences. The expected size of the
fragment detected with the XH probe was 12.5 kb for the wild type and 6 kb for the
mutant allele due to the introduction of an additional HindIII cleavage site present in the
neomycin selection cassette (shown in Figure 7). Of 503 clones screened, one positive
clone was identified. The calculated frequency of recombination was thus the equivalent
of 0.2%, which is low in comparison to the 5-10 % value usually reported for other genes
targeted in a similar way. However, during animal breeding we discovered that the
homologous recombination between the 5’ and 3’ flanking homology arms in this clone
had not occurred as expected. Instead, it was probably directed by the short 600bp
fragment located between the site of deletion and the site of insertion of the neomycin
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selection cassette, and the 3’ homology arm. As a result the Neo resistance cassette, but
not the modification, was inserted into its correct destination in the genomic DNA.

Why the recombination occurred in this way is not clear. It is possible that increased
frequency of recombination is an intrinsic, and undesired property of the 600bp fragment
downstream of the modification site. This suspicion is strengthened by the finding of
interspersed repetitive B1 sequences [307] in this region, similar to Alu sequences in
man. If the fragment is really a hot-spot for recombination, in some cells the exchange
may have occurred between the 5’ arm and the 600 bp fragment. However, this would not
have been accompanied by the insertion of the resistance cassette and therefore, cells
bearing such modification would be killed by the antibiotic.

While we worked on this project, two other groups published reports on targeting the
bikunin gene by homologous recombination [139, 284]. In the targeting constructs used
by one of these groups, the bikunin coding region was disrupted by the insertion of the
SV-40 cDNA-derived terminal sequences and the neomycin-resistance cassette in the site
positioned after the sequence coding for the 6 initial amino acids of bikunin [139]. A 6 kb
homology arm was present at the 5’ end and a 2.6 kb arm at the 3’ end of the targeting
construct. The reported recombination frequency was about 2%. Similarly, in the other
study, exon 7 and part of exon 8 were preserved, whereas the remainder containing exons
9 and 10 was replaced by the Neo-resistance cassette [284]. The homology arms were
about 5 kb at the 5’ end and about 3.5 kb at the 3’ end of the construct.

+/+ +/

12.5 kb

6 kb
Figure 7. Southern blotting of HindIII-digested
genomic DNA from embryonic stem cells. Result
for a wild type (+/+) and heterozygous (+/–) clone
is shown.
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Future perspectives
The major finding of paper I is that the formation of the link between heavy chain 3 and
chondroitin sulfate does not depend on the protein core of bikunin. Thus, there is a
possibility that in vivo, other chondroitin-sulfate proteins may exist that are linked to the
heavy chains in the same way as bikunin. In hepatocytes, the presence of such proteins
may be obscured by large amounts of bikunin-containing proteins. Use of hepatocytes
from bikunin knock-out mice, which are now available, could facilitate the search. In
addition, our experiments show that the system for the assembly of such complexes is
present in non-hepatic cells. Since organs other than liver were shown to express heavy
chain mRNA, they may also synthesize such proteins. The level of transcription of heavy
chains in these organs, however, is low, and this might be the reason why the production
of the complexes has so far not been demonstrated. In brain, which is one of the locations
where transcripts of both bikunin and heavy chains were detected, the expression patterns
do not overlap. This observation suggests that the heavy chains might be produced in free
form or in complex with proteins other than bikunin.

The binding of the heavy chains to a glycosaminoglycan seems to be dependent on
the presence of a hydroxyl group in the C6 position of the aminohexose, which can be
found in both chondroitin sulfate and hyaluronan, but not in heparan sulfate. This would
explain the fact that although heparan sulfate proteoglycan constitutes about 90% of the
total glycosaminoglycan-containing protein produced in hepatocytes [308, 309], the
heavy chains seem to link selectively to the chondroitin sulfate of bikunin. The
mechanism of the assembly is not known. However, the transfer of IαI heavy chains to
hyaluronan results in the formation of a link similar to that with chondroitin sulfate.
Revealing the mechanism of this transfer would presumably be of help to solve the
mechanism of assembly of bikunin complexes.

The cleavage of recombinant heavy chain 3 precursor can be achieved in vitro by
lowering the pH. However, in hepatocytes the processing of heavy chains seems to
require bikunin. We did not succeed in reconstructing the PαI assembly reaction by
mixing heavy chain 3 precursor with bikunin in a cell-free system, suggesting that the
coupling reaction requires additional and presently unknown accessory factors. The main
obstacle in studying these processes is the lack of chemical amounts of the heavy chain
precursors. Our attempts to obtain high yield expression of these proteins in recombinant
systems have failed and a method for its optimization should be sought. The structural
studies of the heavy chains and their precursors, which would provide valuable insights
into both processing mechanisms and a biological role for these proteins, suffer from
similar limitations.

The results of paper II, raise a question about the character of molecules mediating
plasma uptake of bikunin. A few putative bikunin-binding proteins have previously been
found through studies with cultured cells. However, their involvement in protein uptake
is not clear. Additionally, most of these proteins have been found in transformed cells.
The finding that a tenth of the injected radiolabelled bikunin is taken up in the liver poses
questions about the identity of the cell type and the receptor responsible for that uptake.
The previous finding from our laboratory that bikunin is present in bile, suggests that part
of the internalized protein is transported transcellularly. Therefore, it would be of interest
to investigate the mechanism of this uptake and the role of bikunin in bile. Similar events
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may occur in the lungs and salivary glands, two of the locations in which the specific
radioactivity recovered in our uptake experiments was higher than that of the blood. The
third location was the fat tissue. Further studies to explain the reason for uptake of
bikunin in this tissue are required.

The work presented in paper III led to the identification of collagens as novel ligands
in the extracellular matrix for IαI and the heavy chains. Further characterization of this
interaction is needed. The involvement of different regions of both collagen and IαI in
the binding should therefore be assessed. The interaction of the type A- or I-domains with
collagens involves residues that are not located in a defined stretch of the polypeptide
chain, but rather depend on the tertiary structure of the domain. Thus, assuming that the
heavy chains bind to collagens through their A-domains, competition of binding with
synthetic peptides would not give useful information. A more productive approach may
be the generation of monoclonal antibodies against the heavy chains, screening for their
ability to compete with binding and subsequent mapping of the interaction. In addition to
the mechanism of the binding, its role in physiological processes such as wound healing
or inflammation should be studied.
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