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ABSTRACT

The serine protease is a typical example of the mosaic protein.
It is suitable materials for studying molecular evolution of genes
and proteins, because a gene (and thus a protein) is now considered
to be composed of domains of independent evolutionary origins.
The serine protease has a protease domain and a domain called the
kringle structure. The kringle structure is a typical motif that has a
pattern of disulfide bridges. The Kuniz-type protease inhibitor, a
protein inhibitor of the serine protease, has also a smaller size of
the kringle structure called the minikringle.

The purpose of this dissertation is to study the molecular
evolution of the serine proteases and the Kunitz-type protease
inhibitors, in order to elucidate the evolutionary process of mosaic
proteins. To accomplish this purpose, I studied the evolutionary
dynamics of these proteins from various aspects of molecular
evolution in the following chapters.

In Chapter 2, I explained the kringle structures of the serine
proteases and showed characteristic features of its molecular
evolution. In Chapter 3, I discussed the difference in evolutionary
pattern between the protease domains and kringle domains, in
order to exemplify domain shuffling occurring in the evolutionary
course of mosaic proteins. The molecular evolution of the Kunitz-
type protease inhibitors was discussed in Chapter 4, which explored

the evolutionary origin of the Kunitz-type domains inserted into



various proteins. In Chapter 5, I described the evolutionary
relationships between the kringle and kringle-like structures, for
the purpose of showing the possibility that these structures have
undergone independent courses in molecular evolution of the
mosaic proteins.

In conclusion, as mentioned in Chapter 6, I emphasized the

importance of domain shuffling in evolution of mosaic proteins,
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CHAPTER ONE
INTRODUCTION

1.1 Mosaic protein

In the primary world of life, an organism must have had, at
least, a minimum set of "mini” genes, which were simpler in
function, shorter in length, and plainer in structure than the
currently existing genes. It is quite possible that the mini genes
were ancestors of functional domains of the present genes. The
mosaic protein, which is made up with different functional domains,
is a good material to study evolution of such organismic
macromolecules as DNA, RNA, and proteins. The mosaic proteins
are thought to have evolved by the fusion of ancestral mini genes.

Serine proteases are typical mosaic proteins having domains
of finger, epidermal growth factor (EGF), kringle, and serine
protease. They exist and function in the blood coagulation and
fibrinolysis cascades. The first serine protease as a mosaic protein
was found in tissue-type plasminogen activator (Figure 1.1)
(Pennica et al. 1983). Tissue-type plasminogen activator is
composed of four domains. Of the four domains, the first three
have a regulatory function and the last has a catalytic function

(Patthy, 1985). The junctions between these domains precisely
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coincide with the borders between the exons and introns of the
corresponding gene. This structure supports that the gene was

formed with ancestral mini genes of different evolutionary origins.

1.2 Exon shuffling and gene duplications

How has a mosaic protein evolved from ancestral mini genes
and obtained some new functions? This problem is Very important
to understand molecular evolution of functional proteins, Exon
shuffling and gene duplication must have played essential roles in
generating mosaic proteins. Gilbert's (1978) proposal of exon
shuffling was motivated by the fact that a gene is organized with a
series of exon-intron arrangements. Gilbert asserts that genes must
have c¢volved in the way that exons had been shuffled and
recombined with each other during evolution. As a result, such
genes acquired a new biological function. The exon-shuffling might
have speeded up evolution, because exons each of which already
played a useful role must have been quickly assembled by this
mechanism. Thus, exon shuffling can be a major mechanism for
generating a new genes. The fact that a protein often has a partial
sequence homology with other evolutionally unrelated proteins

endorses a significant evolutionary role of exon shuffling.
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Another mechanism for producing a new gene is gene
duplication. If two duplicate genes emerge from a gene, one of
them may be able to mutate itself drastically and thereby acquires
an entirely different function from the other. A gene with
improved function may also arise by gene elongation. Gene
elongation is usually caused by duplication of a gene 1tself or a part
of the gene. Many proteins have internal repeats of amino acid
scquences, and these repeats often correspond to separate
functional or structural domains of the protein. This suggests that
the genes coding for these proteins were formed by internal gene
duplication. It seems that most genes were produced by
duplication and elongation of mini genes that have existed in the
early stage of the gene evolution (Darnel 1978: Doolittle 1978; Ohno
1981; Blake 1985).

1.3 Motifs

Protein families often have their characteristic nature in their
amino acid sequence (Figure 1.2). For example, a family of DNA-
binding proteins is known to have such a characteristic pattern that
leucine residues are located every seven amino acids in a particular
region. Such a pattern known as leucine zipper is called a motif. A

motif is usually related with function of a protein. Leucine-zipper,
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for example, is directly involved in protein-nucleotide recognition
(Mcknight, 1991).  Thus, a motif is an important key for inferring
the function and structure of a protein from the amino acid
sequences. Recently, many kinds of motifs have been found in
various proteins.

The serine protease also has its own motifs. It consists of a
motif of about 80 amino acids in which six cysteines are contained.
The six cysteines make three particular sets of disulfide bridges
which are called the kringle (Figure 1.3). The kringle is a typical
motif. The serine protease also includes the epidermal growth
factor domain. This domain has six cysteine residues which form a
pattern of disulfide bridges different from the kringle. This is also
a motif. Interestingly, Kunitz-type protease inhibitor also contains
six cysteines by which a kringle is made. Because this inhibitor
consists of about 50 amino acids, its kringle is smaller than that of
serine protease. We call the smaller one a mini-kringle.

A kringle was also found in other molecules which have
apparently no connection to serine protease or Kunitz-type protease
inhibitor. For example, some virus envelope protein has a kringle
different in length. Difensin, which is associated to an immune
reaction, also has the same pattern of disulfide bridges as Kunitz-
type protease inhibitor. These two structures are new members of
the protein having the kringle structures. They each have their

own length different from kringle or mini-kringle.
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In this study, I focused the discussion on the molecular

evolution of this pattern of the disulfide bridges.

1.4 Classification of proteases

The International Union of Biochemistry classified proteases
into four classes according to the mechanism of enzymatic actions
(Table 1.1). They are serine proteases, cysteine proteases, aspartic
proteases, and metallo-proteases. The class of serine proteases is
divided into two families, serine proteases I and II. The class of
metallo-proteases is also separated into two families, metallo-
protease I and II. Together with other two classes, there are six
families of proteases (Table 1.1). Each family has a characteristic
set of functional amino acid residues that are arranged in a
particular configuration to form the active site (Table 1.1).

The serine protease has a serine residue at the center of
catalytic sites. The serine protease occupies two of the six protease
tamilies; a family of serine protease | for the mammalian serine
proteases and a family of serine protease Il for the bacterial serine
proteases such as subtilisin (EC 3.4.21.24). They differ from each
other in amino acid sequences, despite that the locations of active
sites in the three-dimensional structure of the protein molecule and

the enzymatic mechanism are similar to each other.
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The cysteine protease, which occupies one family, includes
several mammalian lysosomal cathepsins, cytosolic calcium
activated proteases, and plant proteases such as papain and
actinidin.  Papain is the best-studied member in this family
(Neurath 1989). The major catalytic residue of the cysteine
protease is cysteine, which is just like serine at the active site in the
serine protease.

Another family is the asparatic protease, which includes
bacterial penicillopepsin, mammalian pepsin, renin, chymosin, and
certain fungal proteases. In this family of proteases, the
characteristic residues at reactive sites are asparatic acids.

The metallo-protease includes the last two families: metallo-
protease 1 for the mammalian pancreatic carboxypeptidase and
metallo-protease I for the bacterial thermolysin. They differ in
chemical structures, even though both are zinc metallo-enzymes
and have similar configurations of active sites. They need a
metallo-ion for their enzymatic activity.

Among these four families, the serine proteases are best-
studied for the amino acid sequences of various organisms, the
enzymatic mechanism, and the three-dimensional structures. For
this reason, I will focus on the molecular evolution of the serine

proteases in the present study.
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1.5 Protease inhibitor as a regulatory element

The protease inhibitors can be divided into two classes: (1)
active-site specific and low-molecular inhibitors that irreversibly
modify an amino acid residue at the active site of the corresponding
proteases, and (2) naturally occurring protein protease inhibitors,
many of which act as pseudosubstrates (Laskowski et al. 1980).

Natural protein protease inhibitors are ubiquitous in the
living world. The protein protease inhibitors have been isolated
from animal, plant and bacteria. Several crystalline protease
inhibitors isolated from pancreas of mammals, bird eggs, and
certain legumes (beans) have served as materials to elucidate the
biological mechanism of protease inhibition (Laskowski et al. 1974).

Many inhibitors of the proteases have been reported so far.
Those having known active sites and target enzymes are listed in
Table 1.2. In particular, well-characterized inhibitors of serine
proteases are shown in Table 1.3. They can be classified into ten
families or probably more. While the major criterion for
establishing a family is extensive sequence homology among the
members, the location of the reactive site and topological
relationships between the disulfide bridges are used as notable
characteristics (Figure 1.4). In particular, the positions of all
intrachain disulfide bridges are completely conserved in each of the

families.
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The protein protease inhibitors are irreversibly bound to the
active site of a protease in order to inhibit the protease activity,
and they are converted into their modified forms which cannot be
digested by the protease. Their physiological function is apparently
to prevent unwanted proteolysis. However, a physioclogical target
enzyme of the protease inhibitor is usually unknown because
protease inhibitors for most organisms were discovered by the
assay of inhibition with bovine trypsin and chymotrypsin. In other
words, bovine trypsin and chymotrypsin are unlikely to be true
target enzymes for most of the isolated inhibitors. Although the
lack in knowledge of the true target enzymes for the majority of
inhibitors is one of the major obstacles in understanding the
evolutionary mechanism of protease inhibitors, the accumulation of
amino acid and nucleotide sequence data will help us to study the
molecular evolution of this protein family.

As explained in all sections of this chapter, the purpose of this
dissertation is to study the molecular evolution of serine proteases
and their Kunitz-type protease inhibitors, in order to elucidate the
evolutionary process of mosaic proteins. To accomplish this
purpose, I am going to discuss the evolutionary dynamics of these
proteins from various viewpoints of molecular evolution in the
following chapters. In Chapter 2, I am going to explain the kringle
structures of the serine proteases and to show characteristic
features of its molecular evolution. In Chapter 3, I will discuss the

difference in the evolutionary pattern between the protease
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domains and kringle domains, in order to exemplify the domain
shuffling occurring in the evolutionary process of mosaic proteins.
The molecular evolution of Kunitz-type protease inhibitors will be
discussed in Chapter 4, in order to explore the evolutionary origin
of the Kunitz-type domains inserted into various proteins. In
Chapter 5, I am going to describe the evolutionary relationships
between kringle and kringle-like structures, for the purpose of
showing the possibility that these structures have independent
histories in the molecular evolution of mosaic proteins. In
conclusion, as will be mentioned in Chapter 6, [ will emphasize the

evolutionary importance of domain shuffling in mosaic proteins.
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Table 1.1 Families of proteolytic enzymes.

Familya Representative protease(s) Characteristic residuesb of active
sites
Serine protease | Chymotorypsin Aspl02) Serl95 His57
Trypsin |
Elastase

Pancreatic kallikrein
Sinbdis virus core protein

Serine protease II Subtilisin Asp32, Ser22!, Higb4
Cysteine protease Actinidin _

' Rat liver cathepsins B and H
Aspartic protease Penicillopepsin Cys23, His!59, Aspl58

. Rhizopus chineses and Endothia
parasitica, acid protease :
Metallo-protease I Bovine carboxypeptidase A Zn, G270, Try248
Metallo-protease 11 Thermolysin , Zn, Glul43, His231

aThis table includes only' the enzymes whose amino acid sequences and three dimensional structures have
been determined. For rat liver cathepsins B and H, the three dimensional structure has been surmised by

analogy to that of papain.

bThe number on the residues corresponds to the residue number in the amino acid sequences of the
enzymes listed in bold at column 2.



Table 1.2 Proteases

found

in mammalian cellsa.

Proteases as integral cellular
components

Secretory proteases

Serine proteases

prolyl endopeptidase of cytosol,
ATP-dependent protease of
mitochondria,

processing protease of
mitochondria and ER,
trypsin-like protease of plasma
membrane,

chromatin proteinases of nuclei,
cathepsin R of ER

Cysteine proteases

cathepsins B, L, H, N, S, M, T of
lysosome,

calpains of cytosol,
ATP-dependent protease of
cytosol,
metal-dependent
cytosol

protease of

Asparatic_ proteases
cathepsin D, E of lysosome,

protease of red blood cell
membrane

Metallo-proteases
endopeptidase 24.11 of plasma
membrane,

meprin of plasma membrane,
PABA-peptide hydrolase of
plasma membrane,
metallo-endopeptidase of
cytosol,

signal peptidases of
mitochondria and ER

tissue kallikrein,
submandibular proteinase A,
nerve-growth-factor y-subunit,
acrosin of sperm,

cathepsin G of neutrophils,
elastase of neutrophils,
tryptase of liver,

chymase of mast cells,
chemotactic proteinase of skin
and lymphocytes,
plasminogen activator

renin,
processing protease of pituitary
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Table

1.3 Families of protein inhibitors that inhibit
serine proteases.

I

IT.
IIT.
V.
V.
VI.
VII.
VIII.
IX.

X

Bovine pancreatic trypsin inhibitor "BPTI" (Kunitz) family
Pancreatic secretory trypsin inhibitor (Kazal) family
Streptomyces subtilisin inhibitor (SSI) family

Soybean trypsin inhibitor "STI" (Kunitz) family

Soybean trypsin inhibitor (Bowman-Birk "BBI") family
Potato I inhibitor family

Potato II inhibitor family

Ascaris trypsin inhibitor family

ol-proteinase inhibitor

Other families

27




Figure 1.1 Members of proteases involved in the

cascade of blood coagulation.

Diagrammatic representation of the structural and functional
relationships among protein components of blood coagulation and
fibrinolysis. Protein families include the serine proteases,
procoagulant blood clothing proteins, regulatory anticoagulant
proteins, and fibrinolytic proteins. Abbreviations are as follows:
tPA, tissue plasminogen activator; uPA, urokinase; PK prekallikrein;
T, trypsin; CT, chymotrypsin; ATIII, antithrombin III; TM,
thrombomodulin; PS, protein S; PC, protein C, PAI I and II,

plasminogen activater inhibitor I and II.
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FIBRINOLYSIS REGULATORY (ANTICOAGULANT)

BLOOD CLOTTING




Figure 1.2 Motifs in the proteases of the blood

coagulation cascade.

This figure shows different motifs of the regulatory domains in
proteases. C, vitamin K-dependent calcium-binding domain; K,

kringle domain; G, growth factor domain; F, finger domain.
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Figure 1.3 Kringle structure.

The solid lines show the disulfide bridges.
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Figure 1.4 Topological relationships between the
disulfide bridges and the location of the

reactive site in serine protease inhibitors.

Each figure shows the patiern of the disuifide bridges. The arrow

indicates the location of a reactive site.

34




Kunitz-type

Kazal-type

SSI type

STl (Kunitz) type

BBI type

Potato type |

Potato type I




CHAPTER TWO

MOLECULAR EVOLUTION

OF KRINGLE STRUCTURE

2.1 INTRODUCTION

2.1.1 Molecular mechanism of blood coagulation

From the view point of biological functions, proteases can be
classified into two groups, digestive proteases and regulatory
proteases.  Although a digestive protease is the one that digests so-
called junk proteins, a regulatory protease is the one that plays a
regulatory role in a metabolic pathway or a biological cascade. The
best-known regulatory proteases and their zymogens are those of
the blood coagulation, fybrinolysis, and complement systems.

Blood coagulation is initiated by two separate pathways, the
intrinsic and extrinsic pathways. In the extrinsic pathway, the
tissue factor of cell-membrane proteins plays a critical role in the
process (Furie et al. 1988). In the intrinsic pathway, on the other

hand, all of the protein components are present in blood. Although
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the extrinsic pathway consists of a single step of an enzymatic
reaction, the intrinsic pathway includes seven consecutive steps of
enzyme activation (Figure 2.1). Most of these consecutive steps are
catalyzed by serine proteases. The reactions of these serine
protcases are regulated by their specific plasma protein inhibitors.
These two pathways eventually converge at a single pathway
through which fibrinogen is converted into fibrin at the terminal
stage. Fibrin is further degraded by plasmin that is produced in the
process of fibrinolysis.

The precursor forms of the proteases in blood coagulation, as
well as other regulatory proteases, are larger in molecular weights
and more complex in molecular structures than those of the
digestive proteases. In fact, the molecular weight of the tissue-
plasminogen activator, a typical regulatory protease, is much larger
than that of the pancreatic proteases which is one of the well-
known digestive proteases. This is mainly because the tissue-type
plasminogen activator has extra domains called "regulatory
domains” in addition to a protease domain, although the pancreatic
protease has only a protease domain. The molecular weights of the
regulatory domains are often large, and in some cases it exceeds
those of the protease domains. As will be explained in the next
section, the regulatory domains play an essential role in interaction
with other proteins and other non-protein cofactors. Thus, these

domains certainly have regulatory functions.
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2.1.2 Structure of proteases in blood coagulation

Regulatory plasma serine proteases are involved in the
cascades of blood coagulation and fibrinolysis (Neurath 1984,
1989). Each of these active serine proteases consists of two
polypeptide chains, A and B. The B-chain contains a catalytic
domain that resembles trypsin, whereas the A-chain has no
counterpart among the digestive serine proteases. The A-chain
contains regulatory domains that interact with cofactors essential
for physiological regulation. The regulatory domains are classified
into four major types; kringle domains, vitamin K-dependent
calcium-binding domains, finger domains, and growth factor
domains (Figure 2.2).

The number of kringles varies with the type of proteases, but
cach of "kringle" domains consists of approximately 80 amino acids.
A kringle is a characteristic secondary structure that is formed by
three pairs of intrachain disulfide bonds (Figure 1.3). Such a
structure. was first found in human prothrombin (Waltz et al. 1977).

[t is known that urinary urokinase (namely, urinary
plasminogen activator: uPA) and coagulation factor XII contain one
kringle each (McMullen and Fujikawa 1985). Tissue-type
plasminogen activator (tPA) and prothrombin have two each
(Penica et al. 1983, Sandra et al. 1983). The growth factor found in
hepatocytes has four kringles (Nakamura et al. 1989), and

plasminogen has five (Schaller et al. 1985). It is of particular
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interest to know how such a mosaic protein emerged from its
ancestor during evolution (Patthy 1985).
In this chapter, 1 would focus our attention on the evolution

of kringle structures.

2.1.3 Apolipoprotein(a)

The lipoprotein(a) [L.p(a)] is a complex molecule of lipids and a
protein that is present in human plasma. Its concentration in
human plasma is significantly correlated with the risk of heart
disease (Utermann 1989). Recent studies also demonstrate a
correlation between high plasma concentrations of Lp(a) and
atherosclerosis (McLean et al. 1987). Lp(a) is assembled from a
low-density lipoprotein and a large hydrophobic glycoprotein. The
low-density lipoprotein is composed of lipids and apolipoprotein B-
100, and the hydrophobic glycoprotein is called apolipoprotein(a)
[apo(a)] (McLean et al. 1987). In other words, Lp(a) is a form of
apo(a) which is bound to apolipoprotein B-100 by a disulufide
linkage.

Recently, 38 kringles have been found in human
apolipoprotein(a) (Mclean et al. 1987). Although apo(a) has a great
size heterogeneity, it usually consists of 38 kringle domains in the

amino terminal and a serine protease domain in the carboxyl

39




terminal (Figure 2.3). Ten kringles, at least, are in the sequence of
rthesus macaque (Tomlinson et al. 1989); each of kringles is very
similar to its human counterpart (Figure 2.3). More kringles in
rhesus macaques may be possibly found by a further analysis of
DNA. A large number of kringles in apo(a) seem to be derived from
the kringles of a plasminogen-type protein, since they are

homologous to the fourth kringle of plasminogen (plgen 4).

2.1.4 Hepatocyte growth factor

Four kringles were also found in hepatocyte growth factor
(HGF). HGF is a hepatotrophic factor that acts as a trigger for liver
regeneration after partial hepatectomy and liver injury, and it is
the most potent mitogen for mature parenchymal hepatocytes in
the primary culture. In practice, the HGF stimulates DNA synthesis
of adult rat hepatocytes in the primary culture. HGF is also known
as a human lung fibroblast-derived mitogen that was isolated from
conditioned medium of fibroblast in human embryonic lungs (Rubin
et al. 1991, Okajima et al. 1990).

The HGF has a molecular mass of 82kDa and is found to be a
heterodimer which is dissociated into a large subunit of 69 kDa and
a small one of 34 kDa (Nakamura et al. 1989). Four kringles are

found in the large subunit. Thus, HGF is structurally related to

40




plasminogen (Figure 2.4). The nucleotide sequence of HGF reveals
that both subunits are encoded by a single open reading frame.
These charcteristics show that HGF is not identical to any known

growth factors such as a platelet-derived growth factor.

To elucidate the evolutionary origin of these kringle domains
of serine proteases in blood coagulation, apo(a), and HGF, I
constructed a phylogenetic tree for these kringles in various

organisms.

2.2 MATERIALS AND METHODS

2.2.1 Sequences used

I constructed phylogenetic trees by use of all the available
sequences of amino acids and nucleotides for the kringle domains.
The 50 amino acid sequences and the 45 nucleotide sequences of
various serine proteases were compiled from the PIR (version 25)
protein database and from GenBank (version 64) of the

DDBIJ/EMBL/Genbank DNA database.
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2.2.2 Genetic distance

Using the sequence data, I first conducted the homology
alignment with maximum match (Figure 2.5). The substitution
numbers were estimated from comparisons between each pair of
sequences. For the correction of multiple substitutions at a site,
Kimura's equation was used; dy = -loge(l - p - 0.2p2) (Kimura
1983), where da and p are the number of amino acid substitutions
per site and the proportion of different amino acids, respectively.
A phylogenetic tree for amino acid sequences was constructed by
use of the dy values by the unweighted pair-grouping (UPG)
method, assuming that a substitution rate is constant over time (Nei
1975).

I also constructed a phylogenetic tree by the neighber-joining
(NJ) method (Saitou and Nei 1987), which does not require the
assumption of the rate constancy. The tree topology obtained by
the NJ method was virtually the same as that obtained by the UPG
method. In the case of a phylogenetic tree for nucleotide
sequences, the total number of nucleotide substitutions for each
pair of kringles was estimated by the six-parameter method

(Kimura 1983, Gojobori et al. 1982).
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2.3 RESULTS

2.3.1 Evolutionary origin of Kkringle structures

Figure 2.6 shows a phylogenetic tree of all kringles that was
constructed by the UPG method, using amino acid sequences. The
majority of kringles could be separated into three major groups
indicated by I, II, and IIIl. By this classification, all kringles of
apo(a) except the 38th (apo 38) belong to group I. The second and
third kringles (plgen 2 and plgen 3) of plasminogen and the second
kringle (HGF 2) of hepatocyte growth factor are in group II.  Apo
38, plgen 1, and plgen 5 in group III are differentially separated

from the other 37 kringles of apo(a).

2.3.2 Molecular evolution of apolipoprotein(a)

The rate of ainino acid substitution was calculated to be 0.956
x 10-9 per amino acid site per year, assuming that the divergence
of mammals occurred 80 million years ago. Using this rate, I
estimated the time of the evolutionary events that must have taken

place in the past.
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The evolutionary development of kringles and apo(a) in
human and simian species is summarized in Figure 2.7. The
followings are based on the estimation of the divergence times for
various branching points in the phylogenetic tree. An ancestral
gene must have been of the plasminogen type with one kringle and
one serine protease domain. About 500 million years ago, the
kringle was duplicated into two domains, one similar to an ancestral
domain in groups I and II, and the other similar to an ancestor in
group HI. The former could have been similar to plgen 4 (and
plgen 4°) and the latter similar to plgen 5 (plgen 5 corresponding
to apo 38). Some 300 million years ago, plgen 4' was triplicated
into three domains; plgen 1, plgen 2', and pligen 3'. Thus, the tree
shows that all the five kringles have existed in the plasminogen
since about 300 million years ago. Therefore, it is considered that
the ancestral molecule of apo(a) was a plasminogen-type protein

having five kringles.
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2.4 DISCUSSION

2.4.1 A model for the evolution of apolipoprotein(a)

The phylogenetic tree obtained in the present analysis
suggests that the evolution of apo(a) can be explained by the
following model. About 80 million years ago, the plasminogen-like
gene was duplicated into two genes; one formed apo(a) and the
other became the present plasminogen. It is supported by a
cytogenetical study that genes for human apo(a) and plasminogen
are located very close to each other on chromosome 6 with loci at
q2.6 - 2.7 and 2.7, respectively (Frank et al. 1988). Since apo38 is
the most similar to plgen 5, apo 38 was probably derived from
plgen 5 about 80 million years ago. Separation of the ancestral
gene of the 37 other kringles from plgen 4' was at the almost same
time as when apo 38 diverged from its ancestor. Then, a portion
containing plgen 1' to plgen 3' was deleted in apo(a) of human and
simian species. Thereafter, plgen 4' underwent multiple
duplications about 2 to 3 million years ago, giving rise to the 37
kringles in humans. In particular, the 36th kringle acquired the
ability to bind to apolipoprotein B-100 at an early stage of these
duplications. In simian species, the process was similar but

independent of the human homologue because the divergence
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between human and rhesus macaque had occurred (about 45
million years ago) much earlier than the multiple duplication of
plgen 4" in human. In particular, plgen 5' was deleted in rhesus
macaque while plgen 4' (apo28 - apo37) was multiplied. A similar
result was obtained by another tree that was constructed by the
neighbor-joining method (Saitou and Nei 1987) (data not shown).
Note that this tree-making method does not require the assumption
of a constant rate of amino acid substitution.

To clarify the evolutionary processes of kringles in human
and simian species further, I constructed a tree by use of the
nucleotide sequences. The tree is much more informative at the
nucleotide sequence level than at the amino acid sequence level,
because the identical sequences of amino acids such as {(apo2 - 29)
were different sequences as the corresponding sequences of
nucleotides. However, this tree topology was essentially the same
as the one in Figure 2.6. The rate of nucleotide substitution was
calculated to be 1.48 x 10-9 per site per year. Using this rate, the
multiple duplications of plgen 4' in human apo(a) was estimated to
have occurred 2 to 3 million years ago. This is consistent with the
results that were obtained from the tree of amino acid sequences.

Tomlinson et al. (1989) speculated that apo(a) emerged from
its ancestor about 40 million years ago. However, the present
analysis shows that the ancestral molecule of apo(a) evolved from
the plasminogen-like gene about 80 million years ago. It implies

that apo(a) appeared at the almost same time that the mammalian
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divergence took place. If this is the case, apo(a) may be found in a
certain variety of mammalian species. It is also possible that the
number of kringles in the proteins homologous to apo(a) would be
found to vary largely with the species if the DNA of apo(a) in other
mammals was sequenced. The regions that were multiply
duplicated in apo(a) may be unstable because further duplications
are likely to occur in this region. These duplications of plgen 4' can
be the cause of the size heterogeneity of apo(a). In fact, it is known
that apo(a) has several isoforms in human and simian species
(Uterman 1989).

Kringles are structurally autonomous units (Trexler and
Patthy 1983). However, their consensus function is not well
understood.  Accumulation of sequence data from various proteins
would provide us with a better understanding of kringles and an

answer to the question of where they came from (Uterman 1989).

2.4.2 Function of kringle structures

Although the function of the kringle structures has many of
unclear points, Table 2.1 shows possible functions that have been
known so far (Holland and Blake 1990). A known function of the
kringle structures is basically a binding activity. For example, the

fourth kringle of plasminogen binds to fibrin clots in the blood
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vessels, so that plasminogen digests fibrin clots by its protease
activity. It is thus thought that kringles have an regulatory role in
the activation of plasminogen by locating their substrates in the
blood vessels.

There may be two mechanisms of regulating the protease
activity.  One is, of course, the regulation by a protease inhibitor.
The protease inhibitors act as an on-and-off switch for the
activation of proteases. The other is the regulation by the kringle
domain of protease itseif, as discussed in this section. The binding
activity of the kringles might help the protease to identify and
locate its appropriate substrates in organismic tissues. These
regulatory features of kringle structures are a key for

understanding the evolutionary process of proteases.
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Table 2.1. Binding Functions of Kringle Domains.

Kringle domains in proteins Binding
prothrombin (A) Facter Vv (?)
prothrombin (S) Factor v
plasminogen 1 Arginine
plasminogen 2 Lysin
plasminogen 3 Fibrin
plasminogen 4 Arginin, tetranectin
plasminogen 5 Lysin

tissue plasminogen activater 2 Fibrin
urckinase ?
apolipoprotein(a) 36 apolipoprotein B
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Figure 2.1 Schematic pathways of the blood

coagulation and fibrinolysis.

The proteins in the intrinsic pathway include factors XII, XI, IX,
VIII, X, and V, as well as prothrombin and fibrinogen. The proteins
in the extrinsic pathway, which is initiated by the action of tissue
factors located on the cell surface, include factors VII, X, and V, as
well as prothrombin and fibrinogen. The cascade reactions
culminate in the conversion of fibrinogen into fibrin and the
formation of a fibrin clot. Certain reactions such as the activation of
factor X and prothrombin take place on the membrane surface. The
macromolecular complexes on the membrane surfaces are indicated
by shaded rectangles. Numbered factors are abbreviated by FXII,
FXI, and so forth, Other abbreviations are as follows: HMWK, high
molecular weight kininogen; TF, tissue factor: PT, prothrombin; FG,
fibrinogen; F, fibrin; tPA, tissue-type plasminogen activator; uPA,

urokinase; PG, plasminogen; P, plasmin; Fdeg, degraded fibrin.
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Figure 2.2 Mosaic structures of the serine proteases in

blood coagulation.

A serine protease consists of several regulatory domains. It shows
a typical feature of the mosaic protein. Abbreviations: C, vitamin K-
dependent calcium-binding domain; G, growth factor domain; K,

kringle domain; F, finger domain; P, protease domain,
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Figure 2.3 Structure of human and simian

apolipoprotein(a).

(a) The structure of human apolipoprotein(a).

(b) The structure of rhesus apolipoprotein(a).
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(B) Structure of Rhesus apolipoprotein(a)

- — = (28)

protease domain




Figure 2.4 Structures of plasminogen and HGF.

(a) The structure of human plasminogen.

(b) The structure of human HGF.
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Figure 2.5 Sequence alignment of kringle structures.

This figure shows a part of the alignment of sequences used in this
study. The solid circles show the position of cysteine residues.
Abbreviations: tpa, tissue-type plasminogen activator; uk,
urokinase; proA, A chain of prothrombin; proS, S chain of
prothrombin; Plg, plasminogen; apo, apolipoprotein(a); hu, human;
mo, mouse; po, porcine; bo, bovine; mn, rhesus. The number in the
name of a sequence represents the kringle number from the N-

terminus of each protein.
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Figure 2.6 A phylogenetic tree of kringle domains.

The tree was constructed by analysis of amino acid sequences.
Three major groups are indicated by I, II, and III. Abbreviations:
tPA, tissue-type plasminogen activator: uk, urokinase: plgen,
plasminogen; apo, apolipoprotein(a); HGF, human hepatocyte growth
factor; hu, human; bo, bovine; po, porcine: mo, mouse. The number
in the name of a Sequence represents the kringle number from the
N-terminus of each protein. Data sources: pro(hu) (Walz etal. 1977,
Sandra et al. 1983), factorXII(hu) (McMullen et al. 1085), tPA(hu)
(Pennica et al, 1983), HGF(hu) (Nakamura et al. 1989), plgen(bo)
(Schaller et al. 1985), apo(hu) (Mclean et al. 1987), apo(rhesus)
(Tomlinson et al. 1989), plgen(rhesus) (Tomlinson et al. 1989),
pro(bo) (MacGillivray et al. 1984), uk(mo) (Belin et al. 1685),
uk(hu) (Verde et al. 1984}, uk(po) (Nagamine et al. 1984), and
plgen(hu) (Forsgren et al 1987).
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Figure 2.7 Evolutionary changes of apolipoprotein(a).

See the text for detailed explanation.
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CHAPTER THREE

EVOLUTION OF SERINE

PROTEASE

3.1 INTRODUCTION

3J.1.1 Serine protease as an enzyme

As mentioned in Chapter 1, the serine proteases that have
been characterized in prokaryotes and eukaryotes fall into two
families; families of serine protease I and Il (Table 1.1). They are
also called the chimotrypsin family and the substilysin family,
respectively (Barret 1986). The substilysin family contains the
bacterial serine proteases. Ounly the chimotrypsin family has been
found in eukaryotes. This family includes many extracellular
proteases such as trypsin, elastase, thrombin, plasma kallikrein,
plasma coagulation proteases, and cellular proteases.

Proteolytic processing occurs in many different ways and is
triggered by many different kinds of proteases. Moreover, it has
become evident that cellular proteolysis is a highly controlled and
complex process that takes place in virtually all compartments of
cells. Although all serine proteases have essentially proteolytic

function, the serine protease can be further divided into digestive
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serine proteases and regulatory proteases, as explained in Chapter
2.

The digestive serine proteases have a role in the removal of
defective or ‘abnormal’ polypeptides from cells. By removing these
polypeptides, they control the concentrations of polypeptide and
enzymes in cells, and contribute to the creation of amino acids from
proteins and the constant renewal of cellular contents.

The regulatory serine proteases have also many
physiologically important functions (Table 3.1). These functions
include recognition of cytoskelton, myoblast fusion and
differentiation (Rapaport et al. 1985), memory (Lynch et al. 1984),
protein synthesis (Schwartz 1986), hormone action and inactivation
(Duckworth 1975), fertilization (Bond et al. 1987), growth and aging
(Bond et al. 1987), creation of immunologically recognizable
molecules (Whitaker 1979), and degradation of endocytosised
material and necrosis (deDube 1983). In addition, the regulatory
serine proteases play an important role in the onset of diseases
such as muscular dystrophy, diabetes, cachexia, cancer, and
multiple sclerosis (Whitaker 1979). In this way, the regulatory
serine proteases affect the possibly irreversible modifications of a
protein molecule such as the cleavage of a peptide bond, the
changes in protein conformation, and the determination of
physiological process. Thus, the regulatory serine proteases have

profound consequences in biological systems.
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Although the regulatory domains such as kringle domains are deeply
involved with the function of regulatory serine proteases, the protease
domains are essential for proteolytic function of both regulatory and
digestive proteases. With the aim of elucidating the evolutionary
mechanism of the serine proteases, | studied the molecular evolution of the
protease domains in a variety of serine proteases. In particular, the most
sophisticated function of the serine proteases found in mammalian tissues
is the protease activities of the fibrinolytic and blood coagulation systems
(Neurath 1990). Thus, most of the protease domains in the serine
proteases studied in this chapter are those that are involved in the
fibrinolytic and blood coagulation systems. [ will also discuss the
evolutionary implication of physiological and catalytic functions of the

serine proteases.

3.1.2 Molecular mechanism of catalytic reactions

Serine protease is the most thoroughly-studied class of proteases in
catalytic reactions. The current understanding of the catalytic mechanism
of serine protease is illustrated in Figure 3.1. 1In particular, mammalian
serine proteases are a well-characterized family in terms of the molecular
mechanism of catalytic function. The active sites of mammalian serine

proteases are conformed by the so-called "catalytic triad" of Asp 102, His

57, and Ser 195 in chymotorypsin numbering. Note that the number
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following an amino acid residue represents the residue number that starts
from the N-terminus in the amino acid sequence. Catalysis proceeds
through an intermediate of tetrahedral transition state during both
acylation and deacylation steps. The same molecular mechanism underlies
the catalytic reactions of all other serine proteases (Creighton 1984). In
this case, a difference in substrate specificities can be explained by amino
acid substitutions at the active sites where the primary or secondary
substrates are bound to the serine protease. Thus, it is of interest to
examine the relationship between the evolutionary changes of substrate

specificities and amino acid substitutions during evolution.

3.1.3 Physiological function of some serine proteases

We dealt with various kinds of serine proteases in this study. Some
of the serine proteases are unfamiliar to many readers. Thus, the
physiological functions of these serine proteases used in this study are
explained in the following.

A family of arginine-specific serine proteases are found in secretary
or special granules in a number of cells (Ashley et al. 1985). This family
of serine proteases includes tissue kallikrein (EC 3.4.21.35), the B- and y-
subunits of a nerve growth factor, endopeptidase, tonin, rat urinary
esterase A, EGF-binding protein, and submandibular proteinase A (EC
3.4.21.40). These enzymes appear to have special processing functions

(Bond et al. 1987) In particular, they arc all involved in the processing of
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precursors of polypeptide hormones, kinins, and growth factors, and have
many physiochemical and immunological characteristics similar to each
other.

Prolyl endopeptidase (EC 3.4.21.26) is an example of a cytosolic
serine protease. It is found in many tissues including brain, liver, spleen,
kidney, heart, lung, skeletal muscle, and pancreas. This protease is
important in the neuropeptide metabolism, although it does not degrade
large proteins.

Cathepsin G (EC 3.4.21.20), elastase (EC 3.4.21.37), and acrosin (EC
3.421.20) are the tissue-specific proteases that are found in special
granules. Cathepsin G and elastase are found in the azurophil granules of
human neutrophil leukocytes, and they act extracellularly in the
inflammatory processes or in phagosomes of neutrophils (Bond et al.
1987). Acrosin is found in a modified lysozyme called the acrosome that
covers the anterior part of sperm heads. This enzyme is a peripheral
membrane protein that is involved in fertilization (Muller-Esterl, 1981).

Chymase (EC 3.4.21.31) and hepsin are thought to be involved with
inflammatory reactions. They are present, in a high concentration, in

normal skeletal muscle, lung, and skin (Bond et al. 1980).
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3.1.4 Evolutionary study of protease domains

In the study of this chapter, I would focus the discussion on the
protease domains of various serine proteases. As mentioned earlier,
serine proteases are materials suitable to the evolutionary study of the
mosaic proteins. In Chapter 2, I have already discussed the evolution of
kringle domains as a typical example of regulatory domains in the serine
proteases. The evolution of the protease domains must be studied in
order to elucidate the whole features of the evolutionary process of serine
proteases. In particular, the protease domains are contained by both
regulatory and digestive serine proteases, and the domains are essential
for proteolytic function of both serine proteases.

It is of particular interest to examine if a topology of the
phylogenetic tree for the protease domains is identical to that for the
kringle domains, when the phylogenetic tree for the same sets of serine
proteases are compared with each other. If these topologies are
essentially different, we may be able to conclude that the evolutionary
history of the protease domains is different from thzit of the kringle
domains. If this is case, it supports the idea that the domain shuffling
played an important role in the evolution of mosaic proteins such as
serine proteases. Thus, I would conduct the evolutionary analysis of the

protease domains in the following sections.
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3.2 MATERIALS AND METHODS

3.2.1 Sequences used

Seventy-five amino acid sequences of serine proteases were
collected from the PIR protein database and Genbank of the
DDBJ/EMBL/GenBank DNA databases (Table 3.2). The nucleotide
scquences were translated into amino acid sequences. I then made a
multiple alignment of these sequences for the protease domains with

maximum match.

3.2.2 A method of multiple alignment

In conducting the multiple alignment, the sequences were
tentatively aligned with each other by the pairwise comparison method.
On the basis of this tentative alignment, the phylogenetic tree was then
constructed by the unweighted pairwise grouping method. This was the
first step of the multiple alignment. At the next step, the sequences were
realigned by following the branching order of the phylogenetic tree
obtained. Using the second alignment, I newly constructed the
phylogenetic tree. I continue to repeat these steps many times until the

sequence alignment becomes unchanged. 1In constructing the tree, I used
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the estimated numbers of amino acid substitutions between a pair of the
sequences compared. For estimating the numbers, dy, of amino acid
substitutions per site, I used the formula of dy = -loge(1 - p - 0.2p2),
where p is the proportion of different amino acids (Kimura, 1983). The
phylogenetic trees were constructed by the unweighted pair grouping
method (Nei, 1975) and the NJ method (Saitou and Nei 1987). As
mentioned earlier, the former method requires a rate constancy of amino
acid substitution over time whereas the latter method does not. Essential
features of the phylogenetic tree constructed by the UPG method were the

same as those constructed by the NJ method.

3.3 RESULTS

3.3.1 Evolutionary origin of serine protease domain

Figure 3.2 shows a phylogenetic tree for the protease domains of
serine proteases. According to this tree, serine proteases could be
separated into two major groups that were indicated by I and II. By this
classification, the proteases having an activity of a growth factor belong to
group L. However, the proteases which have the capability of binding a

growth factor belong to group II.
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The proteases that are related to the blood coagulation cascade are
in group II. Elastases belong to group Il. Acrosin which is found in
sperm as well as hepsin which is found on the cell membrane of
hepatocyte, belong to group II Carboxyl peptidase, which is related to
the protein degradation at lysosomes, are in group II. However, cathepsin
G which is also related to the protein degradation at lysosomes belongs to
group I.  Collagenase is also contained by group I.

The serine proteases of the chymotrypsin type in group I appeared
independently of those of group II in the evolutionary course. For
example, the bovine chymotrypsins belong to group II and the other
chymotrypsins to group I. Moreover, a trypsin of Drosophila belongs to
group I, but trypsins of other species belong to group II. Furthermore,

kallikreins belong to either groups [ or II, depending on the species.

3.3.2 Evolution of the blood coagulation

and fibrinolysis systems

In the evolution of the blood coagulation system, the phylogenetic
trec in Figure 3.2 suggests that the proteases in the blood coagulation
systems were divided into three groups. Let us call these groups A, B,
and C. Group A contains uPA, tPA and factor XII. Group B contains
protein C, prothorombin, and factors VII, IX, and X. Group C contains
plasminogen and factor XI. The system of blood coagulation consists of

two different pathways and a common pathway, as mentioned in Chapter
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2. Kallikrain, factors IX and XII are involved in one of the two different
pathways that is called the "intrinsic" pathway, and factor V is in the
other pathway called the “extrinsic" pathway. The common pathway
contains factor X. All the enzymes related to these three pathways are
distributed over all of groups A, B, and C, although Group B contained only
the enzymes of blood coagulation such as prothrombin, factor VII, factor
IX, factor X, and protein C. Thus, it does not seem that the classifications
of pathways in the blood coagulation system is directly related to
evolutionary grouping of the protease domains of the serine proteases,
The enzymes related to the blood fibrinolysis (tPA, uPA, and
plasminogen) belong to groups A and C. The enzymes in group A
diverged first from the common ancestor of the three groups. Then,
groups B and C were separated from their common ancestor.  Therefore,
the evolution of the blood coagulation cascade may have taken place

together with the evolution of the fibrinolysis cascade.
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3.4 DISCUSSION

3.4.1 Different patterns in evolution between protease and

kringle domains

With the aim of examining whether the evolutionary pattern of the
protease domains is the same as that of the kringle domains, as explained
in section 3.1.4, I compared the tree topology for the kringle domains
with that for the protease domains (Figure 3.3). The evolutionary pattern
for the kringle domains is different from that for protease domains. In
particular, the evolutionary position of HGF in the phylogenetic tree for
the kringle domains is totally different from that for the protease
domains. The phylogenetic tree for the kringle domains suggests that HGF
is evolutionarily the closest to plasminogen and apo(a). It implies that the
origin of kringle domain of HGF is plasminogen because apo(a) is known to
have originated from plasminogen. However, the phylogenetic tree for
the protease domains shows that HGF is evolutionarily the remotest
among the serine protcases compared. It rather shows that the origin of
the protease domain of HGF is related to acrosin. This fact suggests that
the recombinational events must have occurred, in a certain stage of the
evolution, between the protease domain of the ancestral gene of acrosin
and the kringle domain of the plasminogen. For this reason, the protease
domain of HGF may have a function differentiated from the proteases

which have kringle structures.
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The biological function of the kringle domains in HGF may be the
same as that in plasminogen because the kringles in the former protein
are evolutionarily close to those in the latter protein. Since the kringle
structures of plasminogen are known to have an activity of binding other
molecules in the cellular matrix, this activity of the kringle structures
may be also important for the biological function of HGF. Because
plasminogen does not seem to have the function of a growth factor,
however, the function of a growth factor in HGF may be attributable to its
protease domain that is remotely related to that of plasminogen. If the
origin of the protease domains of HGF is much older than that of other
proteases having kringle structures, it suggests that the original function

of the serine proteases may have been like a growth factor.
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Table 3.1 Physiological Process Regulated
Proteases and its Inhibitors

Processing of proteins
Activating of enzymes
Blood coagulation
Complement system
Kinin system
Renin-angiotensin system
Maturation of phage
Digestion of microorganism
Sporulation and germination
Fertilization and development
Inflamentation
Immune system
Oncogenesis
Degradation of proteins
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Table 3.2 Serine proteases used in the present analysis.

Abbreviation Species Data source
7S NGF a-chain NGMSA Mouse Evans et al. 1985
7S NGF y-chain NGMSG Mouse Evans et al. 1985
Epidermal growth factoer (EGF)
binding protein A EGFBA Mouse Drinkwater 1987
EGF-binding protein type B EGFBB Mouse Lundgren et al. 1984
EGFMSB Mouse Drinkwater et al. 1987
Protein C Protein C Bovine Long et al. 1984
Human Foster et al. 1984
Apolipoprotein(a) apo Rhesus Tomlinson et al. 1989
Human Mclean et al. 1987
Plasminogen plgen Bovine Schaller et al. 1985
Porcine Marti et al. 1985
Rhesus Tomlinson et al. 1989
Human Forsgren et al. 1987
Hepatocyte growth facior HGF Human Nakamura et al. 1989
Tissue-type plasminogen
activator tPA Rat Ny et al. 1988
Human Pennica et al. 1983
Urokinase uPA Mouse Belin et al. 1984
Porcine Nagamine et al. 1984
Human Verde et al. 1984
Prothrombin pro Bovine Macgillivrey et al. 1984
Human N Waltz et al. 1977

Factor XII KFHU12 Human McMullen et al. 1985




Factor VII
Factor IX (Christmas factor)

Factor X

Factor XI

Tissue kallikrein

Tissue prokallikrein

Tonin

Collagenolytic protease
Mast cell proteinase II
Complement factor D
Complement subcompornent
Cir b-chain

Complement C2
Complement favtor 1
Complement controll protein
factor 1

T-cell supressor factor
Haptoglobin 1
Haptoglobin-related protein
Haptoglobin

28K protein

Trypsinogen, anionic
Trypsinogen, cationic
Trypsinogen

Trypsinogenl

Trpsinogen

Trypsin 1

favtorVII
factor IX

factor X

factor XI
KQPG
KQHU
KQRTIN
KCUF
PRRTG
DBHU

CIHURB

C2HU
C1HUM

C1FC1
MSTSUP
HPHUI1
HPHUR
HPRT
WMMS28
TRDG
TRDGC
TRPGTR
TRRTI
TRDFES
TRCY1

Human
Bovine

Human
Bovine

Human
Human
Porcine
Human
Rat

Atrantic sand fiddler crab

Rat
Human

Human

Human
Human

Human
Mouse
Human
Human
Rat
Mouse
Dog

Dog
Porcine
Rat
Spiny dogfish
Cray fish

\

f

O Hara et al. 1987
Mcmillen et al. 1983
Yoshitake et al. 1985
Fung et al. 1984
Fung et al. 1985
Fujikawa et al. 1986
Bode etal. 1983
Fukushima et al. 1985
Lazure et al. 1984
Grant et al. 1980
Woodbury et al. 1978
Niemann et al. 1984

Arlaud et al. 1983

Bentrey 1986
Goldberg et al. 1987

Catterall et al. 1987
Yamasaki et al. 1987
Brune et al. 1984
Maeda et al. 1985
Goldstein et al. 1984
Cook et al. 1985
Pinsky et al. 1985
Pinsky et al. 1985
Hermodson et al. 1973
Craik et al. 1984
Titani et al. 1975
Titani et al. 1983



Trypsin

Trypsinogen-like proenzyme

Chymotrypsinogen A
Chymotrypsinogen B
Chymotrypsin 1l
Serine proteinase
Collagenase

Chymase

Cathepsin G

Cytotoxic T-lymphocyte
proteinase 11

Trypsin-like serine protease

(Hanukah factor)
Acrosin

Hepsin

Bothrops atrox serine protease
Gamma-semino protein human

Gamma-Renin

Tissue prokallikrein mGK-1

DROPRO

Medullasin

Proelastase precursor I
Elastase

Procarboxypeptidase A complex

component [l

TRSMG
TRFF

KYBOA
KYBOB
KYVH20
COLLAG
RTMATI
DROPRO
CATHEPG

MSCTL2
CTCMS
TRPHUM

ACROSIN
POACRO
HEPSIN
VESER
SEMNOG
MSGREN
KOQMS1

MEDUHU
ELRT1
ELPG

CPBOA3

Streptomyces
griseus
Fruit fly

Bovine

Bovine

Oriental hornet
Fruit fly

Early cattle grub
Rat

Human

Mouse
Mouse
Human

Human
Porcine
Human
Bothrops atrox
Human

Mouse

Mouse

Human
Rat

Porcine

Bovine

Olafson et al. 1975
Davis et al. 1985

Brown et al,

Smille et al. 1968
Jany et al. 1981
Delotto et al. 1986
Lecroisey et al. 1987
Le Trong et al. 1987
Salvesen et al. 1987

Lobe et al. 1988
Bleackley et al. 1988
Gershenfeld et al. 1988

Baba et al. 1989
Adham et al. 1989
Leytus et al. 1988
Itoh et al. 1988
Schaller et al. 1987
Drinkwater et al. 1988
Mason et al. 1983

Okano et al. 1987
MacDonald et al. 1982
Shirus et al. 1986

Venot et al. 1986




Figure 3.1 The enzymatic mechanism of serine

protease.

This figure shows the hydrolysis of protein by the protease. In this
figure, E means the protease. R1CO-NHR?2 shows the peptide bond

of the protein as the substrate.
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+ H20
R{CO—NHR, + E "= R,CO—NHR,E T R{CO—E ——— 3= R,COOH + E
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Figure 3.2 The phylogenetic tree of serine proteases.

The tree was constructed by the analysis of amino acid sequences.
Two major groups are indicated by I and II. Group I can be further
divided into three subgroup A, B, and C. The abbreviated names of

the amino acid sequences were explained in Table 3.2.
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Figure 3.3 A difference in the evolutionary patterns

between the kringle domains and the serine

protease domains.
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CHAPTER FOUR
EVOLUTION OF SERINE PROTEASE

INHIBITOR

4.1 INTRODUCTION

4.1.1 Minikringle structure

The Kunitz-type inhibitor is one of the serine protease
inhibitors. It usually has a low relative molecular mass, a basic
isoelectric point, and one or several inhibitory domains (Salvesen
and Nagase 1989). This inhibitor was first isolated as a trypsin
inhibitor from bovine pancreas (Laskowski et al. 1974). It has an
amino acid sequence of 58 residues with three disulfide bridges
(Figure 4.1). The pattern of its disulfide bridges is the same as that
in the kringle domains of serine proteases which are involved with
the blood coagulation cascade (lkeo et al. 1991). Because the
kringle domain of the inhibitor is much smaller than that of the
protease, the former kringle is called the "minikringle' structure.

The enzymatic reaction between a protease and its inhibitor is
characterized by the formation of a pseudo-irreversible inhibitor-

protease complex (Lascowski and Kato 1980). The Kunitz-type
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inhibitor is found in virtually all tissues and has a wide range of
specificity (Fioretti et al. 1983). This inhibitor has also been found
in snake venom and in some insects. Very little, however, is known
about the biosynthesis and physiological function of the Kunitz-type

inhibitor.

4.1.2 Amyloid p protein in Alzheimer's disease

In the last few years, it has become apparent that various
proteins contain Kunitz-type inhibitor domains. It is very likely
that these proteins were assembled as a consequence of exon
shuffling which sometimes results in incorporation of genetic
elements or domains from different evolutionary precursors. The
Kunitz-type inhibitor sequence was found in a precursor protein of
the amyloid P protein which is a component of cerebral depositions
in the brains of patients with Alzheimer's disease (Figure 4.2).

Alzheimer's disease is the most common neurodegenerative
disorder, affecting over 2 million people in the United States alone.
This disease is characterized by progressive dementia with
neuropathological features such as extracellular deposits of amyloid
plaques and vascular amyloid as well as intracellular deposits of
neurofibriilary tangles (Muller-Hill and Beyreuther 1989). Amyloid

plaques have also been found in Down's syndrome patients and, in

100




smaller numbers, in normally aged human brains and in the brains
of aged mammals. The amyloid forming [-peptide of Alzheimer's
disease is synthesized as part of a larger membrane precursor
protein (BAPP). This precursor protein has three alternatively
spliced versions of APP695, APP751, and APP770. APP751 and
APP770 both have an insertion sequence of the Kunitz-type trypsin
inhibitor although APP695 does not (Kang et al. 1987; Ponte et al.
1988; Tanzi et al. 1988; Kitaguchi et al. 1990). Thus, it is of
particular interest to study the evolutionary feature of the Kunitz-

type protease inhibitor domain in the amyloid B protein.

4.1.3 o3 chain of collagen VI

A sequence similar to the Kunitz-type inhibitor was also
found in the chicken o3 chain of collagen VI (Bonaldo and
Colombatti 1990). The type VI collagen is a unique component of
the family of collagenous proteins found in soft connective tissues
and cartilage. The type VI collagen is the major component of
100nm long periodic filaments that form a major class of tissue
microfibrils (von der Mark et al. 1984). These fibrils are present in
both embryo and adult tissues (Koller et al. 1989). The type VI

collagen also forms a flexible network that anchors large interstitial
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structures such as nerves, blood vessels, and other collagen fibers
(Table 4.1).

The protein molecule of the type VI collagen is composed of
three different polypeptide chains that form a heterotrimeric
molecule with a short triple helix and large globular domains at
both ends. Type VI collagen is synthesized and secreted by
mesenchymal cells.

The amino acid sequence of the a3 chain of chicken type VI
collagen was reported by Bonaldo et al. (1989). Although the amino
acid sequence of the a3 chain is homologous to those of the al and
o2 chains of chicken type VI collagen, the carboxyl-terminal region
of the o3 chain is not present in the ol and a2 chains and is a
mosaic region with extensive similarities to several other proteins
(Figure 4.3). This region is preceded by sequences analogous to the
platelet glycoprotein Ib. This region is also followed by one
segment that closely resembles the type III domains of fibronectin.
At the C-terminus of the sequence, there is a domain which is very
similar to the Kunitz type protease inhibitors. This collagen might
play an important role in growing and remodeling of connective
tissues (Bonaldo et al. 1989). It is interesting to know the evolution
of this protein for the understanding of the evolution of mosaic

proteins.
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4.1.4 Dendrotoxin as a serine protfease inhibitor

The dendrotoxin is a typical example of Kuniz-type inhibitors
(Figure 4.1). The dendrotoxins are pharmacologically active
proteins that have been identified in the venom of the eastern
green mamba (Dendroaspis angusticeps) and the black mamba
(Dendroaspis polylepis polylepis). They are also known as 'pre-
synaptic facilitatory toxins' because their action is to faciliate
acetylcholine release from the presynaptic membranes of
cholinergic synapses. Their most notable effect in vive is to
produce exessive muscular activity via neuromuscular synapses,
but synapses also affects in the sympathetic and parasympathetic
branches of the autonomic and central nervous systems are also

affected.

To elucidate the evolutionary origin and biological function of
these insertion sequences, particularly in BAPP of Alzheimer's
disease, I constructed a phylogenetic tree for the Kunitz-type

protease inhibitors.
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4.2 MATERIALS AND METHODS

4,21 Sequences used

Forty-nine amino acid sequences and 13 nucleotide sequences
of the Kunitz-type protease inhibitors were collected from the PIR
(version 28) protein data base and Genbank (version 68) of the
DDBJ/EMBL/GenBank DNA database (Table 4.2), respectively. [
made a homology alignment of these sequences with maximum
match after translating the nucleotide sequences into amino acid
sequences. [ then computed the number of amino acid
substitutions per site from comparisons between each pair of amino
acid sequences (Figure 4.4). For the correction of multiple
substitutions at a site, [ used Kimura's formula of d, =
-loge(l -p-02 p2), where dy and p are the number of amino acid
substitutions per site and the proportion of different amino acids,
respectively (Kimura 1983).

Phylogenetic trees of the Kunitz-type protease inhibitor were
constructed by the unweighted pair-grouping (UPG) method (Nei
1975) and the neighbor-joining (NJ) method (Saitou and Nei 1987),
using the dy values. Note that the UPG method requires a rate
constancy of amino acid substitution over time whereas the NJ
method does not. [ also constructed a phylogenetic tree using

nucleotide sequences. The number of nucleotide substitutions was
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calculated by the four-parameter method (Takahata and Kimura
1981), because the six-parameter method (Gojobori et al. 1982) was

inapplicable in a few cases.

4.3 RESULTS

4.3.1 Evolution of serine protease inhibitor

Figure 4.5 shows a phylogenetic tree for all Kunitz-type
inhibitors available. This tree was constructed by the NJ method,
using amino acid sequences. A majority of the inhibitors were
separated into three groups that were indicated by I, II, and III.
Group I contains only the Kunitz-type inhibitors known to be
neurotoxins in snakes. The insertion sequence in collagen 1V of
chicken, all the larval protease inhibitors of insects, and a few
mammalian inhibitors belong to group 1I. The BAPP precursor, the
c-terminal region of the inter-a-trypsin inhibitor (IaTI), and
trypstatin are found in group IIL

I obtained a reliable estimate of the rate of amino acid
substitution from the comparisons of IaTI2 and LACI (lipoprotein

associated coagulation inhibitor). Although the sequence of rabbit

LACI is recently determined, it is not included in the phylogenetic
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trees. I estimated the rate of amino acid substitution for IaTI2 to
be, on the average, 1.2 x 10-9 per site per year from comparisons
between human and bovine, porcine, sheep, and horse. In this case,
I assumed that the divergence of these species occurred 80 million
years ago. In the same way, I estimated the rates of amino acid
substitution for LACI1, LACI2, and LACI3 to be respectively 1.6 x
10-9, 1.6 x 10-9, and 0.52 x 10-9 per site per year from
comparisons between human and rabbit. Thus, | estimated the
average rate of amino acid substitutions for I«TI2, LACIl, LACI2,
and LACI3 to be 1.2 x 10-9 per site per year. It is known that
IaTIl may have lost the activity as a protease inhibitor (Laskowski
and Kato 1980), because it does not inhibit any types of the
enzymes. For this reason, I excluded IaTI1 from this calculation.
Using the average rate of amino acid substitution, I estimated
the time of evolutionary events that must have taken place in the
past. The following results are based on estimations of divergence
times for various branching points in the phylogenetic tree (Figure
4.6). The ancestral gene of the Kunitz-type inhibitor must have
appeared about 500 million years ago. Then, about 50 million
years later, the Kunitz-domain was duplicated into two domains.
One became the ancestral domain of group I, and the other of
groups II and III. The inhibitor sequences in group I were further
separated into two subgroups. One subgroup evolved into the
lineage of snake toxins which exhibit protease inhibitor activity.

The other became the snake toxins with neuromuscular activities.
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The two subgroups were estimated to have diverged from the
ancestral gene about 400 million years ago. A little more than 400
million years ago, the ancestor of groups II and IIT was duplicated
into two domains to become the respective members of groups II
and IIl. Group II contains laTII, basic protease inhibitor {(BPIl), and
LACIT and LACI2, although LACI3 belongs to group II. Group Il
includes LACI3, IaTI2, trypstatin, and BAPP, each of which
diverged from their ancestor about 270 million years ago. Thus, it
was found that the Kunitz-type inhibitor domains of BAPP are most
closely telated to that of TIaTI2. Moreover, the ancestor of the
insertion sequence in chicken o collagen IV was shown to have
diverged from the ancestral gene of LACI1 and LACI2 about 360
million years ago.

Figure 4.7 shows the phylogenetic tree that was constructed
by the NJ method, using the nucleotide sequence data. The tree
topology in Figure 4.7 is somewhat different from that in Figure 4.5
in the relationship between groups II and III. I believe that the
tree in Figure 4.5 is more reliable than the other, because the
former was obtained using more data than the latter. In fact, the
tree in Figure 4.5 is consistent with functional classifications of the
proteins studied. In any event, these results suggest that the gene
duplication occurred at a relatively early stage in the evolution of

Kunitz-type inhibitors.
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4.3.2 Evolution of snake toxins

The evolution of snake toxins can be seen in group I of the
phylogenetic tree (Figure 4.5), because all the members of group I
arc snake toxins. In group I, the two subgroups were separated
soon after the duplication about 320 million years ago. One of the
two subgroups contains dendrotoxins. They were further separated
into two clusters, dendrotoxins with the activity of protease
inhibitor and those without it. The other subgroup includes the
members of other snake protease inhibitors. These snake toxins
are the venom basic protease inhibitors of viper russelli, a western

sand viper, a sand viper, and a kind of krait (Bungars fasciatus).

4.3.3 Evolution of the insertion sequence

in amyloid B protein

It has been argued that the functionally important sites of
serine protease inhibitors evolved faster and exhibited more
interspecific variability than other sites (Hill and Hastie 1987). This
speculation was based upon the assumption that ali amino acid
changes at the reactive sites of a protease inhibitor are due to
nucleotide substitutions which might have occurred in the same

inhibitor gene. 1In the case of the Kunitz-type inhibitor, however,
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this assumption may not always be warranted because the genetic
variation at the reactive sites is sometimes created by gene
conversion of the gene segment from duplicated genes (Li and
Graur 1988).

As described above, the rate of amino acid substitution of the
Kunitz-type inhibitor is estimated to be 1.2 x 10-9 per site per
year. This value is nearly equal to that of hemoglobins, and it is not
particularly high among the proteins studied. The rate of amino
acid substitution for BAPP is 1.2 x 10-10 per site per year which is
even lower. This rate was obtained from the sequence comparison
between mouse and human BAPPs. These BAPPs differ at only one
of the 51 amino acid residues compared, none of which are among
the 12 residues of the enzyme-inhibitor contact regions. Because
the amyloid B precursor itself is a very conservative protein, the
inserted domain may have also been under strong functional
constraints.

The rate of nucleotide substitution at all codon positions for
BAPP was calculated to be 0.33 x 10-9 per site per year. This
value was computed from a comparison between mouse and human
BAPP sequences, assuming that the divergence time of these two
spectes is 80 million years ago. The rate of synonymous
substitution for BAPP is estimated to be 1.7 x 10-9 per site per year
and the rate of nonsynonymous substitution is 5.2 x 10-11 per site
per year. These values show that the evolution of these inserted

domains is extremely slow at the amino acid level.
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4.4 DISCUSSION

4.4.1 Relationships between amino acid sequences and

specificity of inhibitors

Detailed information on the physiological functions of
Kunitz-type protease inhibitors and their target-enzymes has not
been compiled yet. It is known, however, that inhibitors having
Lys or Arg at the reactive site (called the P{ residue) tend to inhibit
trypsin and trypsin-like enzymes. The amino acid residues on the
amino-terminal side of the scissile bond, which is cleaved on the
substrate, are numbered P} where P stands for peptide, P2, P3, and
so forth (Figure 4.8) (Benyon and Bond, 1989). Those having Tyr,
Phe, Trp (for artificial sequences only), Leu, and Met are likely to
inhibit chymotrypsin and chymotrypsin-like enzymes. Those
having Ala and Ser most inhibit elastase-like enzymes (Laskowski
and Kato 1980). Table 4.3 showed the relationships between the P
residues and the target proteases.

In the case of snake toxins, those having neuromuscular
activity have lost the protease inhibitor activity, even though they
have characteristic residues such as Lys or Tyr at reactive sites
within the contact regions with the protease (Table 4.4). Thus, the
region responsible for the neuromuscular activity of snake toxins

may be the contact regions other than the reactive sites. This does
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not mean that the contact regions of the snake toxins with a
protease are unnecessary for activity as a toxin. The contact of the
toxin with a serine protease may be important for playing a
regulatory role in enzymatic activities on the presynaptic
membrane (Hawkins and Seeds 1986). It is indeed known that
snake toxins are able to contact the protease even though they have
lost the protease inhibitor activity (Dufton, 1985).

The phylogenetic tree in Figure 4.5 shows that an ancesiral
gene of mammalian Kunitz-type inhibitors was duplicated into
groups II and IIl. Judging from the Pj residue of the inhibitors in
group II, [ predict that the target enzymes for IaTIl are
chymotrypsin or chymotrypsin-like enzymes whereas the target
enzymes for the other members in group II are trypsin or trypsin-
like enzymes. Since all the inhibitors in group III have the
identical P] residue, it is possible that the target enzymes are also
identical. From the results of a comparison between the reactive
sites of IaTI2 and BAPP, T predict that the target enzymes of the
Kunitz-type inhibitor of BAPP are trypsin or trypsin-like enzymes.
In the case of the snake toxins in group I, the changes at the Pj
residue might have occurred independently of the inhibitors in
groups I and II. The results show that the gene duplications of
group II took place after the duplication of IaTIl and IaTI2. After
this event, the inhibitors of group II changed their target enzymes.

As already mentioned, the inhibitors in group I have

identical P1 residues. In particular, IaTI2, BAPP, trypstatin, and




fetal cell inhibitor have identical amino acid residues at the contact
regions except for the residues which are variable in mammalian
IoaTI2. This observation suggests that these four inhibitors may
have the same or at least similar target enzymes. This hypothesis
is supported by the following facts. It is known that the V3 domain
of HIV-1 envelope glycoprotein (gp120) is able to bind specifically
tryptase (TL2), which is a membrane-bound serine esterase in
cultured human T4% lymphocytes. This binding activity was
selectively blocked by trypstatin which is an inhibitor of tryptase.
Trypstatin has a Gly-Pro-Cys-Arg (GPCR) sequence in its reactive
site and the V3 domain of gpl120 also has a similar sequence (Table
4.5) (Kido et al. 1991; Javaherian et al. 1989). This shows a
possibility that other members of group III, which also have a GPCR
sequence in the reactive sites, have a trypstatin-type protease as
their target enzyme. It is also possible that BAPP works on the
interaction between cells and the extra cellular matrix in the same

way as those for gpl20 and tryptase.

4.4.2 Biological function of protease inhibitor

The possibility cannot be ruled out that substitutions at sites

other than the reactive sites change the target enzyme of the

inhibitor, indicating that each inhibitor in group III has a different

type of enzymes for its target. Interestingly, other serine proteases




such as urokinase are known to bind the cell membrane and to be
thus related to the cell movement (Takahashi et al. 1991, Hawkins
and Seeds 1986). The insertion site of the Kunitz-type inhibitor
domain in the amino acid sequence of BAPP is located between Arg
and Val. This site is known as a target site of the urokinase-type
protease.  Therefore, urokinase-type enzyme may be the target
enzyme of the Kunitz-type inhibitor of BAPP.

There are many unclear points with respect to the
physiological functions of the Kunitz-type inhibitor. The inserted
Kunitz-type inhibitor may have a tertiary structure different from
the uninserted Kunitz-domain. However, it is known that the
inserted domain of the Kunitz-type inhibitor has the protease
inhibitor activity when a protease cuts off the insertion sequence
from amyloid B protein (Kitaguchi et al. 1990). This suggests that
the insertion sequences of the Kunitz-domain are able to bind
serine protease in the same way as other Kunitz-type inhibitors.

The phyiogenetic tree in Figure 4.5 shows that the insertion
occurred independently of BAPP and collagen type IV. The Kunitz-
type domain of collagen IV has an evolutionarily close relationship
with the Kunitz-type inhibitor of a fruit fly. This inhibitor is
produced in the male accessory glands of this insect and strongly
inhibits acrosin in sperm cells (Schmidt et al. 1989). Acrosin has an
important role in the acrosomal reaction in the fertilization process.

In particular, this enzyme seems to be directly involved in the

interaction between sperm and egg. It is thought that the other




Kunitz-type inhibitors also have variable physiological functions as
protease inhibitors, because they are found in virtually all tissues
and have a wide range of specificities of target enzymes. The
Kunitz-type inhibitor may also have an important role, through the
contact with a protease on the membrane, in cell-to-cell recognition
or interaction. These functions of proteases and the protease

inhibitors on the cell membrane have yet to be elucidated.
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Table 4.1

Tissue Distribution of Type VI Collagen

Using Immunofluorescence.
Tissue Reference
Skin McComb et al. (1987)
Kidney McComb et al. (1987)
Muscle Limsenmayer et al. (1986)

Brain, liver

Blood vessels
Amnion/chorion

Cornea, sclera, perichondrium
Albeolar bone, dentine
Spleen

Thyroid, pancreas, heart
Elastic cartilage

Nuchal ligament, lung, tendon

McComb et al. (1987)

von der Mark et al. (1984)
Hessel and Engvall (1986)
Linsenmayer et al. (1986)
Becker et al. (1986)
McComb et al. (1987)
McComb et al. (1987)
Sakai et al. (1986)

Gibson and Cleary (1983)
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Table 4.2 Serine protease inhibitors used in the present analysis.

Protein Abbreviation Species Data sorce

B-2 bungarotoxin B chain B-BGTI many-banded krait Kondo et al. (1982)
-2 bungarotoxin B chain B-BGT2 many-banded krait Kondo et al. (1982)
venom basic protease inhibitor HHV 11 Ringhals Hokama et al. (1976)
venom basic protease inhibitor II NNV I cape cobra Hokama et al. (1976)
venom basic protease inhibitor I RRV Il viper russelli Takahashi et al. (1974)
venom basic protease inhibitor B dendrotoxin B Black mamba Strydom et al (1981)
venom basic protease inhibitor E  dendrotoxin E Black mamba Joubert et al (1978)
venom basic protease inhibitor I  dendrotoxin I Eastern green mamba Strydom, D. J. (1973)
venom basic protease inhibitor K  dendrotoxin K Black mamba Strydom, D. J. (1973)
dendrotoxin dendrotoxin 1 Dendroaspis angusticeps Dufton, M. J. (1985)
dendrotoxin dendrotoxin 2 Dendroaspis angusticeps Dufton, M. 1. (1985)
venom basic protease inhibitor I CTI western sand viper Ritonja et al. (1983)
venom chimotrypsin inhibitor T1 sand viper Ritonja et al. (1983)
venom basic protease inhibitor VIII B Bungars fasciatus Dufton, M. J. (1985)
basic protease inhibitor redturtle 1 red sea turtle Kato et al. (1979)
basic protease inhibitor redturtle 2 red sea turtle Kato et al. (1979)
colostrum trypsin inhibitor colostrum BPI bovine Cechova et al. (1971)
basic protease inhibitor BPI bovine Kassell et al. (1965)
isoinhibitor 1 BPI ] bovine Siekman et al. (1988)
protease inhibitor I} BPI 11 bovine Fioretti et al. (1985)
spleen inhibitor precursor SIG2 bovine Creighton et al. (1987)
serum basic protease inhibitor serum BPI bovine Wachter et al (1980)
chymotrypsin inhibitor I silkworm { silkworm ‘_ Sasaki, T. (1988)

sitkworm II silkworm . Sasaki, T. (1988)




hemolymph trypsin inhibitor B
proteinase inhibitor (BPI-type)
isoinhibitor K

proteinase inhibitor 5.1

silkworm IIi
inhibitor B
Horse crab
snaile K

SAS 1T

silkworm

Tobacco hawk moth

horseshe crab
Roman snale
sea anemone

Sasaki, T. (1984)
Romesh et al. (1988)
Nakamura et al. (1987)
Tschesche et al (1975)
Wunderer et al. (1981)

hypothetical acrosin inhibitor acrosin inhibitor fruit fly Wun et al. (1989)
lipoprotein-associated
coagulation inhibitor LACI 1 human Girard et al. (1989)
LACI 2 human Girard et al. (1989)
LACI 3 human Girard et al. (1989)
Alzheimer's disease
amyloid P protein precursor BAPP human Tanzi etal. (1988)
rhesus macaque Koo et al. (1989)
mouse Fukuchi et al. (1989)
rat Kang et al. (1989)
inter o trypsin inhibitor IaTl 1 human Kaumeyer et al. (1986)
bovine Hochstrasser et al. (1985)
horse Hochstrasser et al. (1985)
sheep Rasp etal (1987)
porcine Hochstrasser et al. (1985)
inter a trypsin inhibitor IaTI 2 human Kaumeyer et al. (1986)
bovine Hochstrasser et al. (1985)
horse Hochstrasser et al. (1983)
sheep Rasp etal (1987)
porcine Hochstrasser et al. (1985)
TRYPSTATIN rat Kido et al. (1988)
collagen a 3(VI) chain collagen chicken Bonald et al. (1989)




Table 4.3 Amino acid residues at the reactive site (P1).

Amino acid residue at Target protease

reactive site (P1)

Lys, Arg Trypsin

Trypsin-like enzymes

Tyr, Phe, Trp, Leu, Met Chymotrypsin

Chymotrypsin-like enzymes

Ala, Ser elastase-like enzymes
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Table 4.4 The biological activity and amino acid
sequences of the inhibitors in group I

Activity
Source Reactive sites Neuromuscle Antiprotease

dendrotoxin 1 GRCY + .
dendrotoxin 1 GRCY + -
dendrotoxin 2 GPCK + -
dendrotoxin K GPCKR + ;
HHV 11 GLCK - +
NNV I ALK - +
dendrotoxin E GRCY - +
CTI GRCL - + N
redturtle2 GPCK - +
TI GRCK - +
VIII B GRCN - +
RRV 1I RCR - +
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Table 4.5 Contact regions of the Kunitz-type
inhibitors in group IIL

Inhibitor : Contact regions

7 15 30 i5
IaTI2Z (bovine) VQGPCRAFI SYGGCK
I1aTI2 (human) R———————— D=0
IaTI2 (horse) o T————R
IaTI2 (porcine) @ oo N~——=Q
IaTI2 (sheep) S — G- T-==N
trypstatin  (rat) 00— __ A- | S
APP (human) ET——~—n M- FeeeG
APP (rhesus) ET————m M— Fo—e—a—(G
APP (mouse) ET—=——- M-
APP (rat) ET————— M~ Foee—(
tobaccow honeworm EV-—--~ GF T-—Q
HIV 1 I o R==G---V
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Figure 4.1 The secondary structure of Kunitz-type

protease inhibitors.

Arrows indicate the reactive center. Abbreviation; BPTI, bovine
pancreatic trypsin inhibitor; snake, venom protease inhibitor; IaTI,
inter a trypsin inhibitor; LACI, lipid associated coagulation

inhibitor.
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Figure 4.2 The Kunitz-type protease inhibitor

domain inserted into BAPP.

This figure shows the schematic model of BAPP (Kang et al. 1987,
Kitaguchi et al. 1987).
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Figure 4.3 The Kunitz-type protease inhibitor domain

inserted intfo o3 chain of collagen type VI,

This figure shows the schematic model of the Kunitz-type protease
inhibitor of collagen type VI Bonald et al. 1989). COL indicates the

position of the triple helix.
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Figure 4.4 Sequence alignment of Kunitz-type protease

inhibitors.

This figure shows a part of sequences used in this study.
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SERBPI (bov) CLEPPYTGPE
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SNBP{. I L CYLPADPGR:
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SNBPIX (blm) CKLPLRIGCP:
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SN, HEM CNLAPESGRS
SN.DPOL I CILHRNPCR:
INBP (bhorse) CQLDHAGGPE
INBPI (poc) CQLGYSQGPL
INB(sheep) CALGYSQCPR
BPI2(redta CYLPADDGR%
SAS5. I CELPXVVGPE
snale X CNLPAETGPY
horsecrad CTSPPVIGPE
LACI1 CAFKADDGP:
LACI2 CFCEEDPGIE
LACIS CLTPADRGLE
INTBPIZ (bu) CNLPVYRGPE
INTBP2 (bov) CNLPIVQGPS
INB2 (horse) CNLPIVAGPE
INBPZ (poc) CSLPIVQCPE
INBZ (sheep) CNLPIVRGPS
ALZAPP CSEQAETGPE
TRYPSTA CNLPIVQGCP:
FCELLBPTI CNLPIVQGCP:
Viebain CLLOXEEGTS
TOBACCOW CSLPPEVGP:
1BNGBCOB CDKPPDKGNE
2BRGBCOB CDKPPDTKI
TAP CIKPRDWIDE

C
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CKAAMIRYFY
CMGMTSRYFY
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CKAYIRSFHY
CKARIRSFHY
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CKASIPAPYY
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G-
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SKGANKITCY
NSTSNA$ICE
NLESNK$iCK
NQKXKO$$CE
NCTSMALICE
NGSSMATECE
NGTSMATECE
DSASNK:T$CN
NSSSKRtiCE
NSKSGGxrca
NTRTKQTICE
NIFTRQ$3CE
NNQTKQ33CE
NSVIGK$3CR
DAVKCKIiCV
DAVKGKItCV
DAAQCKXICY
DAAQGKSICY
DAVEGK23ICY
DVTECK:ICA
DAAQGKR3CI
DAAQGKEECT
DLKTX::SCA
YSELNKz2CK
DTRLKTICY
KPSAKRIICV
YFRNGKCGCD

~—YGGC—

TFVYSCCRAK
TFYYGCCRAK
TFQYCGCMON
SFIYCGCKCN
QFIYCGCCON
EFIYGGCGGN
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LFHYGGCKGN
KFIYGGCRON
FFIYCGCPGN
VFFYGGCGCN
PPDYSGCGGN
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VFFYGCGCGON
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RNNFKSAFD$
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SNRFXTIEE:
CNNFASQKES
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GNNPFPSEXEY
ANNFKTWDES
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QNRFDTTQQ:

IICNRYKSEQ

QNRFESLEES
MNNFETLEES
ENNFTSXQES
CNKFYSEKES
CNKPFYSCKE:
CNKFYSQKE:
QNKFYSQXES
GNQFYSQKE:
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NNKFYSEPK:
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3IRFNTOKE:
$3ZENNPETL
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HTCADYYSSY

—C—¢

3ICRTC
$ICURTC
FICLATC
3IICVRAC
IICRRTC
ICHRTC
IICLRIC
TICREAC
TICRETC
$3CRATC
FICRETC
3ICRRTC
T3CRRTC
$ICUMRTC
$3CRRTC
3ICRRTC
TICLATC
TICLATC
TICLATC
$ICRATC
TICERVC
$TCACYC
TDCLDAC
$ICKKUC
TICKNIC
33ICLRAC
TICREYC
33CKEYC
$ICKEYC
23CKEYC
$3ICKEYC
$3CUAVC
TICKWYC
IICKWYC
$ICEKAC
QACXQAz
IICRCEC
$3CRCEC
RDCFNAC




Figure 4.5 The phylogenetic tree constructed using
amino acid sequences of Kunitz-type

protease inhibitors.

The tree was constructed by the analysis of amino acid sequences.
Three major groups are indicated by I, II, and IIL
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Figure 4.6 Evolutionary changes of Kunitz-type

protease inhibitors.

The ancestral molecule of the Kunitz-type domain appeared at least
500 million years ago. The Kunitz-type domain was duplicated to
form two types, groups I and II, about 450 million years ago. An
ancestral laTI protein emerged by duplication about 400 million
years ago. Each domain of IaTIl formed groups II and III. Group
III includes BAPP which diverged from its ancestor about 270
million years ago.
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Figure 4.7 The phylogentic tree constructed using
nucleotide sequences of Kunitz-type

protease inhibitors.

The total number of nucleotide substitutions for each pair of
Kunitz-type sequences was first estimated by the four-parameter
method.  Using this number, the phylogenetic tree was constructed
by the neighbor-joining method.
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Figure 4.8 The Schecter and Berger's nomenclatures
for binding of a peptide substrate to a
peptidase.

The schecter and B.erger's nomenclatures for binding of a peptide

substrate to a peptidase are shown. The protease is represented as

the solid line. Pi1,.P2, P3, Py', P2, and P3’ represent the side chains
of six amino acids, and S1,.S2, S3, S1, S2', and S3' are the
corresponding subsites on the enzyme. The “"scissile bond" indicate

the peptide bond that is digested by enzyme.
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CHAPTER FIVE

EVOLUTION OF MOSAIC

PROTEINS

5.1 Introduction

Molecular evolution of mosaic proteins has been concretely
exemplified by serine proteases and its protein inhibitors, as
discussed in the preceding chapters. 1In particular, the evolutionary
process of the kringle domains in serine proteases is different from
that of the protease domains, which was clearly shown in Chapter
3. This observation strongly suggests that for the serine proteases,
the unit of evolution is a functional domain rather than the whole
protein. It also implies that mosaic proteins must have been
created by a fusion of different functional domains, which usually
result from genetic recombinations between their encoding gene
segments at the DNA level,

As shown in Chapter 2, the evolutionary study of kringle
domains in the serine proteases exquisitely revealed an interesting

feature that a functional domain was duplicated many times, in the
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evolutionary process, into more than two domains. These
duplicates were evolutionarily shuffled so that they were used as
parts of a certain mosaic protein. Although amino acid
substitutions and other mutational events must have disturbed the
amino acid sequence of a functional domain during evolution, a
certain pattern of the amino acid sequence, which is called a motif,
has remained unchanged. The kringle structure was also shown as
a typical example of such evolutionary motifs, in Chapter 2.

The minikringle of a Kunitz-type protease inhibitor is
structurally similar to the kringle structure of a protease.
However, it was shown, in Chapter 4, that the minikringles have
their own features of molecular evolution, and particularly that
their evolutionary process is independent of that of the kringles.

Recently, it is found that there are kringle-like structures
which are different from the kringles in serine proteases and the
minikringles of the Kunitz-type protease inhibitors. In fact, a much
smaller size of the kringle structure can be found in defensin that
1s an anti-bacterial protein in the white blood cells called
neutrophils (Hill et al. 1991). The tick-borne encephalititis virus is
also known to have a kringle-like structure.

In the present chapter, I would discuss the evolutionary
relationship between the kringle-like structures and the kringle
structures in serine protease. In particular, I would examine
whether the kringle-like structures had shared a common ancestor

with the kringle structures. Moreover, I would discuss the

144




evolutionary significance of various serine proteases as mosaic

proteins in the system of biological cascades.

5.2 Molecular evolution of kringle-like structures

5.2.1 Kringle-like structures in defensins

Defensin is a protein that is present in neutrophils.
Neutrophils are the cells which constitute fifty to seventy percent
of the total white blood cells in humans. The neutrophils are
involved in the immune response by ingesting invading
microorganisms, which are then destroyed by either one of the two
general mechanisms, the "oxygen-dependent” and "oxygen-
independent” mechanisms. The former mechanism results from the
production of superoxides which are converted to potent oxidants
termed “reactive oxygen intermediates” (Klebanoff 1988). The
latter defense mechanism is activated when the microbicidial-
cytotoxic proteins of cytoplasmic granules are discharged into the
phagocytic vacuole (White et al. 1986). In this "oxygen-
independent” mechanism, the defensin plays a vital role in

attacking cell membranes of the invading microorganisms.
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Defensins account for about thirty percent of the total
proteins in azurophil granules in human neutrophils. A protein
molecule of the defensin is small in molecular weight of only 3500
to 4000. It is a cationic and disulfide cross-linked protein. It has
an in vitro activity of destroying Gram-negative and Gram-positive
bacteria, fungi, mammalian cells, and enveloped viruses. For
example, defensins permiabilize both inner and outer membranes
of Escherichia coli, so that the cell death takes place by the
membrane permeabilization (Hill et al. 1991).

The three-dimensional structure of a human defensin called
HNP-3 was determined by the method of x-ray diffraction (Hill et
al. 1991). The pattern of conserved residues in the amino acid
sequences of the defensin family (Figure 5.1) suggests that all
defensins have structural conformation similar to HNP-3. These
protein molecules of the defensin family show the same topology
with the kringles and minikringles. Although the amino acid
sequences of a kringle and a minikringle are, respectively, about
eighty amino acids and fifty-one amino acids long, the amino acid
sequence of defensin is only twenty-nine amino acids long. Thus,
the kringle-like structure of a defensin is much smaller than the
minikringles. Moreover, there is no sequence homology among the
kringle-like structures, the minikringles, and kringles. It suggests
that these three similar structures do not share the common

ancestor,
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In order to know the evolutionary history of defensins, I
constructed the phylogenetic tree for defensins of various
organisms (Figure 5.2). The defensins could be separated into two
groups which are indicated by groups A and B. Group A contains
defensins of human and guinea pig, and rabbit defensins NP-1, -2, -
3, and -3b. Group B contains rat defensins and rabbit defensins NP-
4 and -5. Thus, the phylogenectic tree obtained shows that the
rabbit defensins were separated into the two groups before the
divergence of humans and rabbits. It implies that the evolutionary
origin of defensins are much older than the mammalian divergence.

For both groups A and B, the evolutionary divergence of the
defensins within a group appear to have occurred recently. In
particular, the divergence time between human defensins HNP-2
and HNP-3 may be only a few million years ago. This divergence
time was obtained from the rate of amino acid substitution that was
estimated to be 6.24 x 10-9 per site per year. The substitution rate
was estimated by comparing the amino acid sequence of human
defensin HNP-1 with that of rabbit NP-1 and making the
assumption that these two sequences diverged at the time of
speciation between humans and rabbits (80 x 100 years ago). Thus,
many of defensins must have emerged from their recent ancestors
possibly by repeated gene duplications. This evolutionary feature
of the defensins is similar to that of the kringle structures in the
serine proteases, although the evolutionary origins of these two

structures are different from each other.
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The kringle-like structures of the defensins may have their
own biological significance. However, it is possible that the kringle,
minikringle, and kringle-like structures share a certain type of
functional constraints, because the particular conformations of the
amino acid sequences by three pairs of cysteine-cysteine bonds are

evolutionarily conserved among the three different structures.

5.2.2 Kringle-like structures in an envelope protein

of TBE virus

Tick-borne encephalitis virus (TBEV) represents one of the
major human pathogens of the family Flaviviridae. The disease
caused by this virus is endemic in many European countries, Russia,
and China. This disease can be effectively prevented by a highly
purified inactivated whole-virus vaccine (Kunz et al. 1980). The
envelope protein, E, plays a central role in the biological function of
flaviviruses. It mediates hemaglutination, binding to cell receptors
and probably fusion with endosomal membranes. It also induces a
protective immune rtesponse after active immunization or natural
infection.

It was revealed, by competitive binding analyses, that the
epitope clusters in the E protein make three major antigenic

domains (designated by I, II, and III) (Figure 5.3). All cysteins are

highly conserved in the amino acid sequences of all flavivirus E
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proteins. The I domain has five characteristic cysteine bridges.
Three of them are composed of a characteristic topology that is the
same as kringles, but its amino acid sequence of the kringle-like
structure is 62 amino acids long. Although the size of this kringle-
like structure is closer to that of the minikringle rather than the
kringle, there are no homology in the amino acid sequences
between these structures. Moreover, it does not show any
sequence homology with the defensin, either. This observation
thus suggests that there are no evolutionarily common ancestor
among these structures. Since the biological function of the
kringle-like structure in the E protein has not been known, we
cannot rule out the possibility that the kringle-like structure has
been evolutionarily exposed by functional constraints similar to

that of the kringles.
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5.3 Evolution of serine proteases in the system of

biological cascades

5.3.1 Biological functions of regulatory domains involved in

serine proteases

In the preceding sections, 1 showed that the kringle-like
structures of the defensin and the E protein of TBEV did not appear
to share a common ancestor with the kringle structures in the
serine proteases. In Chapter 2 and section 5.1 in this chapter, I
have emphasized the evolutionary importance of the kringle
structure in exhibiting its regulatory function of the serine
proteases in the biological cascades such as the blood coagulation
system and the system of fibrinolysis. As I have already
mentioned before, the regulatory function of the serine proteases
can be attributed to not only the kringle domains but also other
regulatory domains.  Although it is commonly understood that the
essential function of a serine protease is the proteolysis of a target
enzymes or zymogens, I would now point out the possibility that
serine proteases may play more important role in regulating the
biological cascades by a function of their regulatory domains,

Plasminogen activators catalyze the conversion of the
plasminogen into the plasmin, which can then activate or degrade

extracellular proteins such as zymogens, fibrinogen, and fibronectin
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(Robbins et al. 1967). Through this process, plasminogen activators
regulate extracellular proteolysis, fibrin clotlysis, tissue remodeling,
developmental cell migration, and pathological processes as
inflammation and metastasis (Reich et al. 1978). These processes
appear to be associated with a variety of biological cascades. In
particular, it is recently found that urinary plasminogen activator,
uPA, has a regulatory role in other forms of extracellular
proteolysis (Appella et al. 1987). Usually, the activity of
extracellular proteolysis is simply directed by the production of a
protease such as uPA without any other control mechanisms.
However, it was newly discovered that extracellular proteolysis is
regulated by the expression of the uPA gene which is controlled by
stimulation of a growth factor in normal quiescent cells (Grimaldi et
al. 1986, Appella et al. 1987). It is also shown that normal cells
possess a uPA-specific receptor. The existence of this receptor
might ensure that the proteolytic activity of uPA can take place at a
particular location on the cell membrane. In fact, it is known that
the receptor-bound uPA is not internalized in the cytoplasm
(Appella et al. 1987). Thus, the newly discovered form of
extracellular proteolysis seems to constitute a certain cascade, and
uPA plays a regulatory role in the cascade. Because the receptor-
binding domain of uPA is located in the amino-terminal fragment
(ATF) of uPA which is different from the catalytic domain (Stoppelli
et al. 1985), the regulatory role appeared to be played by a

regulatory domain, but not the protease domain.
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Tissue-type plasminogen activator, tPA, may also play a
regulatory role in a biological cascade which might be different
from the blood coagulation system. This is because tPA-specific
receptors are found to be widely distributed on peripheral blood
cells and vascular endotherial cells (Scott 1989). Although the
receptor-binding domain of tPA has not been identified at present,
it is possible that a domain different from the catalytic domain of
tPA is responsible for this receptor binding activity.

It is quite possible that uPA and tPA are involved in a cascade
system of signal transduction, because both uPA and tPA are
phosphorylated when they bind their own receptors (Takahashi et
al. 1989). It is thought that uPA and tPA may be involved in the
signal transduction through the phosphorelation of possibly their
regulatory domains, since it binds the receptors on the cell
membrane.  Thus, the regulatory domains may be more important
than the catalytic domain, if the serine proteases are, indeed,
related to signal transduction. In practice, the kringle and EGF
domains seems to play an important role in binding to the receptor
and in making specific modification of the enzymes, by which the
enzymatic activity is controlled in the system of signal transduction.

It has been already known that the protease activities are
directly regulated by the protease inhibitors and the substrate
specificity.  Only the protease domain is primarily responsible for
this type of direct regulation. Since the direct regulation by the

protease domain is common to all proteases, a variety of more
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exquisite regulations such as differentiated activations of the
protease and the selective timing of the protease production cannot
be carried out by the protease domain. Thus, the regulatory
domains of proteases may be more important for the regulation of a
biological cascade. It is also possible that proteases having a wide
range of specificities for substrates may be able to delicately
control their enzymatic activity with the aid of the regulatory

domain of the protease.

5.3.2 Structural similarity in catalytic triads between

protease and lipase

In the above subsection, I pointed out the evolutionary
significance of the regulatory domains of serine proteases in
biological cascades. On the other hand, the protease domain is
responsible for catalytic reactions of proteolysis that is an essential
function of serine proteases. The protease domain contains a
region that is critically important for a proteolytic function. This
region is called the active site or the catalytic site. In this
subsection, I would discuss the evolutionary significance of the
active site in the protease domain with special reference to a
structural similarity between serine protease and lipase.

At the active site of all serine proteases, three residues of

serine (Ser), histidine (His), and aspartic acid (Asp) are strongly
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conserved in the evolution of the protease domains. The three-
dimensional structure of chymotrypsin revealed that Ser is located
within a hydrogen-bonding distance of a ring nitrogen (N€2) of His,
and that the other nitrogen of His is hydrogen-bonded to the
carboxylate group of Asp (Figure 5.4). This system composing of
three tesidues at the catalytic site is called the catalytic triad. As
shown in Figure 5.5, the catalytic triad is considered to ensure the
enzymatic activity that is mediated by the electric charge-relay
system within the catalytic triad (Dunn 1989). The same system
was also discovered in the structure of subtilisin (Creighton 1984).
Because there is no similarity in the structures of subtilisin and the
chymotrypsin family, the catalytic triad of the chymotrypsin family
may have evolved independently of that of subtilisin (Kraut 1977,
Neurath 1989).

Interestingly, the lipase is found to have a catalytic triad at
its active site (Brady 1990). The enzymatic mechanism of the
lipase is the same as that of the serine proteases. For example,
triacylglycerol lipase contains a catalytic triad that forms the
catalytic center of a triacylglycerol. Moreover, pancreatic lipase
has also a catalytic triad. Although the serine at the 152th residue
of pancreatic lipase is the nucleophilic residue essential for
catalysis, it is a part of an Asp-His-Ser triad which is chemically
analogous to serine proteases (Figure 5.6). It 1s known that the
molecular structures of the whole proteins for triacylglycerol and

pancreatic lipase are different from those of any serine proteases
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(Winkler et al. 1990). It implies that although lipases and serine
proteases do not share the common origin of catalytic triads, the
system of catalytic triads has been evolutionarily conserved under
similar functional constraints. This evolutionary situation of the
protease domains in the serine proteases is just like that of kringle-
like and kringle domains.

In the case of the lipase of Geotrichum candidum (GCL), the
catalytic triad of GCL has a configuration of Ser-His-Glu where an
aspartic acid of the serine proteases is replaced by a glutamic acid
(see Figure 5.7, Schrag et al. 1991). Although this lipase has a
sequence similarity with the other lipases in only the region near
Ser at the active site, there is some similarity in their tertiary
structures. Sequence comparisons with proteins from the
cholinesterase family suggest that they also contain the Ser-His-Glu
triad (Blow 1990). This observation suggests that if the motifs in
the amino acid sequence are the same between different proteins,
the molecular structures and possibly biological functions are
similar to each other. However, it also suggests that the same
motifs at the amino acid sequences do not necessarily reflect the
evolutionarily common origin in some cases. Thus, we need some
cautions when the evolutionary features are discussed only on the

basis of the sequence motifs.
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5.4 Evolutionary roles of domain shuffling

As explained in the previous sections, serine proteases and
lipases have the same enzymatic mechanisms that are realized by
similar catalytic triads. According to the sequence comparisons of
the whole proteins between serine proteases and lipases, their
evolutionary origins appear to be different. Thus, the sequence
motifs of the catalytic triads may represent the so-called
"convergent evolution." However, the concept of "convergent
evolution" is somewhat vague because it does not imply any clear
picture of the ancestral form.

Taking into account the observation that a single sequence
motif can represent the same enzymatic mechanisms that had
undergone the different evolutionary process, I would propose the
concept of an "evolutionary motif." The evolutionary motif can be
defined as a sequence motif the amino acid sequences of which
share a common ancestor in the evolution. Therefore, the sequence
motifs of the catalytic triad for lipases and serine proteases
constitute different evolutionary motifs, even though their
sequence motifs are the same. Thus, in some case, a single
sequence motif can be separated into more than one evolutionary
motifs.

The kringle domain in serine proteases constitute an

evolutionary motif. Of course, the minikringle is another
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vevolutionary motif." It is now clear that the kringle-like
structures of the defensin and the E protein in TBEV separately
constitute their own evolutionary motif. The evolutionary motif
may reflect a fundamental function that has been conserved in the
evolutionary process. Thus, it is understandable that a functional
domain can be characterized by its evolutionary motif.

In the primary world of life, exon shuffling may have been
effective to create new functional genes. In fact, a fusion of
different exons by exon shuffling must have been also effective to
increase the variety of proteins. Under the situation that there
existed a large variety of proteins, the world of life might have
started establishing the complicated and elaborative system. In
establishing the elaborative system, the primordial life form had to
acquire the molecular mechanisms of regulatory and maintaining
the system. For this purpose, domain shuffling may have been
more advantageous than exon shuffling. Because a single domain is
often encoded by more than one exon al the gene level, exon
shuffling must have taken a risk at destroying an once weil-made
system. On the other hand, the evolutionary changes by domain
shuffling may have caused additions or deletions of the already
established function or exchanges between these different
functions. These evolutionary changes are considered to be less
deleterious than those by exon shuffling. Then, the amino acid
substitutions may play a role as a fine tuner of the roughly

established system.
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Figure 5.1 Amino acid sequences of defensins.

The disulfide bridge is indicated by solid line. Abbreviations, HNP-
1, 2, 3, and 4, defensins of human; GPNP, defensins of guinea pig;
NP-1, 2, 3a, 3b, 4, and 5, defensins of rabbit; RNP-1, 2, 3, and 4,

defensins of rat.
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Figure 5.2 Phylogenetic tree of defensins.

The tree was constructed through analysis of amino acid sequences.
Two major groups are indicated by A, B.
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Figure 5.3 The kringle structure of TBE virus.

Cisteine residues forming disulfide bridges are connected by solid
lines. Two parallel solid lines indicate the lipid membrane that is

spanned by two transmembrane regions of protein E (Heinz et al.

1989).
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Figure 5.4 Serine residue as active center.

This figure shows the catalytic triad of a-chymotrypsin (Creighton,

1984). Dashed lines show the salt bridges.
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Figure 5.5 Charge-relay system of serine proteases.

The reaction proceeds through formation of a tetrahedral
intermediate followed by loss of the right-hand half of the
substrate to give an acyl enzyme intermediate. Breakdown of that
intermediate occurs by enzyme-catalysed attack of water to

generate the product acid.
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Figure 5.6 The catalytic triad of lipase, and serine

Protease.

The open bonds show the catalytic triad of trypsin and the full

bonds show the catalytic triad of lipase.
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Figure 5.7 The structure of aspartic acid and glutamic

acid.
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CHAPTER SIX

CONCLUSIONS

In this study, I have clearly shown that the serine proteases are a
good example of the mosaic protein and materials suitable for studying
molecular evolution. The serine proteases have a protease domain and a
domain called the kringle structure, which is a typical motif that has a
pattern of disulfide bridges. Because this pattern is also found in other
proteins which have no evolutionary relationships with each other, the
kringle domains must have been evolutionarily shuffled and inserted into
other proteins. [ have indicated that the domain shuffling is attributable
to genetic recombinations or gene conversion between gene segments at
the DNA level. By studying the molecular evolution of the Kunitz-type
protease inhibitors, I have shown that the minikringle structures of these
inhibitors have evolutionary characteristics similar to the kringles in the
serine proteases. [ have also suggested that these structures are
important as a regulatory domain of the enzymes involved in the
biological cascades.

In conclusion, the origins and the evolutionary processes of serine
proteases and its inhibitors as mosaic proteins were clarified, which
revealed new evolutionary features, by molecular evolutionary studies of
DNA and amino acid sequence data of the kringle and minikringle

stfructurcs.
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